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Characterizing the performance of retrofitted and unretrofitted single-family wood frame 

houses has become increasingly important in California due to the high seismicity of the state and 
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the often-poor seismic resiliency of some portions of the housing stock. From field observations 

following earthquakes, inadequate lateral bracing of cripple walls and sill bolting are primary 

reasons for significant failures of residential homes, even in the event of moderate intensity 

earthquakes. Cripple walls are the short-elevated wall segments supporting the first-floor framing 

and upper stories of a dwelling. These important components were common in construction 

practices in older, particularly pre-1970s homes, as they provided a crawl space for ventilation and 

placement of utilities. Often, they lack adequate bracing and load transfer to carry seismic inertial 

loads generated during an earthquake from the superstructure to the foundation. While methods to 

retrofit weak cripple walls and improve sill anchorage have been developed, the improvement in 

performance with retrofit has not been adequately quantified. In addition, little knowledge is 

available to quantify the performance of houses with unretrofitted cripple walls and sill 

anchorages.  

To address the paucity of experimental data to characterize the seismic performance of 

cripple walls and sill anchorage, a series of 28 cripple wall-only assemblies were tested. Details 

representative of era-specific construction, specifically the most vulnerable pre-1970s 

construction, are of predominant focus in the present effort. Parameters examined include cripple 

wall height, exterior finish materials, retrofit condition, boundary conditions, anchorage type, 

gravity load, and loading protocol. Of the 28 assemblies, all but one was tested using a newly 

developed quasi-static reversed cyclically displacement-controlled protocol intended to simulate 

seismic demands from the upper story of a dwelling. The remaining assembly was monotonically 

loaded. Each specimen was nominally 12 feet in length and either 2 feet or 6 feet in height. Exterior 

finish materials were either wet (stucco) or dry (non-stucco) application types. The experimental 

program was designed to elicit the effect of a single parameter on the seismic behavior of the 
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cripple wall by changing one parameter between each specimen and controlling the remaining. For 

each specimen, key measurements pertaining to the hysteretic response as well as documentation 

of the damage evolution were collected. Results from these experiments provided an experimental 

basis to validate a numerical modeling tool, and ultimately to develop loss models, which are 

intended to quantify the reduction of loss achieved by applying state-of-practice retrofit methods 

as identified in modern retrofit design guidance (FEMA P-1100, 2019). Findings from the 

experimental program revealed that the implementation of the FEMA P-1100 prescriptive retrofit 

dramatically improved the strength, stiffness, and energy dissipation of cripple walls, and in many 

cases, it also increased the drift capacity. In addition, it was found that horizontal siding was the 

weakest finish material tested regardless of the cripple wall height, while diagonal sheathing was 

found to be the strongest finish material. 

Following the experimental program, finite element connection-level numerical models 

were developed to predict the response of dry finished cripple walls tested in the experimental 

program. Subsequently, phenomenological numerical models were developed to capture the global 

response of wet finished cripple walls. A cross-comparison of the numerical models demonstrates 

a high level of accuracy of the connection-level modeling approach, while the phenomenological 

models did well in capturing the pre-peak response of wet finished cripple walls but lost accuracy 

when tasked with capturing well beyond post-peak response, due to the disengagement of the 

stucco finish. The validated connection-level models were used to conduct a parametric study on 

horizontal siding finished cripple walls in an effort to investigate equivalent, simple detailing 

methods as an alternative to modern retrofit guidelines, which prescribe installation of full or 

partial sheathing within the interior space. Detailing alternatives investigated included, siding 

board size, vertical nail spacing, cut-in diagonal blocking, and diagonal strap bracing. Parametric 
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study results indicate that a strong linear correlation between the vertical nail pair spacing and 

lateral strength and hysteretic energy dissipation of horizontal siding finished cripple walls is 

realized. Furthermore, it was demonstrated that the implementation of diagonal cut-in blocking 

elements provided the largest increases in strength and stiffness for shorter, low aspect ratio 2-ft-

tall cripple walls, while diagonal strap bracing provided significant increases for taller, high aspect 

ratio 6-ft-tall cripple walls. Ultimately, the findings of this dissertation fill prominent gaps in the 

testing database of cripple walls and sill anchorage, including both the hysteretic response as well 

as the damage evolution. Moreover, experimental findings demonstrate the substantial benefits of 

implementing modern retrofit design guidelines, while numerical simulations offer promising 

alternative details, each geared towards improving the seismic performance of cripple walls. 
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CHAPTER 1  

INTRODUCTION 

1.1 OVERVIEW 

Older dwellings, built prior to the 1970s, often contain cripple walls which commonly lack 

and adequate bracing and sill anchorage. This results in pre-1970s homes being susceptible to 

damage from moderate to major earthquakes. Field observations from past earthquakes, namely, 

the 1971 Sylmar earthquake (Mw = 6.5), 1989 Loma Prieta earthquake (Mw = 6.9), 1994 Northridge 

earthquake (Mw = 6.7), and 2014 South Napa earthquake (Mw = 6.0), have shown the primary 

culprit for damage was the “cripple wall,” which is a short wood stud wall that encloses the crawl 

space under the first floor. Cripple walls are used to support a dwelling between its concrete 

foundation and the floor of the dwelling. These walls are usually 1–4 ft high (with a maximum 

height of 8 ft) and are commonly used to: (a) provide a level surface for a house on uneven ground; 

(2) allow space to access utility lines; or create a workable basement area for a house. In older 

construction, cripple walls are covered with stucco or wood siding finishes, and often sheathed 

with wooden planks. They are responsible for carrying most of the gravity load of the house to the 

foundation. Importantly, cripple walls generally are not braced with structural sheathing, therefore 

the finish materials, which offer little resistance to transfer lateral forces from the floors above the 

wall to the foundation, provide the only lateral resistance. A schematic for the components of an 

unretrofitted house and its cripple wall in shown in Figure 1.1. In the event of high-intensity 
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earthquake shaking, unbraced cripple walls lead to a soft story, with incipient buckling and 

collapse of the wall, see Figure 1.2. In addition to these weak cripple walls, many older homes 

contain limited or no anchorage of the foundation sill plate to the foundation, and/or weathered 

and deteriorated sill anchor bolts. Due to this, common failure modes of single-family wood-frame 

dwellings during an earthquake also may include sliding of the house off of its foundation and 

rocking of the house, leading to crushing of the overloaded cripple walls, see Figure 1.2. 

 

(a) 

 

(b) 

Figure 1.1 Schematic of components of load transferring components for a house with am 

unretrofitted cripple wall; (a) components of entire house; and (b) components of 

unretrofitted cripple wall (photos courtesy of Anderson-Niswander, 2015). 
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Figure 1.2 Common earthquake induced failure modes of California’s single-family wood-frame 

houses containing cripple walls (image courtesy of Earthquake Safety, Inc., 2014). 

1.2 MOTIVATION 

Single-family light-frame wood dwellings suffered extensive damage in previous 

earthquakes in California, notably the 1989 Loma Prieta earthquake and the 1994 Northridge 

earthquake. The 1989 Loma Prieta (Mw 6.9) was responsible for causing significant structural 

damage to over 18,000 dwellings in the Bay Area, stretching from the San Francisco Marina 

District to Watsonville. Over 500 dwellings were condemned and demolished in the aftermath. 

The Federal Emergency Management Agency (FEMA) estimated that the cost of physical damage 

was more than $6.7 billion. This estimate does not account for the long-term loss of business 

revenue, reallocation of resources, damage to contents and inventories, and medical and 

workman’s compensation claims which likely increased the total cost by several times the initial 

FEMA estimate (Mahin, 1991). The 1994 Northridge earthquake (M 6.8) was responsible for even 

more extensive damage to structures given its proximity to the densely populated urban/suburban 

area of the San Fernando Valley located northwest of Los Angeles. It is estimated that the 1994 

Northridge earthquake was responsible for an estimated $20 billion in damage to residential 

dwellings alone (Hall, 1994). The Earthquake Engineering Research Institute (EERI) reported that 
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56,119 residential units were damaged and of these, 29% or 16,269 units were red-tagged (EERI, 

1996). Figure 1.3 shows the number and distribution of red and yellow-tagged residential units 

reported by building inspectors. Many of the residential units affected by the Loma Prieta and 

Northridge earthquakes were single-family wood-frame dwellings built in or prior to the 1970s. 

 

 

Figure 1.3 Distribution of type of red- and yellow-tagged residential buildings in Los Angeles 

County following the 1994 Northridge earthquake (figure courtesy of EERI, 1996). 

On August 24, 2014, the South Napa earthquake (M 6.0) caused damage to many single-

family wood-frame dwellings throughout the area, which was alarming due to the earthquake being 

relatively moderate. Although most damage was non-structural, a large number of homes, 

predominately built pre-1950, suffered significant structural damage. Almost one in three houses 

built prior to 1950 received yellow or red tags from the city building department housing inspection 

(Rabinovici and Ododire, 2017). 

Considering the failure modes of single-family dwellings observed in both the 1994 

Northridge and 1989 Loma Prieta earthquakes, there has been emphasis on retrofitting susceptible 

wood-frame dwellings. Retrofit methods include nailing oriented strand board (OSB) or plywood 

to the interior of the cripple walls, installing additional anchorage bolts between the sill and 
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foundation, and attaching additional plates and/or framing angles to allow for the transfer of lateral 

load from the upper floors to the foundation and between the cripple wall and sill plate. While the 

retrofitting methodology is understood and has been refined by a FEMA-issued document, FEMA 

P-1100 Vulnerability-Base Seismic Assessment and Retrofit of One- and Two-Family Dwellings 

(FEMA, 2019), the performance of retrofitted houses in the event of high-intensity shaking has 

not been well documented using experiments. Understanding the extent to which retrofitting a 

cripple wall mitigates damage from a seismic event is crucial to determining the amount in savings 

associated with cost of repair for a dwelling compared with an unretrofitted cripple wall. While 

there are many examples of the benefits of retrofitting, an interesting direct comparison was noted 

by an architect who owned two identical homes in Santa Cruz, one retrofitted and one as-built and 

thus not retrofitted. During the 1989 Loma Prieta earthquake, the unretrofitted house’s cripple wall 

collapsed, causing the house to slide off its foundation. The cost of repair for the house was 

$260,000 while the cost of repair for the retrofitted house was $5000 and included only cosmetic 

and nonstructural repair (Cook, 2006). The level of difference in the monetary costs to repair a 

dwelling with and without a retrofit after an earthquake becomes exacerbated when an earthquake 

occurs in a major municipality containing hundreds of thousands of homes. In addition to the 

retrofit condition, the performance of cripple wall finishes, such as stucco, wooden siding, and 

wood sheathing, in the event of high-intensity shaking has not been investigated experimentally. 

Finally, while studies have been performed on cripple walls, they have focused on cripple walls 4 

feet in height or less, and in these tests, only stucco was used as an exterior finish material. While 

most cripple walls fall within this height range, there are still a substantial portion of walls with 

heights more than 4-ft-tall. The increased height of the cripple wall likely makes it more 

susceptible to damage from a moderate to major earthquake, which drives the need to better 
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understand the extent to which taller cripple walls experience damage from a seismic event. Also, 

the various types of exterior finishes used on cripple walls would produce substantial differences 

in the responses of the dwellings, and thus, the cost of repairing the dwelling. 

As another major seismic event in California is eminent, preparing the housing stock is of 

high concern. California’s major fault, the San Andreas Fault, has shown an ability to produce an 

8.0+ magnitude earthquake. In 2008, the USGS modeled a 7.8 earthquake on the southern San 

Andreas Fault and estimated that the damage of such an event would cause around 1800 deaths 

and $213 billion in economic loses (Perry et al., 2008). Due to this, the need to retrofit and ensure 

that dwellings are prepared is crucial to mitigate the cost of the next major seismic event.  

1.3 SCOPE OF THIS DISSERTATION 

 This dissertation involves a comprehensive experimental program undertaken to 

understand the performance of full-scale existing (unretrofitted) and retrofitted cripple walls. 

Following the experimental program, a numerical investigation is then performed to create 

nonlinear numerical models that are validated with the testing data. After validating the numerical 

models, the dissertation concludes with a parametric study which investigates how equivalent, 

simple detailing methods can be used as an alternative to modern retrofit guidelines. As part of 

this effort, a multi-year, multi-disciplinary project coordinated by the Pacific Earthquake 

Engineering Research Center (PEER) and funded by the California Earthquake Authority (CEA) 

was conducted by both industry professionals and multiple universities to investigate the 

performance of cripple walls and sill bolt anchorage. This project, entitled “Quantifying the 

Performance of Retrofit of Cripple Walls and Sill Anchorage in Single-Family Wood-Frame 

Buildings,” henceforth referred to as the “PEER–CEA Project”, had the overall objective of 
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providing scientifically based information (e.g., testing, analysis, and loss modeling) that measures 

and documents seismic performance of wood-frame houses with cripple wall and sill anchorage 

deficiencies as well as retrofitted conditions that address those deficiencies. Three primary tasks 

support the earthquake loss-modeling effort, namely: (1) the development of ground motions and 

loading protocols that accurately represent the diversity of seismic hazard in California; (2) the 

execution of a suite of quasi-static cyclic experiments to measure and document the performance 

of cripple wall and sill anchorage deficiencies to develop and populate loss models; and (3) 

nonlinear response history analysis on cripple wall-supported buildings and their components. 

Within the PEER–CEA Project, detailed work was conducted by seven Working Groups 

(WGs), each addressing a particular area of study and expertise, and collaborating with the other 

WGs. Contributions presented in this dissertation formed the efforts of WG4: Testing. The testing 

program of WG4 focused on an experimental investigation to study the seismic performance of 

existing1 and retrofitted cripple walls with sill anchorage. At the University of California San 

Diego (UC San Diego), a suite of 28 cripple wall-only assemblies were quasi-static reversed 

cyclically tested, herein referred to as the small-component testing program (Schiller et al., 2020a–

d). These tests were conducted at the Powell Structural Laboratories located on UC San Diego 

campus. This experimental program was paralleled by work performed at the University of 

California Berkeley (UC Berkeley), which focused on cripple wall-first floor assemblies as well 

as load path connections and building materials in occupied stories, also tested quasi-static 

reversed cyclically. This experimental program is herein referred to as the large-component testing 

 

1In this work, cripple walls in their “as-built” configuration are referred to as either “existing”, “unretrofit”, or “unretrofitted” cripple walls, all 
terms being synonymous. In addition, the terms “retrofit” and “retrofitted” are both used interchangeably to describe cripple walls to which sill 

anchorage and bracing have been added. 
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program (Cobeen et al., 2020). These tests were conducted at the Civil and Environmental 

Engineering Structures Laboratory located in Davis Hall on the UC Berkeley campus. Both 

programs were designed to enrich available experimental literature of light wood-frame dwelling’s 

seismic performance, with specific attention towards cripple wall and sill anchorage behavior. The 

small-component testing program substantially increased knowledge of the seismic response of 

cripple walls with varying exterior finishes, heights, retrofit condition, boundary conditions, and 

anchorage condition. The results of these tests allowed for the structural damage of the cripple 

wall to be correlated to the observable damage of the cripple wall. This was done through extensive 

photographic and video documentation of the experiments as well as taking key measurements 

pertaining to the force-displacement response, uplift, anchor bolt loads, and localized 

displacements.   

Results from these experiments provided an experimental basis to validate a numerical 

modeling tool, and ultimately to develop loss models, which are intended to quantify the reduction 

of loss achieved by applying state-of-practice retrofit methods as identified in modern retrofit 

design guidance. Within this dissertation is also a framework for creating numerical models of 

cripple walls validated against the results of the experiments described. Finite element connection-

level models were created to capture the hysteretic response of dry finished cripple walls, while 

lumped phenomenological models were created to capture the hysteretic response of wet finished 

cripple walls. With the validated finite element models, a parametric study was performed on 

existing, horizontal wood siding finished cripple walls. This exterior finish type was selected for 

the parametric study due to its low strength and stiffness as well as the high degree of variation in 

construction of these cripple walls in California’s housing stock. The focus of the parametric study 

was on quantifying the change in performance of existing, horizontal siding finished cripple walls 
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due to simple detailing methods and to determine if these detailing methods can be used as an 

alternative to modern retrofit guidelines, which prescribe installation of full or partial sheathing 

within the interior space. Detailing alternatives investigated included, siding board size, vertical 

nail spacing, cut-in diagonal blocking and diagonal strap bracing.  

1.4 BACKGROUND 

This section intends to frame the new contributions of the research presented in this 

dissertation, by summarizing observations from past earthquakes, current retrofit guidelines in 

accordance with the FEMA P-1100 plan set, and previous experimental research regarding the 

performance of cripple walls and wood-framed shear walls.  

1.4.1 Observations from Past Earthquakes 

There has been extensive documentation of the damage to single-family wood-frame 

dwellings due to the failure of cripple walls and inadequate sill anchorage through reconnaissance 

reports performed by EERI (Hall, 1994; EERI, 1996), the Pacific Earthquake Engineering 

Research Center (PEER) (Kang and Mahin, 2014), the National Association of Home Builders 

(NAHB, 1994), and others (Mahin, 1991; O’Brien 1993; Cobeen, 2019). This includes even recent 

earthquakes. For example, Figure 1.4 shows an example of a home with a collapsed cripple wall 

which occurred during the 2014 South Napa earthquake (Kang and Mahin, 2014). This house was 

built with ~2-ft-tall cripple walls and finished with wooden horizontal siding boards. The 

displacement of the entire house appears to be in excess of a foot. It can be seen that the cripple 

wall contained no lateral bracing to resist the inertial forces of the upper floor subjected to shaking. 

This large displacement led to a clear change in the elevation of the house relative to the doorstep, 



 
10 

in addition to skewing of the patio railing. Consequently, the utility lines and piping suffered major 

damage as a result of the lateral and vertical displacements. The “soft-story” failure appears to 

have caused no major damage to the upper floor of the house itself other than the likely 

nonstructural damage precipitated by the vertical drop of the house. Regardless of the intact state 

of the upper story of the house, there would be a significant repair costs associated with 

repositioning the house, rebuilding the cripple wall, and replacing the nonstructural components 

inside and surrounding the house. Another instance of a cripple wall failure from the 2014 South 

Napa earthquake is shown in Figure 1.5. The collapse of the ~2-ft-tall caused the house to laterally 

displace almost two feet, as shown by the location of the stairs relative to the foundation the stairs 

were resting on. This house shows visible racking of the walls in the first story. Repairs to this 

house would involve rebuilding of the cripple wall and replacing both structural and nonstructural 

components in the stories above the cripple wall.  

Figure 1.6 shows a cripple wall failure as a result of the 2019 Ridgecrest earthquake 

(Cobeen, 2019). In this case, the shaking caused sliding between the house and the foundation. In 

addition to the collapse of the cripple wall, the structure shows large cracks extending up the face 

of the stucco on the front of the house. Besides these cracks and the partial cripple wall collapse, 

the house appears to be relatively undamaged. In Figure 1.7, a one-story stucco house with a total 

cripple wall collapse caused by the 1994 Northridge earthquake is shown. As with many houses 

that have experienced a cripple wall failure, there is minimal visible damage to the superstructure 

evident from the photo. Perhaps the most extreme case of this can be seen in Figure 1.8 which 

shows a house in Ferndale, California after the 1992 Cape Mendocino earthquake. Prior to this 

earthquake, the house was resting on a 6-ft-tall cripple wall which fully collapsed due to the 

earthquake. Again, the structural damage visible to the superstructure is far from the severity of 
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the structural damage to the cripple wall. However, the cost of lifting up this house to rebuild the 

cripple wall would end up being a considerable amount of the total value of the house.  

Due to the known seismic hazards associated with the low lateral capacity of an unbraced 

cripple wall, retrofitting methods have been developed and practiced for decades. One of the most 

commonly prescribed retrofits is installation of structural wood panels on the interior of the cripple 

wall, i.e., within the accessible crawl space. These panels are fastened with closely spaced nails 

along the edge and face. Documentation of damage to single-family wood-frame houses from the 

1989 Loma Prieta, 1992 Cape Mendocino, 1994 Northridge, and 2014 South Napa earthquakes 

have shown the extent of damage that unretrofitted houses can accrue from moderate to major 

earthquakes, see Figures 1.4 through 1.8. The effectiveness of this simple and relatively 

inexpensive retrofit solution has been demonstrated by the decreased structural damage from 

earthquakes to retrofitted houses and modern houses sheathed with wood structural panels. An 

example of a retrofitted cripple wall for a 1920s one-story home in Alameda, California with a 

cripple wall as tall as 6 ft is shown in Figure 1.9 (Anderson-Niswander, 2015). Figure 1.9(b) shows 

cripple wall bracing utilized on the interior face of the cripple wall within this home, which is 

intended to minimize its potential for structural damage. The age of the house, height of its cripple 

wall, and location of the house make it extremely susceptible to catastrophic damage in the event 

of an earthquake. However, with the addition of a retrofit to the cripple wall, the house would be 

expected to experience significantly less structural damage than it would have prior to the retrofit. 

Typically, the repairs required for retrofitted houses are cosmetic and significantly less than repairs 

to older, unretrofitted houses which often involve replacing structural components.    
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Figure 1.4 A view of a cripple wall collapse on an as-built house (top left), damage to the utility 

lines and gutter pipe (bottom left), and displacement as well as elevation change of the 

homes entrance stairs (top right) and patio railing (bottom right), 2014 Napa 

earthquake, Napa, California (images courtesy of Kang and Mahin, 2014). 

 

Figure 1.5 View of an unretrofitted, horizontal siding finished house in Napa, California prior to 

earthquake (left), view of same house post-earthquake with a total cripple wall failure 

following the 2014 Napa earthquake (images courtesy of Kang and Mahin, 2014). 
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Figure 1.6 Partial cripple wall failure of an unretrofitted, stucco house in Trona, California, 

2019 Ridgecrest earthquake, Ridgecrest, California (image courtesy of Cobeen, 2019). 

 

Figure 1.7 Total cripple wall collapse of an unretrofitted, stucco finished house in San Fernando, 

California following the 1994 Northridge earthquake (images courtesy of NAHB, 

1994). 
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Figure 1.8 Total collapse of a 6-ft-tall cripple wall from an unretrofitted, wood siding finished 

house in Ferndale, California following the 1992 Cape Mendocino earthquake (images 

courtesy of O’Brien, 1993). 

 

      

      (a)               ( b) 

Figure 1.9 A 1920’s, one-story home in Alameda, California, with a 2-ft to 5-ft-tall cripple wall 

finished with wood shingle siding: (a) view of the front of the house; and (b) plywood 

panels providing lateral bracing on the interior of the cripple wall (photos courtesy of 

Anderson-Niswander, 2015). 
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1.4.2 Retrofitting of Cripple Walls 

Over the past few decades, homeowners have been retrofitting cripple walls to mitigate the 

potential damage caused by a seismic event. The retrofit process involves adding additional anchor 

bolts to increase the resistance to sliding of the sill plate along the foundation, adding wood 

structural panels to the interior to increase the lateral strength of the cripple wall, and adding shear 

clips between the cripple wall and the first-floor diaphragm to transfer the load from the 

superstructure to the cripple wall. In addition, for taller cripple walls, hold-downs are applied to 

studs the studs and fastened with anchor bolts into the foundation which restricts uplift and 

overturning of the cripple wall. While the methodology to retrofit cripple walls has not varied 

significantly, there was no prestandard for the retrofit process.  

1.4.2.1 FEMA Plan Set 

Although there are examples such as those above of homeowners taking initiative to brace 

their cripple walls, formal guidelines to implement retrofits on unbraced cripple walls were 

developed following the 1989 Loma Prieta and the 1994 Northridge earthquakes (IBHS, 1995). 

Most recently, however, following the 2014 South Napa earthquake, FEMA developed a Plan Set 

for Earthquake Strengthening of Cripple Walls in Wood-Frame Dwellings. The FEMA Plan Set  

offered pre-engineered retrofit solutions to be used by contractors and homeowners (FEMA, 

2015). Within these plans, seismic retrofitting of cripple walls consists of adding wood structural 

panels (WSPs) to the interior face of the cripple wall. These panels are attached with a prescribed 

nailing scheme and work to brace the cripple wall. Blocking plates are nailed to the sill plate 

allowing for an area to nail the wood panels. In addition to bracing of the cripple wall itself, 

inadequate sill anchorage is improved by adding or replacing deteriorated anchor bolts connecting 



 
16 

the sill plate to the foundation. Finally, framing angles and post caps are installed to securely 

transfer the lateral loads from the first-floor diaphragm to the cripple wall. For taller cripple walls 

and two-story houses, the addition of tie-downs at each end of wood panels are used. A typical 

retrofit layout from the FEMA plan set is shown in Figure 1.10. 

 

 

Figure 1.10 Retrofitted cripple wall corner from the FEMA Plan Set (image courtesy of FEMA, 

2015). Annotated with the most common additions required to follow the lateral load 

path due to seismic loading. 

1.4.2.2 FEMA P-1100 Guidelines 

The Applied Technology Council (ATC) 110 project—Development of a Pre-Standard for 

Seismic Retrofit of One- and Two-Family Light Frame Dwellings—provides recent criteria for the 

retrofit of cripple wall-supported dwellings (ATC, 2014). This guideline was adopted in the present 

project to assist in providing experimental evidence of the performance of a modern set of retrofit 

guidelines. During the first phase of testing of the small-component testing program, ATC-110 

had yet to publish their finalized design guidelines. After the first phase of testing, the finalized 

design guidelines were published as “FEMA P-1100 Vulnerability-Base Seismic Assessment and 
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Retrofit of One- and Two-Family Dwellings, (FEMA, 2019). The retrofit design used in the first 

phase of this experimental program closely resembles the finalized design criteria recommended 

in FEMA P-1100. In later phases of the test program, the FEMA plan set was available and 

adopted. The prestandard provides a minimum criteria for assessing vulnerability of one- and two-

family wood light-frame dwellings as well as the guidelines for retrofit of seismic vulnerabilities 

of these dwellings. The seismic vulnerabilities addressed in the guidelines are crawlspace dwelling 

cripple wall bracing, connection to the first floor, and anchorage to the foundation, living-space-

over-garage dwelling bracing to ground story, hillside dwelling cripple wall bracing and anchorage 

to foundation, brick masonry chimneys, and masonry fireplace anchorage. The methods of 

assessment for seismic vulnerability that are incorporated are general engineered assessment, 

simplified vulnerability-based assessment, engineered vulnerability-based assessment, and 

detailed vulnerability-based assessment. The methods of retrofit incorporated are prescriptive 

vulnerability-based retrofit, general engineered retrofit, and simplified engineered vulnerability-

based assessment. Within the scope of this project, the prescriptive vulnerability-based retrofit of 

crawlspace dwellings is used to determine the retrofit requirements and the construction details of 

the retrofit.  

In practice, the FEMA P-1100 prescriptive design provisions are chosen based on the 

weight classification, number of stories, height of cripple wall, and square footage of the floor 

plan, as well the seismicity of dwelling’s location. The weight classification is a factor of the 

materials in the exterior finish, interior finish, and roofing. This produces a light, medium, or heavy 

weight classification. With the weight classification determined, the length of plywood bracing, 

number of anchor bolts, plywood edge nailing spacing, and number of shear clips are then 

determined, based also on the number of stories, square footage, height of cripple wall, SDS of the 
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dwelling, and the presence of tie-downs. The FEMA P-1100 are applicable for dwellings assigned 

to Seismic Design Category (SDC) B through E. For SDC B through D1, the SDS is assigned as 

1.0, for SDC D2, the SDS is assigned as 1.2, and for SDC E, the SDS is assigned as 1.5. The SDC 

values are assigned based on geological maps developed by the U.S. Geographical Survey. 

Additional information on the retrofit design used for the small-component testing program cripple 

walls is provided in Chapter 2. 

1.5 PREVIOUS RESEARCH 

Previous earthquakes in California have shown that some residential wood-frame homes 

have suffered extensive damage due to the poor performance of cripple walls and sill anchorage. 

In light of this, research on the performance of retrofitted and unretrofitted cripple walls has been 

performed, however, the range of test parameters remains limited, while the range of construction 

conditions remains large. For example, following the 1989 Loma Prieta earthquake, two testing 

programs were initiated at the University of California Irvine (UCI) that focused on the response 

of level cripple walls (Sheperd and Delos-Santos, 1991; Steiner, 1993). Later, following the 1994 

Northridge earthquake, the Consortium of Universities for Research in Earthquake Engineering 

(CUREE) and California Institute of Technology, under the auspices of the CUREE-CalTech 

Woodframe Project, performed a more extensive investigation of the seismic performance of 

wood-frame components and systems. Within this program, a testing effort was undertaken at the 

University of California Davis (UC Davis) that focused on the response of retrofitted and 

unretrofitted, level and stepped cripple walls (Chai et al., 2002). In addition, the UC Davis tests 

endeavored to evaluate the behavior of stucco on wood-frame cripple walls. Subsequently, UC 

San Diego conducted a series of tests within the auspices of the CUREE-Caltech Woodframe 
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Project aimed at better understanding of the cyclic behavior of wood-frame walls to improve 

modeling techniques through implementation of boundary conditions that more accurately 

represented one and two-story houses (Arnold et al., 2003). 

Beyond these efforts, very little experimental data is available that documents the seismic 

performance of cripple walls. Note that, although many testing programs have been performed on 

wood-framed shear walls in general, the height-to-length of such walls typically ranges from 1 to 

2 or more, which is considerably more slender than cripple walls, which have much smaller aspect 

ratios (in the range of 0.125 to 0.5). For smaller aspect ratios, the lateral response tends to be shear 

dominated, which is not the common case for full-height walls. Moreover, cripple walls tend to be 

less than 6 ft in height, while shear walls are on the order of 8 ft or taller. The following sections 

will summarize the most relevant results obtained from past testing programs, with a focus on 

those conducted specifically on cripple wall-sized specimens. 

1.5.1 Tests by Sheperd and Delos-Santos 

The work of Sheperd and Delos-Santos (1991) is among the earliest test programs, which 

involved testing of seven 2-ft-tall  16-ft-long level cripple walls (height-to-length aspect ratio of 

0.125). This program examined the effectiveness of three retrofitting techniques applied to the 

interior of the cripple walls. The walls were all constructed with construction grade Douglas Fir 

and firmly anchored to the floor. The studs were toe-nailed into the bottom plate with 4–8d nails. 

The top plate was connected to the studs with 2–10d nails, and an additional top plate was 

connected to the top plate with a 16d nail at 16 in. on center. A uniform vertical load of 300 plf 

was applied to the upper top plate of the wall using sandbags. Reverse cyclic lateral loading was 

imposed to the upper top plate with increasing magnitude, followed by a monotonic push to failure. 
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Five of the seven walls underwent retrofitting, while the remaining two remained “as-built.” No 

exterior finishes were applied to any wall. Three retrofitting schemes were investigated, namely: 

1. Two cripple walls were retrofitted by bracing four 1  6 nominal planks laid 

diagonally at a slope of 26° from the horizontal to the wall studs. The braces 

were attached to the studs and to the top and bottom plates with 2–10d nails. 

2. One cripple wall was retrofitted by fastening five Simpson MST68 steel straps 

to the wall studs. The steel straps were 12-gauge, 2.06 in. wide and 48 in. long. 

Holes were drilled in the straps to allow for 2–10d nails to fasten the straps to 

studs. 

3. Two cripple walls were retrofitted with plywood sheathing over the entire span 

of the cripple wall. The panels were 1/2-in.-thick (nominally) CDX plywood 

attached with 10d nails at 4 in. on center spacing along the edges and over the 

field. 

Figure 1.11 shows the lateral load versus lateral displacement envelope curves for the seven 

cripple walls tested. The envelopes developed for the two as-built cripple walls show that these 

walls were very flexible. Maximum lateral loads achieved were 650 lbs and 700 lbs at lateral 

displacements of 0.988 in. and 0.954 in., respectively. This corresponds to a 4.1% and 4.0% drift 

ratio at peak load, respectively. Failure of the “as-built” cripple walls was attributed to the pullout 

of the toe-nails attaching the studs to the top and bottom plates. 

All three of the retrofit schemes imposed on the cripple walls showed significant increases 

in the lateral stiffness and strength of the cripple walls compared with their “as-built” counterparts. 

By far the most effective retrofitting method in terms of increasing lateral strength and stiffness 
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was the addition of plywood structural panels along the interior face of the cripple wall. Both of 

the plywood braced cripple walls achieved a peak lateral force of 20,000 lbs (an increase of over 

2800% compared with the unretrofitted specimen), at lateral displacements of 0.96 in. and 1.06 in. 

or about a 4% drift ratio at peak load. This constitutes an increase in secant stiffness between about 

20–40 times that of the as-built walls, depending on the displacement amplitude of interest. Cripple 

walls retrofitted with diagonal 1  6 planks showed a 30 times increase in peak-to-peak secant 

lateral stiffness at like force targets, and the cripple wall retrofitted with Simpson MST68 steel 

straps showed almost a 20 times increase in peak-to-peak secant lateral stiffness at like force 

targets, again compared with a bare frame cripple wall. 

Failure of the plywood retrofitted cripple walls was attributed to slipping of the nails 

securing the plywood when the frame distorted as a parallelogram while the sheathing panel 

remained undeformed. For timber bracing, final failure involved gouging and splitting of the 

timber braces and the top and bottom plates. The use of steel straps proved to be the weakest of 

the retrofit schemes, which exhibited failure in the form of the steel strap buckling early in the test 

and with the nails pulling out on the studs and nail-heads shearing off on the straps. 
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Figure 1.11 Lateral load-deflection results from testing of Sheperd and Delos-Santos (1991) five 

retrofitted and two “as-built” 2-ft-tall  16-ft-long cripple walls (figure courtesy of 

Chai et al., 2002). 

1.5.2 Tests by Steiner 

A follow-up testing program on cripple wall retrofitted with wood structural panels was 

conducted at UCI. These tests, performed by Steiner (1993) involved tests on five level cripple 

walls retrofitted with 3/8-in.-thick (nominal) plywood and oriented strand board (OSB). The 3-ft 

tall  6-ft long walls presented a much larger height-to-length aspect ratio than the Sheperd and 

Delos-Santos (1991) tests (0.5 compared with 0.125). The variables selected for these tests were 

the type of structural wood panel (plywood and OSB), the panel layout (a single panel with 

continuous nailing and a split-panel with blocking at mid-height) and driving of the nails (flush to 

the panel face and 60% of the nails overdriven 3/16 in.). No exterior finishes were attached to the 

cripple walls. The testing matrix is shown in Table 1.1, and the layout of the panels on the cripple 

walls is shown in Figure 1.12. 
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Table 1.1 Test matrix for level cripple walls tested by Steiner (1993). 

Specimen Parameters 

1 Single panel without blocking- 3/8 in.-thick CDX plywood 

2 Single panel without blocking- 3/8 in.-thick OSB 

3 Split panel with blocking- 3/8 in.-thick CDX plywood 

4 Split panel with blocking- 3/8 in.-thick OSB 

5 Split panel with blocking- 3/8 in.-thick OSB and 60% of nails overdriven by 3/16 in. 

 

 

Figure 1.12 Wood structural panel layout with and without block tested by Steiner (1993) (figure 

courtesy of Chai et al., 2002). 

Unlike the Sheperd and Delos-Santos tests, the framing consisted of salvaged lumber from 

older homes. This required pre-drilling of the salvaged lumber to nail pieces together. The nailing 

pattern for framing and wood panel connection is indicated in Figure 1.12. Note: the use of 6d 

nails is uncommon in practice (generally 8d nails are used). The vertical load imposed was a 233 

plf and uniformly distributed along the top of the wall using a concrete block. A servo-controlled 
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hydraulic actuator imposed increasing magnitude lateral loads to the top plate of the wall at a 

frequency of 0.5 Hz. 

The lateral load versus lateral deflection envelopes of the five tests are shown in Figure 

1.13. Results show that the use of CDX plywood versus OSB in bracing walls caused little 

difference in the lateral response of the braced cripple walls, with exception being the unblocked 

frame braced with 3/8-in.-nominally-thick OSB that was stiffer than the other specimens but 

achieved a lower peak strength. The envelopes of the unblocked plywood cripple wall and the 

blocked OSB cripple wall were very similar, showing that the split-panel arrangement caused little 

difference in the lateral response of the cripple walls. Even with using smaller nails (6d versus 8d) 

for panel attachment, the primary cause of failure for the cripple walls was attributed to splitting 

of the sill plate. The specimen with 60% of the nails overdriven achieved the lowest peak strength, 

with a lateral strength reduction of around 20% compared with its counterpart, the unblocked frame 

braced with 3/8-in.-thick OSB and flush nails. 

 

Figure 1.13 Lateral strength envelopes for five level cripple walls tested by Steiner (1993) (figure 

courtesy of Chai et al., 2002). 
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1.5.3 Tests by Chai, Hutchinson, and Vukazich 

As part of the CUREE-Caltech Woodframe Project, UC Davis conducted a testing program 

in 2002 involving 28 level and stepped, retrofitted and unretrofitted cripple walls (Chai et al., 

2002). Of the 28 specimens, 13 were level cripple walls either 2 ft or 4 ft in height and 12 ft in 

length, with height-to-length aspect ratios of 0.167 and 0.33, respectively. The remaining 

specimens were stepped cripple walls and thus not pertinent to the present effort. Besides cripple 

wall height and application of retrofit, other parameters investigated amongst the level specimens 

were vertical load level, with and without stucco finish, percentage of bracing, and loading 

histories. The testing matrix for the 13 level cripple walls is shown in Table 1.2. 

Two bracing percentages, defined as the length of the braced cripple wall divided by the 

nominal length of the cripple wall, were considered in the testing program. The two percentages 

of bracing evaluated were 66% and 100%. For the 66% bracing scheme, the middle 4 ft length of 

the cripple wall was not braced. Two vertical axial loads were implemented, namely 100 plf and 

450 plf. These were meant to mimic the typical gravity load of a one- or two-story house, 

respectively. The lighter vertical load was used in combination with the 66% bracing, and the 

heavier axial load was used in combination with the 100% bracing. The loading histories used 

were developed for the CUREE-Caltech Woodframe Project by Krawinkler et al. (2001). The 

loading protocol was a deformation-controlled, quasi-static cyclic protocol representing near-fault 

and ordinary ground motions. The loading protocol for ordinary ground motions represented a 

probability of exceedance of 10% in 50 years, whereas the loading protocol for near-fault ground 

motions represented a probability of exceedance of 2% in 50 years. Unlike previous tests, the use 

of stucco as an exterior cripple wall finish was investigated. Construction details of the level 

cripple walls can be seen in Figure 1.14. 
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Table 1.2 Test matrix for thirteen level cripple walls test performed at UC Davis within the 

CUREE-CalTech Woodframe Project (Chai et al., 2002). 

 

 

 

Figure 1.14 Level cripple wall details tested at UC Davis within the CUREE-CalTech Woodframe 

project (Chai et al., 2002). 
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Framing for the level cripple walls used #2 Douglas Fir besides the sill plate, which was 

pressure-treated Hemp Fir. Studs were connected to the sill plate with 4–8d toe nails and connected 

to the top plate with 2–16d box nails per stud. An additional top plate was attached with a 16d 

nails at 16 in. on center. Wood structural panels were 15/32-in. OSB and attached with 8d nails at 

4 in. spacing on edge and 12 in. spacing over the field. A two-layer stucco (scratch and brown 

coat) was applied to eight of the cripple walls. Details on the installation of the stucco can be seen 

in Figure 1.15. The stucco consisted of a mixture of Type I-II cement and plaster sand without 

lime or expansive additives. Compressive strengths of the stuccos varied from 1880–2810 psi. The 

brown coat was applied five days after the scratch coat, and both were kept moist for two to three 

days following their application. 

The lateral load was applied using a servo-controlled horizontal actuator attached to a stiff 

steel beam. An additional wood beam was fastened to the upper top plate allowing for the OSB 

panels to have unimpeded rotation. The loading was displacement controlled, pseudo-static 

reversed cyclic at a rate of 0.01 to 0.02 in/sec. The first test performed was a monotonic push of a 

2-ft-tall cripple wall carrying a constant vertical load of plf, see Figure 1.16. This test was used as 

to define the reference displacement to be imposed on the remaining 27 specimens, per the 

CUREE-Woodframe testing protocol (Krawinkler et al., 2001). 
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Figure 1.15 Stucco installation and details from tests performed at UC Davis within the CUREE-

CalTech Woodframe project (Chai et al., 2002). 

 

Figure 1.16 Reference displacements from the monotonic tests of a 2-ft-tall level cripple wall: tests 

performed at UCD within the CUREE-CalTech Woodframe project (Chai et al., 

2002) (specimen M, per Table 1.2). 

Results from these tests indicate that the influence of the two different load protocols had 

minimal effect on the lateral response of the cripple walls, noting less than a 10% increase in lateral 

strength for a near-fault test protocol compared with the ordinary motion protocol (per Krawinkler 
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et al., 2001). Cripple walls with OSB exhibited damage in the form of the OSB panels tearing 

along the edges and corners as the frame deformed as a parallelogram. For tests with a lighter 

vertical load, significant uplift of the walls studs and sheathing occurred, leading to splitting of the 

sill plate. Minor uplift also occurred for the heavier axial load cases. 

Figure 1.17 shows the lateral force versus lateral displacement response of two pairs of 2-

ft-tall cripple walls with and without stucco finishes. One pair had 450 plf of axial load and 100% 

bracing (Specimens 1 and 2), and the other pair had 100 plf of axial load and 66% bracing 

(Specimens 4 and 5). For both pairs of specimens, the stucco contributed 0.35–0.36 kips per linear 

foot (klf) to peak strength. In the case of 4-ft-tall cripple walls, with and without stucco finishes, 

the stucco contributed 0.43–0.50 klf. Between all level and stepped cripple walls tested, the 

addition of a stucco finish accounted for about a 15% increase in capacity when compared with 

design recommendations from Section 8.4.10.2 of FEMA-273 (FEMA, 1997) stating that: 

“Stucco has a yield capacity of approximately 350 pounds per linear foot. This 

capacity is dependent on the attachment of the stucco netting to the studs and the 

embedment of the netting in the stucco.” 

Since this yield capacity is 80% of the ultimate capacity, these suggestions resulted in an 

ultimate capacity increase of 440 plf, which were observed to be in line with that measured for the 

stucco-finished specimens. Figure 1.18 shows the lateral strength contribution of stucco for all 

cripple walls tested. The 2-ft-tall specimens show stucco strength contributions around 80 lbs plf 

less than the FEMA-273 recommendations, while the 4-ft-tall specimens show a range of stucco 

strength contributions within the FEMA-273 recommendations. 

For the 2-ft-tall level cripple walls, the drift ratio at peak strength ranged from 4.3% to 

6.3% in the push and pull directions of loading. In the case of 4-ft-tall level cripple walls, the drift 

ratio at peak strength ranged from 2.3% to 4% in the push direction and from 1% to 4% in the pull 
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direction. The lower end values were noted from the lighter axial load specimens where the sill 

plate split early in the test due to the pronounced uplift of the wall at the sill plate. Cracking in the 

stucco was minimal for level cripple walls as it tended to move as a rigid unit with detachment 

precipitating from bottom edge staples. 

  

(a) (b) 

  

(c) (d) 

Figure 1.17 Lateral force–lateral displacement response of pairs of 2-ft-tall cripple walls with and 

without stucco finishes (tests performed at UCD within the CUREE-CalTech 

Woodframe project) (Chai et al., 2003): (a) Specimen 1; (b) Specimen 2: (c) Specimen 

4; and (d) Specimen 5. 
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Figure 1.18 Lateral strength contribution for walls with stucco finish (tests performed at UCD 

within the CUREE-CalTech Woodframe project) (Chai et al., 2003). 

1.5.4 Tests by Arnold, Uang, and Filiatrault 

As a part of another CUREE project, Earthquake Damage Assessment and Repair Project, 

to investigate the cyclic response of wood-frame walls having boundary conditions consistent with 

the first level walls of two-story structures a series of tests were performed at UC San Diego 

(Arnold et al., 2003). These tests were performed on 8-ft-tall  16-ft-long shear walls (height-to-

length aspect ratio of 0.5) with stucco exterior finishes and gypsum wallboard interior finishes. 

These tests are pertinent to the present research program as one goal was to understand the options 

for capturing continuity of the wall from floor to floor and at its ends. To investigate the influence 

of wall-end boundary conditions and seek the optimum construction method for the test specimens 

to mimic the behavior of walls as installed within a two-story dwelling, various boundary 

conditions were implemented, see Figure 1.19. The testing matrix is shown in Table 1.3, and the 

layout of the shear walls in shown in Figure 1.20. 
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At the top of each wall, the furring nail configuration connecting the stucco to the framing 

consisted of two rows of furring nails at 3-in. spacing on center along a 2  8 wooden loading plate 

and the upper top plate. The use of a denser furring nail spacing was intended to mimic the 

continuity of stucco extending from the first to the second floor of an actual home. The stucco used 

was a 7/8 in., three-coat application, i.e., 3/8-in. brown coat, 3/8-in. scratch coat, and 1/8-in. finish 

coat, with compressive strengths of 2200, 1600, and 380 psi, respectively. In addition, typical 

corner construction was used at the specimen ends with the purpose of simulating intersecting 

walls in an actual home. 

These boundary conditions were developed following results from a previous study done 

at UC San Diego by Gatto and Uang (2002) as a part of the CUREE-Caltech Woodframe Project. 

This study focused on the response of a series of 8-ft-tall square frames with different sheathing 

configurations, loading protocols, and loading rates. Stucco was considered in two tests and was 

attached with 1-1/4-in.-wide crown staples at 6 in. on center along framing members. The shear 

walls contained no corners and no dense fastening arrangement of the stucco at the top of the walls. 

 

 

(a) (b) 

Figure 1.19 Top and corner boundary condition details of shear walls tested by Arnold et al. 

(2003): (a) top plate section; and (b) plan view of corner stud construction. 
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(a) (b) 

Figure 1.20 Loading direction and stucco finish layout of shear walls tested by Arnold et al. 

(2003); (a) stucco layout for Specimens 2 and 3; and (b) stucco layout for Specimens 2 

and 4. 

Table 1.3 Testing matrix for tests by Arnold et al. (2003). 

Test no. Specimen designaton Openings Testing method 

1 

1 Two windows 

CUREE protocol to failure 

2 One window, one door 

2 

3 Two windows CUREE protocol to failure, 4-

stage testing 4 One window, one door 

 

The loading protocol implemented was consistent with that of tests done by Chai et al. 

(2002) per the CUREE-CalTech Woodframe Project. The load implementation was displacement 

controlled, with cyclically reversed static loading applied with a servo-controlled actuator placed 

at one-third of the wall’s height. A 450 plf vertical load, typical of a two-story home, was imposed, 

with three-point loads on a steel loading beam attached to a 1/2-in. section of plywood resting on 

the 2  8 wooden loading plate. Details of the test setup are shown in Figure 1.21. The 

implementation of a denser furring nail spacing and built-up corner resulted in a response stiffer 
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and stronger than test specimens absent the enhanced boundary conditions used in the Gatto and 

Uang (2002) study. Thus, it was believed that should continuity be envisioned in the scenario under 

consideration, it is worthwhile to consider enhancing an individual specimen’s boundary 

conditions. This aspect of detailing was evaluated during the test program specific for cripple walls 

and is discussed in greater detail in Chapter 2. 

 

Figure 1.21 Testing frame setup for tests by Arnold et al. (2003). 

1.6 SUMMARY REMARKS 

Within this Chapter, the purpose and motivation of this dissertation are explained. In 

accompaniment, the PEER-CEA project is described with emphasis on the two experimental 

programs performed in the project and the testing variables incorporated in both programs. From 

there, field observations from past cripple wall failures were discussed. This led to a discussion 

about retrofitting cripple walls as well as the current retrofitting prestandard used in California, 

called FEMA P-1100. Following this, a comprehensive literature review related to previous 

experimental programs of cripple walls and their response under cyclic loading and stucco finished 

shearwalls under cyclic loading. The later experimental program provided a construction detail 
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incorporated in the small-component testing program that formed an integral part of the present 

work. These details were intended to simulate the contribution to the response that continuity of 

the exterior finish, which would normally span between two floors, has. The literature review 

documented available testing data is available and provided a basis for where the prominent gaps 

in the testing data are.  

 Central to this dissertation is filling in the prominent gaps in the testing data for cripple 

walls subjected to earthquake loading. Importantly, there is a wide range of exterior finish 

materials, cripple walls heights, boundary conditions, anchorage conditions, and vertical loads for 

dwellings in California with cripple walls, and currently, there is little information of the seismic 

response of cripple walls with variations of these variables. Furthermore, there is no information 

on the benefit that the FEMA P-1100 prestandard was in regard to the response of a cripple wall. 

While it is understood that retrofitting cripple walls mitigates the damage to a dwelling following 

an earthquake, the benefits have not been quantified. The small-component testing program was 

part of the execution of a suite of quasi-static cyclic experiments to measure and document the 

performance of cripple wall and sill anchorage deficiencies to develop and populate loss models. 

The results from small-component experimental program will provide numerical modelers with 

useful response data to develop larger models of housing units to determine with confidence 

whole-dwelling seismic performance. This was done using both key measurements related to the 

force-displacement response as well as documentation of the observable damage to the cripple 

walls during testing. The data from these tests was directly used to generate nonlinear numerical 

models which capture the seismic response of entire light wood-frame dwellings. In addition, 

small-component test data was used to build nonlinear numerical models of cripple walls 

replicating the detailing of the tested cripple walls. The purpose of this is to identify the best 
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practices for creating numerical models of cripple walls. Finally, with the numerical models 

validated based of the test results, a parametric study involving select cripple walls models of high 

concern was conducted to determine if simple detailing methods could be used as alternatives to 

more complex and costly modern prescriptive retrofit designs.  

1.7 ORGANIZATION OF DISSERTATION 

The research presented in this dissertation is organized within Chapters 2-7 and is as 

follows: 

• Chapter 2 presents an overview of the details for the small-component testing 

program. This includes framing details, boundary condition details, exterior finish 

details and installation, FEMA P-1100 retrofit detail selection and installation, and 

anchorage condition details including wet set sill plate installation. The test matrix 

for the small-component testing program is provided. Subsequently, the testing 

setup and loading protocol utilized are described. 

• Chapter 3 presents key results from the small-component testing program. In total, 

28 cripple wall-only assemblies were tested in the program. Of these specimens, 27 

were quasi-static reversed cyclically tested, and one was tested with a monotonic 

loading protocol. Included in these results is the load-deflection response of select 

cripple wall specimens. Figures and tables of other important measurements such 

as hysteretic energy dissipation and uplift are also presented. Finally, comparisons 

between the responses of the cripple wall-first story assemblies in large-component 

testing program and their cripple wall-only counterparts in the small-component 

testing program are made. 
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• Chapter 4 presents extensive documentation of the physical damage to the tested 

cripple walls. Visually documented damage is correlated with key attributes of the 

measured load-deflection curves is provided in Chapter 3. Emphasis in damage 

documentation is given towards the exterior finish type, retrofit condition, and 

cripple wall height. Comparisons between the observed damage from the cripple 

wall-first story assemblies in large-component testing program and their cripple 

wall counterparts in the small-component testing program are also made. Finally, a 

description of how damage observations and load-deflection responses are used in 

developing damage fragilities of cripple walls is provided.  

• Chapter 5 presents the validation of nonlinear numerical models developed to 

predict cripple wall response. Validation against cripple wall-only tests is 

undertaken to develop confidence in the numerical models, which can then be used 

to extend the experimental data on the response to various cripple walls that were 

not tested. Two types of modeling strategies were used, namely: finite element 

connection level modeling and global phenomenological modeling. Chapter 5 

concludes by offering best practices for optimizing and implementing a successful 

model of the cripple wall when subjected to seismic loading.  

• Chapter 6 presents a parametric study of the validated numerical models. The study 

works to expand the experimental data on select cripple walls that have differences 

in construction detailing from those tested in the small-component testing program. 

The detailing methods were incorporated to determine if they could provide 

adequate alternatives to the modern retrofit prescriptive designs.     
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• Chapter 7 summarizes major findings and contributions of the work presented in 

this dissertation. In addition, proposals for additional work needed in the future are 

presented.  

• Appendices contain useful supplemental material to support the main body of the 

dissertation. Appendix A provides material properties, axial load calculations, and 

justifications for retrofit details of cripple walls not in accordance with FEMA P-

1100. Appendix B gives an in depth look at the modeling software used 

(MCASHEW2) and how the software works.   
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CHAPTER 2  

SMALL-COMPONENT TEST PROGRAM 

2.1 OVERVIEW 

The focus of this chapter is on the details of the cripple wall specimens, test setup, and 

testing instrumentation, and loading protocol for the small-component testing program. The testing 

variables for the experimental program included exterior finish type, retrofit condition, cripple 

wall height, boundary condition, anchorage condition, axial load, and loading protocol. There was 

a total of six exterior finishes used, three wet or stucco finishes and three dry or non-stucco 

finishes. The wet exterior finishes are stucco over framing, stucco over horizontal lumber 

sheathing, and stucco over diagonal lumber sheathing. For the dry exterior finishes, there was 

horizontal shiplap lumber siding, horizontal shiplap lumber siding over diagonal lumber sheathing, 

and T1-11 wood structural panels. The retrofit condition included both an as-built or existing 

condition, which reflects a cripple wall without an applied retrofit, as well as the retrofit condition, 

which reflects the implantation of the FEMA P-1100 prescriptive retrofit design. For two of the 

cripple walls tested, the FEMA P-1100 prestandard had not been published at the time the 

specimens were constructed, therefore information on the retrofit details for these cripple walls is 

also discussed. As for the boundary conditions used, they affected the top, bottom, and ends of the 

cripple wall specimens. Two cripple wall heights were used, 2-ft-tall and 6-ft-tall. In addition, 

there were two anchorage conditions used including typical sill bolt anchorage and wet set sill 

plates. Both a light (150 plf) and heavy (450 plf) axial load were used in testing. Lastly, 27 of the 
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28 specimens were tested with a cyclic loading protocol while the remaining specimen was tested 

with a monotonic push loading protocol. An in-depth look at each of the variables in the small-

component testing program is provided in this Chapter.  

2.2 OVERVIEW OF SMALL-COMPONENT TEST PROGRAM TESTING PHASES 

The small-component test program was divided into four phases, with six–eight specimens 

tested per phase. Subdividing the experimental program into multiple phases allowed analysis of 

one phase of test results to aid in the design of subsequent phases. In addition, this resulted in a 

manageable number of full-scale specimens within the laboratory space. Each of the test phases 

considered a similar theme, allowing for meaningful comparisons amongst specimens within a 

particular phase, and yet were complimentary to other phases for cross comparison upon 

completion of subsequent phases. The scope and purpose of each testing phase is as follows: 

• Phase 1. The first phase of testing contained six cripple wall specimens. Each of 

the cripple walls were 2-ft-tall and finished on their exterior face with stucco 

installed over horizontal lumber sheathing. In addition, a uniform axial load of 450 

plf was applied to each specimen. Parameters amongst specimens in this phase 

included: the specimens boundary conditions, anchorage conditions, and existing 

or retrofit detailing. By controlling the exterior finish, height, and applied axial 

load, the results of the Phase 1 tests work offered insight into the importance of the 

boundary conditions (ends, top, and bottom) of the wall on the performance of the 

specimens. In addition, one of the cripple walls was constructed with a wet set sill, 

a previously untested type of anchorage. Lastly, two of the cripple walls were 
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identical, with one being an existing condition and the other being a retrofitted 

condition (Schiller et al., 2020a). 

• Phase 2. The second phase of testing contained eight cripple wall specimens. Six 

of the cripple walls were 2-ft-tall, and two of the cripple walls were 6-ft-tall. Similar 

to Phase 1, all wall specimens were subjected to 450 plf of axial load. The boundary 

conditions remained the same for all specimens. The walls differed from each other 

in exterior finishes, height, and retrofit condition. The eight walls were grouped in 

four identical pairs of existing and retrofitted walls. All specimens had sill plates 

attached to the foundation with anchor bolts. The main focus of Phase 2 was to 

document the performance of dry, or non-stucco, exterior finish materials. One pair 

of walls was finished with T1-11 wood structural paneling, one pair was finished 

with shiplap horizontal lumber siding over diagonal lumber sheathing, and the final 

two pairs were finished with shiplap horizontal lumber siding. The two pairs with 

horizontal siding differed in height, one pair being 2-ft-tall and the other being 6-

ft-tall. These tests provided insight regarding the performance of dry-finished 

specimens, with emphasis on understanding the failure mechanisms associated with 

short and tall cripple walls. In addition, the results of four retrofitted walls built 

upon knowledge gained in Phase 1 regarding the effectiveness of the FEMA P-1100 

prescriptive retrofit (Schiller et al., 2020b). 

• Phase 3. The third phase of testing also consisted of eight specimens. These 

specimens were each 2-ft-tall and had the same boundary conditions imposed on 

the top and ends of the cripple walls. There were three pairs of identical walls that 

only differed in their retrofit condition. A uniform axial load of 450 plf was 
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consistently applied for all specimens. Key parameters differing among the 

specimens in this phase included the exterior finish details and the bottom of 

specimen boundary conditions. Pairs of cripple walls with stucco over horizontal 

lumber sheathing, stucco over diagonal lumber sheathing, and stucco over framing 

were tested. One cripple wall was constructed with a wet set sill plate. Results of 

these three pairs of tests examined the performance of differing wet or stucco 

exterior finishes, as well as provide additional results regarding the performance of 

the FEMA P-1100 prescriptive retrofit (Schiller et al., 2020c). 

• Phase 4. The final phase of testing consisted of six specimens. All wall specimens 

were detailed with the same boundary conditions. Two pairs of identical 6-ft-tall 

cripple walls were tested, both existing and retrofitted. Two walls were detailed 

with stucco over framing exterior finishes, while the other two utilized T1-11 wood 

structural panel exterior finishes. Two of the six specimens were 2-ft-tall. One of 

these had stucco over horizontal lumber sheathing and was loaded with a monotonic 

push. The other cripple wall had shiplap horizontal sheathing over diagonal lumber 

sheathing and was tested with a light uniform axial load of 150 plf. Results from 

this phase investigated the effect of height on the performance of the cripple wall 

and the FEMA P-1100 prescriptive retrofit. In addition, the effect of a light axial 

load and a monotonic push load protocol was evaluated (Schiller et al., 2020b–c). 

A complete test matrix for the small-component testing program is shown in Table 2.1.  
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2.2.1 Determining Test Specimen Variables 

Within the PEER–CEA Project, a working group was organized to analyze and define 

representative “Index Buildings” and their variants (Reis et al., 2020). This effort, under the 

auspices of WG 2: Index Buildings, significantly guided the design of the small-component test 

program. The Index Buildings have variants formulated based on three criteria: 

1. Parameters have a significant effect on the seismic response of the building. 

2. Parameters have a statistically significant presence in the California housing 

stock. 

3. Amount of damage reduction possible resulting from the seismic retrofit of the 

cripple wall is dependent upon the presence of the variant. 

For each of the variants considered, the determination of whether it had a significant effect 

on the seismic response of the building and whether the amount of damage reduction due to a 

specific retrofit strategy is dependent on the presence of the variant was evaluated based on 

information from ATC-110 (ATC, 2014), the CUREE-CalTech Index Building Report 

(Reitherman and Cobeen, 2003), and expert opinions from members of this PEER–CEA Project. 

Resources used to determine what parameters have a statistically significant presence in the 

California housing stock included data provided by the CEA, the U.S. Department of Housing and 

Urban Development (NAHB, 1994; 2001), and the ATC-110 project (ATC, 2014). Further 

narrowing of the selection is attributed to the CUREE Index Building Report (Reitherman and 

Cobeen, 2003), which refined the criteria for selecting variants stating that while many variants 

may satisfy the above conditions, they cannot be included in the test program because of the follow 

reasons: 
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• A variant may have a significant impact on building performance, but it cannot 

practically be discovered by owners or insurance agents when writing a policy. 

• Variants such as construction quality, code enforcement and adoption, trade 

practices, availability of materials, and quality of inspection are likely to lead to 

differences in expected performance but may not be quantified or cataloged. 

Ultimately, a variant must be observable in order to be quantified with fragility and damage 

functions. A primary variant considered by all loss modelers is the age of the home. The age of a 

house is an observable variant, which sheds light on many of the variants dismissed above and has 

been found to have a strong correlation to the performance of the house (Mahin, 1991; Hall, 1994; 

EERI, 1996; and Rabinovici, 2017). To allow for reasonable categorization, the age of housing 

construction considered in this study was discretized into vintages, namely: Pre-1945, 1945–1955, 

and 1956–1970. These eras were selected based on the common construction practices of their 

time, whereby one era offered notable differences from another. Note that era delineation does not 

correlate with the number of houses constructed. Houses built after 1970 were assumed to 

primarily use plywood sheathing extending to the foundation and were typically built on slabs and, 

thus, do not contain cripple walls. For these reasons, post-1970 houses have conditions that would 

not trigger the need for seismic retrofits prescribed in this program. The other primary variant 

considered by a loss modeler is the number of stories of the house. This also has a direct impact 

on the seismic performance of a house. Both of these are easily quantifiable and drive the 

determination of the variables examined in the test program. 

Secondary variants within the Index Buildings, as defined by WG 2, are the finish on the 

house, presence and height of a cripple wall, presence and spacing of anchor bolts, building weight, 

cripple wall slope differential, room or house over garage, and presence of a retrofit. All of these 
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fulfill the two criteria affecting the seismic performance of a house and having a significant 

presence in the California housing stock. For the scope of this test program, the parameters 

included within the test matrix are derived from the Index Building variants and also include 

various boundary conditions affecting the performance of a cripple wall. Thus, the variables of 

particular focus as evident in the final test matrix summarized in Table 2.1. 

• Existing and retrofit conditions. Cripple walls are either constructed “as-built” 

(denoted herein as existing) or retrofitted following the FEMA P-1100 prescriptive 

retrofit guidelines. 

• Height of cripple wall. Cripple walls are either 2 ft or 6 ft in height. All cripple 

walls tested were level, i.e., this program did not consider cripple walls on hillsides, 

which are often constructed with slope or stepped cripple walls. 

• Axial Load. Two different axial load levels were used, namely light = 150 plf and 

heavy = 450 plf. 

• Anchorage. Two cases of anchorage exist: sill anchor bolts and wet set sill plates. 

For sill anchor bolts, spacing between the bolts was set at 64 in. on center to 

simulate the existing sill anchorage, which was observed to be very sparse in pre-

1970 constructed dwellings. Retrofitted cripple walls have anchor bolt spacing 

prescribed by FEMA P-1100. 

• Exterior Finish. The finish of the cripple wall contained the most variability in the 

present test program. As noted, both wet (or stucco) and dry (or non-stucco) exterior 

finishes were used. Wet exterior finishes included stucco over framing, stucco over 

horizontal lumber sheathing, and stucco over diagonal lumber sheathing. Dry 
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exterior finishes include shiplap horizontal lumber siding, shiplap horizontal 

lumber siding over diagonal lumber sheathing, and T1-11 wood structural panels. 

• Boundary Conditions. Various boundary conditions on the top, bottom, and ends 

of the cripple walls were implemented in the test program. Descriptions of the 

boundary conditions are discussed in Chapter 2. 

2.2.2 Justifying Test Variable Range and Select Detailing Aspects of Cripple Wall 

Specimens 

As noted, the choice of variables to be implemented into this test program were derived 

from variants in the Index Buildings, as defined by WG2 of the overall PEER–CEA Project. The 

range of these test variables was developed through careful and continued consultation amongst 

the PEER-CEA project team, a peer review panel, and the CEA. Related studies also aided in 

defining the test variable range. The logic for selecting the range in each test variable type is 

provided below. 

• Cripple Wall Height. Previous studies have been performed on cripple walls 

ranging from 2 ft to 4 ft (Sheperd and Delos-Santos, 1991; Steiner, 1993; and 

Chai et al., 2002). The majority of cripple walls in the California housing stock 

are 4 ft or less in height. There are, however, a significant number of houses 

containing cripple walls in excess of 4 ft, yet no experimental data exist to 

document the performance of such taller cripple walls. In a housing survey of 

633 homes following the 2014 South Napa earthquake, 8.8% of the houses 

surveyed contained a cripple wall taller than 4 ft. Importantly, the presence of 

taller cripple walls was greater for houses built pre-1950. It was found that 
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21.3% of the houses built pre-1950 were constructed with cripple walls in 

excess of 4 ft (Rabinovici, 2017). In addition, according to the 2000 US Census, 

nearly half of the housing stock in California was built prior to 1970 (U.S. 

Census Bureau, 2000). Thus, a significant number of houses in California, 

primarily old homes, have cripple walls taller than 4 ft. While taller cripple 

walls, with larger height-to-length aspect ratios, are similar to wood-frame 

shear walls, in older homes they typically do not have interior finishes like 

wood-frame shear walls, which are a part of the living areas of the house. Unlike 

shorter cripple walls that are dominated by a shear mode, taller cripple walls 

may be more flexural or mixed-mode (flexure-shear) dominated. Moreover, 

taller walls are more likely to uplift under lateral loading. Given that this 

phenomena is not well understood, it was determined that a cripple wall height 

of 6 ft should be considered in select specimens. 

• Axial Load. The use of various axial load cases is important to accurately 

capture the effect that one- and two-story houses, with light or heavy 

construction materials, have on the performance of the cripple wall. The axial 

load a cripple wall experiences during lateral loading plays a major role in the 

seismic behavior of the wall. Therefore, two axial load cases, 150 plf and 450 

plf, were implemented in the present test program. A uniform axial load of 150 

plf represents the gravity load of a one-story house construction using light 

construction materials, while a uniform axial load of 450 plf represents the 

gravity load of a two-story house constructed using heavy construction 

materials. These axial loads were derived from the ATC-110 project Median 
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Home definition (ATC, 2014) as well as the CUREE Index Building Report 

(Reitherman and Cobeen, 2003). Additional information on the selection for the 

axial load values can be found in Appendix A.1. 

• Anchorage. Two types of anchorage were considered in this testing program, 

namely: (1) sill plates anchored with 1/2-in. bolts and (2) sill plates set in the 

wet concrete foundation (wet set sill). The most common condition found in 

California houses is sill plates connected to the foundation with anchor bolts, 

which have been cast in the foundation concrete. Therefore, foundation sill 

plates with anchor bolts were utilized in nearly all specimens. However, the wet 

set sill was also used in older construction, therefore, select specimens are 

detailed a such. Herein, the anchor bolt spacing is set at 64 in. on center for 

unretrofitted houses. While many older houses in California contain no anchor 

bolts or spacings greater than 64 in. on center, the goal of this testing program 

was to evaluate the performance of the cripple wall as opposed to forcing the 

wall into total failure, i.e., the sliding of the wall from its supporting foundation. 

As such, minimal anchorage was implemented to assure failure occurred within 

the actual cripple wall. 

In pre-1945 construction, wet set sills were common practice in California housing 

construction. Although this condition is not extremely prevalent, there is no information on the 

performance of wet set sill attachment of the cripple wall. As such, wet set sill anchorage was 

chosen as a variant for the testing program. 

Regarding the detailing adopted for the anchorage: when present, it is noted that the 

National Design Specification for Wood Construction (AWC, 2018a) requires that bolt holes be 
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oversized by 1/16 in.; however, this was not found to be common practice due to the skill and 

attention required of the builder. In its characterization of the Index Buildings, WG2 estimated that 

only 10% of anchor bolt holes were properly sized, 40% were 1/16 in. to 1/4 in. oversized, and 

50% were more than 1/4 in. oversized (Reis et al., 2020). Thus, the choice was made to use a 1/4 

in. oversize as a middle-of-the-road approach. 

• Exterior Finish. The exterior finishes examined across the testing program were 

horizontal siding, horizontal siding over diagonal sheathing, stucco over 

horizontal sheathing, stucco over diagonal sheathing, stucco only (i.e., directly 

over framing), and T1-11 wood structural panels. Horizontal siding, horizontal 

siding over diagonal sheathing, and the various stucco configurations are 

commonly seen in California housing stock during the various eras of 

construction considered herein. In contrast, T1-11 structural panels gained 

popularity post-1960. Note: the most common finishes in California are stucco 

and horizontal siding. From the CEA South Napa Home Impact Study 

(Rabinovici, 2017), 24.9% contained horizontal siding and 55.6% contained 

stucco of the 633 houses surveyed. Both finishes are commonly seen not only 

in the San Francisco Bay Area but in Los Angeles County, surrounding 

counties, and other parts of California. These two types are by far the most 

predominant finishes in California. Amongst the sheathing types, the most 

common type noted was horizontal sheathing due to its ease of construction; 

however, with higher-end construction practices, diagonal sheathing was 

preferred. For example, in the San Francisco Bay Area, approximately 80% of 

houses containing sheathing have it installed horizontally. In California, the 
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approximate distribution of sheathing types on houses is 40% containing no 

structural sheathing (exterior cladding including stucco, siding, plywood, or 

others), 40% containing horizontal sheathing, and 20% containing diagonal 

sheathing (Reis et al., 2020). While other styles of siding do exist, such as 

diagonal siding, they do not have a significant enough presence to be deemed 

necessary to be included in the program. 

• Sheathing boards utilized California homes in the era under consideration, 

ranged in width from 6 in. to 12 in., with 6 in. or 8 in. in width being the most 

common. Thus, diagonal and horizontal sheathing used herein were 1  6 

nominal members (3/4 in.  5-1.2 in.) made from Douglas Fir. Adopting the 

original 1927 UBC codes, 8 in. or narrower sheathing boards were fastened with 

2–8d (0.131 in.  2-1/2 in.) common nails at each stud. For boards wider than 

8 in., 3–8d common nails were used (ICBO, 1927). To the authors’ knowledge, 

a recommendation for connection of sheathing to sill plates was lacking in the 

UBC. Therefore, in the present study, the bottom sheathing board (1  6 

member) was attached with one nail to the stud and one nail in-line and attached 

to the sill plate. This resulted in a 16 in. on center nailing to the sill plate. 

Diagonal sheathing was placed at 45° angles with the horizontal foundation. 

Each of the variables discussed in this section and the previous were used to develop the 

testing matrix shown in Table 2.1. All cripple wall configurations were constructed and tested with 

a combination of the variables discussed. The set of variables for each cripple wall test was unique 

to that test. By changing a single variable between tests, the effect of said variable could be isolated 

by comparing the two tests that only differ by that variable. In the following section, a description 
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of the cripple wall construction details is provided including details on how all variables discussed 

in this section were implemented.   

