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Service life prediction models for light-framed wood structures require

an extensive quantity of empirical data on deterioration pathologies for the

numerous structural components, as well as mechanistic approaches to

determine their capacity at various levels of deterioration. The data and

models presented in this study satisfy a portion of the information intensive

requirements of service life prediction models and will be used for continued

development of these models.

This study investigated single-shear mechanical properties of three

nailed connection geometries of biodeteriorated aspen oriented strand board

(OSB) sheathing and Douglas-fir framing members, typical in light-framed

lateral force resisting systems. Mechanical properties of the nailed

connections including ultimate and yield strength, stiffness, and energy



dissipation were evaluated at increasing levels of deterioration caused by the

brown rot fungus, Postia placenta, through monotonic and quasi-static fully-

reversed cyclic testing. The OSB sheathing specific gravity was the

strongest explanatory variable for the mechanical properties examined and

controlled the behavior of the connections at increasing levels of fungal

damage. The data suggested that nailed connections in light-framed lateral

force resisting systems can tolerate a moderate amount of fungal attack prior

to significant loss of connection capacity. The connection yield mode

transitioned from nail bending (mode lll) to side member crushing (mode l)

as the weight loss of the OSB sheathing approached 30 percent. Nominal

design capacity and yield mode of nailed sheathing to framing member

connections with fungal deterioration can be estimated using existing yield

models for dowel-type connections through evaluation of the dowel bearing

strength of the decay-damaged wood materials.

Various physical, mechanical, and chemical properties of the OSB

sheathing were monitored in a parallel study at increasing levels of fungal

deterioration including dowel bearing strength, shear strength, weight loss,

and solubility in an aqueous solution of sodium hydroxide (NaOH). These

properties were strongly correlated with the OSB sheathing specific gravity.

Near infrared (NIR) spectroscopy, in combination with multivariate statistical

methods, was used to develop predictive models for weight loss, shear

strength, dowel bearing strength, and solubility. The NIR methods showed



considerable promise as a field inspection tool based on the accuracy of

models developed in this study.
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1. Introduction

1.1. The Wall Cavity Problem

The design of wood structures for durability has been historically

based on the concept of best practices. That is, construction techniques to

mitigate obvious degradation hazards are based on cumulative experience.

A simple set of basic principles is summarized by Hazleden and Morris

(1999) as the four "D's": deflection of water away from the building envelope,

drainage of water that does penetrate the cladding, drying of the wall cavity,

and the use of durable materials in areas where exposure to moisture can

not be avoided. In combination, these prescriptive guidelines can be applied

to the design and construction of wood structures for effective defense

against moisture related degradation. However, architectural sensitivities

often override the ideals of the best practices method. For example, the

West Coast style house is an architectural design influenced by mild climates

characterized by complex roof lines and short eaves. This style relies on

sealants around perforations in the building envelope, rather than roof

overhangs, to deflect rain and has become popular throughout portions of

North America (Hans 1976) even in locations with harsh climates and wind

driven rain. Siding materials such as stucco and the exterior finish insulation

system (EIFS), which are appropriate claddings for the climate of southern
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California, have been incorporated into residential structures in Vancouver,

British Columbia with disastrous results (Hazieden and Morris 1999).

Design for increased energy efficiency of residential structures results

in decreased air flow through exterior walls. Since the energy crisis of the

1970's, homes have become increasingly energy efficient, however,

durability has decreased (Smulski 2000a). The sheathing and framing

members can absorb free water from condensation or leaks around

perforations of the building envelope. Air flow through the exterior wall cavity

is often restricted by air barriers, vapor barriers, sealants, and insulation;

therefore, walls tend to stay wet for longer periods, providing an opportunity

for decay fungi to become established (Smulski 2000b). Fast-paced building

projects, architectural requirements, and a general disregard for durability-

related details also contribute to service life reduction of exterior walls (Carll

2000). The most common zone of precipitation ingress into the wall cavity is

around windows (Nanami et al. 2000).

In the mid 1990's, a disproportionate number of newly constructed

low-rise multi-family light-framed wood structure condominiums in

Vancouver, British Columbia showed signs of mold and decay in the exterior

walls. Most of the condominiums used wire mesh reinforced stucco siding

systems over oriented strand board (OSB) sheathing, with a layer of

polyolefin or asphalt impregnated paper between them. Significant media

attention prompted governmental agencies to study the problem and
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examine potential solutions. A field survey of damaged and undamaged

structures showed that precipitation, rather than internal water sources or

condensation, was the primary source of free water in the wall cavities.

Ninety percent of the external free water ingress was attributed to interface

details between siding systems and features such as doors, windows,

balconies, and mechanical systems. While OSB was more commonly used

for sheathing than plywood, both materials were equally likely to show signs

of fungal deterioration (Lawton 1999).

Design for effective rainwater management is critical for stucco

facades. A study by Lawton et al. (n.d.) showed that once free water entered

the wall cavity of stucco clad wall systems, drying was often negligible after a

5.5 month evaluation under conditions typical of a coastal exposure in

southern British Columbia during the winter (10 °C exterior and 25 °C interior

temperatures). Stucco facades have also been shown to support growth of

molds and algae due to high moisture absorption capacity (Kuenzel and

Sedlbauer n.d.). These experiments highlight the importance of keeping free

water out of the wall cavity.

1.2. Service Life Prediction

Service life is the length of time after a building is constructed during

which the performance of the building meets or exceeds requirements

specified or implied during the design phase (Beau 1998). This concept can
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be applied to an entire building, a sub-system, or single component within a

building. Time-dependent reliabitity analysis can be considered a

probabilistic form of service life prediction. Reliability analysis can be used to

assess the life expectancy of a structure or component in probabilistic terms

by considering both load and resistance as time-dependent probability

functions, where loading functions are based on the expected hazards of the

site and resistance is adversely affected by deterioration mechanisms (e.g.

fungal attack, termite attack, corrosion) (Stewart and Rosowsky 1998).

The first step toward development of a service life prediction model is

identification of the durability hazards (Foliente et al. 2002a, Foliente et al.

2002b). Durability hazards for wood products include decay, termite and

other insect attack, fastener corrosion, marine borer attack, chemical

damage, mechanical damage, and overload from wind, seismic, or vertical

gravity loads. Then, for each durability hazard, the pathology of degradation

needs to be established (Frohnsdorff and Martin 1996). Frequently, there

are multiple pathologies for a given durability hazard. Finally, the expected

performance of the materials under each durability hazard needs to be

quantified for different environments and exposure levels. Frohnsdorff and

Martin (1996) described the prediction of service life as "information

intensive."

The International Organization for Standardization (ISO) published a

set of standards addressing service life of buildings: ISO 15686-1 (2000)



5

and ISO 15686-2 (2001). The standards present a relatively simple method,

commonly called the "factor method," for estimating service life of buildings

and their components. The approach presented in the ISO standards is

deterministic, using seven modifying factors expected to affect service life in

a multiplicative model to adjust a reference service life (RSL) to an estimated

service life (ESL). The RSL is typically an estimated value based on data

from the manufacturer, previous experience, expert opinion, publications, or

building codes. Although designers understand many of the factors which

affect service life including material quality, environmental conditions,

installation techniques, and maintenance, application of service life prediction

models such as the factor method (ISO 2000; ISO 2001) have seen limited

use due to the lack of quantifiable data. Designers recognize that the RSL

and the seven factors are currently estimated based on judgment, not

necessarily scientific data (Hovde 2002).

1.3. Rationale

Shear walls and horizontal diaphragms are primary elements of the

lateral force resisting system responsible for transferring lateral loads (e.g.,

wind and seismic) to the foundation. If proper anchorage is provided, the

connections between the sheathing and framing members have the largest

effect on strength and stiffness, especially the connections around the

perimeter of the sheathing panels. Shear walls are continuous between
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horizontal diaphragms and are usually located between doors and windows

of the exterior wall where evidence shows that moisture is most likely to

penetrate into the wall cavity.

Mechanical properties of shear walls fabricated and evaluated in the

laboratory under monotonic and cyclic loading regimes are well documented

in the literature; however, there are fundamental differences between

laboratory and field conditions. Consistency and adherence to accepted test

standards is of paramount concern in the laboratory where researchers strive

to reduce test variability to increase the power of statistical inferences. In

contrast, shear walls in structural systems are highly variable in terms of the

quality of construction, size, type of materials, loading history, and expected

performance with incalculable interactions between other structural and

nonstructural systems. For design purposes, the complexities are reduced

by a series of simplifying assumptions, which may or may not be

conservative. One of these assumptions is that the shear wall remains dry,

undamaged by previous loading events, and unaffected by corrosion or

biological deterioration. Although experience shows that moisture can often

penetrate the building envelope and provide conditions ideal for fungal

attack, the effect of such damage on the lateral force resisting system has

not been studied. Once a shear wall has been exposed to a deterioration

event (e.g., fungal decay, termites, overload, or fastener corrosion) the lateral

force resisting system is adversely affected. Therefore, it is necessary to
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understand the effects of deterioration in wood-framed lateral force resisting

systems in-use and develop reasonable models to predict their performance

over time.

This research integrates structural engineering, wood science, and

mycology to assess the effects of increasing levels of fungal attack on the

properties of laterally loaded single-shear connections constructed from OSB

sheathing and solid sawn Douglas-fir framing members. This study was

performed for three purposes. First, data will be provided to the research

and engineering communities concerned with service life prediction and

disaster mitigation. The effects of fungal deterioration on the properties of

the connections considered in this study will be used in future research to

develop performance models for shear walls with various levels of decay

damage. In combination with other research, this study will be a critical

component of a holistic service life prediction model for light-framed wood

structures, which should consider the deterioration pathology of the materials

in combination with the probability of extreme loading events due to natural

hazards. Second, the connection performance evaluated in this study is

used to develop methods for incorporating existing yield models for dowel-

type connections to estimate nominal design capacities of nailed connections

with various levels of fungal damage. Third, information on the OSB

sheathing material such as dowel bearing strength, shear strength, specific

gravity, and solubility in an aqueous solution of sodium hydroxide can be
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used to assess the state of OSB sheathing from multiple perspectives. This

information is used to develop predictive models using near infrared

spectroscopy methods, which may ultimately be used as an inspection tool

for evaluation of light-framed walls.

1.4. Organization

The results of this study are presented in four manuscripts and a

series of supporting appendices. The first manuscript (Chapter 2), Effects of

Decay on Wood Composites: A Literature Review, reviews the literature

describing how wood composite materials perform when subjected to fungal

attack. The available data relating weight loss to mechanical properties

reductions for various composite materials is provided. The second

manuscript (Chapter 3), Effects of Wood Decay by Postia placenta on the

Lateral Capacity of Nailed Oriented Strand Board Sheathing and Douglas-fir

Framing Members, presents the results from the monotonic evaluation of

three sheathing-to-framing member connection geometries at increasing

levels of fungal damage. A method to determine the nominal design capacity

of similar connections in a structural assembly with decay damage is

discussed. The third manuscript (Chapter 4), Effects of Decay on the Cyclic

Properties of Nailed Connections, describes the results from a fully-reversed

cyclic evaluation of one sheathing-to-framing member connection geometry

at increasing levels of fungal damage, including peak load, initial stiffness,
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and yield load for both tensile and compressive loading directions and

cumulative energy dissipation. The relationship of these properties to the

OSB sheathing specific gravity is presented. The fourth manuscript (Chapter

5), Effects of Biodeterioration by Wood Decay Fungi on Properties of

Oriented Strand Board Sheathing, presents the effects of increasing levels of

fungal damage on the dowel bearing strength, shear strength, and solubility

in an aqueous solution of sodium hydroxide. X-ray densitometry and near

infrared spectroscopy techniques are used to further evaluate the OSB

samples for development of predictive models.

The appended information is intended to supplement the manuscripts.

Appendix A describes the overall experimental design of this study and is

applicable to Chapters 3, 4, and 5. A summary of wood decay by fungi is

given in Appendix B. A tabulation of test data used in Chapters 3 and 4 is

provided in Appendix C. The data discussed in Chapter 5 are provided in

Appendix D. Finally, x-ray densitometry results (Chapter 5) and a theoretical

background are given in Appendix E.
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2. Effects of Decay on Wood Composites: A Literature Review

2.1. Abstract

This paper reviews the literature on the resistance of wood

composites to fungal deterioration and presents the relationship between

weight loss and the reduction in selected mechanical properties. Wood

composites that develop a network of internal voids when exposed to high

moisture levels, such as oriented strand board, laminated strand lumber,

particleboard, and fiberboards, tend to be more susceptible to fungal

deterioration than solid wood of the same species. Composites such as

plywood, laminated veneer lumber, and glued-laminated beams tend to be

more durable than solid wood of the same species due to inhibitory

compounds in the adhesives and low permeability across gluelines. Wood

plastic composite lumber is significantly more durable than solid wood

because the plastic matrix tends to encapsulate the wood particles, which

slows the uptake of moisture and prevents colonization of fungi. There is

little data relating weight loss and mechanical property reduction for wood

composites suggesting the need for further testing to more clearly determine

the effects of fungat attack on engineering properties of wood composites.
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22. Introduction

Wood degrading fungi are classified on the basis of their effect on the

wood as white rot, brown rot, and soft rot (Forest Products Laboratory 1999).

Most decay fungi consume all wood structural components at approximately

the same rate they are broken down. Brown rot fungi consume the

holocellulose and are considered the most destructive to wood structures

because they depolymerize the cellulose and hemicellulose faster than they

consume the products, often leading to rapid strength reductions. Soft rot

fungi are similar to brown rot fungi in that they primarily use the

carbohydrates, but these fungi tend to flourish in wetter and nearly anaerobic

conditions unfavorable to the other types of decay fungi (Eaton and Hale

1993).

Significant reductions in mechanical properties occur in the early

stages of both brown rot and soft rot decay when the damage can not be

assessed visually (Clausen and Kartal 2003). The effects of brown rot fungi

on the mechanical properties of wood become detectable by non-destructive

methods and microscopic evaluation at weight losses between 5 and 10

percent. The effects of white rot fungi are more closely correlated with

weight loss (Wilcox 1978).

Wilcox (1978) summarized the effects of decay on the properties of

solid wood but there was little information on the effects of the fungi on wood-

based composites. The use of composites in structures has continually
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expanded, including many applications where experience has shown that

moisture intrusion may occur. The effects of wetting on the durability of

many types of composites remain largely unstudied. There are a variety of

studies evaluating the ability of various fungi to cause weight loss in wood

composites, but few relate weight loss to corresponding reductions in

mechanical properties. This paper summarizes the current knowledge of the

effects of decay on weight loss and reductions in mechanical properties of

wood composites including oriented strand board (OSB), plywood, laminated

veneer lumber (LVL), particleboard, fiberboards, and wood-plastic composite

(WPC) lumber.

2.3. Waferboard and Oriented Strand Board

Poor detailing, designs for increased energy efficiency, and

inappropriate siding systems have sensitized the public to the risks of decay

of waferboard (flakeboard) and OSB (Bronski and Ruggiero 2000). Based on

the weight loss rate, OSB has much less durability against fungal attack than

solid wood or plywood of the same species due to the network of internal

voids, which become more prevalent when the panel swells at high moisture

contents. As a result, the surface area available for fungal colonization

increases significantly, which facilitates fungal attack throughout the panel

volume. Laminated strand lumber, waferboard, and OSB are expected to

behave similarly when exposed to fungal attack due to their comparable
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makeup, although differences in resin content and chemistry could be

expected to influence decay rates.

OSB exhibits increased susceptibility to fungal damage in comparison

to plywood, based on the rate of weight loss (Laks et al. 2002, Biblis 2000,

and Morris et al. 1999). Laks et al. (2000) determined weight losses in

Douglas-fir plywood, southern pine plywood, southern pine OSB, and aspen

OSB exposed to Gloeophyllum trabeum (brown rot) and Trametes versicolor

(white rot) in soil block tests (AWPA 2000). The brown rot fungus caused

rapid decay early in the test, but the rate of decay slowly decreased with

time. Aspen OSB had the highest weight loss of all the sheathing types

when exposed to the brown rot fungus (67 percent), whereas Douglas-fir

plywood had a weight loss of only seven percent. In contrast to the brown rot

fungus, the white rot fungus weight losses were initially low but steadily

increased with time. Aspen OSB had a weight loss of 72 percent and

Douglas-fir plywood had a weight loss of eight percent when exposed to this

fungus. Southern pine OSB was more resistant than aspen OSB to both

fungi but less resistant than either of the plywoods.

Although the weight loss rate of OSB tends to be higher than plywood

when subjected to fungal attack, Wang et at. (2004) indicated that for a given

weight loss, aspen OSB retained a higher percentage of modulus of rupture

(MOR) than southern pine plywood; modulus of elasticity (MOE) losses were

similar between OSB and plywood. The OSB samples showed signs of
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fungal damage through the thickness, even near the neutral axis where

bending stresses were low. In contrast, fungal damage was confined to the

surfaces of plywood samples, where bending stresses were high. The more

uniform distribution of fungal growth in the OSB samples tended to attenuate

the rate of MOR loss.

Schmidt et al. (1983) evaluated the performance of treated aspen

waferboards exposed to mold and decay fungi by soil block and soil-pan

exposures. Mechanical properties including edge crushing and static

bending were determined from the soil block and soil-pan samples,

respectively. Linear regression equations were developed relating weight

loss to mechanical property reductions for G. trabeum and P. placenta and

the fit was considered good with correlation coefficients ranging from 0.82 to

0.93. This study indicated that specific gravity may be an suitable

explanatory variable for mechanical property loss in wood composites.

Kent (2004) investigated the effect of fungal attack by Postia placenta

(brown rot) on properties of aspen OSB sheathing including weight loss,

dowel bearing strength, and shear strength. Dowel bearing strength was

evaluated using a 2.87 mm diameter nail (8d box) in accordance with ASTM

D 5764 (ASTM 2003a) and shear strength was evaluated using the shear

fixture of ASTM D 143 (2003b). The OSB samples were weighed in the

oven-dry condition before and after the decay test so weight loss could be

determined. Dowel bearing and shear strength properties, evaluated parallel
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to the strong axis of the panel, were sensitive to small initial weight losses.

Reductions of 15 and 18 percent were observed for the mean dowel bearing

strength and shear strength, respectively, at a weight loss of five percent.

Fungal growth was observed through the thickness of the samples in the

network of internal voids.

The fungal resistance of OSB under laboratory conditions can be

improved using borates. Morris et al. (1999) added 0.1 to 0.2 percent (oven-

dry wood basis) of zinc borate to the furnish to produce OSB panels with

durability similar to untreated Douglas-fir plywood. Sean et al. (1999) found

that OSB panels with one percent zinc borate added to the furnish

experienced less than two percent weight loss when exposed to

Gloeophyllum trabeum and Trametes versicolor in an agar test, whereas

untreated control samples showed a 52 percent weight loss. Tsunoda (2001)

exposed aspen waferboard and other composites to vaporized trimethyl

borate, which reacted with water in the wood to form boric acid and

methanol. A retention of 0.5 percent boric-acid-equivalent (BAE) was

considered adequate to protect wood composites from fungal attack by

Trametes versicolor and Fomitopsis palustris (brown rot) in a 12-week soil-

block test.

OSB panel durability can be improved by using naturally durable or

conventional wood preservatives. Shupe and Hse (2002) showed that

flakeboard manufactured from recycled CCA-treated lumber had significantly
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improved decay resistance compared to untreated flakeboard. Haataja and

Laks (1995) found that flakeboard manufactured from naturally durable

northern white-cedar (Thuja occidentalls) had superior decay resistance

compared to aspen flakeboard (Populus tremuloides) after a 4.5-year field

exposure. Copper naphthenate added to the phenol-formaldehyde resin at a

concentration of 0.11 percent reduced weight losses caused by the brown rot

fungus Gloeophyllum trabeum by 50 percent and the white rot fungus

Trametes versicolor by 36 percent after a 5-week agar plate decay test

(Schmidt 1991). Gertjejansen et al. (1989) found that untreated panels

performed well in above-ground exposures, while ammoniacal copper

arsenate (ACA) was the most effective chemical treatment for panels in

ground contact. Baileys et al. (2003) treated aspen strands with water-

repellent preservative formulations and observed increased resistance to

mold and decay fungi with no adverse effects on panel bending properties.

Chemical modification of the flakes has also been shown to increase

OSB durability. Acetylation of wood refers to the replacement of some

cellulose hydroxyl groups with acetyl groups. The replacement tends to

reduce the level of hydrogen bonding between cellulose polymers and thus

lower the hygroscopicity (Rijckaert et al. 1998). Rowell et al. (1988)

exposed OSB produced using acetylated aspen flakes to a brown rot fungus

and observed neither weight loss nor bending failures after 100 days of a

bending-creep test. Untreated panels made with a phenol-formaldehyde
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adhesive had higher time-to-failure results and less weight loss than panels

made with an isocyanate adhesive. Untreated panels failed at weight losses

below 10 percent. Goroyias and Hale (2002) found that increasing the

temperature and press time from 210 °C and 360 seconds to 250 °C and 720

seconds during manufacture of flakeboards increased the durability of the

panel by 20 percent, in terms of weight loss, after exposure to white rot and

brown rot fungi. These effects may reflect changes in carbohydrate

chemistry as a result of the elevated temperature.

Alexopoulos (1992) found decreases in MOR of up to 39 percent and

reductions in nail holding capacity up to 60 percent in untreated aspen

waferboard after five years of outdoor exposure. The presence of fungal

deterioration was not mentioned. Carli and Feist (1987) experimented with

various combinations of waterproofing and biocide pretreatments with

painted and stained finishes. Their experiments showed that painted aspen

waferboard, even when pretreated with waterproofing chemicats could

support fungal growth in wet exposures. Stained panels did not show signs

of decay, however, surface roughening and flake delamination were more

common than in the painted groups.

2.4. Plywood and Laminated Veneer Lumber

Openings in the building envelope such as doors and windows provide

access points for moisture than can lead to fungal attack of the sheathing.
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Nanami et al. (2000) surveyed external plywood sheathed stud walls of

nineteen-year-old wood-framed residential structures in Japan.

Waterproofing deficiencies around windows were the leading cause of limited

decay damage to the sheathing; otherwise, the wall systems were

considered sound. These findings were not affected by aspect, height above

grade, or usage in the adjacent room. Red meranti plywood samples (500

mm x 300 mm) were obtained from walls having various aspects and heights

and were visually examined to assess decay damage. Bending tests were

performed on decayed and sound regions of the plywood samples to

determine MOE and MOR. Specific gravity was determined after testing.

Bending samples with visible decay had 38 percent of the bending strength

and stiffness and 80 percent of the specific gravity of the sound samples.

Untreated plywood and LVL in outdoor exposures are subject to

strength degradation due to weathering and fungal deterioration. Biblis

(2000) studied the durability of untreated plywood in outdoor exposures

including redwood, western redcedar, Douglas-fir, lauan, baldcypress, and

southern yellow pine in the southeastern United States. Durability was

assessed by appearance, bending strength and stiffness, and shear strength.

Douglas-fir plywood developed the fewest splits on the exposed surface after

six years of exposure, whereas lauan plywood had the most. The lauan

plywood also showed signs of fungal degradation. The Douglas-fir plywood

retained 74 percent of its bending strength, 83 percent of its bending
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stiffness, and 90 percent of its glue-line shear strength. The largest

reductions in bending strength were observed in the western redcedar and

redwood, which retained only 46 percent and 40 percent of their bending

strength, respectively. The heartwood of western redcedar and redwood are

considered naturally durable (Forest Products Laboratory 1999), however, it

was not clear whether the face plies were heartwood or sapwood. Outdoor

exposure tests on LVL, performed by Hayashi et al. (2002) in Japan,

produced brown rot damage in some of the grand fir (Abies grandis) samples

after three years, whereas no decay was observed in the other wood species

evaluated.

The durability of plywood can be improved with conventional wood

preservatives. Fahlstrom (1982) studied the durability of chromated copper

arsenate (CCA) treated plywood stakes with either Douglas-fir or southern

pine face plies. The samples in the treatment group were brush coated with

a nine percent concentrated solution of CCA on the sawed edges. The

treated and control stakes were installed to half their 600 mm length in the

ground at a test site in Florida. The untreated control samples showed

significant signs of fungal deterioration after one year, whereas the treated

samples were in still in good condition after eight years.

Yang et al. (2001) exposed OSB, southern yellow pine LVL

composites, and solid wood to the brown rot fungus Gloeophyllum trabeum

and the white rot fungus Trametes versicolor to compare weight loss rates
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due to fungal degradation. The brown rot fungus degraded the solid wood

samples approximately three times faster than the LVL after the 12-week

exposure, whereas the degradation rate caused by the white rot fungus was

the same for the composite and solid wood samples. The LVL samples

exposed to the brown rot fungus had a four-week delay prior to experiencing

any significant weight loss. No delay was observed for either the solid wood

or LVL samples exposed to the white rot fungus. The alkalinity of phenolic

adhesives may have affected fungal attack as suggested by Laks et at.

(2000).

2.5. Particleboard and Fiberboard

Particleboard and fiberboard, including medium density fiberboard

(MDF) and high density fiberboard (HDF) contain small wood particles with

high surface area to volume ratios. These materials tend to be less durable

than solid wood of the same species due to the network of internal voids that

develop from thickness swelling at high moisture contents. Swelling opens

the matrix altowing fungi to more easily penetrate into the volume. Since

particleboard and HDF are used in applications such as door panels and

siding where moisture exposure is possible, understanding the process and

effects of moisture-induced degradation is important. Significant strength

loss, thickness swell, and delamination can occur due to moisture exposure

alone (Schmidt et al. 1978).
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Both brown rot and white rot fungi are capable of producing significant

decreases in the mechanical properties of particleboard (Deon and Trong

1986). The addition of preservatives to increase biological durability of

particleboard has been studied since at least 1960 (Brown and Alden 1960),

with limited success. Mechanical properties of particleboard can be reduced

by exposure to moisture, especially in panels containing urea-formaldehyde

resins (Toole and Barnes 1974), which makes it difficult to separate fungal

and water-induced strength losses (Schmidt et al. 1978). Particleboards

made from phenol-formaldehyde resins have increased short-term durability

against wood decay relative to those made from urea-formaldehyde (Schmidt

et al. 1978, Imamura and Kajita 1990, Curling and Murphy 1999) and solid

wood of the same species (Toole and Barnes 1974). However, this effect is

short term and dissipates once the inhibitory phenolic compounds leach from

the panel.

Merrill and French (1964) investigated the effect of G!oeophyllum

trabeum on the nail pull-through capacity of aspen fiberboards. They found

that the pull-through strength was insensitive to the speed of the test, but

was highly sensitive to the level of fungal damage. Strength loss and weight

loss were strongly correlated. A 12-15 percent weight loss was associated

with approximately a 50 percent reduction in pull-through strength.
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2.6. Wood-Plastic Composites

WPC lumber is a viable substitute for treated lumber in applications

with moderate loads and relatively short spans, such as decking. Although

WPC mixtures are proprietary and vary between manufacturers, they are

generally composed of wood particles in a plastic matrix in ratios varying

between 50/50 to 70/30 (percent wood I percent plastic). As with solid wood

and wood composites, WPC's are subject to deterioration by fungi. Wood-

plastic composite (WPC) lumber is more durable than solid wood of the same

species because the plastic matrix tends to encapsulate the wood particles,

preventing or significantly slowing the progression of moisture and fungal

activity. The degree of moisture and fungal protection is a function of the

wood/plastic ratio and wood particle size, where smaller particles and lower

wood/plastic ratios tend to be more durable. The durability can be further

improved by treating the wood particles and decreasing the wood/plastic ratio

below 50/50.

Some WPC formulations can support fungal growth in the laboratory

and in service depending on the wood/plastic ratio and the size of the wood

particles. Morris and Cooper (1998) observed fungal fruiting bodies on WPC

lumber in service for only four years as decking material in the Everglades

National Park. The decay fungi isolated from samples taken at the site

included G!oeophyllum stralatum (brown rot) and Pycnoporus sariguineus

(white rot). Mankowski and Morrell (2000) showed that WPC's with high
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wood/plastic ratios (70/30) were susceptible to decay by both brown rot and

white rot fungi, while WPC lumber having approximately equal quantities of

wood and plastic (50/50) did not experience significant deterioration. Verhey

et al. (2001) evaluated decay resistance of WPC materials where the

wood/plastic ratio varied between 30/70 to 70/30 in ten percent increments,

using ponderosa pine (Pinus ponderosa) and a polypropylene thermoplastic.

Soil block tests showed that brown rot fungi were more aggressive than white

rot fungi. Wood/plastic ratios in excess of 50/50 exhibited significant weight

loss increases for both fungi, while weight loss was relatively constant below

the 50/50 ratio. WPC mixtures containing more than 50 percent wood

appeared to contain pathways in the plastic matrix linking many of the wood

particles. Conversely, wood particles were encapsulated and weti dispersed

in mixtures containing less than 50 percent wood, slowing or preventing

moisture absorption and hyphal growth between particles. Pendleton et al.

(2002) indicated that the durability of wood plastic composites could be

increased by either decreasing the wood/plastic ratio or through addition of

chemical preservatives, such as zinc borate. Verhey and Laks (2002)

showed that particle size was inversely proportional to weight loss in

laboratory tests.

While fungi can clearly attack WPC's, their effects on material

properties are unclear. Verhey et al. (2003) found that zinc borate treated

and untreated WPC's stakes in soil contact experienced substantial losses in
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bending properties. Isolations performed on fragments from the WPC stakes

after twelve months of exposure showed no evidence of decay fungi,

however, the probability of successfully culturing a fungus increased with

increasing wood-to-plastic ratios. Fungi were isolated from all samples

composed of more than 50 percent wood. Bending strength decreased with

increasing exposure for both treated and untreated samples and was

attributed to moisture effects, rather than fungal attack.

2.7. Relationship Between Weight Loss and Mechanical Properties

Table 2.1 presents the relationship between weight loss and the

reduction in various mechanical properties for OSB, plywood, fiberboard, and

solid wood exposed to brown rot attack. The composite materials presented

in Table 2.1 were the only materials found in the reviewed literature where

strength values were correlated with weight losses. No information relating

weight loss to mechanical property reductions was found for parallel strand

lumber (PSL), laminated strand lumber (LSL), glued-laminated beams

(glulam), medium density fiberboard (MDF), high density fiberboard (HDF), or

particleboard. The durability of these composites, however, can be

speculated based on the performance of other materials. PSL has numerous

internal voids, even at low moisture contents, and may be expected to

deteriorate at an accelerated rate under fungal attack. However, PSL

composites are fabricated using phenolic adhesives, which may provide
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Table 2.1: Relationship between weight loss and the reduction in selected
mechanical properties for wood composites and solid wood exposed to

brown rot attack.

Material,
Fungi Species

Weight Loss
(%)

Modulus of
Rupture

Modulus of
Elasticity

Reference

0.54 26.9 -

Southern Pine OSB,
Gloeopbyllum trabeum

1.58 26.9 -
Ross et al. (2003)

5.08 45.2 -

8.39 63.5 -

Aspen OSB,
Postía placenta and

2 5-20 10-20
Wang et al. (2004)5 25 40

Gloeophyllum trabeum 10 30 60

Red meranti Plywood
(strong axis), 19 61.6 61.5

Unknown Fungi
Nanami et al (2000)

Red meranti Plywood
(weak axis), 18 54.0 45.9

Unknown Fungi

Douglas-fir Plywood 2 10-20 10-20
(strong axis),

5 20- 30 40 Wang et al. (2004)
Postia placenta and

Gloeophyllum trabeum 10 40-50 60

Solid Wood,
Various fungi

2 13 - 50 4 - 55
Wilcox (1978)

6 61 66

Aspen OSB,

5 16

Kent (2004)
10 31

20 54Postia placenta

50 83

5 18

Aspen OSB,
Postia placenta

10 35
Kent (2004)

20 61

50 96

Nail Head Pull-Through Strength

Fiberboard,
Gloeophyllum trabeum

15 50 Merrill and French (1964)
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short-term protection. LSL, as previous stated is expected to behave like

OSB, as the manufacturing process and materials are similar. Glued-

laminated beams may perform better than solid wood beams due to the

absence of large splits and checks. Performance of the fiberboard products

(MDF and HDF) should parallel that of particleboard.

2.8. Conclusions

The relationship between microbial induced weight loss and

mechanical loss for wood composites is not well documented in the literature.

Given the more uniform nature of many of these materials and the ability to

use this uniformity to design structures to closer tolerances, one would

expect a much greater interest in understanding the effects of fungal attack,

and the related effects of concurrent long term exposure to elevated moisture

levels, on composite properties. The majority of previous studies assess

composite weight loss of modified (chemically or otherwise) and unmodified

wood composites, despite the knowledge that weight loss is a poor

explanatory variable for bending, tensile, and energy properties. Thus, there

is a need to perform basic research to better understand relationships

between weight loss and mechanical properties for the diverse suite of wood

composites.
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3. Effects of Wood Decay by Postia placenta on the Lateral
Capacity of Nailed Oriented Strand Board Sheathing and Douglas-fir

Framing Members

3.1. Abstract

The effect of wood decay on the single shear strength of nailed

oriented strand board (OSB) sheathing to Douglas-fir framing member

connections was investigated. The connections evaluated in this study were

representative of those present in lateral force resisting system components

of light-framed wood structures; including shear walls and horizontal

diaphragms. Strength and stiffness of the nailed connections were

characterized using monotonic testing of samples exposed for increasing

intervals to the brown rot fungus, Postia placenta. After the destructive tests,

portions of the sheathing and framing member from the samples were further

evaluated for dowel bearing strength and weight loss. The results indicated

that existing yield models used for design of nailed connections can predict

nominal design values for nailed connections of OSB sheathing and

Douglas-fir framing members with various levels of decay damage, provided

that the dowel bearing capacity of the wood materials can be assessed.
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3.2. Keywords

Wood decay, brown rot, Postia placenta, connections, yield models, oriented

strand board, nails

3.3. Introduction

Brown rot fungi are primarily basidiomycetes that consume portions of

the wood structure, leaving the decayed wood looking dark brown, dry, and

heavily checked across the grain (Eaton and Hale 1993). Brown rot is

considered the most destructive and economically important decay type for

commercial softwoods. It is estimated that up to 80 percent of the cases of

fungal decay in wood building materials are caused by brown rot fungi

(Green and Highley 1997). Interestingly, this group accounts for only six

percent of the wood deterioration in forested areas (Gilbertson and Ryvarden

1980). At the early stages of brown rot decay, or incipient decay, significant

reductions in the mechanical properties can occur with little observable

changes in the physical properties, making early decay damage very difficult

to detect. The modulus of rupture of solid wood can change 13 to 50 percent

with only a two percent weight loss (VVilcox 1978).

The effect of decay on the properties of wood connections has

received little attention in the literature. Only one reference to nailed

connections was found. Merrill and French (1964) studied the effect of

nailhead pull-through strength at various levels of decay damage and found
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that a 12-15 percent weight loss caused an approximate 50 percent

reduction in pull-through strength.

Laterally loaded nailed connections are designed according to the

National Design Specifications for Wood Construction (NDS) using yield

models (AFPA 2001). As an engineering mechanics-based approach, yield

models incorporate connection geometry and wood and fastener material

properties to predict the connection yield strength. The wood property used

in the yield models is the dowel bearing yield strength, determined according

to ASTM D 5764 (ASTM 2003a). Figure 3.1 shows the definition of the

dowel bearing yield load, P5%, which is defined as the intersection of the

load-deformation curve and a line parallel to the initial linear region of the

load-deformation curve that is offset by a distance of five percent of the

dowel diameter. The dowel bearing yield stress (MPa) is computed by

dividing P5% (N) by the projected contact area between the nail shank and

the wood test specimen (mm2). The nail property used in the yield models is

the bending yield strength, determined according to ASTM F 1575 (2003b).

Dowel bearing strength for wood products has been described by Wilkinson

(1991) and its use for the design of laterally loaded wood connections is

given in a technical report by AFPA (1999).
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Figure 3.1: Dowel bearing load-deformation curve showing definition of yield
load.

This study investigated the effects of fungal decay on the properties of

three types of oriented strand board (OSB) sheathing to Douglas-fir framing

member connections found in light-framed wood shear walls and horizontal

diaphragms. A principal component of this study was to determine if existing

connection yield models could be used to predict the nominal design capacity

for connections with various levels of fungal damage using dowel bearing

strength values determined from the decayed materials.

3.4. Experimental design

The experiment was organized as a completely randomized design

with a full factorial treatment structure with main effects of connection

geometry at three levels, inoculation at two levels, and incubation time at five

37
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levels (Table 3.1). Ten replications were assessed per treatment

combination. Three connection geometries were considered: field, edge,

and sill to represent different locations in typical light-framed wood shear

walls and horizontal diaphragms as shown in Figure 3.2 (shear wall example

shown). Samples were either inoculated with the brown rot fungus Postia

placenta or not inoculated (control). Five incubation times were considered

for examination of the mechanical properties at various levels of decay

ranging from no decay damage to extreme decay damage: 0, 5, 10, 20, and

30 weeks. The a priori alpha level for tests of significance in this study was

set at 0.05. Probability values (p-values) for comparisons between test

groups were adjusted using Tukey's Honest Significant Difference (Steel et

al. 1997).

Table 3.1: Combinations of connection geometries and incubation times
used to assess the effects of fungal attack.

Test Group
Identification

Connection
Geometry

(main effect,
three levels)

P. placenta
Inoculation Level

(main effect,
two levels)

Incubation
Times (weeks,

main effect,
five levels)

Replications
per main effect

combination

Total Number
of Samples in
Test Group

EC Edge Control 0, 5, 10, 20, 30 10 50

FC Field Control 0, 5, 10, 20, 30 10 50
PC Plate Control 0, 5, 10, 20, 30 10 50

El Edge Inoculated 0, 5, 10, 20, 30 10 50

Fl Field Inoculated 0, 5, 10, 20, 30 10 50
P1 Plate Inoculated 0, 5, 10, 20, 30 10 50

Total 300
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Figure 3.2: Examples of where the three connection geometries, evaluated
in decay tests, might appear in a light-framed wood shear wall.

3.5. Materials and methods

The nailed single-shear connection samples were constructed from

11.9 mm thick aspen OSB sheathing (nine percent Populus balsamifera L.

and ninety-one percent Populus tremuloides Michx.), 38 mm x 89 mm

Douglas-fir (Pseudotsuga menziesll [Mirb.] Franco) lumber and a single

pneumatically driven smooth-shank nail (2.87 mm diameter by 63.5 mm

long). A diagram of the three connection geometries is shown in Figure 3.3.

The field and edge connection geometry samples were similarly constructed

with the exception of the saw kerf in the OSB of the edge geometry samples,
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11 mm from the nail centerline (four nail diameters) which were provided to

simulate an OSB sheathing panel boundary. Nails were centered in the

thickness of the framing mebers Fixtures were designed to hold the

sheathing and framing members in a fixed relation so the nails could be

reproducibly driven in the same relative location in each connection sample.

The moisture content of the wood materials at the time of fabrication was

approximately 8 percent (oven-dry basis).
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Figure 3.3: Diagrams of the three connection geometries used to study
effects of fungal decay on connection behavior.
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After construction, each sample was immersed in a water bath for four

weeks to both increase the moisture content of the wood materials and to

leach compounds that could affect growth of the decay fungi (Curling and

Murphy 1997). Afterwards, each sample was sterilized by heating to 121 °C

for 45 minutes. Immediately after sterilization, each sample was placed into

its own polyethylene bag and sealed under sterile conditions.

Postia placenta (Fr.) M. Lars. et Lomb. (Madison 698) inoculum was

prepared by inoculating 200 mL of one percent malt extract with an agar plug

cut from the actively growing edge of a culture of the test fungus. The malt

extract was incubated for two weeks and the resulting mycelium was

collected with a filter, washed with sterile distilled water then resuspended in

sterile distilled water. The resulting mixture was fragmented in a blender for

30 seconds.

One-half of the samples from each configuration were randomly

selected and inoculated with two 200-pL doses of the inoculum. The

inoculum was injected between the OSB and Douglas-fir, one dose on either

side of the nail using the pipette tip to pierce the polyethylene bag. The bag

was repaired with tape after inoculation.

The inoculated and control samples were incubated at 30 °C and 95

percent relative humidity (RH) for 0, 5, 10, 20, and 30 weeks. At each

scheduled incubation time, sets of ten randomly selected samples were

removed from the incubation room for each treatment combination. The
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samples were removed from their polyethylene bags and placed in an

environmental chamber at 30 °C and 25 percent RH for 48 hours where the

average moisture content in the OSB decreased below 30 percent, as

determined with a resistance-type moisture meter, inhibiting further growth of

the fungus. The samples were then conditioned at 20 °C and 65 percent RH

for five weeks until the wood components reached an equilibrium moisture

content of approximately 12 percent.

The loading geometry and setup of the test fixture was based on the

study by Potensek (1988). The connection samples were tested in a

computer-controlled hydraulic-actuated testing machine at a constant load

head velocity of 5 mm per minute. Two setups were used to test the

connection samples. The first setup was used for the field and edge

connection geometries as shown in Figure 3.4. Compression clamps

gripped the sheathing on the top end and an aluminum plate mechanically

fastened to the framing member with wood screws at the bottom end. A

linearly variable differential transformer (LVDT) with a useable linear range of

19 mm measured the relative slip between the sheathing and the framing

member; the internal LVDT in the hydraulic actuator was used to measure

deformations beyond 19 mm. A similar test configuration was used for the

plate connection geometry, the primary differences being the shape and

attachment of the metal plate, which was fastened to the framing member on

either side of the sheathing, and location of the LVDT as shown in Figure 3.5.
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Figure 3.4: Configuration of the assembly used to assess the effects of
fungal exposure on field and edge connections.

To minimize the inherent eccentricity of connection specimens, the

slip surface between the sheathing and framing member was positioned

along the centerline of the hydraulic actuator and load cell by adjusting the

lateral position of the clamps. The metal bracket between the bottom clamp

and the test specimen was approximately the same thickness as the swelled

sheathing to accommodate proper positioning.
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Figure 3.5: Configuration of the assembly used to assess the effects of
fungal exposure on plate connections.