2.3  SPECIMEN DETAILS 

2.3.1 Framing Details 

Of the 28 cripple walls tested, 22 were nominally 2 feet in height and 12 feet in length 

while the remaining six specimens were nominally 6 feet in height and 12 feet in length. The 

framing details for the 2-ft-tall cripple walls is shown in Figure 2.1, and the framing details for the 

6-ft-tall cripple walls are shown in Figure 2.2.  Note that the anchor bolt spacing shown in these 

figures applies on to existing cases. Minor differences in length can be attributed to the nuances of 

the exterior finish detailing. The height of the cripple wall is measured from the base of the sill 

plate to the top of the uppermost top plate. Framing members were constructed with #2 Douglas 

Fir, with wall studs and top plates nominal 2  4 members and sill plates nominal 2  6 members. 

All studs were placed at 16 in. on center. Studs were connected to the sill plate and top plate with 

0.165-in.-diameter 2–16d common nails per stud. Additional top plates are connected with 16d 

common nails staggered at 16 in. on center. All lumber used was tested for moisture content. Upon 

procurement of the lumber, the moisture content was between 10–25% for the Douglas Fir (studs, 

sill plates, top plates, and sheathing boards). The moisture contents were read before testing as 

well and were in the range of 5–15% for all lumber. All of the moisture content readings are 

provided in Appendix A of Schiller et al. (2020a-c), and all construction drawings are provided in 

Appendix B of Schiller et al. (2020a-c). 
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Figure 2.1 2-ft-tall cripple wall framing. 

 

Figure 2.2 6-ft-tall cripple wall framing.  

2.3.2 Boundary Conditions 

Framing details of the specimens were dependent upon the boundary conditions. Boundary 

conditions were split into two categories, top and bottom boundary conditions. The top condition 
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also affected the end of the specimens, whereas the bottom boundary condition only involved 

modifications to the bottom detailing of the specimens. Specific details associated with each 

variation are presented below. Key descriptions and construction drawings of the boundary 

conditions are provided below. In addition, photographs of the boundary conditions on the cripple 

walls are shown in Figures 2.12 and 2.13. A more in depth description of the boundary conditions, 

including construction drawings and photographs can be found in Schiller et al. (2020a–c). 

2.3.2.1 Top Boundary Conditions 

The top boundary conditions implemented were intended to examine the effects of 

enhanced top plates and built-up end framing (corners), including C-shaped walls (i.e., built-up 

corners with a wall return), and, in particular, to compare with the response of walls tested by Chai 

et al. (2002), which did not contain enhanced top plates or corners. In addition, at the top of the 

cripple walls variations in furring nail arrangements connecting the stucco to the framing were 

implemented with the purpose of simulating stucco continuity into the floor above as done in tests 

by Arnold et al. (2003). Unlike the bottom boundary conditions, top boundary conditions affect 

the framing details of each specimen. The test program consisted of three top boundary conditions, 

denoted as A, B, and C. The description of these boundary conditions and the framing details for 

each condition are described in the following sections. Photographs of the top boundary conditions 

are provided in Figure 2.12. 

Top Boundary Condition “A” 

Top boundary condition-A was similar to the specimen details used in the CUREE-Caltech 

Woodframe Project at UC Davis by Chai et al. (2002). These specimens were cripple walls framed 

with two 2  4 top plates connected with 16d common nails at 16 in. on center. Studs were 16 in. 
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on center and connected to the lower 2  4 top plate and 2  6 sill plate with 2–16d common nails 

per stud, top and bottom; Figure 2.3 shows the framing details. Figure 2.4 shows details for stucco 

and sheathing attachment, and the nailing pattern. The purpose of incorporating this boundary 

condition into the testing program was to provide a basis of comparison to the CUREE tests 

performed at UC Davis. Only one cripple wall was tested with this configuration.  

 

 

Figure 2.3 Framing detail elevation for top boundary condition A. 
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(a) 

 

(b) 

Figure 2.4 Corner and top of wall details for stucco over horizontal sheathing for top boundary 

condition A: (a) plan view detail; and (b) top of wall detail. 

Top Boundary Condition “B” 

Top boundary condition B contained built-up corners (ends) as well as an additional top 

plate. The built-up wall ends are typical to those seen in California houses at re-entrant corners 

(corners where return walls would be present). These simulated corners contained two 2  4 studs 

instead of a single 2  4 stud and an additional 2  4 flat stud abutted against the interior side of 

the framing. The framing details for top boundary condition B is shown in Figure 2.5. Note that 

from this elevation view, the framing details are the same for top boundary condition C. Additional 

details on the differences between top boundary condition B and C are discussed later in this 
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section. For the wet finished specimens, an additional top plate was provided to allow for a denser 

furring nail arrangement at the top of the cripple wall, which was intended to simulate the increased 

stiffness provided by the continuity of the stucco running from the cripple wall into the upper story 

of the house. This framing detail and furring nail spacing was akin to the CUREE-Caltech 

Woodframe Project testing done at UC San Diego by Arnold et al. (2003). Figure 2.6 show the 

construction details of a stucco finished cripple wall with top boundary condition B. The prescribed 

nailing pattern for the furring nails was two rows of #11  1-1/2 in. (0.121-in. diameter) connected 

to the uppermost top plate and the middle top plate at 3 in. on center. Along the edges and the 

studs, #11  1-1/2 in. furring nails were attached at 6 in. on center, and along the sill plate; the 

same furring nails were attached with three nails per stud bay or 5-1/3 in. on center. For dry 

finished specimens with top boundary condition B, the same framing details were used. Top 

boundary condition B was selected as the baseline top boundary condition for the entire testing 

program. 

 

Figure 2.5 Framing detail elevation for top boundary condition B and C. 
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(a) 

 

(b) 

Figure 2.6 Corner and top of wall detail for stucco over framing exterior finish: (a) plan view 

detail of top boundary condition B; and (b) top of wall detail of top boundary 

condition B.  
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Top Boundary Condition “C” 

Top boundary condition C contained the same detailing at the top of the wall and stucco 

and sheathing attachment details as top boundary condition B; however, this boundary condition 

incorporated a return wall at each end, effectively resulting in a C-shaped wall specimen. The 

purpose of the return wall was to determine if the detailed end conditions adopted in top boundary 

condition B sufficiently contributed to the response of the wall considering the presence of a return 

wall. The return walls were 2 feet long on both ends of the specimen. The first stud bay was 16 in. 

on center, and the second was 8 in. on center. The return wall corners were framed with two 2  4 

studs; the return wall was tied down with two anchor bolts, one within each stud bay, see Figure 

2.7 for details of the corner construction.  

 

 .  

Figure 2.7 Plan view detail of corner and top of wall details for stucco over horizontal sheathing 

for top boundary condition C. 
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2.3.2.2 Bottom Boundary Conditions 

The bottom boundary conditions primarily affect the placement of the cripple walls on the 

footing. In addition, the bottom boundary conditions incorporated the use of a wet set sill in lieu 

of the typical sill plate with anchor bolts, as well as finish attachment meant to mimic deterioration 

of finishes at the base of a home commonly seen in older California homes. Variations in 

placement of the walls on the footings were meant to determine the effect of finishes bearing on 

the concrete compared to finishes overhanging the footing. In the latter, the finish is unimpeded 

and can rotate freely as the walls move. The more common condition in California is to have 

finishes outboard of their footing, but a number of houses with finishes bearing on their foundation 

remain. Bottom boundary conditions were denoted with lower case letters to avoid confusion with 

the top boundary conditions. The small-component testing program utilized four different bottom 

boundary conditions, denoted as bottom boundary condition “a”, “b”, “c”, and “d”. The description 

and details of each of these boundary conditions are presented below. Photographs of the top 

boundary conditions are provided in Figure 2.13. 

 

Bottom Boundary Condition “a” 

Bottom boundary condition “a” pertains to instances when there is a combined exterior 

finish. This boundary condition orientated the cripple wall so that the siding or stucco overhung 

the face of the footing while the sheathing (if present) remained bearing on the foundation, see 

Figure 2.8. Typically, houses in California containing sheathing behind siding have both the siding 

and sheathing overhanging the footing, allowing them both to rotate freely as the cripple wall 

deforms; but there are a significant number of houses that only have the siding or stucco 
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overhanging with the sheathing material remaining bearing on the foundation. This is attributed to 

the difficulty in construction of applying stucco from the cripple wall to the base of the footing 

when overhanging sheathing boards produce a 3/4-in. to 7/8-in. gap between the face of the footing 

and the face of the sheathing. 

 

Figure 2.8 Bottom of the wall detail for stucco over horizontal sheathing for bottom boundary 

condition “a”. 

 

Bottom Boundary Condition “b” 

Bottom boundary condition “b” also pertained to combined exterior finishes. This 

configuration had both the siding or stucco and sheathing material bearing on the top of the 

foundation, where the bottom nailing of the sheathing was attached to the middle of the sill plate 

(if a sill plate exists). In the case of a wet set sill plate, the bottom nail of the sheathing was attached 

to the stud instead of the sill plate due to the lack of member depth available to attach to the sill 

plate. In the case of either wet set sill or typical sill on foundation, the furring nails were nailed to 

the sill plate. Details of bottom boundary condition “b” can be seen in Figure 2.9. While this is not 
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the most common condition in California houses, it still occurs in older dwellings. Moreover, the 

bearing of the stucco on the concrete inhibits the stucco from rotating freely as the cripple wall 

deforms, producing a significantly different response than the boundary condition, where the 

exterior finishes overhang the face of the foundation and can freely rotate as the cripple wall 

deforms. 

 

Figure 2.9 Bottom of the wall detail for stucco over horizontal sheathing exterior finish for 

bottom boundary condition “b”. 

 

Bottom Boundary Condition “c” 

Bottom boundary condition “c” oriented the cripple wall so that all exterior finishes were 

outboard of foundation. This is the same whether there was a combined finish material or whether 

there was only the presence of a wet or dry stucco finish. Regardless of a single or combined finish 

material, the first layer of material attached to the framing was flush with the face of the footing. 

For wet exterior finishes, it is a common condition in California homes to have the stucco 
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extending down the face of the footing to the ground. In older homes, however, this stucco has 

often deteriorated, with little bond left between the stucco and the foundation. 

Bottom boundary condition “c” allowed all finish materials to rotate freely as the cripple 

wall deformed. It is noted that this condition was tested in both a typical sill on foundation and a 

wet set sill configuration. As an example, the bottom of the wall details specific to the stucco over 

framing specimens can be seen in Figure 2.10. Bottom boundary condition “c” was selected as the 

baseline bottom boundary condition for testing.  

 

Figure 2.10 Bottom of the wall detail for stucco over framing exterior finish with bottom boundary 

condition “c”. 

 

Bottom Boundary Condition “d” 

Bottom boundary condition “d” pertained to cripple walls with stucco only or stucco over 

sheathing exterior finish. This boundary condition was similar to boundary condition c; however, 

the stucco was extended down the face of the footing. This also is a very common condition found 

in California houses, particularly in cases where the foundation stem wall is extended above grade. 

In this scenario, home builders would often extend the stucco to meet the soil or hardscape grade 
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rather than terminate it at the base of the sill plate. As seen in Figure 2.11, the tail extension of the 

stucco extended 8 in. down the face of the foundation. This inevitably created a thicker patch of 

stucco when sheathing was present in the finish, as it is also outboard of the foundation. 

 

Figure 2.11 Bottom of the wall detail for stucco over framing exterior finish with bottom boundary 

condition “d”. 
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                                                   (a)                                  (b)                                  (c) 

Figure 2.12 Corner views of cripple walls: (a) top boundary condition A; (b) top boundary 

condition B; and (c) top boundary condition C. 

 

                                       (a)                                 (b)                               (c)                            (d) 

Figure 2.13 Corner and end views of cripple walls: (a) bottom boundary condition “a”; (b) bottom 

boundary condition “b”; (c) bottom boundary condition “c”; and (d) bottom 

boundary condition “d”. 



 
66 

2.4 INSTALLATION OF EXTERIOR FINISHES 

In total, there were six exterior finishes used, three wet (stucco) finishes and three dry (non-

stucco) finishes. The wet exterior finishes are stucco over framing, stucco over horizontal lumber 

sheathing, and stucco over diagonal lumber sheathing. The dry exterior finishes included 

horizontal shiplap lumber siding, horizontal shiplap lumber siding over diagonal lumber sheathing, 

and T1-11 wood structural panels. These exterior finishes are the most commonly seen exterior 

finish types in California’s older housing stock. In this section, a brief description of the exterior 

finishes and their installation process are presented. Additional details of the exterior finishes may 

be found in Schiller et al. (2020b-c). 

2.4.1 Wet Exterior Finishes 

The 17 cripple walls discussed in this dissertation were constructed with three different wet 

exterior finishes, namely: stucco over framing (5), stucco over horizontal squared lumber 

sheathing (10), and stucco over diagonal squared lumber sheathing (2). Of the five cripple walls 

constructed with stucco over framing, three of the specimens were 2-ft-tall and two of the 

specimens were 6-ft-tall. All other specimens were 2-ft-tall. Figure 2.16 shows exterior and interior 

photographs of a 2-ft-tall stucco over framing finished cripple walls, and Figure 2.17 shows the 

same for the 6-ft-tall counterpart.  

For consistency, the same details and materials were used for the application of the stucco, 

and the same details and materials were used for the application of the sheathing. To emulate the 

increased strength and stiffness a cripple wall would have due to the continuity of the stucco 

running from the cripple wall beyond the floor diaphragm, an additional top plate was added to 

the cripple walls to allow for an additional row of furring nails to be attached. Typically, houses 
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are constructed with a double top plate, however, the specimens discussed in this dissertation with 

top boundary conditions B and C have a triple top plate. The furring nails used were #11  1-1/2 

in. (0.121 in. diameter) nails with 1/4-in. wads to allow for proper separation between the metal 

reinforcement and the sheathing boards. The metal reinforcement used was a 17-gauge, 

galvanized, hexagonal wire mesh.  A single layer of Grade D building paper was fastened to the 

sheathed walls using 3/8-in. staples along the studs, top plate, and sill plate. The stucco used for 

the exterior finish consisted of three layers of stucco, which is typical of pre-1945 construction. 

The total thickness of the stucco was 7/8 in., with a 3/8-in-thick scratch coat, a 3/8-in.-thick brown 

coat, and a 1/8-in.-thick finish coat. The mix design used for each coat was derived from the UBC 

(ICBO, 1943) and recommendations from the Portland Cement Association stucco guidebook 

(Portland Cement Association, 1941). The scratch coat and brown coat both consisted of one-part 

Type I Portland cement to three-parts fine aggregate and 1/5-part hydrated lime. The fine aggregate 

was a plastering sand, which was well graded and clean with 70–90% passing through a No. 8 

sieve. The finish coat consisted of one-part Type I Portland cement to three-parts fine aggregate, 

and 3/5-part hydrated lime. Figure 2.14 shows details of the metal reinforcement and furring nail 

arrangement prior to the application of stucco, and Figure 2.15 depicts the application process for 

the 3-layer stucco.  

Sheathing boards used were 1  6 nominal (7/8-in.  5-1/2-in.) construction-grade Douglas 

Fir. For horizontal sheathing, full boards were placed at the top and bottom of each wall. An 1/8-

in. gap was placed between each board to allow for expansion. The middle sheathing board was 

cut to match the required dimension to fit in the middle of the wall. With the exception of the 

middle board, all sheathing boards were attached with 2-8d common hot-dipped galvanized nails 

per stud. The middle board was attached with 1-8d common hot-dipped galvanized nail per stud. 
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Diagonal sheathing boards were installed at a 45° angle. Installation for the diagonal sheathing 

started with a full width board at one end, and each board after that was cut to fit onto the framing 

of the cripple wall. An 1/8-in. gap was placed between each board to allow for expansion. Figure 

2.18 shows an exterior and interior photograph of a stucco over horizontal sheathing finished 

cripple wall. In Figure 2.19, the photographs of the same view are provided for a stucco over 

diagonal sheathing finished cripple wall.  

 

Figure 2.14 Cripple wall with metal reinforcement and furring nails attached over building 

paper. 
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(a) (b) 

  

(c) (d) 

Figure 2.15 Installation of stucco: (a) applying scratch coat; (b) final scratch coat; (c) final brown 

coat; and (d) final finish coat. 
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(a) 

 

(b) 

Figure 2.16 Elevation view of 2-ft-tall cripple wall with stucco over framing finish with bottom 

boundary condition “c”: (a) exterior elevation; and (b) interior elevation. 
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(a) 

 

(b) 

Figure 2.17 Photographs of 6-ft-tall cripple wall with stucco over framing finish: (a) exterior 

elevation; and (b) interior elevation. 
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(a) 

 

(b) 

Figure 2.18 Photographs of a stucco over horizontal sheathing exterior finished cripple wall: (a) 

exterior elevation; and (b) interior elevation. 
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(a) 

 

(b) 

Figure 2.19 Photographs of a stucco over diagonal sheathing exterior finished cripple wall: (a) 

exterior elevation; and (b) interior elevation. 
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2.4.2 Dry Exterior Finish 

The eleven cripple walls tested as part of the small-component testing program were 

constructed with three different dry exterior finishes, namely: horizontal shiplap lumber siding 

over framing (4), horizontal shiplap lumber siding over diagonal squared lumber sheathing (3), 

and T1-11 wood structural panels (4). Of the four cripple walls constructed with horizontal siding, 

two of the specimens are 2-ft-tall and two of the specimens are 6-ft-tall. The same holds true for 

cripple walls constructed with T1-11 wood structural panels. All three of the horizontal siding over 

diagonal sheathing finished specimens were 2-ft-tall. 

Horizontal siding boards were shiplap, 1  6 nominal (3/4 in.  5½ in.), construction grade 

redwood. Full siding boards were installed flush with the uppermost top plate. An 1/8–in. gap was 

placed between siding boards, leaving a 3/8 in. overlap between each siding board. No siding 

boards were trimmed at the base of the cripple wall, thus leaving an overhang for all cripple walls 

with horizontal siding. This culminated to 3-3/8–in. overhang for the 6-foot-tall cripple walls and 

a 1/8–in. overhang for the 2-ft-tall cripple walls. Grade D building paper was stapled onto the 

framing before installation of the siding. The horizontal siding was fastened with 2–8d nails per 

stud. Only the outermost end stud was nailed to the ends. The top siding board was fastened 

entirely to the top plates. For the 2-ft-tall specimens the bottom siding board had one nail fastened 

to the stud and the other fastened to the sill plate, and for the 6-ft-tall specimens only one nail was 

used to fasten the siding board (attached to the sill plate) due to the large overhang of the siding 

board. All nails used were 8d common hot-dip galvanized. Nails were spaced around 2.5 in. apart 

on siding boards, centered about the middle of the board. Two pieces of 4  1 redwood boards 

were used as corner trim, which is a common aesthetic addition to cover up the corner joints of 

finishes. These were fastened with 2d common nails at 12 in. on center. Figure 2.20 shows the 
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exterior and interior elevation of a 2-ft-tall and the exterior elevation of a 6-ft-tall cripple wall 

finished with horizontal siding over framing. 

 

 

(a) 

 

(b) 

Figure 2.20 Photographs of cripple walls with horizontal siding over framing exterior finish: (a) 2-

ft-tall specimen (exterior elevation); (b) 2-ft-tall specimen (interior elevation); and (c) 

6-ft-tall specimen (exterior elevation). 
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(c) 

Figure 2.20    Photographs of cripple walls with horizontal siding over framing exterior finish, (continued). 

Cripple walls finished with horizontal siding over diagonal sheathing were constructed 

with the same siding material as the horizontal siding over framing cripple walls. The diagonal 

sheathing boards used were squared, 1  6 nominal (7/8-in.  5-1/2-in.) construction grade Douglas 

Fir. The same type of sheathing was used regardless of the sheathing orientation (horizontal or 

diagonal). Diagonal sheathing boards were installed at a 45° angle. A 1/8–in. gap was placed 

between each board using an 8d common nail to allow for expansion. Installation for the sheathing 

started with a full width board at one end, with each board after cut to fit onto the framing of the 

cripple wall. Sheathing boards were fastened to the framing with 2–8d nails per stud whereas the 

edge nailing was 2–8d nails per board along the sill plate, uppermost top plate, and outermost end 

studs. Specimens with diagonal sheathing were overlaid with Grade D building paper prior to 

installation of the horizontal siding boards. The horizontal siding was fastened with 2–8d nails per 

stud. All nails used were 8d common hot-dipped galvanized. Nails were spaced around 2.5 in. 
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apart on horizontal siding boards. Figure 2.21 shows a construction drawing with the layout of the 

diagonal sheathing and horizontal siding boards. 

 

Figure 2.21 Elevation view of 2-ft-tall cripple wall with horizontal siding over diagonal sheathing 

exterior finish. 

The T1-11 wood structural panels used are plywood, 5/8–in.-thick  4-ft-tall  8-ft- wide 

sections, with an 8–in. on center groove pattern. Modifications were made to the length of the T1-

11 cripple walls (12 ft-4-1/2 in. to 12 ft) to fit three full 4-ft sections along the cripple wall length. 

This was done by shortening the two stud bays at the ends from 16 in. to 13-3/4 in., thus preserving 

the cripple wall symmetry. A 1/8–in. gap was placed between panels to allow for expansion. An 

elevation view of the T1-11 finished 2-ft-tall and 6-ft-tall cripple walls can be seen in Figure 2.22.  

The T1-11 panels were fastened with 8d common, hot-dipped galvanized nails, edge nailed 

at 8 in. on center and field nailed at 12 in. on center for the existing case and edge-nailed at 4 in. 

on center and field-nailed at 12 in. on center for the retrofitted case (retrofit details will be 

discussed later). For the existing case, the T1-11 installation process entailed fastening one T1-11 

panel with nails along three edges. The un-nailed edge was secured by putting the next T1-11 panel 

in place and beginning the same nailing pattern on the next panel. As is common practice, the 

underlying edge of each T1-11 panel is not nailed but is secured by being pinched by the 



 
78 

overlapping panel. Similar to other dry finishes, two pieces of 4  1 redwood boards were used as 

corner trim.  

 

(a) 

 

(b) 

Figure 2.22 Photographs of cripple walls with T1-11 wood structural panel exterior finish: (a) 2-ft-

tall specimen (exterior elevation); (b) 6-ft-tall specimen (exterior elevation); and (c) 6-

ft-tall specimen (interior elevation). 
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Figure 2.22    Photographs of cripple walls with T1-11 wood structural panel exterior finish, (continued). 

 

2.5 WET SET SILL PLATE 

Although not as common as a traditional sill plate placed atop a foundation and tied down 

with anchor bolts, wet set sill plates have a statistically significant presence in California homes, 

especially in older construction. In addition, no information is available on the performance of wet 

set sill plates. Traditionally, wet set sill plates are 2  4 or 2  6 wood sill plates that are placed or 

set in foundations when the concrete is being poured. The sill is usually prepared prior to the pour 

with a series of nails that may provide additional load transfer. In these tests, the wet set sill used 

was a construction grade redwood 2  6 with 2-30d nails driven through the sill at 24 in. center-

to-center spacing along the board length. The nailed side was set in the wet foundation to provide 

additional resistance to movement of the sill plate. Details of the wet set sill and the construction 

procedure can be seen in Figure 2.23. In total, two specimens were constructed with a wet set sill 

plate, Specimen A-4 and A-21. Both cripple walls were 2-ft-tall, existing cripple walls finished 
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with stucco over horizontal sheathing. The two specimens differed in their bottom boundary 

condition; Specimen A-4 had bottom boundary condition “a”, and Specimen A-21 had bottom 

boundary condition “c”.  

  

Figure 2.23 Wet set sill plate view and construction procedure. 

2.6 FEMA P-1100  RETROFIT DESIGN AND INSTALLATION 

Of the 28 specimens in the small-component testing program, ten were retrofitted. Each 

retrofitted cripple wall has an existing specimen identical in every way besides the addition of the 

retrofit. The cripple wall retrofit was designed in accordance with the FEMA P-1100 prescriptive 

design provisions (FEMA, 2019). In this section, the process for determining the FEMA P-1100 

retrofit design requirements is explained. Following this, a brief look at the retrofit details of both 

the wet finished and dry finished cripple is provided. Finally, for the retrofitted T1-11 wood 

structural panel finished specimens which have a retrofit design different from the other retrofitted 
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cripple walls, a description is provided for how the retrofit design was selected. It should be noted 

that the retrofit design used for the T1-11 finished cripple walls was in accordance with the FEMA 

P-1100 (2019) prescriptive retrofit design. A more in depth look at the selection process, details, 

and installation process for the FEMA P-1100 (2019) prescriptive retrofit can be found in Schiller 

et al. (2020b–c). 

2.6.1 FEMA P-1100 Prescriptive Retrofit Design and Installation 

In practice, the FEMA P-1100 (2019) prescriptive design provisions are chosen based on 

the weight classification, number of stories, height of cripple wall, and square footage of the floor 

plan, as well the seismicity of dwelling’s location. The weight classification is a factor of the 

materials in the exterior finish, interior finish, and roofing. This produces a light, medium, or heavy 

weight classification. The flow chart used to determine the weight classification can be seen in 

Figure 2.24, which is derived from Figure 4.4-1 of FEMA P-1100 (2019). With the weight 

classification determined, the length of plywood, number of anchor bolts, plywood edge nailing 

spacing, and number of shear clips are then determined, based also on the number of stories, square 

footage, height of cripple wall, SDS of the dwelling, and the presence of tie-downs. The table used 

for determining the retrofit design can be seen in Table 2.2 (for a 2-ft-tall cripple wall) and Table 

2.3 (for a 6-ft-tall cripple wall). These tables are adapted from Figures 4.4-9 of FEMA P-1100 

(2019). The length of plywood, number of anchor bolts, plywood edge nailing spacing, and number 

of shear clips produced from the table are what is required for each perimeter wall line. 

The retrofit design used for cripple wall specimens described herein was based on a model 

dwelling with plan dimensions of 30 ft  40 ft. This floor plan was chosen to be in line with the 

index building used in the ATC-110 project (ATC, 2014). Therefore, for the retrofit design, the 
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model building was assumed to be two stories tall and 2400 ft2. For all but one test, a heavy gravity 

load of 450 plf was used with the intention of simulating the gravity weight of two stories above 

the cripple wall, in addition to heavy building materials. One test had a light gravity load of 150 

plf, intended to represent a one-story dwelling above the cripple wall and light building materials. 

This test did not have a retrofit companion specimen. The short-period design spectral response 

factor, SDS, was assumed to be 1.0g. A value of 1.0g for SDS is representative of a highly seismic 

area with ordinary fault conditions–not near-fault conditions. This aligns with the design of the 

loading protocol used in all tests discussed in this dissertation (Zareian and Lanning, 2020). Lastly, 

three of the cripple walls were 2-ft-tall and two of the cripple walls were 6-ft-tall. Therefore, Table 

2.2 shows the retrofit design provisions for the 2-ft-tall cripple walls and Table 2.3 shows the 

retrofit design provisions for the 6-ft-tall cripple walls. Note that in the case of the 6-ft-tall cripple 

walls, with the exception of the T1-11 6-ft-tall walls, tie-downs were utilized to transfer the large 

end wall tension forces. 

From the table, the row representing two-story heavy construction for a 2400 ft2 dwelling 

was used. The square footage is based on two stories with 1200 ft2. For the 2-ft-tall cripple walls, 

12 ft of wood structural panels, edge nailed at 2 in. on center, was required for a perimeter wall 

line. The retrofit design used consisted of fully sheathed walls with 15/32-in.-thick plywood, edge 

nailed at 3 in. on center, which essentially provided the same capacity as what the FEMA P-1100 

retrofit prescribed. This modification was chosen to sheath the full length of the specimens. From 

Tables 2.2 and 2.3, 21 all-thread, 1/2-in. anchor bolts were required along the perimeter wall, 

which was 40 ft in length for the model dwelling considered. For the 12-ft section of wall tested, 

five anchor bolts were used. In addition, FEMA P-1100 requires an extra anchor bolt at each end 

of the cripple wall. Five anchor bolts were slotted into the pre-existing anchor bolt slots on the 
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foundation, spaced at 32-in. on center, and the additional two anchor bolts were embedded 10 in. 

into the foundation and epoxied in place, 12 in. inward from the outer two most anchor bolts, see 

Figure 2.26. 

For the 6-ft-tall cripple walls with tie-downs, 13-ft-3-in. of wood structural panels, edge 

nailed at 2 in. on center, were required for a perimeter wall line. Similar to other retrofitted 

specimens, the edge nail spacing was changed to 3 in. on center and the full wall length was 

sheathed which provided essentially the same capacity as the prescribed retrofit detailing. 

Therefore, the 6-ft-tall cripple wall was fully sheathed with 15/32-in.-thick plywood, edge nailed 

at 3 in. on center. As with the 2-ft-tall specimens, 21 anchor bolts along the perimeter wall were 

required as per FEMA P-1100. For the test specimen, five of the anchor bolts were required along 

with the two additional anchor bolts at each end of the wall. Due to the geometry of the cripple 

wall and foundation, the location of the anchor bolts attached to the tie-downs did not align with 

the anchor bolt slots on the foundation. Therefore, these anchor bolts, as well as the additional 

anchor bolt added at each end, were embedded 10 in. into the foundation and epoxied into place, 

see Figure 2.27. The remaining three anchor bolts were slotted into the pre-existing anchor bolt 

slots on the foundation and spaced at 32 in. on center. 
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Figure 2.24 FEMA P-1100 weight classification flow chart (from FEMA P-1100 Figure 4.4-1) with 

the selection process for a horizontal siding finished cripple wall highlighted. 

Table 2.2 FEMA P-1100 design provisions for 2-ft-tall cripple wall retrofit (from FEMA P-

1100 Figure 4.4-9). 
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Table 2.3 FEMA P-1100 design provisions for 6-ft-tall cripple wall retrofit) from FEMA P-

1100 Figure 4.4-9). 

 

The two exceptions to this anchor bolt layout occurred with the 2-ft-tall cripple wall with 

horizontal siding exterior finish and the 2-ft-tall cripple wall with T1-11 wood structural panels. 

The horizontal siding specimen used five anchor bolts spaced at 32-in. on center, as shown in 

Figure 2.25, which is the same as Specimen A-5 (the 2-ft-tall cripple wall with stucco over 

horizontal sheathing exterior finish). The reason for the difference was that the FEMA P-1100 

guidelines had not been finalized at the time of testing for both of these specimens. It should be 

noted that the only difference in retrofit design for Specimen A-5 and A-8 is the edge nail spacing 

for plywood attachment. For Specimen A-5, the edge nailing was spaced at 4 in. on center, and for 

Specimen A-8, the edge nailing was spaced at 3-in. on center. In Appendix A.2, the calculations 

for determining the retrofit design for Specimen A-5 and A-8 are provided.  



 
86 

Prior to sheathing, 2  4 blocking was attached to the sill plate with 4-10d common nails 

per stud bay. For most cripple wall retrofits, split blocking was used with 4-10d common nails per 

stud bay. Split blocking involves using two 2  4 sections of blocking instead of a full 2  4 section 

to fill the entire stud bay. With this configuration, all of the anchor bolts rested on the sill plate. 

Split blocking is only used in stud bays containing an anchor bolt. The exceptions to the split 

blocking was for both 6-ft-tall cripple wall with horizontal siding and both T1-11 finished cripple 

walls. Full blocking was used for the 6-ft-tall cripple wall with horizontal siding. The use of 6-10d 

nails per block is an increase from the FEMA P-1100 minimum requirement of 4–10d nails per 

block. An increase in nails used was to reduce the chance of the smaller split blocking sections 

from splitting during testing. For the T1-11 cripple walls, no blocking was required as the retrofit 

guidelines do not require plywood to be attached to the interior of the cripple wall. Since T1-11 is 

a wood structural panel like plywood, the retrofit instead required a reduction in nail spacing along 

the edges of the panels. 

To accommodate the retrofit, additional 4  4 end studs were toe-nailed in the interior 

framing space, with common nails top and bottom at each end of the wall, and two interior 4  4 

studs were toe-nailed in with 2–8d common nails top and bottom at each interior third. The addition 

of studs and blocking plates were used to allow the plywood panels to be nailed to the cripple wall. 

The interior of the framing before the application of plywood for a retrofitted specimen is shown 

in Figures 2.28(a)-(c). The plywood used was 15/32-in.-thick Grade 32/16 plywood and was 

placed in three 4-ft sections, fully sheathing the interior face of the wall. Panels were attached with 

8d common nails at 3 in. on center along the edges and 12 in. on center along the field. A 1/8-in. 

gap was left between panels to allow for expansion, and the nails were placed ¾ in. from the panel 

edge to prevent from nails tearing through the panel edges, as shown in Figure 2.28(d). Plywood 
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panels terminate at the top of the middle top plate. For the 6-ft-tall cripple wall with horizontal 

siding, hold-downs were used for the tie-downs at both ends. The tie-downs were hot-dip 

galvanized and fastened with six ¼-in.  2-1/2 in. screws into the end studs, see Figure 2.29. 

 

Figure 2.25 Retrofit design for the 2-ft-tall cripple wall with horizontal siding exterior finish 

(Specimen A-8), containing 5 anchor bolts. 

 

Figure 2.26 Retrofit design for the 2-ft-tall cripple walls with 7 anchor bolts. 
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Figure 2.27 Retrofit design for 6-ft-tall cripple walls with 7 anchor bolts and tie-downs.  

 

(a) 

Figure 2.28 Retrofit application details: (a) framing face corner retrofit detail; (b) view of stud 

bay; (c) view of added 4  4 stud bay; and (d) plywood attachment detail. 
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                                               (b)                                                                                       (c) 

 

(d) 

Figure 2.28        Retrofit application details, (continued). 
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Figure 2.29 6-ft-tall, retrofitted cripple wall tie-down placement. 

2.6.2 T1-11 Cripple Wall Retrofit Design and Installation 

The retrofit design for cripple walls with T1-11 wood structural panels does not follow the 

typical FEMA P-1100 retrofit design provisions used for the rest of the retrofitted cripple walls 

because the T1-11 is a wood structural panel. Therefore, the addition of plywood on the interior 

was deemed excessive. For the cripple walls with T1-11 wood structural panel, no additional 

retrofit was required as per FEMA P-1100 Table 8.3-1 once the nail spacing was decreased. The 

minimum nailing requirements for the T1-11 wood structural panels is 8d common nails at 6 in. 

on center along the edges and 12 in. on center over the field. Originally, the nailing for the T1-11 

panels was 8d common, HDG, nails edge-nailed at 8 in. on center and field-nailed at 12 in. on 

center. For the retrofit design, the edge-nail distance was cut in half to 4 in. on center. In addition, 

the original T1-11 design only had three edges of the panels nailed and relied on the next panel to 

sandwich the underlying panel, see Figure 2.30. For the retrofit design, an additional row of nails 

was added to the underlying panel. A comparison of the nailing patterns is shown in Figure 2.31. 
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The anchor bolt arrangement of the 2-ft-tall cripple wall (3 anchor bolts spaced 64 in. on center) 

did not change from its existing counterpart. However, for the 6-ft-tall T1-11 finished cripple wall, 

four additional anchor bolts were added in addition to the anchor bolts that were there in the 

existing configuration. In lieu of adding plywood to the interior of the framing, additional nails 

were added to the T1-11 panels. 

 

Figure 2.30 Retrofit design for the 6-ft-tall cripple wall with T1-11 wood structural panel exterior 

finish (Specimen A-24) using 7 anchor bolts and no tie-downs. T1-11 panels and 

added anchor bolts are highlighted. 

 

                                                     (a)                  (b)  

Figure 2.31 Nailing detail at panel overlaps for T1-11 finished cripple walls: (a) existing nailing 

configuration; and (b) retrofitted nailing configuration.  
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2.7 TEST SETUP 

Figure 2.32 shows an isometric view of the 2-ft-tall test setup. The same test setup was 

used for all cripple walls in this dissertation, with the exception of the cripple wall tested with a 

light axial load. The modifications to the test setup for the light axial load are discussed in the 

following section. The lateral load was applied with a 48-in. (total) stroke, servo-controlled, 

hydraulic horizontal actuator capable of imposing 50 kips. The actuator was mounted to a strong 

wall using an actuator mounting plate, with its weight carried via a link chain back to the reaction 

wall so as to not impose a vertical load on the cripple wall. The lateral force was transferred from 

the actuator to the cripple wall with a stiff steel beam (W12  26 section). To allow for uninhibited 

movement of the finishes and plywood panels (when present in retrofitted walls) during testing, a 

4  6 laminated wood beam was used as a spacer between the steel beam and the uppermost top 

plate of the cripple wall. The connection from the steel beam to the laminated wood beam was 

made with pairs of 3/8 in-diameter  3-1/2-in. long lag bolts at 16 in. on center spacing, connected 

from the bottom flange of the steel beam top of the wood beam. The laminated wood beam was 

selected to be sufficiently thick as to preclude connection between the lag bolts and the cripple 

wall top plates. The cripple wall specimens were connected to the laminated wood beam using ½-

in. diameter  7-1/2-in. long, Grade 2 steel thru bolts spaced at 32 in. on center. These bolts were 

countersunk into the laminated wood beam and fastened with nuts and washers at the bottom of 

the lowermost top plate. 
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Figure 2.32 Isotropic view of the test setup for 2-ft-tall cripple walls. 

As plausible, the concrete footing was reused for each test as it was fastened to the strong 

floor with a rod at each end, each pretensioned to 50 kips. Individual dry finished specimens were 

constructed on the laboratory floor and erected onto the concrete footing; subsequently, the 

laminated wood beam and steel beam were attached. After these beams were attached, the actuator 

was attached with four 1-in.-diameter bolts. Subsequently, two 4 in.  4 in.  3/8 in. HSS sections 

were placed transversely at third points along the specimen, as they were utilized to apply axial 

load to the steel beam. Each transverse HSS beam had a ½- in.-diameter all thread rod attached at 

each end. The thread rods were attached to hydraulic jacks at the base of the strong floor. The 

hydraulic jacks were used to apply the desired axial load to each specimen. The choice of location 

for applying the loads was meant to result in an approximately uniformly distributed gravity load 

on the full length of the cripple wall specimen. It is noted that while additional point loads would 

have increased the uniformity of the load distribution, they would have also increased the 
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complexity significantly. In addition, the stiff W12  26 lateral transfer beam was deemed 

sufficient to nominally result in a uniform load application. It is noted that 400 lbs of the target 

5400 lbs (the 450 plf case) were available via the weight of the lateral steel and wood laminated 

transfer beams, thus the transverse HSS assembly required application of an additional 1250 lbs 

per point load location. Each thread rod at the HSS transverse beam load locations was equipped 

with a 10 kips load cell used to monitor the applied axial load during testing. 

Every cripple wall with the exception of one specimen was subjected to a constant uniform 

vertical load of 450 plf (5400 lbs total). The weight of the steel transfer beam, laminated wood 

transfer beam, and the transverse axial loading beams coupled with the use of a pair of hydraulic 

jacks tied to the bottom of the strong floor was cumulatively utilized to achieve this target vertical 

load. It is noted that 400 lbs of the target 5400 lbs (450 plf case) were available via the weight of 

the lateral steel and wood laminated transfer beams, thus the transverse HSS assembly required 

application of an additional 1250 lbs per point load location, which was applied by each hydraulic 

jack. Due to eccentricity of the walls when constructed with the bottom boundary condition c, the 

applied loads measured were not always 1.25 kips each. Loads ranged from 1.15 kips to 1.40 kips 

for each hydraulic jack; nonetheless, the test setup was able to regulate the load within ±10% of 

the target of 5.0 kips for the sum of all hydraulic jacks. 

Before any loads were applied to the cripple wall, pairs of rollers were fastened to the sides 

of the out-of-plane guide, see Figure 2.32. The rollers were greased, and a 1/16-in. gap was left 

between the steel plate and the steel transfer beam so as to not impose any artificial loads via 

friction force at the contact interface of the plates and beam. The purpose of implementing an out-

of-plane guide system was to ensure that the imposed displacement during testing is only in-plane. 
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Once the axial load was applied to the test setup, the anchor bolts were tensioned. Anchor 

bolt were typically tensioned to 200 lbf. The change in anchor bolt tensioning was made to mimic 

the amount of tension commonly seen in anchor bolts of existing California homes. Once the 

anchor bolts were tensioned, a bias of all instrumentation including the actuator load and 

displacement was made, and all values were recorded before and after the bias. At this point the 

cycling of lateral loading, using the PEER-CEA protocol, began.  

2.7.1 Light Axial Load 

One of tests was subjected to 150 plf axial load (1800 lbs total), denoted as the light axial 

load case. The axial load application setup required modification because the hydraulic jacks were 

not able to precisely and accurately impose such small loads. The modifications involved replacing 

the transverse load beams, rods, axial load cells, and hydraulic jacks with 46 steel plates and a 

Dywidag bar. The steel beam and laminated wood transfer beam accounted for 400 lbs of the 

required axial load, and thus the steel plates and Dywidag bar were designed to account for the 

remaining 1400 lbs. The steel plates were 6 in.  6 in.  2 in., and the bar was 2 in. in diameter. 

The steel plates and bar were centered on top of the steel load transfer beam and then welded in 

place, as shown in Figure 2.33. 



 
96 

 

Figure 2.33 Isotropic view of the test setup for 2-ft-tall cripple walls with light axial load. 

 

2.8 INSTRUMENTATION 

An array of sensors were installed on each specimen to measure displacements, rotations, 

and loads. Each specimen had slight variations in instrumentation layout depending on its exterior 

finish and retrofitting condition. Nonetheless, typically between 30-40 analog sensors were used. 

Figure 2.34 shows the instrumentation details for a 2-ft-tall cripple wall. Figures 2.34(a) and (b) 

show the exterior (finish) and interior (framing) elevations, respectively. Figure 2.34(c) provides 

a detail for the interior of a horizontal siding exterior finished cripple wall, and Figure 2.34(d) 

provides the same detail for a horizontal siding over diagonal sheathing cripple wall.  

The overall response of the cripple wall was characterized using displacements measured 

by displacement transducer LP01. LP01, plus transducers LP02 and LP03, were connected to a 
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stationary reference column tensioned into strong floor. For a 2-ft-tall cripple wall, LP01 was 

attached to the top of the middle top plate, 24 in. from the top of the concrete footing, and captured 

the total displacement at the top of the cripple wall. LP02 was attached to the middle of the cripple 

wall, at a height of 12 in. from the top of the footing. This intermediate displacement transducer 

was used to define the deflected shape of the cripple wall. LP03 was attached to the middle of the 

sill plate and was used to measure the absolute displacement of the sill plate. For a 6-ft-tall cripple 

wall, LP01 was connected to the middle of the upper top plate, 72 in. from the top of the concrete 

footing, and LP03 was connected to the middle of the sill plate. LP02 was placed in the middle of 

the cripple wall, 36 in. from the top of the concrete footing. By taking the difference between LP01 

and LP03, the relative displacement of the cripple wall could be determined (neglecting sill 

slippage). Additional information on all of the instrumentation used to capture data can be found 

in Schiller et al. Appendix B (2020a–c). 
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(a) 

 

(b) 

Figure 2.34 Instrumentation details for a 2-ft-tall cripple wall: (a) elevation for the horizontal 

siding finish face; (b) elevation for the framing face; (c) instrumentation details for 

horizontal siding; and (d) instrumentation details horizontal siding over diagonal 

sheathing. 
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(c) 

 

 

(d) 

Figure 2.34          Instrumentation details for 2-ft-tall cripple wall, (continued). 

2.9 LOAD PROTOCOL 

As part of this PEER–CEA Project, WG3 undertook the task of developing a testing 

protocol for use across the testing programs at both UC Berkeley and UC San Diego (Zareian and 
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Lanning, 2020). Since the protocol was common to both the UC Berkeley and UC San Diego 

studies, it is discussed here in the context of the overall WG4 effort. Specific nuances relative to 

the various phases of testing will be discussed later. Similar to previously developed testing 

protocol available in the literature (e.g., Krawinkler et al., 2001), the protocol developed involved 

imposition of a forward-ordered cyclic reversed quasi-static loading, with increasing amplitudes 

of lateral displacement. The loading protocol can be seen in Figure 2.35. The loading protocol is 

intended to cover a wide range of deformation sequences and amplitudes as to provide a full 

assessment of the behavior of each specimen in one experiment. Two objectives for the cripple 

wall experiments were considered in the PEER-CEA load protocol development, namely: 

1. Using experimental results for assessing and adjusting cripple wall analytical 

models to be used in system level nonlinear time-history analysis. 

2. Using experimental results for the development of component fragility curves 

covering a wide a range of damage states associated with the cripple wall 

behavior. 

 

Figure 2.35 Deformation-controlled loading protocol for cripple wall experiments (after Zareian 

and Lanning, 2020). 
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The displacement imposed at each grouping of drift amplitudes is taken as relative to the 

height of the cripple wall being tested and is referred to as drift amplitude. Drift amplitude is equal 

to the imposed displacement divided by the height of the cripple wall and is expressed as a 

percentage. Each drift level contains an equal displacement push and pull up to the specified 

displacement, followed by trailing cycles of the same amplitude. This contrasts with the protocol 

of the CUREE-CalTech project, where trailing cycles were reduced in amplitude to 75% that of 

their primary cycles. The number of cycles per drift level is variable but decreases as the amplitude 

of the imposed displacement increases. 

The loading rate was purposely slow, allowing for continued monitoring of the damage 

progression to the specimen. It was back-calculated by defining the time per full cycle as either 30 

or 60 sec. As a result, the rate of loading generally increased as the displacement amplitudes 

increased. The loading time per cycle was increased for taller cripple walls specimens to assure 

that the loading rate was maintained less than 0.39 in/sec (1 cm/sec). The loading rate during this 

test program was not considered a variable, but rather slow enough to assure no development of 

dynamic inertial loads, i.e. quasi-static. 

Additional rules were imposed during testing to ensure consistency across different 

specimens. For example, once a specimen realized a load loss greater than 60% of its measured 

lateral strength, the imposed amplitude of drift was increased at a rate of 2% per drift level rather 

than 1%. If a 60% loss in lateral strength was not realized, the imposed increase in drift level 

remained at 1% per cycle grouping. The criteria for ending a test was when it reached an 80% loss 

in lateral strength. If this did not occur, a monotonic push of the cripple wall was performed 

following attainment of a lack in change of post-peak strength (despite increasing drift amplitudes 

imposition). For all tests, these criteria were met between 12–13% drift. The monotonic push 
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typically was conducted to a drift of 20%, with possible exceptions due to instrumentation or other 

test fixture constraints. Loading protocols for each of the tests can be referred to in Schiller et al. 

(2020a-c). 
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CHAPTER 3  

SMALL-COMPONENT TESTING PROGRAM: 

MEASURED RESPONSE RESULTS 

3.1  OVERVIEW 

This Chapter presents the measured response results of the reversed cyclic response of the 

cripple walls and the monotonic response of one cripple wall tested in the small-component testing 

program. It is noted that Chapter 4 presents a correlation of these measured response results with 

physical observed damage. The key parameters of this testing program are the exterior finish 

materials, boundary conditions, retrofit condition, cripple wall height, anchorage condition, 

applied axial load, and loading protocol. The testing matrix for this program was designed to be 

able to cross-compare specimens with a single parameter variation. As such, the contribution to 

the response due to the presence of a variable could be evaluated.  

This Chapter is organized in sections associated with the parameters tested. The final 

sections present a comparison of the responses of the cripple wall-first story assemblies in large-

component testing program and their cripple wall counterparts in the small-component testing 

program. Results presented include plots of lateral force – lateral displacement hysteretic 

responses, cumulative hysteretic energy dissipation, and figures cross-comparing key values 

pertaining to the strength, stiffness, and drift capacity of the specimens.  
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3.1.1 Typical Measured Response Results 

Within this Chapter, both the global and relative displacement are presented. The relative 

displacement accounts for the displacement of the cripple wall only and ignores the displacement 

between the foundation and the sill plate whereas the global displacement considers both the 

displacement of the cripple wall as well as the displacement between the sill plate and foundation. 

In addition, secondary axes were incorporated in each plot to present the lateral load in pounds per 

linear foot (plf) of wall length and the drift ratio (i.e., displacement/cripple wall height). For the 

lateral force – lateral displacement hysteresis, the maximum lateral load in the positive and 

negative directions are identified. Discussing the individual hysteresis is useful, and a cross-

comparison amongst the various specimens is presented, with particular emphasis on eliciting the 

impact of the varied parameters focused on in each section. In Figure 3.1, a sample hysteresis is 

shown for the lateral force – relative displacement response of a 2-ft-tall, existing cripple wall 

finished with stucco over horizontal sheathing. 

 

Figure 3.1 Lateral force versus relative drift hysteretic response for a 2-ft-tall, existing cripple 

wall finished with stucco over horizontal sheathing (Specimen A-20). 
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Important information on specimen response can be obtained by studying the pre- and post-

lateral strength behavior. To this end, Figure 3.2 provides a generic monotonic response to 

illustrate the selected pre- and post-strength values, as adopted in subsequent figures. The 

conceptual strategy articulated in Figure 3.2 is used to determine the drift capacity, drift ratio at 

80% pre-peak strength, drift ratio at 40% post-peak strength, and the initial stiffness. Values for 

the initial stiffness were taken as the secant stiffness for relative drift ratio at 80% pre-lateral 

strength, see Figure 3.2. Lastly, an important characteristic to describe the seismic resiliency of a 

cripple wall is the energy dissipated by the cripple wall during loading. The cumulative energy 

dissipated was calculated as the sum of area of the hysteretic loops in both push and pull loading 

for each cycle level group. The energy dissipated was calculated for both the leading and the 

trailing cycles in both the push and pull directions of loading. 

 

Figure 3.2 Schematic defining key parameters compared amongst specimens: initial stiffness 

Ksec, drift capacity, relative drift ratio at 80% lateral strength (pre-strength), and 

relative drift ratio at 40% lateral strength (post-strength) from a monotonic envelope 

of the response. 
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3.2 IMPACT OF BOUNDARY CONDITIONS 

This section presents the lateral force-displacement response of each of the boundary 

conditions tested in this program. Each top and bottom boundary condition was applied to 2-ft-

tall, existing cripple walls finished with stucco over horizontal sheathing. In all respects besides 

differences in the boundary conditions, there specimens were identical. There were three top 

boundary conditions, denoted as top boundary condition A, B, and C, and there were four bottom 

boundary conditions, denoted as bottom boundary condition “a”, “b”, “c”, and “d”. 

3.2.1 Impact of Top Boundary Condition 

In total, three top boundary conditions were tested. Of the three top boundary conditions 

tested, top boundary condition A was the weakest and most flexible, but it had a similar drift 

capacity as top boundary condition B and C. Specimen A-1, which contained top boundary 

condition A (no wrap around finish condition and fewer furring nails on the top plate) attained its 

strength in the push and pull direction at 3% relative drift ratio. Likewise, this specimen attained 

the lowest lateral strength in both the push and pull directions, with a peak strength of 502 plf in 

the push loading direction and 428 plf in the pull loading direction. This may be attributed largely 

to the reduced number of furring nails on the top plate. Top boundary condition A prescribed one 

row of furring nails connected to the upper top plate at a spacing of three furring nails per stud 

bay, whereas top boundary condition B and top boundary condition C contained an additional top 

plate allowing for two rows of furring nails to be connected at 3 in. spacing on the middle and 

upper top plate. The stucco finish of Specimen A-1 pulled away from the furring nails much more 

easily and at a lower drift amplitude than those specimens with a denser furring nail arrangement. 

In addition, unlike the other specimens that had finishes wrapped around their ends, Specimen A-

1 had no finish material to bear on the concrete foundation at the corners and no continuity of 
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stucco wrapping around the corner. These attributes also contributed to the lower lateral strength 

and stiffness.  

A comparison between Specimens A-2 and A-3 highlights the effects of top boundary 

condition B and top boundary condition C on the lateral response of the cripple walls. The furring 

nail arrangement at the top of the cripple walls is identical for the two boundary conditions, but 

top boundary condition B wraps the stucco approximately 6 in. around the ends of the cripple wall, 

while top boundary condition C contains a return wall on each end effectively forming a C-shaped 

wall. Each return wall added an additional two feet of wall length, with two anchor bolts to the 

typical corner used in top boundary condition B. Notably, the lateral responses for both specimens 

were similar, see Figure 3.3.  

In terms of stiffness, the results do not indicate that the cripple wall containing a return 

wall (top boundary condition C) was significantly stiffer than the cripple wall without the return 

wall (top boundary condition B). A comparison of their initial secant stiffnesses, shows that the 

cripple wall with a return wall was 23.4% stiffer in the push direction but 6.1% softer in the pull 

direction. The higher strength and nominally similar initial stiffness in the cripple wall without 

return walls compared with the cripple wall with return walls are contrary to the trend that would 

have been expected. It would have been expected that the wall return would provide some 

additional strength and stiffness to the cripple wall. Nonetheless, it is evident that the addition of 

out-of-plane wall sections had an insignificant effect on the in-plane performance of the cripple 

wall. However, the initial stiffness on average between both loading direction of Specimen A-1 

was 50% of Specimen A-2 and 43% of Specimen A-3. Figure 3.4 compares the dissipated energy 

considering different top boundary conditions. The cumulative energy dissipated by both top 

boundary condition B and top boundary condition C is very similar. The energy dissipated was 
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over twice that of top boundary condition A when looking at the global response and over 60% 

greater when looking at the relative response. 

 

        

                                         (a)                                                                                           (b) 

Figure 3.3 Comparison of envelopes of hysteretic response for various top boundary conditions: 

(a) global response; and (b) relative response. 

  

(a) (b) 

Figure 3.4 Comparison of cumulative energy dissipated for cripple walls with different top 

boundary conditions: (a) global response; and (b) relative response. 
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3.2.2 Impact of Bottom Boundary Condition 

In total, four bottom boundary conditions were tested. For bottom boundary condition “a”, 

the sheathing material was orientated so that it was seated on the foundation, while the stucco 

finish was outboard of the foundation. Specimen A-4 contained bottom boundary condition “b” 

which orientated all finish materials so that they were seated on the top of the foundation. For both 

bottom boundary condition “c” (Specimen A-21) and “d” (Specimen A-20), all finish materials 

were orientated to be outboard of the foundation. The difference between the two was that for 

bottom boundary condition “d”, the stucco extended 8 inches down the face of the foundation 

while for bottom boundary condition “c”, the stucco terminated at the base of the cripple wall. It 

should be noted that Specimen A-21 was tested with a wet set sill plate. The use of a wet set sill 

plate was shown to have an insignificant effect on the strength of the cripple wall while slightly 

decreasing the drift capacity and increasing the initial stiffness of the cripple wall. Additional 

information of the effect of the wet set sill plate is provided in Section 3.6. Two cripple walls were 

tested with the exact same details besides their bottom boundary conditions which allows for a 

direct comparison between bottom boundary condition “c” and bottom boundary condition “d”. 

Both cripple walls were 2-ft-tall, existing cripple walls finished with stucco over framing, denoted 

as Specimen A-22 for bottom boundary condition “c” and Specimen A-17 for bottom boundary 

condition “d”. These two cripple walls will also be used when comparing their respective bottom 

boundary conditions. 

Of the four bottom boundary conditions, bottom boundary condition “b” was the strongest 

tested with an average lateral strength of 935 plf in both directions of loading, see Figure 3.5. This 

was followed by bottom boundary condition “a” which had an average lateral strength of 730 plf. 
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The average lateral strength was 608 plf for Specimen A-21 which contained bottom boundary 

condition “c” and 570 plf for Specimen A-20 which contained bottom boundary condition “d”. 

Both of these specimens were finished with stucco over horizontal sheathing. Comparing the two 

specimens with these bottom boundary conditions and stucco exterior finishes showed that both 

specimens had nearly identical lateral strengths, with 551 plf for Specimen A-22 (bottom boundary 

condition “c”) and 557 plf for Specimen A-17 (bottom boundary condition “d”). In both cases that 

bottom boundary condition “d” was implemented, the bond between the stucco and the foundation 

had been damaged during the process of placing the cripple wall into the testing apparatus. It was 

expected that the bond between the stucco and foundation would have provided additional strength 

to the specimen which was not the case. During testing of Specimen AL-1 in the large-component 

testing program which also had the extension of the stucco, there was an audible “pop” followed 

by a drop of load when the stucco detached from the foundation. This was not experienced by any 

of the small-component tests. The higher strength of bottom boundary condition “a” and “b” can 

be attributed to the bearing of the sheathing and the bearing of the sheathing and stucco on the 

foundation which inhibited the rotation of the finish materials as the loading protocol was imposed. 

For bottom boundary condition “b” and “c”, all finish materials were able to freely rotate during 

loading.  

In term of drift capacity, all bottom boundary conditions reached strength from 2.4% to 

3.7% relative drift ratio. The drift capacity of the bottom boundary condition “a” and “b” were the 

same as each other, reaching strength at 3.7% relative drift ratio on average between both loading 

directions. The same was shown for bottom boundary condition “c” and “d”, which reached 

strength at around 2.5% relative drift ratio on average between both loading directions. The larger 

drift capacity for these two bottom boundary conditions was attributed to the bearing of the 
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sheathing on the top of the foundation. In terms of stiffness, all bottom boundary conditions 

produced similar average initial secant stiffnesses, between 26.9 kip/in and 30.0 kip/in, besides the 

cripple wall with the wet set sill plate which had an average initial secant stiffness of 21.7 kip/in. 

However, for the stucco finished specimens with bottom boundary condition “c” and “d”, the 

average initial secant stiffness of the two specimens were within 10% of each other. This shows 

that the stucco finish was the major contributor to the stiffness of the specimens and that bearing 

of the finish materials on the foundation had little effect on the stiffness of the cripple wall. A 

comparison of the cumulative hysteretic energy dissipation is shown in Figure 3.6.  

 

      

                                         (a)                                                                                           (b) 

Figure 3.5 Comparison of envelopes of hysteretic response for various bottom boundary 

conditions: (a) global response; and (b) relative response. 
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(a) (b) 

Figure 3.6 Comparison of cumulative energy dissipated for cripple walls with different bottom 

boundary conditions: (a) global response; and (b) relative response. 

 

3.3 IMPACT OF EXTERIOR FINISH 

This section presents results of the reversed cyclic response of select cripple walls in the 

testing program. The selection is intended to compare the various exterior finishes tested with 

emphasis on cripple wall height and retrofitted condition. While there are many key parameters in 

this testing program, including exterior finish, height, boundary condition, retrofitted condition, 

axial load, loading protocol, and anchorage condition, the comparisons made in this section are 

only between specimens that varied in their exterior finish and have the same respective height 

and are in the existing condition. All specimens presented were 2 feet or 6 feet in height, tested 

reversed cyclically with an axial load of 450 plf, top boundary condition B, bottom boundary 

condition c, and a typical anchorage (anchor bolts). 
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The only exception was for Specimen A-20, which was the existing 2-ft-tall specimen with 

stucco over horizontal sheathing with bottom boundary condition d. However, as stated in the 

previous section, the bond between the stucco and the foundation was severely weakened prior to 

testing, therefore, the response of Specimen A-20 was not significantly influenced by the extension 

of the stucco and can be compared with other cripple walls with like height and retrofit condition. 

The axial load applied mimicked the gravity load of a two-story house constructed with heavy 

building materials. Top boundary condition B and bottom boundary condition c were the baseline 

boundary conditions for the testing program. There were six exterior finishes tested, three wet or 

stucco finishes, and three dry or non-stucco finishes. The wet exterior finishes were as follows: (1) 

stucco over framing; (2) stucco over horizontal squared lumber sheathing; and (3) stucco over 

diagonal squared lumber sheathing. The dry exterior finishes were as follows: (1) horizontal ship-

lap lumber siding; (2) horizontal shiplap lumber siding over diagonal squared lumber sheathing; 

and (3) T1-11 wood structural panels. Additional details on each of the exterior finishes can be 

found in Section 2.4. 

The global and lateral force-displacement hysteresis for the existing 2-ft-tall specimens are 

shown in Figure 3.7. For the existing 2-ft-tall cripple walls for, amongst all specimen finish types 

for those unretrofitted, diagonal sheathing was the strongest exterior finish material. The average 

lateral strength per linear foot in push and pull loading was 1435 plf for the horizontal siding over 

diagonal sheathing specimen and 1027 plf for the stucco over diagonal sheathing specimen. These 

were the only two existing specimens that experienced anchor bolt fractures or large cross-grain 

cracks in the sill plate; therefore, the full strength of the finish was likely not achieved for either 

specimen. 
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The orientation of the diagonal sheathing boards produced larger strengths during pull 

loading, the most likely location where the gaps between the sheathing boards would close. As the 

gaps between the boards closed, the sheathing began to bear on each other. This produced a 

phenomenon where the boards would act in unison, producing the effect of a wood structural panel. 

The effect increased not only the strength but also with the drift capacity of the specimen in the 

pull loading direction. For the horizontal siding over diagonal sheathing specimen, the sill plate 

and anchor bolts stayed intact long enough in the displacement cycles for this phenomenon to 

occur, as shown by a nearly 50% increase in the pull loading direction (1713 plf) over the push 

loading direction (1156 plf). It was not, however, experienced by the stucco over diagonal 

sheathing specimen, which lost strength once a cross-grain crack in the sill plate had propagated 

across the length of the sill plate through the location of the anchor bolts. With the anchor bolts no 

longer able to provide resistance to the imposed displacement, the load dropped, with much of the 

strength due to the frictional resistance between the sill plate and foundation. The stucco over 

diagonal sheathing specimen had a lateral strength of 1079 plf in the push loading direction and 

975 plf in the pull loading direction. Even with the sill plate failure, the lateral strength was over 

80% higher than the next strongest cripple wall, which was finished with stucco over horizontal 

sheathing. 

The stucco over framing, stucco over horizontal sheathing, and T1-11 wood structural 

panels exterior finishes produced strengths that were within 5% of each other. The response of 

these three specimens were nearly symmetric, as shown in Figure 3.7. The stucco over horizontal 

sheathing and T1-11 wood structural panel finished cripple walls had nearly identical strengths, 

with average values in push and pull directions of 569 plf and 568 plf, respectively. The average 

lateral strength of the stucco over framing specimen was 5% less than both specimens (551 plf). 
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By a wide margin, the weakest specimen amongst all dry and wet unretrofitted specimens tested 

was the specimen finished with horizontal siding. The capacity of the horizontal siding specimen 

(172 plf) was 31% of the stucco over framing specimen, which was the next weakest specimen. 

The siding boards were oriented so that the only resistance to displacement was provided through 

moment couples developed between the nails fastening the boards to the framing and the friction 

at the 3/8-in. gap between the boards. 

      

            (a)             (b) 

Figure 3.7 Envelope of lateral force versus lateral drift and displacement hysteresis of the 

existing 2-ft-tall, specimens with various exterior finishes: (a) global response; and (b) 

relative response. 

Overall, the wet specimens achieved strength at lower drift amplitudes than the dry 

specimens. In terms of the relative displacement response, the wet specimens reached strength 

between 1.1% to 2.5% relative drift ratio. The dry specimens achieved strength at 4.0% to 5.2% 

relative drift ratio. The stucco over framing existing specimen had the lowest drift at strength of 

all exterior finishes tested, with an average global drift ratio of 2.0% and an average relative drift 

ratio of 1.2%. The stucco-only specimen had the earliest to peak in strength and the lowest drift 

capacity of all specimens tested. The stucco-only specimen reached 40% residual strength at 4.5% 
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relative drift ratio on average, which was the earliest drift amplitude compared to any other 

specimen tested by over 3% relative drift. In addition, the stucco reached 80% of its strength by 

0.5% relative drift ratio. Stucco acts as a rigid body, and the furring nails attaching the stucco to 

the framing were only embedded 1/4 in. into the stucco. Due to this, the fasteners were fully 

mobilized at lower displacement amplitudes prior to their eventual detachment from the stucco. 

The detachment first occurred at the sill plate and bottom of the studs, which resulted in a sharp 

drop in strength, see Figure 3.8 where the relative hysteretic response of a stucco finished specimen 

overlays the relative hysteretic response a horizontal siding finished specimen. Likewise, an 

overlay of the hysteretic response of a stucco over horizontal sheathing specimen and a horizontal 

siding finished specimen is shown in Figure 3.9. The same large drop in strength was experienced 

by the stucco over horizontal sheathing finished cripple wall. This reduction, however, occurs 

around 3% to 4% relative drift ratio rather than between about 1.5% to 2.5% relative drift ratio. 

With the addition of the sheathing boards, the imposed displacement was shared between the 

sheathing fasteners and the furring nails, which increased the drift capacity of the specimen 

significantly. Figure 3.8 compares the stucco over horizontal sheathing versus and horizontal 

siding specimens. Even after the large drops of strength that occur in the drift cycles following 

peak strength, the stucco over horizontal sheathing specimen still maintained more strength than 

the horizontal siding specimen. When the monotonic push was implemented, the residual strength 

of the two specimens was similar, showing that only the sheathing and siding boards were the only 

finish material providing lateral resistance. 

While the drift capacity of the horizontal siding specimen was larger than any of the 

exterior finishes tested, the lateral strength was dramatically lower. The drift capacity of the T1-

11 finished cripple wall and the stucco over horizontal sheathing finished cripple wall was similar 
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to each other. The relative drift ratio at 40% post-peak strength was 7.7% for the stucco over 

horizontal sheathing finished specimen and 8.0% for the T1-11 finished specimen; however, the 

T1-11 finished specimen reached strength at nearly twice the relative drift ratio of the stucco over 

horizontal sheathing specimen (4.7% versus 2.4% relative drift ratio). The relative drift ratio at 

40% post-peak strength for diagonal finishes specimens was less than their relative drift ratio at 

lateral strength because of cross-grain splitting of the sill plate and/or fracturing of anchor bolts. 

This caused the majority of the imposed displacement to be accumulated by the displacement of 

the sill plate relative to the foundation. 

 

Figure 3.8 Lateral force versus relative lateral drift and displacement hysteresis of the existing 2-

ft-tall specimens with stucco over horizontal sheathing and horizontal siding exterior 

finishes. 
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Figure 3.9 Lateral force versus relative lateral drift and displacement hysteresis of the existing 2-

ft-tall specimens with stucco and horizontal siding exterior finishes. 

 

Of the six specimens, the stucco finished cripple wall had the highest secant stiffness which 

was 57.7 kip/in on average between push and pull loading. The initial stiffness of the stucco 

finished cripple wall was over 135% larger than the stiffest dry specimen (horizontal siding over 

diagonal sheathing finished cripple wall). The horizontal siding over diagonal sheathing finished 

specimen had 50% of the average secant stiffness of the stucco over diagonal sheathing finished 

specimen. The diagonal sheathing was the second stiffest finish material tested, but it was 

significantly lower in stiffness than stucco. When the stucco overlaid a sheathing material, there 

was a large decrease in the stiffness of the specimen. For example, the stucco finished specimen’s 

average initial stiffness was 165% stiffer larger than the stucco over horizontal sheathing finished 

specimen. This reduction in stiffness could be attributed to the decreased rigidity of the connection 

of the stucco. When the stucco was fastened directly to the framing, all of the imposed 

displacement was carried by the furring nails, whereas in the presence of a layer of sheathing 
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material between the stucco and the framing, much of the imposed displacement was taken on by 

the fasteners attaching the sheathing to the framing. The most flexible specimen was the horizontal 

siding finished cripple wall. The average initial stiffness of this specimen was 18% of the average 

initial stiffness of the stucco finished specimen. The T1-11 exterior finish was also significantly 

more flexible than the stucco finished specimen, with an average initial stiffness less than 25% of 

the average initial stiffness of the stucco finished specimen. 

Figure 3.10 compares the cumulative energy dissipated for the existing 2-ft-tall cripple 

walls tested. The cripple walls containing diagonal sheathing dissipated the most energy of any of 

the specimens tested. By the end of the test, the horizontal siding over diagonal sheathing finished 

specimen dissipated over seven times as much energy as the horizontal siding finished specimen 

and nine times as much energy as the stucco finished specimen. Around 30% of the energy 

dissipated for the horizontal siding over diagonal sheathing and 50% of the energy dissipated for 

the stucco over diagonal sheathing finished specimen as in the form of the sill plate sliding along 

the foundation. Both specimens had little damage to their finishes relative to the other specimens 

tested due to both fracturing of the anchor bolts as well as cross-grain cracking of the sill plates. If 

the anchor bolts and sill plates had remained intact, the cumulative energy dissipation would have 

been significantly higher for both specimens. The cumulative energy dissipated by both specimens 

with diagonal sheathing was similar until around 4.5% relative drift ratio. By the end of the test, 

the stucco finished cripple wall had dissipated the least amount of energy, even though the strength 

of this specimen was over three times more than the horizontal siding finished specimen. This was 

largely due to the stucco finished cripple wall reaching strength at earlier drift amplitudes 

compared to the other cripple walls. The amount of energy dissipated by all specimens besides the 

horizontal siding finished cripple wall was nearly identical up to the 3% global drift ratio. From 
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there, the cumulative energy dissipation of the stucco finished specimen diverged due to a 60% 

drop in strength and the drift amplitude increasing to 2% for each subsequent drift cycle group. In 

terms of the global response, the stucco over horizontal sheathing finished cripple wall and the T1-

11 finished cripple wall were nearly identical up to 5% drift ratio. The strength of the stucco over 

horizontal sheathing specimen was larger than that of the T1-11 finished specimen, which 

increased the displacement between the sill plate and foundation that occurred during each drift 

cycle. Therefore, in terms of the relative response, the T1-11 finished cripple wall dissipated 

around 20% more energy than the stucco over horizontal sheathing specimen. 

      

     (a)        (b) 

Figure 3.10 Existing 2-ft-tall cripple wall, hysteretic energy dissipation comparison for various 

exterior finishes: (a) global response; and (b) relative response. 

 

The relative force-displacement envelope of hysteretic responses for existing 6-ft-tall 

specimens are shown in Figure 3.11. For the 6-ft-tall specimens, three exterior finishes tested were 

stucco over framing, horizontal siding, and T1-11 wood structural panels. The strongest specimen 

was the stucco finished cripple wall with an average lateral strength of 645 plf. This lateral strength 

was more than 70% larger compared to the T1-11 finished cripple wall, which had an average 
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lateral strength of 379 plf and nearly 600% larger than the horizontal siding cripple wall, which 

had an average lateral strength of 93 plf. With the 2-ft-tall cripple walls, the strength of the T1-11 

and stucco finished cripple walls were within 5% of each other. This is a significant difference 

compared to the response of the 6-ft-tall cripple walls. 

The relative difference could be due to the nailing pattern of the T1-11 cripple wall. The 

T1-11 panels were only fastened with nails on the top, bottom, and a single edge. At the panel 

overlaps, which occurred on one edge within the interior of the specimen (i.e., not the free end of 

the specimen), the overlying panel contained a row of fasteners that sandwiched the underlying 

panel, thereby keeping it in place. Due to the increased height of the cripple wall, the response was 

more flexure dominated than shear dominated compared to the 2-ft-tall cripple walls. It is assumed 

that the increased flexural component exposed the weakness of the un-nailed panel edge more so 

compared to the shorter walls. Another difference could be due to the increased rigidity of the 

fastener connections that the stucco furring nails provided, which was enhanced for the taller 

specimens. The furring nails were cemented around 1/4 in. into the stucco and embedded around 

2 in. into the framing. For the T1-11 finished cripple wall, the nails were fastened through the T1-

11 panel into the framing, which is a less rigid connection as the fasteners were able to rotate more 

freely. The stucco cripple wall fasteners were fully mobilized at lower amplitude displacement 

cycles compared to the T1-11 cripple wall fasteners, resulting in the stucco cripple wall achieving 

strength at earlier displacement cycles compared to the T1-11 cripple wall. As with the shorter 

specimens, the horizontal siding cripple wall had the lowest lateral strength amongst those finish 

types tested. Figure 3.12 compares the cumulative energy dissipated for the existing 6-ft-tall 

cripple walls tested. The stucco cripple wall dissipated the most energy at every point during the 

test compared to all the other existing 6-ft-tall specimens. By 3% global drift ratio, which was 
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where the loading protocols of the tests varied, the stucco finished cripple wall had dissipated 

around 90% more cumulative energy than the T1-11 finished cripple wall and over 700% more 

energy than the horizontal siding finish cripple wall. The energy dissipated per drift cycle group 

was nearly equal for all drift cycle groups for the horizontal siding cripple wall. 

   

     (a)        (b) 

Figure 3.11 Envelope of lateral force versus lateral drift and displacement hysteresis of the 

existing 2-ft-tall, specimens with various exterior finishes: (a) global response; and (b) 

relative response. 
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                                                    (a)                                                                                              (b) 

Figure 3.12 Existing 6-ft-tall cripple wall, hysteretic energy dissipation comparison for various 

exterior finishes: (a) global response; and (b) relative response. 

Overall, the existing stucco finished specimen achieved strength at lower displacement 

amplitudes compared to the dry specimens. In terms of the relative displacement response, the 

existing stucco finished specimens reached strength at 1.1% relative drift ratio on average. For the 

T1-11 finished specimen, strength was achieved on average at 2.5% relative drift ratio. Both these 

responses were in stark contrast to the response of the existing horizontal siding finished cripple 

wall, which did not reach strength until 11.5% relative drift ratio. Figure 3.13 is an overlay of the 

relative hysteretic response of stucco finished and horizontal siding finished specimens. While the 

stucco finished specimen reached strength at early displacement amplitudes and quickly loss 

strength in the following displacement cycles, the horizontal siding specimen continued to gain 

strength throughout the entire test. The drift capacities of the stucco finished specimen and T1-11 

finished cripple walls were similar. The T1-11 finished cripple wall reached strength at a lower 

displacement amplitude, but the stucco finish cripple wall retained its strength for slightly longer, 

as indicated by this specimen attaining a 60% drop in strength at 7.1% relative drift ratio, while 

the same occurred for the T1-11 specimen at 6.1% relative drift ratio. 



 
125 

 

Figure 3.13 Lateral force versus relative lateral drift and displacement hysteresis of the existing 6-

ft-tall specimens with stucco and horizontal siding exterior finishes. 

3.4 IMPACT OF FEMA P-1100 RETROFIT 

In this section, comparisons are made between the response of cripple walls with and 

without the FEMA P-1100 prescriptive retrofit design. Details on the selection process and 

installation of the FEMA P-1100  retrofit can be found in Section 2.5. All specimens presented 

were cyclically tested with top boundary condition B, bottom boundary condition “c”, 450 plf axial 

load, and typical sill bolt anchorage. A comparison of response of the retrofitted specimens with 

various exterior finishes as well as a comparison between the retrofitted specimens and their 

existing counterparts are provided.  

The global and relative force-displacement envelope of hysteretic responses for retrofitted 

2-ft-tall specimens are shown in Figure 3.14. As with the existing specimens, cripple walls 

containing diagonal sheathing were the strongest tested. The average lateral strength for the 

horizontal siding over diagonal sheathing finished specimen was 2550 plf, and the average lateral 
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strength for the stucco over diagonal sheathing finished specimen was 2037 plf. The specimen 

with horizontal siding over diagonal sheathing loss strength due to fracturing of all anchor bolts. 

For the stucco over diagonal sheathing specimen, three of the seven anchor bolts fractured, but 

ultimately the loss of strength was the result of a large cross-grain crack in the sill plate that 

propagated across the entire span of the sill plate through the location of the anchor bolts. This was 

the same phenomenon that occurred in its existing counterpart. It would have been expected that 

the stucco over diagonal sheathing specimen would have had similar or more strength than the 

horizontal siding over diagonal sheathing specimen because stucco is a stronger material than 

horizontal siding. It should be noted that stucco achieved strength at lower displacement 

amplitudes compared to all other finish materials tested; therefore, the capacity that the stucco 

provided had peaked prior to strength being obtained. In comparison with horizontal siding, the 

stucco specimen was stronger compared to the horizontal siding specimen all the way until the end 

of the test, where the residual strength was nearly identical. Due to the splitting of the sill plate 

and fracturing of the anchor bolts, the full strength of the finish materials was never realized for 

either specimen. This is apparent by the more symmetric response of the specimens, demonstrating 

that the sheathing boards did not provide the full amount of strength that they would have had the 

gaps between the boards closed, with the panels then coming in contact with each other as what 

occurred with other specimens. 

The stucco over horizontal sheathing, stucco over framing, and horizontal siding finished 

specimens had lateral strengths within 10% of each other. The weakest of the three finishes was 

the stucco over framing finished specimen, which had an average lateral strength of 1815 plf in 

both directions of loading. The strength was nearly identical to the horizontal siding finished 

specimen, which had an average lateral strength of 1831 plf. Both these walls were around 10% 
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lower in strength capacity of the stucco over horizontal sheathing specimen. The average lateral 

strength of this specimen was 2037 plf. As stated previously, even though stucco is a stronger 

material than horizontal siding, the strength is realized at earlier displacement amplitudes 

compared to the horizontal siding. In addition, the stucco reached strength at earlier displacement 

amplitudes compared the plywood panels. This explains why the strength of the stucco over 

framing finished specimen was similar to that of the horizontal siding finished specimen. The T1-

11 finished cripple wall had the lowest lateral strength of all the retrofitted specimens, with an 

average lateral strength of 1103 plf. The strength of the T1-11 finished cripple wall was 

significantly less than the other retrofitted cripple walls because the edge nail spacing for the T1-

11 wood structural panels was at 4 in. on center while the edge nail spacing of the plywood panels 

was at 3 in. on center. In addition, the T1-11 wood structural paneling was the only material 

attached to the framing, whereas all the other cripple walls had their exterior finish material(s) and 

plywood attached to the framing on the interior. 

Figure 3.15 shows the percent increase in strength of the retrofitted 2-ft-tall cripple walls, 

and Figure 3.16 plots the average peak strength of the existing 2-ft-tall cripple wall against its 

retrofitted counterpart. By far the largest increase in strength was observed in the horizontal siding 

finished specimen, with an average increase of nearly 970%. The next highest increase was for the 

stucco over horizontal sheathing finished specimen, where the retrofit provided nearly a 260% 

increase in lateral strength. The retrofit provided a similar amount of increase in strength to the 

stucco finished specimen, with an increase of 230%. The T1-11 finished cripple wall nearly 

doubled in strength due to the added retrofit, which was expected due to the edge nail spacing 

decreasing from 8 in. on center to 4 in. on center. 
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                (a)                           (b) 

Figure 3.14 Envelope of hysteretic response of lateral force versus lateral drift and displacement 

hysteresis of the retrofitted 2-ft-wall specimens with various exterior finishes: (a) 

global response; and (b) relative response. 

 

 

Figure 3.15 Contribution of retrofit to lateral strength for all retrofitted 2-ft-wall specimens with 

various exterior finishes. 
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Figure 3.16 Comparison of average peak lateral strength for existing and retrofitted 2-ft-wall 

specimens with various exterior finishes. 

 

With the addition of the retrofit, the drift capacities of the wet and dry specimens were 

much closer compared to the existing 2-ft-tall specimens. If the specimens with diagonal sheathing 

are omitted, the drift capacities of the remaining specimens are nearly the same. All specimens 

reached strength between 4.7% and 6.1% relative drift ratio and 40% post-peak strength between 

9.3% and 10.5% relative drift ratio. The horizontal siding finished specimen reached strength and 

40% residual strength at later drift amplitudes than any other specimen, 6.1% and 10.5%, 

respectively. For the stucco over horizontal sheathing and T1-11 finished cripple walls, the ranges 

of these values narrowed to between 4.7% and 5.3% relative drift ratio and between 9.3% and 

9.6% relative drift ratio. In Figure 3.17, an overlay of the relative hysteretic response of the stucco 

finished and horizontal siding finished specimens is shown. Figure 3.18 shows the overlay for the 

stucco over horizontal sheathing finished and horizontal siding finished specimens. The stucco 

finished specimens reached strength at an earlier displacement amplitude, but overall, the 
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responses were similar. Based on the similarity between the responses, it is evident that regardless 

of the exterior finish materials, the addition of the retrofit dominated the response. 

 

Figure 3.17 Lateral force versus relative lateral drift and displacement hysteresis of the 

retrofitted 2-ft-tall specimens with stucco and horizontal siding exterior finishes. 

 

Figure 3.18 Lateral force versus relative lateral drift and displacement hysteresis of the 

retrofitted 2-ft-tall specimens with stucco over horizontal sheathing and horizontal 

siding exterior finishes. 
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Figure 3.19 shows the percent increase in initial stiffness for the retrofitted 2-ft-tall 

specimens compared with the existing 2-ft-tall specimens with all six exterior finishes. As with 

the existing specimens, the wet finished specimens had larger initial stiffnesses compared to the 

dry finished specimens. The only exception was for the case of the horizontal siding over diagonal 

sheathing finished specimen, with an average initial stiffness 12% higher than the stucco over 

horizontal sheathing finished specimen. The stucco over diagonal sheathing specimen was the 

stiffest of any cripple wall tested, with an average initial stiffness of 99.6 kip/in. This was nearly 

40% larger than the next stiffest specimen, which was the stucco finished cripple wall. The stucco 

over horizontal sheathing finished cripple wall was the most flexible of the wet finished specimens, 

with an average initial stiffness of 48.9 kip/in. The stiffness of this specimen was almost 80% 

larger than the horizontal siding finished cripple wall and nearly double the stiffness of the T1-11 

finished cripple wall, which was the most flexible of the retrofitted 2-ft-tall cripple walls tested. 

This is due to the configuration of the T1-11 finished cripple wall, with the material fastened to 

the framing and the edge nail specimen being 4 in. on center compared to 3 in. on center for the 

other retrofitted specimens. 

The largest percent increase in stiffness attributed to the addition of the retrofit was for the 

horizontal siding finished cripple wall. The average initial stiffness increased by over 525% 

between both directions of loading. Both cripple walls with diagonal sheathing experienced over 

a 160% increase in initial stiffness in the pull direction of loading compared with around a 90% 

increase in the push direction of loading. The difference in increase could be attributed to the 

orientation of the diagonal sheathing boards. In the pull loading direction, the sheathing board 

would be put into tension, whereas in the push loading direction, the sheathing boards would 

experience compression. The lowest increase in stiffness due to the added retrofit was for the 
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stucco over horizontal sheathing specimen which only increased, on average, 37% between both 

directions of loading. 

 

Figure 3.19 Contribution of the retrofit to initial stiffness for relative drift at 80% pre-strength 

for all 2-ft-tall specimens with various exterior finishes. 

Figure 3.20 compares the cumulative energy dissipated for retrofitted 2-ft-tall cripple walls 

tested. Comparing the global response, the cumulative energy dissipated by the stucco over 

horizontal sheathing, stucco, and horizontal siding specimens were nearly identical up to 9% global 

drift ratio. The cumulative energy dissipated by all specimens besides the T1-11 finished cripple 

wall were consistent up to about 7% global drift ratio. At this point, the cripple wall with the 

horizontal siding over diagonal sheathing finish began dissipating more energy per drift cycle 

group compared to all other specimens. In terms of the relative response, the cripple walls with 

diagonal sheathing began dissipating significantly more energy compared to all other specimens 

after around 2% relative drift ratio. Both specimens lost strength due to anchor bolt fractures and 

sill plate cracks, as with the existing specimens, which caused a reduction in the energy dissipated 

during each cycle. From relative response, the subsequent drift cycles caused a reduction in relative 

drift for the specimen due to increased displacement between the sill plate and foundation. Up to 
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around 2% relative drift ratio, the wet finish specimens dissipated more energy than the dry finish 

specimens due to the rigidity of the stucco attachment. The T1-11 finished cripple wall dissipated 

the least amount of energy of any of the retrofitted specimens due to the wider edge nail spacing 

compared with other retrofitted specimens, 4 in. on center versus of 3 in. on center, as well as the 

presence of only one material being fastened to the framing. 

 

       

      (a)        (b) 

Figure 3.20 Retrofitted 2-ft-tall cripple wall, hysteretic energy dissipation comparison for various 

exterior finishes: (a) global response; and (b) relative response. 

 

The relative force-displacement hysteresis for retrofitted 6-ft-tall specimens are shown in 

Figure 3.21. Of the three specimens tested, the stucco over framing finished specimen had the 

highest lateral strength of 1814 plf on average considering both directions of loading. This was 

only around 2% higher than the horizontal siding finish specimen, which had an average lateral 

strength of 1770 plf. The T1-11 finished cripple wall was considerably lower, with an average 

lateral strength of 850 plf. This amounted to only 48% the strength capacity of the horizontal siding 

finished specimen. The large difference in strength between the T1-11 finished specimen and the 
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other specimens was again due to the reduction in edge nail spacing. In addition, it was the only 

specimen with the finishing material nailed to the framing. With the addition of the retrofit, the 

horizontal siding finished specimen had the largest relative increase in lateral strength, with an 

increase of over 1800% compared to its existing counterpart. This is a tenfold increase over the 

relative contribution of the stucco finished cripple wall. The T1-11 finished cripple wall exhibited 

the lowest percent increase in lateral strength, which saw only a 125% increase in lateral strength 

due to the added retrofit. It might have been expected that the lateral strength would have been 

doubled for this specimen because of the edge nail spacing being reduced by 50%, which was case 

with the 2-ft-tall specimens. As stated previously, the un-nailed edge on the existing T1-11 finished 

specimens led to a reduction in capacity relative to the 2-ft-tall specimens due to not only the 

increased displacement imposed but also the added flexural component. The relative increases in 

strength of the retrofitted specimens compared with the existing specimens for all 6-ft-tall 

specimens is provided in Figure 3.22. 

    

(a)                           (b) 

Figure 3.21 Envelope of hysteretic response of lateral force versus lateral drift and displacement 

hysteresis of the retrofitted 6-ft-wall specimens with various exterior finishes: (a) 

global response; and (b) relative response. 
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Figure 3.22 Contribution of retrofit to lateral strength for all retrofitted 6-ft-tall specimens with 

various exterior finishes. 

 

 

Figure 3.23 Comparison of average peak lateral strength for existing and retrofitted 6-ft-wall 

specimens with various exterior finishes. 
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Similar to the 2-ft-tall specimens, the addition of the retrofit resulted in the drift capacities 

of the wet and dry finished cripple walls being much closer compared to the existing 6-ft-tall 

specimens. The horizontal siding over diagonal sheathing specimen attained strength at a later 

displacement cycle than the other two specimens with an average relative drift ratio 3.5%. The 

stucco finished cripple wall reached strength at 2.9% relative drift ratio, and the T1-11 finished 

cripple wall reached strength at 2.5% relative drift ratio. The stucco finished cripple wall had the 

largest drift capacity, losing 60% of strength at 7.0% relative drift ratio. In addition, the stucco 

finished specimen gained strength at earlier displacement amplitudes compared to any of the other 

specimens. The cripple wall reached 80% pre-lateral strength by 1.0% relative drift ratio whereas 

the horizontal siding specimen reached this point at 1.6% relative drift ratio. Of the three specimens 

tested, the horizontal siding finished cripple wall had the lowest drift capacity. 

Figure 3.24 shows an overlay of the relative hysteretic response for the stucco and 

horizontal siding specimens. While the responses are similar due to the retrofit dominating the 

response, the horizontal siding finished specimen observed a larger reduction in lateral load 

capacity in subsequent drift cycles compared to the stucco finished specimen. With the increased 

height of the cripple wall, more furring nails remained attached to the framing at larger 

displacement amplitudes than the 2-ft-tall specimen. Therefore, even at larger displacement 

amplitudes, the stucco finish still provided a significant amount of lateral resistance. The horizontal 

siding provided a small amount of resistance to begin with, so the larger drops in capacity after 

peak are indicative of the plywood detaching from the framing. By the end of the test, most of the 

resistance provided was due to the horizontal siding. 
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Figure 3.24 Lateral force versus relative lateral drift and displacement hysteresis of the 

retrofitted 6-ft-tall specimens with stucco and horizontal siding exterior finishes. 

 

As with the 2-ft-tall specimens, the stucco finish cripple wall was the stiffest of the exterior 

finishes tested. The average initial stiffness was 20.5 kip/in., which was over 45 times stiffer 

compared to the horizontal siding finished cripple wall. The 6-ft-tall horizontal siding finished 

cripple wall was the most flexible cripple wall tested in the entire program by a significant amount. 

The average initial stiffness of its 2-ft-tall counterpart was over 23 times higher. The T1-11 

finished cripple wall was over 15 times stiffer than the horizontal siding finished cripple wall, 

while it was around one-third as stiff as the stucco finished cripple wall. Figure 3.25 shows the 

percent increase in initial stiffness for the retrofitted 6-ft-tall cripple walls with the three exterior 

finishes compared with their existing counterparts. As with the existing specimens, the stucco 

finished cripple wall was by far the stiffest of the cripple walls tested. The average initial stiffness 

of the stucco finished specimen was 32.2 kip/in. between both directions of loading. This was over 

125% larger than the average initial stiffness of the horizontal siding finished cripple wall. The 
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most flexible of the retrofitted specimens was the T1-11 finished cripple wall, with an average 

initial stiffness of 10.6 kip/in., or about one-third of the stiffness of the stucco finished cripple wall. 

As with the retrofitted 2-ft-tall specimens, the T1-11 finished 6-ft-tall specimen was the most 

flexible cripple wall due to the edge nail spacing and lack of plywood being fastened to the interior 

of the framing. By far, the largest relative increase in stiffness was for the horizontal siding finished 

specimen. The average initial stiffness was 31 times higher for the retrofitted specimen. This 

observation is akin to the dramatic increase in strength for the horizontal siding finished specimen, 

which is significantly weaker and softer than all specimens tested in its unretrofitted configuration. 

The stucco finished cripple wall stiffness increased by 60%, and the T1-11 finished cripple wall 

stiffness increased by 55%, on average. 

 

Figure 3.25 Contribution of the retrofit to initial stiffness for relative drift at 80% pre-strength 

for all 6-ft-tall specimens with various exterior finishes. 

 

Figure 3.26 compares the cumulative energy dissipated for retrofitted 6-ft-tall cripple walls 

tested. The stucco cripple wall dissipated the most energy at every point during the test than all 

retrofitted 6-ft-tall specimens. By 6% global drift ratio, the point where the loading protocols of 

the tests diverged, the stucco finished cripple wall had dissipated around 10% more cumulative 
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energy than the horizontal siding finished cripple wall and over 250% more energy than the T1-

11 finished cripple wall. The T1-11 cripple wall dissipated the least amount of energy of the 

retrofitted 6-ft-tall cripple walls, which was again due to the edge nail spacing and only a single 

finish material being attached to the framing. 

       

                                                    (a)                                                                                              (b) 

Figure 3.26 Retrofitted 6-ft-tall cripple wall, hysteretic energy dissipation comparison for various 

exterior finishes: (a) global response; and (b) relative response. 

 

3.5 IMPACT OF CRIPPLE WALL HEIGHT 

In this section, a comparison is made between the two cripple wall heights used in the 

small-component testing program, 2-ft-tall and 6-ft-tall. This is done by cross-comparing like 

existing and retrofit specimens that differ only in height. Comparisons of the envelopes of the 

hysteretic response for stucco over framing finished cripple walls with different heights are shown 

in Figures 3.27 and 3.28. Figure 3.27 shows the global and relative responses of the existing cripple 

walls. Initially, the responses of both walls were identical, however, after 0.4% global drift ratio, 

the 6-ft-tall specimen began to gain more strength compared to the 2-ft-tall specimen. The lateral 
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strength of the 6-ft-tall specimen was 16% higher than that of the 2-ft-tall specimen, but the initial 

secant stiffness decreased by 61%. Both cripple walls experienced significant drops of load in 

subsequent drift cycles after reaching strength. With stucco over framing finished specimens, once 

the strength was achieved, the stucco detached from the furring nails at the sill plate and continued 

to detach to the furring nails running up the length of the studs, causing a rapid, large drop in 

strength once it after reaching strength. This drop in strength was greater for the taller specimen 

as the imposed displacements was three times that of the shorter specimen. Figure 3.28 compares 

the global and relative hysteretic responses for the retrofitted specimens. The strength of both 

specimens was nearly identical, 1814 plf on average between both loading directions for the 6-ft-

tall specimen and 1815 plf for the 2-ft-tall specimen. Strength was achieved earlier for the taller 

specimen than the shorter due to the shorter specimen having increased displacement between the 

sill plate and the foundation compared with the taller specimen. In terms of the relative response, 

the 6-ft-tall specimen reached strength at 2.9% relative drift ratio while the 2-ft-tall specimen 

reached strength at 4.9% relative drift ratio on average between both directions of loading. The 

increased drift capacity of the shorter specimen is likely attributed to two factors, namely: 1) the 

absence of hold-downs for the shorter specimen, and 2) the imposed displacement being three 

times as large for the taller specimen than the shorter specimen. Plywood panels have substantial 

resistance to shear distortion; therefore, the plywood-to-frame fasteners are distorted more as 

displacement on the cripple wall is imposed. The increased displacement at each drift target for 

the 6-ft-tall specimens results in the plywood-to-frame fasteners yielding at earlier drift amplitudes 

as well as withdrawing from the framing, tearing out of the plywood, or puncturing through the 

plywood at earlier drift amplitudes. The result is a decrease in drift capacity for taller specimens.    

The most significant difference in the response was the stiffness of the two specimens. It is 
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expected that a taller wall will be more flexible than a shorter one, which was the case, as the initial 

secant stiffness of the 2-ft-tall specimen was 122% more than that of the 6-ft-tall specimen.   

      

Figure 3.27 Envelope of hysteretic response of lateral force versus lateral drift and displacement 

hysteresis of the 2-ft-tall and 6-ft-tall existing specimens with stucco over framing 

exterior finishes: (a) global response; and (b) relative response. 

 

     

Figure 3.28 Envelope of hysteretic response of lateral force versus lateral drift and displacement 

hysteresis of the 2-ft-tall and 6-ft-tall retrofitted specimens with stucco over framing 

exterior finishes: (a) global response; and (b) relative response. 

 

Comparisons of the envelopes of hysteretic responses for 2-ft-tall and 6-ft-tall cripple walls 

finished with horizontal siding are given in Figures 3.29 and 3.30. Figure 3.29 shows the global 
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and relative responses for existing cripple walls finished with horizontal siding. The relative and 

global response for the two specimens were identical as the capacity of the cripple walls was less 

than the resistance to sliding of the sill plate on the foundation. The strength was around twice as 

much for the 2-ft-tall specimen compared to the 6-ft-tall specimen. The large difference in strength 

between the two specimens can be attributed to the following factors: 1) increased bearing of the 

trim and siding boards at the ends of the 2-ft-tall specimen on the foundation compared with the 

6-ft-tall specimen, 2) increased overturning resistance of the frame for the 2-ft-tall specimen, and 

3) reduction in the moment couple between siding board fasteners for the 6-ft-tall specimen due to 

a slightly reduced spacing between nail pairs compared with the 2-ft-tall specimen. The 6-ft-tall 

cripple wall continued to gain strength throughout the entire test, whereas the 2-ft-tall specimen 

peaked a 4% drift ratio. There was only a 25% drop in capacity for the 2-ft-tall specimen from 4% 

to 12% drift ratio. The response of both specimens demonstrates how flexible and weak cripple 

walls are when finished with horizontal siding. Since the orientation of the sheathing is aligned 

with the direction of loading, the lateral resistance is primarily achieved through the moment 

couple between the nails fastening the boards to the studs. The secant stiffness associated with 

relative drift at 80% strength was 22 times higher for the 2-ft-tall cripple wall than the 6-ft-tall 

cripple wall. With the added retrofit, the strength for the horizontal siding finished cripple walls 

was much more similar, as shown in Figure 3.30. The relative drift ratio at peak for the 2-ft-tall 

specimen occurred at 6.1% whereas it was achieved at 3.5% for the 6-ft-tall specimen. The 

reduction in drift capacity can be attributed to the same factors as the retrofitted stucco specimens. 

The secant stiffness associated with relative drift at 80% strength was 94% higher for the 2-ft-tall 

cripple wall than the 6-ft-tall cripple wall. Because taller walls are expected to be more flexible 
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than shorter walls, it is important to note that the addition of the retrofit drastically reduced gap 

between the secant stiffnesses of the 2-ft-tall and 6-ft-tall cripple walls.  

      

Figure 3.29 Envelope of hysteretic response of lateral force versus lateral drift and displacement 

hysteresis of the 2-ft-tall and 6-ft-tall existing specimens with horizontal siding over 

framing exterior finishes: (a) global response; and (b) relative response. 

 

     

Figure 3.30 Envelope of hysteretic response of lateral force versus lateral drift and displacement 

hysteresis of the 2-ft-tall and 6-ft-tall retrofitted specimens with horizontal siding over 

framing exterior finishes: (a) global response; and (b) relative response. 

 

Figure 3.31 show the envelopes of the global and relative hysteretic response for the 

existing 2-ft- and 6-ft-tall T1-11 wood structural panel finished cripple walls, and  Figure 3.32 
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shows the same for the retrofitted specimens. The relative responses regardless of the retrofit 

condition are strikingly similar. The main difference between the existing and retrofit specimen is 

the decrease of nail spacing from 8 in. on center to 4 in. on center. By doubling the amount of 

edge, the strength is around doubled for both of the cripple walls, regardless of height. The increase 

in height reduced the strength by 32% for the existing specimens and 23% for retrofit specimens. 

The response was more symmetric for the retrofitted specimens due to the row of nails added to 

the panel overlaps, which was present for the existing specimens. The reduction in drift capacity 

for the 6-ft-tall specimens was caused by the increased nail distortion for the taller specimens due 

increased displacement imposed at each drift amplitude. T1-11 panels, like plywood, have 

substantial resistance to shear distortion, therefore, the panel-to-frame fasteners are distorted more 

for the taller cripple wall at a given drift amplitude since the displacement is three times as much 

for a given drift amplitude.  

     

Figure 3.31 Envelope of hysteretic response of lateral force versus lateral drift and displacement 

hysteresis of the 2-ft-tall and 6-ft-tall existing specimens with T1-11 wood structural 

panel exterior finishes: (a) global response; and (b) relative response. 
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Figure 3.32 Envelope of hysteretic response of lateral force versus lateral drift and displacement 

hysteresis of the 2-ft-tall and 6-ft-tall retrofitted specimens with T1-11 wood structural 

panel exterior finishes: (a) global response; and (b) relative response. 

 

3.6 IMPACT OF ANCHORAGE CONDITION 

In this section a comparison of the two types of anchorage conditions, typical sill bolt 

anchorage and wet set sill plate, is presented. Details on wet set sill plates and their installation 

process can be found in Section 2.6. Overall, two specimens contained wet set sill plates. The first, 

Specimen A-4, was a 2-ft-tall, existing cripple wall with stucco over horizontal sheathing exterior 

finish and bottom boundary condition “b”. The counterpart to this specimen, constructed with 

typical sill bolt anchorage, with a sill plate fastened by three anchor bolts spaced at 64–in. on center 

was Specimen A-6. This specimen also was constructed with bottom boundary condition “b”. The 

second specimen constructed with a wet set sill plate was Specimen A-21 which was an existing 

2-ft-tall cripple wall with stucco over horizontal sheathing and bottom boundary condition “c”. Its 

counterpart was Specimen A-20 had typical anchorage with a sill plate fastened by three anchor 

bolts spaced at 64–in. on center and bottom boundary condition “d”. In all other respects, the pairs 

of cripple walls were identical in construction. 
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 In Figure 3.33, a comparison of the responses for stucco over horizontal siding finished 

cripple walls with different anchorage conditions is shown. In the push direction, the lateral 

strength of Specimen A-4 was 1000 plf, which was 27% stronger than Specimen A-6 with the wet 

set sill plate. In the pull direction, the lateral strengths were much closer: 871 plf for Specimen A-

4 and 1000 plf for Specimen A-6, amounting to a 9% increase in the lateral strength. These 

strengths occurred at 5% drift ratio in both directions as opposed to the 3–4% drift ratio for the 

wet set sill condition. Looking at the relative drift, however, the strengths occurred at drift ratios 

of 3.9% in the push direction and 3.5% in the pull direction, which is more consistent with the 

response of Specimen A-6. The reduced capacity of Specimen A-4 compared with Specimen A-6 

is likely due to the nailing condition of the studs to the sill plate as well as the limited available 

space on the sill plate to fasten the stucco and sheathing. In Specimen A-4, 2–16 common nails 

were end-nailed from the sill plate to the stud whereas in Specimen A-6, 3–8d common nails were 

toe-nailed to connect the sill plate to the studs, which is a weaker condition. For the wet set sill 

plate, there is only 1/2 inch of the sill plate protruding from the foundation. Both the sheathing-to-

sill plate nails and the furring nails had a significantly decreased edge distance for their connections 

to the sill plate. The decreased edge distance caused tear out of the fasteners which in turn, 

decreased the capacity of the cripple wall. The drift capacities of the two specimens were similar, 

with the wet set sill plate specimen reaching strength at 3.0% relative drift ratio in the push 

direction and 4.0% relative drift ratio in the pull direction. These values for the sill bolted specimen 

were 3.9% relative drift ratio and 3.5% relative drift ratio, respectively. In terms of initial stiffness, 

the wet set sill cripple wall had an average initial stiffness of 40.8 kip/in compared to the sill bolted 

cripple wall with an average initial stiffness of 26.9 kip/in. The increased stiffness was a result of 
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the wet set sill plate constraining the cripple wall so that no imposed displacement was taken on 

between the sill plate and the foundation. 

 

    

(a) (b) 

Figure 3.33 Comparison of hysteretic response for stucco over horizontal sheathing finished 

cripple walls with different anchorage conditions: (a) global response; and (b) relative 

response. 

For the specimens with stucco over framing exterior finishes, as discussed previously, the 

change in the bottom boundary condition had little effect on the response of the specimen and 

comparisons between the two specimens can be made, see Figure 3.34. The lateral strength per 

linear foot of the wet set sill specimen was 624 plf in the push direction and 592 plf in the pull 

direction. For the typical sill plate specimen, the lateral strength per linear foot of the wet set sill 

specimen was 598 plf in the push direction and 539 plf in the pull direction. Implementation of the 

wet set sill provided a 7% increase in the strength of the cripple wall. The relative drift at strength 

was nearly identical for both specimens—on average 2.5% drift ratio for the wet set sill specimen 

and 2.4% for the typical sill plate specimen however, the drift capacity increased for the wet set 

sill specimen. The relative drift ratio at 80% pre-strength of the wet set sill specimen was on 
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average 1.1% and at 40% residual strength was 9.7%, for a range of 8.6%. For the typical sill plate 

specimen, these values were 1.4% and 7.7%, for a range of 6.3%. When a monotonic push was 

initiated for the wet set sill specimen after an 80% drop in strength, the cripple wall exhibited a 

significant increase in strength, which was not observed with the typical sill plate specimen. This 

increase in strength was due to all gaps between the sheathing boards closing, which caused the 

sheathing boards to bear on one another. This bearing of the sheathing allowed the sheathing 

boards to provide more lateral resistance than before when the gaps were present. Most of the 

lateral resistance can be attributed to the moment couple between the fasteners attaching the 

sheathing to the framing. The typical sill plate specimen did not have a drop in load from the 

monotonic push, but it did not increase from the previous drift ratio cycle, showing that the 

sheathing boards had not been mobilized to the same degree as the wet set sill specimen. The 

largest difference in response between the two cripple walls was the change in initial stiffness. The 

initial secant stiffness for the wet set sill specimen was 29.7 kip/in on average, and for the typical 

sill plate specimen, it was 21.8 kip/in., showing that the installation of the wet set sill plate 

produced a 36% increase in stiffness to the specimen. 

Overall, the implementation of the wet set sill plate caused a significant reduction in 

strength for the stucco over horizontal sheathing finished specimens while the strengths were 

similar for the stucco over framing finished specimens. However, the decrease in strength was 

more a factor of the orientation of the finish materials. When the wet set sill plate was set so that 

it was encased on all sides by the foundation (bottom boundary condition “b”), the fasteners had a 

decreased edge distance causing tear out failures of the fasteners to occur. For the stucco over 

framing finished specimen, the wet set sill plate was flush with the face of the foundation which 

allowed the furring nails to be attached in the middle of the sill plate, thus increasing the edge 



 
149 

distance and preventing tear out failures from occurring. During testing, the stucco detached from 

the furring nails at the sill plate instead of tearing out at some locations which occurred with the 

sheathing and furring nails of the stucco over horizontal sheathing finished specimen. Because of 

this, it cannot be said that the use of a wet set sill plate causes a significant change in strength 

compared with typical sill bolt anchors. In terms of drift capacity, there was also not a significant 

difference between the two anchorage conditions. The same can be said for the hysteretic energy 

dissipation for the relative response of the two anchorage conditions, see Figure 3.35. The most 

appreciable difference was the increase in initial stiffness that the wet set sill plate condition 

provided. The increased stiffness was a result of all the imposed displacement being imposed on 

the studs for the wet set sill plate, as the sill plate did not displace during testing. This differs from 

the typical sill bolt anchorage which had some of the imposed displacement taken on between the 

sill plate and the foundation as the sill plate slid on the foundation.  

    

(a) (b) 

Figure 3.34 Comparison of hysteretic response for stucco over framing finished cripple walls with 

different anchorage conditions: (a) global response; and (b) relative response. 
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             (a)                  (b) 

Figure 3.35 Comparison of cumulative energy dissipated for cripple walls with different 

anchorage conditions: (a) global response; and (b) relative response. 

3.7 IMPACT OF AXIAL LOAD 

In this section, a comparison between two cripple walls is made which were both 2-ft-tall, 

existing specimens finished with horizontal siding over diagonal sheathing. In all respects, the two 

cripple walls were constructed identically and only differed in the applied axial load during testing. 

Specimen A-10 was tested with a heavy axial load of 450 plf which represents the weight of a two-

story dwelling constructed with heavy building materials. For Specimen A-28, a light axial load 

of 150 plf was imposed which represents the weight of a one-story building with light building 

materials. The two axial loads selected were meant to represent an upper and lower bound of loads 

that cripple walls may carry in the field. Additional information on the selection of these loads can 

be referred to in Appendix A.1. The changes to the testing apparatus for the two axial load cases 

can be referred to in Section 2.7.  

Figure 3.36 show both the global and relative hysteretic response of the horizontal siding 

over diagonal sheathing finished cripple walls tested with a heavy and light axial load. The increase 
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in strength regardless of loading directions was similar. An increased axial load produced a 47% 

increase in lateral strength in the push loading direction and 53% increase in the pull loading 

direction. The secant stiffness associated with relative drift at 80% strength was nearly identical 

for both specimens, showing that the increased axial load had little influence on the stiffness of 

the cripple walls.  

The global and relative cumulative hysteretic energy dissipation for both specimens is 

provided in Figure 3.37. The increase in hysteretic energy dissipation was fairly consistent 

throughout the loading protocol with the heavy axial load specimen dissipating around 30% more 

energy than the light axial load specimen. In Figure 3.38, the end uplift versus relative drift for 

both specimens is shown. In both instances, there was significantly more uplift in the push loading 

direction than the pull loading direction. This was a result of the orientation of the sheathing 

boards. As the cripple wall displaces in the push loading direction, the diagonal sheathing boards 

move upward as well as forward, thus causing more uplift than loading in the opposite direction. 

This became more pronounced with the implementation of a light axial load. The maximum uplift 

for the light axial load specimen was 2.55 inches which was nearly 4 times as much as the heavy 

axial load set up.  
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                                     (a)                                         (b) 

Figure 3.36 Comparison of hysteretic response for horizontal siding over diagonal sheathing 

finished cripple walls with different axial loads: (a) global response; and (b) relative 

response. 

  

           (a)              (b) 

Figure 3.37 Comparison of cumulative energy dissipated for cripple walls with different axial 

loads: (a) global response; and (b) relative response. 
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                                           (a)                                          (b) 

Figure 3.38 Comparison of cripple wall end uplift versus relative drift: (a) heavy axial load 

(Specimen A-9); and (b) light axial load (Specimen A-28). 

 

3.8 IMPACT OF LOADING PROTOCOL 

This section presents a comparison of two cripple walls, which were nominally constructed 

identically but differed in their loading protocol. For 27 of the 28 specimens tested, a cyclic load 

protocol was used, followed by a monotonic push to around 20% drift ratio at the end of the cyclic 

loading protocol. One specimen, however, A-27, was tested with only a monotonic push to 20% 

drift ratio. This specimen was a 2-ft-tall, existing cripple wall finished with stucco over horizontal 

sheathing. Specimen A-21 was constructed with identical details to Specimen A-27 but was tested 

with a cyclic loading protocol.  

Figure 3.39 shows the monotonic response versus the hysteretic envelope of global drift 

versus lateral strength response for an existing 2-ft-tall cripple wall with stucco over horizontal 

sheathing exterior finish. An overlay of the monotonic response and hysteretic response are shown 
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in Figure 3.40. It should be noted that, the two cripple walls differ in their boundary condition at 

the bottom of the wall. Specimen A-20 had an extension of the stucco down the footing which was 

not present for Specimen A-27. However, as discussed in Section 3.2, the response of the walls 

was not affected by this minor modification in the boundary condition due to damage to the bond 

between the stucco and the footing that were sustained during transportation of the specimen into 

the testing apparatus. The strength per lineal foot of the monotonically loaded specimen was 715 

plf compared with 569 plf for the cyclically loaded specimen (26% increase). The monotonically 

loaded specimen achieved strength at larger displacement amplitudes than the cyclically loaded 

specimen as well (6% global drift ratio versus 3% global drift ratio). The relative drift ratio at 80% 

pre-strength was 2% versus 1.4%, at strength was 5.4% versus 2.4%, and at 40% residual strength 

was 9.7% versus 7.7%, for the monotonic versus the cyclic specimen. The increase in strength and 

drift capacity demonstrated that the attachment of the stucco to the furring nails were degraded by 

the cyclic loading. At large drift amplitudes (11-14% global drift ratio), the two cripple walls had 

a similar response. At that point the stucco no longer provided much resistance, and the majority 

of the strength comes from the horizontal sheathing. The initial stiffness, however, did decrease 

by 20% for the monotonically loaded specimen.  

During the cripple wall study performed by Chai et al. (2002), two cripple walls 

constructed nominally identically, were tested with a reversed cyclic load protocol and a 

monotonic push. The cripple walls were 2-ft-tall, fully braced with OSB, unfinish, and carried an 

axial load of 450 plf. A comparison of these tests showed that the peak strength of monotonically 

loaded specimen was 12% larger than the average peak strength between both loading directions 

and 6% larger than the push loading strength of the cyclically loaded specimen. The drift ratio at 

peak strength in the push loading direction increased from 4.3% for the cyclically loaded specimen 



 
155 

to 6.1% for the monotonically loaded specimen. An overlay of the monotonic and hysteretic 

response for the two specimens is provided in Figure 3.41. A study of the cyclic response versus 

the monotonic response of plywood and OSB sheathed shearwalls finished with stucco was 

performed at UC San Diego as part of the CUREE-Caltech project (Gatto and Uang, 2002). Three 

reversed cyclic load protocols were used including the CUREE load protocol (Krawinkler et al., 

2001). Results of the tests showed that the plywood sheathed shearwall tested with the CUREE 

load protocol had nearly the same capacity as the shearwall loaded monotonically. In the case of 

the OSB sheathed shearwalls, the shearwall loaded with the CUREE load protocol was around 

20% stronger than the shearwall loaded monotonically. Similar results were demonstrated from 

fully sheathed, unfinished shearwalls during another testing program performed as part of the 

CUREE-Caltech project (Pardoen et al., 2003). A comparison of two nominally identical 

shearwalls showed that there was a around a 4% decrease in strength with the implementation of 

the CUREE load protocol. However, the displacement at strength increased from 2.01-in. to 3.57-

in. with the monotonic push load. There are many factors that affect the relationship between the 

expected strength of a cyclically and monotonically loaded wood frame wall, but the findings in 

this study support the evidence found at UC Davis that a monotonic push load increases the peak 

lateral strength and drift capacity of cripple walls versus a cyclic load protocol (Chai et al., 2002).   
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Figure 3.39 Comparison of envelopes of global drift versus lateral strength; hysteretic response 

envelope and monotonic response for 2-ft-tall, stucco over horizontal sheathing 

finished cripple walls (existing). 

 

Figure 3.40 Comparison of monotonic envelope and hysteretic response of relative drift versus 

lateral strength; hysteretic response and monotonic response for 2-ft-tall, stucco over 

horizontal sheathing finished cripple walls (existing). 
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Figure 3.41 Comparison of monotonic envelope and hysteretic response for 2-ft-tall, braced 

cripple walls from Chai et al. (2002). 

3.9 COMPARISON OF LARGE AND SMALL COMPONENT TESTS 

The purpose of this section is to compare the responses of the large-component cripple 

wall-first story tests with the responses of the corresponding small-component cripple wall-only 

tests under simulated seismic loading. All specimens considered were constructed with 2-ft-tall 

cripple walls and finished with stucco over horizontal lumber sheathing. Both test programs 

considered existing and retrofitted configurations with the retrofit design taken from FEMA P-

1100. The cripple wall-first story assemblies were three dimensional with a 20 ft by 4 ft floor plan. 

These assemblies contained both a cripple wall as well as an 8 ft floor superstructure. Figure 3.42 

shows an photograph of large-component Specimen AL-1, and Figure 3.43 shows the detail for 

the bottom of the cripple wall.  The purpose of these parallel test programs was to determine: (1) 

how closely small-component testing could emulate the response seen in the large-component 

tests; and (2) what boundary conditions in the small-component testing best match the results of 

the large-component tests. The answers to these questions are intended to help identify best 

boundary conditions to use on small-component testing in order to emulate large-component test 
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response, and to qualitatively understand where the small-component tests fall in the range of 

lower-bound to upper-bound estimation of capacity and deformation capacity for purposes of 

numerical modeling. The test specimens included in this comparison are provided in Table 3.1. A 

summary of the test variables for the small-component test program is shown in Table 3.2, and the 

test matrix for the large-component cripple wall-first story assemblies is shown in Table 3.3. For 

the large-component tests, bottom boundary condition “d” was used which positions both finish 

materials to be outboard of the foundation and includes an 8 inch extension of the stucco down the 

face of the footing.  

 

Figure 3.42 Isometric of large-component Specimen AL-1. 
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Figure 3.43 Bottom of cripple wall detail for large-component Specimen AL-1 and AL-2. 

 

Table 3.1 Comparable large- and small-component test specimens 

Cripple wall 

description 
Retrofit included 

UC Berkeley 

large-component 

specimens 

UC San Diego small-

component specimens 

Stucco over 

horizontal lumber 

sheathing 

No AL-1 

A-1 

A-2 

A-3 

A-4 

A-20 

Stucco over horiontal 

lumber sheathing 
Yes AL-2 

A-5 

A-19 
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Table 3.2 Small-component test specimen summary. 

 

 

Table 3.3 Large-component cripple wall-first story assembly test matrix. 

 

 

Of the eleven baseline height and finish cripple walls tested, two matched the detailing of 

the cripple walls constructed in the large-component testing program, one built in the existing 

Specimen 
Existing 

(E) or 
retrofit (R) 

Exterior 
finish 

Interior 
finish 

Retrofit detail 
in cripple wall 

level 

Cripple wall 
height (ft) 

Super-
structure 
height (ft) 

AL-1 E S+HSh Gypsum  N.A. 2 8 

AL-2 R S+HSh Gypsum  

Plywood 
sheathing, 8 

extra bolts per 
side, and A35 

shear clips 

2 8 
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configuration and the other built in the retrofitted configuration. Namely, existing small-

component specimen A-20 was constructed with details common to large-component specimen 

AL-1, and retrofitted small-component specimen A-19 was constructed with details common to 

large-component specimen AL-2. The exception for the retrofitted specimens was that Specimen 

A-19 did not have the extension of the stucco down the face of the foundation, as it was observed 

that the addition of the retrofit dominates the response of the cripple wall, thus the absence of the 

stucco extension may be assumed to have little impact on comparison of the results amongst small 

and large retrofitted specimens.  

For the existing specimens in the small-component testing program finished with stucco 

over horizontal sheathing, there was a large range in the lateral strength per lineal foot. For the 

most comparable specimens, the lateral strength of the small-component test was only 44% of the 

lateral strength of the large-component test. The relative drift ratio at peak strength were similar 

for both tests, 2.8% relative drift ratio for Specimen A-20 and 2.4% relative drift ratio for Specimen 

AL-1, see Schiller et al. (2020d). Figure 3.44(a) provides an overlay of the lateral force versus 

relative drift hysteresis for Specimen A-20 and Specimen AL-1. From this figure, it is apparent 

that the drift capacity of the two specimens are similar, however, the lateral strength and stiffness 

(particularly pre-peak) of the large-component cripple wall-first-story assembly was significantly 

larger. The increased strength and pre-peak stiffness was a result of the continuity of the stucco 

from the cripple wall into the first-story, the continuity of the stucco around the corners of the 3D 

assembly, and a stronger bond between the stucco extension and the foundation. While Specimen 

A-20 was constructed with the same stucco extension, the bond between the stucco and the 

foundation was minimal following installation of the specimen into the testing apparatus. During 

testing of Specimen AL-1, there was an audible pop that could be heard as an appreciable region 
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of stucco bond to the foundation detached, and subsequently the furring nails pulled out from the 

sill plate. Simultaneously, an abrupt loss in strength was observed for Specimen AL-1, see Figure 

3.44(a).  

      

                                                 (a)                                                                                          (b)  

Figure 3.44 Comparison of lateral force versus relative drift hysteresis a) existing specimens A-20 

and AL-1, and b) retrofitted specimens A-19 and AL-2. 

Overall, for the existing specimens, the small-component cripple wall-only tests were 

considerably weaker than the large-component cripple wall-first-story assembly, see Table 3.4. 

The strongest cripple wall with closest resemblance with the large-component specimen was A-4, 

which had a  peak capacity of 935 plf on average between the two loading directions, 

approximately 70% of the capacity of Specimen AL-1. However, for Specimen A-4, the finish 

materials were both bearing on the foundation, resulting in restrained rotation and increased 

strength due to bearing, a less likely configuration in practice, envisioned to facilitate an upper 

bound within the small component program. Due to the bearing condition of the finish materials, 

Specimen A-4 attained lateral strength at 3.7% relative drift ratio, which was slightly larger than 

Specimen AL-1. Regardless of the boundary conditions for the small-component cripple wall-only 
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specimens, the relative drift at peak strength was similar to that of the large component cripple 

wall-first-story specimens. The weakest of the stucco over horizontal sheathing finished cripple 

walls, Specimen A-1, attained less than 40% of the capacity of Specimen AL-1, however, its lateral 

strength was attained at 3.0% relative drift ratio, which was similar to the large component test. 

Specimen A-1 was constructed without built-up corners and a further spaced furring nail 

arrangement along the top plates, thus the most limited boundary continuity along all edges of the 

small-scale specimen. As a result, from a construction replication perspective, Specimen A-1 

represents a lower-bound, Specimen A-20 represents an optimal estimate, and Specimen A-4 

represents an upper-bound. This general trend translated to anticipated ranges in strength, when 

compared with the large-component specimen.  

Table 3.4 Comparison of lateral strengths of existing stucco over horizontal sheathing specimens. 

 

For the retrofitted cripple walls with stucco over horizontal sheathing, the peak strength 

was similar between the small-component cripple wall-only assembly, Specimen A-19, and the 

large-component cripple wall-first-story assembly, Specimen AL-2. Figure 3.44(b) provides an 

overlay of the lateral force versus relative drift hysteresis for Specimen A-19 and Specimen AL-

2. While the peak strengths were within 5% of each other, 2035 and 2150 plf on average for 

Specimens A-19 and AL-2, respectively, the relative drift at strength varied considerably. For the 
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retrofitted large component cripple wall-first-story assembly, peak strength was achieved at 2.8% 

relative drift ratio, which was the same as the existing detailed specimen. For the retrofitted small 

component cripple wall-only assembly, the drift capacity significantly increased compared to its 

existing counterpart, increasing from 2.4% relative drift ratio to 5.3% relative drift ratio. During 

the monotonic push following the cyclic loading protocol for the large component specimen, a slip 

plane formed between the upper and lower cripple wall top plates of the cripple wall, resulting in 

the diaphragm and upper top plate moving a considerable distance relative to the lower top plate. 

This slip is largely attributed to the staggering of sheathing nails between the upper and lower top 

plates as well as the light nailing interconnecting the top plates. This failure mechanism was not 

observed for the cripple wall-only specimen due to the presence of lag screws connected to the 

loading beam, which penetrated all of the top plates. Table 3.5 summarizes the lateral strength of 

the retrofitted specimens and their existing or unretrofitted counterparts along with the ratio of the 

strength increase provided by the retrofit. The ratio of lateral strength increase for the small 

component cripple wall-only specimen was significantly larger than that of the large component 

cripple wall-first-story specimen, 2.8 compared with 1.7. The addition of the retrofit increased the 

peak capacity of the cripple wall-only assembly by 1305 plf whereas the increase for the for the 

cripple wall-first-story assembly was 850 plf. The reduction in added capacity for Specimen AL-

2 may be attributed to the staggered nailing detail of the plywood to the top plates as well as the 

inability for the plywood panels to rotate when dispalced, which was not the case for Specimen A-

19. Regardless, in both scenarios, the addition of the FEMA P-1100 retrofit demonstrated 

significant increases to the strength of the cripple walls.  
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Table 3.5        Comparison of lateral strengths of retrofitted stucco over horizontal sheathing specimens. 

 

3.10 SUMMARY REMARKS 

Cripple walls are common elements in older California houses which transfer lateral loads 

from the superstructure to the foundation. In pre-1970s construction, it is typical for a house to be 

built with a cripple walls that has inadequate lateral bracing and sill anchorage, which often results 

in poor seismic performance of the house. Due to this inherent weakness, a state-of-the-art retrofit 

design procedure, FEMA P-1100, was developed to improve the performance of cripple walls in 

the event of an earthquake (FEMA, 2019). Within the experimental program presented in this 

dissertation, the seismic performance of existing and retrofitted cripple wall-only assemblies was 

investigated through simulated seismic loading. In addition, the testing program compared the 

performance of additional variables, namely: exterior finish materials, cripple wall height, 

boundary conditions, anchorage condition, axial load, and load protocol. As part of the PEER-

CEA project, testing of three-dimensional, cripple wall-first story assemblies (large-component 

tests) were conducted at UC Berkeley to: (1) support the realistic design of  two-dimensional, 

cripple wall-only specimens (small-component tests) that may capture the response of large-

component specimens; and (2) to qualitatively determine where the small-component tests fall in 
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the range of lower- to upper-bound estimation of strength and deformation capacity for the 

purposes of numerical modelling. The most notable conclusions from this unique test series 

include the following: 

Performance of Existing Specimens: 

• The response of the unretrofitted specimens with the wet finish was dominated by 

the detachment of stucco from the furring nails, which precipitated at the sill-

framing connection. In contrast, the response of the dry finished existing specimen 

was dominated by the behavior of nailing of the dry finish material. Although this 

damage precipitated at the lower regions of the wall, it tended to be more distributed 

across the wall face and wall ends; 

• Horizontal siding was by far the weakest finish material tested. For existing 2-ft-

tall cripple walls, its strength was around 30% of the lateral strength of the next 

weakest existing 2-ft-tall specimen, which was finished with stucco over framing. 

The existing 6-ft-tall specimen had around 55% of the capacity of the 2-ft-tall 

specimen. Compared with the other 6-ft-tall specimens, the cripple wall with the 

horizontal siding finish had 25% of the capacity of the T1-11 finished specimen 

and 15% of the capacity of the stucco over framing finished specimen; 

• The finish with horizonal siding over diagonal sheathing was the strongest exterior 

finish tested amongst all dry and wet finished specimens. This exterior finish was 

40% stronger than the stucco over diagonal sheathing exterior finish. Both 

specimens had push loading strength within 10% of the other, but the horizontal 

siding over diagonal sheathing specimen was 75% stronger in the pull loading 

direction. The stucco over diagonal sheathing specimen was around 10% stronger 
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in the push loading direction, which would not have been expected due to the 

orientation of the sheathing boards. However, the finish materials were not able to 

achieve full strength due to a large cross-grain crack propagating across the entire 

sill plate that resulted in a loss of strength; 

•  Amongst all the existing 2-ft-tall specimens, the strengths of stucco over framing, 

T1-11 wood structural panels and stucco over horizontal sheathing specimens were 

within 5% of each other, with an average of about 550 plf; and 

• In terms of the relative displacement response, the existing wet specimens attained 

strength at lower drift amplitudes than the existing dry finished specimens, between 

1.1% to 2.5% relative drift versus 4.0% to 5.2% relative drift, respectively. 

Performance of Retrofitted Specimens: 

• All cripple walls retrofitted according to the FEMA P-1100 guidelines showed 

increased strength, stiffness, and energy dissipation for all tested cripple walls, 

irrespective of an existing condition or wet or dry finishes. In many cases, the 

retrofit increased the drift capacity of the cripple wall; 

• The largest increase in lateral strength was observed for those retrofitted specimens 

with a horizontal siding finish. The retrofitted 2-ft-tall specimen was almost ten 

times as strong as the comparably finished existing specimen, and the retrofitted 6-

ft-tall specimen was almost twenty times as strong as the existing specimen; 

• Besides the horizontal siding specimens, the wet finished retrofitted specimens saw 

the largest increases in strength, on average between 115% and 260%. The stucco 

finished specimen retrofitted 2-ft-tall increased in strength about 230%, and the 



 
168 

stucco horizontal sheathing finished 2-ft-tall specimen increased in strength by 

around 260%; and 

• The drift capacity increased the most for the stucco over framing finished retrofitted 

specimens. For the 2-ft-tall cripple walls, the drift at strength increased from 1.3% 

to 4.8% relative drift ratio, and the relative drift ratio at 40% post-peak strength 

increased from 4.6% to 9.3%. For the 6-ft-tall specimens, the relative drift ratio at 

strength increased from 1.1% to 2.9%, and the relative drift ratio at 40% post-peak 

strength increased from 5.0% to 7.1%. 

Comparisons with Large-Component Testing: 

• The lateral strength (peak capacity) of the unretrofitted large-component specimen 

(AL-1) was significantly higher than that of the small-component specimens. This 

is largely attributed to a combination of the continuity of the stucco from the cripple 

wall to the first floor, the excellent construction quality of the bond between the 

stucco and the foundation, and the continuity of the stucco around the entire large-

component specimen. Therefore, the large-component specimen is viewed as 

representing a high but achievable upper bound of lateral strength;   

• The lateral strength of the retrofitted small- and large-component specimens was 

quite similar. This may be due in part to detailing of the large-component specimen 

retrofit plywood, which may have prevented the retrofit sheathing from achieving 

full capacity; and  

• The drift at lateral strength for unretrofitted specimens varied notably, with the 

drifts of the small-component specimens being larger than that of the large-
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component specimen. Significant uplift at the ends of the small-component 

specimens may be one source of the larger drift. This uplift may have been 

suppressed for the large-component specimens due to the size of these specimens 

and presence of the upper floors. Another source of the discrepancy might be due 

to the plywood panels in the small-component tests being free to move upward, i.e., 

free from partial constraint against rotation and uplift as opposed to the large-

component tests. Lastly, a slip plane developed between the top plates of the large-

component test, which did not occur with the small-component tests due to the 

presence of through bolts extending from the load transfer system through the top 

plates thus preventing any slip from occurring. 

While it is essential to quantify the hysteretic behavior and other measurement pertaining 

to the lateral force – lateral displacement response of a cripple wall, these performance factors 

need to be related to the physically observed damage of the cripple wall as they evolved under 

simulated seismic loading. Correlating the structural capacity and residual drift of these 

experiments to repair triggers used for dwellings damaged by seismic events allows for damage 

states to be defined based on imposed displacements. Finally, these damage observations may be 

used to develop probabilistic component-level damage fragility functions for cripple wall 

dwellings. 
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CHAPTER 4  

SMALL COMPONENT TESTING PROGRAM: 

CORRELATION BETWEEN MEASURED 

RESPONSE AND PHYSICAL DAMAGE  

4.1 OVERVIEW 

This Chapter presents important differences in the physical damage characteristics 

observed amongst the exterior finishes tested as they evolved during simulated seismic loading. 

Following the documentation of the evolution of damage, the damage states for each cripple wall 

are defined based on both the retrofit condition and the exterior finish type. With the damage states 

defined, the associated transient drifts as measured are correlated to each damage state. Finally, a 

discussion of how damage fragility functions may be developed based on the physical damage 

observations is described. 

Tracking the physical damage of cripple walls is important in assessing the structural 

integrity of a cripple wall after a seismic event. Stucco cracking, stucco detachment from 

sheathing/framing, and sheathing nail withdrawal/rotations were consistently observed for wet 

finished specimens. In contrast, finish nail and plywood withdrawal/rotation, plywood panel 

tearing, and finish rotation were observed for dry finished specimens. Rotations as well as uplift 

and splitting of framing members were observed consistently for all specimens, regardless of finish 
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type, though the severity of this type of damage varied. For retrofitted specimens, plywood nail 

withdrawal/pull through/rotation, panel tearing/crushing, and panel rotation were observed. The 

ability to relate the physical damage of a cripple wall to its lateral strength is key in determining 

what repairs are required to fix the aesthetic and structural elements of a cripple wall and the 

superstructure. To this end, this chapter is divided into sections based on the differences in 

observed damage at key drift ratios throughout the tests. There are three observed damage levels 

reported on in this chapter, namely: 1) service-level which range from 0% - 1.4% drift ratio, 2) 

design-level which occurs when the specimen reaches peak lateral strength, and 3) post-strength 

which indicates failure or near failure of the cripple wall.  

4.2 DAMAGE CHARACTERISTICS FROM 0.0% TO 1.4% DRIFT RATIO LEVEL 

(SERVICE-LEVEL DRIFT) 

Understanding the physical damage characteristics of cripple walls at low-level drift 

amplitudes as the damage accrues is critical. Smaller amplitude drift demands are of particular 

value to assess the cost of repair if the dwelling remains serviceable. To this end, the imposed drift 

ratio levels from the loading protocol of interest to the serviceability state are 0.2%, 0.4%, 0.6%, 

0.8%, and 1.4%. During these drift ratio levels, photographs of each specimen were taken at the 

initial push, the initial pull, and at the end of the displacement cycle. At the end of the displacement 

cycle, the cripple wall stands in its residual state with no lateral force acting upon it. Descriptions 

and images are provided for the 1.4% drift ratio level. 
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4.2.1 Up to and Including 1.4% Drift Ratio Level for Existing Cripple Walls 

Two-Foot-Tall Specimens 

The photographs in Figure 4.1 show the state of the wet finished retrofitted 2-ft-tall cripple 

walls at ± 1.4% drift ratio, while photographs in Figure 4.2 show the same for dry finished existing 

2-ft-tall specimens. It is noted that these photographs were taken while the specimen was held at 

the prescribed drift amplitude; positive and negative signs are included in the captions to 

differentiate between push and pull directions of loading. In addition, the specimen that each 

photograph is taken from is included in the caption. A comparison of all wet finished cripple walls 

indicates that by 1.4% drift ratio, cracking in the stucco had concentrated at the bottom of both 

corners of the cripple wall in its end wall regions, see Figure 4.1(a). This cracking concentration 

was due to the bearing of the stucco on the foundation at the ends. In addition, due to the bearing 

of the stucco on the foundation, spalling of the stucco occurred at the base of the corners, as shown 

in Figure 4.1(c). In many cases, vertical cracks had propagated on the exterior face of the stucco, 

see Figure 4.1(b). In general, vertical cracks along the face of the wet finished specimen were 

minimal. Small displacements of the finish materials relative to the foundation occurred, which 

was due to both the sill plate displacing relative to the foundation as well as the stucco displacing 

relative to the foundation. These displacements were typically between 1/8 in. and 1/4 in. for all 

wet finished specimens, see Figure 4.1(f). At the top of the cripple walls, no displacement of the 

stucco and finish materials relative to the framing occurred, see Figure 4.1 (e). 

For the dry finished specimens at 1.4% drift ratio, the cripple walls containing horizontal 

siding had little to no observable damage, see Figures 4.2(a)-(d). Common observations included 

wrinkling of the building paper and small rotations of the studs, see Figures 4.2(b) and (c), 

respectively. The horizontal siding boards and diagonal sheathing boards had little visible 
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displacement and no visible cracking. For the T1-11 finished cripple walls, observable rotation of 

the panels (see Figure 4.2(e)) and displacement of the trim boards occurred, see Figure 4.2(f). At 

the panel overlaps of the T1-11 finished cripple walls, only the overlying panels were fastened to 

the framing while the underlying panels were sandwiched between the overlying panel and the 

framing. Therefore, even at small displacement amplitudes, panel rotation was observed. Overall, 

the extent of visible damage for the dry finished specimens was minor in contrast to that of the wet 

finished specimens at similar drift levels. 

  

(a) (b) 

Figure 4.1 Damage state of the wet finished existing 2-ft-tall specimens at 1.4% drift ratio, 

positive and negative drift values are noted: (a) south exterior end of Specimen A-17 

at -1.4% drift ratio; (b) middle exterior of Specimen A-17 at -1.4% drift ratio; (c) 

bottom of north-end exterior corner of Specimen A-22 at -1.4% drift ratio; (d) bottom 

of middle interior of Specimen A-22 at -1.4% drift ratio; (e) top of middle exterior of 

Specimen A-15 at +1.4% drift ratio; and (f) bottom of middle exterior of Specimen A-

15 at +1.4% drift ratio. 

  

Stucco cracks 

Stucco crack 



 
176 

 
 

(c) (d) 

  

(e) (f) 

Figure 4.1         Damage state of the wet finished existing 2-ft-tall specimens at 1.4% drift ratio, (continued).  
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(a) (b) 

  

(c) (d) 

Figure 4.2 Damage state of the dry finished existing 2-ft-tall specimens at 1.4% drift ratio, 

positive and negative drift values are noted: (a) middle exterior of Specimen A-7 at -

1.4% drift ratio; (b) south end interior of Specimen A-7 at -1.4% drift ratio; (c) 

bottom of middle interior of Specimen A-9 at +1.4% drift ratio; (d) south-end of 

interior of Specimen A-9 at +1.4% drift ratio; (e) top of middle exterior of Specimen 

A-11 at +1.4% drift ratio; and (f) top of north exterior corner of Specimen A-9 at 

+1.4% drift ratio. 
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(e) (f) 

Figure 4.2 Damage state of the dry finished existing 2-ft-tall specimens at 1.4% drift ratio, (continued). 

 

Six-Foot-Tall Specimens 

The photographs in Figure 4.3 show the state of the wet finished existing 6-ft-tall cripple 

walls at ± 1.4% drift ratio, and photographs in Figure 4.4 show the dry finished existing 6-ft-tall 

specimens at the same drift ratio. Only one wet finished existing 6-ft-tall cripple wall with stucco 

over framing was tested (Specimen A-25). There was much more extensive damage to the wet 

finished retrofitted 6-ft-tall specimen compared to the wet finished existing 2-ft-tall specimens. 

This was primarily due to the imposed displacement on the 6-ft-tall wall being three times as much 

compared to the 2-ft-tall walls. 

In Figure 4.3(a), several cracks had propagated along the face of the stucco. There was a 

heavy concentration of vertical cracks at both ends of the stucco face, which propagated from the 

bottom and extended over half of the height of the specimen, see Figures 4.3(b) and (c). These 

cracks were a result of the stucco detaching from the framing at the sill plate and bottom of the 

studs. In addition, diagonal cracks formed at both ends of the cripple wall that extended to the 
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middle of the specimen, which was not observed with the 2-ft-tall specimens. As with the 2-ft-tall 

specimens, a dense concentration of cracking and some spalling of the stucco at the bottom of the 

corners on both sides of the specimen was visible, which was due to the bearing of the stucco on 

the foundation at these locations, see Figure 4.3(d). Along the interior, the studs had not only 

rotated but displaced as much as 1/4 in., see Figure 4.3(e). It should be noted that Specimen A-23 

reached strength at 1.4% drift ratio. 

Two dry finished existing 6-ft-tall specimens were tested; one was finished with horizontal 

siding over framing (Specimen A-13), and the other was finished with T1-11 wood structural 

panels (Specimen A-23). As with the horizontal siding finished 2-ft-tall specimen, there was little 

observable damage, see Figure 4.4(d). Small displacements of the siding boards relative to each 

other occurred (see Figure 4.4(c)) as well as small rotations of the studs, see Figure 4.4(a). The 

displacement and rotation of the studs was much less pronounced for the horizontal siding finished 

specimen compared to the wet finished specimen, which was primarily due to the decreased load 

being carried by the horizontal siding finished specimen. The damage characteristics of the T1-11 

finished cripple wall were similar regardless of cripple wall height, but they were more pronounced 

with the taller specimen due to the increased imposed displacement. Most notably was the 

increased rotation of the T1-11 panels and rotation of the fasteners at the top and bottom of the 

specimen, see Figures 4.4(b) and (f). Uplift of the corner studs and the finish at the corners occurred 

at the ends of the T1-11 finished specimen, see Figure 4.4(e). The amount of uplift observed for 

the T1-11 finished specimen corner studs was similar to that of the stucco finished specimens, 

around 1/4 in., see Figure 4.3(e). 
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(a) 

  

(b) (c) 

Figure 4.3 Damage state of the wet finished existing 6-ft-tall specimens at 1.4% drift ratio, 

positive and negative drift values are noted: (a) exterior elevation of Specimen A-25 at 

-1.4% drift ratio; (b) north-end exterior corner of Specimen A-25 at -1.4% drift ratio; 

(c) south-end exterior corner of Specimen A-25 at -1.4% drift ratio; (d) bottom of 

south-end exterior corner of Specimen A-25 at -1.4% drift ratio; and (e) bottom of 

middle interior of Specimen A-25 at -1.4% drift ratio. 
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(d) (e) 

Figure 4.3          Damage state of the wet finished existing 6-ft-tall specimens at 1.4% drift ratio, (continued). 

 

  

(a) (b) 

Figure 4.4 Damage state of the dry finished existing 6-ft-tall specimens at 1.4% drift ratio, 

positive and negative drift values are noted: (a) bottom middle interior of Specimen 

A-13 at +1.4% drift ratio; (b) bottom middle exterior of Specimen A-23 (south and 

middle panels) at -1.4% drift ratio; (c) middle exterior of Specimen A-13 at +1.4% 

drift ratio; (d) north-end exterior of Specimen A-13 at +1.4% drift ratio; (e) bottom of 

south-end interior of Specimen A-23 corner view at +1.4% drift ratio; and (f) top 

middle exterior of Specimen A-23 (south and middle panels) at +1.4% drift ratio. 
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(c) (d) 

  

(e) (f) 

Figure 4.4 Damage state of the dry finished existing 6-ft-tall specimens at 1.4% drift ratio, (continued). 
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4.2.2 Up to and Including 1.4% Drift Ratio Level for Retrofitted Cripple Walls 

Two-Foot-Tall Specimens 

The photographs in Figure 4.5 show the state of wet finished retrofitted 2-ft-tall cripple 

walls at ±1.4% drift ratio, and Figure 4.6 shows the dry finished retrofitted 2-ft-tall specimens at 

the same drift ratio. A comparison of these photographs indicates that the damage characteristics 

of the retrofitted components of cripple walls were similar for both wet and dry specimens (i.e., 

the plywood panelling and its nailing). The damage at 1.4% drift ratio can be characterized by 

small rotations and uplift of the plywood panels and insipient nail withdrawal/pull through, see 

Figures 4.5(a) and (b). The cracking patterns in the stucco along the face of the retrofitted wet 

specimens were more pronounced compared to the existing wet specimens, see Figure 4.5(c). The 

concentration of cracking at the corners due to the bearing of the stucco on the foundation was 

similar (see Figure 4.5(d)), but in general there was no spalling of the stucco at this displacement 

amplitude that was observed with the existing specimens. As with the existing wet finish 

specimens, displacements of the finish materials relative to the foundation occurred, which was 

due to both the sill plate and the stucco displacing relative to the foundation. These displacements 

were typically around 1/4 in. for all wet finished specimens. which was similar to that experienced 

by the existing specimens, see Figure 4.5(f). Unlike the existing specimens, there was around 1/8-

in. displacement of the stucco and finish materials at the top of the cripple walls relative to the 

framing, see Figure 4.5(e). 

For the dry finished 2-ft-tall specimens with horizontal siding, there was no visible damage 

to the exterior of the specimens, see Figure 4.6(c). This was the same as with the existing 

specimens. The retrofitted components displayed similar damage characteristics compared to the 

wet specimens, namely, small rotations of the plywood panels as well as insipient nail 
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withdrawal/pull through, see Figures 4.6(a) and (b). The T1-11 finished cripple walls experienced 

similar amounts of rotations of T1-11 panels as with the plywood panels used in all other retrofits. 