After destructive testing of the connection samples, sub-samples of

each sample were cut from the sheathing and framing member. The sub-

samples were obtained as close as possible to the original position of the

nail, as shown in Figure 3.3. Dowel bearing strength (Fl group only),

moisture content (oven-dry basis), and specific gravity (based on oven-dry

dimensions and weight) were measured.

Dowel bearing strength of the sub-samples was determined in

accordance with ASTM D 5764 (2003a). A 2.95 mm diameter, half-hole was

machined in one face of each sheathing and framing member sub-sample by

clamping a piece of OSB to the interface of the sub-sample where the hole

44
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was to be positioned, then drilling a 2.95 mm diameter hole at the seam of

the two abutting pieces. The half-hole was placed on the side of the

sheathing and framing member sub-samples originally facing the nail. The

normal procedure for producing this type of dowel bearing test sample as

described in ASTM D 5764 requires drilling a pilot hole at the seam with a

diameter between 75 and 90 percent of the nail shank diameter then driving

a fastener perpendicular to, and through, the pilot hole to produce the half-

hole. However, for this study, nails were not driven through pilot holes

because of the possibility of damaging the heavily decayed samples.

The dowel bearing test sample was placed in a small vice, which

provided lateral support and was positioned on top of a load cell and directly

below a hydraulic actuator. A 2.87 mm diameter by 60.3 mm long nail was

placed in the half-hole of the test sample. The hydraulic actuator

compressed the nail shank at a constant velocity of 1.3 mm per minute into

the sub-samples (Figure 3.6). An LVDT recorded the movement of the

hydraulic actuator and a load cell measured the load applied to the top

surface of the nail. The test proceeded until the nail was embedded for a

distance of half the nail diameter, 1.4 mm, and the load head came in contact

with the sub-sample. The moisture content and specific gravity were then

evaluated for each sample.
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Figure 3.6: Configuration used to test the effects of fungal exposure on
dowel bearing strength of nailed Douglas-fir framing member and OSB

sheathing samples.

3.6. Results

The average and coefficient of variation for ultimate and yield loads

are presented in Table 3.2. Plots of the ultimate and yield loads for the three

connection geometries are shown in Figure 3.7. The ultimate load of the

inoculated samples experienced significant decreases, but only after 20 or 30

weeks of incubation. No significant effects were noted for ultimate strength

between zero and 10 weeks for any of the three connection geometries (p-

values of 0.66, 0.43, and 0.62 for the Fl, El, and Pt groups, respectively,

Table 3.3). The largest decrease over time occurred with the plate geometry,
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probably due to the close proximity of the nail shank and OSB panel

boundary to the direction of loading. Yield strength decreases over time

were observed for the Fl and P1 groups (p-values < 0.001), but the not for the

El group (p-value = 0.89, Table 3.3). Table 3.3 shows the ratio of treatment

(inoculated) to control (not inoculated) values for ultimate and yield loads and

corresponding p-values for the difference between the inoculated and control

groups.
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Figure 3.7: Effects of fungal exposure on ultimate and yield strength of
nailed Douglas-fir framing member to OSB sheathing connections of three
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Table 3.2: Ultimate and yield loads of nailed Douglas-fir framing member
and OSB sheathing assemblies exposed to a decay fungus for 0 to 30

weeks.

E - Edge, F - Field, P - Plate, I - Inoculated, C - Control. Value represents means of 10
replicates, while value in parentheses represent coefficients of variation.

Table 3.3: Ratios of fungal exposed to non-exposed assembles for ultimate
and yield loads over a 30-week exposure to Postia placenta.

Fungal
Exposure

Time (weeks)

Ultimate Load (N)
(Coefficient of Variation)

Yield Load (N)
(Coefficient of Variation)

EC FC PC El Fl P1 EC FC PC El Fl P1

0
1427 1398 1327 1340 1482 1245 383 358 456 342 382 484
(0.17) (0.28) (0.19) (0.13) (0.19) (0.20) (0.12) (0.15) (0.11) (0.13) (0.14) (0.12)
1374 1456 1351 1287 1500 1192 396 394 407 353 381 393
(0.24) (Ô.20) (0.10) (0.36) (0.24) (0.20) (0.18) (0.10) (0.09) (0.19) (0.12) (0.20)

10
1491 1683 1400 1236 1328 1180 388 393 367 gj

(0.12)(0.20) (0.18) (0.20) (0.19) (0.31) (0.17) (0.12) (0.11) (0.13) (0.10) (0.21)

20
1477 1683 1340 1308 1328 1133 394 393 365 367 408

(0.27) (0.18) (0.09) (0.34) (0.31) (0.36) (0.16) (0.11) (0.15) (0.16) (0.21) (0.22)
1426 1464 1334 473 514 318 363 350 440 282 160

(0.30) (0.19) (0.15) (0.25) (0.43) (0.29) (0.22) (0.10) (0.10) (0.28) (0.27) (0.30)

Time
(weeks)

Description
Ultimate Load Yield Load

Field Edge Plate Field Edge Plate

0
Treatment/Control 1.06 0.94 0.94 1.07 0.89 1.06

p-value 0.530 0.514 0.540 0.361 0.112 0.284
Tukey-Adjusted p-value 1.000 1.000 1.000 1.000 0.999 1.000

5

Treatment/Control 1.03 0.94 0.88 0.97 0.89 0.97
p-value 0.742 0.512 0.231 0.619 0.101 0.592

Tukey-Adjusted p-value 1.000 1.000 1.000 1.000 0.999 1.000

10
Treatment IControl 0.92 0.83 0.84 0.94 0.91 0.98

p-value 0.379 0.055 0.099 0.027 0.158 0.805
Tukey-Adjusted p-value 1.000 0.986 0.999 0.922 0.999 1.000

20
Treatment/Control 0.79 0.89 0.85 0.94 0.93 0.86

p-value 0.008 0.005 0.120 0.330 0.270 0.014
Tukey-Adjusted p-value 0.651 0.529 0.999 1.000 1.000 0.795

30
Treatment I Control 0.35 0.33 0.24 0.66 0.87 0.36

p-value <0.001 <0.001 <0.001 <0.001 0.002 <0.001
Tukey-Adjusted p-value <0.00i <0.001 <0.001 0.003 0.322 <0.001
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The specific gravity and coefficient of variation for sheathing and

framing member sub-samples are presented in Table 3.4. Specific gravity

values and mean weight losses for the sheathing and framing member at

each incubation time for the inoculated and control groups are shown in

Figures 3.8 and 3.9, respectively. The weight loss values in Figure 3.9 are

an aggregate of all connection geometries, calculated based on the density

of the sub-samples compared to the average density of all samples at zero

weeks incubation time. The framing members in the inoculated groups

experienced relatively minor fungal damage after thirty weeks of incubation

with an average weight loss below six percent. Fungal damage of the

framing members was not uniform through the cross section but tended to

occur on the surface. In contrast, the sheathing experienced extreme decay

damage after thirty weeks of incubation with an average weight loss of 32

percent. The distribution of decay damage through the sheathing cross

section was relatively uniform due to the presence of internal voids between

the wood flakes from thickness swelling caused by the water immersion prior

to sterilization.
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Table 3.4: Effect of fungal exposure on specific gravity of OSB and Douglas-
fir sub-samples.

E - Edge, F - Field, P - Plate, I - Inoculated, C - Control. Values represent means of 10
replicates, while values in parentheses represent coefficients of variation.

Fungal
Exposure

Time (weeks)

OSB Specific Gravity
(Coefficient of Variation)

Douglas-fir Specific Gravity
(Coefficient of Variation)

EC FC PC El Fl P1 EC FC PC El Fl P1

0
0.480 0.465 0.465 0.448 0.466 0.478 0.487 0.422 0449 0.455 0.447 0.491
(0.03) (0.03) (0.03) (0.02) (0.02) (0.03) (0.14) (0.16) (0.14) (0.15) (0.17) (0.11)
0.485 0.495 0.454 0.477 0.471 0.447 0.439 0.456 0.433 0.479 0.479 0.426
(0.03) (0.02) (0.02) (0.02) (0.03) (0.02) (0.13) (0.11) (0.13) (0.16) (0.15) (0.15)

10
0.459 0.473 0.446 0.449 0.417 0.444 0.441 0.443 0.435 0.433 0.427 0.449
(0.03) (0.04) (0.02) (0.04) (0.06) (0.02) (0.08) (0.16) (0.10) (0.20) (0.12) (0.15)

20
0.456 0.473 0.462 0.418 0.417 0.399 0.451 0.448 0.442 0.424 0.439 0.435
(0.03) (0.04) (0.03) (0.03) (0.06) (0.02) (0.14) (0.08) (0.16) (0.14) (0.14) (0.14)

30
0.456 0.478 0.466 0.330 0.333 0.287 0.484 0.424 0.435 0.482 0.446 0.408
(0.02) (0.02) (0.04) (0.03) (0.02) (0.03) (0.12) (0.10) (0.12) (0.16) (0.19) (0.19)
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Figure 3.9: Weight loss of OSB sheathing and Douglas-fir framing members
following exposure to Postia placenta for zero to thirty weeks.

3.7. Design Strength Estimates

The discussion of predicted design strength and yield modes is limited

to the field connection geometry because the other connection geometries

are influenced by edge effects due to the proximity of the nail to sheathing

panel boundaries (Figure 3.3). Dowel bearing strength calculations for the

sheathing are based on the nominal panel thickness in the as-manufactured

condition (11.9 mm). The soaking and sterilization process caused a non-

recoverable thickness swell in the sheathing of approximately 31 percent;

however, based on a comparison between field geometry connection

samples tested in the dry condition without undergoing sterilization or
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inoculation (n=10) and the combined results from the control and inoculated

field geometry samples at the zero-week incubation time (n=20), the effect of

soaking and sterilization on the ultimate strength was not significant (p-value

= 0.327). In addition, preliminary tests comparing the dowel bearing strength

of OSB samples evaluated in the dry condition (n=23) and others tested after

soaking and sterilization (n=17) indicated no significant difference at the a

priori alpha level of 0.05 (p-value = 0.069).

Table 3.5 presents the dowel bearing yield strength results for

sheathing and framing members (Fl group only) and analysis of yield load

and design strength determined using two different approaches. In the top

part of Table 3.5, the sub-sample dowel bearing results from the Ft group are

used. The average yield load and nominal design load at each incubation

time were calculated from yield models in the NDS (AFPA 2001). The

nominal design load is defined as the computed yield load (from the yield

models) divided by the NDS reduction term, Rd, of 2.2 for the nail diameter

used in this study (AFPA 2001). In the lower portion of Table 3.5, estimated

design loads from the connection tests in the Fl group were computed as the

observed yield load divided by a reduction term of 2.2.
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Table 3.5: Effects of fungal exposure on dowel bearing strengths from sub-
samples and corresponding yield and design loads calculated per the NDS.

Observed yield load from connection tests divided by expected design load as
determined from results of sub-sample analysis.

Expected design load based on sub-sample analysis divided by estimated design
load from connection tests.

The calculated reduction term in the lower part of Table 3.5 was

determined by dividing the observed yield load of connection tests for the Ft

group by the expected design load of the sub-sample dowel bearing tests.

The results are shown in Table 3.5 and plotted in Figure 3.10. The design

loads determined using sub-sample dowel bearing strength results and the

design loads estimated from the connection test results decreased with

increasing incubation time, as the level of fungal damage increased. The

Time
(weeks)

Nominal OSB
Dowel Bearing
Yield Strength,

Fes (MPa)

Douglas-fir
Dowel Bearing
Yield Strength,

Fern (MPa)

Basis: Fl group sub-sample
dowel bearing tests

Expected Yield
Load (N)

Expected Design
Load (N)

0 28.21 37.12 548 249
5 28.00 43.05 559 254
10 22.85 35.79 488 222
20 18.47 39.87 460 209
30 8.13 30.15 275 125

Time
(weeks)

Basis: Fl group connection tests Calculated
Reduction

Term
Design ratio2

Observed Yield
Load (N)

Estimated
Design Load (N)

0 382 174 1.53 1.43
5 381 173 1.50 1.47
10 344 156 1.55 1.42
20 367 167 1.76 1.25
30 233 106 1.86 1.18



56

calculated reduction term ranged from 1.50 to 1.86, increasing as the

incubation time increased.
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Figure 3.10: Design strength estimates and calculated reduction terms for
the yield mode equation.

The design ratio given in the lower part of Table 3.5 is an indicator of

the suitability of using sub-sample analysis to estimate the nominal design

capacity of the field connection geometry employed in this study. The ratio

exceeded 1.0 in all cases, indicating that the sub-sample analysis approach

tended to overestimate the estimated design load by 18 to 47 percent as

determined by actual testing of the connection. However, the design ratio

approached unity as the level of decay increased. Furthermore, the sub-
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sample analysis approach predicted a nominal design load for the Fl group at

an incubation time of zero weeks very close to the tabulated value in the

NDS (AFPA 2001). Using the published dowel bearing yield (P5%) values

for Douglas-fir and OSB of 32.1 MPa (specific gravity of 0.50 for both the

Douglas-fir and OSB), the nominal design load of the field geometry

connection is 258 N (AFPA 2001), which is consistent with the nominal

design load of 249 N shown in Table 3.5 at an incubation time of zero weeks

(using the Fl group sub-sample dowel bearing tests as a basis).

The predicted yield mode for harvest times of 0, 5, 10, and 20 weeks

based on the dowel bearing strength results from the sub-samples of the Fl

group and yield models (AFPA 2001) was lll, bending of the nail at a point

just beneath the surface of the Douglas-fir main member. At 30 weeks of

fungal exposure, the predicted yield mode was l, crushing of the OSB side

member. The yield mode predictions were consistent with the yield modes

observed from the Fl group, which were consistently lll until the 30-week

harvest time, where 40 percent of the connections experienced a I yield

mode.

These results indicate that the nominal lateral capacity and failure

mode of nailed sheathing to stud connections with varying levels of decay

damage can be predicted using existing yield models, if the dowel bearing

strength of the wood components is known. A reasonable sampling program

could be established with sample sizes determined according to ASTM D
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2915, section 3.4.2 (2003c) to quantify dowel bearing strength of wood

components of connections in-situ. An estimate of the coefficient of variation

(COy) is needed for the sample size calculation of ASTM D 2915. Based on

the results of this study the COV should be on the order of 30 to 50 percent

for OSB and 20 to 30 percent for Douglas-fir, depending on the severity of

the decay damage.

3.8. Conclusions

In the laboratory, lateral capacity of nailed OSB sheathing to Douglas-

fir framing members with various levels of decay damage is controlled

predominately by the performance of the OSB, which decays at a much

higher rate than Douglas-fir framing members. However, the lateral

connection capacity is surprisingly robust through the early and intermediate

stages of decay. When the OSB sheathing weight loss exceeded 12 percent

(between the 20 and 30-week incubation times), the lateral capacity of the

connections declined at an increased rate.

For design purposes, the nominal design capacity of lateral nailed

connections of OSB sheathing and Douglas-fir framing members with various

levels of decay damage can be estimated using the yield models of the NDS

(AFPA 2001) through evaluation of the dowel bearing strength of the decay-

damaged wood materials. Calculated reduction terms in the yield model

equations ranged from 1.53 to 1.86 in this study.
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4. Effects of Decay on Hysteretic Behavior of Laterally Loaded Wood
Connections

4.1. Abstract

The effect of wood decay on the fully-reversed cyclic performance of

nailed oriented strand board (OSB) sheathing to Douglas-fir framing member

connections was investigated. The connection geometry evaluated in this

study is representative of lateral force resisting systems of light-framed wood

structures, including shear walls and horizontal diaphragms. Maximum

loads, slip at maximum loads, yield loads, initial stiffnesses, and cumulative

energy dissipation of nailed connections exposed for increasing intervals to a

brown rot fungus, Postia placenta, were characterized in the tensile and

compressive directions using fully-reversed cyclic loading. After the

destructive tests, portions of the sheathing and framing member from the

samples were further evaluated for specific gravity. The OSB sheathing

specific gravity was the best descriptive variable for the mechanical

properties measured in this study. Cumulative energy dissipation was the

connection property most affected by decay damage.

4.2. Introduction

Nailed connections between sheathing and framing members are the

primary source of strength, stiffness, and energy dissipation in properly

supported shear walls and horizontal diaphragms during cyclic seismic and
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wind events (Polensek and Bastendorif 1987). Connections are often the

primary source of ductility in wood structures (Chul and Ni 1998). However,

the reviewed literature fails to address the effect of biological deterioration on

the performance of nailed connections subjected to fully-reversed lateral

cyclic loading. Understanding the effect of biological deterioration on the

behavior of laterally loaded nailed connections subjected to fully-reversed

cyclic loading is important for structural condition assessment, damage

remediation planning, and numerical modeling of full-scale light-framed wood

shear walls and horizontal diaphragms. Significant reductions in the

mechanical properties of solid wood can occur at the early stages of brown

rot decay, or incipient decay, with little observable changes in the physical

properties, making early decay damage difficult to detect. For example, the

modulus of rupture of solid wood can decline 13 to 50 percent with only a two

percent weight loss (Wilcox 1978).

This study investigated the effects of fungal decay on the quasi-static,

fully-reversed cyclic properties of a nailed connection of oriented strand

board (OSB) sheathing to Douglas-fir lumber framing members found in light-

framed wood shear walls and horizontal diaphragms.
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4.3. Experimental Design

The experiment was organized as a completely randomized design

with the main effect of incubation time at five levels. Ten replications were

constructed for each incubation time, for a total of 50 samples. Each sample

was inoculated with a brown rot fungus and five incubation times (0, 5, 10, 20

and 30 weeks) were considered for examination of the mechanical properties

at various levels of decay ranging from no decay damage to extreme decay

damage. The a priori alpha level for tests of significance in this study was

set at 0.05. Probability values (p-values) for comparisons between test

groups were adjusted using Tukey's Honest Significant Difference (Steel et

al. 1997).

4.4. Materials and Methods

Nailed single-shear connection samples were constructed from 11.9

mm thick OSB sheathing (nine percent Populus balsamifera L. and ninety-

one percent Populus tremuloides Michx.), 38 x 89 mm Douglas-fir

(Pseudotsuga menziesii [Mirb.J Franco) framing members and a single

pneumatically driven, smooth-shank nail (2.87 mm diameter by 63.5 mm

long). A diagram of the connection is shown in Figure 4.1. The moisture

content of the wood materials at the time of fabrication was approximately 8

percent (oven-dry basis).
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bath for four weeks to both increase the moisture content of the wood
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materials and to leach compounds, such as phenols and formaldehyde that

could affect growth of the decay fungus (Curling and Murphy 1997).

Afterwards, each sample was sterilized by heating to 121 °C for 45 minutes.

Immediately after sterilization, each sample was placed into its own

polyethylene bag and sealed under sterile conditions.

Postia placenta (Fr.) M. Lars. et Lomb. (Madison 698) inoculum was

prepared by inoculating 200 mL of one percent malt extract with an agar plug

cut from the actively growing edge of a culture of the test fungus. The malt

extract was incubated for two weeks and the resulting mycelium was

collected by filtration, washed with sterile distilled water then resuspended in

sterile distilled water. The resulting mixture was fragmented in a blender for

30 seconds.

Each connection sample was inoculated with two 200-pL doses of the

inoculum. The inoculum was injected between the sheathing and framing

member, one dose on either side of the nail using a pipette tip to pierce the

polyethylene bag. The bag was repaired with tape after inoculation.

Afterwards, the samples were incubated at 30 °C and 95 percent relative

humidity (RH) for 07 5, 10, 20, or 30 weeks. At each scheduled incubation

time, sets of ten randomly selected samples were removed from the

incubation room. The samples were removed from their polyethylene bags

and placed in an environmental chamber at 30 °C and 25 percent RH for 48

hours. The average moisture content in the sheathing after this period
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decreased below 30 percent, as determined with a resistance-type moisture

meter, inhibiting further growth of the fungus. The samples were then

conditioned at 20 °C and 65 percent RH for five weeks until the wood

components reached an equilibrium moisture content of approximately 12

percent.

The loading geometry and setup of the test fixture were based on the

study by Polensek (1988). The connection samples were tested in a

computer-controlled hydraulic-actuated testing machine. Compression

clamps gripped the sheathing on the top end and an aluminum plate

mechanically fastened to the framing member with wood screws held the

bottom end. A linearly variable differential transformer (LVDT) with a useable

linear range of 19 mm measured the relative slip between the sheathing and

the framing member; the internal LVDT in the hydraulic actuator was used to

measure deformations beyond 19 mm and was used for feedback control of

the cyclic loading protocol. The test setup is shown in Figure 4.2. To

minimize the inherent eccentricity of lapped connection specimens, the slip

surface between the sheathing and framing member was positioned along

the centerline of the hydraulic actuator and load cell by adjusting the lateral

position of the clamps. The metal bracket between the bottom clamp and the

test specimen was approximately the same thickness as the swelled OSB to

accommodate proper positioning.
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Figure 4.2: Configuration of the assembly used to assess the effects of
fungal exposure on the quasi-static properties of nailed connections.

The quasi-static loading protocol used in this study was developed by

the Consortium of Universities for Research in Earthquake Engineering

(CUREE) for testing of woodframe structures (Krawinkler et al. 2000). The

protocol has many similarities to other fully-reversed protocols in use for

evaluation of structural components (Dolan 1994, Porter 1987, ISO 1999)

including initiation cycles, primary cycles, and trailing cycles. Initiation cycles

are small amplitude cycles that occur at the beginning of the loading protocol

and provide a means to verify control and measurement equipment. Primary
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cycles occur at regular intervals in the loading protocol as a single cycle that

has larger amplitude than all the preceding cycles. Trailing cycles, sometime

called stabilization cycles, occur immediately after each of the primary cycles

and have smaller amplitudes than the preceding primary cycle.

Scaling of the protocol was defined with respect to a reference

displacement. The reference displacement was defined as 60 percent of the

post-peak slip at which the load dropped to 80 percent of the maximum load

during a monotonic test (Figure 4.3). Analysis of ten connection samples

tested monotonicalty in the dry condition without being immersed in water,

inoculated, or sterilized, produced a reference displacement of 15.1 mm.

REFERENCE
D ISPLACEMENT,

tx.- ØAm

MAXIMUM LOAD

50%
MAXIMUM
LOAD

SLIP

Figure 4.3: Definition of reference displacement.
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Although the quasi-static protocol implies triangular loading functions

to the target amplitudes, the testing procedure for this study used sinusoidal

functions to improve control of the hydraulic system. A triangular shaped

loading function has the disadvantage of having an undefined slope at the

peak of each cycle, which causes significant control problems in servo-valve

controlled hydraulic actuator systems. The quasi-static loading protocol was

displacement controlled and applied at a rate of 0.2 Hz. Load and slip

information were recorded by a data acquisition system at a rate of 20 Hz for

the quasi-static tests, which provided exactly 100 data points per cycle. A

plot of the fully-reversed cyclic loading is shown in Figure 4.4.

After destructive testing of the connection samples, sub-samples of

each sample were cut from the sheathing and framing members for

determination of moisture content and specific gravity. The sub-samples

were obtained as close as possible to the original position of the nail.
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4.5. Results and Discussion

The quasi-static properties of nailed OSB sheathing to Douglas-fir

framing member connections of interest in this paper include maximum

loads, slip at maximum load, yield load, initial stiffness, and cumulative

energy dissipation. Both the tensile and compressive sides of the hysteresis

curves were analyzed separately for these properties. Maximum loads were

defined as the highest tensile and compressive values observed during a

test; slip at these loads are recorded as slip at maximum loads. Yield toads

were defined as the maximum tensile and compressive loads in the second

primary cycle (Figure 4.4). The yield loads in this study approximate the

I
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intersection of the backbone curve and a straight line parallel to the initial

stiffness offset horizontally by a distance of five percent of the dowel

diameter, a common definition for yield mode in monotonic tests (AFPA

1999). Tensile and compressive initial stiffnesses were calculated separately

and were defined as the slope of a line passing through the origin and the

respective maximum load of the first primary cycle (Figure 4.4). Energy

dissipation was defined as the cumulative energy dissipated through each

cycle of the loading protocol and was calculated by integrating the area

enclosed by each hysteretic cycle. For the purposes of calculating energy

dissipation, the end of the loading protocol was defined at the primary cycle

having a peak load as close as possible to 80 percent of the maximum load

observed in the test. Table 4.1 presents a summary of the results (mean

values and coefficients of variation) for each incubation time.
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Table 4.1: Summary of the quasi-static properties for each incubation time
group.

Values are means of 10 replicates, while values in parentheses are coefficients of
variation.

Specific gravity is based on oven-dry weight and volume

Load-slip behavior of nailed connections between sheathing and

framing members in monotonic tests are characterized by a nonlinear

relationship with decreasing stiffness with increasing load (Foschi 1974;

Foschi and Bonac 1977). The backbone curves observed in this study,

defined as an envelop enclosing the peak load in each primary cycle of the

hysteresis curves (Figure 4.5), showed similar behavior. Dolan and Madsen

(1992) showed that hysteresis curves generated from fully-reversed cyclic

loading were contained within the envelope of the load-slip curves generated

from monotonic testing. Winistorfer and Soltis (1993) found no difference in

the ultimate strength of nailed connections of solid-sawn framing members

aProperty
Incubation Time (weeks)

0 5 10 2O 30
Maximum Tensile 1377 1321 1180 1117 467

Load (N) (0.175) (0.180) (0.315) (0.374) (0.405)
Slip at Maximum 19.13 12.74 10.87 14.77 11.42

Tensile Load 0.291 (0.188 0.026 0.326 0.375
Maximum 1162 1113 1058 932 481

Com.ressive 0.221 0.279 0.407 0.503 0.525
Slip at Maximum 16.62 12.36 10.72 10.63 7.66

Compressive (0.274) (0.258) (0.320) (0.542) (0.392)

T 1 Y Id 'N'ensi e ie
420

0.155
448

0.109
444

0.107
477

0.172
285

0.279
Compressive Yield 442 504 459 410 302

(N) 0.146 0.129 0.105 0.190 0.316
Tensile Stiffness 312 330 324 336 238

(N/mm) 0.183 0.113 0.139 0.224 0.335
Compressive 308 379 351 359 237

stiffness (N/mm 0.167 0.129 0.103 0.368 0.409
OSB Specific 0.504 0.475 0.482 0.429 0.346

Gravi b 0.055 0.070 0.048 0.113 0.128
Douglas-fir 0.426 0.476 0.460 0.464 0.447

S.ecificGravi b 0.139 0.177 0.127 0.125 0.168

En 'J'ergy
/

115.1
0.316

70.6
0.245

72.4
0.406

91.6
0.512

26.6
0.683
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and particleboard side members as determined from monotonic and cyclic

testing methods. Figure 4.6 presents averaged backbone curves for each

incubation time. The averaged backbone curves were constructed by

averaging the loads at each primary cycle of each sample for each of the five

incubation time groups. Backbone curves for incubation times between zero

and 20 weeks were similarly shaped, however, the maximum tensile and

compressive loads tended to decrease with increasing incubation time. The

averaged backbone curve for the 30-week incubation time group had a very

different shape than the preceding backbone curves with significantly lower

maximum tensile and compressive loads.
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Figure 4.5: Typical hysteresis curve showing definition of backbone curve.
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Figure 4.6: Average backbone curve at each harvest time.

As determined by evaluation of the sub-samples, the Douglas-fir

framing members showed no decrease in specific gravity over the 30-week

experiment (p-value = 0.830). In contrast, the OSB sheathing specific gravity

did decrease (p-value < 0.001). The relationship between incubation time

and specific gravity of the OSB sheathing and Douglas-fir framing member is

shown in Figure 4.7. The coefficient of variation of the OSB sheathing

specific gravity at each incubation time group ranged from 7 to 12 percent,

which was much less than the variation of the maximum tensile and

compressive loads. Therefore, OSB sheathing specific gravity was used as
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the explanatory variable for the analysis of each parameter of interest

determined from the quasi-static tests.
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Figure 4.7: Effect of fungal exposure on the OSB sheathing and Douglas-fir
framing member specific gravity.

Maximum tensile and compressive loads at each incubation time are

plotted in Figure 4.8. Through the 30-week evaluation time, the average

maximum tensile load tended to be higher than the average maximum

compressive load by a point estimate of 146 N (p-value = 0.0311) and both

significantly decreased as the incubation time increased (p-values < 0.001).

Within each test, a paired analysis indicated that the maximum tensile load
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tended to be higher than the maximum compressive load (p-value = 0.0003).

The interaction between the effects of time and direction of loading (tensile or

compressive) was rejected (p-value = 0.0775 > 0.05); however, the data

suggests that the difference between maximum tensile and compressive

loads in the hysteresis curves may decrease with increasing level of decay.
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Figure 4.8: Effect of fungal exposure on the maximum tensile and
compressive loads of connection samples.

Maximum tensile and compressive loads were linearly related to the

OSB sheathing specific gravity (p-values < 0.001) with coefficients of

determination of 0.58 and 0.43, respectively, as shown in Figure 4.9,
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although the relationships were not distinguishable at the 0.05 level of

significance. A quadratic term was significant but not included in the final

regression model (shown in Figure 4.9) because it offered little additional

information as determined by the Akaike information criterion (Steel et al.

1997).
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Figure 4.9: Relationship between OSB sheathing specific gravity on the
maximum tensile and compressive loads.

The most common number of cycles to the maximum tensile and

compressive loads was 32 (six primary cycles). Samples with extensive

fungal damage tended to exhibit maximum loads in fewer cycles, whereas

2000 - 2000
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sound samples had maximUm loads up to 38 cycles (eight primary cycles).

With only two exceptions (both in the 30-week exposure group), the lowest

number of cycles to The maximum tensile or compressive load was 29 (five

primary cycles). The variability of maximum tensile and compressive loads in

each incubation time group was relatively high, with a coefficient of variation

exceeding 50 percent, in some cases. This variability is a combination of the

inherent variability of the connection strength in combination with the

variability associated with the rate of fungal growth. Samples were randomly

selected during each harvest and no attempt was made to sort samples

based on the quantity of observed mycelium.

Yield load in the tensile and compressive directions, plotted in Figure

4.10, were not significantly different (p-value = 0.506), but did decrease

significantly through the 30-week evaluation (p-value = 0.001 for tensile yield;

p-value < 0.001 for compressive yield). Within each test, a paired analysis

indicated that the tensile and compressive yield loads were also not

significantly different (p-value = 0.363). Both tensile and compressive yield

strengths were linearly related to OSB sheathing specific gravity as shown in

Figure 4.11 (p-values < 0.001), although the relationships were not

statistically distinguishable.
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Figure 4.11: Relationship between OSB sheathing specific gravity on the
tensile and compressive yield loads.
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Initial stiffness in the tensile and compressive directions, plotted in

Figure 4.12, were not significantly different (p-value = 0.138) and did not

decrease significantly through the 30-week evaluation (p-value = 0.110 for

tensile stiffness; p-value = 0.187 for compressive stiffness). A paired

analysis within each test suggested that the initial tensile and compressive

stiffnesses were not significantly different (p-value = 0.097). Also, initial

tensile and compressive stiffness were not significantly related to OSB

specific gravity (p-value = 0.110 for tensile stiffness and p-value = 0.187 for

compressive stiffness).
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Figure 4.12: Effect of fungal exposure on the initial tensile and compressive
stiffnesses of the connection samples.
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Energy dissipation was strongly related to OSB specific gravity as

shown in Figure 4.13 (exponential relationship, p-value < 0.001). Of all the

parameters compared to the sheathing specific gravity, energy dissipation

was the most sensitive. Small initial changes in the sheathing specific gravity

caused large changes in the dissipated energy. Energy dissipation dropped

60 percent as the sheathing specific gravity decreased from 0.5 to 0.4, due to

the deterioration caused by the decay fungus. Loading history and amplitude

of the primary cycles were the most important factors affecting energy

dissipation per cycle within a test, which agrees with the study by Atherton et

al. 1980. Energy dissipation is dependent on the cyclic loading protocol,

reference displacement and the number of cycles integrated.
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Figure 4.13: Effect of OSB sheathing specific gravity on the energy
dissipation of the connection samples.
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Three types of failure modes were observed in this study. The most

common failure mode was nail fatigue, which typically occurred at or after 41

cycles (nine primary cycles), typically three primary cycles after the maximum

tensile and compressive loads. Nail fatigue occurred in each incubation time

group, including the 30-week group, although the number of fatigue failures

decreased as the level of fungal damage increased. The prevalence of nail

fatigue failures in this study is troublesome because laboratory shake-table

and on-site evaluation of light-framed wood structures indicate that such

failures are rare (Durham et al. 2001). The second type of failure mode was

nail withdrawal, where the nail was progressively extracted as the amplitude

of the cycles increased. The third type of failure mode occurred in heavily

decayed OSB sheathing where the nail (relatively undeformed) crushed a

slot in the sheathing that increased in length as the test progressed. This

type of failure mode was associated with heavily decayed, low-strength

connections, mostly in the 30-week incubation time group.

The effects of loading direction (tensile or compressive) were

significant for maximum loads, but not for yield loads or initial stiffnesses.

Atherton et al. (1980), who used a similar testing configuration, also

observed differences caused by loading direction and attributed the

differences to the fact that the joints were first loaded in the tensile direction

and subsequent increases in the cyclic loading always started in the tensile

direction. Also, since the sample geometry used in this study was a lap-joint,
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there was an inherent moment induced in the specimen that changed

direction each time the load changed from tension to compression, thereby

changing the pressure distribution at the contact surface between the

sheathing and framing member. Systems of restraints using rollers to control

the position of the sheathing and framing member, as used by Fonseca et al.

(2002), can be utilized in lateral nail testing to limit the effect of loading

direction. However, such a system induces boundary conditions not found

around sheathing-to-framing member connections in shear walls and

horizontal diaphragms. The test setup used in this study matched previous

and on-going studies on the behavior of nailed sheathing-to-framing member

connections at Oregon State University.

The results of this study will be used to model the dynamic behavior of

full-scale shear walls subject to various levels of fungal degradation. First,

the hysteretic properties of each connection test sample will be characterized

and sorted by the level of degradation. Then, a fastener level numerical

computer model, such as CASHEW (Folz and Filiarault 2000) will be used to

predict the performance of shear walls having various levels of fungal

deterioration. The computer modeling will be performed to help define test

parameters for full-scale shear wall tests with regions of laboratory induced

fungal deterioration in the sheathing and framing members.
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4.6. Conclusions

The quasi-static properties of nailed OSB sheathing and Douglas-fir

framing member connections decrease as the level of decay increases. The

strongest explanatory variable for the mechanical properties of the

connections was OSB sheathing specific gravity. Specific gravity of the

Douglas-fir framing member did not decrease significantly during the test and

was therefore not correlated with the mechanical properties. Although yield

strength was statistically correlated with OSB specific gravity, the relationship

was weak. Initial stiffness was not correlated with incubation time or OSB

specific gravity. Cumulative energy dissipation was the most sensitive

property to decay damage, indicating that the performance of shear walls

and horizontal diaphragms may be similarly affected. Nail fatigue and nail

withdrawal failure modes were common in connections with none to

moderate decay, whereas an OSB sheathing failure mode occurred in the

heavily decayed connections.

This paper presents, for the first time, information on which to base a

hysteretic model for nailed connections that considers biological

deterioration. Once calibrated for various fasteners used in wood-frame

construction, such a model can be used in life-cycle analysis of wood

structures, assessment of existing structures, and to develop new design

procedures to rationally account for biological deterioration. The knowledge

gained in this study, and subsequent studies, will extend the utility of cyclic
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shearwaH tests, nearly all of which have been conducted in laboratory

environments without consideration of durability issues.
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5. Effects of Biodeterioration by Wood Decay Fungi on Properties of
Oriented Strand Board Sheathing

5.1. Abstract

This study investigated the effects of fungal decay on properties of

aspen oriented strand board (OSB) sheathing including weight loss, specific

gravity, dowel bearing strength, shear strength, and solubility in a solution of

sodium hydroxide. X-ray densitometry was used to assess localized density

around the embedment zone of a nail during dowel bearing strength tests.

The statistical model using the specific gravity directly under the nail from

dowel bearing strength tests as the explanatory variable had a higher

coefficient of determination than models using the gross specific gravity of

the sample. Shear strength and solubility in a solution of sodium hydroxide

were strongly correlated with specific gravity. Near-infrared spectroscopy

models were developed to measure the level of fungal deterioration and

corresponding losses in properties.

5.2. Keywords

Wood decay, brown rot, Postia placenta, dowel bearing strength, oriented

strand board, nails, near-infrared spectroscopy
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5.3. Introduction

Oriented strand board (OSB) consists of wood strands or wafers

sliced from small-diameter logs combined with an adhesive and formed

under heat and pressure into panels. The average strand size is

approximately 150 mm long (parallel to the grain), 25 mm wide, and 0.5 mm

thick. Length and width of the strands vary greatly, but the thickness is

relatively consistent. The raw materials are obtained. from timber having little

commercial value for other purposes. The trees tend to be young with

relatively high concentrations of juvenile wood. In 2001, the residential

housing market used approximately 344 million square meters of OSB and

plywood (9.5 mm basis). Of this total, OSB sales accounted for 80 percent, a

dramatic increase from the 25 percent market share in 1988 (Merry 2002).

Previous studies indicated that OSB exhibits increased susceptibility to

fungal damage in comparison to plywood (Laks et al. 2002, Biblis 2000, and

Morris et al. 1999). Poor detailing, designs for increased energy efficiency,

and inappropriate siding systems, such as the exterior-finish-insulation-

system (Bronski and Ruggiero 2000), have adversely sensitized the public to

wood composite products, including OSB.

Assessment of panel deterioration can be difficult, especially around

connections. Near-infrared (NIR) spectroscopy is a nondestructive optical

technique that in combination with multivariate statistical methods can be

used for rapid property evaluation of wood and wood composites. Prior work
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has shown that NIR spectroscopy can be used to measure basic wood

properties (Hauksson et al. 2001), and chemical and mechanical properties

of solid wood (Gindl et at. 2001, Thumm and Meder 2001) and wood

composites (Rials et al. 2002). Recently, NIR spectroscopy has also been

used to study changes in the chemical and mechanical properties of solid

decayed wood (Gibson et al. 1985, Jellison et al. 2002, Kelley 2003).

This study investigated the effects of fungal decay on properties of

aspen OSB sheathing including weight loss, specific gravity, dowel bearing

strength, shear strength, and solubility in a solution of sodium hydroxide.

Predictive models were developed using NIR spectroscopy to determine the

capability of this technology to assess properties of decayed OSB sheathing.

5.4. Experimental Design

The experiment was organized as a completely randomized design

with the main effect of time at six levels with six replications at each level.

Six incubation times were considered for examination of the properties at

various levels of fungal decay ranging from no fungal damage to extreme

fungal damage: 0, 5, 10, 15, 20, and 30 weeks. Blocking was used in the

experiment to assess solubility in sodium hydroxide because only five

samples could be tested simultaneously. The a priori alpha level for tests of

significance in this study was set at 0.05.
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5.5. Materials and Methods

The test samples were machined from a 11.9 mm thick aspen OSB

sheathing panel (nine percent Populus balsamifera L. and ninety-one percent

Populus tremulo ides Michx.). The moisture content of the wood materials at

the time of fabrication was approximately 8 percent (oven-dry basis).

After machining, each sample was oven-dried, weighed, and then

immersed in a water bath for one week to increase the moisture content and

to leach compounds, such as phenols and formaldehyde that could affect

growth of the decay fungi (Curling and Murphy 1997). The samples were

placed in a polyethylene bag with 15 g of vermiculite soaked with 60 g of

water containing 0.5 percent malt extract. Each sample was sterilized by

heating to 121 °C for 45 minutes. The vermiculite and malt extract were

used to provide an ideal environment for the fungus to become established

after inoculation. The samples for the zero-week incubation time were

soaked and sterilized, then immediately oven dried.

Postia placenta (Fr;) M. Lars. et Lomb. (Madison 698), a brown rot

fungus that primarily attacks cellulose and hemicellulose, inoculum was

prepared by inoculating 200 mL of one percent malt extract with an agar plug

cut from the actively growing edge of a culture of the test fungus. The malt

extract was incubated for two weeks and the resulting mycelium was

collected with a filter, washed with sterile distilled water then resuspended in
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sterile distilled water. The resulting mixture was fragmented in a blender for

30 seconds.

The samples, except those for the zero-week incubation time, were

inoculated with two 200-pL doses of the inoculum. The inoculum was

injected onto opposite edges of the OSB sample using a pipette tip to pierce

the polyethylene bag. The bags were repaired with tape after inoculation and

incubated at 30 °C and 95 percent relative humidity (RH) for 5, 10, 15, 20, or

30 weeks. The samples for the zero week incubation time were harvested

immediately after sterilization.

At each scheduled incubation time, sets of six randomly selected

samples were removed from the incubation room. The samples were

removed from their polyethylene bags and carefully washed to remove

vermiculite and mycelium from the surface. The samples were then oven

dried for 24 hours at 102 °C, then weighed. Afterwards, the samples were

conditioned at 20 °C and 65 percent RH for a minimum of five weeks where

the OSB reached an equilibrium moisture content of approximately 12

percent. Once conditioned, x-ray densitometry line-scans were obtained,

then mechanical properties (dowel bearing strength and shear strength) were

evaluated, finally, the samples were ground into wood meal to pass the #40

sieve (0.425 mm nominal opening) for assessment of the sodium hydroxide

solubility (TAPPI 1992) and NIR properties.
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Dowel bearing strength (AFPA 1999, Wilkinson 1991) for each OSB

sample was determined in accordance with ASTM D 5764 (2003a). Figure

5.1 shows the definition of the dowel bearing yield load, P5%, which was

defined as the intersection of the load-deformation curve and a line parallel to

the initial linear region of the load-deformation curve offset by a distance of

five percent of the dowel diameter. The dowel bearing yield stress (MPa)

was computed by dividing P5% (N) by the projected contact area between the

nail shank and the OSB specimen (mm2).