The rotations were considerably less than the existing T1-11 finished specimens due to the 

decreased edge nail spacing and an extra row of nails being added to the underlying panels at the 

overlaps, see Figures 4.6(e) and (f). Overall, at this displacement amplitude, there was little 

damage experienced by the finish materials, but more significant damage occurred to the retrofitted 

components. 

  

(a) (b) 

Figure 4.5 Damage state of the wet finished retrofitted 2-ft-tall specimens at 1.4% drift ratio, 

positive and negative drift values are noted: (a) bottom interior (north and middle 

panels) of Specimen A-18 at -1.4% drift ratio; (b) top interior (north and middle 

panels) of Specimen A-18 at -1.4% drift ratio; (c) middle exterior of Specimen A-18 at 

-1.4% drift ratio; (d) south-end exterior corner of Specimen A-19 at -1.4% drift ratio; 

(e) top of south-end exterior of Specimen A-19 at -1.4% drift ratio; and (f) bottom of 

south-end exterior of Specimen A-19 at -1.4% drift ratio. 
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(c) (d) 

  

(e) (f) 

Figure 4.5        Damage state of the wet finished retrofitted 2-ft-tall specimens at 1.4% drift ratio, (continued). 
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(a) (b) 

  

(c) (d) 

Figure 4.6 Damage state of the dry finished retrofitted 2-ft-tall specimens at 1.4% drift ratio, 

positive and negative drift values are noted: (a) bottom of north interior corner of 

Specimen A-8 at -1.4% drift ratio; (b) bottom interior (middle and south panels) of 

Specimen A-8 at -1.4% drift ratio; (c) middle exterior of Specimen A-10 at -1.4% drift 

ratio; (d) bottom of north-end interior of Specimen A-10 at -1.4% drift ratio; (e) top 

middle interior of Specimen A-12 (north and middle panels) at +1.4% drift ratio; and 

(f) top middle interior of Specimen A-12 (south and middle panels) at +1.4% drift 

ratio. 
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(e) (f) 

Figure 4.6        Damage state of the dry finished retrofitted 2-ft-tall specimens at 1.4% drift ratio, (continued). 

 

Six-Foot-Tall Specimens 

The photographs in Figure 4.7 show the state of the wet finished retrofitted 6-ft-tall cripple 

walls at ±1.4% drift ratio, and photographs in Figure 4.8 show the same for dry finished retrofitted 

6-ft-tall specimens. As with the wet finished existing 6-ft-tall specimens, only one 6-ft-tall cripple 

wall was tested (Specimen A-26). At both corners, vertical cracks had propagated at the base due 

to the bearing of the stucco on the foundation. This also caused some of the stucco to spall off at 

these locations, see Figures 4.7(a) and (b). The same diagonal cracking pattern at the corners 

occurred as with the existing specimen. In Figure 4.7(b), a vertical crack had begun to open, 

indicating that the stucco had partially detached from the furring nails at the sill plate and the 

bottom of the studs. It was evident that the stucco had partially detached due to the out-of-plane 

displacement of the bottom of the stucco, which is shown by the gap forming between the face of 

the foundation and the stucco, see Figure 4.7(a). On the interior, the panels had begun to rotate, 

see Figures 4.7(c)–(e). The fasteners had rotated in many locations, especially at the base of the 

cripple wall, see Figure 4.7(d). At the top of the cripple wall, fasteners tended to withdraw from 
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the framing, see Figure 4.7(e). Unlike the retrofitted 2-ft-tall specimens, a more definitive pattern 

was observed as to whether the nails would withdraw from the framing or pull through the 

plywood. At the top, the nails would withdraw, and at the bottom the nails would pull through. At 

the bottom corners, the plywood was bearing on the sill plate and end studs, showing incipient 

crushing of the panels, see Figure 4.7(f). 

As with all horizontal siding finished cripple walls, there was no observable damage to the 

siding boards at 1.4% drift ratio. Most notable were the small displacements of the siding boards 

relative to each other, which was around the same magnitude as the existing specimen, see Figure 

4.8(c). The damage characteristics of the retrofit materials were similar for both the wet and dry 

finished specimens, namely, small rotation of the plywood panels and insipient nail 

withdrawal/pull through of the fasteners attaching the plywood to the framing, see Figure 4.8(a) 

and (b). Splitting of blocking was observed for the horizontal siding finished specimen, which was 

a common occurrence for all retrofitted specimens, regardless of height or finish materials, see 

Figure 4.8(b). 

For the retrofitted 6-ft-tall cripple wall finished with T1-11 wood structural panels, there 

was observable bending of the sill plate in the middle of the span (see Figure 4.8 (d)) as well as 

around 1/4-in. uplift of the studs, see Figure 4.8(e). The uplift was more pronounced for the T1-11 

finished specimen than all other retrofitted 6-ft-tall specimens because it was the only specimen 

that was not retrofitted with hold-downs at both ends of the wall. Along the exterior face, the 

rotation of the T1-11 panels was more significant compared to the T1-11 finished retrofitted 2-ft-

tall specimen but significantly less compared to the existing 6-ft-tall specimen, see Figure 4.8(f). 

This was due to the increased imposed displacement on the 6-ft-tall specimens, which increased 
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the panel rotation, and the denser nailing arrangement of the retrofit, which decreased the panel 

rotation).  

 

  

(a) (b) 

Figure 4.7 Damage state of the wet finished retrofitted 6-ft-tall specimens at 1.4% drift ratio, 

positive and negative drift values are noted: (a) bottom of south-end exterior corner 

of Specimen A-26 at -1.4% drift ratio; (b) bottom of north-end exterior corner of 

Specimen A-26 at -1.4% drift ratio; (c) bottom interior of Specimen A-26 (south and 

middle panels) at -1.4% drift ratio; (d) bottom of south-end interior of Specimen A-26 

at -1.4% drift ratio; (e) top interior of Specimen A-26 (north and middle panels); and 

(f) bottom of north-end corner of Specimen A-26 at -1.4% drift ratio. 
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(c) (d) 

  

(e) (f) 

Figure 4.7         Damage state of the wet finished retrofitted 6-ft-tall specimens at 1.4% drift ratio (continued). 
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(a) (b) 

  

(c) (d) 

Figure 4.8 Damage state of the dry finished retrofitted 6-ft-tall specimens at 1.4% drift ratio, 

positive and negative drift values are noted: (a) bottom middle interior Specimen A-

14 (north and middle panels) at -1.4% drift ratio; (b) bottom of north-end interior of 

Specimen A-14 at -1.4% drift ratio; (c) middle exterior of Specimen A-14 at -1.4% 

drift ratio; (d) bottom of interior of Specimen A-24 at 1.4% drift ratio; (e) bottom of 

interior of Specimen A-24 at -1.4% drift ratio; and (f) bottom of middle exterior 

Specimen A-24 (south and middle panels) at -1.4% drift ratio. 

Nail 
withdrawal 

Panel rotation Split in blocking 

Incipient nail pull through 

Sill plate bending 

Small displacement 
between siding boards 



 
192 

  

(e) (f) 

Figure 4.8        Damage state of the dry finished retrofitted 6-ft-tall specimens at 1.4% drift ratio, (continued). 

 

4.3 DAMAGE CHARACTERISTICS AT LATERAL STRENGTH 

A key damage state consistently discussed in prior analysis of individual specimens is when 

the lateral strength of the cripple wall is attained. To this end, the patterns of damage features at 

lateral strength for cripple walls with various finish specimen types are in this section. Examination 

of the damage states at this level provides insight into the failure mechanism of a cripple wall. All 

lateral strengths for the existing dry finished specimens occurred across a wide range of drift levels, 

namely between 2.0-–12.0% global drift ratio and 2.0–2% relative drift ratio. For the existing wet 

finished specimens, lateral strength was achieved between 1.4–5.0% global drift ratio and 1.0–

2.5% relative drift ratio. The range for the dry finished retrofitted specimens were 2.0–8.0% global 

drift ratio and 2.0–6.4% relative drift ratio, and for the wet finished retrofitted specimens, 2.0–

8.0% global drift ratio and 2.1–5.3% relative drift ratio. 
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4.3.1 Lateral Strength of Existing Cripple Walls 

Two-Foot-Tall Specimens 

Figure 4.9 shows observable damage at lateral strength for the wet finished existing 2-ft-

tall cripple walls, and Figure 4.10 shows the observable damage for the dry finished existing 2-ft-

tall cripple walls. The drift ratio values and specimen names for each of the photographs are given 

in the captions. For all wet finished specimens, the stucco detached from the sill plate and the 

bottom of the studs at strength, leading to a loss in strength in subsequent drift cycles, see Figures 

4.9(d) and (e). Cracking on the face of the stucco and end walls propagated up the wall height for 

all wet specimens as the stucco detached from the furring nails progressed, see Figure 4.9(c). The 

cracks at the ends of the specimens propagated along the entire height of the cripple wall. 

Typically, the cracks were vertical at the base where the stucco was bearing on the foundation and 

diagonal along the rest of the height due to the imposed displacement. For the stucco over diagonal 

sheathing specimen, cross-grain sill plate cracks formed at both ends of the wall, see Figure 4.9(a). 

The cracking of the sill plate occurred due to the uplift of the diagonal sheathing boards when the 

cripple wall was being loaded in the push direction. In the pull loading direction, the gaps between 

the diagonal sheathing boards had nearly all closed at strength for both specimens, see Figure 

4.9(b). At the bottom of the specimens, increased displacement of the finish materials relative to 

the foundation occurred, which was due to both the displacement of the sill plate relative to the 

foundation and the finish materials relative to the sill plate. This displacement was between 3/8 

and 1/2 in. for all wet finished existing 2-ft-tall specimens. 

For the dry specimens at strength, there was little visible damage to the horizontal siding 

finished specimens. The most notable observation was the development of a ~1/4-in. displacement 

between the siding boards, see Figure 4.10(e). In addition, tearing of the building paper at the 
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location of the studs occurred along the interior of the specimen, see Figure 4.10(f). The damage 

characteristics along the interior for the horizontal siding over diagonal sheathing specimen was 

similar to that which occurred for the stucco over diagonal sheathing specimen. Cross-grain sill 

plate cracks developed at both ends of the wall (see Figure 4.10(a)), and the gaps between the 

sheathing boards closed, see Figure 4.10(b). Compared to the wet finished specimen, smaller gaps 

between the sheathing boards of the dry finished specimen occurred, which was a result of the dry 

finished specimen reaching strength at a later displacement amplitude than the wet finished 

specimen. For the T1-11 finished cripple walls, the panel had rotated significantly (see Figure 

4.10(c)), and some of the nails had torn through the edges of the panels, see Figure 4.10(d). 

  

(a) (b) 

Figure 4.9 Damage state of the wet finished existing 2-ft-tall specimens at lateral strength. Drift 

values are noted: (a) bottom of north-end interior of Specimen A-15 at +5% drift 

ratio; (b) bottom of middle interior of Specimen A-15 at -4% drift ratio; (c) north-end 

exterior corner of Specimen A-17 at -3% drift ratio; (d) bottom of south-end corner of 

Specimen A-17 at -3% drift ratio; (e) bottom middle interior of Specimen A-22 at -2% 

drift ratio; and (f) bottom of north-end exterior of Specimen A-22 at -2% drift ratio. 
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(c) (d) 

  

(e) (f) 

Figure 4.9 Damage state of the wet finished existing 2-ft-tall specimens at lateral strength, (continued). 
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(a) (b) 

  

(c) (d) 

Figure 4.10 Damage state of the dry finished existing 2-ft-tall specimens at lateral strength. Drift 

values are noted: (a) bottom of south-end interior of Specimen A-9 at -10% drift 

ratio; (b) middle interior of Specimen A-9 at -10% drift ratio; (c) middle exterior of 

Specimen A-11 at -5% drift ratio; (d) bottom of middle exterior (south and middle 

panel) of Specimen A-11 at -5% drift ratio; (e) south-end exterior of Specimen A-7 at 

-4% drift ratio; and (f) north-end interior of Specimen A-7 at -4% drift ratio. 
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(e) (f) 

Figure 4.10 Damage state of the dry finished existing 2-ft-tall specimens at lateral strength, (continued).  

 

Six-Foot-Tall Specimens 

Figure 4.11 shows that damage at lateral strength for the existing 6-ft-tall wet finished 

cripple walls, and Figure 4.12 shows the damage at lateral strength for the existing 6-ft-tall dry 

finished cripple walls. Only one existing 6-ft-tall wet finished specimen with stucco over framing 

was tested (Specimen A-25). At strength, large diagonal cracks extended across the exterior face 

of the specimen, see Figure 4.11(a). The crack openings were largest where the vertical cracks had 

formed at the bottom of the wall and then propagated upward at both ends of the specimen. These 

crack openings indicated the stucco had detached from the furring nails at the sill plate and bottom 

of the studs. The detachment of the stucco from the sill plate can be seen from the interior in Figure 

4.11(c). Heavy spalling of the stucco occurred at both corners, which was primarily due to the 
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corners bearing on the foundation, see Figure 4.11(d). Visible bending of the studs along the 

interior of the wall occurred, which had not occurred with any of the 2-ft-tall cripple walls (Figure 

4.11(b)) due to the increased height causes the failure to more flexure dominated than shear 

dominated. 

Lateral strength for the existing 6-ft-tall cripple wall finished with horizontal siding was 

achieved at -11% and +12% drift ratio, which was by far the largest drift amplitude achieved 

compared to any of the cripple walls tested. By comparison, the existing 6-ft-tall cripple wall 

finished with T1-11 achieved strength at -2% and +3% drift ratio. In addition, Specimen A-13 had 

the lowest peak load of any of the cripple walls tested. There was little damage to both the interior 

and exterior face of the cripple wall at strength. Figure 4.12(a) shows the north-end corner of the 

exterior of Specimen A-13. No cracking of the siding boards or trim boards occurred, although. 

There was around 1/2 in. of displacement between each of the siding boards, see Figure 4.12(c). 

Significant rotation of the studs along the interior occurred, see Figure 4.12(b). Due to the low 

strength of the cripple wall, little uplift occurred. 

The horizontal siding specimen exhibited the least amount of damage at strength of any of 

the specimens tested. The T1-11 finished existing 6-ft-tall cripple wall accumulated significant 

damage. Figure 4.12(d) shows the panels pulling away from the sill plate, with the largest gap 

formed at the panel overlap where the underlying panel did not have any nails on that edge. The 

sill plate shows less uplift and rotation than in previous displacement cycles due to the reduced 

amount of nailing attaching the sill plate to panels, i.e., the nails pulling through the panel at the 

sill plate. At the corners, the studs uplifted 1/4 in. from the sill plate, which had not experienced 

any increase compared with the state of the specimen at 1.4% drift ratio, see Figure 4.12(f). This 

is more uplift compared to that experienced by the horizontal siding finished specimen, and the 
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mechanism is similar that experienced by the stucco finished specimen. Along the overlap joints 

of the T1-11 panels, the underlying panel displaced relative to the overlying panel due to the 

confinement of the overlying panel on the underlying panel being primary source of resistance to 

displacement of the underlying panel. Thus, significant rotations of the panels occurred, and the 

mechanism was similar to that of the existing 2-ft-tall specimen at strength, see Figure 4.12(e). 

 

 

(a) 

Figure 4.11 Damage state of the wet finished existing 6-ft-tall specimens at lateral strength. Drift 

values are noted: (a) exterior elevation of Specimen A-23 at -1.4% drift ratio; (b) 

interior elevation of Specimen A-23 at -1.4% drift ratio; (c) bottom of middle interior 

of Specimen A-25 at -1.4% drift ratio; and (d) bottom of south-end corner of 

Specimen A-25 at -1.4% drift ratio. 
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(b) 

 

  

(c) (d) 

Figure 4.11 Damage state of the wet finished existing 6-ft-tall specimens at lateral strength, (continued).  
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(a) (b) 

  

(c) (d) 

Figure 4.12 Damage state of the dry finished existing 6-ft-tall specimens at lateral strength. Drift 

values are noted: (a) north-end exterior of Specimen A-13 at +11% drift ratio; (b) 

bottom of middle interior of Specimen A-13 at +12% drift ratio; (c) middle exterior of 

Specimen A-13 at -12% drift ratio; (d) bottom of north-end exterior of Specimen A-23 

corner at -2% drift ratio; (e) middle exterior of Specimen A-23 at +3% drift ratio; 

and (f) bottom of north-end interior of Specimen A-23 at +3% drift. 
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(e) (f) 

Figure 4.12 Damage state of the dry finished existing 6-ft-tall specimens at lateral strength, (continued). 

 

4.3.2 Lateral Strength of Retrofitted Cripple Walls 

Two-Foot-Tall Specimens 

Figure 4.13 shows damage incurred at lateral strength for the wet finished retrofitted 2-ft-

tall cripple walls, and Figure 4.14 shows the same for the dry finished retrofitted 2-ft-tall cripple 

walls. Near the corners of the exterior face of the specimen, vertical cracks propagated up the entire 

height of the wall, see Figure 4.13(a). In addition, the vertical cracks at the bottom of the wall had 

opened up significantly, see Figure 4.13(b). This response was like that experienced by the 

retrofitted specimens, indicating that the stucco had detached from the sill plate and bottom of the 

studs. The observed damage along the interior was manifested by plywood uplift and rotation, see 

Figures 4.13(c), (d), and (e). Many of the nails fastening the panels to the framing had rotated, and 

some had torn through the plywood panel, see Figure 4.13(f). In addition, splitting of some of the 

blocking attaching the plywood to the framing occurred, see Figure 4.13(e). The location of the 

1/4-in. uplift of end studs 
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split blocks was concentrated towards the ends of the specimens for all retrofitted cripple wall 

tested. The corner studs had uplifted roughly around 1/4 in. at the ends, which was a common 

occurrence for all retrofitted 2-ft-tall cripple walls. 

For the retrofitted 2-ft-tall cripple wall with dry exterior finishes containing plywood, the 

damage characteristic to the retrofitted materials was similar to that of the wet finished 2-ft-tall 

specimens. There was rotation and uplift of the plywood panels, see Figures 4.14(a), (b), and (e). 

Many of the nails had rotated heavily, withdrawn from the framing, pulled through the framing, 

or tore through the edges of the plywood, see Figures 4.14(a) and (b). The horizontal siding over 

diagonal sheathing finished cripple wall experienced the most significant damage. Several of the 

anchor bolts were bent, see Figure 4.14(f). Splitting and uplifting of the blocking used to attach 

the sill plate to the framing was observed in many of the specimens as well, see Figure 4.14(e). 

The stucco over diagonal sheathing retrofit experienced similar damage. The specimens containing 

diagonal sheathing experienced the most damage to both the framing and the retrofit materials. 

This was due to the large loads experienced by these specimens resulting in both fractured anchor 

bolts and cross-grain sill splits. In addition, the diagonal sheathing specimens had the most uplift 

of any of the 2-ft-tall cripple walls tested. For the T1-11 finished cripple walls, the T1-11 panels 

rotated significantly when the specimen reached strength, and many of the nails in the grooves had 

pulled through the panels, and the nails fastened to the thicker sections of the panels had rotated 

significantly, see Figures 4.14(c) and (d). The amount of rotation was less for the T1-11 finished 

retrofitted 2-ft-tall specimen than the that of the existing specimen due to the denser nail spacing. 
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(a) (b) 

  

(c) (d) 

Figure 4.13 Damage state of the wet finished retrofitted 2-ft-tall specimens at lateral strength. 

Drift values are noted: (a) south-end exterior corner of Specimen A-19 at +8% drift 

ratio; (b) north-end exterior of Specimen A-19 at +8% drift ratio; (c) bottom interior 

(south and middle panels) of Specimen A-16 at -5% drift ratio; (d) bottom of south-

end interior of Specimen A-16 at -5% drift ratio; (e) bottom of south-end interior 

Specimen A-19 at +8% drift ratio; and (f) bottom of north-end interior Specimen A-

19 at +8% drift ratio. 
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(e) (f) 

Figure 4.13       Damage state of the wet finished retrofitted 2-ft-tall specimens at lateral strength, (continued). 

 

  

(a) (b) 

Figure 4.14 Damage state of the dry finished retrofitted 2-ft-tall specimens at lateral strength. 

Drift values are noted: (a) bottom of north-end interior of Specimen A-8 at +8% drift 

ratio; (b) bottom of middle interior of Specimen A-8 (north and middle panels) at 

+8% drift ratio; (c) top of south-end interior of Specimen A-12 at +7% drift ratio; (d) 

top of middle exterior of Specimen A-12 (north and middle panel) at +7% drift ratio; 

(e) bottom of south-end interior of Specimen A-10 at -8% drift ratio; and (f) bottom 

of middle interior of Specimen A-10 at -8% drift ratio. 
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(c) (d) 

  

(e) (f) 

Figure 4.14       Damage state of the dry finished retrofitted 2-ft-tall specimens at lateral strength, (continued). 

 

Six-Foot-Tall Specimens 

For the retrofitted 6-ft-tall cripple wall with horizontal siding, the plywood panels detached 

at many locations, which were typically concentrated towards one side or the top, see Figure 

4.16(a). The nails remained fastened to the blocking at the sill plate, which caused the blocking to 

uplift, see Figure 4.16(b). The nails pulled through the plywood at the top instead of the bottom of 
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the cripple wall because the top plates are more restrained than the blocking attached to the sill 

plate. Once the plywood panels had lost their attachment at the top, the cripple wall lost capacity. 

Intrinsic to a taller wall is increased flexure. This is shown by the detachment of the corner studs 

added for plywood attachment at the top of the cripple wall and not the bottom, see Figure 4.16(c). 

Not only was there uplift of the blocking, but the sill plate experienced 3/8-in. uplift at lateral 

strength, which was less than that experienced by the stucco finished specimen. 

On the exterior face of the cripple wall, cracks formed on the upper siding boards at the 

corners. The corner trim boards remained uncracked. For the retrofitted 6-ft-tall specimen with 

T1-11 wood structural panels, extensive uplift of the studs occurred throughout the span as well 

as at the corner studs, see Figures 4.16(d) and (e). The increased uplift compared with other 

retrofitted 6-ft-tall cripple walls was due to the absence of hold-downs at the ends of the specimen. 

The cross-grain cracks in the sill plate at the ends of the wall continued to increase in size and 

length, see Figure 4.16(e). The sill plate remained resting on the foundation along the interior face 

of the wall while it rotated and uplifted on the exterior face of the wall due to the rotation of the 

T1-11 panels. From the finish face, the nails fastened to the 5/8-in.-thick T1-11 panels were 

rotated, while the nails at the overlaps of the panels had started to pull through the panels, see 

Figure 4.16(f). A similar mechanism occurred with the retrofitted 2-ft-tall cripple wall with T1-11 

wood structural panels. 
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(a) (b) 

Figure 4.15 Damage state of the wet finished retrofitted 6-ft-tall specimens at lateral strength. 

Drift values are noted: (a) bottom of south-end exterior corner of Specimen A-26 at -

3% drift ratio; (b) bottom of north-end exterior corner of Specimen A-26 at -3% drift 

ratio; (c) bottom of south-end interior of Specimen A-26 at +3% drift ratio; (d) 

bottom of north-end interior corner Specimen A-26 at -3% drift ratio; (e) top interior 

of Specimen A-26 at -3% drift ratio (north and middle panels); and (f) bottom of 

north-end interior Specimen A-26 at +3% drift ratio. 

 

 

 

Stucco 
cracking 

Cracked 
spalling Large crack 

opening 



 
209 

  

(c) (d) 

  

(e) (f) 

Figure 4.15       Damage state of the wet finished retrofitted 6-ft-tall specimens at lateral strength, (continued).  
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(a) (b) 

  

(c) (d) 

Figure 4.16 Damage state of the dry finished retrofitted 6-ft-tall specimens at lateral strength, 

drift values are noted: (a) top of north-end interior of Specimen A-14 at +5% drift 

ratio; (b) bottom of north-end interior of Specimen A-14 at -6% drift ratio; (c) top of 

north-end interior of Specimen A-14 at -6% drift; (d) bottom of exterior (south and 

middle panels) of Specimen A-24 at -3% drift ratio; (e) bottom of north-end interior 

Specimen A-24 at -2% drift ratio; and (f) bottom of exterior of Specimen A-24 (south 

and middle panels) at -2% drift ratio. 
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(e) (f) 

Figure 4.16       Damage state of the dry finished retrofitted 6-ft-tall specimens at lateral strength, (continued). 

 

 

4.4 DAMAGE CHARACTERISTICS POST-STRENGTH 

The damage state at 20% residual strength or an 80% reduction in strength post-peak is 

important in understanding the state of the cripple wall at failure. Not all cripple wall specimens 

observed a reduction following strength of 80% in load. Those cases will be noted in the following 

subsections. When an 80% loss of strength in the cripple wall occurred, the loading protocol called 

for a monotonic push to be imposed for the subsequent drift amplitude. At this point, sufficient 

residual strength characteristics had been defined for the wall. As such, this section documents the 

evolution of damage from the displacement level after peak strength had occurred to the 

displacement level that corresponded to an 80% drop in strength. 
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4.4.1 Post-Strength Performance of Existing Cripple Walls 

Two-Foot-Tall Specimens 

Figure 4.17 provides photographs of the post-strength wet finished retrofitted 2-ft-tall 

specimens at various drift amplitudes. Figure 4.18 provides the same photographs for the dry 

finished retrofitted 2-ft-tall specimens. The drift amplitudes, percent of post-strength, and 

specimen name are given in the caption. For all wet finished specimens, the stucco had detached 

from the framing up most of the height of the stud. In many instances, the only attachment 

remaining between the stucco and the framing was at the top plates. This can be seen by the large 

crack formed at the corner of the stucco over horizontal sheathing specimen shown in Figure 

4.17(d). At these large displacement amplitudes, the corner finishes had detached from the framing 

around the same distance as the stucco on the exterior face, see Figures 4.17(c), (d), and (f). For 

the stucco over framing finished cripple wall, there was little visible damage along the interior of 

the specimens, see Figure 4.17(e). All of the wet and dry finished specimens with diagonal 

sheathing had fractured anchor bolts and large cross-grain splits in the sill plate, see Figure 4.17(b) 

and Figure 4.18(a). The residual capacity for these cripple walls was nearly fully attributed to the 

frictional resistance between the sill plate and the foundation; therefore, most of the imposed 

displacement was seen as displacement of the sill plate relative to the foundation, see Figures 

4.17(a) and 4.18(b). The horizontal siding finished cripple wall showed little visible damage on 

both the interior and exterior face. As with these specimens at strength, the most notable 

observation was the displacement of the siding boards relative to each other, see Figure 4.18(e). In 

addition, the horizontal siding finished cripple wall had the smallest drop in load from peak of any 

specimen by the end of the cyclic portion of the test. For the T1-11 finished cripple walls, the 
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panels detached from the sill plate and for much of the height of the studs, which was similar to 

the stucco finished cripple walls, see Figures 4.18(c) and (d). 

 

   

(a) (b) 

Figure 4.17 Damage state of the wet finished 2-ft-tall retrofitted specimens at post-strength. Drift 

values are noted: (a) bottom of south-end exterior corner of Specimen A-15 at -13% 

drift ratio (70% post-strength reduction); (b) bottom of south-end interior of 

Specimen A-15 at +13% drift ratio (70% post-strength reduction); (c) top of south-

end interior of Specimen A-20 at -14% drift ratio (80% post-strength reduction); (d) 

south-end exterior corner of Specimen A-20 at -14% drift ratio (80% post-strength 

reduction); (e) north-end interior of Specimen A-17 at +8% drift ratio (80% post-

strength reduction); and (f) south-end interior of Specimen A-17 at +8% drift ratio 

(80% post-strength reduction). 
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(c) (d) 

  

(e) (f) 

Figure 4.17           Damage state of the wet finished 2-ft-tall retrofitted specimens at post-strength, (continued). 
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(a) (b) 

  

(c) (d) 

Figure 4.18 Damage state of the dry finished existing 2-ft-tall specimens at post-strength. Drift 

values are noted: (a) bottom of middle interior of Specimen A-9 at +12% drift ratio 

(80% post-strength reduction); (b) bottom of north-end interior Specimen A-9 at 

+12% drift ratio (80% post-strength reduction); (c) south-end exterior corner of 

Specimen A-11 at -9% drift ratio (80% post-strength reduction); (d) exterior view of 

wall looking south of Specimen A-11 at -9% drift ratio (80% post-strength 

reduction); (e) middle exterior of Specimen A-7 at -12% drift ratio (60% post-

strength reduction); and (f) south-end interior of Specimen A-7 at +11% drift ratio 

(60% post-strength reduction). 
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(e) (f) 

Figure 4.18     Damage state of the dry finished existing 2-ft-tall specimens at post-strength, (continued). 

 

Six-Foot-Tall Specimens 

Figure 4.19 provides photographs of the existing wet finished 6-ft-tall specimens at various 

drift amplitudes, post-strength. Figure 4.20 provides the same photographs for the dry finished 

existing 6-ft-tall specimens. The drop in strength for the existing 6-ft-tall specimen with stucco 

over framing finish occurred slightly earlier than the existing 2-ft-tall cripple walls with stucco, 

see Specimen A-17 and A-22. The damage characteristics were similar in many respects to the 

shorter cripple walls. The stucco finish had detached from most of the furring nails on the studs 

and remained only attached to the furring nails at the top plates and the top third of the studs. The 

large crack openings in the stucco at the corners are shown in Figures 4.19(a), (b), and (c). The 

stucco had fully detached from the bottom two-thirds of the corners at both ends of the specimen. 

Along the interior, the studs were bent, and one of the studs had fractured, see Figure 4.19(d). For 
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the 6-ft-tall specimen finished with T1-11 wood structural panels, the panels detached from the 

sill plate and then continued to detach up the studs. Eventually the detachment of the panels on the 

studs was extensive enough that the studs underlying panel had almost no contact with the 

overlying panel, see Figure 4.20(d). Most of the nails at the sill plate and near the base of the studs 

pulled through or torn through the edges of the T1-11 panels. Higher up on the wall, more nails 

remained attached to the panels and had pulled out from the framing. The rotation of the studs at 

the interface with both the top plates and the sill plates were heavily rotated, both in and out of 

plane. The trim boards at the finish face of the corner had almost fully detached from the framing 

and only remained partially fastened to the T1-11 panels, see Figure 4.20(e). Along the exterior 

face, multiple edges of the panels had partially or completely lost attachment to the framing, see 

Figure 4.20 (e). 
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(a) (b) 

  

(c) (d) 

Figure 4.19 Damage state of the wet finished existing 6-ft-tall specimens at post-strength. Drift 

values are noted: (a) bottom of south-end exterior corner of Specimen A-23 at -7% 

drift ratio (80% post-peak strength reduction); (b) bottom of north-end corner of 

Specimen A-23 at -7% drift ratio (80% post-peak strength reduction); (c) bottom of 

north-end exterior of Specimen A-23 at -7% drift ratio (80% post-peak strength 

reduction); and (d) middle interior of Specimen A-23 at +7% drift ratio (80% post-

peak strength reduction). 
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(a) (b) 

 

 

(c) (d) 

Figure 4.20 Damage state of the dry finished existing 6-ft-tall specimens at post-strength. Drift 

values are noted: (a) middle exterior of Specimen A-13 at -12% drift ratio (10% post-

peak strength reduction); (b) bottom of south-end corner Specimen A-13 at -12% 

drift ratio (10% post-peak strength reduction); (c) north-end exterior of Specimen A-

13 at +11% drift ratio (10% post-peak strength reduction); (d) bottom interior of 

Specimen A-23 at +10% drift (south and middle panels) (80% post-peak strength 

reduction); (e) exterior isometric view of Specimen A-23 at -10% drift (80% post-

peak strength reduction); and (f) bottom of south-end of Specimen A-23 at -10% drift 

(80% post-peak strength reduction). 
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(e) (f) 

Figure 4.20    Damage state of the dry finished existing 6-ft-tall specimens at post-strength, (continued). 

 

4.4.2 Post-Strength Performance of Retrofitted Cripple Walls 

Two-Foot-Tall Specimens 

Figure 4.21 provides photographs of the wet finished retrofitted 2-ft-tall specimens at 

various drift amplitudes, post-strength. Figure 4.22 provides the same photographs for the dry 

finished retrofitted 2-ft-tall specimens. The damage to the retrofitted specimen was similar for 

most specimens. The T1-11 finished cripple walls had different observable damage due to there 

being no additional plywood with the retrofit. The corners of the plywood crushed against the sill 

plate and flat studs. Often this resulted in the flat stud being push out laterally or twisting, see 

Figures 4.21(d) and 4.22(b). The residual state of the specimen was a result of the plywood 

partially or fully detaching from the framing on multiple sides, see Figure 4.21(d). Along the edges 

of the panels, many of the nails had torn through, especially at the locations where the plywood 

panels were crushed, see Figures 4.22(a) and (b) There was significantly less damage to both the 

wet and dry finished specimens with diagonal sheathing, see Figures 4.21(b) and 4.22(c). This was 
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a result of the anchor bolt fracturing, so the residual strength was provided by the frictional 

resistance of the sill plate sliding along the foundation, a similar mechanism experienced by the 

existing specimens with diagonal sheathing. For the cripple walls finished with T1-11 wood 

structural panels, the panels detached along multiple edges, see Figure 4.22(e). The stucco on the 

wet finished specimens showed the same damage characteristics as the existing wet finished 

specimens, including large crack openings at the corners where the stucco had detached from the 

studs up most of the height of the studs. In addition, the finish materials had detached at the corners 

in a similar fashion, as shown in Figure 4.21(d). 
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(a) (b) 

  

(c) (d) 

Figure 4.21 Damage state of wet finished 2-ft-tall, retrofitted specimens at post-strength. Drift 

values are noted: (a) south-end exterior corner of Specimen A-16 at -9% drift ratio 

(80% post-peak strength); (b) bottom of north-end interior of Specimen A-16 at -9% 

drift ratio (80% post-peak strength); (c) south-end interior of Specimen A-19 at -12% 

drift ratio (80% post-peak strength); and (d) bottom interior of Specimen A-19 at -

12% drift ratio (80% post-peak strength). 
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(a) (b) 

  

(c) (d) 

Figure 4.22 Damage state of the dry finished retrofitted 2-ft-tall specimens at post-strength. Drift 

values are noted: (a) bottom of south-end interior of Specimen A-8 at -11% drift ratio 

(80% post-peak strength); (b) bottom of south-end interior of Specimen A-8 at +12% 

drift ratio (80% post-peak strength); (c) bottom north-end exterior of Specimen A-10 

at +9% drift ratio (80% post-peak strength); (d) middle exterior of Specimen A-10 at 

+9% drift ratio (80% post-peak strength); (e) top of north-end exterior corner of 

Specimen A-12 at -9% drift (south and middle panels) (80% post-peak strength); and 

(f) top of middle exterior of Specimen A-12 at -9% drift (south and middle panels) 

(80% post-peak strength). 
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(e) (f) 

Figure 4.22 Damage state of the dry finished retrofitted 2-ft-tall specimens at post-strength, (continued). 

 

Six-Foot-Tall Specimens 

Figure 4.23 provides photographs of the wet finished 6-ft-tall, retrofitted specimens at 

various drift amplitudes, post-strength. Figure 4.24 provides the same photographs for the dry 

finished 6-ft-tall, retrofitted specimens. For the retrofitted 6-ft-tall cripple wall with stucco exterior 

finish, the stucco finish had detached from most of the furring nails on the studs and remained only 

attached to the furring nails at the top plates and the top third of the studs, similar to Specimen A-

25. The stucco had fully detached from the bottom two-thirds of the corners at both ends of the 

specimen. The detachment at the bottom of the corners can be seen in Figure 4.23(a). Along the 

interior, the plywood was heavily damaged. At the ends, the plywood crushed against the flat studs 

and caused the flat studs to laterally displace, see Figure 4.23(b). At the bottom of the panels, the 

fasteners either pulled through the panels or tore through the edges of the panels (Figure 4.23(d)), 

and at the top of the walls, there was assortment of nails withdrawing from the framing, pulling 

through the plywood, or tearing through the plywood edges, see Figure 4.23(c). 
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For the retrofitted 6-ft-tall cripple wall with horizontal siding, the detachment of the 

plywood occurred when the nails pulled through the plywood and remained attached to the 

framing. At the bottom of the cripple wall, the opposite occurred. The plywood panels remained 

attached to the nails. Significant uplift of the panels occurred as the blocking either split or was 

uplifted with the panels, see Figure 4.24(a). Along the studs, there was a combination of nails 

pulling through the plywood and nails pulling out of the framing, leading to detachment of the 

plywood panels, see Figure 4.24(b). The large amount of uplift forces were carried in tension by 

the hold-downs on both ends. Eventually, this caused the stud attaching the hold-down to the 

framing to split, see Figure 4.24(c). For the retrofitted 6-ft-tall cripple wall with T1-11 wood 

structural panels, cracking of the sill plate extended nearly two studs bays on both ends of the wall, 

see Figure 4.24(e). In these photographs, the separation of T1-11 panels from the sill plate can be 

observed. The nails attached through the 5/8-in. sections of the panels generally pulled out from 

the framing, while the nails attached through the 5/16-in. sections generally pulled through the 

panels or tore through the edges of the panels. At the panel overlaps, sections of the T1-11 panels 

are thin, and the fasteners had pulled through or torn through the panels in most instances, 

especially near the bottom of the wall. The withdrawal of the fasteners at the sill plate can be seen 

in Figure 4.24(d). Splitting of one of the studs occurred at 6% drift ratio and led to a large 

displacement of the stud, see Figure 4.24(f). Previously, there had been visible bending of the 

studs, leading to the splitting of the stud. The damage characteristics of the 6-ft-tall specimen were 

similar to the 2-ft-tall specimen, but more pronounced. 
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(a) (b) 

  

(c) (d) 

Figure 4.23 Damage state of the wet finished 6-ft-tall retrofitted specimens at post-strength. Drift 

values are noted: (a) bottom of south-end corner of Specimen A-24 at +8% drift ratio 

(80% post-peak strength reduction); (b) bottom of south-end interior of Specimen A-

24 at +8% drift ratio (80% post-peak strength reduction); (c) top of middle interior of 

Specimen A-24 at +8% drift ratio (80% post-peak strength reduction) (south and 

middle panels); and (d) bottom of north-end interior Specimen A-24 at +8% drift 

ratio (80% post-peak strength reduction). 

  

Crushed 
plywood 

Ruptured metal lath Corner detached 

Nail 
withdrawal 

Nail pull 
through 

Nail edge tear 
through Sill uplift/ end 

uplift 



 
227 

  

(a) (b) 

 

 

(c) (d) 

Figure 4.24 Damage state of the dry finished 6-ft-tall retrofitted specimens at post-strength. Drift 

values are noted: (a) bottom of south-end interior of Specimen A-14 at -10% drift 

(80% post-peak strength reduction); (b) top of interior of Specimen A-14 at -10% 

drift (80% post-peak strength reduction) (north and middle panels); (c) bottom of 

south-end interior Specimen A-14 at +10% drift (80% post-peak strength reduction); 

(d) bottom of south-end exterior corner of Specimen A-24 at -6% drift (80% post-

peak strength reduction); (e) bottom of south-end interior of Specimen A-24 at +6% 

drift ratio (80% post-peak strength reduction); and (f) bottom of middle interior of 

Specimen A-24 at -6% drift ratio (80% post-peak strength reduction). 
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(e) (f) 

Figure 4.24 Damage state of the dry finished 6-ft-tall retrofitted specimens at post-strength, (continued). 

4.5 REPAIR TRIGGERS AND DRIFT DEMANDS 

In the previous sections, the evolution of damage was presented for existing and retrofitted 

cripple walls considering the various exterior finishes, cripple wall height, axial load, and 

anchorage condition. Along with documentation of the evolution of damage, the associated 

transient and residual drifts for each damage state are defined for the various types of cripple walls 

in this section. The definitions of the damage states are in accordance with the FEMA P-58 

methodology (FEMA, 2012a) with modifications adopted based on experimental observations. 

Adopting FEMA P-58, structural engineering demand parameters are translated to damage states 

for both structural and nonstructural components using component-level damage fragility 

functions. It is noted that the number of damage states for each material type depends on the 

number of distinct levels of repair effort required to restore the wall assembly to pre-event 

conditions. The descriptions of the damage states are derived from both FEMA P-58 (FEMA, 

2012a) and CUREE EDA Repair Guidelines (CUREE, 2010) where applicable. Note that damage 

T1-11 panel detached from sill  

1-1/2-in.lateral 
movement of stud 
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photos were taken when the cripple walls were held at the target drift amplitude which makes some 

of the damage features more pronounced than when the cripple walls were in their residual state. 

Namely, the crack widths for stucco and nail/panel rotation would be larger at the target drift 

amplitudes than in the residual state. Damage features pertaining to the nail failure (withdrawal 

from panel, tear through panel, and puncture through panel) would be less affected as the fasteners 

had already failed. The following section is divided between wet finished specimens and dry 

finished specimens.  

4.5.1 Wet Finished Specimen Damage States 

Wet (or stucco) finished specimens accounted for 17 of the 28 small component tests at 

within the small component test program. Of these 17 tests, five were constructed with the FEMA 

P-1100 prescriptive retrofit. Ten specimens were finished with stucco over horizontal sheathing, 

five finished with stucco over framing, and two finished with stucco over diagonal sheathing. Two 

of the wet finished specimens were 6-ft-tall (both finished with stucco over framing), and all others 

were 2-ft-tall. For the large component testing program, both of the cripple wall-first floor 

assemblies were 20 ft by 4 ft in floor plan, constructed with wet finishes, with one in the existing 

condition and one in the retrofit condition. The two large component tests were finished with 

stucco over horizontal sheathing, and they were identical in all other details. The cripple walls of 

these assemblies were 2-ft-tall. Table 4.1 provides descriptions of damage states and their 

associated repairs for walls with stucco exterior finishes based on FEMA P-58 (FEMA, 2012a) 

and the CUREE EDA Repair Guidelines (CUREE, 2010). These descriptions are used for all types 

of wet finished cripple walls as they are derived from observable damage which would be seen 

from the exterior of the cripple wall where the stucco is visible, and the sheathing is not.  
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Table 4.1  Damage and repair descriptions for exterior stucco (per FEMA P-58 database and 

CUREE EDA Repair Guidelines, FEMA, 2012 and CUREE, 2010)). 

 

The results of small and large component testing provide insight regarding the relative drift 

imposed on the cripple walls, which led to the aforementioned damage states. It should be noted 

that the relative drift ratio, herein referred to simply as drift ratio, is the displacement imposed only 

over the height of the cripple wall, excluding any drift due to displacement of the sill plate sliding 

relative to the foundation. Table 4.2 provides the drift ratios associated with each damage state for 

the 2-ft-tall, stucco over framing and stucco over horizontal sheathing finished cripple walls. These 

drift ratio values correspond to visible damage of the exterior that met the criteria presented in 

Table 4.1. There is a considerable range in the estimated drift ratios as the damage state criteria 

were achieved at different instances in the tests. Importantly, the differences in ranges are mostly 

influenced by the exterior finish of the cripple wall. For stucco over framing finished cripple walls, 

damage states were attained at lower drift ratio values when compared with stucco over 

Damage 
State 
(DS) 

FEMA P-58 Damage 
Description1 

FEMA P-58 Repairs EDA Damage EDA Repairs 

DS1 Cracking of stucco. 
Clean stucco cracks. Fill 
cracks with cement compound. 
Repaint wall to hide cracks. 

a) Cracks < 1/64” wide. 

b) Cracks up to 1/8” wide, 
no delamination, no 
spalling. 

a) No crack repair. 

b) Rout, patch, and 
refinish. 

DS2 
Spalling of stucco, 
separation of stucco from 
sheathing and studs. 

Remove loose stucco and 
patch spalled areas with 
stucco. Repaint to hide repairs. 

c) Extensive minor 
cracking. 

d) Severe cracking and 
minor delamination. 

c) Remove color 
coat, rout, patch, 
recoat, refinish. 

d) Stucco cut back 
to secure areas, lath 
and waterproofing 
repaired, replace 
stucco, refinish. 

DS3 
Fracture of studs, major sill 
plate cracking. 

Remove and replace studs, 
plates, sheathing, and stucco. 
Shore as required.  

d) Stucco has buckled, 
delaminated, detached 
from framing or has 
severe cracking. 

d) Stucco cut back, 
lath and 
waterproofing 
repaired, replace 
stucco, refinish to 
give uniform 
appearance. 

1 All current P-58 exterior stucco assemblies include wood structural panel sheathing beneath the stucco. 
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horizontally sheathing finished cripple walls. This was largely due to the stucco only cripple walls 

being provided lateral resistance almost entirely by the stucco attachment to the framing. In 

contrast, when horizontal sheathing was present, the sheathing also worked to transfer lateral loads 

to the foundation and provided the specimens with additional drift capacity. As an example, Figure 

4.25 shows use photographs taken from the large component test, AL-1, to estimate drift ratio at 

each damage state is shown. Specimen AL-1 was an existing cripple wall-first story assembly 

finished with stucco over horizontal sheathing. Figure 4.26 shows the hysteretic response of 

Specimen AL-1 with shading to indicate where each damage state is reached.  

On the exterior of the stucco finished cripple walls, visible damage was similar regardless 

of the presence of sheathing. At low displacement amplitudes, small vertical and diagonal cracks 

propagated at the ends of the cripple walls. Along the face of the specimens, some vertical cracks 

appeared, however, they were not present for all of the specimens tested. For all of the small 

component tests, the finish material wrapping the corner was seated on the foundation. When 

displacement was imposed on the cripple walls, the bearing of the stucco on the foundation caused 

cracks to form at the corners, while there were few cracks that formed on the face of the specimens. 

For the stucco only cripple walls, DS1 was reached by 0.4% drift ratio while it was reached around 

0.7% drift ratio for the stucco over horizontal sheathing specimens. Once the cripple walls had 

reached peak strength, the stucco had detached from the furring nails connected to the framing 

and/or sheathing material. This produced a gap at the bottom of the cripple walls and led to a 

significant drop in capacity in subsequent displacement cycles. Visibly, it appeared that the stucco 

finish was flaring out from the sill plate. By this point, many vertical cracks had formed at the 

corners on the face of the specimens. In addition, it was common to see spalling and heavy cracking 

of the stucco at the corners which were bearing on the foundation. The damage to the cripple walls 
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at this point is defined as DS 2. For the stucco only cripple walls, this occurred between 0.7% and 

1.7% drift ratio. DS 2 was achieved between 1.7% and 3.5% drift ratio for the stucco over diagonal 

sheathing cripple walls. Once strength had been reached, increases in imposed displacement 

caused the vertical cracks at the edge of the stucco face to propagate upwards to the top plates. The 

width of the cracks at the corners extended, and the stucco had nearly completely delaminated 

from the framing and/or sheathing. From observation, the damage to the cripple walls would push 

the specimen to be in DS3. For the stucco only cripple walls, this occurred between 2.7% and 3.8% 

drift ratio. It occurred between 3.5% and 6.5% drift ratio for the stucco over horizontal sheathing 

finished cripple walls. 

DS3 may be alternatively characterized by identifying the drift and associated specimen 

state at 80% post-peak strength. From Table 4.2, it can be seen that there were significant 

differences in the drift ratios based on the two different criteria. In nearly all cases, the observed 

DS3 occurred at later drift amplitudes than the DS3 based on the 80% post-peak drift ratio. This 

indicates that the definition of 80% post-peak strength as a trigger for DS3 may not amply define 

widespread connection failure, and a larger drift capacity associated with DS3 is possible. 
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Table 4.2  Damage fragility information for 2-ft-tall, wet finished cripple walls.  

 

 

Figure 4.25 Photographs from Specimen AL-1 used to estimate drift amplitudes associated with 

stucco damage states. 

 

Specimen1 Description 2 
DS1 [%] DS2 [%] DS3Obs

3 

[%] 

DS380%
3 

[%]  

A-1 Stucco+HSh; free edge boundary conditions N/A N/A 6.0 5.2 

A-2 
Stucco+HSh; small returns4, stucco outboard of foundation; 

HSh bearing on foundation 
0.7 2.4 6.0 4.4 

A-3 Stucco+HSh; 2ft returns; HSh bearing on foundation 0.7 3.3 5.5 3.0 

A-4 Stucco+HSh; small returns; Stucco/HSh bearing 0.9 3.0 6.5 6.5 

A-6 
Stucco+HSh; wet-set sill; stucco bearing on foundation; small 

returns 
0.7 3.5 6.5 6.5 

AL-1 
Stucco+HSh; large component, stucco extension to footing 

with good bond; full returns 
0.7 1.7 3.5 3.2 

A-17 Stucco Only; stucco extension (poor bond); small returns 0.4 1.7 3.8 2.3 

A-22 Stucco Only; no extension; small returns 0.4 0.7 2.7 4.2 

A-20 
Stucco+HSh; Stucco extension (poor bond); sheathing 

outboard 
0.5 2.0 4.5 4.0 

A-21 
Stucco+HSh; wet-set sill; stucco extension (poor bond); 

sheathing bearing; stucco outboard 
0.8 3.0 6.0 2.0 

1 Refer to Schiller et al. (2020a-d) for specimen nomenclature.  

2 Stucco + HSh = stucco over horizontal wood sheathing (HSh) 

3DS3Obs represents drifts estimated using photo documentation, DS380% is the average drift (of positive and negative directions) 

corresponding to 80% of post-peak strengh using experimental force-displacement data. 

4Small returns consist of built-up corners with finish materials wrapping around the corner 6 inches 

Additional Notes: All specimens are 2 ft tall by 12 ft long small components, except specimens AL-1 which is double sided with 

two 2ft tall by 20ft long walls and within the large component test program  
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Figure 4.26 Damage states overlaid on the lateral strength – relative displacement hysteretic 

response of Specimen AL-1. 

For stucco over diagonal sheathing finished specimens, damage trends were similar to other 

wet finished specimens at early drift amplitudes. Due to the strength and orientation of the diagonal 

sheathing boards, all cripple wall finished with stucco over diagonal sheathing failed due to 

fracturing of the anchor bolts and/or cross-grain splitting of the sill plate. The cross-grain sill plate 

cracking was primarily a result of the diagonal sheathing board displacing upward which caused 

large stresses to develop in the sill plate where it was attached. Failure of the sill plate and anchor 

bolts caused subsequent displacement cycles to produce a decrease in relative drift of the cripple 

wall due to most of the imposed displacement being accumulated between the sill plate and the 

foundation. These failures also prevented the cripple wall from reaching their full capacity had the 

sill plate and anchor bolts stayed intact. Figure 4.27 shows these failures for the Specimen A-15 

which was built in the existing condition. 
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(a)      (b) 

Figure 4.27 Photographs of damage for Specimen A-15: (a) cross-grain sill plate splitting; and (b) 

fracturing of anchor bolt. 

In Figure 4.28, damage from small component specimen, A-25, which is an existing, 6-ft-

tall cripple wall finished with stucco over framing is shown with the drift ratio values for each 

damage state. By comparing the drift ratio values for the 6-ft-tall specimen with those of the 2-ft-

tall cripple walls finished with stucco over framing, it can be seen that the increased height of the 

cripple wall caused the damage states to be reached at smaller drift amplitudes.   

 

                       

                                          (a)                                                           (b) 

Fractured 

anchor bolt 

Cross-grain sill 

plate split 
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Figure 4.28  Photographs from Specimen A-25 used to estimate drift ratios associated with stucco 

damage states for a 6-ft-tall cripple wall. 

4.5.2 Dry Finished Specimen Damage States 

Eleven dry (or non-stucco) finished specimens were tested in the small component 

program. Five of these specimens were in the retrofit condition and six were in the existing 

condition. There were four specimens finished with horizontal shiplap siding, four finished with 

T1-11 wood structural panels, and three finished with horizontal shiplap siding over diagonal 

sheathing. Two of the horizonal siding finished specimens as well as two of the T1-11 finished 

specimens were 6-ft-tall, and all other specimens were 2-ft-tall.  

Unlike the wet finished cripple wall, each of these types of dry finished cripple walls have 

different damage states associated with them. During the early displacement cycles of testing, 

horizontal siding cripple walls showed little visible damage. Due to this and the limited availability 

of experimental data, the horizontal siding finished cripple walls only have one damage state which 
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would warrant replacement of the cripple wall. The three small component tests with horizontal 

siding over diagonal sheathing showed that there is little visible damage to the exterior of the 

specimens, while there is significant damage to the interior of the specimens. Because of this, like 

the horizontal siding finished specimens, there is only one damage state for the horizontal siding 

over diagonal sheathing cripple walls which warrants replacement of the cripple wall. The last dry 

exterior finish tested, T1-11 wood structural panels, have little experimental data outside of the 

tests performed within the present small component program, however, there is ample data on tests 

performed with wood structural paneling such as OSB and plywood. Since T1-11 panels are wood 

structural panels similar to OSB and plywood, the same damage states and descriptions are 

adopted. The damage states for T1-11 wood structural panel finished cripple walls are described 

in Table 4.3 and were derived from Welch et al. (2020). 

Table 4.3 Damage and repair descriptions for T1-11 wood structural panel finished cripple walls. 

Damage 

State (DS) 
Damage Description Repair Desciptions Reference Figures 

DS1 Loosening of nails due to panel rotation. 
Adjustment of panels and 

replacement of loose fasteners. 
Figures 4.6(e) and (f) 

DS2 
Nail tear-through. Onset of panel separation 

from framing and uplit of studs and sill plates. 

Local panel removal and 

replacement in locations of 

tear-through and spearation. 

Figures 4.10(d) and, 

4.16(f) 

DS3 

Delamination of panel from framing. Panel 

damage near openings and at fastener 

locations. Damage to framing connections, sill 

plates and studs. 

Removal of damaged panels, 

repair of damaged framing, 

replacement of panels, and 

waterproofing as necessary. 

Figure 4.12(e) and (d) 

 

Testing of small components showed that horizontal siding finished cripple walls had low 

strength and stiffness compared with other finish materials but also had high drift capacity. The 2-

ft-tall specimen reach only 30% of the lateral strength of the next weakest 2-ft-tall specimen, and 

the 6-ft-tall specimen only reached 25% of the lateral strength of the next weakest 6-ft-tall 
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specimen. However, over the entire loading protocol, the 2-ft-tall specimen only had around a 40% 

reduction in peak strength, and the 6-ft-tall specimen experienced less than a 10% reduction in 

peak strength. The large drift capacity of the horizontal siding finished cripple walls was also 

exhibited by the minimal amount of observable damage to the specimens. As the displacement 

amplitude increased, the siding boards displaced relative to each other. At large displacement 

amplitudes, there was a small amount of pullout of some of the fasteners attaching the siding to 

the framing. From the interior, the building paper was heavily torn, and the studs were rotated but 

undamaged, see Figure 4.29.  

 

 

                (a)                                      (b) 

Figure 4.29 Damage observations from existing cripple walls finished with horizontal siding: a) 

exterior face of 2-ft-tall specimen; and b) interior face of 2-ft-tall specimen. 

For cripple walls finished with horizontal siding over diagonal sheathing, there was more 

observable damage in the variety of elements of the specimen. Figure 4.30 shows damage observed 

for cripple walls finished with horizontal siding over diagonal sheathing. Similar to specimens 

finished with stucco over diagonal sheathing, these specimens failed as a result of anchor bolt 

fractures and/or cross-grain splitting of the sill plate. Along the interior, there was significant 

cracking of the sheathing boards along with cracking of the sill plate and fracturing of the anchor 

bolts Figures 4.30(a) and (b). The existing cripple wall with horizontal siding over diagonal 
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sheathing was the only small component test configuration to be tested with a light (Specimen A-

28) and heavy axial load (Specimen A-9). With the decrease in axial load, large amount of uplift 

of the specimen occurred. This uplift resulted in the most severe cross-grain splitting of the sill 

plate observed, as shown in Figure 4.30(b). 

 

(a)          (b)      (c)  

Figure 4.30 Damage observations from existing cripple walls finished with horizontal siding over 

diagonal sheathing: (a) uplift of cripple wall from Specimen A-28; (b) anchor bolt 

fracture of Specimen A-9; and (c) damage to exterior face for Specimen A-9. 

The last type of dry finished specimen tested was those finished with T1-11 wood structural 

panels. Unlike the other two type of dry exterior finished cripple walls, there was a much more 

discernable evolution of damage observable from the exterior of the specimens. As stated 

previously, there are three damage states defined for T1-11 finished cripple walls. Each of the 

damage states defined were easily observable for both the 2-ft-tall cripple wall (Specimen A-11) 

and the 6-ft-tall cripple wall (Specimen A-23). Figure 4.31 shows photographs used to estimate 

the drift ratio that meet the criteria of each damage state for the 2-ft-tall cripple walls, and Figure 

4.32 shows the same for 6-ft-tall cripple walls. DS1 is described as loosening of the panel-to-

framing fasteners. For the 2-ft-tall specimen, this was observed around 2.5% drift ratio, and for 

the 6-ft-tall specimen, it was visible around 1.1% drift ratio. DS2 constitutes tear through of the 

panel-to-framing fasteners. Both tear through and pullout of these fasteners was observed for both 
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specimens. For the 2-ft-tall specimen, the estimated drift ratio for DS2 was at 5.0%, while it was 

2.5% for the 6-ft-tall specimen. Nail tear through and/or pullout signified that the cripple wall was 

either at peak strength or the strength had begun to degrade. Finally, DS3 entails detachment of 

the T1-11 panel from the framing. This would occur when a significant portion of the panel-to-

framing fasteners had torn through the panels or pulled out of the framing. For the 2-ft-tall 

specimen, this occurred around 6% drift ratio, and for the 6-ft-tall specimen, it occurred around 

4% drift ratio. It should be noted that relationship between estimated drift ratio to reach each 

damage state for the two heights of cripple walls was in reasonable agreement with the stucco over 

framing finished cripple walls. 

 

 

Figure 4.31  Damage states for the 2-ft-tall, unretrofitted T1-11 cripple wall (Specimen A-11). 
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Figure 4.32  Damage states for the 6-ft-tall, unretrofitted T1-11 cripple wall (Specimen A-23). 

4.5.3 FEMA P-1100 Retrofitted Specimen Damage States 

As stated previously, with the exception of T1-11 finished walls, the FEMA P-1100 

prescriptive retrofit involves adding wood structural panels to the interior of the cripple wall. For 

T1-11 specimens, retrofit involves the addition of supplemental nailing on the exterior panel face. 

It is noted that upon the addition of interior wood structural panels, damage is both concentrated 

on the cripple wall exterior face as well as the interior structural panels. Both experimental 

programs confirm that the FEMA P-1100 retrofit increased the strength, stiffness, and in many 

cases, the drift capacity of the specimens tested.  

For wet finished specimens, damage to the stucco occurred at drift amplitudes similar to 

those of the unretrofitted specimens. Although, at these drift amplitudes, there was no loss in load 

capacity of the cripple wall due to the retrofit elements continuing to provide increases in strength 
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despite the detachment of the stucco furring nails at the sill plate and bottom of studs. When this 

detachment occurred, there was visible rotation of plywood panels as well as rotation of the 

fastener attaching the panels to the framing. With increasing imposed displacement, physical 

damage accrued at the added retrofit locations, and these locations led to loss of capacity of the 

cripple walls. Therefore, the evolution of damage to these components resulting in loss of capacity 

is primarily visible from the interior face of the crawlspace area.  

Damage to retrofitted cripple walls was fairly consistent regardless of the exterior finish 

material or height of the specimen. Following damage to the interior retrofit components, visible 

damage to the exterior of the cripple walls was consistent for both existing and retrofitted cripple 

walls. Common damage features of the retrofit components that led to a loss of capacity were 

crushing of the panels where the panels were bearing on flat studs at corners, pullout and tear 

through of the nailing, splitting of the blocking attached to the sill plate, splitting and movement 

of the studs, and plywood delamination. For dry finished specimens, while the drift capacity of the 

retrofitted specimen increased, the damage features that matched the criteria for reaching a damage 

state were similar regardless of the retrofit condition. However, for the specimens with stucco 

exteriors, visual cues leading to an estimated drift ratio to define a damage state did not have a 

strong correlation to the capacity of specimens. The imposed displacement would cause a 

comparable level of damage to the stucco finish, but the capacity would continue to increase with 

increased displacement amplitude due to the retrofit components still remaining intact. In Figure 

4.33, damage from small component specimen, A-26, which is a retrofitted, 6-ft-tall cripple wall 

finished with stucco over framing, is shown with the drift ratio associated with each damage state. 

For the retrofitted T1-11 finished cripple wall, there were comparable drift ratio values for 

each damage state with their existing (non-retrofitted) counterparts. Unlike all other cripple walls, 
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those finished with T1-11 were not retrofitted through plywood being added to the interior of the 

studs. Instead, additional nails were added to reduce the nail spacing from 8-in. on center to 4-in. 

on center, and an additional row of nails added at overlapping panels. With the additional nailing, 

the cripple walls were able to reach larger drift amplitudes before reaching each damage state.  

 

Figure 4.33  Damage states for the 6-ft-tall, retrofitted stucco over framing cripple wall (Specimen A-26). 

 

4.6 DAMAGE OBSERVATIONS TO DAMAGE FRAGILITIES 

Damage fragilities derived for this project take the form of cumulative lognormal 

distributions defined by a median and dispersion value. Details on fragility development as 

adopted in this work, can be found in Appendix H of FEMA P-58-1 (FEMA, 2012a). This sub-
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section highlights the main findings of the damage fragility development for cripple wall sub-

assemblies, where more in-depth information on damage fragilities used for FEMA P-58 analysis 

within the PEER-CEA Project can be found in Welch and Deierlein (2020).   

The main finding of the damage fragility study was that continuous (stucco) and panelized 

(T1-11 siding) cripple wall materials do not exhibit consistent damage thresholds defined in terms 

of story drift ratio (SDR) (e.g., story displacement divided by story height) at different wall heights. 

This is counter to horizontal wood siding cripple walls, which do not have significant height 

dependence as individual siding boards are able to displace past each other, regardless of wall 

height. The difference of material drift compatibilities with varying height is illustrated in Figure 

4.34. A key impact of the height-dependence is that damage estimates could be significantly 

overestimated if fragilities based on full-height (e.g., 8-ft tall) walls are applied to shorter cripple 

walls using drift ratio as the engineering demand parameter. 

 

Figure 4.34 Illustration of wall materials having different drift compatibilities with varying 

height: a) no drift compatibility (stucco, T1-11); and b) with drift compatibility 

(horizontal wood siding) 

   

Following review of experimental data, a variation of the height adjustment relationship 

used within the FEMA P-807 guidelines (FEMA, 2012b) to relate difference in peak strength of 

shorter bottom story walls to full-height walls was proposed to capture the difference in median 

damage state drift for shorter cripple walls. For cripple wall materials, other than horizontal wood 
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siding, median SDR values for full-height fragility curves are scaled by the height dependent 

relationship shown in the following equation: 

FCW ≈ (8 hCW⁄ )0.7

where FCW is the cripple wall fragility factor and hCW is the height of the cripple wall expressed in 

feet. An example of implementing the equation above to exterior stucco for 6-ft and 2-ft tall cripple 

walls is shown in Table 4.4 in comparison to the full-height stucco fragility developed for older 

full-height walls (e.g., without panelized sheathing) by Welch and Deierlein (2020). Figure 4.35 

compares the proposed height-adjustment (solid lines) to fragility functions fit to experimental 

data (dashed lines) for 2-ft stucco cripple walls (see Table 4.4 for data). The figure shows the 

relationship has very good agreement with DS1 (cracking) and 3 (replacement), where DS3 is 

based on 80% post-peak strength. DS2 (stucco spalling) is slightly conservative with the proposed 

relationship and reflects the difficulty in estimating this damage state from photo documentation.  

Similar agreement was found for T1-11 siding cripple walls, yet with only rough comparisons 

possible due to the much more limited test data on T1-11 than stucco cripple walls. The 

consideration of cripple wall height proposed herein is rather simplistic and could be improved as 

more test data becomes available. However, this consideration can be viewed as a considerable 

improvement over applying story drift-based fragility functions for full-height walls to shorter 

cripple walls. More details on the comparisons of the proposed height relationship and fragility 

development can be found in Welch and Deierlein (2020). 
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Table 4.4 Stucco damage fragility functions for cripple walls using a height-dependent 

scaling relationship from full-height stucco fragilities (Welch et al., 2020). 

 

  

Figure 4.35  Comparison of the 2-ft-tall stucco cripple wall fragilities using implemented height 

adjustment factor (solid lines) with data collected from PEER–CEA testing (dashed 

lines) (figure courtesy of Welch et al. (2020)). 
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4.7 SUMMARY REMARKS 

Extensive documentation of the damage evolution of cripple wall-only assemblies was 

undertaken in the experimental program are presented in this Chapter. The documentation of 

damage was correlated to the corresponding drift levels at which it occurred. This was used to 

define the drift levels at which damage states were reached. The criteria for damage states are 

based on observed damage characteristics that evolve over testing of the cripple walls. Each 

damage state is associated with repairs for the cripple walls. The damage states presented are 

categorized based on exterior finish type (stucco, T1-11 wood structural panels, and horizontal 

siding) and retrofit condition. Because the addition of a retrofit dominates the seismic performance 

of a cripple wall, the associated damage states and their corresponding drift levels are separated 

from exterior finish type. The main conclusions of this damage observation study are as follows: 

Wet Finished Specimens: 

• Damage State 1, corresponding to minor cracking of the stucco, occurred by 0.7% 

relative drift for all wet finished specimens; 

• Damage State 2, corresponding to spalling of the stucco and delamination of the 

stucco from the sheathing and/or studs, occurred between 0.7% and 1.7% relative 

drift for stucco finished cripple walls. For stucco over horizontal sheathing as well as 

stucco over diagonal sheathing finished cripple walls, the range was 1.7% to 3.5% 

relative drift; and 

• Damage State 3, corresponding stud fracturing, sill plate cracking, and nearly 

complete delamination of the stucco, occurred between 2.7% and 3.8% relative drift 
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for stucco finished cripple walls. For stucco over horizontal sheathing finished 

cripple walls, the range was 3.5% to 6.5% relative drift. 

Dry Finished Specimens: 

• For horizontal siding finished specimens, there was little observable damage, even at 

large drift amplitudes, due highly flexible nature of the cripple walls; 

• For T1-11 finished specimens, Damage State 1, corresponding to loosening of nails, 

occurred by 2.5% relative drift. Damage State 2, nail tear-through and panel 

separation, occurred by 5.0% relative drift. Damage State 3, corresponding to panel 

delamination, occurred at 6.0% relative drift; and 

• Damage State 3, corresponding stud fracturing, sill plate cracking, and nearly 

complete delamination of the stucco, occurred between 2.7% and 3.8% relative drift 

for stucco finished cripple walls. For stucco over horizontal sheathing finished 

cripple walls, the range was 3.5% to 6.5% relative drift. 

FEMA P-1100 Retrofitted Cripple Walls: 

• For wet finished, retrofitted specimens, the observable damage characteristics 

correlating the three damage states occurred at similar drift amplitudes as the existing 

specimens, but the strength continued to increase at larger drift amplitudes due to the 

addition of the retrofit components; and 

• For T1-11 finished specimens, Damage State 1 was reached at the same drift 

amplitude regardless of the retrofit condition. However, the subsequent damage states 

were reached at larger drift amplitudes due to the additional nailing along the panels. 
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The cripple wall sub-assembly testing conducted as part of the PEER-CEA project 

provided invaluable information on damage behavior, through force-displacement response and 

accompanying photo documentation. This information was used in order to develop component 

damage fragility functions to relate engineer design parameters (e.g., story drift ratio) to the 

probability of being in a damage state for performance assessment within the FEMA P-58 

framework (FEMA, 2012). Results of the experimental program presented in this dissertation 

provided both a description of the damage evolution of cripple wall-only assemblies as well as 

measurements of their response under simulate seismic loading. With the measured response 

quantified, nonlinear numerical models are created and validated on experimental results. The 

methodology for developing said models and their corresponding results are provided in Chapter 

5.   
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CHAPTER 5  

NUMERICAL MODELING OF CRIPPLE WALLS 

5.1 OVERVIEW 

This chapter presents numerical models developed for used in capturing the response of 

cripple walls tested within the program described in Chapters 2-4. Two types of numerical models 

are used, namely: nonlinear finite element connection-level models and lumped phenomenological 

models. Following the development of the numerical models, a parametric study is presented in 

Chapter 6.  In general, the finite element connection-level modeling strategy was used for dry 

(non-stucco) finished cripple walls. The numerical models are constructed using detailed 

connection-level elements to capture the response of individual fasteners attaching 1) framing 

elements to framing elements and 2) panel elements to framing elements. Along with the fasteners, 

contact elements are used to capture frame-to-frame, panel-to-frame, and panel-to-panel 

connections. The numerical models include anchor bolt fastener elements connecting the cripple 

wall to the foundation and match the geometry and construction details of the boundary conditions 

of the cripple wall they are intended to model. The nonlinear numerical model response results are 

compared with the measured response of the tested cripple wall–only assemblies over the entirety 

of the test (both initial response and post-peak degradation). Once a model is validated against the 

test results of the physical cripple wall specimen, modifications to the numerical model, including 

cripple wall geometry, fastener spacing, and panel/framing variations, can be implemented to 

determine their impact on the lateral in-plane response of the specimen. This parametric study will 
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create a more robust understanding of the seismic response of a wider range of cripple walls. It is 

important to have this understanding as there are many variations in the construction details of 

cripple walls observed in the field, which may have an impact on the response to earthquake 

loading. 

For wet (stucco) finished cripple walls, lumped phenomenological models are used to 

capture the in-plane lateral response of the tested specimens. With the presence of stucco finishes, 

the interaction of the furring nails connecting the stucco to the framing and/or sheathing elements 

are lacking in experimental data at the connection-level. Because of this, it is deemed that 

phenomenological models of the tested specimens would provide the most useful and accurate 

models of stucco finished cripple walls. Findings from this experimental program and other testing 

performed on stucco walls have demonstrated that the geometry of the stucco finish, placement of 

the furring nails, attachment of the stucco to the furring nails, and many other factors provide 

significant variations in the seismic response of the wall, especially in regard to the post-peak 

degradation of the walls.  

5.2 NUMERICAL MODELING OF WOOD FRAMED COMPONENTS AND 

SYSTEMS 

 Over the years, a wide variety of numerical models have been developed in an effort to 

capture the seismic response of woodframe shearwalls. The models can be categorized as: 1) 

lumped-parameter models, 2) simplified-mechanistic models, and 3) detailed finite-element 

models (FEM). For lumped-parameter models, the global in-plane response is captured with 

single-degree-of-freedom (SDOF) nonlinear shear springs. These models are made by fitting 

piecewise linear or nonlinear functions to capture the reversed cyclic force-displacement 
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characteristics of tested shearwalls or detailed numerical models of shearwalls. Common lumped-

parameter models include the modified Stewart (MSTEW) model developed by Folz and Filiatrault 

(2001) and the evolutionary parameter hysteretic (EPHM) model developed by Pang et al. (2007). 

 For all lumped-parameter models, the SDOF springs are assigned parameters to capture 

the stiffness and strength, degradation of stiffness and strength, and pinching effect of hysteretic 

loops. These models are simple and computationally efficient but lack the complexity and 

versatility to make them robust in their application. To accurately describe the behavior of a 

shearwall, the models require recalibration whenever the wall configuration has changed. Lastly, 

lumped-parameter models can only capture the lateral in-plane shear deformation thus ignoring 

the combined effects of vertical and horizontal loads.  

Due to these aforementioned limitations, lumped-parameter models were not initially used 

in developing models of cripple wall assemblies. However, they are used in the connection-level 

modeling of individual fasteners. These are then subsequently used in simplified-mechanistic 

models. Simplified-mechanistic models improve on lumped-parameter models by assigning the 

parameters of each sheathing and framing nail in the wall. In addition, the kinematics of the 

framing and panel elements are captured with these types of models. There are, however, 

simplifications within simplified-mechanistic models, which limit their application to modeling 

fully anchored shearwalls. A common simplified-mechanistic model is CASHEW (Folz and 

Filiatrault, 2004). One of the major simplifications of CASHEW is that all rigid elements (framing 

and panels) can only deform into a parallelogram, and the framing elements are assumed to be pin-

jointed rigid elements. Finite-element models offer a further advancement to mechanistic models, 

as they tend to reduce the number of simplifications, which allows for additional important 

characteristics of the seismic response of the shearwalls to be captured. For example, a two-
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dimensional FEM was developed by Christovasilis and Filiatrault (2010) which was able to 

account for the shear slip of anchor bolts, flexibility of sill plates and top plates, uplift of hold-

downs, and contact between framing members (sill-plate-to-foundation and stud-to-sill-plate 

bearing). Due to their used of additional finite element types, these models are able to capture the 

effects of both vertical (gravity and uplift) loads in additional to lateral loads. While FEM capture 

more of the response of the shearwall than the former two types of models, the complexity of the 

model naturally increases with the added degrees of freedom, as does the computational time to 

run such models. 

The nonlinear behavior of the dry finished cripple walls is modeled using the MATLAB 

toolbox MCASHEW2 (Pang, 2011). While the nonlinear behavior of the wet finished (stucco) 

cripple walls is modeled using lumped parameter phenomenological elements fit using the 

MSTEWfit toolbox (Pang, 2011). MCASHEW2 was developed to model two-dimensional 

shearwalls. It is a subsequent development of the computer program called Cyclic Analysis of 

Shear Walls (CASHEW) which was developed during the Consortium of Universities for Research 

in Earthquake Engineering (CUREE)-Caltech Woodframe Research Project (Folz and Filiatrault, 

2001). In addition to CASHEW, the computer program Seismic Analysis of Woodframe Structures 

(SAWS), was developed by Folz and Filiatrault to analyze the seismic behavior of light-frame wood 

buildings (Folz and Filiatrault, 2004). The SAWS program focused on capturing wood-framed 

building response, assuming they are planar two-dimensional systems, with rigid floor and roof 

diaphragms and hold-downs/anchor bolts fully restraining uplift of shearwalls. Both of these 

simplified approaches to modeling woodframe shearwalls were validated on racking and full-scale 

shake-table tests performed in the early 2000s during the CUREE-Caltech Project (testing by 

Pardoen et al., 2003; modeling by Folz and Filiatrault, 2004) as well as tests performed after 2005 
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during the Network for Earthquake Engineering Simulation (NEES) NEESWood Project 

(Christovasilis et al., 2007). Both the findings and the experimental data from these two projects 

provided key insights on how to improve modeling of wood-frame buildings under seismic 

loading. It was found that the accuracy of these models were highly dependent on the lateral 

stiffness of the shearwall as well as the in-plane and out-of-plane behavior of the diaphragms. 

MCASHEW2 was developed as part of the NEES-Soft Project (van de Lindt et al., 2012) and aimed 

to better capture the collapse mechanism of shearwalls. 

MCASHEW2 was developed to be a more computationally efficient two-dimensional FEM. 

The increased efficiency is due to a nodal condensation technique, which utilizes the shape 

functions of the framing and panel elements (Pang and Shirazi, 2013). By utilizing the shape 

functions of these elements, the degrees-of-freedom (DOFs) associated with the nail connections 

from the global DOFs of the shearwall are eliminated. With the shape-function nodal condensation 

technique, the response of individual fasteners are able to be accurately modeled. The importance 

of this as well as an enhanced potential to capture near failure (post-peak strength) for each 

fastened connection was deemed appealing to use in modeling the dry finished cripple wall tests.  

Notably, this technique also allows for more detailed numerical models to be developed, which 

capture the complexity and variations in shearwalls, such as nail spacing, framing and panel 

contact elements, and varying nail properties, without significant increases in computational 

overhead. As a consequence, its utility in the lateral parametric studies was deemed plausible. 

5.3 MODELING OF DRY FINISHED CRIPPLE WALLS 

Within typical light-frame wood shearwalls, there are dowel-type connectors (eg. nails), 

framing members, and sheathing panels which make up the entire assembly, as shown in an image 
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of a typical shearwall (Figure 5.1). MCASHEW2 utilized herein for dry finished cripple walls, 

relies on three types of elements to capture these. For modeling the fastener connection and bearing 

contacts between framing and sheathing panels, 3-DOF link elements are used. The framing 

members are captured with two-node, 6-DOF beam elements, and the sheathing panels are 

captured with 5-DOF shear-panel elements. Three of the panel DOF control the rigid body motion 

of the panel, and two of the DOF control shear distortion in both directions of the panel. For all 

panel elements included in this study, the shear strength of the panels were large enough that the 

shear distortion of the panels was negligible. For the framing members of the shearwalls, two-node 

Euler-Bernoulli beam elements with the corotational formulation are used. Since the elements are 

two-dimensional, each node has two translational DOFs and one rotational DOF. The elements 

that are modeled in MCASHEW2 are the dowel-type connections that fasten which are essentially 

the nailed connections. There are three types of connections: 1) frame-to-frame (F2F), 2) panel-

to-frame (P2F), and 3) panel-to-panel (P2P). Connection elements are either contact elements 

between framing members or panel members and panel-to-frame or frame-to-frame fastener 

elements. Each connection elements creates a node in the global system with two translational 

DOFs and one rotational DOF.  

  The models created used an incremental-iterative method to solve the nonlinear 

equilibrium equations for cyclic loading. The tested performed, which are the basis of which the 

models were built upon, were tested with controlled displacement, therefore, an iterative 

displacement-control convergence method was used to produce the nonlinear hysteretic response 

of the cripple walls as described by McGuire et al. (2000). 



 
257 

 

Figure 5.1 Primary components of a typical light-frame wood shearwall assembly (figure 

courtesy of Pang and Shirazi, 2013). 

For the models created, the displacement increment used was 0.005 inches for 2-ft-tall 

cripple walls and 0.015 inches for 6-ft-tall cripple walls. The initial drift amplitude according to 

the loading protocol used during physical testing of the cripple walls was 0.2% drift ratio. This 

constitutes a displacement of 0.048 inches for the 2-ft-tall cripple walls and 0.144 inches for the 

6-ft-tall cripple walls. The load step was assigned to be sufficiently small enough to capture the 

nonlinearity of the 0.2%-0.8% drift ratio cycles. It should be noted that decreasing the 

displacement increment may provide additional model accuracy but at the cost of more 

computational overhead. However, in this study, two identical models were ran with a 

displacement increment of 0.002 inches and 0.005 inches, and a comparison of their results showed 

that the response only differed for drift amplitudes less than 1%. The smaller displacement 

increment produced smoother hysteretic cycles which would provide a more accurately capture 

the hysteretic energy dissipation. However, the hysteretic energy dissipation of  the models at drift 

amplitudes less than 1% for the models were relatively small compared with the hysteretic energy 

dissipation from 1%-12% drift ratio. A comparison of the cumulative energy dissipation for both 
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models at the end of the load protocol showed that difference were less than 2%, therefore, it was 

deemed appropriate to use the larger displacement increment. The maximum load ratio (λ) was set 

at 500 which is a recommended value for the displacement-controlled convergence method used. 

To complete the ith displacement step, a residual tolerance of .0001 inches was used. Due to the 

highly nonlinear response of shearwalls, a maximum number of iterations is prescribed if the 

residual tolerance of the equilibrium equation is not satisfied. The maximum iterations was set as 

15. Both this and the residual tolerance were assigned to be in accordance with recommended 

values given for successful shearwalls modeled with MCASHEW2 (Pang and Shirazi, 2013). When 

the model is running, the gravity load is applied over 10 steps, which is recommended for 

MCASHEW2 models. Once the gravity load is applied, the incremental displacements are imposed 

based on an assigned loading protocol. The loading protocol contains the primary amplitude, which 

is a percent drift corresponding to a reference displacement provided by the user. The reference 

displacement and primary amplitudes were assigned so that they would correspond to drift 

amplitude of the cripple wall. In addition, the loading protocol is formulated with the number of 

trailing cycles and the amplitude of the trailing cycles. The loading protocol used directly matches 

the loading protocol implemented during testing of the cripple walls. An in depth look at 

MCASHEW2 can be found in Appendix B. 

5.3.1 Connector Hysteretic Spring Models 

Within MCASHEW2 eight types of elastic and hysteretic spring models are used to assign 

properties to the frame-to-frame, panel-to-frame, and panel-to-panel connectors. For each 

connection, there are two orthogonal translational springs and one rotational spring requiring 

parameter assignment. The two orthogonal translational springs are orientated in the local x-
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direction and local y-direction of one of the frame or panel elements. Note that eight types of zero-

length springs available in the program. Amongst these, the following were used: 1) linear springs, 

2) bilinear springs, 3) Modified Steward (MSTEW) hysteretic springs, 4) hold-down (HD1) 

springs, 5) nail-withdrawal (HD2) springs, and 6) contact (CT) springs. 

The linear and bilinear spring models are elastic while all other spring models are 

hysteretic. The linear spring model is a one parameter model assigned an initial stiffness. For the 

bilinear spring model, there are three parameters assigned: 1) initial stiffness, 2) yield 

displacement, and 3) post-yield stiffness-to-initial stiffness ratio. While there are a multitude of 

spring models available to assign to the connections, not all were used to generate the nonlinear 

models of the cripple walls. In all instances of connection elements being implemented, SDOF 

models were assigned for the translational DOFs while all rotation DOFs were modeled with zero 

stiffness linear springs. The following sections focus on the describing the hysteretic spring models 

used. 

 

Modified Stewart (MSTEW) Hysteretic Spring Model 

The modified Stewart (MSTEW) hysteretic spring model shearwall was developed during 

the CUREE program by Folz and Filiatrault (2001). It is based on the hysteretic model developed 

by Stewart (1987), which was developed to capture the seismic response of shearwalls. The 

usefulness of this model for woodframe and earthquake research has been shown through multiple 

projects which have used the MSTEW model to accurately depict the nonlinear response of both 

sheathing nails and shearwalls. The model is able to capture strength hardening, strength 

deterioration, stiffness degradation, and pinching, which are all phenomenon exhibited by 
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sheathing nails. There are ten parameters included in the model, which are described below and 

shown in Figure 5.2. 

 

(a) 

 

Figure 5.2 Modified Stewart hysteretic model with parameters: (a) framing-to-framing (left) and 

sheathing-to-framing (right) nailing load-slip schematic; and (b) MSTEW model 

hysteresis (figures adapted from Pang and Shirazi (2013)). 
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K0 = initial stiffness 

r1 = ratio of stiffness parameter of the 

ascending backbone to K0 

r2 = ratio of stiffness parameter of the 

degrading backbone to K0  

r3 = ratio of  the unloading path 

stiffness to K0   

r4 = ratio of the pinching load path 

stiffness to K0   

F0 = resistance force parameter of     

backbone 

Fi = pinching residual resistance force 

δu = drift corresponding to the 

maximum restoring force 

α = stiffness degradation parameter 

β = strength degradation parameter 

 

(b) 

Figure 5.2      Modified Stewart hysteretic model with parameters, (continued). 

The ten parameters presented above are culminated to represent the exponential backbone 

curve, the linear loading paths, and the linear unloading paths. The model has been shown to be 

able capture the response of wood fastener connections (OSB/plywood, framing, sheathing, and 

siding) as well as capturing a global response of shearwalls consisting of OSB/plywood, sheathing, 

siding, stucco, and gypsum wall board. The MSTEW model is used to capture the shear response 

of sheathing nails and framing nails in the numerical models. However, there are a few limitations 

to the ability of the model to accurately capture the nonlinear hysteretic response. One of these 

limitations is that the MSTEW model has limited accuracy at post-peak strength drift levels. At 

post-peak strength drift levels, both the strength deterioration and the stiffness degradation can be 

significant. Since the MSTEW model uses a linearly decaying backbone, these phenomena that 

occur at post-peak drift levels are not as accurately captured as the response at pre-peak drift levels. 

Physically, it is observed that the post-peak backbone decay is nonlinear.  Another limitation is 

that the MSTEW model may overestimate the energy dissipation of the system.  
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The nonlinear response for monotonic loading of the MSTEW model can be described with 

the following five-parameter piecewise function (Folz and Filiatrault, 2001): 

𝐹(𝛿) =  {

(𝐹0 + 𝑟1𝐾0𝛿) [1 − exp (−
𝛿𝐾0

𝐹0
)] ,            𝛿 ≤ 𝛿𝑢

       𝐹𝑢 + 𝑟2𝐾0(𝛿 − 𝛿𝑢),                                  𝛿𝑢 < 𝛿 < 𝛿𝑓
   0,                                                                     𝛿 ≤ 𝛿𝑓

       (5.1) 

where, K0 = initial stiffness, δ = deformation, F0 = force intercept of the asymptotic line, Fu = 

ultimate force, r1K0 = asymptotic stiffness under monotonic load, and r2K0 = post ultimate strength 

stiffness under monotonic loading. Additional information on the MSTEW can be found in Folz 

and Filiatrault (2001). 

 There have been many connection tests performed on dowel-type fasteners, which were 

subsequently described by the MSTEW model. In each of these testing programs, multiple tests 

were performed due to the intrinsic variability of timber construction. The MSTEW models 

developed from these testing programs provide an average response of the experiments. It is worth 

noting that the MSTEW model is symmetric, while experimental results of fastener connections 

are slightly asymmetric. Due to this asymmetry, typically the parameters were fitted separately to 

the hysteretic response in the positive quadrant and the hysteretic response in the negative 

quadrant.  

 

Nail Withdrawal (HD2) Hysteretic Spring Model 

For framing members, end nail withdrawal is modeled with the nail withdrawal hysteretic 

spring model (HD2). When joining two perpendicular framing members, end nails are commonly 

used for fastening. The hysteretic spring model is a modification of the MSTEW hysteretic model 

previously discussed. It contains the same ten parameters as the MSTEW model, which allow for 
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the hysteresis to capture the complex nonlinearity of end nail withdrawal. The HD2 model differs 

from the MSTEW model in its ability to capture an asymmetric hysteretic response, whereas the 

MSTEW model is a symmetric hysteretic model. Figure 5.3 shows the load sequence of the model, 

denoting how the assigned parameters affect the response. In addition, the figure depicts an end 

nail connection between two framing members and shows the directional displacement response 

of the HD2 model. The model follows the same nonlinear equation given in Equation 5.1 to express 

the response of the fastener when loading in the positive direction, ie. nail withdrawal. As with the 

MSTEW model, all other load paths are linear in their force-displacement relationship. The 

asymmetry of the model compared with the MSTEW model is shown by the load path in the 

negative direction which does not follow the force-displacement relationship expressed in 

Equation 5.1. Instead, the negative direction response is governed by linear relationships which 

model the pinching phenomena of wood fastener connections. This is shown in the load paths BC, 

CD, and DE.  

 In typical timber modeling programs, there is a centerline modeling approach taken to 

represent perpendicular framing connections. The issue with a centerline modeling approach is 

that it does not accurately represent the geometry of the framing members. With the centerline 

modeling approach, no bearing occurs during loading, so effectively, the stud is allowed to displace 

to the point where both framing members occupy the same space. While commonly used in many 

woodframe modeling programs, the centerline modeling approach violates the physics of solid 

mechanics. MCASHEW2 employs a new technique which does not violate these physics by 

prohibiting framing members from occupying the same space. Each framing member is assigned 

contact springs at both ends as shown in Figure 5.4. The contact springs model the bearing of the 

studs on top plates and studs on sill plates. Due to the presence of this bearing, as the displacement 
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increases, the stud rotation increases, which increases the gap between the centerline of the stud 

and the top plate or the stud and the sill plate, which in turn, increases the end nail withdrawal 

displacement. This approach gives an accurate depiction of the phenomena that is physically 

observed in wood shearwalls. An MSTEW model is used to characterize the shear response of the 

end nails. It should be noted that kx and ky are given in a local coordinate system which orientates 

kx so that it is parallel to the longitudinal axis of the end nail, see Figure 5.4.   

   

              (a)                                                                                     (b) 

Figure 5.3 Nail withdrawal hysteretic spring model: (a) framing-to-framing connection 

schematic; and (b) HD2 model hysteresis with parameters (figures adapted from Pang 

and Shirazi (2013)). 

 

Figure 5.4 End-nail connection model (figures adapted from Pang and Shirazi (2013)). 
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Nonlinear Hold-Down Hysteretic Spring Model 

Hold-downs are used in shearwalls to provide uplift resistance which prevents the 

shearwalls from racking. The uplift forces and uplift deformation experienced by hold-downs 

attached to end studs are modeled using a nonlinear hold-down hysteretic spring model (HD1). As 

with the MSTEW and nail withdrawal hysteretic spring models, there are 10 parameters assigned 

to fit the model. The parameters are as follows: 

The parameters are displayed in Figure 5.5(b) for an arbitrary loading history. In addition, 

this figure shows a hold-down set up along with the direction of displacement considered in the 

hysteretic spring model, see Figure 5.5(a). The initial loading (path OA) of the hold-down spring 

model is similar to the MSTEW and nail withdrawal model, following Equation 1. The unloading 

(path AB) has an elastic stiffness based on the initial stiffness of the hold-down. As the unloading 

goes into the negative quadrant (path BC), there is a reduction in the stiffness. This stiffness 

reduction is caused by the hold-down connectors losing partial contact with the end studs. Once 

the hold-down is reloaded (path CD), the gaps between the hold-down connectors and the end 

studs close up. As the loading moves into the positive quadrant (path DE), there is a reduction in 

the stiffness caused by degradation of the stiffness experienced by hold-down connectors. This 

reloading path shows the permanent deformation that is caused by the cyclic response. There is a 

continuous degradation of strength and stiffness over increased amplitude loading cycles (path 

EF). The hold-down hysteretic spring loses capacity once the uplift displacement is larger than the 

failure displacement which is determined by where path EF intersects the horizontal axis.   
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(a) 

 

1. K0 – initial stiffness 

2. r1 – asymptotic ascending backbone stiffness 

ratio   

3. r2 – descending backbone stiffness ratio  

4. ru – unloading stiffness ratio  

5. rl – reloading stiffness ratio 

6. rr – reloading uplift ratio  

7. ri – stiffness ratio of line with Fi intercept 

8. F0 – asymptotic ultimate tensile force 

9. Fi – maximum compression force intercept 

10. δu – uplift at maximum tensile force 

(b) 

Figure 5.5 Hold-down hysteretic spring model: (a) hold-down connection schematic; and (b) 

HD2 model hysteresis with parameters (figures adapted from Pang and Shirazi 

(2013)). 

5.3.2 Connection Testing for MSTEW Models 

There have been past experimental programs performed to determine the MSTEW 

parameters of various dowel-type connections. The results of these programs provide valuable 

insight on how to assign parameters to accurately capture the shear response of panel-to-frame and 

frame-to-frame connections. Herein, three experimental programs were considered to obtain the 
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MSTEW parameters used to create the nonlinear models for the fastener shear connections. These 

programs are discussed below. 

Fonseca et al. (2002) 

As part of the CUREE-Caltech Woodframe Project, tests were performed at Brigham 

Young University to create a database of nail, wood screw, and staple fastener connections. All of 

the experiments performed utilized the MSTEW hysteretic spring model to capture the nonlinear 

response of dowel-type connections. To the authors knowledge, this program produced the largest 

body of knowledge  available on wood fastener shear connections to date. Overall, there were 48 

different combinations of sheathing material, framing material, and fasteners tested. The sheathing 

materials were OSB and plywood, varying in thickness (3/8-in. OSB, 7/16-in. OSB, 15/32-in. 

OSB, and 15/32-in. plywood). The framing materials were 2  4 Douglas Fir and pressure treated 

2  4 Hem-Fir. Nine types of nails, three types of screws, and one type of staple were tested. One 

of the fasteners tested was 8d common nails which was the sheathing-to-wood fastener used in all 

experiments performed in this program. For each combination, ten tests were conducted with the 

applied load perpendicular to the framing, and ten tests were conducted with the applied load 

parallel to the framing, as shown in Figure 5.6. The CUREE-Caltech loading protocol was used 

for testing. 
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Figure 5.6 Typical test configurations for Fonseca et al. (2002). 

 The typical test setup positioned the fasteners 3/8-in. from the edge of the sheathing panel. 

The smaller than typical edge distance resulted in tear out of the fastener from the sheathing 

member being the most common failure mode. For all fastener connections in the cripple walls 

tested, the edge distance was greater than ½-in. and more commonly ¾-in. Because of this, the 

parameters from this experimental program tend to underestimate the displacement capacity of the 

fastener connections, as shown through comparison to similar fastener connection tests performed 

in other programs (Christovasilis et al. 2007, Coyne 2007). The yield mode for each of the tests 

was the fastener developing a plastic hinge in the sheathing panel. They do, however, give an 

accurate representation of the stiffness achieved by the fastener connections. The parameters were 

fitted to the positive quadrant of the fastener connection load-slip hysteresis. For most of the 

fastener tests, there was a large degree of asymmetry between the response in the positive and 

negative quadrant at peak and post-peak displacement cycles. At pre-peak displacement cycles, 

there was a much more symmetric response. An example hysteresis is shown for an 8d common 
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nail fastening 7/16-in. OSB sheathing to 2  4 Douglas Fir framing in Figure 5.7. The high degree 

of asymmetry at peak and post-peak displacement cycles are a result of tear out failures almost 

exclusively occurring during loading in the positive direction. During testing, tear out, pull 

through, and withdrawal were all experienced by sheathing-to-wood fasteners. In the experimental 

program presented in this dissertation, it was more common to see nails pull through or withdrawal 

due to the increased edge distance of the fasteners compared with this fastener testing program. 

Due to this, the parameters extracted from this body of data utilized the displacement parameters 

of tests which had withdrawal failure modes and displacement parameters that fit the load-slip 

hysteresis in the negative quadrant. Further discussion of the MSTEW parameter estimation taken 

from this data is presented for the T1-11 exterior finished models in which these tests were utilized.  

 

Figure 5.7 Fonseca et al. (2002), Test 47-08 – 8d common nail fastening 7/16-in. OSB 

sheathing to 2x4 Douglas Fir framing with perpendicular loading. 

Christovasilis et al. (2007) 

As part of the NEESWood project, fastener connection tests were performed at the 

University of Buffalo, State University of New York to obtain MSTEW parameters for nailed 

sheathing-to-framing fastener connections. The test specimens consisted of 7/16-in. OSB 

sheathing panels attached to Hem Fir framing with 8d common nails. The framing members tested 
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were 2  4 and 2  6 nominally. Two configurations were used for testing: 1) parallel to grain of 

framing lumber and 2) perpendicular to grain of framing lumber. There were a total of 13 tests 

conducted for each configuration. Each test had four 8d common nails being displaced as opposed 

to the Fonseca et al. tests, which only displaced one 8d common nail. The same CUREE-Caltech 

loading protocol was used for all tests. The two test configurations are shown in Figure 5.8.  

 

Figure 5.8 Test setup for Christovasilis et al. (2007). 

 

Coyne (2007) 

Along with testing done by Christovasilis et al. (2007), another fastener connection testing 

program was performed at University of Buffalo, State University of New York as part of the 

NEESWood project. The testing program aimed to obtain MSTEW parameters for sheathing-to-

framing connections. Expanding the program of Christovasilis et al. (2007), these tests included a 

wider range of OSB panel thicknesses and nail sizes. The variables included thickness of OSB 
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sheathing (7/16-in., 5/8-in., and ¾-in.), fastener type (6d common, 8d common, and 10d common), 

and loading direction (parallel to grain and perpendicular to grain). All framing members used 

were 2  4 Hem Fir. The same test configuration and loading protocol was used as with the 

Christovasilis et al. (2007) testing program. Five tests were performed for each configuration. The 

tests found that the strength and allowable displacement of the fastener connection increases with 

increasing nail diameter and sheathing thickness. 

5.4 NUMERICAL MODELING OPTIMIZATION STRATEGY 

In this section, a description of the finite element connection-level models is presented for 

both horizontal siding and T1-11 wood structural panel finished cripple walls. There are a total of 

eight models discussed, which includes four horizontal siding finished cripple wall and four T1-

11 wood structural panel finished cripple walls. Each finish type has two 2-ft-tall and two 6-ft-tall 

models. Within each pair is the existing and retrofitted version of the cripple wall. The details of 

the models are described, including the geometric properties, material properties, and geometry of 

the models. In addition, the spring model parameters for panel-to-framing fasteners, framing-to-

framing fasteners, and panel-to-panel contact elements are presented with discussion on how the 

parameters were derived. For each model, the boundary conditions included fixed end nodes on 

the sill plate while the top of the cripple wall had no restraints. The fixed connections at the bottom 

prohibited any movement of the sill plate. The gravity load was applied with a distributed load 

across the entire upper top plate. The distributed load was 450 plf applied in the downward along 

the frame element. The load protocol was imposed on the left node of the upper top plate.  
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5.4.1 Horizontal Siding Cripple Wall Nonlinear Models  

Description of Models 

There were four cripple walls tested with horizontal siding exterior finishes. The cripple 

walls were 2-ft-tall and 6-ft-tall, in both existing and retrofitted conditions. Both cripple walls were 

12 ft– 4½ in. length and constructed with the same framing details beside the length of the studs 

which increased from 19½ in. to 67½ in. from the 2-ft-tall specimens to the 6-ft-tall specimens. 

Framing members were construction with grade Douglas Fir (#2 or better). The horizontal siding 

boards were shiplap, 1  6 nominal (3/4 in.  5½ in.), construction grade redwood. Full siding 

boards were installed flush with the uppermost top plate. An 1/8–in. gap was placed between siding 

boards, leaving a 3/8 in. overlap between each siding board. No siding boards were trimmed at the 

base of the cripple wall, thus leaving an overhang for all cripple walls with horizontal siding. This 

culminated to 3-3/8–in. overhang for the 6-foot-tall cripple walls and a 1/8–in. overhang for the 2-

ft-tall cripple walls. The horizontal siding boards were fastened with 2–8d nails per stud. Only the 

outermost end stud was nailed to the siding boards. In addition, the top siding board was fastened 

entirely to the top plates. For the 2-ft-tall specimens the bottom siding board had one nail fastened 

to the stud and the other fastened to the sill plate, and for the 6-ft-tall specimens only one nail was 

used to fasten the siding board (attached to the sill plate) due to the large overhang of the siding 

board. All nails used were 8d common hot-dip galvanized. For the 2-ft-tall cripple wall, nails were 

spaced 2 5/8–in. apart on siding boards, centered about the middle of the board. For the 6-ft-tall 

cripple all, nails were spaced 2 3/8–in. apart on siding boards, centered about the middle of the 

board. Exterior elevations of the unretrofitted cripple walls are shown in Figures 5.9(a) and (c). 

Additional details of the horizontal siding finished cripple walls can be found in Section 2.4.   
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 The cripple walls were retrofitted in accordance with the FEMA P-1100 prescriptive 

retrofit guidelines. Both the 2-ft-tall and 6-ft-tall specimens were fully sheathed along the interior 

with 15/32–in.-thick Grade 32/16 plywood and was placed in three 4–ft sections. Panels were 

attached with 8d common nails at 3–in. on center along the edges and 12–in. on center along the 

field. A 1/8–in. gap was left between panels to allow for expansion, and the nails were placed ¾ 

in. from the panel edge. The plywood panels terminated at the top of the middle top plate. To 

accommodate the retrofit, additional 4  4 end studs were toe-nailed in the interior framing space, 

with 2–8d nails top and bottom at each end of the wall, and two interior 4  4 studs were toe-nailed 

in with 2–8d common nails top and bottom at each interior third. The addition of studs and blocking 

plates were used to allow the plywood panels to be nailed to the cripple wall. The blocking was 

fastened to the sill plate between studs with 4–10d nails staggered per block. For the additional 

anchorage required by FEMA P-1100, there were small variations in the details of the retrofit 

design. The 2-ft-tall specimen added two additional ½-in. anchor bolts to create an anchor bolt 

spacing of 32-in. on center. For the 6-ft-tall specimen, four additional anchor bolts were added. 

The layout for the anchor bolts was the same as with the 2-ft-tall specimen with two additional 

anchor bolts positioned 12 inches interior to the outermost anchor bolts. In addition to the added 

anchor bolts, hold-downs were used for the tie-downs at both ends. The tie-downs were hot-dip 

galvanized and fastened with six ¼–in.  2–1/2 in. screws into the end studs. Interior elevations of 

the unretrofitted cripple walls are shown in Figures 5.9(b) and (d). Additional details on the retrofit 

and the FEMA P-1100 prescriptive retrofit design can be referred to in Section 2.5. The models 

were created to replicate the exact layout as the tested cripple walls which would allow for the 

models to be validated by the experimental results.  
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(a) 

 

(b) 

Figure 5.9 Details of horizontal siding finished cripple walls: (a) 2-ft-tall, unretrofitted cripple 

wall exterior elevation view; (b) 2-ft-tall, retrofitted cripple wall interior elevation 

view; (c) 6-ft-tall, unretrofitted cripple wall exterior elevation view; and (d) 6-ft-tall, 

retrofitted cripple wall interior elevation view. 
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(c) 

 

(d) 

Figure 5.9 Details of horizontal siding finished cripple walls, (continued). 
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Element Geometries and Properties 

There were three types of wood used for the horizontal siding finished specimens: 1) 

construction grade redwood siding, 2) Grade 32/16 plywood interior sheathing, 3) and construction 

grade Douglas Fir framing. The siding and interior sheathing were modeled with panel elements, 

and the framing was modeled with frame elements. The material properties were assigned based 

on the specific gravity of the type of wood. The specific gravity for each type of lumber was 

determined using recommendations from Miles and Smith (2009). The species of tree, 

geographical origin, and moisture content were used to calculate the specific gravity for the 

redwood siding and the Douglas Fir framing. The specific gravity for the species of tree and 

geographical origin was obtained from Table 1A in Miles and Smith (2009). Once this value was 

obtained, the following equation was used to modify the specific gravity based on the moisture 

content of the wood Eckelman (1997): 

𝑆𝑥 =
𝑆𝑦

1+0.009∙𝑆𝑦∙(𝑚𝑐𝑥−𝑚𝑐𝑦)
  (5.2) 

where Sx is the specific gravity of the wood tested, Sy is the specific gravity of the wood at a known 

value, mcx is the moisture content of the wood tested, and mcy is the moisture content of the wood 

at a known value. The specific gravity and moisture content at a known value was taken to be 

when the lumber has a moisture content of 12%. This is a standard moisture content that specific 

gravities are correlated to in Eckelman (1997). The grade of plywood was used to determine the 

specific gravity of the plywood interior sheathing. The specific gravity is used to determine the 

density of the materials which is required for both frame and panel elements. The calculated 

specific gravities for the tested lumber are shown in Table 5.1. For frame elements, the other 

material property parameter is the elastic modulus. The elastic modulus was determined based on 
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recommendations from Green et al. (1999). In addition, panel elements require the shear modulus 

to be defined. The shear modulus parameter assigned was based on recommendations from APA 

– The Engineered Wood Association (1997) which consider the moisture content and grade of 

plywood. Table 5.2 provides the geometric and material properties. 

Table 5.1 Specific gravities of tested woods for horizontal siding finished cripple walls (Miles 

and Smith, 2009). 

Wood Type 
12% Moisture Content 

Specific Gravity 

Tested Moisture 

Content (%) 

Tested Specific 

Gravity 

Redwood (construction grade) 0.38 6.6 0.39 

Plywood (grade 32/16) 0.57 5.9 0.59 

Douglas Fir (construction grade) 0.48 13.0 0.48 

 

Table 5.2  Geometric and material properties of panel and framing elements for horizontal 

siding finished cripple walls. 

Type of Wood 
Nominal 

Dimensions 

Geometric Parameters Material Parameters 

Height or 
Length 

(in.)  

Width 

(in.) 

Thickness 

(in.) 

Density 
(pcf) 

Shear 
Modulus 

(ksi) 

Elastic 
Modulus 

(ksi) 

Redwood 

(construction grade) 
1  6 148.5 5.5 0.75 24.4 1750 1100 

Plywood (Grade 

32/16) 
15/32 -- 48 0.438 36.8 2700 1800 

Douglas Fir 

(construction grade) 

2  4 -- 3.5 1.5 30.0 Not a 

required 

input 

parameter 

1560 

4  4 -- 3.5 3.5 30.0 1560 

2  6 -- 5.5 1.5 30.0 1560 
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Fastener Connection Parameters 

There are four MSTEW hysteretic spring models used for the horizontal siding models: 1) 

siding-to-framing perpendicular loading, 2) siding-to-framing parallel loading, 3) sheathing-to-

framing perpendicular loading, and 4) sheathing-to-framing parallel loading. For the unretrofitted 

specimens, there are no sheathing-to-framing fasteners used due to there being no plywood 

attached to the interior of the cripple wall. The MSTEW parameters used for the siding-to-framing 

fastener connections were derived from the available database of MSTEW fastener connections 

presented in the previous section. Although there is a significant body of knowledge on sheathing-

to-framing fastener connection models, there are no direct matches to the types of connections 

used in the experimental program discussed in this dissertation. Most prominently, within the 

available database of fastener connections, there were no tests that were performed on redwood. 

In addition, the sheathing type commonly used in the fastener testing programs was OSB whereas 

the specimens tested were constructed with plywood. There are, however, many tests which used 

8d common nails for the fastener. Comparisons between results of the fastener testing programs 

provide a basis for assigning the MSTEW parameters used for the shear connections between 

sheathing/siding and framing. The parameters for the fasteners in this study were derived from the 

tests that most closely represented the fastener connection configurations that the cripple walls 

were constructed and tested with. The MSTEW parameters are influenced by the specific gravity 

of the sheathing and framing materials as well as the length and diameter of the fastener used. 

Since there is no database on the exact configurations used in this experimental program, 

estimations for the parameters assignments considered the trends in parameter variability from the 

available databases, specifically sheathing thickness.  



 
279 

The basis for choosing which database of fastener tests to use was predominately 

determined by the database which most closely resembled the configuration tested in the cripple 

walls. In the instance of the horizontal siding cripple walls, both the Coyne and Christovasilis et 

al. databases were used. Both test programs had the same testing configuration and loading 

protocol, thus allowing for comparable data between the two programs. For the horizontal siding-

to-framing connections, the thickness of the redwood siding was 3/4–in. and fastened with 8d 

common nails into 2  4 Douglas Fir framing. Only one test configuration was done with 3/4–in. 

sheathing material, but the sheathing material was OSB, the framing material was Hem Fir, and 

the fastener used was a 10d common nail. Trends between sheathing thickness/nail diameter and 

their effects on the resistance force parameter of backbone (F0), the pinching residual resistance 

force (Fi), the initial stiffness (K0), and the drift corresponding to the maximum restoring force (δu) 

were modeled. These were the parameters chosen to be analyzed due to their effects on the yield 

displacement/strength, ultimate displacement/strength, and residual displacement/strength of the 

fastener hysteresis.  

Using a linear regression to fit values of F0, Fi, K0, and δu based on the sheathing thickness 

and then on the nail diameter produced values for these parameters which would be a good 

approximation for the parameters of the fastener connections used in the cripple walls tested. The 

parameters from the fastener tests were plotted against sheathing thickness and nail diameter. The 

scatterplots were fitted with a linear regression, and then the parameters used in the numerical 

models were chosen based off whichever had the highest coefficient of determination. This would 

ensure the most confidence in assigning the MSTEW parameter. The scatterplots with the highest 

coefficient of determination value varied for each parameter in question. In some cases, the 

assigned parameter was based on the sheathing thickness, and in other cases it was based on the 
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nail diameter. There was also variation based on whether the loading implemented on the fasteners 

was parallel to grain or perpendicular to grain.  

 It was chosen to not modify the r1, r2, r3, r4, α, and β parameters with this methodology. 

For these parameters, there was little variation in their values throughout both of the testing 

programs. Due to the small amount of variation, an average was taken of these parameters for all 

of the tests performed in the two testing programs. It should be noted that these are considerably 

more difficult parameters to assign when fitting an MSTEW model to a fastener connection 

hysteresis which could be a reason why there was so little variation between the parameters. In 

addition, there was considerable differences in the r1, r2, r3, and r4 parameters based on whether 

the loading was parallel or perpendicular to grain. Therefore, these parameters of the fasteners in 

the cripple wall numerical models were assigned based the averages for each direction of loading. 

There were seven test configurations between the Coyne and Christovasilis et al. experimental 

programs used to fit the parameters used for the horizontal siding-to-framing connection MSTEW 

models. 

To account for the differences in strength of the connections with regard to wood type and 

specific gravity of the wood, the National Design Specification (NDS) for Wood Construction 

yield equations were used (AWC, 2018b). These adjustments to the strength of the fasteners were 

based on Section 12.3 – Reference Lateral Design Values. The yield limit equations prescribed in 

this section are based off the yield mode of the fastener connection, type of fastener, and type of 

lumber used for the framing and sheathing members. The yield mode observed for fastener 

connections was Yield Mode IIIs which is where a plastic hinge develops in the side member 

(sheathing member). This aligns with the common yield mode observed in fastener connection 
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tests used to develop the parameters for the MSTEW models. A depiction of this yield mode is 

shown in Figure 5.10.  

 

Figure 5.10 Yield Mode IIIs – plastic hinge developing in the side member (adapted from AWC (2018b)). 

 The inputted values used to modify the contribution of the lumber materials when finding 

the reference lateral design values, denoted as Z, are the specific gravity of the lumber, thickness 

of sheathing material, nail length, and nail diameter. The first step is to determine what the Z-value 

is for the configuration tested in each fastener connection experimental program. Next, the Z-value 

is determined for the configuration tested in the present experimental program. The ratio of these 

two Z values is used to scale the resistance force parameter of backbone (F0) MSTEW parameter. 

This parameter, along with the initial stiffness (K0), the ratio of stiffness parameter of the ascending 

backbone to K0 (r1), and the drift corresponding to the maximum restoring force (δu) dictate the 

yield strength and ultimate strength of the fastener connection. It was chosen to only modify F0 

and keep the rest of the parameters in line with data taken from the fastener connection tests. This 

would essentially increase the yield strength and ultimate strength of the fastener connection 

without modifying the yield displacement and ultimate displacement. The initial stiffness and drift 

corresponding to the maximum restoring force would be affected by the specific gravity of the 

lumbers used, but this methodology for adjusting the parameters was done to modify the strength 

of the fasteners, so only F0 was changed by the ratio of Z-values. An example of the selection 
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process for choosing the MSTEW parameters of parallel to grain connections of 8d common nails 

attaching 3/4–in. redwood siding to 2  4 Douglas Fir framing is outlined below. 

 In Figure 5.11 below, data from the seven parallel to grain test configurations in Coyne 

(2007) and Christovasilis et al. (2007) are plotted for MSTEW parameters versus nail diameter or 

sheathing thickness with both variables denoted in each graph. Overlaid on the scatterplots is the 

linear regression correlating the two variables along with the associated coefficient of 

determination (r2) with the best-fit line. As stated previously, the choice of using nail diameter 

versus sheathing thickness was based on which linear regression had the highest coefficient of 

determination. It should be noted that the results for the parameters based on either nail diameter 

versus sheathing thickness had differences of less than 15% for all cases. It would be expected that 

the coefficient of determination would be adversely affected by the several data points, which 

contain the same independent variable with different results for the dependent variable. The 

smallest coefficient of determination value was 0.2128 for the correlation between nail diameter 

and the displacement at maximum restoring force parameter (δu), and the largest coefficient of 

determination was 0.7842 for the correlation between nail diameter and initial stiffness (K0). The 

linear regression models were used to find the K0, F0, Fi, and δu parameters for the MSTEW 

hysteretic spring models of the horizontal siding boards fastening to the framing. Table 5.3 shows 

the assigned MSTEW parameters for both parallel- and perpendicular-to-grain fasteners used for 

the horizontal siding finished cripple wall models. The hysteresis of each is shown in Figure 5.12. 
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                                                      (a)                                     (b) 

     

                                                    (c)                                (d) 

Figure 5.11 Linear regression of nail diameter/sheathing thickness versus MSTEW parameter of 

data from Coyne (2007) and Christovasilis et al. (2007) for parallel sheathing-to-

framing connections: (a) K0 versus nail diameter; (b) F0 versus sheathing thickness; 

(c) Fi versus sheathing thickness; and (d) u versus nail diameter. Note: number of test 

configurations used is provided in each plot. 
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Table 5.3  MSTEW optimized parameters for siding (3/4” construction grade redwood) to 

framing (2x4 construction grade redwood) fasteners (8d common nails).  

MSTEW 

Parameters 

K0 

(kip/in.) 
r1 r2 r3 r4 

F0 

(kips) 

Fi 

(kips) 

δu 

(in.) 
α β 

Parallel to 

grain 
10.647 0.051 -0.047 1.1 0.015 0.2401 0.03384 0.3600 0.72 1.06 

Perpendicular 

to grain 
7.534 0.049 -0.049 1.4 0.015 0.2163 0.02817 0.3894 0.72 1.06 

 

           

                                                 (a)                                                                                      (b) 

Figure 5.12 Force (kips) versus slip (in.) MSTEW hysteretic spring models for siding (3/4” 

construction grade redwood) to framing (2x4 construction grade redwood) fasteners 

(8d common nails): (a) parallel-to-grain; and (b) perpendicular-to-grain. 

 For the retrofitted cripple walls, three 15/32–in plywood panels were attached to the 

interior of the framing with 8d common nails at 3–in. on center spacing around the edges and 12–

in. on center spacing through the field. The fasteners were modeled with MSTEW hysteretic 

springs. The parameters for the MSTEW models were chosen using data from Christovasilis et al. 

(2007) on 8d common nails fastening 7/16–in. OSB to Hem Fir framing. This data was chosen 

because it most closely aligned with the tested configuration as well as having the least amount of 

variance in the data set. Modifications to the strength were done based on the comparison of the 
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Z-values of the tested set up from Christovasilis et al. versus the configuration tested with the 

retrofitted cripple walls finished with horizontal siding below. Table 5.4 shows the assigned 

MSTEW parameters for both parallel and perpendicular to grain fasteners used for the plywood-

to-framing connections in the retrofitted cripple wall models. The corresponding hysteresis are 

shown in Figure 5.13. 

Table 5.4 MSTEW optimized parameters for sheathing (15/32” Grade 32/16 plywood) to 

framing (2x4 construction grade redwood) fasteners (8d common nails). 

MSTEW 

Parameters 

K0 

(kip/in.) 
r1 r2 r3 r4 

F0 

(kips) 

Fi 

(kips) 

δu 

(in.) 
α β 

Parallel to 

grain 
8.4113 0.025 -0.27 1.028 0.005 0.2424 0.035 0.50 0.6 1.06 

Perpendicular 

to grain 
6.0638 0.026 -0.028 1.021 0.01 0.2381 0.0342 0.559 0.55 1.06 

 

        

                                                    (a)                                                                               (b) 

Figure 5.13 Force (kips) versus slip (in.) MSTEW hysteretic spring models for sheathing (15/32” 

Grade 32/16 plywood) to framing (2x4 construction grade redwood) fasteners (8d 

common nails): (a) parallel-to-grain; and (b) perpendicular-to-grain. 
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Panel-to-panel Contact Elements 

Since the siding boards are shiplap, panel-to-panel contact elements need to be assigned to 

model the frictional forces that develop between the overlaps of the siding boards. Each siding 

board overlaps the underlying siding board by 3/8–in. An MSTEW hysteretic spring model was 

used to capture the frictional forces developed between the boards. This model was chosen because 

it allowed for the frictional forces to decrease as the displacement amplitudes of each cycle 

increased. When the imposed displacement increases, the nails fastening the siding to the framing 

would begin to pull out. When the nails pull out, there is a reduction in normal force between 

siding boards imposed by the nailed connection of the siding boards to the framing, which would 

in turn cause a reduction in the frictional force between the boards. It was decided to use a constant 

magnitude of frictional force until the nails reached yield displacement. The displacement at 

maximum restoring force parameter (δu) was taken as the average of the parallel- and 

perpendicular-to-grain fastener yield displacement from the siding-to-framing fasteners.  

The magnitude of the frictional force was determined using the Coulomb friction model. 

From previous work done by Deta et al. (2018), the kinetic coefficient of friction is 0.2. It was 

assumed that the coefficient of friction between the siding boards was 0.2 which is in line with the 

kinetic coefficient of friction. Initially, the frictional force would be higher when movement is 

initiated, but the peak load of the cycle would not occur at this point. Therefore, the kinetic 

coefficient of friction was deemed more appropriate when determining the frictional force 

developed between the siding boards. For analysis, it was assumed that the normal force developed 

was equal to the net force developed in the nail during penetration of the siding only.  

Each board has two nailed connections at a stud location which contribute to the normal 

force developed between the boards. It was assumed that the normal force developed at one stud 



 
287 

connection was independent of another stud connection, therefore, contact models were assigned 

at the overlap between boards at each stud location. The velocity of the nail gun was assumed to 

be 100 m/s based on estimates by Goodman et al. (2016). This is a reasonable velocity to use based 

on the type of nail gun used, type of nail driven, and pressure of nail driven. Lastly, it was assumed 

that the velocity of the nail decreased linearly as a function of penetration depth. The principal of 

energy conservation was used to find the frictional force developed. The energy of the nail upon 

release of the nail gun was set equal to the energy of the nail fully penetrating the siding board and 

the work done by the nail penetrating siding boards. In Figure 5.14, a graphical interpretation of 

how the velocity was determined for the nail at this point is presented.  

  

Figure 5.14 Nail penetration depth versus nail velocity 

The following equations were used to determine the frictional force at each stud connection: 

𝐹𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛,   𝑛𝑎𝑖𝑙 = 𝜇𝑘,𝑤𝑜𝑜𝑑 ∗ 𝐹𝑛𝑜𝑟𝑚𝑎𝑙,   𝑛𝑎𝑖𝑙 

𝐸𝑓𝑖𝑛𝑎𝑙 = 𝐸𝑖𝑛𝑖𝑡𝑖𝑎𝑙 +𝑊  

 𝑤𝑖𝑡ℎ,    𝑊 = 𝐹𝑛𝑜𝑟𝑚𝑎𝑙 ∗ 𝑝𝑎𝑛𝑒𝑙 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠   𝑎𝑛𝑑   𝐸 =  
𝑚𝑛𝑎𝑖𝑙 ∗ 𝑣𝑛𝑎𝑖𝑙

2

2
 

𝐹𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛,   𝑡𝑜𝑡𝑎𝑙 =  2 ∗ 𝐹𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛,   𝑛𝑎𝑖𝑙 
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By using the equations above, it was determined that the frictional force developed between 

boards at each stud connection was 0.04 kips. The MSTEW model for the siding board contact 

elements was created so that friction is instantly developed between the siding boards when 

displacement on the wall was imposed. This means that the initial stiffness parameter was set 

sufficiently large to simulate this. The other parameters were assigned so that the friction stays 

constant until the nails yield and then begins to decrease as the displacement amplitude between 

boards increases. The rate of post-peak strength degradation was estimated based on visual 

observations of how much pullout was experienced by the siding board fasteners during testing of 

the horizontal siding finished cripple walls. During testing, it was observed that even at large 

displacement amplitudes, the siding board fasteners had not withdrawn significantly. Therefore, 

the frictional forces between the siding boards were still appreciable. By the final loading cycles, 

it was assumed that the frictional force between the boards was half of the initial frictional force.  

The same connection model was used for the parallel-to-grain and perpendicular-to-grain 

orientation of loading. The MSTEW parameters for the panel-to-panel contact elements are shown 

in Table 5.5. Figure 5.15 shows the force-displacement hysteresis of the MSTEW spring model 

used for the contact elements along with an elevation view of the model indicating the placement 

of the contact springs.  

Table 5.5 MSTEW optimized parameters for siding board friction contact elements. 

MSTEW 

Parameters 

K0 

(kip/in.) 
r1 r2 r3 r4 

F0 

(kips) 

Fi 

(kips) 

δu 

(in.) 
α β 

Panel-to-

panel contact 
50 0.0001 -0.001 0.2 0.0002 0.04 0.001 0.24 1 1 
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(a)     

       

(b) 

Figure 5.15 Panel-to-panel friction contact elements: (a) position of contact elements for 2-

ft-tall horizontal siding cripple wall; and (b) force (kips) versus slip (in.) 

MSTEW hysteretic spring models. 

 

Frame-to-frame Elements 

All framing members (studs, top plates, and sill plates) were modeled with fasteners nailing 

the framing members together and contact elements to represent the bearing of framing members 

on each other when displacement is imposed. The fasteners were modeled with nail-withdrawal 

hysteretic springs (HD2) to capture their pullout resistance and MSTEW hysteretic springs to 

capture their shear resistance. The parameters for the nails were taken from preassigned spring 
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models in MCAHSEW2. Each of the stud-to-sill plate and stud-to-top plate fasteners were fastened 

with 2–16d common nails per connection. The top plates were fastened with 1–16d nail staggered 

at 16–in. on center. The two end studs were fastened with 2–16d nails at 12–in. on center. Within 

MCASHEW2, there is a database of framing-to-framing fasteners that contain both HD2 models 

for nail withdrawal and MSTEW models for nail shear for each of the configurations stated. The 

horizontal position of the fasteners was assigned in the middle of the studs. The fasteners for the 

top plates were modeled with 2–16d fasteners at 16–in. on center spacing. While the top plates of 

tested cripple walls were only nailed with one 16d nail staggered at each 16–in., there was no slip 

observed between the top plates due to through bolts being installed through the top plates. For 

this reason, it was decided that the fastener configuration would not affect the global hysteresis of 

the cripple wall. 

Within MCASHEW2 is a bilinear elastic model used to capture the bearing of the studs on 

the top plate or sill plate. This accounts for the studs rotating which creates bearing between the 

edge of the stud and the sill plate or top plate. The horizontal position of the contact elements was 

assigned at both ends of the studs where the contact between the stud and sill plate/top plate occurs. 

The same bilinear elastic model was used to add bearing contact elements between the top plates 

and the two end studs. For the retrofitted cripple walls, additional studs were modeled with 2–8d 

nails fastening the added stud to the top plate and sill plate. This was modeled using 2–10d nails 

due to availability within the MCASHEW2 fastener database. The bilinear elastic model was used 

to model the contact between studs and sill plate/top plate. The position of the springs was assigned 

in the same manner as the studs in the unretrofitted cripple wall models. Lastly, 4–10d nails were 

used to fasten the blocking to the sill plate. The fasteners used HD2 models for withdrawal and 

MSTEW models for shear, which was the same as the fasteners for the studs. This was modeled 
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with 4–10d fasteners from the MCASHEW2 database. The location of the blocking fasteners was 

assigned to be spaced 1.5 in. interior to the edge of the blocking members. At the four corners of 

the blocking members, bilinear elastic springs were used to capture the bearing of the blocking 

members on the studs. All bilinear elastic contact springs used the same parameters. Table 5.6 

shows the type of model used for each fastener connection and their corresponding parameters. It 

should be noted that the HD2 model has the same parameters as the MSTEW model. 

Table 5.6 Frame-frame spring model parameters (construction grade Douglas Fir used for 

all framing members) 

MSTEW 

Parameters 

K0 

(kip/in.) 
r1 r2 r3 r4 

F0 

(kips) 

Fi 

(kips) 

δu 

(in.) 
α β 

2-16d nails 19.0313 0.00879 0.0274 0.5019 0.00346 0.7954 0.1397 0.467 0.85 1.1 

2-10d nails 10.4378 0.03223 0.0577 1.01 0.00338 0.49278 0.0677 0.441 0.88 1.16 

HD2 

Parameters 

K0 

(kip/in.) 
r1 r2 r3 r4 

F0 

(kips) 

Fi 

(kips) 

δu 

(in.) 
α β 

2-16d nails 4.5681 0.5 -0.01 1.5 0.005 0.1124 0.0899 0.0295 0.8 1.1 

2-10d nails 2.2841 0.5 -0.01 0.5 0.005 0.0562 0.0450 0.0295 0.8 1.1 

Bilinear Elastic 

Parameters 
K0 (+) (kip/in.) K0 (-) (kip/in.) 

Yield 

Displacement (in.) 

Frame-to-frame contact 0 100 100 

 

5.4.2 T1-11 Wood Structural Panel Cripple Wall Nonlinear Models  

Description of Models 

There were four cripple walls tested with T1-11 wood structural panel exterior finishes. 

The cripple walls were 2-ft-tall and 6-ft-tall, in both existing and retrofitted conditions. Both 

cripple walls were 12 ft. length and constructed with the same framing details beside the length of 
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the studs which increased from 19½ in. to 67½ in. from the 2-ft-tall specimens to the 6-ft-tall 

specimens. Framing members were construction grade Douglas Fir. The T1-11 panels used were 

5/8–in. thick with an 8–in. on center groove pattern. The thickness of the grooves is 5/16 inches. 

Each plywood section was 4-ft in length and 2-ft-tall for the 2-ft-tall cripple walls and 6-ft-tall for 

the 6-ft-tall cripple walls. The T1-11 panels were fastened with 8d common nails, edge nailed at 

8–in. on center and field nailed at 12–in. on center for the existing specimens and edge-nailed at 

4–in. on center and field-nailed at 12–in. on center for the retrofitted specimens. All fasteners for 

the existing cripple walls were located within the grooves of the panels. For the retrofitted cripple 

walls, additional nails were located both within the grooves as well as the 5/8–in. thick section of 

the panel, see Figure 5.17(b). For the existing case, the T1-11 installation process entailed 

fastening one T1-11 panel with nails along three edges. The un-nailed edge was secured by putting 

the next T1-11 panel in place and beginning the same nailing pattern on the next panel. In practice, 

the underlying edge of each T1-11 panel is not nailed but instead is secured by the overlapping 

panel. For the retrofit configuration, an additional row of nails is placed at the overlap between 

panels so that the underlying panel is also nailed. A comparison of the two nailing patters at the 

panel joints is shown in Figure 5.16. The elevation views of the 2-ft-tall and 6-ft-tall cripple walls 

are shown in Figure 5.17. 
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(a) 

         

(b) 

Figure 5.16 Nailing detail for T1-11 finished cripple walls: (a) existing; and (b) retrofitted. 
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(a) 

 

(b) 

Figure 5.17 Elevation view of construction details for T1-11 finished cripple walls: (a) 2-ft-tall 

specimen; and (b) 6-ft-tall specimen. 
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Element Geometries and Properties 

There were two types of wood used for the T1-11 wood structural panel finished 

specimens: 1) T1-11 plywood sheathing and 2) construction grade Douglas Fir framing. The T1-

11 plywood was modeled with panel elements and framing was modeled with frame elements. The 

methodology for assigning material properties to the panel and framing elements was the same as 

with the horizontal siding finished cripple walls. The material properties were assigned based on 

the specific gravity of the type of wood. The specific gravities of the tested lumber are shown in 

Table 5.7. The T1-11 panels used were American Plywood Association (APA) 303-18-S/W rated 

siding (APA, 1997). The APA rating was used to determine the specific gravity at 12% moisture 

content. Modifications to the specific gravity based on the moisture content of the T1-11 plywood 

when tested were made using Equation 5.2. Table 5.7 provides the geometric and material 

properties.  

Table 5.7 Specific gravities of tested woods for T1-11 finished cripple walls. 

Wood Type 
12% Moisture Content 

Specific Gravity 

Tested Moisture 

Content (%) 

Tested Specific 

Gravity 

T1-11 Plywood (Grade BC) 0.57 15.1 0.56 

Douglas Fir (construction grade) 0.48 10.8 0.48 
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Table 5.8  Geometric and material properties of panel and framing elements for T1-11 

finished cripple walls. 

Type of 

Wood 

Nominal 

Dimensions 

Geometric Parameters Material Parameters 

Height/Length 

(in.)  

Width 

(in.) 

Thickness 

(in.) 

Density 

(pcf) 

Shear 

Modulus 

(ksi) 

Elastic 

Modulus 

(ksi) 

T1-11 

plywood 

(Grade BC) 

4  8  5/8 148.5 5.5 0.75 35.0 2600 1740 

Douglas Fir 

(construction 

grade) 

2  4 -- 3.5 1.5 30.0 Not 

required 

parameter 

1560 

2  6 -- 5.5 1.5 30.0 1560 

 

Fastener Connection Parameters 

There are four MSTEW hysteretic spring models used for the horizontal siding models: 1) 

sheathing-to-framing perpendicular loading with 5/8–in. thickness, 2) sheathing-to-framing 

parallel loading with 5/8–in. thickness, 3) sheathing-to-framing perpendicular loading with 5/16–

in. thickness, and 4) sheathing-to-framing parallel loading with 5/16–in. thickness. The 5/16–in. 

thick fastener models were used for the nails of the existing cripple walls and the additional row 

of nails added to the underlying panel at panel joints for the retrofitted cripple walls. The 5/8–in. 

thick fastener models were used for nails added to the retrofitted cripple walls outside of the 

grooves. Since the T1-11 panels are plywood, which is more akin to OSB than redwood, there is 

substantially more data available from fastener test databases to guide decision making on 

assigning the MSTEW parameters. However, there is no database on fastener connections for 

plywood sheathing of 5/8–in. or 5/16–in. connected to Douglas Fir framing with 8d common nails. 

The CUREE fastener testing program provided the basis for determining the parameters of the 
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MSTEW models. This database was used because it more closely aligned with the configuration 

of the fastener connections tested in the experimental program of this dissertation.  

As stated previously, the CUREE testing program used a 3/8–in. edge distance for the vast 

majority of their fastener tests which resulted in most of the failures occurring due to tear out of 

the fastener from the sheathing. Due to this, the drift corresponding to the maximum restoring 

force parameter (δu) was smaller than what would be expected for fasteners with an edge nail 

spacing of ¾ inches. The edge distance for the nails at the top and bottom of the panels was ¾ 

inches, however, the edge distance for the nails at the panel overlap was around 3/8 inches. During 

testing, it was observed that tear out failures occurred with the nails located at the overlaps while 

nails at all other locations either withdrew from the framing or punctured through the T1-11 panels. 

Since the majority of the nails either withdrew or punctured through, the δu from fastener tests that 

resulted in tear out failures would underestimate the δu of nails that did not experience tear out 

failures. Within the CUREE testing program, each fastener connection configuration was tested 

10 times in parallel-to-grain loading and 10 times in perpendicular-to-grain loading. The yield 

modes and failure modes were given for each of the individual tests. By using the δu for tests that 

failed due to nail withdrawal versus tear out, a more accurate representation of the expected 

displacements characteristics of the fasteners in the physical tests could be made. This parameter 

was compared with the data from Coyne (2007) and Christovasilis et al. (2007) to ensure that it 

was reasonable to use.  

Besides the δu parameter, the rest of the parameters were determined based on a similar 

methodology as with the horizontal siding-to-framing parameters described in the previous 

section. The main difference is that only the sheathing thickness was used since there were ample 

test configurations that varied sheathing thickness with 8d common nails. Trends between 
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sheathing thickness and their effects on the resistance force parameter of backbone (F0), the 

pinching residual resistance force (Fi), and the initial stiffness (K0) were determined using tests 

configurations from the CUREE fastener database. These were the parameters, in combination δu, 

were again chosen to be modified due to their effects on the yield displacement and strength, 

ultimate displacement and strength, and residual displacement and strength of the fastener 

hysteretic response. Using a linear regression to fit values of F0, Fi, and K0 based on the sheathing 

thickness produced values for these values which would be expected for the fastener connections 

used in the cripple walls. The same was done for the δu parameter, but only tests which failed due 

to nail withdrawal were used. The parameters were chosen based off which from the linear 

regression model had the highest coefficient of determination. The process was done for both 

parallel-to-grain or perpendicular-to-grain loading.  

It was chosen to not modify the r1, r2,  r3,  r4, α, and β parameters with this methodology. 

Due to the small amount of variation, an average of these parameters was taken for all of the tests 

performed in the two testing programs as was done with the horizontal siding finished cripple wall 

models. F0 was scaled by the ratio of Z-values to account for the differences in strength of the 

connections with regard to using OSB versus plywood and the specific gravity of the two. Table 

5.9 shows the assigned MSTEW parameters for both parallel and perpendicular-to-grain fasteners 

used for the 5/16–in. thick plywood fastened to Douglas Fir framing with 8d common nails. These 

were the assigned parameters for all fastener connection of the existing cripple walls and all 

additional nails located within the grooves for the retrofitted cripple walls. Figure 5.18 shows the 

corresponding hysteresis of the MSTEW models. Table 5.10 shows the assigned MSTEW 

parameters for both parallel and perpendicular-to-grain fasteners used for the 5/8–in. thick 
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plywood fastened to Douglas Fir framing with 8d common nails. Figure 5.19 shows the 

corresponding hysteresis of the MSTEW models. 

Table 5.9  MSTEW parameters for siding (5/16-in. Grade BC T1-11 plywood) to framing 

(2x4 construction grade Douglas Fir) fasteners (8d common nails). 

MSTEW 

Parameters 

K0 

(kip/in.) 
r1 r2 r3 r4 

F0 

(kips) 

Fi 

(kips) 

δu 

(in.) 
α β 

Parallel to 

grain 
3.875 0.069 -0.084 1.4 0.015 0.152 0.0351 0.32 0.86 1.1 

Perpendicular 

to grain 
3.656 0.039 -0.054 1.81 0.013 0.149 0.0326 0.35 0.8 1.06 

 

         

                                                (a)                                                                                      (b) 

Figure 5.18 Force (kips) versus slip (in.) MSTEW hysteretic spring models for siding (5/16-in. 

Grade BC T1-11 plywood) to framing (2x4 construction grade Douglas Fir) fasteners 

(8d common nails): (a) parallel-to-grain; and (b) perpendicular-to-grain. 
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Table 5.10  MSTEW parameters for siding (5/8-in. Grade BC T1-11 plywood) to framing (2x4 

construction grade Douglas Fir) fasteners (8d common nails). 

MSTEW 

Parameters 

K0 

(kip/in.) 
r1 r2 r3 r4 

F0 

(kips) 

Fi 

(kips) 

δu 

(in.) 
α β 

Parallel to 

grain 
4.89 0.04 -0.054 1.87 0.011 0.183 0.03384 0.40 0.88 1.08 

Perpendicular 

to grain 
4.737 0.038 -0.026 1.969 0.015 0.176 0.0233 0.43 0.8 1.13 

 

         

                                                 (a)                                                                                     (b) 

Figure 5.19 Force (kips) versus slip (in.) MSTEW hysteretic spring models for siding (5/8-in. 

Grade BC T1-11 plywood) to framing (2x4 construction grade Douglas Fir) fasteners 

(8d common nails): (a) parallel-to-grain; and (b) perpendicular-to-grain. 

 

5.5 CONNECTION-LEVEL NUMERICAL MODEL RESULTS 

The following section presents the results of the finite element connection-level models 

previously described with attention towards the hysteretic response and the hysteretic energy 

dissipation. In addition, the lateral strength, stiffness, and drift capacity for the numerical models 

and the tested cripple walls are compared. Each numerical model corresponds to one of the cripple 
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wall tests performed in the experimental program described in Chapters 2-4. Each model was built 

to match the construction details of the physical cripple walls. The exception to this is that the 

models did not have corners that wrapped around as MCASHEW2 is a two-dimensional modeling 

program. The flat stud at the corner used to fastener the short sections of siding to the wrap around 

was also not included in the model because it is outside of the program’s capabilities. Lastly, trim 

boards that are commonly used to cover the corners joints were not included in the model.  

5.5.1 Horizontal Siding Cripple Walls 

There were four horizontal siding finished cripple walls tested, therefore, four numerical 

models were built. The cripple walls were 2-ft-tall and 6-ft-tall in both the retrofit and existing 

condition. 

5.5.1.1 Existing Horizontal Siding Cripple Walls 

 In Figure 5.20(a), the hysteretic of the 2-ft-tall, existing horizontal siding numerical model 

is overlaid on the tested cripple wall (Specimen A-7). Figure 5.20(b) shows the cumulative energy 

dissipation for both the test and the model. From the overlay of the hysteresis, it can be seen that 

the model underpredicts the peak lateral strength by 28% in the push direction and 26% in the pull 

direction. The peak strength was 2.24 kips at 4% relative drift ratio in the push direction and 1.92 

kips at 4% relative strength in the pull direction for the tested cripple wall. These values were 1.63 

kips at 11% relative drift ratio and 1.42 kips at 7% relative drift ratio for the model. However, by 

the end of the 12% drift ratio cycles, the lateral strength of the model and the test are nearly 

identical. The reduction of strength in the model compared with the test could be attributed to 

multiple reasons. The primary reason that the peak strength is smaller is due to the lack of built up 
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corners constructed in the model. When the cripple wall was tested, the lowest siding board and 

the trim board on the corner would make contact with the top of the foundation, as shown in Figure 

5.21. Throughout the test, the corner trim pieces at both ends developed cracks propagating from 

the top of the board to the bottom due to the internal stresses developed from the bearing on the 

foundation. In addition, cracks developed in some of the corner siding boards. Due to the already 

low strength of the cripple wall, the bearing likely caused a significant increase in strength that 

would not be captured in the model. When the tested cripple wall reached peak strength at 4% 

relative drift ratio, the siding boards that had been bearing were put under a considerable amount 

of stress and eventually formed cracks. At this point, the nails fastening the trim board to the 

cripple wall had begun to yield. Once the siding boards had cracked, they were no longer bearing 

on the foundation which attributed to a loss in strength of the cripple wall. In addition, once the 

nails of the trim boards began to yield, there would be a reduction in the bearing force between the 

trim board and the foundation. The cracking in the siding boards and yielding of the trim board 

nails was more evident on the north end of the specimen than the south end. During push loading, 

bearing would occur at the north end. This was likely a key reason why strength in the push loading 

direction was higher than strength in the pull loading direction. As the displacement amplitudes 

increased, the strength of the model and the tested cripple wall eventually converge. From 10-12% 

relative drift ratio, the difference in strength between the two responses is less than 10%. The 

secant stiffness associated with drift at 80% of the lateral strength of the experiment was around 

twice that of the model. The large discrepancy can mainly be attributed to the bearing at the ends 

of the tested cripple wall. 

 In Figure 5.20(b), it can be seen that the numerical model dissipated less energy than the 

tested cripple wall. The two hysteresis are comparable up to 0.6% relative drift ratio, and then they 
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begin to diverge from one another. Upon reaching 12% relative drift ratio, the model had dissipated 

20% more energy than the experiment with a cumulative energy dissipation of 73 kip-in compared 

to 61 kip-in. The incremental jumps in energy dissipation from one displacement cycle to another 

are similar from 8% relative drift ratio to the end of the loading protocol which would be expected 

as the lateral strengths at 8% to 12% relative drift ratio were comparable between the model and 

the experiment. This was the only model which had less hysteretic energy dissipated than the tested 

cripple wall. Typically, the MSTEW hysteretic spring model tends to overestimate the energy 

dissipation after reaching peak strength due to the strength deterioration and stiffness degradation 

being more significant at these displacement amplitudes.  

 

          

      (a)          (b) 

Figure 5.20 2-ft-tall, existing horizontal siding finished cripple wall: (a) hysteretic response; and 

(b) cumulative energy dissipation. 
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                                                      (a)                                                                     (b) 

Figure 5.21 Bearing of the corner trim board and bottom siding board on the foundation: (a) 

north end at -4% drift ratio; and (b) south end at +4% drift ratio. 

The next comparison between the numerical model and the physical test is for the 6-ft-tall, 

existing cripple wall finished with horizontal siding (Specimen A-13). Figure 5.22(a) show the 

overlay of the hysteretic response of the experimental data and the model data. There is a much 

more similar response between the two compared with the 2-ft-tall, existing cripple wall. The peak 

lateral strength and corresponding relative drift amplitude of the model is 1.10 kips at 4% relative 

drift ratio in the push loading direction and 1.01 kips at 7% relative drift ratio in the pull loading 

direction. For the tested cripple wall, these values are 1.16 kips at 10% relative drift ratio and 1.09 

kips at 12% relative drift ratio. Therefore, in both directions of loading, the difference in lateral 

strength between the model and the experiment are less than 8%. At the corners of the tested cripple 

wall, there were significantly smaller bearing forces developed between the bottom siding 

boards/corner trim boards and the foundation. Figure 5.23 shows the bearing of the corners at 4% 

relative drift ratio which is when the 2-ft-tall specimen reached peak strength. While there is visible 

bearing on the foundation at the corner, the trim board nails had not yielded, and the siding boards 

never developed the cracking patterns that occurred for the 2-ft-tall specimen which indicates that 
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there were smaller bearing forces that developed during testing. The numerical model slightly 

underpredicted the strength of the tested specimen due to the model not having the corner 

components incorporated in the model, therefore, it did not capture this bearing. In addition, the 

initial stiffness of the model and experiment were nearly identical. 

In Figure 5.22(b), an overlay of the cumulative hysteretic energy dissipation is provided 

for the model and the experiment. The amount of energy dissipated between the two is nearly 

identical up to 7% relative drift ratio. At this point, the model overpredicts the energy dissipation. 

As stated previously, the MSTEW hysteretic spring model tends to over predict the energy 

dissipation at large displacement amplitudes which is apparent in the comparison of the model and 

the experiment. By the end of the loading protocol, the model had dissipated around 11% more 

energy than the tested cripple wall, 126 kip-in versus 113 kip-in. Overall, the model reasonably 

captures the salient features of the hysteretic response of the experimental specimen. 