EFOMATION

'% OF OUJEL
IAMETE

Figure 5.1: Dowel bearing load-deformation curve showing definition of yield
load
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A 2.95 mm diameter, half-hole was machined in one face of each

sample by clamping a piece of undeteriorated OSB to the interface of the

sample where the hole was to be positioned, then drilling a 2.95 mm

diameter hole at the seam of the two abutting pieces. The half-hole was

placed so the dowel bearing strength could be evaluated parallel to the long-

axis of the original panel. The normal procedure for producing this type of

dowel bearing test sample as described in ASTM D 5764 (2003a) requires

drilling a pilot hole at the seam with a diameter between 75 and 90 percent of

the nail shank diameter then driving a fastener perpendicular to, and through,

the pilot hole to produce the half-hole. However, for this study, nails were not

driven through pilot holes because of the possibility of damaging the heavily

decayed samples.

To evaluate the dowel bearing strength, the samples were placed in a

small vice, which provided lateral support and was positioned on top of a

load cell and directly below a hydraulic actuator. A 2.87 mm diameter by

60.3 mm long nail was centered in the half-hole of the test sample. The

hydraulic actuator compressed the nail shank at a constant velocity of 1.3

mm per minute into the OSB samples (Figure 5.2). A linearly variable

differential transformer recorded the movement of the hydraulic actuator and

a load cell measured the load applied to the top surface of the nail. The test

proceeded until the nail was embedded for a distance of half the nail

diameter, 1.44 mm.
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Figure 5.2: Configuration used to test the effects of fungal exposure on
dowel bearing strength of OSB sheathing samples.

It was hypothesized that the spatial density variation of OSB

significantly contributes to the variability of dowel bearing strength tests. To

test this hypothesis, the density of the OSB samples (from incubation time

groups 5, 10, 15, 20, and 30 weeks only) was determined using an x-ray

densitometer with a window size of 6.35 x 0.38 mm and a shot spacing of

0.08 mm as shown in Figure 5.3. The mass attenuation coefficient was

adjusted for each sample such that the average density determined by the x-

ray densitometer over the line-scan was equal to the gross density of the

97
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sample. Two dowel bearing tests were performed on the samples from the

5, 10, 15, 20, and 30-week harvest time groups, one on the "top" side and

one on the "bottom" side (Figure 5.3) which were averaged to determine the

characteristic dowel bearing strength for each sample. One dowel bearing

test was performed on the samples from the 0-week group ("top" side only).

In all cases, the dowel bearing test was performed such that the load was

applied parallel to the long axis of the panel from which the samples were

taken.

-LOCATION FOR .-
'TOP' DOWEL '1

SEARING TEST

AVERAGED AREAS FOR
><-RA DENSITOMETRY
ASSESSMENT

\- LOCATION FOR
BOTTOM' DOWEL

2S SEARING TEST

CENTERLINE OF ><-RA
DENBITOMETRY EVALUATION

NOTE DIMENSIONS IN MILLIMETERS

Figure 5.3: OSB sample showing the centerline of the x-ray densitometer
line-scan, dowel bearing strength test locations, and zones of averaged

density for assessment of the dowel bearing strength.



99

Solubility of wood in a solution of sodium hydroxide (NaOH) can be

used as a measure of the degree of decay caused by brown rot fungi. With

increasing exposure to the decay fungus, the degree of polymerization of the

cellulose and hemicellulose decreases, producing low molecular weight

carbohydrates that can be extracted by a dilute aqueous NaOH solution.

Lignin, which is not consumed by Postia placenta, can also be liberated by

an NaOH solution (Jin et al. 1990). In combination, these two processes

lead to an increase in the NaOH solubility with increasing fungal exposure.

Solubility tests were performed in accordance with TAPPI T212

(1992). The method determines the solubility of wood meal in aqueous one

percent concentrated NaOH. Due to the limited quantity of wood meal

available, especially for the heavily decayed samples, only 1 g was used for

each replication, which was added to 100 ml of NaOH (one percent

concentration, 0.25 molar) in beakers. The beakers were placed in a water

bath maintained at a temperature between 95-100 °C for 60 mm and

occasionally stirred. After 60 mm, each beaker was removed and 15 ml of

glacial acetic acid (CH3COOH, 100 percent assay) diluted with distilled water

to a 10 percent concentration was added to neutralize the mixture. The

contents were then poured through a 30-mL coarse-porosity filtering crucible

(nominal maximum pore size between 40 and 60 pm). A vacuum

(approximately 85 kPa) was applied to the bottom side of the crucible to

increase the pressure gradient across the filter and promote draining of the
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liquid portion of the wood and NaOH mixture. Finally, the crucible and its

contents were oven dried at 102 °C for 24 hours. The solubility was

expressed as the ratio of the oven-dry weight of the dissolved wood to the

original oven-dry weight of the wood meal.

Shear strength of the OSB samples was determined using a fixture

designed for evaluation of shear strength according to ASTM D 143 (2003b).

This test method was selected because the OSB samples were too small for

the two-rail shear test described in ASTM D 2718 (2003c). The OSB was

placed in the shear fixture such that the applied load was parallel to the long

axis of original panel, creating an interlaminar shear stress, t,, as shown in

Figure 5.4. Although the bearing and loading areas were relatively small, the

interlaminar shear strength of OSB was low enough, especially in the

decayed state, such that crushing of the wood fibers did not occur.
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Figure 5.4: Configuration used to test the effects of fungal exposure on the
interlaminar shear strength of OSB.

NIR spectra (1300-2400 nm) were collected with a FieldSpec FR

(Analytical Spectral Devices, Inc., Boulder, Colorado). This narrow range

was used to eliminate the effects of color change of the decayed samples. In

this study, approximately one gram of wood meal, ground from each OSB

sample, was placed in a small container coated with flat-black paint. A fiber

optic probe was oriented perpendicular to the sample and a direct current

light at a 30-degree inclination to the horizontal was used for illumination.

The fiber optic probe was 60 mm above the sample. Two sets of spectra,
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consisting of thirty scans each, were recorded for each sample, then

averaged to provide one spectra for each sample.

The Unscrambler® (version 7.5, CAMO, Corvallis, Oregon), a

multivariate statistical computer program, was used to correlate the averaged

NIR reflectance spectra with specific gravity, dowel bearing strength, shear

strength, and NaOH solubility. Partial least squares (PLS) models were

determined using a leave-one-out cross-validation approach (Cawley and

Talbot 2003), which successively fitted models basedon n-I spectra (where

n was the total number of spectra, less outliers); the remaining spectrum was

used to test the model. This process was repeated n times for each property

of interest.

5.6. Results and Discussion

Table 5.1 presents a summary of the weight loss, specific gravity,

dowel bearing strength, shear strength, and solubility in a solution of NaOH

results (mean values and coefficients of variation) for each incubation time.

The variability of the test results in each incubation time group was relatively

high. This variability was a combination of the inherent variability of the

material in combination with the variability associated with the rate of fungat

growth. Samples were randomly selected during each harvest and no

attempt was made to sort samples based on the quantity of observed

mycelium. This finding implies that prediction of time-to-failure due to fungal
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deterioration involves considerable uncertainty. Although the experiment

was designed to expose the samples to ideal and consistent temperature,

relative humidity, and moisture conditions for fungal growth, each measured

property still showed substantial variability between harvest times.

Table 5.1: Effect of exposure time to a brown rot fungus on properties of
OSB sheathing.

a. Specific gravity is based on oven-dry weight and dimensions

A plot of OSB specific gravity and weight loss is shown in Figure 5.5.

Initial specific gravity was determined prior to sterilization and inoculation;

final specific gravity was determined immediately after each harvest time. A

logistic curve, often used to model population growth (Masters 1991), was

fitted to the weight loss data. The sigmiodal-shaped curve modeled an initial

exponential growth followed by a gradual leveling off as the diminishing

carbohydrate sources limited fungal growth. A logistic curve with the fitted

coefficients to model weight loss as a function of time is given in Equation 5.1

and plotted in Figure 5.5. Coefficients b and c would vary between studies

Time Index
(weeks)

Weight Loss
(%)

Specific
Gravity

Average Dowel
Bearing

Strength (MPa)

Shear Strength
(MPa)

NaOH
Solubility (%)

Values are means of six replicates, while values in parentheses are coefficiets of variation

0
0.75

(0.31)
0.640
(0.11)

36.45
(0.23)

0.732
(0.29)

18.17
(0.04)

5
3.05

(0.69)
0.606
(0.07)

28.52
(0.18)

0.670
(0.23)

18.98
(0.08)

10
19.28
(0.68)

0.508
(0.12)

18.77
(0.41)

0.314
(0.66)

30.08
(0.20)

15
35.07
(0.04)

0.401
(0.06)

11.26
(0.11)

0.116
(0.32)

35.38
(0.18)

20
43.41
(0.21)

0.342
(0.14)

5.85
(0.66)

0.074
(0.57)

37.87
(0.10)

30
45.01
(0.31)

0.332
(0.27)

4.68
(0.96)

0.051
(1.12)

39.00
(0.22)
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depending on a host of factors, however, coefficient a should be relatively

invariant between studies for the same fungus isolate and sheathing source

as it represents the asymptotic weight loss limit as time approaches infinity.

In this experiment, the average weight loss at the final harvest time of 30

weeks was 45.0 percent, which is in agreement with the predicted value of

44.7 percent (coefficient, a). This indicates that this exposure period

captured all phases of fungal growth from initiation to optimum levels of

decay.

- 50

$ $ $ 40

* .
o 30
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0
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Figure 5.5: Relationship between OSB specific gravity, weight loss, and
incubation time.
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a
WL= Equation 5.1

1+ be_cl

Where: WL = Weight loss (percent)

a = 44.70 (percent)

b = 56.89 (dimensionless)

c = 0.365 (weeks1)

t = time (weeks)

Two statistical models were developed to relate the dowel bearing

strength with specific gravity. The first model, shown in Figure 5.6, used

gross specific gravity of the OSB sample; the second model, shown in Figure

5.7, used a zone of averaged specific gravity, determined using an x-ray

densitometer, under the nail during the dowel bearing test, averaged for a

distance of half the nail diameter, 1.44 mm (Figure 5.3). In both cases, a

linear relationship was fitted to the data, giving coefficients of determination

of 0.64 for the gross specific gravity and 0.81 for the averaged x-ray specific

gravity. The slopes of the two models were not statistically distinguishable

but the unexplained variance was smaller for the model using x-ray specific

gravity as the explanatory variable. This finding indicates that the dowel

bearing strength was affected by the local density of the material directly

under the nail during the dowel bearing test, but since the unexplained

variation was only moderately reduced, there were other significant factors
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not addressed or measured in this experiment that also affected the

outcome. These influences may have included flake orientation, internal

voids, and localized quality of the adhesive bonds.

30

cq2O
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0
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>

0.0 0.2 0.4

Gross Specific Gravity

Figure 5.6: Relationship between gross specific gravity and dowel bearing
strength of the OSB samples.

Figure 5.8 shows the relationship between solubility in one-percent

concentrated NaOH and incubation time. The inherent variability of the

biological activity of the fungus is illustrated by the increasing spread in the

data as incubation time increases. Solubility tests performed on

undeteriorated OSB (zero-weeks incubation time) had a coefficient of

variation of 0.04, whereas solubility of the OSB at the final harvest

(incubation time of 30 weeks) had a coefficient of variation of 0.22. Solubility

..

0.6

y = 64 395x - 18.134
R2=O.6386

0.8



y 76.397x-23.177
R2 = 0.8055

..
.

Averaged X-ray Specific Gravity

Figure 5.7: Relationship between x-ray specific gravity and dowel bearing
strength for the OSB samples.

in NaOH was linearly related to the OSB specific gravity with a coefficient of

determination of 0.79, as shown in Figure 5.9. A logistic curve was fitted to

the NaOH solubility data using the expression given in Equation 5.2 and

plotted in Figure 5.8. The average solubility at the final harvest time of 30

weeks was 39.0 percent, which is in agreement with the predicted value of

37.9. percent (coefficient a). The solubility reached 97 percent of the

asymptotic value of 38 percent at the 15-week harvest time, whereas the

weight loss reached only 81 percent, indicating that solubility approached its

maximum value at a faster rate than weight loss. This finding was

reasonable considering that brown rot fungi broadcast extracellular enzymes

to breakdown carbohydrates into soluble units, prior to metabolizing them
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within the hyphat cell wall (Eaton and Hale 1993). Hence, these low

molecular weight carbohydrates were extracted by the NaOH solution before

they could be consumed.

220z
10

.

NaOH Solubility
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0

0 5 10 15 20 25 30

Incubation Time (weeks)

Figure 5.8: Relationship between the solubility of OSB in a solution of one-
percent concentrated NaOl-I and incubation time.
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Figure 5.9: Relationship between the solubility of OSB in a solution of one-
percent concentrated NaOH and specific gravity.

a
S = C + Equation 5.2

1+be Cl

Where: S = NaOH Solubility (percent)

C = 18.17 (Average Solubility at zero weeks incubation,

percent)

a = 19.69 (percent)

b = 159.7 (dimensionless)

c = 0.538 (weeks1)

t = time (weeks)
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50 - y =-65.071x + 60.595
R2 = 0.7895.
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Of all the properties evaluated in this study, shear strength was the

most sensitive to initial changes in OSB specific gravity, as shown in Figure

5.10. The relationship between shear strength and OSB specific gravity

was exponential with a coefficient of determination of 0.88, indicating a

strong relationship. This finding has important implications for decayed OSB

sheathing in roof and floor diaphragms, where transverse loads cause

horizontal shear stresses in the panel.

1.2 -

0.2 -

0
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Figure 5.10: Relationship between OSB shear strength and specific gravity

The NIR spectra between I 300 and 2400 nm were used to create

models for specific gravity, shear strength, dowel bearing strength, and

NaOH solubility. The results of these models are presented in Figure 5.11 as

y=0.003e6644x
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plots of measured properties versus that property predicted from changes in

the NIR spectra. Of the four parameters modeled, the prediction for specific

gravity had the highest coefficient of determination of 0.90; the others ranged

between 0.84 and 0.85.

Regression coefficients for the models given in Figure 5.11 and

plotted in Figure 5.12 indicate the relative importance of differing

wavelengths for the property of interest. Similarly shaped or mirror image

regression coefficient curves indicate that the properties were affected by

similar chemical features in the OSB. For example, specific gravity and

dowel bearing strength had strong positive and negative features in the

regression coefficients at similar wavelengths indicating that similar changes

in the chemical features of the OSB were correlated with these properties.

The regression coefficients for shear strength were similar, but not identical

to, those of the specific gravity and dowel bearing strength. The regression

coefficients for the NaOH solubility model were mirror images of the others,

indicating that the chemical and physical features which allow prediction of

the NaOH solubility are the inverse of the features that allow for prediction of

the strength or specific gravity. The regression coefficients highlight

significant chemical changes at 1350-1650 nm, 1850-2000 nm, and 2000-

2200 nm. These changes correspond to general changes in the first

overtone of intermolecular hydrogen bonding of both carbohydrates and

lignin, interactions between water and wood hydroxyls, and OH and CO
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deformations, respectively (All et al. 2001, Curran et al. 1992, Fourty et al.

1996).

0.7

0.6

0.5

a
0.3

a0
U)

0.2

00 0.2 0.4 0.6 0.8

40-

a
30

0.

.20

(oz

10

0

R2=0.90
RMSB'= 0.037

R2 = 0.85

RMSEP= 3.9

.

0 10 20 30 40

00

- 50

z
40

a

a-

20
0

U)I
0
z 10

.

0.5 1.0

R2=0.84
RMSEP=3.7

2

D)

2
U)

°-

0.8

0.7

0.6

0.5

04

0.3

0.2

0.1

0.0

Specific Gravity Shear Strength (MPa)

Dowel Bearing Strength 0 10 20 30 40 50
(MPa) NaOH Solubility (%)

(Note: RMSEP - root mean square error prediction)

Figure 5.11: Relationship between measured weight loss, shear strength,
and dowel bearing strength, and NaOH solubility and the values predicted

using the NI R spectra.
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Figure 5.12: Relationship between regression coefficients and wavelength
for weight loss, shear strength, dowel bearing strength, and NaOH solubility.

5.7. Conclusions

Each parameter evaluated in this study was well correlated with OSB

specific gravity. The correlation for dowel bearing strength was improved by

using x-ray densitometry to determine the specific gravity of the OSB directly

under the nail during a dowel bearing test. Shear strength was very sensitive

to small initial changes in OSB specific gravity.

Weight loss and NaOH solubility over time were well described with a

logistic curve. NaOH solubility reached its asymptotic value before weight
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loss, indicating that Postia placenta depolymerized the holocellulose into

extractible units prior to metabolizing them.

Predictive models for specific gravity, dowel bearing strength, shear

strength, and NaOH solubility were developed using multivariate statistical

methods to analyze NIR spectra from OSB at various levels of decay. These

models had high coefficients of determination, especially the model for

specific gravity, indicating that NIR technology may be a useful tool for

assessment of OSB properties. The NIR system used in this study can be

used as a portable instrument with a self-contained light source that would

enable in-situ evaluation of the sheathing in buildings.

As OSB is often manufactured from flakes of non-durable wood

species that are molded into a mat containing an extensive network of

internal voids, relatively rapid fungal deterioration is likely to occur when it is

exposed to high moisture conditions. Development of models that can be

used to estimate the strength or capacity of nailed connections in-situ using

simple sampling techniques would be invaluable to engineers who need to

assess fungal damage to OSB. This study showed that OSB specific gravity

and NIR spectroscopy could be used to estimate the dowel bearing strength,

shear strength, and other properties. Further investigation and model

development for OSB panel bending strength and full-scale shear wall and

horizontal diaphragm capacity at various levels of fungal damage is needed.
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6. Conclusions

This innovative multidisciplinary study combined aspects of structural

engineering, wood science, and mycology to measure the effects of fungal

attack on the monotonic and quasi-static properties of nailed aspen OSB

sheathing tc Douglas-fir framing member connections, typical in the lateral

force resisting systems of light-framed wood structures. The OSB sheathing

was studied separately to further evaluate the effects of fungal deterioration

on the dowet bearing strength, shear strength, weight loss, and solubility in

an aqueous solution of NaOH. NIR spectroscopy and x-ray densitometry

techniques were use to develop predictive models and to provided further

insight into the property changes and mass distribution resulting from the

fungal attack.

6.1. Methods

The techniques used to grow the Postia placenta fungus on

connection samples (Chapters 3 and 4) and OSB samples (Chapter 5) in-

vitro were successful in that every inoculated sample beyond the zero-week

harvest time (120 connection samples and 30 OSB samples) showed signs

of growth by the target fungus; no contamination was observed. After

approximately 10 weeks of incubation, the mycelium uniformly covered most
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of the surface area of each inoculated sample such that the initiat inoculation

site was not readily apparent. The control samples (Chapter 3, not

inoculated) had slight mold growth on the surface of the members after

approximately 15 weeks of incubation but the properties of the connections

were not affected.

The sterilization process was expected to degrade the connection

properties, however, an analysis of variance performed on ultimate strength

data from the three connection geometries and two inoculation levels in the

first harvest at (time=0 weeks) and test data from the field and plate

connection geometries that were not soaked or sterilized, indicated that the

effects of sterilization, soaking, and connection geometry were not

statistically significant (p-value = 0.380). This finding implies that ultimate

strength results were unaffected by autoclaving or geometry in the

undecayed condition. This analysis is presented in further detail in Appendix

C.

6.2. Lateral Connection Testing Summary

The mechanical properties of nailed OSB sheathing to Douglas-fir

framing members with various levels of fungal damage under monotonic

loading conditions were controlled predominately by the performance of the

OSB, which decayed at a much higher rate than the Douglas-fir framing

members. However, the lateral connection capacity was surprisingly robust
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through the intermediate stages of decay. Significant changes in the ultimate

strength were not observed until after the 20-week harvest time, where the

OSB sheathing specific gravity decreased approximately 12 percent.

Afterwards, the lateral capacity of the connections declined sharply. At low

levels of decay damage, the predominate failure modes were nail withdrawal

and nail fatigue. During the late stages of fungal attack, the failure mode was

crushing of the OSB sheathing with only moderate bending of the nail.

Ultimate strength of the plate geometry samples in the 30-week harvest time

group was affected by the relatively small side member end distance of 6.64

nail diameters (19.1 mm). End effects were not observed in the field

geometry samples as the side member end distance of 19.1 nail diameters

(50.8 mm) exceeded the recommended value of 15 nail diameters in the

NDS (AFPA 2001). Edge effects were observed in a few samples from the

edge geometry group in the 20 and 30-week harvest times where the side

member edge distance was 3.91 nail diameters (11.2 mm), greater than the

2.5 nail diameters recommended in the NDS; however, the samples did not

significantly affect the mean values.

Under the fully-reversed quasi-static loading protocol, mechanical

properties of the field geometry connections decreased with increasing

incubation time. Similar to the findings from the monotonic evaluation, the

strongest explanatory variable for the mechanical properties of the

connections under quasi-static loading was OSB sheathing specific gravity.



121

Specific gravity of the Douglas-fir framing members did not decrease

significantly during the test and was therefore not correlated with the

mechanical properties. Although yield strength was statistically correlated

with OSB specific gravity, the relationship was weak. Initial stiffness was not

correlated with incubation time or OSB specific gravity. Cumulative energy

dissipation was the most sensitive property to decay damage, indicating that

the performance of shear walls and horizontal diaphragms may be similarly

affected. Nail fatigue and nail withdrawal failure modes were common in

connections with zero to moderate decay, whereas crushing of the OSB

sheathing occurred in the heavily decayed connections.

For design purposes, the nominal design capacity of connections with

various levels of decay damage can be estimated using yield models for

dowel-type connections in the NDS (AFPA 2001) through evaluation of the

dowel bearing strength of the decay-damaged wood materials. Calculated

reduction terms in the yield model equations ranged from 1.53 to 1.86 in this

study and increased as the level of decay damage increased.

6.3. OSB Sheathing Evaluation Summary

Assessment of dowel bearing strength, shear strength, and solubility

in an aqueous solution of NaOH of the OSB sheathing, independent of the

lateral connection tests, revealed that each of these properties were well

correlated with OSB specific gravity. Using x-ray densitometry to determine
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the specific gravity of the OSB directly under the nail during a dowel bearing

test, in lieu of the gross specific gravity, significantly improved the predictive

model for dowel bearing strength. Shear strength was very sensitive to small

initial changes in OSB specific gravity. Predictive models for specific gravity,

dowel bearing strength, shear strength, and NaOH solubility were developed

using multivariate statistical methods to analyze NIR reflectance spectra from

OSB at various levels of decay. These models had high coefficients of

determination, especially the model for specific gravity, indicating that NIR

technology may be a useful tool for assessment of OSB properties. The NIR

system used in this study can be used as a portable instrument with a self-

contained light source that would enable in-situ evaluation of the sheathing in

buildings.

6.4. Implications

Results of this study are immediately useful to the engineering

community for estimating the nominal design strength of sheathing to framing

member connections with fungal deterioration. Prior to this work, if a

structural inspection revealed areas of decay in shear walls or horizontal

diaphragms, the only reasonable recommendation would be immediate

replacement of damaged sheathing and framing members. in this study,

connection properties remained relatively unaffected until approximately 12

percent weight loss occurred in the OSB due to fungal deterioration.
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Additionally, this study indicated that Douglas-fir framing members

deteriorate at a much slower rate than OSB sheathing. Therefore, the

decision to replace areas of shear walls and horizontal diaphragms need not

rest solely on the presence of fungal growth. Reasonable calculation

methods are now available to assist engineers with this process. However,

there are opportunities for further development as described in section 6.5.

The long-term goal of this research area is development of a holistic

service life or time-dependent reliability model for structural systems of light-

framed wood buildings. The ideal model would be founded on basic

principles, empirical data, and statistical methods to estimate the expected

useful life (and confidence of the estimate) of systems based on exposures

to natural hazards. The information presented in this study provides a

significant contribution to the required volume of empiricat data for such

models. Furthermore, future studies may use the connection test results

(component data) to evaluate performance and reliability of shear walls and

horizontal diaphragms.

Although this study focused on the behavior of relatively nondurable

sheathing fastened to moderately durable framing members, it is possible to

speculate the outcome had the material durability been reversed. For

example, consider a connection of chemically treated ptywood sheathing

nailed to a framing member of a nondurable wood species exposed to

aggressive decay fungi under ideal growth conditions. For simplicity,
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assume that deterioration of the framing member initiates at the outer

surfaces and progresses inward and further assume that the treated

sheathing does not deteriorate or influence the deterioration of the framing

member. The capacity of the connection may be evaluated using the general

yield models of AFPA (1999) by considering the gap distance, g, as the

distance from the surface of the sheathing to the sound portion of the framing

member. Prior to the fungal attack, the gap distance of the example

connection would be considered zero for design purposes. In the decayed

state, the gap distance becomes the depth of the decay in the framing

member. Provided that penetration of the nail into sound (undecayed) wood

of the framing member, meets or exceeds the minimum requirements of 12

diameters (AFPA 2001), the general yield models should adequately predict

the nominal design capacity and yield mode. Because this scenario relies on

contributions from the undeteriorated portion of the framing member and

assumes no deterioration in the sheathing, published values for the dowel

bearing strength in the NDS are appropriate.

6.5. Opportunities for Further Research

Verify the procedure to estimate the nominal design strength of

connections with various levels of fungal deterioration for other decay

fungi, sheathing materials, and species of framing members.
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Verify that the methods used to grow Postia placenta on the

connection samples of Chapters 3 and 4 and the OSB samples of

Chapter 5 are effective for other types of decay fungi.

Develop numerical models incorporating the results of this study to

estimate the lateral capacity of full-scale light-framed shear walls and

horizontal diaphragms with fungal damage at arbitrary locations and

severity.

Study the behavior of bolted connections between combinations of

wood, concrete, and wood composite materials exposed to fungal

attack.

Determine the relationships between weight loss and mechanical

property reductions for wood composite materials. This information is

not well documented in the literature.

Continue development of a field-portable NIR spectroscopy unit

capable of estimating sheathing and framing member properties in-

situ.

Map the laboratory durability and deterioration rates to building service

environments.
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Appendix A - Experimental design

The purpose of this appendix is to present the overall experimental

design of this research.

This research is divided into three phases. In Phase I, the effect of

biological deterioration on three types of nailed sheathing to framing member

connections is studied. Mechanical properties of the connections including

strength, initial stiffness, yield load, and energy absorption are characterized

at increasing levels of decay damage caused by the brown rot fungus, Postia

placenta. Monotonic and fully-reversed cyclic loading regimes are used for

lateral resistance tests. In Phase II, the sheathing and framing members

from selected destructive tests of Phase I are cut into sub-samples and

evaluated to determine relationships between the mechanical properties of

the connection and measurable physical and mechanical properties of the

sub-samples. In Phase Ill, samples of OSB sheathing are decayed to

correlate mechanical, physical, and chemical properties.

Phase I

The experiments of Phase I are divided into two parts: evaluation of

static properties (section 3) including strength, initial stiffness, and yield load
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and evaluation of fully-reversed quasi-static properties (section 4) including

maximum loads, slip at maximum loads, initial stiffness, yield load, and

energy absorption. Phase I considers fungal damage at five incubation

times: 0, 5, 10, 20, and 30 weeks. The monotonic portion includes

evaluation of three connection geometries including field, edge, and plate;

the, fully-reversed quasi-static portion evaluates onty the field connection

geometry (Figure A.1).
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Figure A. 1: Diagrams of the three connection geometries used to study
effects of fungal decay on connection behavior.

The experiment to assess monotonic properties is organized as

completely randomized design with a factorial treatment structure, which

facilitates analysis of main effects including incubation time, connection

geometry, and inoculation level (inoculated with the test fungus or not

inoculated) as well as interactions between the main effects. The experiment

to assess fully-reversed quasi-static properties is organized as a completely

randomized design with the main effect of inoculation time. Analysis of
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variance tables for the monotonic and quasi-static evaluations are shown in

Table A.1.

Table A.1: Phase I ANOVA table for Phase I.

Monotonic Loadin

Quasi-Static Loadin

Phase II

The purpose of this experiment is to further evaluate portions of the

OSB sheathing and Douglas-fir framing members for nail dowel bearing

strength and weight loss. These properties are correlated with the

mechanical properties of the connection tests from Phase I.

The experimental design is setup with the same main effects as

Phase I, focusing on the field connection geometry only: five time levels (0,

Factor
Number of

Combinations
Degrees of
Freedom

Time 5 4
Inoculation 2 1

Orientation 3 2
Time * Inoculation 10 4
Time * Orientation 15 8
Inoculation * Orientation 15 8
Time * Inoculation * Orientation 30 8

Error 220 264

Total 300 - 299
Replications per Treatment Combination= 10

Factor
Number of

Combinations
Degrees of
Freedom

Time 5 4

Inoculation 2 1

Time * Inoculation 10 4

Error 83 90

Total 100 99
Replications per Treatment Combination = 10



142

5, 10, 20, and 30 weeks), two inoculation levels (inoculated and not

inoculated), one connection geometry (field) with ten replications per

treatment combination. Weight loss is determined by comparing the

measured specific gravity after exposure to decay fungi to a sample group of

non-decayed OSB and Douglas-fir.

Phase Ill

In Phase Ill, various mechanical, physical, and chemical properties of

the sheathing, from the same source used in Phases I and II, are examined.

The experimental design is organized as a completely randomized design

with six time levels (0, 5, 10, 15, 20, and 30 weeks) with six replications per

treatment combination. Blocking is used in the analysis of solubility in an

aqueous solution of sodium hydroxide because only five samples could be

evaluated simultaneously.



Appendix B - Background on Wood Decay Fungi

Fungi responsible for wood decay are part of a kingdom of organisms

that have membrane bound organelles and obtain their energy and nutrition

requirements by metabolizing organic compounds. They are incapable of

photosynthesis, although some have developed symbiotic relationships with

photosynthetic microbes. Fungi cells are structured into networks of long

strands called hyphae, which are further organized into mycelium (Eaton and

Hale 1993).

For successful growth and reproduction, fungi require a food source,

free water, oxygen, and moderate temperatures (Forest Products Laboratory

1999). Removal of any one requirement either kills the fungus or forces it

into a dormant state. For example, wood preservatives work by poisoning

the wood with chemicals, which typically interfere with the respiration

processes of fungi. Covered bridges limit exposure of the wood structural

members to water. Storage of logs in mill-ponds and structural piles driven

below the water table are preservation techniques which limit the availability

of oxygen. Temperature can be used in the laboratory to control fungi

growth, however it is difficult to use temperature as a reliable mechanism to

control decay processes in structures (Zabel and Morrell 1992).
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The wood cell wall becomes a food source for fungi in the decay

process. The structural components of the cell wall are macropolymers of

cellulose (homopolysaccharides), hemicellulose (heteropolysaccarides), and

lignin (phenlypropane polymers). Wood decay fungi have developed

enzymes capable of breaking down one or more of these wood components

into simple sugars, which diffuse into the hyphae and are used to generate

energy through aerobic respiration.

Decay processes require free water, which serves as an essential

component in hydrolysis of wood by fungi, is necessary as a swelling agent,

and provides a transport mechanism for enzymes. Water can exist in wood

as free water in the lumens, vapor in the lumens, or as bound water in the

cell walls. Below the fiber saturation point, approximately 30 percent for

most softwood species, free water is not readily available, thereby limiting the

growth of fungi. As the moisture content increases above the fiber saturation

point, so does the propensity for decay to occur. For softwoods, the ideal

moisture content for most types of decay fungi is between 40 and 70 percent.

Above this range, the availability of oxygen becomes limited causing a

decrease in the rate of decay (Eaton and Hale 1993). Snell (1929) identified

the upper moisture content limit for optimum growth in Douglas-fir as

approximately 70 percent. At moisture contents greater than approximately

110 percent, decay processes are inhibited.
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Fungi responsible for wood decay are aerobic and require oxygen to

metabolize carbohydrates. Snell's experiments (1929) indicated that 20

percent of the bulk volume of wood needs to be air in order for decay to

occur. Jensen (1967) studied the sensitivity of Polyporus suiphureus (a

brown rot fungus) and other fungi to atmospheres containing various

concentrations of carbon dioxide and oxygen. Increasing the oxygen

concentration from zero to approximately 15 percent of the atmosphere

promotes the growth of fungi, but at a decreasing rate. Above an oxygen

concentration of 15 percent, nutrient supply and other biological processes

control growth rate. Tests by Scheffer and Livingston (1937) on the effect of

oxygen partial pressure and temperature showed that the minimum oxygen

concentration for fungi growth was between 0.2 and 1.3 percent. Later

research by Scheffer (1985) demonstrated that fungi do not grow at oxygen

concentrations below 0.4 percent. Fungi survivability without oxygen varies

between I week and 24 months (Scheffer 1985).

The optimum temperature range for fungi growth is between 20 and

30° C, although some fungi flourish in temperatures up to 40° C. Fungi

become dormant at temperatures below 5° C until more favorable

environmental conditions arise. High temperatures (greater than 40° C) can

be an effective decay suppressant in conditions that would otherwise be

favorable for wood decay. Decay fungi can be killed by exposure to

temperatures over 60° C (Scheffer and Livingston 1937).
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There are three general types of wood degrading fungi, classified

based on their effect on the wood: brown rot, white rot, and soft rot (FPL

1999). Brown rot fungi consume the cellulose and hemicellulose leaving the

decayed wood looking dark brown, dry, and heavily checked across the

grain. Brown rot is considered the most destructive and economically

important decay type for commercial softwoods. It is estimated that up to 80

percent of the cases of wood decay in wood members used as building

materials are caused by brown rot fungi (Green and Highley 1997).

Interestingly, this group accounts for only six percent of the wood

deterioration in forested areas (Gilbertson and Ryvarden 1980). Many white

rot fungi can use all wood components and cause the wood to look bleached.

Soft rot fungi flourish in high moisture content and nearly anaerobic

conditions unfavorable to the other types of decay fungi. Soft rot damage is

characterized by a shallow region of spongy decay on the wood surface

(Carll and Highley 1999).

Many basidiomycetes responsible for decay of wood in buildings are

capable of producing distinctive fruiting structures during late stages of

decay. The mycelium is typically light in color, often white or yellow. Wood

decay caused by brown rot fungi is sometimes erroneously called dry rot in

its late stages due to the dry crumbly appearance of the damaged wood.

There is, however, one type of brown rot, a true dry rot called Serpula
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Iaciymans, which can transport water over long distances across inert

materials such as stone, concrete, and masonry (Eaton and Hale 1993).

A variety of mechanical properties of wood are adversely affected by

the biological activities of fungi. Fungi obtain energy from the breakdown of

cellulose, hemicellulose, and lignin in the wood structure, converting them to

carbon dioxide, water, and other byproducts of aerobic respiration.

Significant reductions in some mechanical properties occur in the early

stages of decay at weight losses less than 10 percent. For a given weight

loss, wood samples subjected to brown rot fungi tend to experience greater

losses in the mechanical properties than samples subjected to white and soft

rot fungi (Wilcox 1978). The effects of brown rot fungi on the mechanical

properties of wood become detectable by non-destructive methods and

microscopic evaluation between 5 and 10 percent weight loss (Wilcox 1978).

Strength loss in the early stages of decay by brown rot fungi may be

attributed to depolymerization of the cellulose polymers, a linear chain of

repeating glucose monomers each joined by an oxide bridge, through

hydrolases. Hydrolases is a classification of enzymatic action that breaks

down compounds at an oxide bridge. Brown rot fungi broadcast exocellular

enzymes that diffuse in the free water. Some of the enzymes, termed

exohydrolases, reduce the long polymer chains to monomers or dimers by

successively attacking the ends of the polymers. Other enzymes, termed

endohydrolases, are capable of breaking polymers at any point, thereby
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increasing the number of sites available for the exohydrolases. The suite of

enzymes used by fungi to digest cellulose is called celiulase (Zabel and

Morrell 1992). Degradation of the cellulose often occurs at a higher rate than

brown rot fungi can metabolize the material. This results in a significant

decrease in mechanical properties, particularly toughness, at low weight

losses. In contrast to brown rot fungi, degradation of the wood structure by

white rot fungi tends to be localized, causing thinning of the cell walls and

more gradual losses in mechanical properties. White rot fungi degrade wood

in the proximity of the hyphae ends rather than the broadcasting technique

employed by the brown rot fungi (Akande 1990).

Winandy and Morrell (1993) and others (Curling et al. 2002) proposed

hemicellulose depletion as a mechanism for early loss of mechanical

properties due to decay by brown rot fungi. Early strength losses were

associated with arabinose and galactose degredation, whereas glucose, the

monomer of cellulose, was only slightly degraded by the brown rot fungi and

not significantly degraded by the white rot fungi. In the study by Curling et al.

(2002), bending strength losses between 0 and 40 percent occurred at an

average weight loss less than five percent and were accompanied by

hemicellulose degradation, specifically the galactan and arabinan

carbohydrates. Between 40 and 80 percent bending strength loss, mannan

and xylan hemicellulose carbohydrates were degraded. Bending strength

losses in excess of 80 percent were noted by glucan degradation, 90 percent
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of which was from the cellulose. Winandy and Morrelt (1993) indicate that

although cellulose depolymerization may account for a portion of the early

strength loss by brown rot fungi, hemicellulose degradation may be

responsible for the majority of early strength loss.

Laboratory techniques such as the soil-block test (AWPA 2000) are

used to characterize fungal attack under controlled environmental conditions.

Although this test method exposes wood samples to a severe decay

exposure, exceeding that of non-ground-contact wood-based building

products in-service, the test is primarily used to compare the durability of

various wood species and the effectiveness of preservatives. Results from

soil-block and similar in-vitro durability tests are typically expressed as weight

loss, expressed as a percentage of the original oven-dry weight. Nilsson and

Daniel (1992) noted that the weight loss metric might be misleading when

results, especially decay rate, of different experiments are compared that

used different size samples. The specific surface (total surface area of the

specimen divided by its volume) of a test specimen influences the rate at

which decay occurs; small samples have more surface area per unit volume

than large samples. Decay potential, defined as the weight loss, expressed

in mass units, divided by the original wood volume, may provide another

useful metric to compare decay rates between experiments.
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Appendix C - Phase I and II Test Results

This appendix presents a rationale for the sample geometries

evaluated in this study, the methods used to calculate each parameter, and a

tabular summary of the results from Phases I and II.

Pilot Study

Sample geometry and sterilization techniques were rigorously

evaluated prior to the study presented in this thesis. A pilot study evaluated

16 treatment groups, with ten replications each, of nailed OSB sheathing to

Douglas-fir framing member connections to determine the effect of

construction methods on the ultimate strength. The treatment groups are

described in Table C.1. The connection samples were fabricated from 13

mm thick (nominal) aspen OSB sheathing, solid-sawn 38 mm x 89 mm

Douglas-fir dimensional lumber framing members, and hand-driven 2.87 mm

x 60.3 mm (8d box) nails. The OSB sheathing was 300 mm long and 25 mm

wide and the framing members were 300 mm long. The sheathing and

framing member were overlapped by 50 mm and the nail was driven into the

narrow face of the framing member at the center of the overlap.
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Table C. 1: Ultimate strength results from pilot study (ten replications each
treatment).

Between groups of similar construction, the effects of autoclaving and

OSB sheathing orientation were not statistically significant. The ultimate

strength of the connection samples was influenced by the relatively narrow

width of the OSB sheathing (25 mm), which caused premature failures in a

few samples due to combined bending (from the inherent eccentricity of the

lap-shear connection samples) and axial tension in the sheathing. Nailing

the components before or after soaking had no significant effect on ultimate

strength; likewise, nailing the components before or after autoclaving had no

effect. Interestingly, samples fabricated from soaked framing members and

dry OSB had the highest strength, whether autoclaved or not.

The pilot study influenced the fabrication and sterilization techniques

used in this research. First, the width of the OSB sheathing was increased

from 25 mm to 100 mm to lower the stress due to combined bending and

axial loads. Second, the overlap between the sheathing and framing

Treatment
Group Wood Materials Sterilization

Loading Direction
With Respect to OSB

Orientation

Aveage
Ultimate
Load (N)

1 Dry framing member and OSB, nailed Not autoclaved Parallel 1082
2 Dry framing member and OSB. nailed Not autoclaved Perpendicular 1140
3 Dry framing member and OSB, nailed Autodaved Parallel 1172
4 Dry framing member and OSB, nailed Autoclaved Perpendicular 1143
5 Components soaked, then nailed Not autoclaved Parallel 1366
6 Components soaked, then nailed Not autoclaved Perpendicular 1100
7 Components soaked Autoclaved, then nailed Parallel 1311

8 Components soaked Autoclaved, then nailed Perpendicular -
9 Components nailed, then soaked Not autoclaved Parallel 1156

10 Components nailed, then soaked Not autoclaved Perpendicular 1137

11 Components nailed, then soaked Autodaved Parallel 1269

12 Components nailed, then soaked Autodaved Perpendicular 1032
13 Soaked framing member and dry OSB, nailed Autoclaved Parallel 1415

14 Soaked framing member and dry OSB, nailed Autoclaved Perpendicular 1446

15 Soaked framing member and dry OSB, nailed Not autoclaved Parallel 1335

16 Soaked framing member and dry OSB, nailed Not autoclaved Perpendicular 1447
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member for the field and edge geometries was increased to 200 mm to

prevent end-effects. Finally, since the order of fabrication and sterilization

did not significantly affect the ultimate strength in the pilot study, it was

decided to fabricate the field, edge, and plate connection geometry samples

in the dry condition, followed by soaking, then sterilization. This was done for

handling convenience.

Analysis of Non-Decayed Samples

Table C.2 presents the ultimate strength results of samples from the

inoculated and control groups at the zero-week harvest time for the field,

edge, and plate connection geometries and unconditioned samples (not

soaked, not autoclaved) for field and plate connection geometries. An

analysis of variance performed on the data in Table C.2 indicated that none

of the groups were significantly different from the others. This finding implies

that ultimate strength results were unaffected by autoclaving or geometry, in

the undecayed condition. However, as described in Chapter 3, the behavior

of the sample geometries differ as the level of fungal damage increases.
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Table C.2: Ultimate strength summary of lateral connection tests (N).

Development of Fully-Reversed Cyclic Testing Protocol

The quasi-static loading protocol used in this study was developed by

the Consortium of Universities for Research in Earthquake Engineering

(CUREE) for testing of woodframe structures (Krawinkler et al. 2000).

Scaling of the protocol was defined with respect to a reference displacement.