          

      (a)          (b)       

Figure 5.22 6-ft-tall, existing horizontal siding finished cripple wall: (a) hysteretic response; and 

(b) cumulative energy dissipation. 
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                                                        (a)                                                                (b) 

Figure 5.23 Bearing of the corner trim board and bottom siding board on the foundation: (a) 

south end at +4% drift ratio; and (b) north end at -4% drift ratio. 

5.5.1.2 Retrofitted Horizontal Siding Cripple Walls 

Once the numerical models for the existing specimens had been built, they were modified 

to add the FEMA P-1100 retrofit. Figure 5.24(a) shows an overlay of the hysteretic response of the 

model and the tested specimen for the 2-ft-tall, retrofitted cripple wall finished with horizontal 

siding. The tested cripple wall, Specimen A-8, had a peak lateral strength of 23.12 kips at 6.4% 

relative drift ratio in the push loading direction and 22.95 kips at 5.5% relative drift ratio in the 

pull loading direction. For the model, these values are 22.77 kips at 5.5% relative drift ratio in the 

push loading direction and 22.95 kips at 5.5% relative drift ratio in the pull loading direction. Both 

the peak lateral strengths and their associated drifts were similar between the model and the 

experiment. The model overpredicted peak lateral strength by 2% in the push direction and 

underpredicted strength by 4% in the pull direction. While the relative drift ratios at peak strength 

did not occur at the same drift amplitude for the push loading direction, the strength of the model 

and the experiment were within 2% of each other for both the 5.5% and 6.4% relative drift ratio 
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cycles. From the start of loading protocol till peak strength was achieved, the strength of the model 

and the experiment were within 4% at each displacement amplitude. Because of this, the secant 

stiffness associated with drift at 80% of the lateral strength is within 2% for the model and the 

experiment. Once strength is achieved, the model and the experiment experience significant 

strength degradation at each subsequent drift amplitude. The response of the model does not 

capture the test data as well post-peak strength, but it is comparable and shows that the loss of 

strength is due to the failure of fasteners attaching the plywood to the framing. Once peak strength 

occurs, the model hysteresis tends to pinch much more than experiment hysteresis. Because of 

this, the shape of the hysteresis do not align as well as they do pre-peak strength. Still, the model 

does a good job of capturing the post-peak response in terms of lateral strength.  

In Figure 5.24(b), a comparison of the cumulative hysteretic energy dissipation is overlaid 

for the numerical model and the tested specimen. The model slightly overestimates the energy 

dissipation up till peak lateral strength is achieved, and then it begins to diverge more significantly. 

Since there is an increased amount of MSTEW hysteretic springs used in the retrofit model versus 

the existing model, it would be expected that the typical overestimation of energy dissipation that 

occurs at larger displacement amplitudes would be more pronounced than with the existing model. 

This is the case with for the present model. At peak strength, the hysteretic energy dissipation of 

the model is around 15% more than that of the experiment, but by the end of the test, the difference 

in energy dissipation is close to 40%.  
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              (a)             (b)           

Figure 5.24 2-ft-tall, retrofitted horizontal siding finished cripple wall: (a) hysteretic response; and 

(b) cumulative energy dissipation. 

The last model built for horizontal siding finished cripple wall was the 6-ft-tall, retrofitted 

cripple wall (Specimen A-14). In Figure 5.25(a), an overlay of the model hysteresis and the 

experimental hysteresis is provided. The peak lateral strength and associated relative drift ratio for 

the model and the experiment were nearly identical in the push loading direction and close to the 

same in the pull loading direction. The peak strength in the pull loading direction is 22.10 kips for 

the model and 22.02 kips for the experiment with both occurring at 3.7% relative drift ratio. In the 

opposite loading direction, the model slightly overpredicts the strength with a lateral strength of 

22.17 kips versus 21.65 kips. This accounts for a 2% difference in strength. Both the model and 

the test reached strength at 3.7% relative drift ratio in the pull loading direction. From the start of 

the loading protocol until around 1% relative drift ratio, the model and the tests are in alignment, 

then the model slightly overpredicts the strength up until peak strength. Because of this, the secant 

stiffness associate with the relative drift at 80% peak lateral strength is 5% larger for the model 

than the test. After strength is achieved, the strength deterioration between the model and the test 
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are similar for the following two displacement cycles. There are abrupt drops in strength for the 

test in the last two displacement cycles. The model does well to capture this in the pull loading 

direction but does not do well in the push loading direction. The strength of the model and test are 

nearly identical for the last displacement cycle in pull loading which the strength of the model is 

around 2.5 times larger for the last displacement cycle in push loading.  

In Figure 5.25(b), the cumulative hysteretic energy dissipation of the model data is overlaid 

with that of the experimental data. Similarly to the 2-ft-tall, retrofitted cripple wall data, the amount 

of hysteretic energy dissipated is comparable up to peak strength, and then the model begins to 

significantly overestimate the energy dissipation. At peak strength, the model had dissipated 17% 

more energy than the experiment. By the end of the loading protocol, the model had dissipated 

42% more energy than the tested cripple wall. It should be noted that from the start of the loading 

protocol until around 1% relative drift ratio, the energy dissipation was nearly identical for the 

model and the experiment. 

          

             (a)                (b)           

Figure 5.25 6-ft-tall, retrofitted horizontal siding finished cripple wall: (a) hysteretic response; and 

(b) cumulative energy dissipation. 
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5.5.2 T1-11 Wood Structural Panel Cripple Walls 

There were four T1-11 finished cripple walls tested, therefore, four numerical models were 

built. The cripple walls were 2-ft-tall and six-ft-tall in both the retrofit and existing condition. 

5.5.2.1 Existing T1-11 Wood Structural Panel Cripple Walls 

 In Figure 5.26(a), the hysteretic response of the 2-ft-tall, existing, T1-11 finished cripple 

wall model is overlaid on the tested cripple wall (Specimen A-11). From the overlay, it can be seen 

that the displacement amplitudes do not align exactly for the model and the experiment. This is 

due to the relative response being used, which does not consider any movement of the sill plate 

relative to the foundation. For the tested specimen, the amount of sliding in one loading direction 

was not equal to the amount in the opposite loading direction. Therefore, the relative drift 

amplitudes that the tested specimen reached are not equal in the push and pull loading directions. 

The model loading protocol used averages between both loading directions as target 

displacements. MCASHEW2 does not allow for the displacement amplitude in one loading 

direction to be different from the displacement amplitude in the opposite direction. For the existing 

cripple walls finished with horizontal siding, the global and relative response were identical as 

specimens did not develop enough strength to overcome the resistance to sliding. For the retrofitted 

counterparts, sliding did occur, but it was relatively similar in each loading direction. Therefore, 

the displacement targets for the models of the specimens matched the relative drift ratios of the 

tested specimens. 

 The model hysteresis captures the hysteresis of the test data robustly until the post-peak 

response. In the push loading direction, both the model and the test achieved a peak lateral load of 

6.74 kips. The model reaches lateral strength at 4.2% relative drift ratio while the test reaches 
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lateral strength at 4.6% relative drift ratio. In the pull loading direction, the model reaches 6.76 

kips at 4.0% relative drift ratio compared to the experiment reaching 6.92 kips at 4.5% relative 

drift ratio. Therefore, the peak lateral load in the push direction is identical for the model and the 

experiment while in the opposite loading direction, the peak lateral strength of the test specimen 

was 2% greater than the peak lateral strength of the model. From the beginning of the loading 

protocol to peak strength, the model captures the response of the experiment in the pull loading 

direction at each displacement amplitude while it overpredicts the strength in the push loading 

direction up until around 2% relative drift ratio. It should be noted that the tested specimen 

restarted the test from the beginning of the loading protocol after the 1.4% drift ratio cycles due to 

issues with the actuator inducing the loading protocol. This would elicit a softer response for the 

loading cycles up to the 1.4% drift ratio cycles. For the 2% drift ratio cycles, the tested specimen 

gained considerable strength and stiffness compared with the previous loading cycles. At this 

point, the model results and test results match each other, regardless of loading direction. Due to 

this, the secant stiffness associated with relative drift at 80% lateral strength is nearly identical for 

the model and the experiment.  

Once strength was achieved, there was an abrupt loss of strength over the next couple of 

displacement cycles due to tear out and pullout of the fasteners attaching the T1-11 panels to the 

framing. The model does well to capture these failures and exhibit these large drops in strength. 

By the end of the test, the tested cripple wall retains more strength than the model, but the results 

are comparable. In Figure 5.26(b), an overlay of the cumulative hysteretic energy dissipation is 

provided for the model and the experiment. The energy dissipation is nearly the same when 

strength is achieved for both the model and the experiment. After reaching strength, the energy 

dissipation of the model increases more than that of the test specimen. Towards the end of the 
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loading protocol, the energy dissipation of the test specimen converges on that of the model, but 

this is due to the test specimen retaining more lateral strength at these displacement amplitudes.  

          

                (a)                         (b)             

Figure 5.26 2-ft-tall, existing T1-11 wood structural panel finished cripple wall: (a) hysteretic 

response; and (b) cumulative energy dissipation. 

 The next comparison is between the model and test specimen (Specimen A-23) of the 6-ft-

tall, existing cripple wall finished with T1-11 wood structural panels. In Figure 5.27(a), the overlay 

of the hysteretic response is shown. As with the 2-ft-tall, existing cripple wall, the response of the 

model accurately captures that of the experiment. In the push loading direction, the experiment 

reaches a peak lateral strength of 4.50 kips at 2.9% relative drift ratio. The model reaches the same 

amount of strength but at 2.0% relative drift ratio. However, for both 2.0% and 2.9% relative drift 

ratio, the strength is constant for both the model and the experiment. In the pull loading direction, 

peak strength is achieved at the same displacement amplitude, but the model overpredicts strength 

by 4%, reaching 4.78 kips compared with 4.58 kips. From the start of the loading protocol up until 

2% relative drift ratio, the model and the experiment have similar responses with the experiment 

being only slightly stronger at some displacement amplitudes. 
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A comparison of the secant stiffnesses at the relative drift ratio where 80% of peak strength 

shows that the experiment stiffness is around 2% higher than that of the model. In the subsequent 

displacement cycles after peak strength, there are consistent losses of strength. These loses are not 

as abrupt as the 2-ft-tall specimen. The model captures the loses of strength that the test specimen 

experienced in both loading directions. However, by 8% relative drift ratio, the model has almost 

completely lost strength while the test specimen continues to maintain around 20% of its peak 

strength. In Figure 5.27(b), an overlay of the cumulative hysteretic energy dissipation is given. Up 

until 4% relative drift ratio, the model and the experiment dissipates nearly equal amounts of 

energy. From this point until the end of the loading protocol, the model begins to diverge from the 

experiment, dissipating more energy.  

          

                (a)                         (b)              

Figure 5.27 6-ft-tall, existing T1-11 wood structural panel finished cripple wall: (a) hysteretic 

response; and (b) cumulative energy dissipation. 

 The last connection-level models discussed are for the retrofitted versions of the 2-ft-tall 

and 6-ft-tall specimens. Recall that the retrofit for T1-11 finished cripple walls involves reducing 

the nail spacing from 8–in. on center to 4–in. on center. In addition, the T1-11 panels of the 



 
314 

retrofitted specimens gain an additional row of nails at the panel overlaps. Figure 5.28(a) shows 

an overlay of the hysteretic response of the model and the test specimen (Specimen A-12). In the 

push loading direction, the experiment reaches a peak lateral strength of 13.85 kips at 4.2% relative 

drift ratio while the model reaches 14.32 kips at 5.0% relative drift ratio. The strength of the model 

and the experiment are within close to 3% of each other for both drift amplitudes. In the pull 

loading direction, the model overpredicts the strength of the experiment by 7%. At 4.1% relative 

drift ratio, the model reaches 14.88 kips while the experiment reaches 13.67 kips. From the start 

of the test until reaching strength, the model and test specimen have nearly the same response in 

push loading. In the opposite loading direction, the model and experiment are nearly the same for 

the first couple of displacement amplitudes until the model begins gaining more strength than the 

test specimen. Therefore, the initial secant stiffness of the model is the same in the push loading 

direction while the model overpredicts the stiffness by 4% in the pull loading direction. Once 

strength is achieved, the additional nailing causes more strength to be retained than the existing 

cripple wall counterpart. The model has similar increments of lost strength as the experiment in 

both loading directions until the 7.3% relative drift ratio cycles. From there, the strength of model 

deteriorates at a more accelerated rate than the tested cripple wall. By the end of the loading 

protocol, the model retains almost no strength compared with the tested cripple wall which retains 

a little over 10% of its peak lateral strength. In Figure 5.28(b), an overlay of the cumulative 

hysteretic energy dissipation is given for the model and the experiment. The energy dissipation is 

similar up until 2% relative drift ratio, and then the model slightly overpredicts the energy 

dissipation. At lateral strength, the model dissipates nearly 20% more energy than the tested cripple 

wall. The difference in energy dissipation is reduced at towards the end of the loading protocol 

due the experiment retaining more strength than the model at these displacement amplitudes. By 
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the end of the loading protocol, the model dissipates more energy than the experiment due to the 

model having lost nearly all of its strength. 

         

                (a)                         (b)            

Figure 5.28 2-ft-tall, retrofitted T1-11 wood structural panel finished cripple wall: (a) hysteretic 

response; and (b) cumulative energy dissipation. 

 In Figure 5.29(a), an overlay of the hysteretic response is shown for the model and 

experiment of 6-ft-tall, retrofitted cripple walls finished with T1-11 wood structural panels. The 

experiment was denoted as Specimen A-24. In the push loading direction, the model and test 

specimen reach strength during the same displacement cycle. The model reaches 10.49 kips at 

2.7% relative drift ratio compared with 10.21 kips at 2.9% relative drift ratio. For pull loading, the 

model overpredicts the strength of the experiment by 4% with a peak lateral strength of 10.47 kips 

at 2.7% relative drift ratio compared with 10.07 kips at 2% relative drift ratio. The response of the 

model does reasonably well to match that of the tested specimen from the beginning of the loading, 

up until reaching peak strength. For these displacement targets, the response is nearly identical in 

the pull loading direction while the model begins to overpredict the strength of the experiment at 

2% relative drift ratio in the push loading direction. After peak strength, there are consistent drops 
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in load for subsequent displacement cycles which is captured by the model. By the end of the test, 

the tested specimen retains around 10% of its peak strength. The model holds the same amount of 

strength in the positive loading direction, but overpredicts the amount of strength retained in the 

negative loading direction. The discrepancy of the model is caused by the model having issues 

converging at loading steps following the turnaround at the final push loading cycle. In Figure 

5.29(b), an overlay of the cumulative hysteretic energy dissipation is given for the model and the 

experiment. Up until 5% relative drift ratio, the hysteretic energy dissipation is nearly identical for 

both the model and the experiment. Beyond 5% relative drift ratio, the model slightly overpredicts 

the hysteretic energy dissipation.   

         

                 (a)                         (b)             

Figure 5.29 6-ft-tall, retrofitted T1-11 wood structural panel finished cripple wall: (a) hysteretic 

response; and (b) cumulative energy dissipation. 

5.5.3 Summary Remarks 

In this work, connection-level models were created using the FEM software 

MCASHEW2. In total, eight models were created with variations in their exterior finish 
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materials (horizontal siding and T1-11 plywood), height (2-ft-tall and 6-ft-tall), and retrofit 

condition. Each model was built to match the construction details of a test performed in the 

experimental program of this dissertation. Siding-to-framing and sheathing-to-framing 

fasteners were modeled with MSTEW hysteretic springs, which had properties that originated 

from an MSTEW model calibrated using a prior fastener connection testing program. The 

parameters of these models were modified to account for the type of fastener, types of lumber, 

and thickness of sheathing/siding used in the testing program. For horizontal siding finished 

cripple wall models, contact elements were implemented to capture the interface resistance 

that develops between siding boards. These contact element parameters were chosen to 

replicate the friction generated between siding boards as the cripple wall displaces. The 

following observations regarding optimal selection criteria of the fastener MSTEW models can 

be made:  

• Using available databases for fastener testing proved a promising basis for 

selecting fastener model parameters due to the large number of connection tests 

performed with similar fastener type, lumber type, and lumber thickness; 

• When needed, modifications to the stiffness, strength, and displacement 

parameters were adapted using linear regressions of available data to account for 

differences in fastener diameter, sheathing thickness, and specific gravity of the 

lumber used; 

• The hysteretic response of the numerical models generally provides a robust 

comparison with the measured hysteretic response of the test specimens; 

• The largest discrepancy between a model and an experiment was for the 2-ft-tall, 

existing cripple wall finished with horizontal siding. This discrepancy can be 
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partially attributed to the increased strength of the test specimen due to bearing 

of corner elements on the foundation, a feature not explicitly accounted for in the 

numerical model; 

• For the existing cripple walls, the model and experiment attained similar lateral 

strengths by the end of the loading protocol; 

• For the retrofitted cripple walls, the model and experiment are in good agreement 

until the final few displacement cycles. This can be largely explained by the 

convergence issues realized in the numerical model, which likely artificially 

stiffens the model response predictions;  

• Overall, the cumulative hysteretic energy dissipation is similar between the 

model and the experiment up until large displacements (>5% drift ratio), where 

the model typically dissipates more energy due to limitations in the fastener 

model’s potential to capture strength and stiffness degradation at large 

displacement amplitudes; 

• Shear distortion was negligible for all panel elements. As with the experimental 

response, the numerical model response was dominated by the fastener 

connections. 

5.6 LUMPED PHENOMENOLOGICAL MODELS: STUCCO FINISHED CRIPPLE 

WALLS 

As stated at the beginning of the chapter, two types of numerical models were created to 

capture the response of the test hysteresis: 1) nonlinear finite element numerical models, which 

capture the response at a connection level and 2) lumped phenomenological models which capture 
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the global response of the cripple walls. The connection-level modeling process focused on dry 

(non-stucco) finished cripple walls because the database of fastener connection parameters 

available robustly considers a wide range of lumber conditions. With these fastener models 

available, they were able to be recalibrated to fit the geometry and construction style of the dry 

finished cripple walls. For wet (stucco) finished cripple walls, there is no database of information 

regarding the response of stucco-to-framing or stucco-to-sheathing fasteners (furring nails). In 

addition, the majority of wet finished cripple walls had stucco wrapping around corners at both 

ends. This produces a three-dimensional configuration which is outside of the scope of 

MCASHEW2. When the wet finished cripple walls were tested, the continuity of the stucco around 

the corners provided a significant amount of strength, stiffness, and drift capacity of the specimens 

due to the out-of-plane stucco on the corner faces attachment to the in-plane stucco on the face of 

the cripple wall. For all of these specimens, the metal lath within the stucco would rupture as the 

displacement amplitudes increased. While it would be possible to come up with estimations for 

the modeling the furring nails, it would not be the same case for the modeling contribution that the 

wrap-around corners have on the cripple walls. For this reason, it was decided to create 

phenomenological models of these specimens to capture their global response. It should be noted 

that while the dry finished specimens also had these built-up corners, the finish materials were 

continuous wrapping around the corner as they are with stucco. Unlike the wet finished specimens, 

there were no significant tensile forces produced at the corners for dry finished specimens. With 

the phenomenological models created, a best-practice methodology for creating these models as 

well as the limitations of the models can be presented. 
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5.6.1 MSTEWfit Description 

In accompaniment with the MCASHEW2 program, a program was developed to fit 

imported hysteresis with the MSTEW model. The program is called MSTEWfit (Pang, 2011). The 

program was used to take the hysteresis from the small component tests and derive MSTEW 

parameters to obtain a matching hysteresis. MSTEWfit determines the ascending and descending 

backbone curves, loading and unloading paths, and pinched loading and unloading from the 

experimental hysteresis to fit the 10 parameters used to define the model. As stated in Section 5.2, 

the MSTEW model is able to capture strength hardening, strength deterioration, stiffness 

degradation, and pinching which are all phenomenon exhibited by sheathing nails. Not only this 

model able to be used for individual fastener connections but also for global models of entire 

shearwalls. The nonlinear response for monotonic loading of the MSTEW model can be shown 

with the following five-parameter piecewise function: 

𝐹(𝛿) =  {

(𝐹0 + 𝑟1𝐾0𝛿) [1 − exp (−
𝛿𝐾0

𝐹0
)] ,            𝛿 ≤ 𝛿𝑢

       𝐹𝑢 + 𝑟2𝐾0(𝛿 − 𝛿𝑢),                                  𝛿𝑢 < 𝛿 < 𝛿𝑓
   0,                                                                     𝛿 ≤ 𝛿𝑓

       

where, K0 = initial stiffness, δ = deformation, F0 = force intercept of the asymptotic line, Fu = 

ultimate force, r1K0 = asymptotic stiffness under monotonic load, and r2K0 = post ultimate strength 

stiffness under monotonic loading. The 10 parameters included in the model which are described 

in Section 5.2 and shown in Figure 5.2. An in depth look at how MSTEWfit estimates MSTEW 

parameters can be found in Appendix B.2. 
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5.6.2 MSTEW Model Fitted Results 

The following section presents the results of the phenomenological MSTEW models fitted 

to the test hysteresis of wet (stucco) finished cripple walls. These models were created for cripple 

walls that were constructed with stucco or stucco over sheathing exterior finishes. The three types 

of wet finishes incorporated in the testing program were stucco over framing, stucco over 

horizontal lumber sheathing, and stucco over diagonal lumber sheathing. There were variations in 

the cripple wall height, retrofit condition, anchorage condition, and boundary conditions for each 

of the tested specimens. Overall, 17 of the 28 cripple walls had wet exterior finishes. The results 

of the numerical models presented include an overlaid comparison of the hysteretic response of 

the model and the experiment as well as a comparison of the cumulative hysteretic energy 

dissipation versus load step for the model and experiment. Lastly, the backbone envelope curves 

of the hysteretic responses are overlaid with both the push and pull response ordered and displayed 

in the positive (push) loading quadrant. Within these figures, various limit states are displayed 

from the experimental response to elicit where the numerical model captures the experimental 

response well and where it does not. The definitions of the limit states referred to are discussed 

before presenting these figures. Following the presentation of these results, a discussion of the 

limitations and best-practice use of MSTEWfit is provided. 

 The specimens presented in this section were chosen based cripple walls with similar 

boundary conditions to each other. In Phase 1 of testing, six cripple walls were tested that were all 

finished with stucco over horizontal sheathing. Each of these specimens had boundary conditions 

or anchorage conditions that differed from the other specimens within this phase of testing, besides 

one specimen which has the retrofitted version of another test. Phase 1 testing primarily worked 

to determine which boundary conditions the cripple walls would be built with for the other phases 
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of testing. The results presented herein are for cripple walls with top boundary condition B which 

had the cripple walls constructed with built-up corners and a 6-in. wrapping of the finish material 

around the corners. In addition, this boundary condition constructs cripple walls with a denser 

furring nail arrangement at the top of the specimens. Two types of bottom boundary conditions 

were used for the selected results, bottom boundary condition c and d. For both, the finish materials 

are seated outboard of the footing, but the stucco terminates at the top of the foundation for bottom 

boundary condition c while it extends 8-in. down the face of the footing for bottom boundary 

condition d. Three of the specimens were constructed with bottom boundary condition d, and eight 

of the specimens were constructed with bottom boundary condition c. The results presented are 

organized by exterior finish type. Each figure denotes the height, retrofit condition (using (E) for 

existing, and (R) for retrofit), finish type, and bottom boundary condition (using c for bottom 

boundary condition c and d for bottom boundary condition d). For the anchorage condition, if a 

cripple wall was constructed with a wet set sill plate, it is denoted in the figure legends as WS, 

otherwise, for cripple walls with sill bolt anchorage, there is no denotation of this as it is the 

common anchorage condition.  

5.6.2.1 Stucco Over Framing Cripple Walls 

Of the 17 wet finished cripple walls, five were finished with stucco over framing. Three of 

these specimens were 2-ft-tall, and two were 6-ft-tall. Each of the two heights had cripple walls 

that were identical in their construction and varied only in their retrofit condition. Of two 2-ft-tall 

existing cripple walls, specimen A-17 and A-22, all other construction details the same besides a 

difference in their bottom boundary condition. In Figures 5.30 through 5.32, the results of the 
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numerical models for the existing cripple walls finished with stucco are shown. For the retrofitted 

cripple walls, the results are shown in Figures 5.33 and 5.34.  

Overall, the MSTEW models for existing cripple walls finished with stucco over framing 

are only able to accurately capture the response of the tested specimens for the first couple of 

displacement amplitude. In all cases, the model underpredicts the peak lateral strength as well as 

the displacement amplitude when peak lateral strength occurred. This is due to the existing stucco 

finished cripple walls rapidly degrading in strength after reaching peak strength. The steep slope 

of the ascending and descending backbone envelopes for the tested specimens caused the ultimate 

displacement to be underestimated. This results in the model not reaching strength at the same 

displacement amplitude as the tested specimens. Due to the steepness of the descending branch, 

the models exhibit a complete loss of strength during displacement cycles where the experiments 

still maintains partial strength. Because the envelope of the MSTEW model is defined by the piece-

wise linear function expressed in Equation 5.1, once the final displacement amplitude (δf) is 

reached, the model dictates that the load goes to zero which is the case for all stucco finished 

cripple walls regardless of the retrofit condition. However, for the retrofitted cripple walls, the 

final displacement amplitude is not reached until several displacement amplitudes after peak 

strength was obtained. The reason for the longer retention of strength for the retrofitted cripple 

walls with stucco finishes is due to the slope of the descending envelope curve being less steep for 

the retrofitted cripple walls than with the existing cripple walls. Physically, the cause of this is due 

to the plywood-to-sheathing fasteners still mobilizing while the furring nails had failed on the 

exterior face of the cripple walls.  

 For the existing specimens, the model tends to overestimate the cumulative energy 

dissipation of the experiment. For all specimens, the model and test are in agreement for the first 
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couple of displacement amplitudes before diverging. The model overpredicts the energy 

dissipation of the cycles following peak strength because the drop off of strength for the 

experiments occurs rapidly while the model did not. This is the case because the slope of the 

descending backbone curve for the model is defined based on the entire descending backbone 

curve, which is flatter due to the experiments rapidly lost strength after reaching peak but then 

retaining between 25-35% of their strength to the end of the loading protocol. For Specimen A-22 

and A-25, the cumulative energy dissipation of the model is within 10% of the cumulative energy 

dissipation of the experiment up the point where the model reaches its final displacement. After 

this point, the model no longer dissipates any energy. For Specimen A-17, the cumulative energy 

dissipation of the model is around 30% greater than that of the experiment at the point where the 

model loses strength. For the retrofitted cripple walls, there is good agreement of the cumulative 

energy dissipation of the model and the experiment up to the point where the model reaches its 

final displacement and loses strength. However, after reaching peak strength, the model begins to 

loss strength at quicker rate than the experiment. Even at these displacement amplitudes, the 

cumulative energy dissipation of the model and experiment are nearly identical. This is caused by 

the area of the hysteretic loops being wider than that of the experiments as well as the pinched load 

paths of the model reaching higher strengths than that of the experiment. In Table 5.11, a summary 

of the cumulative energy dissipation is shown. This table includes a comparison of the cumulative 

energy dissipation at the end of the loading protocol and the average energy dissipation ratio.  
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                                            (a)                                                                                                (b)  

Figure 5.30 Comparison of numerical model and experimental results for 2-ft-tall, existing, stucco 

finished cripple wall with bottom boundary condition d (Specimen A-17): (a) overlay 

of hysteretic response; and (b) overlay of cumulative hysteretic energy dissipation.   

   

                                             (a)                                                                                             (b)  

Figure 5.31 Comparison of numerical model and experimental results for 2-ft-tall, existing, stucco 

finished cripple wall with bottom boundary condition c (Specimen A-22): (a) overlay 

of hysteretic response; and (b) overlay of cumulative hysteretic energy dissipation. 
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                                            (a)                                                                                                (b)  

Figure 5.32 Comparison of numerical model and experimental results for 6-ft-tall, existing, stucco 

finished cripple wall with bottom boundary condition c (Specimen A-25): (a) overlay 

of hysteretic response; and (b) overlay of cumulative hysteretic energy dissipation. 

    

                                            (a)                                                                                                  (b)  

Figure 5.33 Comparison of numerical model and experimental results for 2-ft-tall, retrofit, stucco 

finished cripple wall with bottom boundary condition d (Specimen A-18): (a) overlay 

of hysteretic response; and (b) overlay of cumulative hysteretic energy dissipation. 
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                                            (a)                                                                                                (b)  

Figure 5.34 Comparison of numerical model and experimental results for 6-ft-tall, retrofit, stucco 

finished cripple wall with bottom boundary condition c (Specimen A-26): (a) overlay 

of hysteretic response; and (b) overlay of cumulative hysteretic energy dissipation. 

Table 5.11  Cumulative hysteretic energy dissipation comparison of numerical model and 

experimental results for stucco finished cripple walls. 

Specimen 

Name 

Cripple 

Wall 

Height (ft) 

Retrofit 

Condition 

(E or R) 

Bottom 

Boundary 

Condition 

(c or d) 

Anchorage 

Condition 

(AB or WS) 

Cumulative 

Energy 

Dissipation 

Error (%) 

Average 

Energy 

Dissipation 

Ratio 

A-17 2 E d AB 2.90 1.376 

A-22 2 E c AB -33.9 0.984 

A-18 2 R d AB -38.4 0.867 

A-25 6 E c AB -51.6 0.964 

A-26 6 R c AB -18.8 0.815 

Notes: E = Existing, R = Retrofit, AB = typical sill bolt anchorage, WS = wet set sill plate anchorage  

5.6.2.2 Stucco Over Horizontal Sheathing Cripple Walls 

Of the 17 wet finished cripple walls, ten were finished with stucco over horizontal 

sheathing. All specimens were 2-ft-tall and varied in their retrofit condition, anchorage condition, 
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and boundary conditions. In addition, one of the cripple walls was tested with a monotonic push. 

In this section, only the cripple walls from Phase 3 of tested are presented. Two of the cripple 

walls, specimens A-20 and A-21, were built with an existing condition, varying in their anchorage 

– a wet set sill plate and a typical sill bolt anchorage and in their bottom boundary condition – 

bottom boundary condition c and bottom boundary condition d. The other cripple wall was 

constructed with the retrofit, typical sill bolt anchorage, and bottom boundary condition c. In 

Figures 5.35 and 5.36, the comparisons between the model and experiment of the existing cripple 

walls are shown. Figure 5.37 provides the comparison between the model and the experiment of 

the retrofitted cripple wall.  

 As with the stucco over framing finished cripple walls, the model and experiment are in 

good agreement for the majority of the test’s pre-peak drift cycles. In all cases, the models reach 

peak strength one displacement amplitude before the experiments reach peak strength. After 

reaching peak strength, the models capture the post-peak strength degradation of the experiments 

better than the stucco finished specimens. Physically, for the existing specimens, at peak strength, 

the furring nails attaching the stucco to the framing have just failed along the sill plate and bottom 

of the cripple walls. In the subsequent displacement cycles, the horizontal sheathing still provides 

lateral strength as more furring nails begin to detach from the stucco up the height of the studs, 

which is shown by the retention of strength for the experiments in later displacement cycles. 

Because of this, the slope of the descending backbone envelope is flatter than it is for the stucco 

finished specimens. The models are able to capture this loss of strength and are also able to reach 

larger displacements without a complete loss of strength. For Specimen A-20, the model continues 

to maintain strength over the entire loading protocol which is not the case for the other two cripple 

wall models. For the retrofitted cripple wall, the model and the experiment diverge at the 
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displacement amplitude before peak strength, but then they converge on each other at the 

displacement amplitude before the model loses strength.  

 In terms of the energy dissipation, the tested cripple wall, Specimen A-20, dissipates more 

energy than the model throughout the entire test. However, as shown in Figure 5.35(b), the gap 

between the cumulative energy dissipation of the model and the experiment stays consistent after 

the 2.0% global drift ratio cycles. By the end of the loading protocol, the experiment had dissipated 

16% more energy than the model. For the other existing cripple wall, Specimen A-21, the 

cumulative energy dissipation of the model is around 10% more than that of the experiment before 

the model loses strength. The retrofitted cripple wall model dissipates less than 5% more energy 

than the experiment before the model loses strength. The hysteretic loops are wider and the pinched 

load paths reach higher strengths for the model than the experiment, which was also observed for 

the stucco over framing finished specimens. The consequence of this is that the energy dissipation 

for the models and the experiments are similar to each other even though the hysteretic responses 

diverge prior to the experiments reaching strength. In Table 5.12, a summary of the cumulative 

energy dissipation is shown. 
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                                             (a)                                                                                               (b)  

Figure 5.35 Comparison of numerical model and experimental results for 2-ft-tall, existing, stucco 

over horizontal sheathing finished cripple wall with bottom boundary condition d 

(Specimen A-20): (a) overlay of hysteretic response; and (b) overlay of cumulative 

hysteretic energy dissipation. 

    

                                             (a)                                                                                              (b)  

Figure 5.36 Comparison of numerical model and experimental results for 2-ft-tall, existing, stucco 

over horizontal sheathing finished cripple wall with bottom boundary condition c and 

a wet set sill plate (Specimen A-21): (a) overlay of hysteretic response; and (b) overlay 

of cumulative hysteretic energy dissipation. 
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                                           (a)                                                                                                (b)  

Figure 5.37 Comparison of numerical model and experimental results for 2-ft-tall, retrofit, stucco 

over horizontal sheathing finished cripple wall with bottom boundary condition c 

(Specimen A-19): (a) overlay of hysteretic response; and (b) overlay of cumulative 

hysteretic energy dissipation. 

Table 5.12  Cumulative hysteretic energy dissipation comparison of numerical model and 

experimental results for stucco over horizontal sheathing finished cripple walls. 

Specimen 

Name 

Cripple 

Wall 

Height (ft) 

Retrofit 

Condition 

(E or R) 

Bottom 

Boundary 

Condition 

(c or d) 

Anchorage 

Condition 

(AB or WS) 

Cumulative 

Energy 

Dissipation 

Error (%) 

Average 

Energy 

Dissipation 

Ratio 

A-20 2 E d AB -15.9 0.450 

A-21 2 E c WS -28.4 0.929 

A-19 2 R c AB -12.1 0.883 

Notes: E = Existing, R = Retrofit, AB = typical sill bolt anchorage, WS = wet set sill plate anchorage  

5.6.2.3 Stucco Over Diagonal Sheathing Cripple Walls 

Of the 17 wet finished cripple walls, two were finished with stucco over diagonal 

sheathing. Both of the specimens were 2-ft-tall and only differed in their retrofit condition. For 

both specimens, the model captured the response of the experiment better than any of the other 
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exterior finished considered in this study, see Figures 5.38(a) and 5.39(a). It should be noted that 

for both tests, loss of strength of the cripple walls was a result of both anchor bolt fracturing as 

well as cross-grain splitting of the sill plate. For this reason, the relative hysteretic response, which 

ignores the displacement of the sill plate relative to the foundation, exhibits a much tighter 

hysteresis than other cripple walls tested. In the case of the retrofitted cripple wall, the relative 

displacement of the experiment began to decrease in subsequent displacement cycles after reaching 

peak strength due to more of the imposed displacement accumulating between the sill plate and 

the foundation as the anchor bolts and sill plate lost their ability to transfer the lateral loads imposed 

on the cripple wall to the foundation. 

For the existing cripple wall, the response of the model and the experiment in the negative 

quadrant (pull loading) are nearly identical, while in the positive quadrant (push loading), the 

model reaches strength displacement amplitude prior to the experiment reaching strength. This 

was common for the phenomenological models of the other wet finished cripple walls. For the 

retrofitted cripple wall, there is good agreement between the hysteretic response of model and 

experiment in both loading directions. This is the only instance where the model and the 

experiment reached peak strength at the same displacement amplitude. The reason for the models 

more accurately capturing the response of the experiments is due to the sheathing materials (both 

plywood and diagonal sheathing) providing significant amounts of lateral strength following 

reaching peak strength. This causes the slope of the descending envelope curve to be much flatter 

than those of the other wet finished cripple walls. In addition, the flatter slope of the descending 

backbone envelope allows the model to reach the end of the loading protocol before reaching its 

final displacement. In terms of the cumulative energy dissipation, the model and experiment are 

nearly identical for both specimens throughout the entire loading protocol. By the end of the 



 
333 

loading protocol, the model of the existing specimen overpredicts the energy dissipation of 

experiment by around 5%, and for the retrofitted specimen, the overprediction is around 1%. In 

Table 5.13, a summary of the cumulative energy dissipation is shown for the stucco over diagonal 

sheathing finished specimens.   

 

    

                                      (a)                                                                                                  (b)  

Figure 5.38 Comparison of numerical model and experimental results for 2-ft-tall, existing, stucco 

over diagonal sheathing finished cripple wall with bottom boundary condition c 

(Specimen A-15): (a) overlay of hysteretic response; and (b) overlay of cumulative 

hysteretic energy dissipation. 



 
334 

    

                                           (a)                                                                                                  (b)  

Figure 5.39 Comparison of numerical model and experimental results for 2-ft-tall, retrofit, stucco 

over diagonal sheathing finished cripple wall with bottom boundary condition c 

(Specimen A-16): (a) overlay of hysteretic response; and (b) overlay of cumulative 

hysteretic energy dissipation. 

Table 5.13  Cumulative hysteretic energy dissipation comparison of numerical model and 

experimental results for stucco over diagonal sheathing finished cripple walls. 

Specimen 

Name 

Cripple 

Wall 

Height (ft) 

Retrofit 

Condition 

(E or R) 

Bottom 

Boundary 

Condition 

(c or d) 

Anchorage 

Condition 

(AB or WS) 

Cumulative 

Energy 

Dissipation 

Error (%) 

Average 

Energy 

Dissipation 

Ratio 

A-15 2 E c AB -5.7 0.801 

A-16 2 R c AB -1.2 1.003 

Notes: E = Existing, R = Retrofit, AB = typical sill bolt anchorage, WS = wet set sill plate anchorage  

5.6.3 MSTEW Model Fit Discussion 

In Figures 5.40 and 5.41, the envelopes of the hysteretic response in both loading directions 

are overlaid in the positive quadrant for the model and the experiment. Figure legends denote the 

exterior finish, height, and, retrofit condition. For specimens with a wet set sill plate or bottom 
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boundary condition d, these are also noted. All other specimens have bottom boundary condition 

c and anchor bolts. Only the specimens with phenomenological models are shown, with the 

exception of the stucco over diagonal sheathing finished cripple walls. This process is done by 

obtaining the local maximum of strength for each displacement amplitude and ordering them based 

on the displacement where they occur. In all cases, this local maximum occurred at the leading 

cycle, so the trailing cycles are not shown in the figures. In these figures, areas of the experimental 

hysteretic envelope curve are shaded to depict limit states of the cripple walls. The first limit state 

is shaded in green which denotes the response of the experiment from the start of the loading 

protocol to the point where 80% of the pre-peak strength is obtained. In Chapter 3, this is the point 

in the response where the initial stiffness of the cripple walls was determined by using the slope 

of the secant stiffness associated with the relative drift ratio where 80% of the pre-peak strength 

occurs. The next limit state is shaded yellow and is defined by the area of the experimental response 

where 80% pre-peak strength is reached to the point where there is a 60% loss in strength post-

peak (i.e. 40% post-peak strength). At this point, the loading protocol called for the subsequent 

displacement cycles to increase from 1% global drift ratio to 2% global drift ratio. The final limit 

state is shaded red and denotes the area of the experimental envelop from 40% post-peak strength 

to the end of the loading protocol. In Tables 5.14 and 5.15, the corresponding relative drift ratios 

for the cutoffs of the limit states are shown for both the experiments and models.  

 Overall, the numerical models capture the hysteretic response of the tested cripple walls 

accurately over the first limit state regardless of exterior finish type or retrofit condition. The 

MSTEW model is a pinched hysteresis model which is peak-orientated. Peak-orientated models 

are able to capture strength capping and residual strength. These types of models also allow for 

strength and stiffness degradation to be captured. The cyclic deterioration rates of the strength and 
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stiffness are controlled by the hysteretic energy dissipation of the cripple wall subjected to cyclic 

loading. The MSTEW model has difficulty capturing the response of limit state 2 and 3 for 

specimens that have quick strength deterioration rates. In addition, while the MSETW model 

captures strength deterioration, it does not have a cutoff point for the deterioration to represent the 

residual strength. Instead, the MSTEW model cyclically deteriorates strength until reaching a final 

displacement amplitude and then completely loses strength. While MSTEW model is widely used 

for modeling wood-framed shearwalls, this is a limitation of capturing the post-peak response. For 

this reason, the MSTEW model derived from MSTEWfit robustly captures the response of all 

specimens at early displacement amplitudes, ie. limit state 1, but the accuracy of the model for 

limit state 2 and 3 varies depending on rate of post-peak strength reduction as well as the amount 

of residual strength in the tested specimen.  

Existing cripple walls finished with stucco over framing had rapid post-peak cyclic 

deterioration which led to the least accurate phenomenological models, seen Figures 5.40(a), (b), 

and (c). In addition, there was a large amount of stiffness gained from the stucco over framing 

exterior finish which caused these specimens to gain strength rapidly before losing strength 

rapidly. Due to this, the MSTEW model tended to underpredict the peak strength and its 

corresponding drift amplitude for these models, while overpredicting the cyclic deterioration rate. 

This led to a complete loss of strength of the models while the around 20-40% of the residual 

strength remained in the tested specimens. From this, it can be seen that the MSTEWfit tends to 

produce a more accurate prediction of the experimental response for specimens with larger drift 

capacities, which is exhibited for Specimen A-26 shown in Figure 5.40(e). However, this is not 

always the case, as seen with Specimen A-18 shown in Figure 5.40(d). For this specimen, the 

response up to 4% relative drift ratio was accurately captured from the MSTEW model, but then 
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the model overpredicted the rate of strength deterioration causing peak strength to be reached at 

an earlier displacement amplitude than the tested specimen as well as the model to lose strength at 

7% relative drift ratio while the tested specimen had only lost 15% of its strength.  

For the cripple walls finished with stucco over horizontal sheathing, the MSTEW models 

derived from MSTEWfit captured the post-peak strength degradation of the tested specimens with 

more accuracy than the stucco over framing finished specimens. Again, this is due to the cyclic 

deterioration rate of these specimens being less than that of the stucco finished specimens. 

Physically, these specimens retained more strength post-peak due to the strength contribution of 

the horizontal sheathing. In comparison, for the cripple walls tested with horizontal siding over 

framing, the ratio of residual strength at the end of the loading protocol to the peak strength of 

these specimens was much higher than any other finish material tested. In the case of the 6-ft-tall 

specimen, there was nearly no loss of strength up to the end of the loading protocol. The horizontal 

sheathing performed in the same manner as horizontal siding causing the stucco over horizontal 

sheathing finished cripple walls to have a larger ratio of residual strength to peak strength than the 

stucco only finished cripple walls. However, in the displacement cycles immediately post-peak, 

there were large drops in strength as the furring nails detached from the sheathing and framing. 

For both stucco over framing and stucco over horizontal sheathing finished cripple walls, the main 

contributor to the lateral strength of the cripple walls comes from the furring nails attaching the 

stucco to the sheathing and/or framing. The MSTEW models still underpredict the peak strength 

and displacement at peak strength for the existing specimens due to how quickly the specimens 

gain strength and then immediately lose strength. This rapid turnaround would not be difficult for 

MSTEWfit to capture if the specimens did not have such large amounts of residual strength at the 

end of the loading protocol. Recall that the entire descending backbone envelope of the tested 
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specimens is used to determine the ultimate displacement and slope of the descending backbone 

curve. The descending backbone curve is highly nonlinear for these cripple walls due to the initial 

rapid loss of strength post-peak before converging on a residual strength retained for multiple 

displacement cycles towards the end of the loading protocol. Therefore, MSTEWfit underpredicts 

the ultimate displacement (δu) and overpredicts the parameter controlling the descent of the 

backbone curve (r2). 

      

                                                 (a)                                                                                           (b) 

Figure 5.40 Comparison of the average between both loading directions hysteretic envelopes of 

experimental and model data for stucco exterior finished cripple walls: (a) Specimen 

A-17; (b) Specimen A-22; (c) Specimen A-25; (d) Specimen A-18; and (e) Specimen A-

26. 

 



 
339 

     

                                               (c)                                                                                             (d) 

 

      (e) 

Figure 5.40 Comparison of the average between both loading directions hysteretic envelopes of 

experimental and model data for stucco exterior finished cripple walls, (continued). 
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Table 5.14  Comparison of key relative drift ratios for experiments and model of cripple walls 

finished with stucco. 

Specimen 

Name 

Relative Drift Ratio at 

0.8Vmax (pre-peak) (%) 

Relative Drift Ratio at Vmax 

(%) 

Relative Drift Ratio at 

0.4Vmax (post-peak) (%) 

Test Model Test Model Test Model 

A-17 0.6 0.6 1.5 1.1 4.7 5.8 

A-22 0.5 0.5 1.2 1.3 4.4 4.8 

A-18 1.3 1.3 4.8 3.9 9.3 7.2 

A-25 0.6 0.4 1.1 0.6 --- 2.8 

A-26 1.0 1.0 2.9 2.9 7.1 6.6 

 

      

                                        (a)                                                                                             (b) 

Figure 5.41 Comparison of the average between both loading directions hysteretic envelopes of 

experimental and model data for stucco over horizontal sheathing exterior finished 

cripple walls: (a) Specimen A-20; (b) Specimen A-21; and (c) Specimen A-19. 
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     (c) 

Figure 5.41 Comparison of the average between both loading directions hysteretic envelopes of 

experimental and model data for stucco over horizontal sheathing exterior finished 

cripple walls, (continued). 

 

Table 5.15 Comparison of key relative drift ratios for experiments and model of cripple walls 

finished with stucco over horizontal sheathing. 

Specimen 

Name 

Relative Drift Ratio at 

0.8Vmax (pre-peak) (%) 

Relative Drift Ratio at Vmax 

(%) 

Relative Drift Ratio at 

0.4Vmax (post-peak) (%) 

Test Model Test Model Test Model 

A-20 1.4 1.2 3.2 2.4 --- 13.0 

A-21 1.1 0.8 2.5 1.7 --- 10.7 

A-19 2.2 1.8 5.3 3.8 9.6 12.3 

 

5.7 SUMMARY REMARKS OF MSTEW HYSTERETIC MODEL AND MSTEWFIT 

MSTEWfit performed well in capturing the pre-peak response of the wet finished cripple 

walls. The initial stiffness of both the experiment in model were in good agreement regardless of 

the exterior finish, height, or retrofit condition. However, for most stucco over framing and stucco 
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over horizontal sheathing finished cripple walls, MSTEWfit tended to underestimate the peak 

lateral strength as well as the displacement where it occurred. This was most pronounced for 

existing cripple walls which has abrupt drops in strength in subsequent post-peak displacement 

cycles. For the retrofitted cripple walls as well as the stucco over diagonal sheathing finished 

cripple walls, the reduction in strength after reaching strength was more gradual as the main 

contributors of strength were the diagonal sheathing and/or the plywood panels. For the existing 

stucco over framing and stucco over horizontal sheathing finished specimens, the main contributor 

to the strength was the stucco exterior finish, which once detached from the sill plate and bottom 

of studs, provided little strength to the specimen. This abrupt reduction in strength due to the 

detachment of the stucco caused both the peak strength and displacement at peak strength to be 

underestimated. The MSTEWfit program captured the response of the stucco over diagonal 

sheathing finished specimens with more accuracy than any of the other exterior finishes. This is 

due to the almost linear post-peak backbone of the hysteresis for these two specimens. The 

MSTEW model is designed so that the post-peak backbone curve is linear. For the stucco over 

framing and stucco over horizontal sheathing finished cripple walls, there typically was a 

somewhat linear drop in strength for the initial post-peak displacement amplitudes, but then the 

drops in strength become less significant at larger displacement amplitudes. This response would 

be better captured with a hysteretic spring model that has a bilinear post-peak backbone such as 

the Pinching4 material from OpenSees (McKenna et al., 2000), see Figure 5.42.  
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Figure 5.42 Pinching4 material hysteretic envelope curve from the OpenSees material library 

(figure from Acevedo (2018)). 

The MSTEW hysteretic model is commonly used to capture the highly nonlinear response 

of wood frame shearwalls and wood frame fasteners. The following presents observations on the 

accuracy at which it is able to do so, including: 

• MSTEW models assume a linearly decaying backbone curve which is unable to capture 

the nonlinear post-peak strength degradation of the descending backbone envelope. This 

prevents the model from capturing the residual strength as the system approaches collapse. 

Instead, the model reaches a point of final displacement based on the descending backbone 

envelope and then exhibits a complete loss of strength where the physical specimen still 

retains some amount of residual strength. The descending backbone curve could be 

captured more accurately with a multilinear post-peak response. 

• The MSTEW model is a symmetric model which is unable to capture asymmetric hysteretic 

responses. 
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• The stiffness degradation parameter (β) is dependent upon the strength degradation 

parameter (α) which can lead to an overprediction of the strength lost in trailing cycles of 

the loading protocol. 

• At large drift amplitudes, the MSTEW model has limited accuracy capturing the response 

because at this point, both the strength and stiffness degradation are typically significant. 

Since the model uses static parameters, there is typically good agreement between the 

model and the experiment at small displacement amplitudes, but the accuracy tends to be 

reduced at larger displacement amplitudes. Furthermore, this tends to lead to an 

overprediction of the hysteretic energy dissipation at larger displacement amplitudes.  

Even with the loss of accuracy that is present at large displacement amplitudes, the 

MSTEW model can be fitted to capture the hysteretic response of the cripple walls with a high 

degree of accuracy. However, the accuracy in which MSTEWfit is able to capture the shape of an 

imported hysteresis is subject to the shape of the imported hysteresis. Observations on this include: 

• MSTEWfit tends to underpredict the ultimate displacement and strength of the cripple walls 

because of the nonlinear post-peak response of cripple walls. Both the ultimate 

displacement and the slope of the descending backbone envelope are defined by the 

descending backbone envelope. Because the cripple walls finished with stucco or stucco 

over horizontal sheathing have a steep decay of strength post-peak before reaching some 

amount of residual strength, MSTEWfit assigns the ultimate displacement (δu) to be smaller 

than what was physically observed and the slope of the descending backbone envelope (r2) 

to be steeper than was physically observed.  

• By assigning δu and r2 in this manner, the final displacement is reached at a displacement 

amplitude where the physical specimen still retains a significant portion of its strength. 
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This leads to the model completely losing strength while the tested specimen is still 

degrading in strength. 
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CHAPTER 6  

PARAMETRIC STUDY OF HORIZONTAL SIDING 

FINISHED CRIPPLE WALLS 

6.1 OVERVIEW 

This chapter describes a parametric study performed using the existing horizontal siding 

finished cripple wall models presented in Chapter 5. The aim of the parametric studies is two-fold, 

namely: 1) evaluate the impact of slight detailing variations on the existing cripple wall seismic 

response and 2) assess if alternative details can provide equivalence in terms of performance 

(strength, stiffness) enhancement to that of the modern details of FEMA P-1100. To this end, 

cripple walls with an exterior finish of horizontal siding were selected, as they demonstrated 

consistently the lowest strength and stiffness of all cripple walls considered prevalent in the pre-

1970s building stock.  

6.2 SCOPE OF PARAMETRIC STUDY 

Horizontal siding is a common exterior finish found with the west coast of the United 

States. Often, the horizontal siding is underlain with a sheathing material such as diagonal 

sheathing. In the case that horizontal siding boards are the only finish material, there is little 

resistance to the lateral loads imposed on the cripple walls. This is due to the orientation of the 

horizontal siding boards being parallel to the imposed displacement. Nonetheless, detailing 
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variations are plausible. This includes variable nailing patterns and siding board sizes. Moreover, 

optional elements, such as cut-in diagonal bracing and diagonal straps, may offer ample 

equivalency to the modern detailing of FEMA P-1100, which involved continuous installation of 

bracing (plywood or OSB) and load transfer clips. The finite element connection-level models 

validated against experimental results described in Chapter 5, are herein used to evaluate the 

impact of these detailing variations. This parametric study intends to demonstrate how these 

changes in detailing provide large contributions to the strength, stiffness, and energy dissipation 

of horizontal siding finished cripple walls.  

6.3 DESCRIPTION OF NUMERICAL MODELS 

6.3.1 Board Width and Vertical Nail Pair Spacing 

On the exterior face of the horizontal siding finished cripple wall models, modifications 

were implemented to the horizontal siding board width (wHS), the number of rows of fasteners per 

board (nr), and the vertical spacing between nail pairs (vNPS) at board-to-stud connections. A 

schematic of these variables is provided in Figure 6.1. There were a total of 36 cripple walls 

modeled, considering variations to the siding boards geometry and fasteners. The matrix of these 

is shown in Table 6.1 for the 2-ft-tall cripple walls, and they are shown in Table 6.2 for the 6-ft-

tall cripple walls. The same variations were tested for both cripple wall heights. A common 

shorthand name was adopted to easily identify the case under consideration, see Tables 6.1 and 

6.2. For example, model 6in-2nail-4-2ft which denotes a cripple wall model with 6 inch wide 

horizontal siding boards, fastened with two nails at each boards-to-stud overlap, a 4 inch vNPS, 

and a 2 foot height. As a note, when three nails were present at each board-to-stud overlap, the 

vNPS considers the vertical spacing between two of the nails, not the total vertical spacing between 
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all nails. In these instances, the vertical spacing between the nails were equal. For the models in 

the siding board parametric study, there were no changes to the boundary conditions or framing of 

the specimens.  

 

Figure 6.1 Schematic of board width and vertical nail pair spacing parametric study variables 

for horizontal siding finished cripple walls. 

 Overall, four widths of horizontal siding boards were used, which represent an upper and 

lower limit of the widths of siding boards seen in California homes (Reis et al., 2000). The nominal 

dimensions of the boards were 1  4, 1  6, 1  8, and 1  10. While there are 1  2 siding boards 

seen in some California homes, these are in cases where the siding is overlaying a sheathing 

material. The numerical model validated from the experimental results was built with 1  6 siding 

boards fastened with two nails at each siding board-to-stud location. The most common fastener 

schedule for siding boards is with 2–8d nails at each siding board-to-stud location. This was 

represented in the parametric study. In addition, for 1  4 siding boards, a single 8d nail at siding 

board-to-stud locations was considered in the parametric study representing a lower bound of 

expected strength from horizontal siding finished cripple wall. For the 1  10 siding board 

configurations, two nailing arrangements were used, namely, 2–8d nails and 3–8d nails at each 

siding board-to-stud location. When two nails were present, the nails were evenly spaced from the 
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middle of the siding board to the center of the stud. For the three nail arrangement, the center nail 

was placed at the middle of the siding board while the two other nails were equidistant from the 

middle nail. All three nails were fastened to the center of the stud. In all cases, the siding boards 

were separated by a 1/8-inch gap to allow for expansion. The variations in horizontal siding board 

width and number of rows of fasteners are shown in Figure 6.2. 

 

Figure 6.2 Variations in horizontal siding board width and number of rows of fasteners 

considered in the parametric study. 
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Table 6.1 Matrix of 2-ft-tall cripple wall models considered for the horizontal siding board 

parametric study. 

Model Name wHS (in.) nr vNPS (in.) 

4in-2nail-2-2ft 4 2 2 

6in-2nail-2-2ft 6 2 2 

6in-2nail-2.5-2ft 6 2 2.5 

6in-2nail-3-2ft 6 2 3 

6in-2nail-3.5-2ft 6 2 3.5 

6in-2nail-4-2ft 6 2 4 

8in-2nail-3-2ft 8 2 3 

8in-2nail-4-2ft 8 2 4 

8in-2nail-5-2ft 8 2 5 

8in-2nail-6-2ft 8 2 6 

10in-2nail-4-2ft 10 2 4 

10in-2nail-5-2ft 10 2 5 

10in-2nail-6-2ft 10 2 6 

10in-2nail-7-2ft 10 2 7 

10in-3nail-2.5-2ft 10 3 2.5 

10in-3nail-3-2ft 10 3 3 
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Table 6.2 Matrix of 6-ft-tall cripple wall models considered for the horizontal siding board 

parametric study. 

Model Name wHS (in.) nr vNPS (in.) 

4in-2nail-6ft 4 2 2 

6in-2nail-2-6ft 6 2 2 

6in-2nail-2.5-6ft 6 2 2.5 

6in-2nail-3-6ft 6 2 3 

6in-2nail-3.5-6ft 6 2 3.5 

6in-2nail-4-6ft 6 2 4 

8in-2nail-3-6ft 8 2 3 

8in-2nail-4-6ft 8 2 4 

8in-2nail-5-6ft 8 2 5 

8in-2nail-6-6ft 8 2 6 

10in-2nail-4-6ft 10 2 4 

10in-2nail-5-6ft 10 2 5 

10in-2nail-6-6ft 10 2 6 

10in-2nail-7-6ft 10 2 7 

10in-3nail-2.5-6ft 10 3 2.5 

10in-3nail-3-6ft 10 3 3 

 

6.3.2 Cut-in Blocking and Diagonal Strap Bracing 

For the interior of the cripple walls, parametric studies were performed to determine the 

impact on cripple wall response due to the addition of cut-in diagonal blocks and diagonal strap 

braces. The study was performed to analyze the equivalency of implementing alternative 

retrofitting methods to horizontal siding finished cripple walls compared with modern retrofitting 

methods, namely FEMA P-1100. Diagonal straps braces are boards that are fastened outboard of 
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the studs along the interior of the wall. The boards are required to be 1  4 and fastened with 2–8d 

nails per studs as well as the sill plate and top plate as per the 2019 California Building Code Table 

R602.10.4 (CBC, 2019). In addition, the diagonal straps should be orientated at 45 to 60 degrees 

from the horizontal, according to code. Diagonal strap braces can also be cut-in, which would 

position them flush with the interior of the studs. This is done by cutting notches into the studs at 

each intersection with the diagonal strap. Another method of bracing cripple walls is via addition 

of 2  4 diagonal blocking sections to the studs. Cut-in diagonal blocks are typically fastened to 

studs with 2–16d toenails as well as 2–16d toenails to the lower top plate and sill plates. The blocks 

are split when intersecting studs and have the same nailing pattern at these intersections. In Figure 

6.3, a cripple wall is shown with diagonal bracing as well as cut-in diagonal blocking. Note that 

both of these details would be implemented within the interior space of the cripple wall, similar to 

the application of sheathing, as applied in modern retrofit guideline such as FEMA P-1100. 

 

Figure 6.3 Photograph of cripple wall with diagonal bracing and cut-in diagonal blocking (photo 

courtesy of Anderson-Niswander, 2015). 

As previous stated, for the both the blocking and bracing, it is required by code that the 

angle of the diagonal be between 45 and 60 degrees measured from the horizontal (CBC, 2019). 
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While there are many configurations that would fulfill this criterion, select configurations were 

chosen to illicit the differences in response due to the addition of more blocking and bracing 

elements as well as the placement and orientation of these elements. It is commonly seen in the 

field that cut-in blocking elements span across stud bays so that they are bearing on a stud-to-sill 

plate corner and fastened to the sill plate as well as bearing on a stud-to-top plate corner and 

fastened to the top plate, see  Figure 6.3. In Figures 6.4 and 6.5, the configurations are shown for 

the 2-ft-tall and 6-ft-tall cripple walls, respectively. For the 2-ft-tall models, each cut-in diagonal 

blocking element spans one stud bay with an angle of 56.9 degrees to the horizontal. The 6-ft-tall 

models utilized the nearly the same angle of the cut-in diagonal blocking (56.5 degrees) which 

resulted in each three pieces of blocking spanning three stud bays. For the 2-ft-tall cripple walls, 

the configurations modeled were a single blocking element (Figure 6.4(a)), two blocking elements 

mirrored about the centerline (Figure 6.4(b)), one Chevron brace (Figure 6.4(c)), and two Chevron 

braces mirrored about the centerline (Figure 6.4(d)). These configurations were chosen as they are 

commonly seen in practice, representing a lower end of blocking elements (Figure 6.4(a)) and an 

upper end of blocking elements (Figure 6.4(d)) per a wall line. The two blocking and one Chevron 

bracing configurations were modeled to determine if there would be a difference in the response 

due to the positioning of the blocking elements. These configurations represented the extremes in 

placement of blocking where one blocking element was located at either end or where the two 

blocking elements were in contact with the same stud. Note that the first and last stud bay were 

not used for locations of blocking elements because the span of the stud bay was shorter than the 

interior stud bays. The same configurations shown in Figures 6.4(a) – (c) were used for the 6-ft-

tall cripple walls, see Figure 6.5. In Figure 6.6, the nailing details for the blocking-to-sill plate 

(same as blocking-to-top plate) and blocking-to-stud connections are shown.  
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Toe-nails fastening the blocking elements to the framing were 2–16d common nails per 

connection. The parameters assigned to these fastener elements were based the HD2 (nail 

withdrawal model) for 2–16d common nails and the MSTEW model for 2–16d common nails 

which are available in the F2F database within MCASHEW2. The strength parameters (F0) for 

these were adjusted using the NDS AWC adjustment factor to Z-values for toe-nailed connections 

in Section 11.5.4.2 which states that the Z-value be adjusted by a factor of 0.83 (AWC, 2018b). 

Table 6.3 shows the parameters for the toe-nails used to fasten the blocking elements to the 

framing. Figure 6.7 shows the hysteresis of these two models. While the parameters used for the 

blocking-to-framing fasteners were assigned based on existing data and modifications to these 

existing fastener models, changes to the parameters controlling the yield strength and 

displacement, ultimate strength and displacement, and residual strength and displacement were 

assigned to these fasteners to determine if there was a significant difference in the response of the 

cripple wall. The differences in response were negligible indicating that the toe-nails were not the 

primary contributor to the response and significant changes to the parameters of toe-nail fastener 

models did not have a large effect on the response.  

The largest contributor to the response was due to the bearing of the diagonal blocking on 

the framing members. Since it was expected that the major contribution of the response from a cut-

in diagonal blocking element would be due to bearing, the Contact Frame Bearing model built into 

MCASHEW2 was used for the local x–direction parameter of diagonal blocking and the studs in 

contact with the diagonal blocking element instead of the Bilinear Elastic Contact element used 

for the other frame-to-frame perpendicular contact interfaces. The models were analyzed using 

both types of frame-to-frame contact elements, but the bilinear elastic contact element tended to 

produce an unrealistic amount of strength at larger displacements where the diagonal blocking 
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elements were lateral displacing the adjacent studs. The Contact Frame Bearing model is highly 

nonlinear and is able to capture the plastic deformation from bearing that accrues at these contact 

locations. For this reason, the Contact Frame Bearing model produced more realistic results but 

also resulted in convergence issues at larger displacement targets which is discussed in the results. 

The hysteresis of the Contact Frame Bearing model is shown in Figure 6.8. A schematic for the 

location of the two contact elements is shown in Figure 6.9. 

 

        

 (a)              (b) 

       

(c)              (d) 

Figure 6.4 Configurations of cut-in diagonal blocking for existing 2-ft-tall cripple walls finished 

with horizontal siding: (a) one cut-in diagonal block; (b) two cut-in diagonal blocks; 

(c) one Chevron blocking brace; and (d) two Chevron blocking braces. 
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 (a)              (b) 

       

(c) 

Figure 6.5 Configurations of cut-in diagonal blocking for existing 6-ft-tall cripple walls finished 

with horizontal siding: (a) one cut-in diagonal block; (b) two cut-in diagonal blocks; 

and (c) one Chevron blocking brace. 

     

Figure 6.6 Nailing detail for cut-in blocking. 
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Table 6.3 Shear (top) and pullout (bottom) parameters for cut-in diagonal blocking-to-

framing toe-nails. 

MSTEW 

Parameters 

K0 

(kip/in.) 
r1 r2 r3 r4 

F0 

(kips) 

Fi 

(kips) 

δu 

(in.) 
α β 

2-16d nails 19.0313 0.00879 0.0274 0.5019 0.00346 0.6602 0.1397 0.467 0.85 1.1 

HD2 

Parameters 

K0 

(kip/in.) 
r1 r2 r3 r4 

F0 

(kips) 

Fi 

(kips) 

δu 

(in.) 
α β 

2-16d nails 4.5681 0.5 -0.01 1.5 0.005 0.0933 0.0899 0.0295 0.8 1.1 

 

      

                                             (a)                                                                                          (b) 

Figure 6.7 Force (kips) versus slip (in.) hysteretic spring models for blocking-to-framing toe-

nails: (a) nail withdrawal; and (b) nail shear. 

 

Figure 6.8 Force (kips) versus slip (in.) hysteretic spring models frame bearing contact elements. 
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Figure 6.9 Schematic for contact elements, 6-ft-tall cripple wall (left) and 2-ft-tall cripple wall 

(right).  

 For the diagonal strap bracing, 1  6 boards fastened with 2–8d nails spaced at 3 inches at 

the top plate, sill plate, and each stud overlap. According to the California Building Code, the 

minimum board size allowed is 1  4 (CBC, 2019), however, 1  6 boards were used instead to 

accommodate the nail spacing. In addition, it is common to see 1  6 boards in California homes 

with diagonally braced cripple walls. Note that the diagonal strap braces in Figure 6.3 are 1  6 

boards. For both the 2-ft-tall and 6-ft-tall specimen, there were two configurations of diagonal 

strap braces used. The first configuration included one diagonal bracing member and the second 

configuration included an additional bracing member mirrored about the centerline of the of the 

cripple wall. The same angle between the boards and the horizontal was used as the diagonal 

blocking members. In Figure 6.10, the two configurations for the 2-ft-tall specimens are shown, 

and the same is shown for the 6-ft-tall specimens in Figure 6.11. The properties used for the 

diagonal brace-to-frame fasteners were derived from the MSTEW properties used for the siding 

board-to-frame fasteners. The only difference between the two configurations was the lumber of 

the board. In the case of the siding boards, redwood was used, whereas in the case of the diagonal 

boards, construction grade Douglas Fir was used, matching the lumber type used for the framing. 
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Therefore, the modifications to the MSTEW properties used for the siding board-to-framing 

fasteners were based on the Z-values of the two types of connections as described in Section 5.5.1. 

Table 6.4 provides the MSTEW parameters used for the diagonal strap bracing board-to-framing 

fasteners. The corresponding hysteresis for the two MSTEW fasteners models are shown in Figure 

6.12. 

        

 (a)              (b) 

Figure 6.10 Configurations of diagonal bracing for existing 2-ft-tall cripple walls finished with 

horizontal siding: (a) one diagonal brace; and (b) two diagonal braces. 

        

 (a)              (b) 

Figure 6.11 Configurations of diagonal bracing for existing 6-ft-tall cripple walls finished with 

horizontal siding: (a) one diagonal brace; and (b) two diagonal braces. 

Table 6.4  MSTEW parameters for diagonal bracing board-to-framing fasteners 

MSTEW 

Parameters 

K0 

(kip/in.) 
r1 r2 r3 r4 

F0 

(kips) 

Fi 

(kips) 

δu 

(in.) 
α β 

Parallel to 

grain 
10.647 0.051 -0.047 1.1 0.015 0.2800 0.03384 0.3600 0.72 1.06 

Perpendicular 

to grain 
7.534 0.049 -0.049 1.4 0.015 0.2522 0.02817 0.3894 0.72 1.06 
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                                              (a)                                                                                          (b) 

Figure 6.12 Force (kips) versus slip (in.) hysteretic spring models for diagonal bracing board-to-

framing fasteners: : (a) parallel-to-grain; and (b) perpendicular-to-grain. 

6.4 JUSTIFICATION OF SELECTED VARIANTS 

As stated in the previously, horizontal siding finished cripple walls were chosen for the 

parametric study due to their poor response in terms of strength and stiffness. The existing 2-ft-

tall specimen had around 30% of the strength of the next weakest 2-ft-tall cripple wall which was 

finished with stucco over framing. For the 6-ft-tall case, the existing horizontal siding finished 

specimen had 25% of the capacity of the 6-ft-tall, T1-11 finished cripple wall and 15% of the 

capacity of the 6-ft-tall, stucco over framing finished cripple wall. The low strength and stiffness 

of these cripple walls is a result of the siding boards being orientated in the direction of loading. 

Because of this, the primary lateral resistance is a primarily a result of the moment couple between 

nails at each siding board-to-stud location. Other contributing factors include the friction between 

the shiplap siding boards. the overturning resistance of the framing due to the axial load, and the 

withdrawal strength of the sill plate-to-stud and top plate-to-stud end nails. 
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For horizontal siding finished cripple walls found in California, it is common to see 

additional framing elements used in construction, such as cut-in diagonal blocks and diagonal strap 

braces. Due to the low relative strength of the cripple wall, the addition of the elements would 

likely generate significant increases in strength and stiffness of the cripple wall. Therefore, both 

framing elements were considered in this study to examine their effects on the performance of the 

cripple walls. Two other additions to the framing that are commonly seen in California are cut-in 

diagonal strap braces and cut-in horizontal blocking. For the former, the cut-in diagonal straps are 

similar to the diagonal bracing considered in the parametric study, except for the fact that they are 

position so that they are flush with the studs. This is done by adding notches into the studs where 

the boards would intersect. The nailing detail for both the cut-in and outboard diagonal strap braces 

are the same. Cut-in diagonal strap braces were not considered in the study because of their 

similarity to the diagonal braces that are not cut into the framing. Considered in the parametric 

study is different configurations of cut-in diagonal blocking and diagonal strap bracing. For the 

diagonal blocking of 2-ft-tall cripple walls, the blocks were orientated so that they fit into one stud 

bay. The same angle of the diagonal blocks was used for the 6-ft-tall specimens which made the 

diagonal blocks run across three stud bays. The same methodology was used for the 1  6 diagonal 

braces. Additional information on the geometries of the blocking and bracing are provided in 

Section 6.5.2. 

Since the primary contributor to lateral strength for horizontal siding finished cripple walls 

is the moment couple between siding board-to-stud fasteners, a parametric study was deemed 

important to understand how siding board width, the vNPS of siding board fasteners, and the 

number of rows of fasteners per board affect the response of the cripple walls. In practice, there 

are many variations for siding board width and vNPS. The siding board widths considered are 1  
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4, 1  6, 1  8, and 1  10 which constitutes the majority of sizes of siding boards seen on dwellings 

with horizontal siding exterior finishes. The vNPS on each siding board-to-stud connection were 

chosen to represent a lower to upper bound of what would be seen in California dwellings.  