The reference displacement was defined as 60 percent of the post-peak slip

at which the load dropped to 80 percent of the maximum load during a

monotonic test (Figure C.1). Analysis of ten field geometry connection

samples tested monotonically in the dry condition, without being immersed in

water, inoculated, or sterilized, permitted calculation of a reference

displacement of 15.1 mm (results shown in Table C.3, ultimate strength

results for this group shown in Table C.2 under the heading "Field-dry-

static").

Saturated and Autoclaved Dry

Sample

Field-static-
control

Field-static-
inoculated

Edge-static-
control

Edge-static-
inoculated

Plate-static-
control

Plate-static-
Inoculated

Field-dry-
static

Plate-dry-
static

FSC FSI ESC ESI PSC PSI FDS PDS

1 1540 1806 1280 1466 1440 1273 1595 1087
2 2374 1849 1461 1280 1708 1109 2035 1633
3 1202 1784 1027 1680 1237 1181 1083 1315

4 1038 1198 1882 1328 1523 1571 1254 1019
5 1134 1177 1455 1188 766 1461 1477 862
6 1127 1417 1505 1427 1403 1416 1351 1933

7 1198 1406 1338 1193 1299 1418 1480 1693

8 1596 1150 1485 1431 1388 723 1576 1264
9 1393 1704 1463 1061 1342 1071 1778 1961

10 1379 1325 1272 1347 1160 1228 1905 1320

Average 1398 1482 1427 1340 1327 1245 1553 1409

Stdev 389 279 244 174 249 245 293 380

COy 0.278 0.188 0.171 0.130 0.188 0.196 0.188 0.270
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Figure C.1: Definition of reference displacement.

Table C.3: Summary of calculated CUREE reference displacements from the
F DS (field-dry-static) connection tests.

MAXIMUM LOAD

50%
MAXIMUM
LOAD
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Sample

Calculated
Reference

Displacement (mm)

1 14.79
2 13.60
3 10.60
4 10.50
5 13.36
6 19.71

7 16.01
8 17.03
9 13.03
10 22.06

Average 15.1

COy 0.248



157

Although the quasi-static protocol description implies triangular

loading functions to the target amplitudes, the testing procedure for in this

study used sinusoidal functions to improve control of the hydraulic system. A

triangular shaped loading function has the disadvantage of having an

undefined slope at the peak of each cycle, which causes significant control

problems in servo-valve controlled hydraulic actuator systems. The quasi-

static loading protocol was displacement controlled and applied at a rate of

0.2 Hz. Load and slip information were recorded by a data acquisition

system at a rate of 20 Hz for the quasi-static tests, which provided exactly

100 data points per cycle. A plot of the fully-reversed cyclic loading is shown

in Figure C.2.
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Figure C.2: CUREE loading protocol.

Results

Results from the monotonic and fully reversed connection tests are

presented in this section. Abbreviations and calculation methods are:

ESC: Edge-static-control (Chapter 3).

FSC: Field-static-control (Chapter 3).

SSC: Sill-static-control (Chapter 3).

ESI: Edge-static-inoculated (Chapter 3).

FSI: Field-static-inoculated (Chapter 3).

SSI: Sill-static-inoculated (Chapter 3).

Exarrçles of
trailino cycles

'I

158
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FDS: Field-dry-static. Samples were not soaked or sterilized

(Chapter 4).

SDS: Sill-dry-static: Samples were not soaked or sterilized

FDI: Field-dynamic-inoculated: Samples testing according to the

CUREE protocol (Chapter 4).

Initial stiffness: The slope of a linear regression line drawn in the

initial linear region of the load-deflection curve. Typically, the linear

region was between 5 and 20 percent of the ultimate load.

Ultimate load: The maximum load observed in the load-deflection

curves.

Yield load: The intersection of the load-deformation curve and a line

parallel to the initial linear region of the load-deformation curve offset

by a distance of five percent of the dowel diameter (2.87 mm X 0.05 =

0.144 mm).

Total energy: Area under the load deflection curve integrated from the

origin to 80 percent of the post-ultimate load.

Yield mode: Defined per the 2001 NDS (AFPA 2001).

Dowel bearing slope: The slope of a linear regression line drawn in

the initial linear region of the load-deflection curve. Typically, the

linear region was between 20 and 50-70 percent of the ultimate load.
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Dowel bearing yield strength: The intersection of the load-deformation

curve and a line parallel to the initial linear region of the load-

deformation curve offset by a distance of five percent of the dowel

diameter.

Dowel bearing yield stress: Dowel bearing yield load divided by the

projected area of the nail (2.87 mm X actual sheathing thickness).

Dowel bearing yield stress adjusted to 15/32 in. equiv: Dowel bearing

yield stress adjusted to the nominal sheathing thickness by multiplying

by the ratio of the measured sheathing thickness divided by the

nominal thickness (11.9 mm).

Specific gravity: Oven-dry density, computed using oven-dry

dimensions, divided by the unit weight of water at standard conditions.

Moisture content: Weight of water in the sample divided by the oven

dry weight.

Ultimate tensile load: The maximum load observed on the tensile side

of the load-deflection curve.

Ultimate compressive load: The maximum load observed on the

compressive side of the load-deflection curve.

Slip at ultimate tensile load: Corresponding deflection at the ultimate

tensile load.

Slip at ultimate compressive load: Corresponding deflection at the

ultimate compressive load.
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Tensile yietd: Maximum load observed during the second primary

cycle on the tensile side of the toad-deflection curve.

Compressive yield: Maximum load observed during the second

primary cycle on the compressive side of the load-deflection curve.

Energy: Cumulative energy integrated under the hysteresis curve

summed over each cycle up to, and including, the primary cycle that

approximates 80 percent of the post-ultimate load.



Table C.4: Results from monotonic and fully-reversed cyclic testing.
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Test Geomet,y Treatment
Incubation

time (weeks) Sample

Initial
Stiffness
(Nlmm)

Ultimate
Load (N)

Yield Load
(N)

Total
Energy (J)

Nail yield
mode

ESC EDGE CONTROL 0 1 524 1280 364 28.9 3
ESC EDGE CONTROL 0 2 550 1461 393 20.3 3
ESC EDGE CONTROL 0 3 571 1027 356 18.2 3
ESC EDGE CONTROL 0 4 800 1982 332 42.3 3
ESC EDGE CONTROL 0 5 606 1455 405 28.7 3
ESC EDGE CONTROL 0 6 432 1505 321 33 3
ESC EDGE CONTROL 0 7 521 1338 394 24.8 3
ESC EDGE CONTROL 0 8 680 1485 404 33.7 3
ESC EDGE CONTROL 0 9 386 1463 375 27.2 3
ESC EDGE CONTROL 0 10 572 1272 488 21.1 3
ESC EDGE CONTROL 5 1 721 1340 417 25.1 3
ESC EDGE CONTROL 5 2 341 968 368 22.8 3
ESC EDGE CONTROL 5 3 368 1087 336 26.4 3
ESC EDGE CONTROL 5 4 749 1379 390 25.7 3
ESC EDGE CONTROL 5 5 842 1322 444 25.8 3
ESC EDGE CONTROL 5 6 643 2122 554 49.7 3
ESC EDGE CONTROL 5 7 611 1152 375 25.8 3
ESC EDGE CONTROL 5 8 484 1686 415 32.4 3
ESC EDGE CONTROL 5 9 445 1404 288 26.1 3
ESC EDGE CONTROL 5 10 624 1278 369 13.6 3
ESC EDGE CONTROL 10 1 533 1767 433 33.1 3
ESC EDGE CONTROL 10 2 498 1305 391 25 3
ESC EDGE CONTROL 10 3 327 1827 409 49.4 3
ESC EDGE CONTROL 10 4 531 1196 329 14.1 3
ESC EDGE CONTROL 10 5 490 1420 339 29.7 3
ESC EDGE CONTROL 10 6 345 1992 477 52.1 3
ESC EDGE CONTROL 10 7 435 1624 384 32.1 3
ESC EDGE CONTROL 10 8 599 1273 405 19.2 3
ESC EDGE CONTROL 10 9 548 1148 365 14.1 3
ESC EDGE CONTROL 10 10 513 1360 351 22.6 3
ESC EDGE CONTROL 20 1 602 1245 361 31.3 3
ESC EDGE CONTROL 20 2 494 2003 447 48.5 3
ESC EDGE CONTROL 20 3 543 904 366 14.1 3
ESC EDGE CONTROL 20 4 624 1120 356 16.8 3
ESC EDGE CONTROL 20 5 906 2114 443 53.7 3
ESC EDGE CONTROL 20 6 895 1190 391 17.1 3
ESC EDGE CONTROL 20 7 787 1465 507 13.7 3
ESC EDGE CONTROL 20 8 678 1781 421 23.4 3
ESC EDGE CONTROL 20 9 712 1572 355 30 3
ESC EDGE CONTROL 20 10 526 1375 293 29.5 3
ESC EDGE CONTROL 30 1 653 1416 494 15 3
ESC EDGE CONTROL 30 2 279 612 235 16.7 3
ESC EDGE CONTROL 30 3 405 1934 402 34.5 3
ESC EDGE CONTROL 30 4 553 1267 339 22.6 3
ESC EDGE CONTROL 30 5 579 1669 412 17.8 3
ESC EDGE CONTROL 30 6 461 1305 348 19 3
ESC EDGE CONTROL 30 7 548 1607 447 21.6 3
ESC EDGE CONTROL 30 8 415 2085 324 38.6 3
ESC EDGE CONTROL 30 9 377 1350 271 20.7 3
ESC EDGE CONTROL 30 10 767 1017 353 11.3 3
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Test Geometiy Treathent
Incubation

time (weeks) Sample

Initial
Stiffness
(NImm)

Ultimate
Load (N)

Yield Load
(N)

Total
Energy (J)

Nail yield
mode

ESI EDGE INOCULATED 0 1 391 1466 357 289 3
ESI EDGE INOCULATED 0 2 559 1280 333 20.2 3

ESI EDGE INOCULATED 0 3 379 1680 379 34 3
ESI EDGE INOCULATED 0 4 557 1328 401 24.2 3

ESI EDGE INOCULATED 0 5 506 1188 345 20 3

ESI EDGE INOCULATED 0 6 379 1427 278 27.1 3

ESI EDGE INOCULATED 0 7 547 1193 318 25.1 3
ESI EDGE INOCULATED 0 8 455 1431 401 24.4 3

ESI EDGE INOCULATED 0 9 412 1061 275 14.5 3

ESI EDGE INOCULATED 0 10 317 1347 332 26.3 3

ESI EDGE INOCULATED 5 1 520 1419 295 21.4 3

ESI EDGE INOCULATED 5 2 443 1615 425 32.2 3

ESI EDGE INOCULATED 5 3 537 943 373 11.2 3
ESI EDGE INOCULATED 5 4 581 1550 436 23.5 3

ESI EDGE INOCULATED 5 5 282 988 261 15.3 3

ESI EDGE INOCULATED 5 6 528 934 325 10.1 3

ESI EDGE INOCULATED 5 7 162 596 281 7.5 3

ESI EDGE INOCULATED 5 8 514 1444 313 24.6 3

ESI EDGE INOCULATED 5 9 592 1159 390 9.5 3

ESI EDGE INOCULATED 5 10 454 2219 431 42.8 3

ESI EDGE INOCULATED 10 1 636 1600 434 27.6 3

ESI EDGE INOCULATED 10 2 465 1218 330 9.5 3

ESI EDGE INOCULATED 10 3 389 1302 338 25.5 3

ESI EDGE INOCULATED 10 4 440 1500 374 10.3 3

ESI EDGE INOCULATED 10 5 560 974 312 6.8 3
ESI EDGE INOCULATED 10 6 422 983 365 15.5 3

ESI EDGE INOCULATED 10 7 701 1245 374 17 3

ESI EDGE INOCULATED 10 8 485 889 323 9.6 3

ESI EDGE INOCULATED 10 9 497 1331 323 20.7 3

ESI EDGE INOCULATED 10 10 323 1314 344 26.8 3
ESI EDGE INOCULATED 20 1 1867 1154 453 26.4 3

ESI EDGE INOCULATED 20 2 798 1930 406 45 3

ESI EDGE INOCULATED 20 3 459 843 333 12.3 3

ESI EDGE INOCULATED 20 4 440 792 321 10.4 3

ESI EDGE INOCULATED 20 5 486 1161 382 17.5 3

ESI EDGE INOCULATED 20 6 506 2008 395 40.6 3
ESI EDGE INOCULATED 20 7 488 856 311 11 3

ESI EDGE INOCULATED 20 8 548 1172 265 14 3
ESI EDGE INOCULATED 20 9 528 1571 418 28.4 3
ESI EDGE INOCULATED 20 10 708 1592 370 31.6 3
ESI EDGE INOCULATED 30 1 493 196 105 0.9 1

ESI EDGE INOCULATED 30 2 301 598 197 5.1 3

ESI EDGE INOCULATED 30 3 377 484 275 3.6 1

ESI EDGE INOCULATED 30 4 419 453 349 1 1

ESI EDGE INOCULATED 30 5 404 564 280 3.6 1

ESI EDGE INOCULATED 30 6 441 390 313 0.5 1

ESI EDGE INOCULATED 30 7 447 450 355 1.1 1

ESI EDGE INOCULATED 30 8 469 602 346 6.4 3

ES! EDGE INOCULATED 30 9 436 487 259 4.7 3

ES! EDGE INOCULATED 30 10 415 508 344 4.6 3
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Test Geometry Treatment
Incubation

time (weeks) Sample

Initial
Stiffness
(P11mm)

Ultimate
Load (N)

Yield Load
(N)

Total
Energy (J)

Nail yield
mode

FDS FIELD DRY 0 1 5377 1595 569 33.8 3

FDS FIELD DRY 0 2 1137 2035 490 35.8 3

FDS FIELD DRY 0 3 2727 1083 472 16.4 3

FDS FIELD DRY 0 4 1379 1254 400 17.5 3

FDS FIELD DRY 0 5 2574 1477 450 26.9 3

FDS FIELD DRY 0 6 1635 1351 396 36.8 3

FDS FIELD DRY 0 7 1820 1480 4.46 32.8 3
FDS FIELD DRY 0 8 1697 1576 519 36.8 3

FDS FIELD DRY 0 9 1008 1778 471 28.8 3

FDS FIELD DRY 0 10 4491 1905 569 59.5 3

FSC FIELD CONTROL 0 1 381 1540 376 34.6 3

FSC FIELD CONTROL 0 2 602 2374 470 61.8 3
FSC FIELD CONTROL 0 3 425 1202 286 23.8 3
FSC FIELD CONTROL 0 4 349 1038 288 19.5 3
FSC FIELD CONTROL 0 5 484 1134 362 21.5 3
FSC FIELD CONTROL 0 & 364 1127 340 20.6 3
FSC FIELD CONTROL 0 7 444 1198 376 23 3

FSC FIELD CONTROL 0 8 498 1596 412 33.6 3
FSC FIELD CONTROL 0 9 328 1393 328 26 3
FSC FIELD CONTROL 0 10 386 1379 342 20.6 3

FSC FIELD CONTROL 5 1 425 1491 389 24.2 3

FSC FIELD CONTROL 5 2 387 1656 416 30.3 3
FSC FIELD CONTROL 5 3 517 1639 395 28.9 3

FSC FIELD CONTROL 5 4 580 1098 325 19 3
FSC FIELD CONTROL 5 5 555 1136 411 18 3
FSC FIELD CONTROL 5 6 427 1456 382 24.5 3

FSC FIELD CONTROL 5 7 470 1955 458 48.8 3
FSC FIELD CONTROL 5 8 555 1271 353 20.2 3

FSC FIELD CONTROL 5 9 426 1165 377 21 3
FSC FIELD CONTROL 5 10 613 1692 437 31.3 3
FSC FIELD CONTROL 10 1 532 1453 409 23.3 3

FSC FIELD CONTROL 10 2 530 2006 337 58.4 3

FSC FIELD CONTROL 10 3 487 1533 337 32.3 3
FSC FIELD CONTROL 10 4 307 1777 516 34.7 3
FSC FIELD CONTROL 10 5 428 1381 436 36.1 3

FSC FIELD CONTROL 10 6 560 1176 420 27.8 3
FSC FIELD CONTROL 10 7 360 1484 371 25.7 3

FSC FIELD CONTROL 10 8 314 1621 396 47.1 3
FSC FIELD CONTROL 10 9 533 1604 432 32.3 3
FSC FIELD CONTROL 10 10 535 1366 360 19.6 3

FSC FIELD CONTROL 20 1 551 1304 377 20.2 3
FSC FIELD CONTROL 20 2 512 1444 374 26.9 3
FSC FIELD CONTROL 20 3 425 1922 412 53 3

FSC FIELD CONTROL 20 4 759 1884 402 35.8 3
FSC FIELD CONTROL 20 5 475 1502 363 32.6 3
FSC FIELD CONTROL 20 6 380 1839 340 54.3 3
FSC FIELD CONTROL 20 7 595 2293 465 61 3
FSC FIELD CONTROL 20 8 560 1583 350 37.2 3
FSC FIELD CONTROL 20 9 487 1466 377 29.8 3
FSC FIELD CONTROL 20 10 657 1589 465 23.5 3
FSC FIELD CONTROL 30 1 494 1929 361 39.2 3
FSC FIELD CONTROL 30 2 682 1331 375 17.2 3
FSC FIELD CONTROL 30 3 426 1305 392 21.4 3
FSC FIELD CONTROL 30 4 411 1250 278 26.2 3
FSC FIELD CONTROL 30 5 354 1152 343 16.9 3
FSC FIELD CONTROL 30 6 363 1627 379 25.3 3

FSC FIELD CONTROL 30 7 476 1176 321 25 3
FSC FIELD CONTROL 30 8 399 1616 329 33 3
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Test Geometry Treatment
Incubation

time (weeks) Sample

Initial
Stiffness
(N/mm)

Ultimate
Load (N)

Yield Load
(N)

Total
Energy (J)

Nail yIeld
mode

FSI FIELD INOCULATED 0 1 455 1806 447 38.3 3

FSI FIELD INOCULATED 0 2 362 1849 436 49.8 3

FSI FIELD INOCULATED 0 3 425 1784 421 49.5 3

FSI FIELD INOCULATED 0 4 434 1198 308 21.7 3

FSI FIELD INOCULATED 0 5 338 1177 307 21.1 3

FSI FIELD INOCULATED 0 6 509 1417 392 26.5 3

FSI FIELD INOCULATED 0 7 540 1406 406 26.3 3

FSI FIELD INOCULATED 0 8 513 1150 371 19.5 3

FSI FIELD INOCULATED 0 9 389 1704 413 44.3 3

FSI FIELD INOCULATED 0 10 339 1325 316 24 3

FSI FIELD INOCULATED 5 1 612 1576 358 29.6 3

FSI FIELD INOCULATED 5 2 540 1843 456 40.2 3

FSI FIELD INOCULATED 5 3 480 2121 427 45.2 3

FSI FIELD INOCULATED 5 4 465 1489 320 26.9 3

FSI FIELD INOCULATED 5 5 384 1541 386 32.3 3

FSI FIELD INOCULATED 5 6 439 1761 445 33.4 3

FSI FIELD INOCULATED 5 7 458 1272 345 24.4 3

FSI FIELD INOCULATED 5 8 540 1134 357 17.1 3
FSI FIELD INOCULATED 5 9 413 1352 341 23 3

FSI FIELD INOCULATED 5 10 647 908 379 13.3 3

FSI FIELD INOCULATED 10 1 249 1090 248 18.6 3

FSI FIELD INOCULATED 10 2 490 1940 340 37.3 3
FSI FIELD INOCULATED 10 3 457 1276 382 17.7 3

FSI FIELD INOCULATED 10 4 438 1186 370 18.8 3
FSI FIELD INOCULATED 10 5 419 1328 394 23.6 3
FSI FIELD INOCULATED 10 6 314 1613 298 33.8 3

FSI FIELD INOCULATED 10 7 269 1537 340 40.6 3
FSI FIELD INOCULATED 10 8 514 2042 406 45 3

FSI FIELD INOCULATED 10 9 415 916 305 15.1 3

FSI FIELD INOCULATED 10 10 549 1303 356 18.1 3

FSI FIELD INOCULATED 20 1 323 614 200 . 1

FSI FIELD INOCULATED 20 2 531 1272 402 16.9 3

FSI FIELD INOCULATED 20 3 453 1388 345 27.4 3

FSI FIELD INOCULATED 20 4 608 1460 396 25 3

FSI FIELD INOCULATED 20 5 851 1906 466 47.6 3

FSI FIELD INOCULATED 20 6 565 1301 342 33.7 3

FSI FIELD INOCULATED 20 7 815 1429 440 18.7 3

FSI FIELD INOCULATED 20 8 452 786 282 13.3 3

FSI FIELD INOCULATED 20 9 508 1230 394 21.2 3

FSI FIELD INOCULATED 20 10 645 1895 407 36.9 3

FSI FIELD INOCULATED 30 1 311 473 242 4.1 3

FSI FIELD INOCULATED 30 2 343 529 211 4.4. 3

FSI FIELD INOCULATED 30 3 405 742 225 8.5 3

FSI FIELD INOCULATED 30 4 546 262 249 0.1 1

FSI FIELD INOCULATED 30 5 478 762 275 9.9 3

FSI FIELD INOCULATED 30 6 603 869 330 11.1 1

FSI FIELD INOCULATED 30 7 314 339 216 2.4 1

PSI FIELD INOCULATED 30 8 251 327 262 6.1 3

FSI FIELD INOCULATED 30 9 348 594 233 6.9 1

FSI FIELD INOCULATED 30 10 306 245 82 0.4 3
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Ted Geometry Treatment
Incubation

time (weeks) Sample

Initial
Stiffness
(NImm)