6.5 PARAMETRIC STUDY RESULTS 

The following section presents the results from the analysis of the aforementioned varied 

cripple wall models finished with horizontal siding and considered in this parametric study. Results 

of the numerical models are analyzed in terms of their global hysteretic response under simulated 

seismic loading. Attention is given to the lateral strength and cumulative energy dissipation. 

Considering the relative weakness of existing cripple walls finished with horizontal siding, the 

results of these studies are useful in demonstrating that small differences in construction of these 

cripple walls produce significant changes in their response. Lastly, results of the alternative 

retrofitting methods are compared with results of the FEMA P-1100 retrofit to compare the 

equivalency of the different retrofitting techniques. 

6.5.1 Board Width and Vertical Nail Pair Spacing 

The figures in this section are ordered in terms of increasing siding board width. In Figure 

6.13, the hysteretic response of a 2-ft-tall and 6-ft-tall cripple wall numerical models with 1  4 

siding boards are shown. Following this, the hysteretic responses for 2-ft-tall and 6-ft-tall 

numerical models with 1  6 siding boards are shown in Figures 6.14 and 6.15. A graphical 

depiction of the trends in average peak lateral strength between both loading directions and 

cumulative energy dissipation of both wall heights with 1  6 siding boards is provided in Figure 

6.16. For the 1  8 siding board widths, the same figures are shown in Figures 6.17 through 6.19, 
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and for the 1  10 siding boards, Figures 6.20 through 6.22. In all of these figures, the numerical 

models were built with two nails at each siding board-to-stud connection. Lastly, the hysteretic 

responses of 2-ft-tall and 6-ft-tall with 1  10 siding boards and three nails per siding board-to-

stud connection are shown in Figures 6.23 and 6.24. 

The overall shape of the hysteresis are symmetric which would support the conclusion that 

the lateral strengths in both loading directions should be equal. In all cases, a comparison between 

like models with different heights shows that the 2-ft-tall specimens are around 20-30% stronger 

than their 6-ft-tall counterparts. This is in agreement with the results of the validated models. The 

trends in increasing vNPS show that by increasing the vNPS, the response of the model are more 

dominated by the siding board-to-framing fasteners than the framing and frictional contact 

between the siding boards.  

Figure 6.25 show overlays of three hysteresis: (1) entire model as per the validated model, 

(2) model without contact elements between siding boards, and (3) difference between (1) and (2) 

which demonstrated the contribution of the siding board contact elements. The hysteresis shown 

are for a 2-ft-tall and 6-ft-tall numerical model with 1  6 siding boards and 2.5-in. vNPS. The 

hysteresis are provided to demonstrate that the contribution of the friction between boards 

decreases as the nails deform, which, in turn, reduces the frictional force between siding boards. 

In addition, it can be seen that the contribution of the framing are insignificant in terms of providing 

lateral resistance. Lastly, it is evident that the siding-to-framing fasteners continue to provide 

increases in strength over the entire loading protocol. For the vast majority of configurations, the 

siding board-to-framing fasteners never reach their ultimate strength as they were not deformed to 

that point. This is exhibited by the model’s gaining strength over the last couple of loading cycles. 

The exception was for the 1  10 siding board with 7-inch vNPS configuration and the 2-ft-tall 
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numerical model with 6 inch vNPS configurations. For both the 2-ft-tall and 6-ft-tall numerical 

models with 1  10 siding boards and 7-inch vNPS, the fasteners reach their ultimate strength at 

10% drift ratio which was demonstrated by loss of strength in subsequent drift ratio cycles. 

Comparing the results of corresponding 2-ft-tall and 6-ft-tall numerical models with 6-inch vNPS, 

show that for the 2-ft-tall models, the fasteners are displaced slightly more than for the 6-ft-tall 

models. This is evident by the 2-ft-tall models having a reduction in strength for the last final 

displacement amplitude. The cause of this is due to the positioning of the siding boards. For the 2-

ft-tall models, there are 4 siding boards for the 1  8 siding board configuration and 3 siding boards 

for the 1  10 siding board configuration. In both cases the top siding board is only fastened to the 

top plates due to the board spacing, and the bottom siding board is fastened to the sill plate and the 

bottom of the studs. Since the sill plate remains stationary, the fasteners attached to the studs for 

these siding boards displace further than the other nails, subsequently displacing past their ultimate 

displacement. Furthermore, due to there being less fasteners for the 2-ft-tall specimens, the effects 

of these nails having a reduction in strength is more pronounced than for the 6-ft-tall specimens 

which did not exhibit a loss of strength during the last loading cycles.   

From Figure 6.16, 6.19, and 6.22, it can be seen that there is a strong linear correlation 

between both the average peak lateral load and the cumulative hysteretic energy dissipation and 

the vNPS of the numerical models. This is the same regardless of cripple wall height. The linear 

trend demonstrates that the response of the models is dominated by the vertical spacing between 

nail pairs and thus, the moment couple that forms between two vertical nails. In addition, the linear 

trend shows that horizontal siding finished cripple walls express shear dominated characteristics 

between their siding boards as they move past each other. Typically, taller cripple walls and shear 

walls tend to be more flexure dominated, but due to the low strength of the horizontal siding 
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exterior finish, there is an insignificant amount of flexure for both cripple wall heights. This was 

also observed during physical testing of the existing cripple walls finished with horizontal siding. 

While there is friction resistance between siding boards, this dissipates at larger displacement 

amplitudes, and the strength of the models are almost entirely attributed to the moment couple 

between nails.  

 

 

Figure 6.13 Hysteretic response for horizontal siding finished cripple wall numerical models with 

4-in. siding board width. 
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Figure 6.14 Hysteretic response for 2-ft-tall horizontal siding finished cripple wall numerical 

models with 6-in. siding board width and varying vertical nail pair spacing. 
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Figure 6.15 Hysteretic response for 6-ft-tall horizontal siding finished cripple wall numerical 

models with 6-in. siding board width and varying vertical nail pair spacing. 
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(a) 

 

(b) 

Figure 6.16 Comparison of average peak lateral load (a) and cumulative hysteretic energy 

dissipation (b) for 2-ft-tall and 6-ft-tall, existing horizontal siding finished cripple wall 

numerical models with 6-in. siding board width. 
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Figure 6.17 Hysteretic response for 2-ft-tall horizontal siding finished cripple wall numerical 

models with 8-in. siding board width and varying vertical nail pair spacing. 
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Figure 6.18 Hysteretic response for 6-ft-tall horizontal siding finished cripple wall numerical 

models with 8-in. siding board width and varying vertical nail pair spacing. 
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(a) 

 

(b) 

Figure 6.19 Comparison of average peak lateral load (a) and cumulative hysteretic energy 

dissipation (b) for 2-ft-tall and 6-ft-tall, existing horizontal siding finished cripple wall 

numerical models with 8-in. siding board width. 
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Figure 6.20 Hysteretic response for 2-ft-tall horizontal siding finished cripple wall numerical 

models with 10-in. siding board width and varying vertical nail pair spacing. 
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Figure 6.21 Hysteretic response for 6-ft-tall horizontal siding finished cripple wall numerical 

models with 10-in. siding board width and varying vertical nail pair spacing. 
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(a) 

 

(b) 

Figure 6.22 Comparison of average peak lateral load (a) and cumulative hysteretic energy 

dissipation (b) for 2-ft-tall and 6-ft-tall, existing horizontal siding finished cripple wall 

numerical models with 10-in. siding board width. 
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Figure 6.23 Hysteretic response for 2-ft-tall horizontal siding finished cripple wall numerical 

models with 10-in. siding board width attached with 3 nails per siding board-to-stud 

connection and varying vertical nail pair spacing. 

 

       

Figure 6.24 Hysteretic response for 6-ft-tall horizontal siding finished cripple wall numerical 

models with 10-in. siding board width attached with 3 nails per siding board-to-stud 

connection and varying vertical nail pair spacing. 
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(a) 

 

(b) 

Figure 6.25 Overlay of model, fastener, and contact hysteretic response for horizontal siding 

finished cripple wall numerical models with 6-in. siding boards with 2.5-in vertical nail 

pair spacing (two rows): (a) 2-ft-tall cripple wall; and (b) 6-ft-tall cripple wall. 
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In Table 6.5 an analysis of the results across the different wall heights, nail spacing, and 

board widths is presented. This table shows the percent increase in strength from the smallest vNPS 

to largest vNPS for a given cripple wall height and siding board width. A ratio of this percent 

increase for the 6-ft-tall to 2-ft-tall is then calculated. In addition, the ratio of 6-ft-tall to 2-ft-tall 

(cripple wall height ratio) and ratio of nail couples of the 6-ft-tall to 2-ft-tall models (nail couple 

ratio) is given. Finally, a ratio of nail couple ratio to cripple wall height ratio is calculated. If the 

cripple walls are shear dominated, it is expected that there would be an equal contribution by each 

nail couple in providing strength as each nail is displaced equal amounts. Furthermore, it would 

then be expected that the strength increase should then be relative to the ratio of nail couples to 

cripple walls height. From Table 6.5, this hypothesis is supported by the ratio of strength increase 

being nearly identical to the ratio of nail couple to wall height. It can be concluded that the cripple 

walls are shear dominated and that the strength can largely be attributed to the vertical spacing 

between nail pairs. Following this is Table 6.6, which provides linear equations relating the 

expected average peak lateral strength of the cripple wall as a function of the vertical nail pair 

spacing. The table differentiates between the various siding board widths used in the parametric 

study. The linear equations are a result of the best-fit linear regression lines shown in Figures 6.16, 

6.19, and 6.22. In addition, the coefficient of determination for each of the best-fit lines are shown. 

Overall, there was a strong linear correlation between the vertical nail pair spacing and the average 

lateral strength with the lowest coefficient of determination being 0.9679 and the majority with 

coefficients of determination greater than 0.99. 
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Table 6.5 Analysis of results of horizontal siding board parametric study. 

Board 

Width 

(in.) 

Cripple 

Wall 

Height 

(ft) 

No. of 

Nail 

Couples 

% Increase 

in Strength 

from Min to 

Max vNPS 

Ratio of 

6ft/2ft 

Strength 

Increase 

Ratio of 

6ft/2ft Wall 

Height 

Ratio of 

6ft/2ft No. of 

Nail Couples 

Ratio of Nail 

Couples/Ratio 

of Wall Height 

6 
2 40 134 

1.07 3 3.25 1.08 

6 130 144 

8 

2 30 97 

0.97 3 3 1.00 

6 90 94 

10 

2 20 103 

0.97 3 3 1.00 
6 60 100 

 

Table 6.6 Relationship between lateral strength and vertical nail pair spacing for different 

siding board widths. 

Board Width 

(in.) 

Cripple Wall 

Height (ft) 

Average Peak Lateral Strength (kips) versus 

vNPS (in.) Regression 

Coefficient of 

Determination (R2) 

6 

2 Vmax = 0.777(vNPS) - 0.470 0.9929 

6 Vmax = 0.622(vNPS) - 0.235 0.9679 

8 

2 Vmax = 0.587(vNPS) - 0.360 0.9893 

6 Vmax = 0.565(vNPS) - 0.567 0.9987 

10 

2 Vmax = 0.472(vNPS) - 0.530 0.9947 

6 Vmax = 0.435(vNPS) - 0.435 0.9959 
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6.5.2 Cut-in Diagonal Blocking and Diagonal Bracing 

Figure 6.26 shows the hysteretic responses of the four cut-in diagonal blocking 

configurations of 2-ft-tall specimens shown in Figure 6.4. In Figure 6.27, the hysteretic responses 

of the three cut-in diagonal blocking configurations of 6-ft-tall speimens (Figure 6.5) are shown. 

For the diagonal strap bracing configurations, the responses of the 2-ft-tall cripple walls are shown 

in Figures 6.28 and 6.29 for the 6-ft-tall cripple walls. Graphical depictions of these models can 

be found in Figures 6.10 and 6.11, respectively. For all numerical models, the horizontal siding 

board width is 6 inches with a vertical nail pair spacing of 2.5 inches. Results indicate that there 

are significant increases in the stiffness of the specimens with the addition of blocking and bracing 

elements, while the strength increases are evident but less pronounced. For the 2-ft-tall cripple 

walls, the largest increases in strength and stiffness occur with the addition of cut-in diagonal 

blocking elements while the largest increases in strength and stiffness for the 6-ft-tall cripple walls 

occur with the addition of diagonal bracing elements. In the case of the 2-ft-tall models with cut-

in diagonal blocking elements, each element is oriented to be running from the stud-to-sill plate to 

the stud-to-top plate of a single stud bay. The confinement of a single blocking element by the sill 

plate and lower top plate causes there to be significant gains in strength and stiffness due to the 

compression of the blocking member as the cripple wall displaces. Figure 6.26(a) shows the 

hysteretic response of the 2-ft-tall specimen with a single diagonal blocking element. The response 

is assymmetric due to the presence of only one blocking element.  

At low displacement amplitudes, there are increases in strength in both loading directions 

due to the fastening of the blocking element to the sill plate and top plate. However, at larger 

displacement amplitudes, the contribution to strength from these toe-nail connections becomes 

much less significant. The assymmetry in the response is attributed to the increased compressive 
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forces experienced by the blocking element during loading in the pull direction. With the presence 

of an additional blocking element oriented in the opposite direction, there are large increases in 

both the strength and the stiffness of the specimen because regardless of the direction of loading, 

one of the blocking elements is in tension, see Figures 6.26(b) and (c). The blocking elements are 

kept in place by the confinement between the studs and the sill plate/top plate. This produces large 

uplift forces experienced by the top plates. In the case of the two block configuration, the model 

experiences convergence errors following the 7% drift ratio cycles, therefore, the results presented 

are terminated at 7% drift ratio. An additional two block configuration was created with the 

blocking elements configured to form a Chevron brace about a stud. This configuration was chosen 

to determine if there was an added benefit to having both blocking elements centered about a single 

stud instead of being in contact with different studs. A comparison of Figures 6.26(b) and (c) show 

that there is a 13% increase in strength for the Chevron block configuration versus the two block 

configuration. In addition, there is a increase in the drift capacity with the Chevron block 

configuration. The final configuration for the 2-ft-tall specimens has two Chevron braces. The 

analysis results indicate a 44% increase in strength compared with the single Chevron brace 

configuration.  
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 (a)              (b)  

       

(c)              (d) 

Figure 6.26 Lateral force versus lateral displacement hysteretic response for different cut-in 

diagonal blocking configurations in existing 2-ft-tall cripple walls finished with 

horizontal siding : (a) one cut-in diagonal block; (b) two cut-in diagonal blocks; (c) 

one Chevron blocking brace; and (d) two Chevron blocking braces. 

For the 6-ft-tall specimens with diagonal cut-in blocking, the blocking elements are 

orientated with the nearly the same angle as the 2-ft-tall specimens. Because of this, three elements 

are used for each brace as they stretch across three stud bays. The positioning and fastening to the 

top plate and sill plate are the same as with the 2-ft-tall specimens, but at each intersection of the 
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blocking to studs, the blocking elements have no vertical confinement, therefore, their strength is 

largely attributed to the toe-nailed fasteners. Results from the three configurations demonstrate 

that there are dramatic increases in the stiffness and smaller increases in the strength for the 

models. In all cases, the implementation of the cut-in diagonal blocking decreases the drift capacity 

of the models. Furthermore, the blocking causes the siding board-to-stud fasteners of the studs 

being intersected by the blocking elements to be mobilized at early displacement amplitudes and 

to subsequently lose strength at larger displacment amplitudes. This is evident by the decreased 

strength of the specimens with blocking elements compared to the original specimen at the end of 

the loading protocol, see Figures 6.27(a) – (c). Overall, it could be said that using cut-in diagonal 

blocking for 2-ft-tall cripple walls is a more effective method to improve the performance than for 

6-ft-tall cripple walls due to the vertical confinement a single blocking element has in the 2-ft-tall 

configuration.  

For the diagonal strap bracing configurations, the opposite is shown to be true. The bracing 

elements are positioned outboard of the studs on the interior of the cripple walls and are fastened 

with nails at the sill plate, top plate, and each intersection with a stud. The bracing elements are 

orientated the same as with the blocking elements to allow for comparison between the two 

methodologies. The increases in strength and stiffness for the single brace element are comparable 

to the increases for the single blocking element of the 2-ft-tall specimens. However, there is a 

significant decrease in strength with the two brace element configuration compared with the two 

blocking element configuration for this cripple wall height. For diagonal strap braces, the improved 

performance is a result of the fastening of the brace to the studs. The braces have no confinement, 

and therefore, they do not gain strength due to the elements being compressed between the sill 

plate and lower top plate as with the blocking elements. This is exhibited by the somewhat 
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symmetric response of the 2-ft-tall specimen with a single bracing element (Figure 6.28(a)) 

compared with the response of the specimen with a single blocking element (Figure 6.26(a)). The 

addition of the single diagonal brace increases the strength of the specimen by 23%, while the two 

brace configuration increases the strength by 55%.  

The largest improvements in performance due to the addition of diagonal bracing are 

observed for the 6-ft-tall specimens. In this case, each brace was fastened to a top plate, sill plate, 

and three studs. The increased number of fasteners results in more significant increases in strength 

and stiffness compared to the 2-ft-tall specimens. The one brace configuration increases the 

strength by 40% while the two brace configuation increases the strength by 143%. Because there 

are additional fasteners for the diagonal strap braces in the 6-ft-tall specimens compared to the 2-

ft-tall specimens, and the fasteners are not toe-nailed, there is no reliance on strength increases due 

to vertical confinement of the braces. Therefore, diagonal strap bracing is a more effective method 

to improve the performance of taller cripple walls.  
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               (a)               (b) 

       

                               (c) 

Figure 6.27 Lateral force versus lateral displacement hysteretic response for different cut-in 

diagonal blocking configurations in existing 6-ft-tall cripple walls finished with 

horizontal siding : (a) one cut-in diagonal block; (b) two cut-in diagonal blocks; and 

(c) one Chevron blocking brace. 
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           (a)               (b) 

Figure 6.28 Lateral force versus lateral displacement hysteretic response for different cut-in 

diagonal bracing configurations in existing 2-ft-tall cripple walls finished with 

horizontal siding : (a) one diagonal brace; and (b) two diagonal braces. 

       

    (a)              (b) 

Figure 6.29 Lateral force versus lateral displacement hysteretic response for different cut-in 

diagonal bracing configurations in existing 6-ft-tall cripple walls finished with 

horizontal siding : (a) one diagonal brace; and (b) two diagonal braces. 

Tables 6.7 and 6.8 present comparisons of strength values of the original and the modified 

models are 2-ft-tall and 6-ft-tall specimens, respectively. In addition, Tables 6.9 and 6.10 show 

comparisons of stiffness values of the original and modified models. Within these tables are 
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comparison between the strength and stiffness at a specified target allowable drift ratio. From 

ASCE 7-16, one may assume an allowable story drift ratio for a single-family light woodframe 

dwelling as 2.5% drift ratio, from Table 12.12-1 for structures with a Risk Category II (ASCE, 

2017). This metric is used to elicit the increases in strength and the stiffness due to the presence of 

cut-in diagonal blocking and diagonal bracing at the allowable drift ratio limits for seismic design. 

While the structure and its cripple wall would already have been designed, this is still a useful 

metric to compare performance in accordance with seismic codes. In addition to the secant stiffness 

at the allowable drift ratio (Ksec @ allowable), the secant stiffness correlating to drift ratio at 80% pre-

peak strength of the modified specimen (Ksec @ 80% pre-peak) as well as the secant stiffness correlating 

to drift ratio at 80% pre-peak strength of the original specimen (Ksec @ 80% pre-peak, original) are 

presented. A schematic for how these stiffness values are determined is shown in Figure 6.30 

where the slope of the line correlates to the secant stiffness value indicated in the legend. Results 

from these tables indicate the diagonal cut-in blocking provides more significant increases in 

strength and stiffness for 2-ft-tall cripple walls than diagonal strap bracing. The two block 

configuration leads to a 108% increase in peak strength and a 157% increase in strength at the 

allowable drift ratio limit compared with the original specimen. This correlates to a 108% increase 

in secant stiffness at 80% pre-peak strength of the original specimen and a 157% increase in secant 

stiffness at the allowable drift ratio limit both compared with the original specimen. For the 

corresponding diagonal bracing configuration, there is a 55% increase in peak strength and an 87% 

increase in strength at the allowable drift ratio limit compared with the original specimen. This 

correlates to a55% increase in secant stiffness at 80% pre-peak strength of the original specimen 

and an 87% increase in secant stiffness at the allowable drift ratio limit both compared with the 

original specimen. The increase in stiffness is more apparent considering the secant stiffness at 
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80% pre-peak strength of the specimens. For the two block configuration, the secant stiffness at 

80% pre-peak strength is 48% higher than that of the two brace configuration. The opposite is 

evident for the 6-ft-tall specimens. The two block configuration leads to a 28% increase in peak 

strength and a 48% increase in strength at the allowable drift ratio limit compared with the original 

specimen. This correlates to a 28% increase in secant stiffness at 80% pre-peak strength of the 

original specimen and a 48% increase in secant stiffness at the allowable drift ratio limit both 

compared with the original specimen. For the corresponding diagonal strap bracing configuration, 

there is a 101% increase in peak strength and an 148% increase in strength at the allowable drift 

ratio limit compared with the original specimen. This correlates to a 101% increase in secant 

stiffness at 80% pre-peak strength of the original specimen and a 143% increase in secant stiffness 

at the allowable drift ratio limit both compared with the original specimen. The secant stiffness at 

80% pre-peak strength is 213% higher for the two brace configuration compared with the two 

block configuration.  

 

 

Figure 6.30 Schematic for determining secant stiffness values. 
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Table 6.7 Comparison of performance for 2-ft-tall cripple walls finished with horizontal 

siding containing cut-in diagonal blocking or diagonal bracing. Note that average 

refers to average of push and pull loading directions. 

Configuration 

Avg. 

Strength 

per Linear 

Foot (plf) 

Drift Ratio at 

Avg. Strength 

(%) 

Avg. Strength per 

Linear Foot at 

Allowable Drift 

Ratio Limit (plf) 

Percent 

Increase in 

Avg. Peak 

Strength (%) 

Percent Increase 

in Avg. Strenth at 

Allowable Drift 

Ratio Limit (%) 

Original 113 8.5 86 -- -- 

FEMA P-1100 1831 6.1 1486 1512 1627 

1 Block 148 8.5 112 31 29 

2 Blocks 236 4.5 221 108 157 

1 Chevron 
Block 

274 10.5 186 142 116 

2 Chevron 
Blocks 

396 4.0 351 250 308 

1 Brace 140 5.0 120 23 38 

2 Braces 175 4.5 161 55 87 

 

Table 6.8 Comparison of performance for 6-ft-tall cripple walls finished with horizontal 

siding containing cut-in diagonal blocking or diagonal bracing. 

Configuration 

Avg. 

Strength 

per Linear 

Foot (plf) 

Drift Ratio at 

Avg. Peak 

Strength (%) 

Avg. Strength per 

Linear Foot at 

Allowable Drift Ratio 

Limit (plf) 

Percent 

Increase in 

Avg. Peak 

Strength (%) 

Percent Increase in 

Avg. Strenth at 

Allowable Drift 

Ratio Limit (%) 

Original 111 9.0 88 -- -- 

FEMA P-1100 1770 3.5 1586 1500 1702 

1 Block 120 1.7 105 8 19 

2 Blocks 142 1.7 130 28 48 

1 Chevron 
Block 

145 2.5 132 31 50 

1 Brace 132 2.0 124 19 40 

2 Braces 222 2.0 214 101 143 
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Table 6.9 Comparison of secant stiffness values for 2-ft-tall cripple walls finished with 

horizontal siding containing cut-in diagonal blocking or diagonal bracing. 

Configuration 

Ksec @ 80% 

pre-peak 

(kip/in.) 

Ksec @ 

Allowable 

(kip/in.) 

Ksec @ 80% pre-

peak, original          

(kip/in.) 

Percent 

Increase in Ksec 

@ 80% pre-peak    

(%) 

Percent 

Increase in 

Ksec @ Allowable    

(%) 

Percent 

Increase in   

Ksec @ 80% pre-peak, 

original  (%) 

Original 1.87 1.78 1.87 -- -- -- 

FEMA P-1100 27.66 30.65 31.94 1387 1622 1608 

1 Block 1.21 2.29 2.44 -35 29 31 

2 Blocks 6.48 4.56 3.89 247 157 108 

1 Chevron 
Block 

3.01 3.83 4.51 61 116 142 

2 Chevron 
Blocks 

9.90 7.23 6.53 430 308 250 

1 Brace 2.88 2.46 2.30 54 38 23 

2 Braces 4.38 3.32 2.89 135 87 55 

 

Table 6.10 Comparison of secant stiffness values for 6-ft-tall cripple walls finished with 

horizontal siding containing cut-in diagonal blocking or diagonal bracing. 

Configuration 

Ksec @ 80% 

pre-peak 

(kip/in.) 

Ksec @ 

Allowable 

(kip/in.) 

Ksec @ 80% pre-

peak, original          

(kip/in.) 

Percent 

Increase in Ksec 

@ 80% pre-peak    

(%) 

Percent 

Increase in 

Ksec @ Allowable    

(%) 

Percent 

Increase in   

Ksec @ 80% pre-peak, 

original (%) 

Original 0.63 0.61 0.63 -- -- -- 

FEMA P-1100 14.25 12.17 10.15 2160 1895 1511 

1 Block 1.49 0.72 0.69 136 19 8 

2 Blocks 1.86 0.89 0.81 194 48 28 

1 Chevron 
Block 

1.89 0.91 0.83 199 50 31 

1 Brace 1.91 0.85 0.75 201 40 19 

2 Braces 3.22 1.47 1.27 407 143 101 
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While diagonal cut-in blocking and diagonal strap bracing provide improvements to the 

strength and stiffness of horizontal siding finished cripple walls, the FEMA P-1100 retrofit design 

significantly outperforms these techniques in terms of strength, stiffness, drift capacity, and energy 

dissipation. In Tables 6.7 through 6.10, the experimental results of the horizontal siding finished 

cripple walls with the FEMA P-1100 retrofit are shown. Figures 6.31 and 6.32 compare the 

increases in average strength for 2-ft-tall and 6-ft-tall cut-in blocking numerical models, diagonal 

bracing numerical models, and FEMA P-1100 experimental specimen, respectively.  For the 2-ft-

tall specimens, the two Chevron diagonal cut-in blocking configuration provided the largest 

increases in strength and stiffness of the alternative retrofitting techniques analyzed. The average 

strength between both loading directions increased by 250% with the two Chevron diagonal cut-

in blocking configuration compared with a 1520% increase for the FEMA P-1100 retrofitted 

cripple wall. For the 6-ft-tall horizontal siding finished numerical models, the largest gain in 

strength was provided by the two diagonal strap bracing configuration. The average strength 

increased between both loading directions was 101% for the two diagonal strap bracing 

configuration, while the FEMA P-1100 retrofit provided a 1500% increase in average strength. 

While the usage of diagonal cut-in blocking and diagonal strap bracing is cheaper and more easily 

installed than the FEMA P-1100 retrofit design, the performance benefits of the modern retrofitting 

method far outweigh those of the proposed alternative retrofitting method.  
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Figure 6.31 Comparison of average strength between both loading directions of 2-ft-tall horizontal 

siding finished cripple walls modified with alterantive retrofitting techniques and the 

FEMA P-1100 experiment specimen. 

 

Figure 6.32 Comparison of average strength between both loading directions of 6-ft-tall horizontal 

siding finished cripple walls modified with alterantive retrofitting techniques and the 

FEMA P-1100 experiment specimen. 

6.6 SUMMARY REMARKS 

Nonlinear analysis of finite element connection-level models of horizontal siding finished 

cripple walls with differences in siding board width, vertical nail pair spacing, diagonal cut-in 

blocking configurations, and diagonal bracing configurations were conducted for 2-ft-tall and 6-

ft-tall cripple walls using MCASHEW2. Variations in the siding board width and nailing details of 

the siding boards predict changes in the hysteretic response due to variations in the existing design. 

The implementation of diagonal cut-in blocking and diagonal bracing studied the use of alternative 
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retrofitting techniques that are cheaper and more easily installed than modern retrofit designs, 

namely FEMA P-1100 (2019). The results of these studies predict the changes in hysteretic 

response due to changes these alternative retrofitting methods. Each of the parametric studies 

provided demonstrate that the performance of horizontal siding finished cripple walls is 

dramatically affected by differences in the construction details of the cripple walls. Comparisons 

of the strength, stiffness, drift capacity, and energy dissipation were made as applicable to each 

parameter variation. The main observations and conclusions reported here highlight the affect said 

parameter variations have on the response of the cripple walls.  

• A strong linear correlation exists between the vertical nail pair spacing and both the 

lateral strength and hysteretic energy dissipation. This correlation is observed for 

all siding board widths.  

• Unretrofitted cripple walls with horizontal siding finishes, regardless of height, are 

shear dominated and the strength can largely be attributed to the vertical spacing 

between nail pairs and the number of nail pairs on the cripple wall. 

• The implementation and/or presence of cut-in diagonal blocking or diagonal strap 

bracing elements provide substantial increases in the strength and stiffness of 

horizontal siding finished cripple walls. However, the relative strength and stiffness 

increases are dramatically less than modern retrofitting methods, namely FEMA P-

1100. 

• For shorter cripple walls (2-ft-tall), diagonal cut-in blocking provides larger 

increases in strength, stiffness, and drift capacity compared with diagonal strap 

bracing. The driving factor for increase in performance can be attributed to the 
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vertical confinement of the cut-in blocking elements which are continuous from the 

sill plate to the lower top plate as opposed to taller cripple walls (6-ft-tall) where 

the cut-in diagonal blocking elements are discontinuous at blocking-to-stud 

intersections. 

• For taller cripple walls (6-ft-tall), diagonal strap bracing provides larger increases 

to strength, stiffness, and drift capacity compared with cut-in diagonal blocking. 

The improvement in performance due to the presence of diagonal bracing is more 

pronounced than for shorter cripple walls (2-ft-tall) due to the increased number of 

brace-to-frame fasteners.  
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CHAPTER 7  

CONCLUSIONS AND RECOMMENDATIONS FOR 

FUTURE RESEARCH 

This chapter presents a summary of the work undertaken in this dissertation and highlights 

key conclusions. Included are outcomes and observations of the small-component experimental 

program and comparisons to the large-component experimental program that was performed as 

part of the PEER-CEA project. Following this, the outcomes and observations from a 

complementary numerical modeling and parametric study is provided. Finally, suggestions for 

future work, which would strengthen the body of knowledge gained herein are presented.  

7.1 MOTIVATION FOR THIS RESEARCH 

Characterizing the performance of retrofitted and unretrofitted single-family wood frame 

houses has become increasingly important in California due to the high seismicity of the state and 

the often-poor seismic resiliency of some portions of the housing stock. From field observations 

following earthquakes, inadequate lateral bracing of cripple walls and sill bolting are primary 

reasons for significant failures of residential homes, even in the event of moderate intensity 

earthquakes. Cripple walls are the short-elevated wall segments supporting the first-floor framing 

and upper stories of a dwelling. These important components were common in construction 

practices in older, particularly pre-1970s homes, as they provided a crawl space for ventilation, 
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placement of utility lines, or level a dwelling built on a slope. Often, they lack adequate bracing 

and load transfer to carry seismic inertial loads generated during an earthquake from the 

superstructure to the foundation. While methods to retrofit weak cripple walls and improve sill 

anchorage have been developed, the improvement in performance with retrofit has not been 

adequately quantified. In addition, little knowledge is available to quantify the performance of 

houses with unretrofitted cripple walls and sill anchorages. The research presented in this 

dissertation works to quantify improvements in performance to cripple walls which have been 

retrofitted in accordance with the modern prescriptive retrofit design.  

7.2 ADOPTED APPROACH 

This dissertation focuses on the performance and behavior of both existing and retrofitted 

cripple walls subjected to lateral loading. Of the 28 cripple wall–only assemblies tested, 27 were 

tested with a quasi-static reversed cyclic loading protocol while the remaining assembly was tested 

with a monotonic push loading protocol. Parameters chosen to be included in the experimental 

program were based on those which 1) have a significant effect on the seismic response of the 

building, 2) have a statistically significant presence in the California housing stock, and 3) of high 

likelihood to reduce damage, in the presence of seismic retrofit of the cripple wall. Parameters 

examined include cripple wall height, exterior finish materials, retrofit condition, boundary 

conditions, anchorage type, gravity load, and loading protocol. Of the 28 assemblies, all but one 

was tested using a newly developed quasi-static reversed cyclically displacement-controlled 

protocol intended to simulate seismic demands from the upper story of a dwelling. The remaining 

assembly was monotonically loaded. Exterior finish materials were either wet (stucco) or dry (non-

stucco) application types. The experimental program was designed to elicit the effect of a single 
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parameter on the seismic behavior of the cripple wall by changing one parameter between each 

specimen and controlling the remaining. For each specimen, key measurements pertaining to the 

hysteretic response as well as documentation of the damage evolution were collected. Results from 

these experiments provided an experimental basis to validate a numerical modeling tool, and 

ultimately to develop loss models, which are intended to quantify the reduction of loss achieved 

by applying state-of-practice retrofit methods as identified in modern retrofit design guidance. 

Within this dissertation is also a framework for creating numerical models of cripple walls 

validated against the results of the experiments. Finite element connection-level models were 

created to capture the hysteretic response of dry finished cripple walls, while lumped 

phenomenological models were created to capture the hysteretic response of wet finished cripple 

walls. With the validated finite element models, a parametric study was performed on existing, 

horizontal wood siding finished cripple walls. This exterior finish type was selected for the 

parametric study due to its low strength and stiffness as well as the high degree of variation in 

construction of these cripple walls in California’s housing stock. Results of the parametric study 

aim to investigate how equivalent, simple detailing methods can be used as an alternative to 

modern retrofit guidelines, which prescribe installation of full or partial sheathing within the 

interior space. Detailing alternatives investigated included, siding board size, vertical nail spacing, 

cut-in diagonal blocking and diagonal strap bracing. 

 

7.3 RESEARCH SIGNIFICANCE 

The scope of the experimental and numerical programs performed in this research study is 

unique. The performance of light wood frame dwellings subjected to seismic loading was 
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previously not well understood. To the authors knowledge, only three studies on the seismic 

performance of cripple walls have been performed. Amongst these studies, there were only a few 

variations to cripple walls that were examined, namely loading protocol, cripple wall height, 

stepped versus level cripple walls, and retrofitting techniques. All other parameters included in the 

present experimental program were tested for the first time. Furthermore, while prestandard retrofit 

guidelines recently were published in FEMA P-1100 (FEMA, 2019), the impact of these recent 

retrofit design guidelines was unknown. The experimental program presented in this research filled 

prominent gaps in the testing database for cripple walls and sill anchorage and quantified the 

performance of cripple walls retrofitted in accordance with FEMA P-1100. Measurements of 

cripple wall response documented in this dissertation are fundamental to validating nonlinear 

numerical models and supporting response history analyses of both cripple walls and light wood 

frame dwellings with cripple walls. In addition, the documentation of physical damage evolution 

of the wide variety of detailed cripple wall and the correlation to structural performance provided 

by this experimental program is vital in developing probabilistic damage fragility functions of 

light-frame wood dwellings.  

The experimental program presented was accompanied by a cripple wall–first story 

experimental program referred to herein as the large-component experimental program, which, 

through comparison, provides insight on 1) how closely cripple wall–only specimens response 

could emulate the response of cripple wall–first story specimens and 2) how boundary conditions 

in cripple wall–only specimens could be designed to best match the response of cripple wall–first 

story specimens. Since a component-only test configuration is more economical, this comparison 

to a system configuration lended further value to the present experimental effort. The numerical 

modeling study performed provides a framework for creating numerical models of dry finished 
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cripple walls by validating them based on full-scale cripple wall tests. In addition, the 

phenomenological numerical study sheds light on the accuracy in which existing hysteretic models 

can capture the hysteretic response of cripple walls on a global scale. Finally, the numerical 

parametric study produced a more robust understanding of how differences in construction details 

have significant effects on the seismic performance of horizontal wood siding finished cripple 

walls. 

7.4 PRIMARY CONCLUSIONS 

7.4.1 Experimental Program: Cripple Wall and Sill Anchorage Tests 

A suite of 28 cripple wall–only tests with both wet (stucco) and dry (non-stucco) exterior 

finishes were presented in this dissertation. The wet exterior finishes studied in this program 

included stucco over framing, stucco over horizontal lumber sheathing, and stucco over diagonal 

lumber sheathing, and the dry exterior finishes studied were horizontal shiplap siding, horizontal 

shiplap siding over diagonal lumber sheathing, and T1-11 wood structural panels. These 

experiments involved imposition of combined axial loading and quasi-static reversed cyclic lateral 

load onto cripple walls 12 ft long and 2 ft or 6 ft high. In what follows, conclusions specific to the 

comparison across all specimens are summarized. Readers interested in conclusions across groups 

of like specimens (such as groups finished with only stucco or groups finished with only dry 

materials) may consult the reports of Schiller et al. (2020a-c). 
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7.4.1.1 General Observations 

• The hysteresis of all specimens, regardless of dry or wet finish, was generally stable 

with no abrupt brittle failure, although the strength and stiffness of the unretrofitted 

specimens were much smaller compared to the retrofitted specimens; and 

• The response of the unretrofitted specimens with the wet finish was dominated by 

the detachment of stucco from the furring nails, which precipitated at the sill-

framing connection. In contrast, the response of the dry finished existing specimen 

was dominated by the behavior of nailing of the dry finish material. Although this 

damage precipitated at the lower regions of the wall, it tended to be more distributed 

across the wall face and wall ends. 

7.4.1.2 Impact of Exterior Finish 

Lateral Strength of Existing Specimens 

• Horizontal siding was the weakest exterior finish tested. For existing 2-ft-tall 

cripple walls, its strength was around 30% of the lateral strength of the next 

weakest existing 2-ft-tall specimen, which was finished with stucco over framing. 

For existing 6-ft-tall cripple walls, horizontal siding was again the weakest exterior 

finish tested as well as the weakest of any specimen tested. The existing 6-ft-tall 

specimen had around 55% of the capacity of the 2-ft-tall specimen. Compared with 

the other 6-ft-tall specimens, the cripple wall with the horizontal siding finish had 

25% of the capacity of the T1-11 finished specimen and 15% of the capacity of 

the stucco over framing finished specimen;  
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• Since the horizontal siding boards span laterally, the cripple walls have little 

resistance to lateral displacement. The primary contributors to the lateral strength 

are attributed to the moment couple between nail pairs at siding board-to-stud 

locations as well as friction developed between siding board overlaps and the 

strength of the frame. As displacement is imposed on the wall, siding boards 

displace relative to each other, therefore, a smaller portion of the imposed 

displacement is accrued by the siding-to-framing fasteners which results in the 

fasteners providing less lateral resistance and a more flexible cripple wall; 

• The finish with horizonal siding over diagonal sheathing was the strongest exterior 

finish tested amongst all dry and wet finished specimens. This exterior finish was 

40% stronger than the stucco over diagonal sheathing exterior finish. Both 

specimens had push loading strength within 10% of the other, but the horizontal 

siding over diagonal sheathing specimen was 75% stronger in the pull loading 

direction. The stucco over diagonal sheathing specimen was around 10% stronger 

in the push loading direction, which would not have been expected due to the 

orientation of the sheathing boards. However, the finish materials were not able to 

achieve full strength due to a large cross-grain crack propagating across the entire 

sill plate that resulted in a loss of strength; 

• The high strength of diagonal sheathing is attributed to the orientation of the 

sheathing boards. Unlike horizontal sheathing which span parallel to the direction 

of loading, diagonal sheathing boards are fastened to the sill plate, studs, and top 

plates. As lateral displacement is imposed, the sheathing-to-framing fasteners 

deform significantly more than horizontal siding/sheathing-to-framing fasteners. 
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Therefore, there is significantly more lateral resistance provided by these fasteners 

than horizontal siding/sheathing fasteners; and 

• Amongst all the existing 2-ft-tall specimens, the strengths of stucco over framing, 

T1-11 wood structural panels and stucco over horizontal sheathing specimens 

were within 5% of each other, with an average of about 550 plf. The similarity in 

strength between the stucco over framing and stucco over horizontal sheathing 

specimens demonstrates that the stucco dominates the response up to peak strength 

while the horizontal sheathing is still gaining strength. This produces similar peak  

strengths for the stucco over framing and stucco over horizontal sheathing 

specimens. For the post-peak response, the strength contribution of the stucco 

diminishes, and therefore, the post-peak response of stucco over horizontal 

sheathing finished cripple walls is dominated by the horizontal sheathing. 

Lateral Strength of Retrofitted Specimens 

• For the retrofitted 2-ft-tall cripple walls, T1-11 wood structural panels were the 

weakest exterior finish amongst all dry and wet finished specimens, with an 

average lateral strength of about 1100 plf. The retrofitted T1-11 finished 

specimen attained 60% of the strength compared to the stucco over framing 

retrofitted specimen, which had the next weakest performance; 

• For the retrofitted 6-ft-tall cripple walls, T1-11 wood structural panels were also 

the weakest exterior finish, with an average lateral strength of 850 plf or about 

50% that of the horizontal siding retrofitted specimen; 



 
402 

• The decreased strength of retrofitted, T1-11 finished cripple walls is a result of a 

wider nail spacing on the T1-11 panels (4-in. on center) compared to the plywood 

panels added with the retrofit (3-in. on center). In addition, the retrofitting process 

for T1-11 finished cripple walls involves adding more nails to the existing panel 

on the cripple wall exterior, instead of fastening sheathing to the interior. 

Therefore, the retrofitted T1-11 finished cripple walls only have sheathing on the 

exterior while all other retrofitted specimens have sheathing on the interior in 

addition to their exterior finish; 

• Amongst all specimens, the horizontal siding over diagonal sheathing finish was 

the strongest retrofitted specimen, with an average lateral strength of 2550 plf. 

The strength of this specimen was 15% larger than the specimen finished with 

stucco over diagonal sheathing, which had the next strongest performance. Both 

specimens with diagonal sheathing experienced anchor bolt fractures, resulting in 

a loss of strength. Therefore, it would be expected that the strength of both 

specimens would have increased if additional anchor bolts had been used; 

• The average lateral strength of the retrofitted 2-ft-tall cripple walls with the stucco 

finish versus the horizontal siding finish were nearly identical at about 1800 plf.; 

• For the retrofitted 6-ft-tall specimens, the stucco finished cripple wall was 

comparable in strength with the horizontal siding finished specimen. In addition, 

the capacity of the like specimen pair after retrofit (the 2-ft-tall and 6-ft-tall 

specimens) were nearly identical; and 
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• The similarity in strength between cripple walls retrofitted with plywood 

sheathing exhibits that the plywood sheathing dominates the response of the 

cripple wall. This is even more pronounced by the increased drift capacity of 

cripple walls retrofitted with plywood sheathing. At the drift amplitudes where 

the retrofitted, stucco finished specimens reach strength, the capacity of the 

stucco had already been greatly reduced and is similar to the capacity of 

horizontal siding/sheathing. Therefore, the lateral strength of stucco over 

framing, stucco over horizontal sheathing, and horizontal siding finished 

specimens are similar. 

Drift Capacity of Existing Specimens 

• In terms of the relative displacement response, the existing wet specimens 

attained strength at lower drift amplitudes than the existing dry finished 

specimens, between 1.1% to 2.5% relative drift ratio versus 4.0% to 5.2% relative 

drift ratio, respectively. The rigidity of the stucco panel and furring nail 

connections versus dry finish materials resulted in the decreased drift capacity of 

wet finished specimens. Furring nails attaching the stucco to underlying 

framing/sheathing are not able to displace nearly as far as dry finish fasteners 

before losing their capacity; 

• The stucco over framing finish had the lowest drift capacity of all exterior finishes 

tested, between 1.1%-1.2% relative drift ratio. The stucco finished cripple walls 

reached strength at earlier drift amplitudes than any other specimens tested; and 
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• Horizontal siding had the largest drift capacity, achieving strength at 4.0% 

relative drift ratio and 40% post-peak strength at 10.5% drift ratio, for the 2-ft-

tall specimen. For the 6-ft-tall specimen, lateral strength was reached at 11.5% 

relative drift ratio and lacked development of more than a 10% reduction in 

strength. The large drift capacity was a result of the relative displacement between 

siding boards which induces less displacement on the siding-to-framing fasteners. 

Drift Capacity of Retrofitted Specimens 

• In terms of the relative displacement response, the retrofitted wet specimens 

attained strength from 2.9% to 5.3% relative drift ratio. For the dry finished 

retrofitted specimens, strength was achieved from 2.0% to 6.4% relative drift 

ratio; 

• For the 2-ft-tall specimens, the retrofit horizontal siding finished cripple wall had 

the largest drift capacity, achieving strength at 6.1% relative drift ratio. In 

addition, the specimen reached 80% pre-peak strength at 2.3% relative drift ratio 

and 40% post-peak strength at 10.5% relative drift ratio. The range in drift 

amplitudes from 80% pre-peak strength to 40% post-peak strength was similar to 

the stucco (1.3% and 9.3% relative drift ratio), stucco over horizontal sheathing 

(2.2% and 9.6% relative drift ratio), and T1-11 (1.9% and 9.4% relative drift ratio) 

finished specimens. This indicates that the applied retrofit dominated the response 

of all cripple walls; 

• The retrofitted specimens with diagonal sheathing were the only specimen to fail 

due to either cross-grain cracking of the sill plate and/or fracturing of the anchor 
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bolts. Due to this, the response was close to symmetric for the existing 2-ft-tall 

specimens when it would be expected that the strength in the pull loading 

direction would have been greater than the strength in the push loading direction. 

This is expected because of the orientation of the diagonal sheathing boards. 

Namely, as observed for the existing diagonally sheathed specimens, the gaps 

between the sheathing boards closed in one direction, while in the opposing 

direction, the sheathing boards bore on each other, providing additional 

resistance. In this sense, when retrofit is applied, the finish material of diagonal 

sheathing is not fully mobilized; and 

• Stucco over diagonal sheathing cripple walls experienced the most uplift of any 

of the finishes. In addition, the uplift was significantly larger in the push loading 

direction due to the orientation of the sheathing boards, displacing both laterally 

and upward during pull loading. 

7.4.1.3 Relative Impact of Specimens Retrofitted according to FEMA P-1100 

Guidelines 

• All cripple walls retrofitted according to the FEMA P-1100 guidelines showed 

increased strength, stiffness, and energy dissipation, irrespective of an existing 

condition or wet or dry finishes. In many cases, the retrofit increased the drift 

capacity of the cripple wall; 

• The lowest increase in strength for retrofitted specimens occurred with the 

horizontal siding over diagonal sheathing cripple walls, with an average strength 

increase of over 80% observed. It is difficult to determine what the increase in 

strength would have been if the stucco over diagonal sheathing finished 
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specimens had not experienced anchor bolt fracture and subsequent cross-grain 

induced cracking in the sill plate. Despite this failure mechanism, the percent 

increase in strength for the stucco over diagonal sheathing cripple wall was 115%; 

• The largest increase in lateral strength was observed for those retrofitted 

specimens with a horizontal siding finish. The retrofitted 2-ft-tall specimen was 

almost ten times as strong as the comparably finished existing specimen, and the 

retrofitted 6-ft-tall specimen was almost twenty times as strong as the existing 

specimen; 

• Besides the horizontal siding specimens, the wet finished retrofitted specimens 

saw the largest increases in strength, on average between 115% and 260%. The 

stucco finished specimen retrofitted 2-ft-tall increased in strength about 230%, 

and the stucco horizontal sheathing finished 2-ft-tall specimen increased in 

strength by around 260%; 

• The largest increase in initial stiffness was for the 6-ft-tall specimen with the 

horizontal siding finish. The retrofitted specimen experienced about a thirty-fold 

increase in stiffness, compared with around a five-fold increase in stiffness for 

the 2-ft-tall specimens; 

• The drift capacity increased the most for the stucco over framing finished 

retrofitted specimens. For the 2-ft-tall cripple walls, the drift at strength increased 

from 1.3% to 4.8% relative drift ratio, and the relative drift ratio at 40% post-peak 

strength increased from 4.6% to 9.3%. For the 6-ft-tall specimens, the relative 



 
407 

drift ratio at strength increased from 1.1% to 2.9%, and the relative drift ratio at 

40% post-peak strength increased from 5.0% to 7.1%; 

• The drift capacity decreased for horizontal siding finished specimens as well as 

specimens finished with horizontal siding over diagonal sheathing and stucco 

over diagonal sheathing. The drift capacity remained about the same for T1-11 

finished retrofitted 6-ft-tall cripple wall; 

• The largest increase in the dissipation of cumulative energy was for dry finished 

specimens finished with horizontal siding. The 2-ft-tall specimen experienced a 

seven-fold increase at 40% post-peak strength, and the 6-ft-tall specimen 

experienced a five-fold increase at lateral strength. Because the existing 6-ft-tall 

specimen did not have a 60% loss of strength during testing, the comparison was 

made of its lateral strength; and 

• The largest increase in the dissipation of cumulative energy at 40% post-peak 

strength was over a six-fold for the stucco finished retrofitted 2-ft-tall cripple 

walls. 

7.4.1.4 Damage Characteristics 

• For wet finished specimens, the specimen’s physical behavior in low drift 

amplitudes (0.2–1.4% drift ratio) was dominated by cracking and crushing of 

stucco. Cracking of the stucco was minimal on the face of the cripple walls, 

whereas corners finished with stucco experienced significant cracking that 

propagated vertically and diagonally at the corners, even at low drift amplitudes 

(0.2%–1.4% drift ratio). The extent of cracking and crack widths increased as the 
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imposed drift increased. For cripple walls with corner conditions at large drift 

amplitudes, crushing and spalling of the stucco was observed, particularly at the 

interface with the concrete foundation; 

• In contrast, for dry finished specimens, nail rotation, pullout and pull through 

dominated the damage development in the early drift cycles and increased at 

larger drift amplitudes. The highest concentration of damage to components of 

the dry finished specimens, occurred at the corners, where vertical trim boards 

finished the specimens. For wet specimens after strength was attained, the lateral 

resistance contribution from the stucco was greatly reduced due to loss of its 

connection to the sheathing and/or framing members (i.e., furring nail 

detachment);  

• Regardless of wet or dry finish, failure of the retrofitted cripple walls was 

primarily attributed to plywood sheathing nail head pull through and/or nail 

withdrawal along the edges of the plywood panels, especially along the top plate 

and sides. At the bottom of the plywood panels, nails withdrew from the framing 

and/or pulled over the plywood panels, with the added blocking splitting at large 

displacements. Some tearing of the nails through the plywood panels (edge tear-

out) was observed at the corners. Damage to the finish materials occurred at larger 

drift amplitudes after experiencing significant damage to the components of the 

retrofit; and 

• The T1-11 finished specimens exhibited similar damage characteristics as the 

plywood panels of the retrofitted cripple walls. At large displacements, the T1-11 

panels would “skirt out” as they detached from the sill plate and bottom of the 
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studs, while remaining attached to the upper top plates. This was similar to what 

was observed at large displacements with the stucco on the wet finished 

specimens. 

7.4.1.5 Impacts of Additional Parameters 

Impact of Anchorage Condition 

• The use of a wet set sill plate versus typical sill bolt anchorage caused significant 

increases in initial stiffness (between 36% and 52%); 

• There was a negligible effect on the drift capacity and small effect on hysteretic 

energy dissipation for either anchorage type; and 

• Cripple walls with wet set sill plates were around 8% stronger than those with sill 

bolt anchors. 

Impact of Applied Axial Load 

• An axial load representative of a two-story home with heavy building materials 

(450 plf) caused a 50% increase in strength compared with a one-story home with 

light building materials (150 plf) for 2-ft-tall cripple walls finished with 

horizontal siding over diagonal sheathing; and 

• The end uplift for the light axial load specimen was nearly four times that of the 

heavy axial load specimen. The dramatic increases in end uplift were also a result 

of the presence of diagonal sheathing. 

Impact of Loading Protocol 
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• The monotonic push loading protocol caused a 26% increase in peak strength 

compared with the cyclic loading protocol for 2-ft-tall cripple wall finished with 

stucco over horizontal sheathing; and 

• The displacement capacity was dramatically increased with the implementation of 

the monotonic push loading protocol with peak strength achieved at 5.4% relative 

drift ratio compared with 2.4% relative drift ratio. 

7.4.1.6 Comparisons Between Small-Component and Large-Component Experimental 

Programs 

The following presents overarching conclusions between the small-component testing 

program (cripple wall–only specimens) and the large-component testing program (cripple wall–

first story assemblies). Notable commonalities are as follows: 

• For both small- and large-component test specimens, drift ratios at lateral strength 

were significantly higher in cripple walls compared with similar full-story-height 

walls. This confirms the pattern previously suggested by the cripple wall tests of 

Chai et al. (2002); and 

• Another commonality seen in the small- and large-component test specimens is 

an ability to retain 10 to 20% of their lateral strength out to large drift ratios 

(between 10 and 40%). This is a significant new finding as past testing was not 

conducted to such large drift ratios. This information is important for numerical 

modeling intending to identify the probability of collapse. It is recommended that 
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future testing extend to insipient collapse or as close to insipient collapse as 

permitted by the test setup. 

For specimens without retrofit, key conclusions include the following: 

• The lateral strength (peak capacity) of the large-component specimen was 

significantly higher than that of the small-component specimens. This is largely 

attributed to a combination of the continuity of the stucco from the cripple wall 

to the first floor, the excellent construction quality of the bond between the stucco 

and the foundation, and the continuity of the stucco around the entire large-

component specimen. Therefore, the large-component specimen is viewed as 

representing a high but achievable upper bound of lateral strength; 

• The drift at lateral strength of the small-component specimens had notable 

variations. Small-component Specimen A-3, with 2-ft-long return walls reached 

lateral strength at a 2.5% drift ratio, which appears to agree with the large-

component specimen that reached lateral strength at a 2.8% drift ratio with 

comparable damage mechanisms. Specimen A-20, which best matched the 

boundary conditions of Specimen AL-1, was also a close match to the large-

component specimen with a drift ratio at lateral strength of 2.4% with comparable 

damage mechanisms; and 

• Although the extent and location of damage varied between the small- and large-

component specimens, the mechanisms of damage remained similar. 

The following are primary conclusions regarding the retrofitted specimens: 
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• The lateral strength of the small- and large-component specimens was quite 

similar. This may be due in part to detailing of the large-component specimen 

retrofit plywood, which may have prevented the retrofit sheathing from achieving 

full capacity;  

• The drift at lateral strength varied notably, with the drifts of the small-component 

specimens being larger than that of the large-component specimen. Significant 

uplift at the ends of the small-component specimens may be one source of the 

larger drift. This uplift may have been suppressed for the large-component 

specimens due to the size of these specimens and presence of the upper floors. 

Another source of the discrepancy might be due to the plywood panels in the 

small-component tests being free to move upward, i.e., free from partial 

constraint against rotation and uplift as opposed to the large-component tests. 

Lastly, a slip plane developed between the top plates of the large-component test, 

which did not occur with the small-component tests due to the presence of 

through bolts extending from the load transfer system through the top plates thus 

preventing any slip from occurring; and 

• The physical damage at a drift ratio of 1.4% was more extensive in the large-

component specimen than the small-component specimens. At lateral strength, 

the small-component specimens experienced notably more deterioration in the 

retrofit plywood than the large-component specimen. At 20% residual strength, 

the damage to the small- and large-component specimens was similar. 
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The following are overarching conclusions regarding the benefits of retrofit: 

• The increase in lateral strength with the addition of cripple wall retrofit was 

significant for both small- and large-component specimens; 

• The ratio of lateral strength with retrofit to without was higher for the small-

component tests; and 

• At 1.4% drift ratio, both the retrofitted small- and large-component specimens 

consistently experienced less damage than the corresponding specimens without 

having been retrofitted. 

7.4.2 Numerical Program: Validation and Parametric Study 

Two types of numerical models were developed with the platform MCASHEW2. 

MCASHEW2 has been specifically developed for modeling wood framed structural systems, 

though its vitality as a tool for predicting wood cripple wall seismic response had yet to be 

explored. This dissertation attempts a first step in this regard. Following this, a parametric study 

was performed on existing, horizontal siding finished cripple walls to quantify the change in 

performance due to simple detailing methods and to determine if these detailing methods can be 

used as an alternative to modern retrofit guidelines. The primary conclusions of this two-phase 

numerical modeling effort and parametric study are summarized in the following: 

7.4.2.1 Numerical Model Validation 

Finite Element Connection-Level Models: Dry Finished Cripple Walls 
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• Using available databases for fastener testing proved a promising basis for 

selecting fastener model parameters due to the large number of connection tests 

performed with similar fastener type, lumber type, and lumber thickness; 

• When needed, modifications to the stiffness, strength, and displacement 

parameters were adapted using linear regressions of available data to account for 

differences in fastener diameter, sheathing thickness, and specific gravity of the 

lumber used; 

• The hysteretic response of the numerical models generally provides a robust 

comparison with the measured hysteretic response of the test specimens; 

• The largest discrepancy between a model and an experiment was for the 2-ft-tall, 

existing cripple wall finished with horizontal siding. This discrepancy can be 

partially attributed to the increased strength of the test specimen due to bearing 

of corner elements on the foundation, a feature not explicitly accounted for in the 

numerical model; 

• For the existing cripple walls, the model and experiment attained similar lateral 

strengths by the end of the loading protocol; 

• For the retrofitted cripple walls, the model and experiment are in good agreement 

until the final few displacement cycles. This can be largely explained by the 

convergence issues realized in the numerical model, which likely artificially 

stiffens the model response predictions; and  

• Overall, the cumulative hysteretic energy dissipation is similar between the 

model and the experiment up until large displacements (>5% drift ratio), where 

the model typically dissipates more energy due to limitations in the fastener 
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model’s potential to capture strength and stiffness degradation at large 

displacement amplitudes. 

Lumped Phenomenological Models: Wet Finished Cripple Walls 

• The MSTEWfit tool, available within MCAHSEW2 performed well in capturing 

the pre-peak response of the wet finished cripple walls. The initial stiffness of 

both the experiment in model were in good agreement regardless of the exterior 

finish, height, or retrofit condition; 

• MSTEW model assume a linearly decaying backbone curve which is unable to 

capture the nonlinear post-peak strength degradation of the descending backbone 

envelope. This prevents the model from accurately capturing the residual strength 

as the system approaches collapse. Instead, the model reaches a point of final 

displacement based on the descending backbone envelope and then exhibits a 

complete loss of strength where the physical specimen still retains a nominal of 

residual strength. The descending backbone curve could be captured more 

accurately with a multilinear post-peak response; 

• The MSTEW model is a symmetric model which is unable to capture asymmetric 

hysteretic responses; 

• The stiffness degradation parameter (β) is dependent upon the strength 

degradation parameter (α) which can lead to an overprediction of the strength lost 

in trailing cycles of the loading protocol; 

• At 7%-12%, the MSTEW model has limited accuracy capturing the response 

because at this point, both the strength and stiffness degradation are typically 
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significant. There is typically good agreement between the model and the 

experiment from 0%-3% drift ratio, however the accuracy tends to begin 

diminishing at peak strength. As expected, this tends to lead to an overprediction 

of the hysteretic energy dissipation at larger displacement amplitudes; and  

• Lumped phenomenological models of wet finished cripple walls could be 

improved by utilizing a hysteretic spring model with multilinear behavior through 

the displacement range of interest and more robust load and unload degradation 

rules, such as the Pinching4 material from the OpenSees material database 

(McKenna et al., 2000). 

7.4.2.2 Numerical Parametric Study 

• A strong linear correlation exists between the vertical nail pair spacing and both the 

lateral strength and hysteretic energy dissipation. This correlation is observed for 

all siding board widths;  

• Existing cripple walls with horizontal siding finishes, regardless of height, are shear 

dominated and the strength can largely be attributed to the vertical spacing between 

nail pairs and the number of nail pairs on the cripple wall. Thus, varying this offers 

a useful strategy to increase the stiffness of the cripple wall; 

• The implementation and/or presence of cut-in diagonal blocking or diagonal strap 

bracing elements provided substantial increases to the strength and stiffness of 

horizontal siding finished cripple walls. However, the relative strength and stiffness 
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increases are dramatically less than modern retrofitting methods, namely FEMA P-

1100;  

• For shorter cripple walls (2-ft-tall), diagonal cut-in blocking provides larger 

increases in strength, stiffness, and drift capacity compared with diagonal strap 

braces. The driving factor for the increase in performance can be attributed to the 

vertical confinement of the cut-in blocking elements, which are continuous from 

the sill plate to the lower top plate as opposed to taller cripple walls (6-ft-tall) where 

the cut-in diagonal blocking elements are discontinuous at blocking-to-stud 

intersections; and 

• For taller cripple walls (6-ft-tall), diagonal strap bracing provides larger increases 

to strength, stiffness, and drift capacity compared with cut-in diagonal blocking. 

The improvement in performance due to the presence of diagonal bracing is more 

pronounced than for shorter cripple walls (2-ft-tall) due to the increased number of 

brace-to-frame fasteners. The increase in brace-to-frame fasteners is a result of the 

taller specimens having bracing elements intersecting studs which is not the case 

for the shorter cripple walls which were only fastened to the top plate and sill plate. 

7.5 RECOMMENDATIONS FOR FUTURE RESEARCH 

Transfer of lateral seismic loads, while minimizing damage, cost of repair, and time to 

return of service are important goals in earthquake design of any structural system. In dwellings, 

the cripple wall and anchorage to the foundation serve a vital function in this regard. Although the 
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present effort sheds light on the behavior of needed retrofit actors to address these goals, additional 

testing and numerical modeling should be undertaken. 

7.5.1 Future Experimental Research 

A key goal of the experimental program presented in this dissertation was to expand the 

limited available load-deflection information from which numerical models could be generated. 

Although this experimental program contributed extensively to the currently available test data, 

there are still notable areas in which the numerical modeling, damage assessment, and loss 

estimation could benefit from additional physical documentation of the performance of cripple 

walls. The following are recommendations for future testing of cripple walls based on knowledge 

gained in this study: 

1. The pairing of small- and large-component specimens is encouraged where 

practical because the results can complement each other and provide a more 

complete picture. It is notable that the large-component specimen provided upper 

bound lateral strength. Moreover, the complementary large-component specimens 

offered a more complete system and thus identified additional damage patterns and 

weak links, e.g., as the slip between upper and lower top plates in Specimen AL-2. 

Replicating the testing of Specimen AL-2 might be conducted with the revised 

detail for retrofit plywood sheathing nailed into the uppermost top plate. This would 

help identify whether or not the peak capacity had been increased with this revised 

detail, enhancing the understanding of the response mechanisms when comparing 

the response of small- and large-component specimens. 
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2. For a small-component specimen, the foundation could be modified such that finish 

materials on return walls are placed outboard of the foundation (i.e., overhanging), 

essentially matching the orientation on the long face of the cripple wall. This 

mimics house construction where termination of return foundation mats occur and 

is a configuration achievable with a larger component specimen. 

3. The present tests focused on houses having cripple walls of uniform heights; it did 

not address stepped cripple walls or the case where the lowest floor framing sits 

directly on top of concrete or masonry foundation stem walls. These conditions can 

occur alone or in combination with level cripple walls. Therefore, tests with stepped 

cripple walls and representative boundary conditions are recommended to 

complement the testing already conducted by Chai et al. (2001). In addition, tests 

with floor framing supported on a foundation sill plate sitting directly on the 

foundation are recommended to better understand this common configuration. It is 

suggested that these be tested alone and in combination with cripple walls, both 

level and stepped. 

4. The present tests focused primarily on cripple walls with foundation sill plates 

fastened to the foundation with anchor bolts for cripple walls with and without 

retrofit. Two tests were conducted with wet-set foundation sill plates having nails 

partially embedded into the sill plate and nail heads cast into the concrete. This is 

believed to have been a common method of fastening foundation sill plates prior to 

widespread use of anchor bolts. The capacity of the wet set connection was larger 

than expected. Therefore, it is recommended that there be additional research into 

the range of fastening conditions that occur with wet set foundation sill plates, such 
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as existence of, number of, and spacing of fasteners cast into the concrete. Lastly, 

it is recommended that additional specimens be testing with wet set sills, including 

a range of finish and sheathing materials and representative variation in the wet set 

fastening. 

5. It is recommended that additional large-component testing be conducted to better 

bridge the gaps between small-component tests and the performance of full houses. 

This might be a particularly effective way to further study the stepped and zero-

height cripple wall configurations previously discussed and the combinations of 

cripple wall configurations within a house. 

6. Testing within the present and all prior programs focused on cripple walls have 

been undertaken as components or subsystems, at quasi-static rates. There is 

significant expense, though extensive value in conducting dynamic, full-scale 

shake table experiments of dwellings, particularly considering those supported on 

vulnerable cripple walls. Further shake table test programs that demonstrate the 

added value of cripple walls and sill anchorage retrofit to minimizing damage to 

the entire dwelling under realistic earthquake sharking are needed.  

7.5.2 Further Numerical Modeling Research  

Testing results presented herein contributed greatly to the available test data; however, 

there are still notable ways in which the numerical modeling could be advanced. As much of the 

testing to date has been conducted on small (isolated) components, questions as to how well load-

deflection parameters derived from small-component data serve as a predictor of the performance 

of the full house remain. Listed below are recommendations for additional testing to better 



 
421 

understand the ability of component testing to predict the response and performance of the full 

house. 

1. With availability of the full-house shake table testing, complimentary system-level 

numerical models could be developed and validated. These could be extended to 

a wider range of house configurations.  

2. Connection-level models, given the variety of existing finishes, warrant further 

study. At present, for example, lumping of the impact of stucco and its attachment 

to framing and underlying sheathing is assumed. Additional supportive materials 

level tests (stucco-framing, stucco-sheathing, etc.) and complimentary 

development of connection-level nonlinear fastener models are warranted to help 

refine these materials. 

3. The present effort focused on houses with crawlspaces and cripple walls. The 

houses studied were modeled to have crawlspaces extending under the full 

building footprint. There are a notable number of California houses, however, in 

which a portion of the house is over a crawlspace with cripple walls, while the 

balance is constructed with a slab-on-grade foundation. These can extend to split-

level crawlspace houses with a living-space-over-garage configuration. Additional 

testing and complementary numerical modeling of these more complex house 

configurations is warranted. 
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APPENDIX A  

REFERENCE CALCULATIONS AND MATERIAL 

PROPERTIES 

Appendix A includes calculations for determining the applied axial load for cripple wall 

tests discussed in Chapters 2-4, the retrofit design calculations for specimens A-5 and A-8 as 

discussed in Chapter 2 and 3, and stucco material properties as discussed in Chapter 2. 

A.1 AXIAL LOAD CALCULATIONS 

The following section presents the calculations used to determine the applied axial load for 

the cripple wall experimental program. Two axial loads were used, a light axial load of 150 plf and 

a heavy axial load of 450 plf. The following calculations were derived from ATC-110 (ATC, 2014) 

as well as Design Documentation of Woodframe Project Index Buildings (Reitherman et al., 2003) 

which was a part of the CUREE-Caltech Woodframe Project. The estimated loads are shown in 

Table A.1. In addition, the light (100 plf) and heavy (450 plf) axial loads used in Chai et al. (2001) 

were taken into consideration for the axial loads used in the present experimental program to 

provide a basis of comparison between the two experimental programs. 
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Table A.1 Seismic weights and cripple wall loads used for determining axial load values. 

 One-Story (1200 sq. ft.) Two-Story (2400 sq. ft.) 

Study 
Seismic Weight 

(kips) 
Cripple Wall 

Load (plf) 
Seismic Weight 

(kips) 
Cripple Wall 

Load (plf) 

ATC-110 (Light) 67.0 241.9 86.3 311.3 

ATC-110 (Heavy) 109.9 396.7 135.8 489.9 

CUREE Index 
Building Report 

47.2 170.4 67.2 242.5 

 

 In the experimental program, the light axial load was assigned based on the expected 

gravity load of a one-story building with light building materials while the heavy axial load was 

assigned based on the expected gravity load of a two-story building with heavy building materials. 

It was chosen to use 150 plf for the light axial load which would be a lower end estimate of light 

building materials for a one-story house. For the heavy axial load, it was chosen to use 450 plf, 

which would represent an upper end estimate for heavy building materials for a two-story house. 

A.2  RETROFIT DESIGN CALCULATIONS 

 

The following section describes how the retrofit design for specimens A-5 and A-8 was 

determined. These two specimens were tested prior to the finalization of the FEMA P-1100 retrofit 

guidelines. The estimated seismic weights shown in Tables A.2 and A.3 are derived from the ATC-

110 unit weight spread sheets (ATC, 2014). Calculations are based on Allowable Strength Design 

(ASD) from ASCE 7-16 (ASCE, 2017). 

 



 
424 

SPECIMEN A-5: 

Test Description 

• 12 ft  2 ft cripple wall with horizontal siding exterior finish, heavy axial load 

(450 plf) 

Retrofit Design Parameters 

• ATC-110 median home (two-story house with 30 ft  40 ft floor plan), 1200 square 

feet per floor, 2400 square feet total 

• Heavy building materials 

o 7/8” thick stucco exterior finish 

o ½” gypsum wall board interior finish 

o Concrete tile and plaster on wood roof 

• ASCE 7 design parameter: 

o R = 3 

o Ω0 = 2 

o SDS = 1.0g 
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Seismic Weight 

 

Table A.2 Seismic weight calculation for Specimen A-5. 

House 
component 

Mateial 
description 

Material 
weight 
(psf) 

Material area (sq. ft.) 
Seismic 
weight 
(kips) 

Exterior finish 
Wood siding + 
plaster on lath 

14.5 (2 stories)(8 ft)(30 ft + 40 ft)(2)(0.85) = 1904 27.7 

Interior finish 
Gypsum 
walboard 

7 (2 stories)(8 ft)(30 ft + 40 ft)= 1120 7.9 

Roofing Concrete tiles 29 (30 ft + 2 ft)(40 ft + 2 ft) = 1344 39.0 

1st Floor Heavy materials 19 (30 ft x 40 ft) = 1200 12.0 

2nd Floor Heavy materials 10 (30 ft x 40 ft) = 1200 12.8 

Seismic Weight = 99.4 kips 

 

Seismic design – ASD 

𝐸 = 
𝑆𝐷𝑆
𝑅
𝑊 = 

1.0

3
(99.4 𝑘𝑖𝑝𝑠) = 33.1 𝑘𝑖𝑝𝑠  

⇒  0.7𝐸 = 23.2 𝑘𝑖𝑝𝑠 𝑜𝑟 11.6 
𝑘𝑖𝑝𝑠

𝑐𝑟𝑖𝑝𝑝𝑙𝑒 𝑤𝑎𝑙𝑙
 

Wood structural panel sheathing 

 Using 15/32 in. plywood w/ 8d common nails at 4 in. o.c. E.N. and 12 in. o.c. F.N which 

has retrofit design capacity of 700 plf as per ATC-110: 

𝑉𝑛
Ω0

= 
700 𝑝𝑙𝑓

2
= 350 𝑝𝑙𝑓 ⇒  𝐿𝑒𝑛𝑔𝑡ℎ 𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑 =  

11600 𝑙𝑏𝑠

350 𝑝𝑙𝑓
= 33.1 𝑓𝑡 𝑓𝑜𝑟 30 𝑓𝑡 𝑤𝑎𝑙𝑙 

 

∴ 𝐹𝑢𝑙𝑙𝑦 𝑠ℎ𝑒𝑎𝑡ℎ 12 𝑓𝑡 𝑙𝑒𝑛𝑔𝑡ℎ  

Anchor bolts 

𝑉 = 11.6 𝑘𝑖𝑝 ∗  Ω0 = 23.2 𝑘𝑖𝑝𝑠 

𝑤𝑖𝑡ℎ     
1

2
" Ø 𝐴𝐵 𝑖𝑛 𝐷. 𝐹.  ⇒  𝑍𝐼𝐼

′ = (860)(1.6) = 1.38 
𝑘𝑖𝑝𝑠

𝐴𝐵⁄  ⇒   17 𝐴𝐵 𝑓𝑜𝑟 40 𝑓𝑡 𝑤𝑎𝑙𝑙 

∴ 𝑈𝑠𝑒 5 𝑎𝑛𝑐ℎ𝑜𝑟 𝑏𝑜𝑙𝑡𝑠 𝑓𝑜𝑟 12 𝑓𝑡 𝑤𝑎𝑙𝑙 𝑙𝑒𝑛𝑔𝑡ℎ 𝑡𝑜 𝑎𝑐𝑐𝑜𝑚𝑚𝑜𝑑𝑎𝑡𝑒 𝑓𝑜𝑢𝑛𝑑𝑎𝑡𝑖𝑜𝑛 𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑦 
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SPECIMEN A-8: 

Test Description 

• 12 ft  2 ft cripple wall with horizontal siding exterior finish, heavy axial load 

(450 plf) 

Retrofit Design Parameters 

• ATC-110 median home (two-story house with 30 ft  40 ft floor plan), 1200 square 

feet per floor, 2400 square feet total 

• Heavy building materials 

o Horizontal siding exterior finish 

o Plaster on wood lath interior finish 

o Concrete tile and plaster on wood roof 

• ASCE 7 design parameter: 

o R = 3 

o Ω0 = 2 

o SDS = 1.0g 
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Seismic Weight 

Table A.3 Seismic weight calculation for Specimen A-8. 

House 
component 

Mateial 
description 

Material 
weight 
(psf) 

Material area (sq. ft.) 
Seismic 
weight 
(kips) 

Exterior finish 
Wood siding + 
plaster on lath 

13 (2 stories)(8 ft)(30 ft + 40 ft)(2)(0.85) = 1904 24.8 

Interior finish 
Plaster on wood 

lath 
18 (2 stories)(8 ft)(30 ft + 40 ft)= 1120 20.2 

Roofing Concrete tiles 29 (30 ft + 2 ft)(40 ft + 2 ft) = 1344 39.0 

1st Floor Heavy materials 19 (30 ft x 40 ft) = 1200 12.0 

2nd Floor Heavy materials 10 (30 ft x 40 ft) = 1200 12.8 

Seismic Weight = 108.8 kips 

 

Seismic design – ASD 

𝐸 =  
𝑆𝐷𝑆
𝑅
𝑊 = 

1.0

3
(118.8 𝑘𝑖𝑝𝑠) = 36.3 𝑘𝑖𝑝𝑠  

⇒  0.7𝐸 = 25.4 𝑘𝑖𝑝𝑠 𝑜𝑟 12.7 
𝑘𝑖𝑝𝑠

𝑐𝑟𝑖𝑝𝑝𝑙𝑒 𝑤𝑎𝑙𝑙
 

Wood structural panel sheathing 

 Using 15/32 in. plywood w/ 8d common nails at 3 in. o.c. E.N. and 12 in. o.c. F.N which 

has retrofit design capacity of 980 plf as per ATC-110: 

𝑉𝑛
Ω0

= 
980 𝑝𝑙𝑓

2
= 490 𝑝𝑙𝑓 ⇒  𝐿𝑒𝑛𝑔𝑡ℎ 𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑 =  

12700 𝑙𝑏𝑠

490 𝑝𝑙𝑓
= 25.9 𝑓𝑡 𝑓𝑜𝑟 30 𝑓𝑡 𝑤𝑎𝑙𝑙 

 

∴ 𝐹𝑢𝑙𝑙𝑦 𝑠ℎ𝑒𝑎𝑡ℎ 12 𝑓𝑡 𝑙𝑒𝑛𝑔𝑡ℎ  
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Anchor bolts 

𝑉 = 12.7 𝑘𝑖𝑝 ∗  Ω0 = 25.4 𝑘𝑖𝑝𝑠 

𝑤𝑖𝑡ℎ     
1

2
" Ø 𝐴𝐵 𝑖𝑛 𝐷. 𝐹.  ⇒  𝑍𝐼𝐼

′ = (860)(1.6) = 1.38 
𝑘𝑖𝑝𝑠

𝐴𝐵⁄  ⇒   19 𝐴𝐵 𝑓𝑜𝑟 40 𝑓𝑡 𝑤𝑎𝑙𝑙 

∴ 𝑈𝑠𝑒 5 𝑎𝑛𝑐ℎ𝑜𝑟 𝑏𝑜𝑙𝑡𝑠 𝑓𝑜𝑟 12 𝑓𝑡 𝑤𝑎𝑙𝑙 𝑙𝑒𝑛𝑔𝑡ℎ 𝑡𝑜 𝑎𝑐𝑐𝑜𝑚𝑚𝑜𝑑𝑎𝑡𝑒 𝑓𝑜𝑢𝑛𝑑𝑎𝑡𝑖𝑜𝑛 𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑦 

A.3  STUCCO MIX AND COMPRESSIVE STRENGTHS 

During the stucco application process, 2-in.  4-in. test cylinders were filled with the stucco 

mix to be tested later for quality control. For each layer of stucco (scratch coat, brown coat, and 

finish coat), there were 9-12 samples taken. Three cylinders of each layer were tested on the day 

of Test 1, three cylinders of each layer were tested on the day of Test 2, and then the final six 

cylinders of each layer were tested after Test 6. Table A.4 presents the data of all tests. Within this 

table is the average compressive strength of each layer on the day tested and the average 

compressive strength of all the samples taken for each layer regardless of day tested. For the 

scratch coat, the average compressive strength was 1142 psi, for the brown coat, the average 

compressive strength was 1109 psi, and for the finish coat, the average compressive strength was 

630 psi. Table A.5 presents the data of Phase 3 stucco samples, and Table A.6 presents the data of 

Phase 4 stucco samples. For Phase 3 testing, the scratch coat average compressive strength was 

2651 psi, the brown coat average compressive strength was 2899 psi, and the finish coat average 

compressive strength was 791 psi. For Phase 4 testing, the scratch coat average compressive 

strength was 2066 psi, the brown coat average compressive strength was 2899 psi, and the finish 

coat average compressive strength was 1616 psi. Since the composition of the scratch coat and the 
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brown coat are the sample, there compressive strength values should be comparable. The 

difference between the two can be largely contributed the increased curing time of the scratch coat 

versus the curing time of the brown coat. The finish coat is expected to be weaker than the scratch 

coat and brown coats weaker due to the increased amount of hydrated lime used in the mix. The 

compressive strength of the stucco for Phases 3 and 4 of testing were significantly greater than 

those of Phase 1, even though the materials and mix composition were identical. The difference 

can be attributed to the cylinders not being properly tamped down, which resulted in large air 

pockets being present in the samples after curing. 

The details of the stucco mix and application are presented below. The stucco mix details 

and application procedure are derived from the 1943 Uniform Building Code (ICBO, 1943) as well 

as recommendations from the Portland Cement Association journal, Portland Cement Stucco, from 

1941 (Portland Cement Association, 1941), see Figure A.1. The stucco mix and application are 

meant to closely mimic common building practices of pre-1945. A licensed contractor was 

responsible for the application of the stucco. The amount of water used for each batch of stucco 

was up to the discretion of the contractor and kept uniform for each batch. Each batch contained 

the following proportions: one-part cement, three parts sand, and 1/5 part hydrated lime, and a 

water content between 0.50 and 0.55. 
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Figure A.1 Stucco mix details (Portland Cement Association, 1941). 
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Table A.4 Compressive strengths of Phase 1 stucco. 

Cylinder label Test date 
Days after 
installation 

Axial load 
(kips) 

Compressive 
strength (psi) 

Scratch coat layer installed on 11/27/2017 

DOT (Test1-A4) 12/18/2017 21 3.49 1111 

DOT (Test1-A4) 12/18/2017 21 3.25 1035 

DOT (Test1-A4) 12/18/2017 21 2.65 844 

DOT (Test2-A6) 12/22/2017 25 3.93 1252 

DOT (Test2-A6) 12/22/2017 25 3.15 1003 

DOT (Test2-A6) 12/22/2017 25 3.31 1054 

After Test6-A3 1/29/2018 62 3.19 1016 

After Test6-A3 1/29/2018 62 4.62 1471 

After Test6-A3 1/29/2018 62 3.73 1188 

After Test6-A3 1/29/2018 62 3.91 1245 

After Test6-A3 1/29/2018 62 3.4 1083 

After Test6-A3 1/29/2018 62 4.41 1404 

Average compressive strength (psi) 1142 

Brown coat layer installed on 12/1/2018 

DOT (Test1-A4) 12/18/2017 17 3.19 3056 

DOT (Test1-A4) 12/18/2017 17 2.73 2467 

DOT (Test1-A4) 12/18/2017 17 2.73 3113 

DOT (Test2-A6) 12/22/2017 21 3.26 3266 

DOT (Test2-A6) 12/22/2017 21 3.39 3094 

DOT (Test2-A6) 12/22/2017 21 3.75 2324 

After Test6-A3 1/29/2018 58 3.25 3139 

After Test6-A3 1/29/2018 58 4.74 3460 

After Test6-A3 1/29/2018 58 3.75 2795 

After Test6-A3 1/29/2018 58 3.1 2279 

After Test6-A3 1/29/2018 58 3.28 3352 

After Test6-A3 1/29/2018 58 4.61 2448 

Average compressive strength (psi) 1109 

Finish coat layer installed on 12/8/2018 

DOT (Test1-A4) 12/18/2017 10 1.39 443 

DOT (Test1-A4) 12/18/2017 10 1.34 427 

DOT (Test1-A4) 12/18/2017 10 1.49 475 

DOT (Test2-A6) 12/22/2017 14 1.79 570 

DOT (Test2-A6) 12/22/2017 14 2.14 682 

DOT (Test2-A6) 12/22/2017 14 2.11 672 

After Test6-A3 1/29/2018 51 2.31 736 

After Test6-A3 1/29/2018 51 2.14 682 

After Test6-A3 1/29/2018 51 2.54 809 

After Test6-A3 1/29/2018 51 2.17 691 

After Test6-A3 1/29/2018 51 2.32 739 

After Test6-A3 1/29/2018 51 2.01 640 

Average compressive strength (psi) 630 
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Table A.5 Compressive strengths of Phase 3 stucco. 

Cylinder label Test date 
Days after 
installation 

Axial load 
(kips) 

Compressive 
strength (psi) 

Scratch coat layer installed on 6/11/2018 

Scratch Coat 1 7/19/2019 38 6.66 2120 

Scratch Coat 2 7/19/2019 38 8.43 2683 

Scratch Coat 3 7/19/2019 38 7.62 2426 

Scratch Coat 4 7/19/2019 38 8.13 2588 

Scratch Coat 5 7/19/2019 38 7 2228 

Scratch Coat 6 7/19/2019 38 9.87 3142 

Scratch Coat 7 7/19/2019 38 8.63 2747 

Scratch Coat 8 7/19/2019 38 10.08 3209 

Scratch Coat 9 7/19/2019 38 6.36 2024 

Scratch Coat 10 7/19/2019 38 9.06 2884 

Scratch Coat 11 7/19/2019 38 9.19 2925 

Scratch Coat 12 7/19/2019 38 8.92 2839 

Average compressive strength (psi) 2651 

Brown coat layer installed on 6/14/2018 

Brown Coat 1 7/19/2019 34 9.6 3056 

Brown Coat 2 7/19/2019 34 7.75 2467 

Brown Coat 3 7/19/2019 34 9.78 3113 

Brown Coat 4 7/19/2019 34 10.26 3266 

Brown Coat 5 7/19/2019 34 9.72 3094 

Brown Coat 6 7/19/2019 34 7.3 2324 

Brown Coat 7 7/19/2019 34 9.86 3139 

Brown Coat 8 7/19/2019 34 10.87 3460 

Brown Coat 9 7/19/2019 34 8.78 2795 

Brown Coat 10 7/19/2019 34 7.16 2279 

Brown Coat 11 7/19/2019 34 10.53 3352 

Brown Coat 12 7/19/2019 34 7.69 2448 

Average compressive strength (psi) 2899 

Finish coat layer installed on 6/21/2018 

Finish Coat 1 7/19/2019 28 2.47 786 

Finish Coat 2 7/19/2019 28 2.97 945 

Finish Coat 3 7/19/2019 28 2.41 767 

Finish Coat 4 7/19/2019 28 1.79 570 

Finish Coat 5 7/19/2019 28 2.74 872 

Finish Coat 6 7/19/2019 28 2.63 837 

Finish Coat 7 7/19/2019 28 2.53 805 

Finish Coat 8 7/19/2019 28 2.87 914 

Finish Coat 9 7/19/2019 28 2.43 773 

Finish Coat 10 7/19/2019 28 1.89 602 

Finish Coat 11 7/19/2019 28 2.32 738 

Finish Coat 12 7/19/2019 28 2.78 885 

Average compressive strength (psi) 791 



 
433 

Table A.6 Compressive strengths of Phase 4 stucco. 

Cylinder label Test date 
Days after 
installation 

Axial load 
(kips) 

Compressive 
strength (psi) 

Scratch coat layer installed on 10/1/2019 

Scratch Coat 1 11/7/2019 37 7.2 2293 

Scratch Coat 2 11/7/2019 37 8.03 2557 

Scratch Coat 3 11/7/2019 37 8.49 2704 

Scratch Coat 4 11/7/2019 37 8.13 2589 

Scratch Coat 5 11/7/2019 37 9.16 2917 

Scratch Coat 6 11/7/2019 37 9.12 2904 

Scratch Coat 7 11/7/2019 37 7.9 2516 

Scratch Coat 8 11/7/2019 37 6.73 2143 

Scratch Coat 9 11/7/2019 37 7.1 2261 

Average compressive strength (psi) 2543 

Brown coat layer installed on 10/4/2019 

Brown Coat 1 11/7/2019 33 6.85 2182 

Brown Coat 2 11/7/2019 33 5.9 1879 

Brown Coat 3 11/7/2019 33 6.5 2070 

Brown Coat 4 11/7/2019 33 6.65 2118 

Brown Coat 5 11/7/2019 33 6.61 2105 

Brown Coat 6 11/7/2019 33 5.56 1771 

Brown Coat 7 11/7/2019 33 7.29 2322 

Brown Coat 8 11/7/2019 33 5.92 1885 

Brown Coat 9 11/7/2019 33 7.11 2264 

Average compressive strength (psi) 2066 

Finish coat layer installed on 10/11/2019 

Finish Coat 1 11/7/2019 26 5.25 1672 

Finish Coat 2 11/7/2019 26 4.36 1389 

Finish Coat 3 11/7/2019 26 6.14 1955 

Finish Coat 4 11/7/2019 26 4.26 1357 

Finish Coat 5 11/7/2019 26 5.12 1631 

Finish Coat 6 11/7/2019 26 4.38 1395 

Finish Coat 7 11/7/2019 26 5.55 1768 

Finish Coat 8 11/7/2019 26 5.53 1761 

Finish Coat 9 7/19/2019 28 2.43 773 

Average compressive strength (psi) 791 
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APPENDIX B  

NUMERICAL MODELING PROGRAM 

DESCRIPTION 

Appendix B includes a detailed look at MCASHEW2 and MSTEWfit (Pang, 2011) which 

were used to create the nonlinear models presented in Chapters 5 and 6. 

B.1  MCASHEW2 OVERVIEW  

The following section presents a detailed overview of MCASHEW2 (Pang and Shirazi, 

2013) which was used to create the connection-level numerical models presented in Chapters 5 

and 6. Within typical light-frame wood shear walls, there are dowel-type connectors (eg. nails), 

framing members, and sheathing panels which make up the entire assembly, as shown in an image 

of a typical shearwall  (Figure B.2). MCASHEW2 relies on three types of elements to capture these. 

For modeling the fastener connection and bearing contacts between framing and sheathing panels, 

3-DOF link are elements are used. The framing members are captured with two-noted 6-DOF 

beam elements, and the sheathing panels are captured with 5-DOF shear-panel elements. 



 
435 

 

Figure B.2 A typical light-frame wood shearwall assembly (figure courtesy of Pang and Shirazi, 2013). 

 

Frame Element Model 

For the framing members of the shearwalls, two-node Euler-Bernoulli beam elements with 

the corotational formulation are used. Since the elements are two-dimensional, each node has two 

translational DOFs and one rotational DOF. With the corotational formulation, both the rigid-body 

deformation and the relative deformation of each element is considered. The total deformation is 

decomposed into these two parts. Figure B.3 shows the kinematics of a 2D frame element with the 

corotational formulation. For the relative deformation, the deformations are measured with respect 

to the rotated coordinate system (�̂�,  �̂�) shown in Figure B.3. From this figure, an arbitrary point 

{𝑑𝑐𝑓} is considered. The deformations of this connection point are expressed through the nodal 

deformations {𝑑𝑛𝑓} at Nodes 1 and 2. The following equations gives the deformation of the 

centerline of the frame {�̅�𝑐𝑓}: 
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{�̅�𝑐𝑓} = |�̅�𝑓|{𝑑𝑛𝑓}            (1) 

where {𝑑𝑐𝑓} = [𝑢1 𝑣1 𝜃1 𝑢2 𝑣2 𝜃2]
𝑇 and {�̅�𝑐𝑓} = [�̅�𝑐𝑓 , �̅�𝑐𝑓 , �̅�𝑐𝑓]

𝑇 

These deformations rely on the interpolation matrix �̅�𝑓 for the centerline which is derived 

using the linear Lagrange and cubic Hermite interpolation functions. The interpolation matrix, �̅�𝑓, 

is calculated as: 

|�̅�𝑓| =  [

1 − 𝑟 0 0
0 (𝑟 − 1)2(2𝑟 + 1) 𝑥(1 − 𝑟)2

0 𝑟(𝑟 − 1)(6/𝐿) (𝑟 − 1)(3𝑟 − 1)
    

𝑟 0 0
0 𝑟2(3 − 2𝑟) 𝑟𝑥(𝑟 − 1)
0 −𝑟(𝑟 − 1)(6/𝐿) 𝑟(3𝑟 − 2)

   ]  (2)  

where 𝑟 = 𝑥/𝐿. Shown in Eq. 1,  {�̅�𝑐𝑓} is the displacement vector of a connection point located 

along the centerline of frame with the coordinates (𝑥, 0). In Figure B.3(c), the deformed shape of 

the beam is obtained by applying end rotations into Eq. (1) to compute the deformation of the 

perimeter points. This representation of the deformation is refined to eliminate the transverse shear 

locking of the beam which give the displacements of an arbitrary connection points located off the 

centerline {𝑑𝑐𝑓}. 

{𝑑𝑐𝑓} =  {�̅�𝑐𝑓} + {

− sin(�̅�𝑐𝑓) 𝑦

(cos(�̅�𝑐𝑓) − 1)𝑦

0

}  (3) 

Note that Eq. (3) makes the assumption that plane section remain both normal to the deformed 

centerline as well as plane. The arbitrary connection points are located off the centerline when 

𝑦 ≠ 0.  
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Figure B.3 Kinematics of the corotational 2D frame element: (a) undeformed configuration, (b) 

final deformed configuration, and (c) deformed configuration using the centerline 

interpolation matrix (figure courtesy of Pang and Shirazi, 2013). 

 In addition to finding the deformation, the corotational formulation allows the stiffness 

matrix of the frame elements to be formulated. The tangent stiffness matrix for a frame element 

[𝑘𝑓] is the sum of the geometric stiffness matrix [𝑘𝑔𝑓] and the elastic material stiffness 

matrix [𝑘𝑚𝑓]. The combination of the two stiffness matrices allows for accurate modeling of 

framing members at large deformations. The local coordinate element nodal force vector {𝑓𝑛𝑓} is 

found with the frame element equilibrium equation: 
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{𝑓𝑛𝑓} = [𝑘𝑓]{𝑑𝑛𝑓} =  [𝑘𝑚𝑓 + 𝑘𝑔𝑓]{𝑑𝑛𝑓}  (4) 

where {𝑓𝑛𝑓} =  [𝑓𝑢1  𝑓𝑣1  𝑓𝜃1  𝑓𝑢2  𝑓𝑣2  𝑓𝜃2]
𝑇. The local elastic material stiffness matrix is given by: 

[𝑘𝑚𝑓] = (𝐸𝐼/𝐿
3) 

[
 
 
 
 
 
𝐴𝐿2/𝐼 0 0 −𝐴𝐿2/𝐼 0 0
 12 6𝐿 0 −12 6𝐿
  4𝐿2 0 −6𝐿 2𝐿2

   𝐴𝐿2/𝐼 0 0
 𝑠𝑦𝑚.   12 −6𝐿

     4𝐿2 ]
 
 
 
 
 

   (5) 

where E is the elastic modulus, A is the cross-sectional area, and I is the bending moment of 

inertia.  The global elastic material stiffness matrix is determined as: 

[𝐾𝑚𝑓] =  [𝑅𝑓]
𝑇
[𝑘𝑚𝑓][𝑅𝑓]   (6) 

where [𝑅𝑓] is the local-to-global transformation matrix for the frame elements which is described 

as: 

[𝑅𝑓] =  

[
 
 
 
 
 
 
cos (𝜃𝑓) sin (𝜃𝑓) 0 0 0 0

−sin (𝜃𝑓) cos (𝜃𝑓) 0 0 0 0

0 0 1 0 0 0
0 0 0 cos (𝜃𝑓) sin (𝜃𝑓) 0

0 0 0  −sin (𝜃𝑓) cos (𝜃𝑓) 0

0 0 0 0 0 1]
 
 
 
 
 
 

  (7) 

 

where 𝜃𝑓 is the angle which defines the orientation of the rotated coordinate system (�̂�,  �̂�) shown 

in Figure B.3. The angle 𝜃𝑓 is determined by the angle formed between the undeformed beam 

element and a line passing through the two end nodes of the deformed beam element (ie. along the 

rotated local �̂�-axis). To find the local geometric stiffness matrix, the squared derivative of the 

interpolation matrix is calculated as: 
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[𝑘𝑔𝑓] = (−𝑃/𝐿) 

[
 
 
 
 
 
 
 
 
1 0 0 −1 0 0

 6/5 𝐿/10 0 −6/5 𝐿/10

  2𝐿2/15 0 −𝐿/10 −𝐿2/10

   1 0 0

 𝑠𝑦𝑚.   6/5 −𝐿/10

     2𝐿2/15]
 
 
 
 
 
 
 
 

   (8) 

where the axial force in the frame is given as 𝑃 = 𝑓𝑢2 − 𝑓𝑢1. Note that tension is positive for 

this formulation. Finally, the equilibrium equations for the frame in the global coordinate system 

is calculated as: 

{𝐹𝑛𝑓} =  [𝑅𝑓]
𝑇
[𝑘𝑚𝑓 + 𝑘𝑔𝑓][𝑅𝑓]{𝐷𝑛𝑓}  (9) 

where {𝐹𝑛𝑓} is the global nodal force vector of the frame-element and {𝐷𝑛𝑓} is the global nodal 

displacement vector of the frame-element. 

 

Shear-Panel Element Model 

As stated previously, 5-DOF rectangular shear-panel elements are used to model the 

sheathing panels of the cripple walls. The DOFs consist of two rigid-body translations, 𝑢𝑝 and 𝑣𝑝, 

one rigid-body rotation, 𝜃𝑝, and two in-plane shear angles 𝜇𝑝 and 𝛾𝑝. These are combined to create 

the panel nodal displacement vector {𝑑𝑛𝑝} = [𝑢𝑝 𝑣𝑝 𝜃𝑝 𝜇𝑝 𝛾𝑝]
𝑇
. In Figure B.4, the kinematics of 

the panel element are shown. An additional displacement vector, {𝑑𝑐𝑝}, is formulated to account 

for the large shear deformations that accrue in the model. This is the displacement vector of an 

arbitrary connection point on the panel and is described as {𝑑𝑐𝑝} =  [𝑢𝑐𝑝, 𝑣𝑐𝑝,  𝜃𝑐𝑝]
𝑇
. It is 

calculated by: 



 
440 

{𝑑𝑐𝑝} = [ 

cos (𝜃𝑝) −sin (𝜃𝑝) 0

sin (𝜃𝑝) cos (𝜃𝑝) 0

0 0 1

]

{
 

 𝑥 +
2𝑦

ℎ
𝜇𝑝

𝑦 −
2𝑥

𝑏
𝛾𝑝

 𝜃𝑝 }
 

 
+ {

𝑢𝑝 − 𝑥
 𝑣𝑝 − 𝑦

0
}  (10) 

where b is the width of the panel and h is the height of the panel.  

 

Figure B.4 Kinematics of the panel element (figure courtesy of Pang and Shirazi, 2013). 

 

Equation 10 is used to calculate the relative deformations of any point on the panel. In the 

same manner as with the frame elements, the panel element nodal force vector can be expressed 

through equilibrium equations relating the force and displacement through the tangent stiffness 

matrix of the panel. The panel element equilibrium equation in the local coordinate system is given 

as: 
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{𝑓𝑛𝑝} = [𝑘𝑝]{𝑑𝑛𝑝} =  [𝑘𝑚𝑝 + 𝑘𝑔𝑝]{𝑑𝑛𝑝}  (11) 

with the local panel element displacement vector {𝑓𝑛𝑝} = [𝑓𝑢 𝑓𝑣 𝑓𝜇  𝑓𝛾 𝑓𝜃]
𝑇
, the local tangent 

stiffness matrix [𝑘𝑝], the local elastic stiffness matrix of the panel, [𝑘𝑚𝑝], and the local geometric 

stiffness matrix of the panel [𝑘𝑔𝑝]. The local elastic stiffness matrix of the panel is: 

[𝑘𝑚𝑝] =

[
 
 
 
 
 
0 0 0 0 0
0 0 0 0 0

0 0
2𝐺𝑏𝑡

ℎ
0 0

0 0 0
2𝐺ℎ𝑡

𝑏
0

0 0 0 0 0]
 
 
 
 
 

 (12) 

where G is the shear modulus of the sheathing panel and t is the thickness of the panel. As a note, 

there are only two nonzero terms in the elastic stiffness matrix because rigid-body motion does not 

contribute to the elastic stiffness, only the shear deformations does which is accounted for by the 

two nonzero terms. The local geometric stiffness matrix is derived in the same manner as the local 

geometric stiffness matrix for the framing elements, but instead of the frame interpolation matrix 

�̅�𝑓, the panel interpolation matrix �̂�𝑝 is used. This interpolation matrix is based on the corotated 

local coordinate system (�̂�,  �̂�) and formulated as: 

[�̂�𝑝] = [
1 0 2𝑦/ℎ 0 0
0 1 0 −2𝑥/𝑏 0
0 0 0 0 1

]   (13) 

and the local geometric stiffness matrix of the panel is derived as: 

[𝑘𝑔𝑝] =

[
 
 
 
 
 
0 0 0 0 0
0 0 0 0 0

0 0
4𝑓𝑢

ℎ
0 −2𝑓𝜇

0 0 0
4𝑓𝑣

ℎ
−2𝑓𝛾

0 0 −2𝑓𝜇 −2𝑓𝛾 𝑓𝜇𝑏 + 𝑓𝛾ℎ]
 
 
 
 
 

   (14) 
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With the local elastic stiffness matrix and local geometric stiffness matrix determined, the global 

equilibrium equations of the panel is formulated as: 

{𝐹𝑛𝑝} =  [𝑅𝑝]
𝑇
[𝑘𝑚𝑝 + 𝑘𝑔𝑝][𝑅𝑝]{𝐷𝑛𝑝}  (15) 

where {𝐷𝑛𝑝} is the global nodal displacement vector of the panel element, {𝐹𝑛𝑝} is the global nodal 

force vector of the panel element, and [𝑅𝑝] is the local-to-global transformation matrix of the panel 

element and assigned as: 

[𝑅𝑝] =

[
 
 
 
 
 
cos (𝜃𝑝) sin (𝜃𝑝) 0 0 0

−sin (𝜃𝑝) cos (𝜃𝑝) 0 0 0

0 0 cos (𝜃𝑝) sin (𝜃𝑝) 0

0 0 −sin (𝜃𝑝) cos (𝜃𝑝) 0

0 0 0 0 1]
 
 
 
 
 

  (16) 

where 𝜃𝑝 is the angle which defines the orientation of the rotated coordinate system (�̂�,  �̂�) shown 

in Figure B.4. 

 

 

Connection Model Overview 

The final elements that are modeled in MCASHEW2 are the dowel-type connections that 

fasten which are essentially the nailed connections. There are three types of connections: 1) frame-

to-frame (F2F), 2) panel-to-frame (P2F), and 3) panel-to-panel (P2P). The three types of 

connections can be seen in Figure B.5.  
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Figure B.5 Connection elements  (figure courtesy of Pang and Shirazi, 2013). 

As stated previously, these connections are modeled using 3-DOF two-node link elements. 

Each link element was three orthogonal, uncouples springs (two translational and one rotational). 

The local stiffness matrix for the connector is: 

[𝑘𝑐] = [ 

𝑘𝑥 0 0
0 𝑘𝑦 0

0 0 𝑘𝑟

]   (17) 

where 𝑘𝑥 is the local x-direction translation stiffness, 𝑘𝑦 is the local y-direction translation 

stiffness, and 𝑘𝑟 is the local rotational stiffness. The local connection stiffness matrix is translated 

to the global connection stiffness matrix with the local-to-global transformation matrix [𝑅𝑐]. It is 

a function of the angle between the global and local x-axes of the connector (𝜃𝑐), as shown in 

Figure B.6. The global connector stiffness matrix is formulated as: 

[𝐾𝑐] =  [ 
cos(𝜃𝑐) − sin(𝜃𝑐) 0

sin(𝜃𝑐) cos(𝜃𝑐) 0
0 0 1

]

𝑇

[𝑘𝑐] [ 
cos(𝜃𝑐) − sin(𝜃𝑐) 0

sin(𝜃𝑐) cos(𝜃𝑐) 0
0 0 1

]   (18) 
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Figure B.6  (a) Non-orientated and (b) Oriented zero-length link elements (figure courtesy of 

Pang and Shirazi, 2013). 

 

Frame-to-Frame (F2F) Connection 

There are several F2F connections that are required in a model of woodframe shear walls, 

including framing nails, end nails, anchor bolt connections, and hold-downs. The F2F connector 

stiffness matrix is a 12  12 matrix formulated as: 

𝐾𝑓𝑓 = [
|𝑁𝑓

(𝑖)|
𝑇

[𝐾𝑐]|𝑁𝑓
(𝑖)| −|𝑁𝑓

(𝑖)|
𝑇

[𝐾𝑐] |𝑁𝑓
(𝑗)
|

− |𝑁𝑓
(𝑗)
|
𝑇

[𝐾𝑐]|𝑁𝑓
(𝑖)| |𝑁𝑓

(𝑗)
|
𝑇

[𝐾𝑐] |𝑁𝑓
(𝑗)
|
]

12 12

(19) 

The frame-to-frame stiffness matrix use the superscripts (𝑖) and (𝑗) to identify the two 

framing members. 𝐾𝑓𝑓 is able to characterize both the restraining effects and interactions between 

the two members. The stiffness matrix is modified for hold-down and anchor bolt connections 

which a incorporated into the model as frame-to-ground connections. The modified frame-to-
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ground stiffness matrix is a 6  6 matrix due to one of the frame members being set to zero and is 

formulated as: 

𝐾0𝑓 = [𝑁𝑓]
𝑇
[𝐾𝑐][𝑁𝑓]   (20) 

 

Panel-to-Frame (P2F) Connection 

The P2F connections model the load-slip characteristics of sheathing nails attaching 

sheathing panels to framing. The formulation accurately captures the load-slip mechanism of the 

sheathing nails through the corotational connection model. With this formulation, the orientation 

of the sheathing nails (𝜃𝑐) is updated after each step to align the local �̂�-axis to the primary 

displacement trajectory of the sheathing nail as shown in Figure B.6(b). The orientation angle is 

defined as: 

𝜃𝑐 = tan−1 (
∆𝑦

∆𝑥
) ,      0 ≤ 𝜃𝑐 ≤ 2𝜋   (21) 

where ∆𝑥 is the slip parallel to the global x-direction of the sheathing nail and ∆𝑦 is the slip parallel 

to the global y-direction of the sheathing nail. The stiffness matrix for P2F connectors is formulated 

as: 

𝐾𝑝𝑓 = [
|𝑁𝑝

(𝑖)|
𝑇

[𝐾𝑐]|𝑁𝑝
(𝑖)| −|𝑁𝑝

(𝑖)|
𝑇

[𝐾𝑐] |𝑁𝑓
(𝑗)
|

− |𝑁𝑓
(𝑗)
|
𝑇

[𝐾𝑐]|𝑁𝑝
(𝑖)
| |𝑁𝑓

(𝑗)
|
𝑇

[𝐾𝑐] |𝑁𝑓
(𝑗)
|
]

11 11

(22) 

where 𝑁𝑝
  is the global interpolation matrix of the P2F connector on the panel and 𝑁𝑓

  is the global 

interpolation matrix of the P2F connector on the frame. The superscripts (𝑖) and (𝑗) to identify the 

panel and frame members in the global stiffness matrix. The interpolation matrix 𝑁𝑝
  is a function 
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of 𝜃𝑝 which is the rotation angle that tracks the corotated local axis of the panel, and the 

interpolation matrix  𝑁𝑓
  is a function of 𝜃𝑓 which is the rotation angle that tracks the corotated 

local axis of the frame. These interpolation matrices are described in a global coordinate system 

by: 

[𝑁𝑝
 ]
3 5

= [ 

cos(𝜃𝑝) − sin(𝜃𝑝) 0

sin(𝜃𝑝) cos(𝜃𝑝) 0

0 0 1

]

𝑇

[�̂�𝑝
 ][𝑅𝑝]   (23) 

[𝑁𝑓
 ]
3 6

= [ 

cos(𝜃𝑓) − sin(𝜃𝑓) 0

sin(𝜃𝑓) cos(𝜃𝑓) 0

0 0 1

]

𝑇

[�̂�𝑓
 ][𝑅𝑓]   (24) 

where �̂�𝑝
  is defined in Eq. (14) and �̂�𝑓

  is the interpolation matrix of the frame elements with 

respect to the deformed coordinate system (�̂�,  �̂�), expressed as: 

|�̂�𝑓
 | = [

1 − 𝑟 𝑟(𝑟 − 1)(6/𝐿)𝑦 (𝑟 − 1)(3𝑟 − 1)𝑦

0 2𝑟3 − 3𝑟2 + 1 𝑥(1 − 𝑟)2

0 𝑟(𝑟 − 1)(6/𝐿) (𝑟 − 1)(3𝑟 − 1)

    

𝑟 −𝑟(𝑟 − 1)(6/𝐿)𝑦 𝑟(3𝑟 − 2)𝑦

0 𝑟2(3 − 2𝑟) 𝑟𝑥(𝑟 − 1)
0 −𝑟(𝑟 − 1)(6/𝐿) 𝑟(3𝑟 − 2)

 ]   (25) 

 

Panel-to-Panel (P2F) Connection 

Lastly, fully detailed models need to be able to capture the contact between panels as they 

bear upon each other. This is incorporated in MCASHEW2 and the stiffness matrix of the P2P 

connections are given as: 

𝐾𝑝𝑝 = [
|𝑁𝑝

(𝑖)|
𝑇

[𝐾𝑐]|𝑁𝑝
(𝑖)| −|𝑁𝑝

(𝑖)|
𝑇

[𝐾𝑐] |𝑁𝑝
(𝑗)
|

− |𝑁𝑝
(𝑗)
|
𝑇

[𝐾𝑐]|𝑁𝑝
(𝑖)| |𝑁𝑝

(𝑗)
|
𝑇

[𝐾𝑐] |𝑁𝑝
(𝑗)
|
]

10 10

(26) 
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where the panel-to-panel stiffness matrix use the superscripts (𝑖) and (𝑗) to identify the two panel 

members. For panel-to-ground contact elements, 𝐾𝑝𝑝 is reduced to a 5  5 matrix in the same 

manner as 𝐾𝑝𝑓. 

 The P2P, P2F, and F2F stiffness matrices are summed together to represent the stiffness 

contribution of all frames, panels, and connectors. The resulting global stiffness matrix of given 

as: 

𝐾 = ∑ (Λ𝑖
𝑇𝐾𝑓

(𝑖)
Λ𝑖)𝑖 + ∑ (Λ𝑖

𝑇𝐾𝑝
(𝑖)
Λ𝑖)𝑖 + ∑ (Λ𝑖

𝑇𝐾𝑓𝑓
(𝑖)
Λ𝑖)𝑖 + ∑ (Λ𝑖

𝑇𝐾𝑝𝑓
(𝑖)
Λ𝑖)𝑖 + ∑ (Λ𝑖

𝑇𝐾𝑝𝑝
(𝑖)
Λ𝑖)𝑖    (27) 

where Λ𝑖 denotes the coordinates of the element contributing to the global stiffness matrix or 

attachment points of each element. The global stiffness matrix is able to accurately capture the 

nonlinearity of the shearwall response as it is load-history-dependent. The modeled response is 

captured through the iterative displacement-control method developed by McGuire et al. [2000] 

for solving nonlinear equations of equilibrium for cyclic loading.  

 

Members Parameter Assignment 

Two types of members are available in MCASHEW2, panels elements and frame elements. 

Each of these are assigned geometric and material parameters when implemented into the model. 

For panels, the geometric properties assigned are 1) b – panel width, 2) h – panel height, 3) t – 

panel thickness, 4) X0 – lower left corner of panel global x-coordinate, 5) Y0 – lower left corner of 

panel global y-coordinate, and 6) angle – orientation of panel. The material parameters assigned 

for panels are 1) G – shear modulus of panel and 2) rho – density of panel. The framing members 

have similar geometric and material properties assigned. The geometric parameters are 1) t – 

framing member thickness, 2) b – framing member height, 3) L – framing member length, 4) X0 – 
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lower left corner of framing member global x-coordinate, 5) Y0 – lower left corner of framing 

member global y-coordinate, and 6) angle – orientation of framing member. For the material 

properties of the framing members, the assigned parameters are 1) E – elastic modulus of framing 

member and 2) rho – density of framing member. 

 

Boundary Conditions 

Boundary conditions are able to be assigned to nodes on the framing members. Each 

framing member contains a 3 degrees-of-freedom node (two translational, one rotational) at each 

end. The program allows for nodes to be restrained which represents the boundary conditions 

imposed on the shearwall. For all models built, there were two restraints assigned. Both restraints 

provided a fixed condition at the ends of the walls as the nodes on the sill plate were fully restrained 

from translating and rotating. The top of the cripple walls were free to translate vertically and 

horizontally as well as rotate. This allowed for not only lateral displacements to be imposed on the 

model but also to allow uplift and rotation of the cripple wall to occur. In addition to the fixed 

boundary condition provided by the framing member nodal restraint, gravity load is able to be 

assigned to the model. This is done by assigning a frame external force. There are four different 

cases of external loads able to be applied to the framing: 1) point vertical load, 2) moment, 3) 

distributed load, and 4) point horizontal load. Each external load is given a magnitude, direction, 

location of application, and a framing member to be applied to. In order to simulate the gravity 

load imposed on the tested cripple walls, a distributed load was assigned to the uppermost top plate 

with the same magnitude (450 plf) as was implemented during testing. The load was distributed 

along the entire length of the uppermost top plate. 
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MCASHEW2 Solver 

The models created used an incremental-iterative method to solve the nonlinear 

equilibrium equations for cyclic loading. This is required due to the stiffness matrices of the panels, 

framing members, and connectors being load-history-dependent. There are multiple methods that 

can be used in MCASHEW2: 1) force controlled. 2) displacement controlled, 3) work control, and 

4) constant arc length. The tested performed which are the basis of which the models were built 

upon were tested with controlled displacement, therefore, an iterative displacement-control 

convergence method was used to produce the nonlinear hysteretic response of the cripple walls as 

described by McGuire et al. [2000]. Within this iterative scheme, load increments are subdivided 

into multiple steps, with each step an iteration used to satisfy the nonlinear equilibrium equation 

within some assigned tolerance. For displacement control methods, a load ratio (λ) for the first step 

of an increment is assigned. This is done so that the displacement component of the nonlinear 

equilibrium equation will only change by the prescribed amount. In subsequent iterations, the load 

ratio is constrained so that the displacement component will not change. For the models, this allows 

for a loading protocol to be assigned which will be discretized into assigned displacement steps. 

The displacement steps are assigned to the left-side end node of the uppermost top plate which 

experiences the entirety of the displacement imposed on the cripple wall when the model is ran. 

Figure B.7 shows a schematic for an iteration of the iterative displacement control method. For the 

iterative displacement control method, the following displacement control vector is satisfied to 

some assigned tolerance before increasing the imposed displacement: 

 

{𝐝𝚫i
j
} = 𝑑𝜆𝑖

𝑗 {𝐝𝚫i
𝐣̅̅ ̅̅ ̅} + {𝐝𝚫i

j̿̿ ̿̿ ̿}        (28) 
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where λ is the load ratio, Δ is displacement vector, i is the displacement increment, and j is the 

iterative step. The displacement vector 𝐝𝚫i
j
 must satisfy the solving the following linear system of 

equations: 

[𝐊𝑖
𝑗−1
]{𝐝𝚫i

j
} = {𝐝𝐏𝑖

𝑗
} + {𝐑𝑖

𝑗−1
}     (29) 

where [𝐊𝑖
𝑗−1
] is the combined global stiffness matrix described in Equation 27, {𝐑𝑖

𝑗−1
} represents 

external and internal force imbalance and {𝐝𝐏𝑖
𝑗
} is change of external force applied. The 

unbalanced load vector, {𝐑𝑖
𝑗−1
}, is calculated as: 

{𝐑𝑖
𝑗−1
} = {𝐏𝑖

𝑗−1
} − {𝐅𝑖

𝑗−1
}            (30) 

where {𝐏𝑖
𝑗−1
} is the vector of total external force applied and {𝐅𝑖

𝑗−1
} is the vector of summed 

existing element end forces at each global degree of freedom. This constitutes the internal forces 

in the global system. The load applied in each step is shown by: 

{𝐝𝐏𝑖
𝑗
} = 𝑑𝜆𝑖

𝑗{𝐏ref
 }        (31) 

where {𝐏ref
 } is the applied load and 𝑑𝜆𝑖

𝑗
 is the load ratio for the current iteration. The load ratio is 

prescribed in the program for an iterative displacement controlled method as: 

𝑑𝜆𝑖
𝑗
= −𝑑𝑢𝑖

𝑗̿̿ ̿̿ ̿/𝑑𝑢𝑖
𝑗̅̅ ̅̅ ̅  for 𝑗 ≥ 2        (32) 

where 𝑑𝑢𝑖
𝑗̿̿ ̿̿ ̿ and 𝑑𝑢𝑖

𝑗̅̅ ̅̅ ̅ are degrees of freedom for single elements in the solutions vectors of: 

[𝐊𝑖
𝑗−1
] {𝐝𝚫i

j̅̅ ̅̅ ̅} = {𝐏ref
 }         (33) 

[𝐊𝑖
𝑗−1
] {𝐝𝚫i

j̿̿ ̿̿ ̿} = {𝐑𝑖
𝑗−1
}         (34) 
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Figure B.7 Schematic of iterations for displacement control method. 

 

B.2  MSTEWFIT  OVERVIEW  

The following section presents a detailed overview of the MATLAB script MSTEWfit 

(Pang, 2011) which was used to create the phenomenological numerical models presented in 

Chapter 5. The program is used to estimate the MSTEW parameters of a given hysteresis.  

Icycles.m: 

The fitting process is done using two MATLAB scripts, icycles.m and MSTEWfit.m, and 

the results are displayed in guiMSTEWfit.m. The first script, icycles.m, is used to determine the 

loading and unloading paths of the imported experimental data. The test data is imported into 

guiMSTEWfit.m where it is then discretized using the function icycles.m. Within this function, the 

all force-displacement data points are used as the input. The output variables of the program 

include: slip = imported displacement of test data, force = imported load of test data, icyc = indices 
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corresponding to no displacement (ie. residual strength), ncyc = number of points of no 

displacement which corresponds to the number of cycles, imaxs = indices corresponding to the 

max displacement at each loading cycle, nmaxs = max displacement of each loading cycle, imaxf 

= indices corresponding to the force at the maximum positive displacement of each loading cycle, 

nmaxf = force at the maximum positive displacement of each loading cycle, iminf = indices 

corresponding to the force at the maximum negative displacement of each loading cycle, and nminf 

= force at the maximum negative displacement of each loading cycle. The program uses these 

variables to determine both the loading and unloading path of the experimental hysteresis. Once 

the imported data is discretized through icycles.m, it is imported into MSTEWfit.m to approximate 

the MSTEW parameters for the experimental data. 

 

MSTEWfit.m: 

With the set of variables populated from icycles.m, MSTEWfit.m begins the process of 

fitting the ten parameters for the MSTEW hysteretic model. This process is done over nine steps. 

The steps are listed below and followed by a detailed explanation of how they are performed.  

1. Create MSTEW parameter vector 

2. Identify loading cycles 

3. Fitting r1, K0, and F0 

4. Fitting r2 and δu 

5. Fitting r4 and Fi 

6. Fitting r3 

7. Fitting α and β 

8. Build MSTEW parameter vector 
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9. Energy calculations 

 

Create MSTEW Parameter Vector: 

As stated previously, there are 10 parameters used to define the MSTEW hysteretic model. 

However, in MSTEWfit.m, a vector is initialized with 11 parameters; the last being Fu, which 

corresponds to the ultimate force of the MSTEW model. This parameter is used for reference and 

is dependent on the 10 parameters used to define the MSTEW model.  

 

Identify Loading Cycles: 

Once the imported experimental data is ran through icycles.m, this function is called on by 

MSTEWfit.m to obtain the output variables listed in the discussion of icycles.m. Two variables are 

defined from the icycles.m output variables: nmaxf = number of loading cycles and nt = number of 

data points. These two variables are used throughout the next steps to approximate the MSTEW 

parameters.  

Fitting r1, K0, and F0: 

The first three parameters approximated within MSTEWfit.m define the ascending 

hysteretic backbone curve of both positive and negative loading. Figure B.8 shows a sample 

hysteresis highlighted with the points of the positive and negative ascending backbone curves 

stored in MSTEWfit.m. Figure B.9 shows an overlay of both loading directions with the r1, K0, and 

F0 parameters overlaid. The process for doing so is described below: 

i. Capture ascending backbone points of positive and negative loading: 
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a. Determine maximum force index and associated force for each loading cycle from 

icycles.m. This only includes the leading cycle which is associated with the 

maxium force of each displacement amplitude. 

b. Create vectors to hold maximum force and dispalcement at maximum force of 

each loading cycle for both the positive and negative loading branches. Visually, 

this is shown in Figure B.8. 

c. Sort the maximum force and displacement at maximum force for positive and 

negative loading by using the absolute values of force and displacement. Combine 

these points into a vector for the force and a vector for dispalcement in ascending 

order. Note that in Figure B.9, both the positive and negative ascending backbone 

envelopes are shown. These combined and sorted to begin the fitting for  r1, K0, 

and F0. 

ii. Linear interpolation of backbone data points: 

a. Using the vectors for the force and displacement of both positive and negative 

loading, a vector with 50 points is defined from the displacement vector to create 

a linear spacing between the displacements.  

b. With the linearly spaced displacement vector, a linear interpolation of this vector, 

the force vector, and original displacement vector is used to determine the 50 

corresponding forces to the linearly spaced displacement vector.  

iii. Fitting r1, K0, and F0: 

a. A optimization structure is created using the built in MATLAB function optimset. 

The optimization structure is used to optimize the approximations of r1, K0, and 

F0. The criteria for optimization is defined so that the maximum number of 
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function evaluations allowed is 10,000. The maximum iterations within each 

function evaluation is 500, and the tolerance before beginning a new function 

evaluation is 1e-04.  

b. Create initial guesses for r1, K0, and F0 to being parameter fitting. These initial 

guesses are starting points that will be modified through the optimization process.  

𝑪 = |[
2(𝐹𝑚𝑎𝑥)

𝛿𝐹𝑚𝑎𝑥
   

𝐹𝑚𝑎𝑥
2(𝛿𝐹𝑚𝑎𝑥)

     
𝐹𝑚𝑎𝑥
2
 ]| = [𝐹0  𝑟1𝐾0  𝐾0]  

where, 𝐹𝑚𝑎𝑥= maximum force of ascending backbone curve and 

𝛿𝐹𝑚𝑎𝑥  = corresponding displacement of max force 

c. Optimize r1, K0, and F0 using a function minimization approach: 

𝑷(𝑪) =  ∑ {[𝐹𝑛 − (𝐹𝑚𝑎𝑥 − |𝐶3|  + |𝐶2|)(𝛿𝑛)] [1 − exp( 
−|𝐶3|(𝛿𝑛)

𝐹𝑚𝑎𝑥 − |𝐶3|
)]}

250

𝑛=1

 

The algorithim loops through the 50 point discretized for the ascening backbone 

curve, and then searches for the minimum value of P using the MATLAB function 

fminsearch which finds the minimum of an unconstrained multivariable equation 

using a derivative free method. The parameters r1, K0, and F0 are assigned as: 

𝑷 = [𝐹0  𝑟1𝐾0  𝐾0]  

d. Define envelope curve for for ascending backbone curve: 

𝐹𝑎𝑠𝑐(𝛿) = 𝑠𝑖𝑔𝑛(𝛿)(𝐹0 + 𝑟1𝐾0𝛿) [1 − exp(−
|𝛿|𝐾0
𝐹0

)] 
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Figure B.8 Ascending backbone points from sample test hysteresis. 

 

Figure B.9 Sample test hysteresis with ascending backbone evelope parameters overlaid. 
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Fitting r2 and δu: 

Once the three parameters which define the ascending backbone envelope curve have been 

defined, MSTEWfit.m approximates r2 and δu which define the descending backbone envelope. 

The process for approximating these two parameters is as follows: 

i. Determine the maximum force and displacement at maximum force for both positive and 

negative dispalcements. These are the first points of the descending backbone envelopes. 

ii. Loop through all imported data points to create vectors for the local maximum forces for 

each displacement cycle with the condition set that points are only stored in the vector if 

they have a higher force than the previous points considered in the loop. This ensures that 

the local maximum of each cycle comes from the leading cycle because the trailing 

cycles had a reduction in strength for the same displacement amplitude. Figure B.10 

shows a sample hysteresis highlighted with the points of the positive and negative 

descending backbone curves stored in MSTEWfit.m. 

a. Create vector of local maxiumum for each post-ultimate load cycles from positive 

displacements/forces. 

b. Create vector of local maxiumum for each post-ultimate load cycles from 

negative displacements/forces. 
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Figure B.10 Local maximums of post-ultimate force from sample test hysteresis creating the 

decsending backbone envelope.  

c. Order post-ultimate load data points into descending order. As with the r1, K0, and 

F0 fitting, both positive and negative loading are grouped together to define the 

descending backbone envelope. Figure B.11 shows the points taken prior to being 

combined and sorted into a vector for force and vector for displacement.  

iii. Fit a linear line from the sorted descending backbone envelope points. This is done with 

the MATLAB built-in funtion polyfit which performs a least-squares best fit of the data. 

The inputs variables for this function are the displacements and forces of the descending 

envelope curve. An addition parameter is defined for the function to control the degree of 

which the polynomial will be approximated. Since a linear line is used, this parameter is 

set as 1 which creates a first-degree polynomial (linear). The output of this function is the 

coefficients of the best fit line between the forces and displacements. The function is 

described below:  

𝐹(𝛿) =  𝑝1𝛿
𝑛 + 𝑝2𝛿

𝑛−1 ,   𝑤𝑖𝑡ℎ 𝑛 = 1 



 
459 

The coefficient p1 is the slope of the fitted line, and p2 is the y-intercept of the fitted line. 

Figure B.11 shows a sample test hysteresis with the local maximum from each cycle in 

both loading direction selected and the best fit line overlaid. The figure overlays the 

positive and negative loading from the hysteresis.  

 

Figure B.11 Best fit line fitted from descending backbone envelopes of both loading directions for 

a sample test hysteresis. 

 

iv. Approximate r2 from best fit line using the output parameters of the polyfit function. 

𝑝1 =  𝑟2𝐾0
 
⇒ 𝑟2 = 

𝑝1
𝐾0

 

v. Optimize δu using a function minimization approach. 

a. Start with an initial guess of δu = |δmax| 

b. Define optimization function with input variable δ (displacement) 

𝜹𝒖(𝜹)  = {[𝑟1𝐾0𝜹 + 𝐹0] [1 − exp (−
𝜹𝐾0
𝐹0
)] − 𝑝1𝜹 − 𝑝2 }

2
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a. Using MATLAB function fminsearch with input parameters 𝜹𝒖 and an 

upperbound of |δmax|, the minimum value of 𝜹𝒖 is used to approximate the 

parameter 𝛿𝑢. 

vi. Calculate the ultimate force of the imported data: 

𝐹𝑎𝑠𝑐(𝛿𝑢) =  𝐹𝑢 

vii. Define function for descending backbone curve envelope: 

𝐹𝑑𝑒𝑠(𝛿) = [𝑟2𝐾0(𝛿 − 𝛿𝑢)] + 𝐹𝑢 

viii. Create output of data points for full backbone envelope: 

a. Create linearly spaced vector of 100 points for the displacements of the ascending 

backbone curve envelope. 

b. Create linearly spaced vector of 100 points for the displacements of the 

descending backbone curve envelope. 

c. Combine the linearly spaced displacements for the ascending and descending 

backbone envelope, and calculate their corresponding forces using 𝐹𝑎𝑠𝑐(𝛿𝑢) for 

the displacements from the ascending backbone envelope and 𝐹𝑑𝑒𝑠(𝛿) for the 

displacements from the displacements from the descending backbone envelope.. 

 

Fitting r4 and Fi: 

Once the five parameters which define the ascending and descending backbone envelope 

curve have been defined, MSTEWfit.m approximates r4 and Fi which define the slope of the 

pinching load path and residual force of the pinching load path. The process for approximating 

these two parameters is as follows: 
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i. Create two vectors to define the starting points and the ending points of the set of curves 

for r4. The starting point, m,  is from the indices corresponding to the maximum force for 

a loading cycle. The ending point, n, is from the indices corresponding to the maximum 

force for the following loading cycle. Essentially, the starting point would be where 

unloading of the current cycle begins, and the ending point would be where loading of the 

following cycle in the opposite loading direction ends.   

ii. A loop is performed over each loading cycle to update n and m. Figure B.12 shows an 

example of m and n being updated through the loop for one curve. 

a. For positive displacements of 𝛿𝑚, the index m is increased by one for each 

instance that: 

𝐹(𝛿𝑚) > 0 𝑎𝑛𝑑 𝑛 > 𝑚 + 1 

And the index n is decreased by one for each instance that: 

𝛿𝑛 < 0 𝑎𝑛𝑑 𝑛 > 𝑚 + 1 

b. For negative displacements of 𝛿𝑚, the index m is increased by one for each 

instance that: 

𝐹(𝛿𝑚) < 0 𝑎𝑛𝑑 𝑛 > 𝑚 + 1 

And the index n is decreased by one for each instance that: 

𝛿𝑛 > 0 𝑎𝑛𝑑 𝑛 > 𝑚 + 1 
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Figure B.12 Schematic for selection of points used to define the pinched loading path using a 

sample test hysteresis. 

 

iii. Create two vectors to hold the displacements corresponding to indices m and n and their 

associated forces of the defined displacements. These define the set of curves used to 

approximate r4 and Fi. 

iv. Fit a linear line to the set of curves defined. This is done with the MATLAB built-in 

funtion polyfit which performs a least-squares best fit of the data. The inputs variables for 

this function are the displacements at indices m and n for each loading cycle and the 

corresponding forces for these dispalcements. and forces of the descending envelope 

curve. An additional parameter is defined for the function to control the degree of which 

the polynomial will be approximated. A first-degree polynomial (linear) is set for polyfit. 

The output of this function is the coefficients of the best fit line between the forces and 

displacements for the set of curves. Figure B.13 provides a visual for how the line is 

fitted. The function is described below:  

𝐹(𝛿) =  𝑝1𝛿
𝑛 + 𝑝2𝛿

𝑛−1 ,   𝑤𝑖𝑡ℎ 𝑛 = 1 
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v. The coefficient p1 is the slope of the fitted line, and p2 is the y-intercept of the fitted line. 

These are used to approximate r4 and Fi. Figure B.13 shows a full cycle from a sample 

test hysteresis with r4 and Fi overlaid. 

𝑝1 =  𝑟4𝐾0
 
⇒ 𝑟4 = 

𝑝1
𝐾0
   𝑎𝑛𝑑  𝑝2 =  𝐹𝑖  

 

Figure B.13 Pinched loading path parameters overlaid on one cycle from a sample test hysteresis. 

 

vi. Create functions for offset r4 lines to be used for fitting α and β in later steps. 

𝑟4+(𝛿) = 𝑟4𝐾0𝛿 + 3𝐹𝑖 

𝑟4−(𝛿) = 𝑟4𝐾0𝛿 − 3𝐹𝑖 

 

Fitting r3: 

Once the backbone envelope curve and the pinched load path has been defined for 

the MSTEW model, MSTEWfit.m then works to fit r3 which defines the stiffness of the 

unloading path. The process is as follows: 
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i. Create two vectors to define the starting points and the ending points of the set of curves 

for r3. The starting point, m,  is from the indices corresponding to the maximum force for 

a loading cycle. The ending point, n, is from the indices corresponding to the residual 

force of the current loading cycle (i.e. no displacement). 

ii. A loop is performed over each loading cycle to update n and m. Figure B.14 shows an 

example of m and n being updated through the loop for one curve. 

a. For positive displacements of 𝛿𝑚, the index n is decreased by one for each 

instance that: 

𝐹(𝛿𝑛) < max(0 , 𝑟4𝐾0𝛿𝑛)    𝑎𝑛𝑑    𝑛 > 𝑚 + 1 

And the index m is increased by one for each instance that: 

𝛿𝑚 ≠ max(𝛿𝑚, 𝛿𝑛)    𝑎𝑛𝑑    𝑛 > 𝑚 + 1 

b. For negative displacements of 𝛿𝑚, the index n is decreased by one for each 

instance that: 

𝐹(𝛿𝑛) > min(0 , 𝑟4𝐾0𝛿𝑛)    𝑎𝑛𝑑    𝑛 > 𝑚 + 1 

And the index n is decreased by one for each instance that: 

𝛿𝑚 ≠ min(𝛿𝑚, 𝛿𝑛)     𝑎𝑛𝑑    (𝑛 − 𝑚) > 2 
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Figure B.14 Schematic for selection of points used to define the unloading path stiffness using a 

sample test hysteresis. 

 

iii. Create two vectors to hold the displacements corresponding to indices m and n and their 

associated forces of the defined displacements. These define the set of curves used to 

approximate r3. 

iv. Fit a linear line to the set of curves defined. This is done with the MATLAB built-in 

funtion polyfit which performs a least-squares best fit of the data. The inputs variables for 

this function are the displacements at indices m and n for each loading cycle and the 

corresponding forces for these dispalcements and forces of the unloading path. An 

additional parameter is defined for the function to control the degree of which the 

polynomial will be approximated. A first-degree polynomial (linear) is set for polyfit. The 

output of this function is the coefficients of the best fit line between the forces and 

displacements for the set of curves. The function is described below:  

𝐹(𝛿) =  𝑝1𝛿
𝑛 + 𝑝2𝛿

𝑛−1 ,   𝑤𝑖𝑡ℎ 𝑛 = 1 
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v. The coefficient p1 is the slope of the fitted line which is used to approximate r3. Figure 

B.15 shows the unloading slope, r3K0, overlaid on a sample test hysteresis. The same 

unloading stiffness is used for all cycles. 

𝑝1 =  𝑟3𝐾0
 
⇒ 𝑟3 = 

𝑝1
𝐾0
   

 

Figure B.15 Sample test hysteresis overlaid with parameter controlling unloading path. 

 

vi. Define unloading function based on r3: 

𝐹𝑢𝑛(𝛿, 𝛿0, 𝐹0) = [𝑟3𝐾0(𝛿 − 𝛿0)] + 𝐹0 
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Fitting α and β: 

The final two parameters fitted for the MSTEW model are α and β. Both of these 

parameters control the degradation of the hysteresis, with α controlling the strength degradation 

and β controlling the stiffness degradation. These parameters are approximated in the following 

way: 

i. Define the ascedning and descending backbone curve of the imported data: 

𝐹𝑎𝑠𝑐(𝛿) = 𝑠𝑖𝑔𝑛(𝛿)(𝐹0 + 𝑟1𝐾0|𝛿|) [1 − exp (−
|𝛿|𝐾0
𝐹0

)] ∗ 0.9 

𝐹𝑑𝑒𝑠(𝛿) = 𝑠𝑖𝑔𝑛(𝛿){[𝑟2𝐾0(𝛿 − 𝛿𝑢)] + 𝐹𝑢} ∗ 0.9 

ii. Create two vectors to define the starting points and the ending points of the set of curves 

for r5. Note that r5 is not a parameter included in the MSTEW model. It is an additional 

variable used for fitting α and β. The starting point, m,  is from the indices corresponding 

to the maximum force for a loading cycle. The ending point, n, is from the indices 

corresponding to the residual force of the current loading cycle (i.e. no displacement).  

iii. Additional vectors are created to store previous points where unloading begins for each 

cycle, (δun,Fun), to store the point of intersection between the pinched line, r4K0, and the 

loading line with slope Kp, (δin,Fin), and to store a point on the post-peak strength loading 

line, (δl,Fl). The parameter Kp is the degraded reloading stiffness. It is not one of the 

MSTEW parameters incorporated in the model, but it is a function of other variables 

included in the MSTEW parameters. 

vii. A loop is performed over all of the loading cycles to update the variables listed in the 

previous step. Figure B.16 shows an example of the variables being updated through the 

loop for one curve. 
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a. For positive displacements of 𝛿𝑛, the index m is increased by one for each 

instance that: 

𝐹(𝛿𝑚) < 𝑟4+(𝛿𝑚)   𝑎𝑛𝑑    𝑛 > 𝑚 + 1 

And the index n is decreased by one for each instance that: 

𝐹(𝛿𝑛) > 𝐹𝑎𝑠𝑐(𝛿𝑛) 𝑎𝑛𝑑    𝑛 > 𝑚 + 1 

b. For negative displacements of 𝛿𝑛, the index n is decreased by one for each 

instance that: 

𝐹(𝛿𝑛) > min(0 , 𝑟4𝐾0𝛿𝑛)    𝑎𝑛𝑑    𝑛 > 𝑚 + 1 

And the index n is decreased by one for each instance that: 

𝛿𝑚 ≠ min(𝛿𝑚, 𝛿𝑛)     𝑎𝑛𝑑    (𝑛 − 𝑚) > 2 

c. Once m and n for a loading cycle have converged based on the criteria above, the 

reloading stiffness, Kp, is calculated as: 

𝐾𝑝 =
𝐹(𝛿𝑛) −  𝐹(𝛿𝑚)

𝛿𝑛 − 𝛿𝑚
 

d. Next, the variables storing the previous points where unloading begins for each 

cycle, (δun,Fun), are determined. This is done by finding the maximum force and 

displacement for that cycle. From there, the point of intersection between the 

pinched line, r4K0, and the loading line with slope Kp, (δin,Fin) is determined. 

i. For positive displacements of 𝛿𝑛: 

𝛿𝑖𝑛 =
𝐹𝑖 − 𝐹(𝛿𝑛) + 𝐾𝑝𝛿𝑛

𝐾𝑝 − 𝑟4𝐾0
 

𝐹𝑖𝑛 = 𝑟4𝐾0𝛿𝑖𝑛 + 𝐹𝑖 
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ii. For negative displacements of 𝛿𝑛: 

𝛿𝑖𝑛 =
−𝐹𝑖 + 𝐹(𝛿𝑛) + 𝐾𝑝𝛿𝑛

𝐾𝑝 − 𝑟4𝐾0
 

𝐹𝑖𝑛 = 𝑟4𝐾0𝛿𝑖𝑛 − 𝐹𝑖  

iv. The deflection at the interception points for each cycle between the pinched slope line, 

r4K0δ + Fi, and the envelope curve of the imported data is calculated with a function 

minimization approach. 

a. Define optimization function with input variable δ (displacement) 

𝜹𝒊𝒏(𝜹)  =∑{[𝑟1𝐾0𝜹 + 𝐹0] [1 − exp (−
𝜹𝐾0
𝐹0
)] − 𝑟4𝐾0𝜹 − 𝐹𝑖 }

2

  

b. Using MATLAB function fminbnd with input parameters 𝜹 and an upperbound of 

δmax for each cycle, the minimum value of 𝛿  for each cycle is used to 

approximate the parameter 𝛿𝑖𝑛.  

v. The parameters controlling the degredation of the model, α and β, are then calculated. 

Figure B.16 shows an overlay of the approximated parameters on all cycles for a 

displacement amplitude of a sample test hysteresis. 

a. For β, a function minimization approach is used for calculating the parameter.  

i. Set a variable, p, equal to 0.1 to be used as an initial guess to be optimized. 

ii.  Define an optimization function with input variable p. 

𝜷(𝒑)  =∑[|𝛿𝑚𝑎𝑥| − (1 + |𝒑|𝛿𝑢𝑛)]
2 
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iii. Using MATLAB function fminsearch with input parameters 𝜷(𝒑) and an 

upperbound of p, the minimum value of 𝜷(𝒑) is used to approximate the 

parameter 𝑝. 

iv. Set 𝛽 = |𝑝| + 1 

b. For α, a function minimization approach is used for calculating the parameter.  

i. Set a variable, p, equal to 0.25 to be used as an initial guess to be 

optimized. 

ii.  Define an optimization function with input variable p. 

𝜶(𝒑)  = ∑[log |
𝐹0

𝐾0𝛽|𝛿𝑢𝑛|
|

1
1+|𝒑|

− log
𝐾𝑝

𝐾0
]

2

 

iii. Using MATLAB function fminsearch with input parameters 𝜶(𝒑) and an 

upperbound of p, the minimum value of 𝜶(𝒑) is used to approximate the 

parameter 𝑝. 

iv. Set 𝛼 =
1

|𝑝|+1
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Figure B.16 Degradation parameters overlaid on all cycles of a displacement amplitude on a 

sample test hysteresis. 

 

vi. Define function controlling reloading. 

𝐹𝑟𝑒𝑙𝑜𝑎𝑑(𝛿, 𝛿𝑢𝑛, 𝛿0, 𝐹0) = [𝑟3𝐾0 (
𝐹0

𝐾0𝛽|𝛿𝑢𝑛|
)
𝛼

] (𝛿 − 𝛿0) + 𝐹0 

 

Build MSTEW vector: 

At this point, all ten parameters used as inputs for the MSTEW model have been fitted to 

the imported data. These parameters are stored in a single vector to be used for both energy 

calculations as well as building the MSTEW model hysteresis. Figure B.17 shows an overlay of 

the the fitted MSTEW hysteretic model overlaid on a sample test hysteresis. 

𝑃𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝑠𝑀𝑆𝑇𝐸𝑊 = [𝐾0   𝑟1  𝑟2  𝑟3  𝑟4  𝐹0  𝐹𝑖  𝛿𝑢  𝛼  𝛽] 
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Figure B.17 MSTEW hysteretic model overlaid on sample imported test hysteresis. 

Energy Calculations: 

Finally, the cumulative energies dissipation of the MSTEW model and the imported test 

data are calculated. The calculation utilized the built-in MATLAB function cumtrapz. This 

function is used to approximate the cumulative integral of the force vector with respect to the 

displacement vector. This function is used for both the imported test data as well as the MSTEW 

hysteresis. It is caluclated by the following: 

𝐸 (𝛿, 𝐹(𝛿)) =  ∫ 𝐹(𝛿)𝑑𝛿
𝛿𝑒𝑛𝑑

𝛿0

=
1

2
∑(𝛿𝑛+1 − 𝛿𝑛)

𝑁

𝑛=1

[𝐹(𝛿𝑛+1) − 𝐹(𝛿𝑛)]  

𝑤𝑖𝑡ℎ,    𝑁 =  𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑖𝑠𝑐𝑟𝑒𝑡𝑒 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 𝑝𝑜𝑖𝑛𝑡𝑠 𝑎𝑙𝑜𝑛𝑔 ℎ𝑦𝑠𝑡𝑒𝑟𝑒𝑠𝑖𝑠 

With the cumulative energy dissipation calculated for the MSTEW model and the imported test 

data, the error in cumulative energy dissipation between the MSTEW model and the imported tests 

data is then calculated. 
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𝐸𝑒𝑟𝑟𝑜𝑟 = (
𝐸𝑚𝑜𝑑𝑒𝑙 − 𝐸𝑡𝑒𝑠𝑡

𝐸𝑡𝑒𝑠𝑡
) ∗ 100% 

Lastly, the average energy dissipation ratio for the MSTEW hysteresis and the imported test 

hysteresis is calculated. 

𝐸𝑟𝑎𝑡𝑖𝑜 = 𝑚𝑒𝑎𝑛 (
𝐸𝑚𝑜𝑑𝑒𝑙
𝐸𝑡𝑒𝑠𝑡

) 
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