Ultimate
Load (N)

Yield Load
(N)

Total
Energy (J)

Nail yield
mode

SDS SILL DRY 0 1 1203 1087 318 24.1 3

SDS SILL DRY 0 2 3904 1633 511 32 3

SDS SILL DRY 0 3 2677 1315 514 18.7 3

SDS SILL DRY 0 4 3871 1019 526 26.4 3

SDS SILL DRY 0 5 8780 862 336 12 3

SOS SILL DRY 0 6 8347 1933 569 40 3

SDS SILL DRY 0 7 3558 1693 569 49.8 3

SDS SILL DRY 0 8 3009 1264 555 24.8 3

SDS SILL DRY 0 9 2919 1961 569 31.6 3

SDS SILL DRY 0 10 2857 1320 569 18.6 3

SSC SILL CONTROL 0 1 430 1440 496 33.7 3

SSC SILL CONTROL 0 2 517 1708 443 30.8 3

SSC SILL CONTROL 0 3 487 1237 435 21 3

SSC SILL CONTROL 0 4 526 1523 546 45.3 3

SSC SILL CONTROL 0 5 304 766 400 20.6 3

SSC SILL CONTROL 0 6 494 1403 502 26.5 3

SSC SILL CONTROL 0 7 347 1299 431 22.4 3

SSC SILL CONTROL 0 8 614 1388 426 18.6 3

SSC SILL CONTROL 0 9 643 1342 480 19 3

SSC SILL CONTROL 0 10 432 1160 399 12.2 3

SSC SILL CONTROL 5 1 525 1267 451 21 3

SSC SILL CONTROL 5 2 442 1294 391 12.9 3

SSC SILL CONTROL 5 3 347 1369 427 22.6 3

SSC SILL CONTROL 5 4 346 1132 342 21 3

SSC SILL CONTROL 5 5 460 1225 392 20.4 3

SSC SILL CONTROL 5 6 470 1525 418 38.1 3

SSC SILL CONTROL 5 7 394 1544 411 38.3 3

SSC SILL CONTROL 5 8 392 1300 379 24.9 3

SSC SILL CONTROL 5 9 534 1468 468 23.9 3

SSC SILL CONTROL 5 10 617 1386 391 19.5 3

SSC SILL CONTROL 10 1 456 1334 376 22.9 3

SSC SILL CONTROL 10 2 592 1649 444 31.6 3

SSC SILL CONTROL 10 3 585 1215 428 14.8 3

SSC SILL CONTROL 10 4 449 1331 397 18 3

SSC SILL CONTROL 10 5 467 1400 368 25.9 3

SSC SILL CONTROL 10 6 576 1459 466 23.4 3

SSC SILL CONTROL 10 7 394 1020 374 11.6 3

SSC SILL CONTROL 10 8 551 1188 386 18 3

SSC SILL CONTROL 10 9 944 2026 540 22.3 3

SSC SILL CONTROL 10 10 586 1378 429 18.8 3

SSC SILL CONTROL 20 1 573 1523 569 51.3 3

SSC SILL CONTROL 20 2 576 1300 396 22.5 3

SSC SILL CONTROL 20 3 449 1269 359 21.6 3

SSC SILL CONTROL 20 4 371 1420 457 40.9 3

SSC SILL CONTROL 20 5 654 1304 569 9.2 3

SSC SILL CONTROL 20 6 579 1162 488 11.3 3

SSC SILL CONTROL 20 7 484 1245 474 19.3 3

SSC SILL CONTROL 20 8 512 1383 482 13.8 3

SSC SILL CONTROL 20 9 476 1277 401 22.6 3

SSC SILL CONTROL 20 10 814 1515 523 34.8 3

SSC SILL CONTROL 30 1 444 1687 496 19.7 3

SSC SILL CONTROL 30 2 367 1439 417 24.5 3

SSC SILL CONTROL 30 3 409 1295 378 40.6 3

SSC SILL CONTROL 30 4 358 1296 449 29.3 3

SSC SILL CONTROL 30 5 704 1320 402 17.3 3

SSC SILL CONTROL 30 6 767 1205 421 18.4 3

SSC SILL CONTROL 30 7 537 1551 450 13.6 3

SSC SILL CONTROL 30 8 642 1407 533 29.8 3
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Test Geometry Treathent
Incubation

time (weeks) Sample

Initial
Stiffness
(N/mm)

Ultimate
Load (N)

Yield Load
(N)

Total
Energy (J)

Nail yield
mode

SSI SILL INOCULATED 0 1 528 1273 490 22.9 3

SSI SILL INOCULATED 0 2 566 1109 459 9.2 3
SSI SILL INOCULATED 0 3 500 1181 452 16.4 3

SSI SILL INOCULATED 0 4 487 1571 538 52.7 3

SSI SILL INOCULATED 0 5 557 1461 555 35.6 3

SSI SILL INOCULATED 0 6 544 1416 546 19.5 3

SSI SILL INOCULATED 0 7 478 1418 511 16.1 3

SSI SILL INOCULATED 0 8 402 723 383 4.6 3

SSI SILL INOCULATED 0 9 486 1071 412 12 3

SSI SILL INOCULATED 0 10 485 1228 490 23 3

SSI SILL INOCULATED 5 1 642 1561 467 22.4 3

SSI SILL INOCULATED 5 2 422 1332 399 16.6 3

SSI SILL INOCULATED 5 3 478 733 325 8.9 3

SSI SILL INOCULATED 5 4 328 1220 329 24.4 3

SSI SILL INOCULATED 5 5 540 1339 544 16.3 3

SSI SILL INOCULATED 5 6 419 952 348 12.8 3

SSI SILL INOCULATED 5 7 458 1288 396 17.6 3

SSI SILL INOCULATED 5 8 375 962 319 12.1 3

SSI SILL INOCULATED 5 9 310 1252 335 22.8 3

SSI SILL INOCULATED 5 10 418 1280 469 20.1 3

SSI SILL INOCULATED 10 1 772 1576 468 17.1 3

SSI SILL INOCULATED 10 2 636 1020 342 15.8 3
SSI SILL INOCULATED 10 3 468 821 379 8.4 3

SSI SILL INOCULATED 10 4 480 1130 374 19.5 3

SSI SILL INOCULATED 10 5 544 1046 383 16.4 3

SSI SILL INOCULATED 10 6 557 1190 450 17.5 3

SSI SILL INOCULATED 10 7 538 1252 411 16.6 3

SSI SILL INOCULATED 10 8 404 1233 377 22.7 3

SSI SILL INOCULATED 10 9 549 1246 482 19.7 3
SSI SILL INOCULATED 10 10 873 1286 478 11.4 3

SSI SILL INOCULATED 20 1 780 557 336 2.7 3

SSI SILL INOCULATED 20 2 385 1181 356 14.9 3

SSI SILL INOCULATED 20 3 809 1478 386 16.6 3

SSI SILL INOCULATED 20 4 487 1120 368 9.9 3

SSI SILL INOCULATED 20 5 385 1281 517 13.1 3
SSI SILL INOCULATED 20 6 489 418 249 1.1 1

SSI SILL INOCULATED 20 7 542 1082 407 10 3

SSI SILL INOCULATED 20 8 501 1264 481 6.9 1

SSI SILL INOCULATED 20 9 356 1130 444 9.7 3
SSI SILL INOCULATED 20 10 397 1817 534 21.4 3
SSI SILL INOCULATED 30 1 273 229 152 0.4 1

SSI SILL INOCULATED 30 2 282 318 157 1.9 3

SSI SILL INOCULATED 30 3 95 176 76 1.6 1

SSI SILL INOCULATED 30 4 155 358 238 3.2 1

SSI SILL INOCULATED 30 5 243 351 179 2.5 1

SSI SILL INOCULATED 30 6 140 419 141 . 3

SSI SILL INOCULATED 30 7 366 408 188 2.4 1

SSI SILL INOCULATED 30 8 495 420 216 2 1

SSI SILL INOCULATED 30 9 277 305 157 0.7 1

SSI SILL INOCULATED 30 10 183 192 100 0.4 1
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Table C.4: (Continued).
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Sample
incubation

Time (weeks) Sample
Ultimate Tensile

Load (N)

Slip at Ultimate
Tensile Load

(mm)

Ultimate
Compressive

Load (N)

Slip at Ultimate
Compressive

Load (mm) Tensile Yield (N)
Compressive

Yield (N)
FOP 0 1 1504 23.59 1559 23.38 356 490
FDI 0 2 1121 10.75 728 11.04 488 533
FOP 0 3 1635 23.12 1273 23.64 520 401
FOP 0 4 1044 9.87 980 11.03 414 433
FOP 0 5 1814 23.33 1118 15.87 426 405
FDI 0 6 1478 22.37 1387 15.77 393 469
FDI 0 8 1113 21.27 962 15.52 300 313
FOP 0 9 1272 15.54 1375 14.89 448 448
FOP 0 10 1615 22.37 1095 18.47 456 491
FDI 5 1 1023 11.17 874 10.93 356 425
FOP 5 2 1212 10.84 1002 11.01 440 448
FOP 5 3 1297 11.13 1390 10.88 467 591
FOP 5 4 1235 10.21 745 6.24 491 468
FOP 5 5 1349 15.05 1170 15.44 414 544
FOP 5 6 1489 11.00 1012 15.80 467 555
FOP 5 7 1248 15.31 1228 10.90 416 506
FOI 5 8 1497 15.76 1586 15.70 486 591
FOP 5 9 1035 11.05 653 10.97 418 416
FOP 5 10 1822 15.84 1467 15.72 526 493
FOP 10 1 970 11.12 410 10.47 381 354
FOI 10 2 938 10.57 921 6.27 446 475
FDI 10 3 1247 11.05 1162 10.91 421 462
FOP 10 4 1213 11.17 976 10.92 495 427
FOP 10 5 1486 10.98 1534 10.72 426 533
FOP 10 6 805 11.17 767 15.68 419 432
FOP 10 7 1070 10.54 731 4.67 474 506
FOI 10 8 629 11.00 1040 15.67 377 469
FOP 10 9 1716 10.54 1089 10.96 503 467
FOI 10 10 1723 10.54 1949 10.97 455 467
FOP 20 1 904 11.15 585 10.88 516 386
FOI 20 2 1101 15.84 1029 10.99 450 398
FOP 20 3 670 11.68 945 10.10 368 400
FOP 20 4 975 14.96 322 2.43 497 310
FOP 20 5 1029 10.93 571 6.05 441 341
FOP 20 6 628 11.12 794 9.79 360 365
FOP 20 7 1647 23.46 1740 23.56 575 519
FOP 20 8 1473 14.96 1186 10.96 579 475
FOP 20 9 858 10.78 541 6.20 421 361
FOP 20 10 1882 22.82 1609 15.36 567 546
FOP 30 1 316 4.93 294 4.05 222 257
FOP 30 2 595 15.39 903 10.53 375 409
FOP 30 3 403 10.33 482 6.47 299 324
FOP 30 4 518 10.59 509 11.01 325 381
FOI 30 5 888 10.71 954 10.39 423 464
FOP 30 6 224 10.84 207 8.84 223 189
rOt 30 7 445 9.24 300 2.48 231 244
FOP 30 8 512 21.29 400 6.09 338 326
FOP 30 9 498 10.14 363 6.36 247 244
FOP 30 10 275 10.71 394 10.38 170 178



Table C.4: (Continued).
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Incubation
Time (weeks)

incubation
Time (weeks) Sample

Tenslie stiffness
(NImm)

Compressive
stiffness (NImm)

OSB Specific
Gravity

Douglas.flr
Specific Gravity Energy (J)

FOP 0 1 283 407 0.500 0.382 135.0
FDP 0 2 436 448 0.496 0.449 80.1
FOP 0 3 447 311 0.470 0.387 179.0
FDI 0 4 350 369 0.500 0.302 70.5
FDP 0 5 357 330 0.537 0.445 128.0
FOP 0 6 352 387 0.473 0.471 129.0
FDP 0 8 232 242 0.490 0.466 98.3
FDP 0 9 360 344 0.557 0.493 75.3
FDP 0 10 381 400 0.510 0.434 141.0
FOP 5 1 296 393 0.438 0.464 71.0
FOP 5 2 390 389 0.498 0.388 53.1
FOP 5 3 404 545
FDP 5 4 421 432 0.458 0.433 52.4
FOP 5 5 334 522 0.466 0.386 79.7
FOP 5 6 431 500 0.498 0.531 83.8
FOP 5 7 387 461 0.527 0.511 64.5
FOP 5 8 428 548 0.504 0.391 97.2
FOP 5 9 349 375 0.459 0.618 47.9
FOP 5 10 491 438 0.429 0.558 85.9
FOP 10 1 307 356 0.488 0.365 60.9
FOP 10 2 384 455 0.456 0.469 48.4
FOP 10 3 376 383 0.503 0437 77.4
FOP 10 4 420 372 0.440 0.543 80.1
FOP 10 5 333 517 0.424 87.9
FOP 10 6 363 393 0.484 0.540 45.1
FOP 10 7 478 477 0.466 0.473 57.3
FOP 10 8 307 451 0.499 0.399 42.0
FOP 10 9 421 433 0.498 0.439 83.4
FOP 10 10 421 433 0.505 0.507 141.0
FOP 20 1 410 371 0.426 0.393 87.6
FOP 20 2 408 353 0.445 0.515 129.0
FOP 20 3 367 391 0.359 0.422 45.3
FOP 20 4 548 285 0.395 0.383 64.7
FOP 20 5 334 378 0.451 0.530 49.4
FOP 20 6 321 360 0.372 0.536 46.6
FOP 20 7 488 454 0.455 0.505 169.0
FOP 20 8 511 413 0.488 0.418 103.0
FDP 20 9 375 351 0.396 0.446 61.2
FOP 20 10 466 730 0.506 0.488 160.0
FOP 30 1 199 374 0.315 0.372 10.0
FOP 30 2 556 315 0.402 0.409 60.5
FOP 30 3 294 272 0.406 0.440 31.8
FOP 30 4 312 309 0.363 0.362 44.1
FOP 30 5 428 533 0.324 0.416 32.5
FDP 30 6 242 236 0.275 0.409 1.7
FOP 30 7 213 195 0.330 0.480 21.9
FOP 30 8 299 319 0.376 0.448 4.7
FOP 30 9 240 184 0.368 0.610 24.9
FOP 30 10 144 145 0.298 0.527 34.4



Appendix D - Phase Ill Test Results

Calculation Methods

Parameters presented in this thesis were calculated as follows:

Weight loss: Difference between decayed and undecayed sample

weights, evaluated in the oven-dry conditiOn, divided by the

undecayed sample weight and expressed as a percentage.

Post-test specific gravity (oven-dry basis): Oven-dry density evaluated

at the end of the incubation time, computed using oven-dry

dimensions, divided by the unit weight of water at standard conditions.

Shear strength: Maximum shear force divided by the shear area,

based on oven-dry dimensions.

NaOH solubility: Evaluated according to TAPPI test T212 om-83

(TAPPI 1992).

Mean dowel bearing strength: Averaged dowel bearing strength

evaluated on the "top" and "bottom" sides for harvest times 5, 10, 15,

20, and 30 weeks; for the zero-week harvest time, only the "top" side

value was used (Chapter 5).
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Resu Its

Results from the OSB sheathing evaluation are presented in Table

D.1.

Table D. 1: OSB sheathing evaluation results.

a. Based on oven dry dimensions
b, Based on an test resutis of five undeteriorated oriented strand board samptes

177

Sample Time Index (weeks) Weight Loss (%)
Shear Strength

(MPa) tat NaOH Solubility (%)

Mean dowel
bearing strength

(MPa)
e029b 0 0.46 0.710 35.16
e03b 0 0.55 0.948 18.17° 46.95

40b 0 0.76 0.582 18.17 (2) 42.95
e064b 0 1.09 0.594 18.17w
e-0-655 0 0.71 0.515 18.17° 29.00
e-0-67 b 0 0.95 1.042 18.17 28.21

2 5 7.25 0.389 21.68 27.35

9 5 2.22 0.791 18.09 27.35

14 5 1.99 0.697 19.59 33.41

17 5 2.08 0.806 18.57 19.24

19 5 2.96 0.698 17.77 31.11

20 5 1.81 0.637 18.18 32.66

3 10 7.94 0.479 29.49 18.83

6 10 15.38 0.263 28.52 29.66

10 10 23.37 0.226 29.99 12.03

13 10 2.23 0.642 20.20 25.26

22 10 31.43 0.190 36.40 17.04

24 10 35.35 0.084 35.89 9,82

4 15 32.81 0.118 29.59 12.66

5 15 35.94 0.079 30.88

16 15 34,56 0.164 30.77 12.13

18 15 35.97 0.134 41.21 10.15

23 15 35.01 0.066 34.90 9.97

26 15 36.12 0.134 44.90 11.38

1 20 29.63 0.130 30.94 10.72

11 20 44.38 0.054 37.96 4.40
12 20 38.56 0.127 39.54 10.10

15 20 46.81 0.051 36.98 527
27 20 43.67 0.041 39.01 3.77

29 20 57.43 0.043 42.80 0.83

7 30 41.73 0.050 40.52 3.61

8 30 23.45 0.164 25.36 12.95

21 30 59.97 0.025 48.37 1.45

25 30 35.50 0.028 32.54 6.57
28 30 55.81 0.019 44.90 1.42

30 30 53.58 0.018 42.30 2.08



dl=-Kpdz
10

Integrating both sides of Equation I with I, defined as the intensity of

the exit beam yields,

Appendix E - X-RAY Densitometry Results

Theoretical Background

Density at a point in a medium can be measured by an x-ray

densitometer through evaluation of the incident and attenuated x-ray beam

intensities using the Lambert-Beer Law. The law describes the relationship

between the intensity of an incident beam and the intensity of the same

beam after passing through a medium. The logarithmic ratio of the two beam

intensities (incident and attenuated) is proportional to the density of the

medium. Equation 1 presents the Lambert-Beer Law in its differential

equation form. The differential change in intensity, dl, divided by the incident

intensity, l, is equal to the product of an empirically derived mass

attenuation coefficient, .'c, the material density, p, and the differential

thickness through which the beam has passed, dz.

Eq. 1
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Eq. 3
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(I.
Eq. 2

0

Rearranging Equation 2 and solving for the material density, p, yields,

The following assumptions are applicable when using the x-ray

densitometer and the Lambert-Beer Law to estimate material density:

The beam is monochromatic

The beam does not converge or diverge as it passes through the

sample

The sample is homogeneous

Beam energy remains constant during each measurement

The mass attenuation coefficient, K, can be determined experimentally

by applying the Lambert-Beer Law to a sample of material having a known

thickness and density. Although the spatial density variation of oriented

strand board (OSB) is considerable and the components of OSB complex, a

single mass attenuation coefficient was used in this study because the
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researchers were interested in relative density changes from point to point,

not necessarily an accurate measurement of the actual density at each

point1.

Results

Each 50 x 50 x 11.9 (nominal dimensions) OSB sample was analyzed

by an x-ray densitometer as described in section 5.5 along the centerline of

the sample, parallel to the strong axis of the panel (Figure E.1, the dowel

bearing test half-hole was machined after the line-scans). Density

information was recorded in 0.080 mm steps with a appature of 0.381 mm in

the direction of the scan and 6.350 mm perpendicular to the direction of the

scan. The mass absorption coefficient was adjusted for each sample such

that the average specific gravity recorded by the x-ray densitometer along

the scan was equal to the gross specific gravity of the sample.

This theoretical background for the operation of an x-ray densitometer was obtained from a 1998
draft report by H. Holbo and B. Gartner, titled OSU Forest Products X-Ray Wood Densitometer and
personal communication with Milo Clauson, a research associate in the Department of Wood Science
and Engineering, Oregon State University, December 2002.



-LOCATION FOR
TO DOWEL '1

SEARING TEST

AvERAGED AREAS FOR
X-RAY DENSITOMETRY
ASSESSMENT

LOCATION FOR
OTTOM DOWEL

2 SEARING TEST

CENTERLINE OF X-RAYSe

NOTE: DIMENSIONS IN MILLIMETERS

DENSITOMETRY EVALUATION

Figure E.1: X-ray densitometer line-scan on OSB samples.

Table E.1 presents a portion of the output file from a line-scan

showing the various input and calculated values. The mass attenuation

coefficient was adjusted for each sample such that the average density

determined by the x-ray densitometer over the line-scan was equal to the

gross density of the sample. The left column of the sample data is the

position from the top of the OSB sample, expressed in millimeters. The right

column of the sample data is basis density (grams per square meter) at the

corresponding position, divided by 10. Basis density divided by 10 was used

due to software limitations.
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Table E.1: Portion of output file from x-ray densitometer.

182

[SAMPLE PARAMETERS]
Time/Date of Scan 1012/20036:07:47PM

Study ID Default
Sample ID mdfl

Study Name . t9
Species aspen
Operator Greg

Description profiles
First Ring Year na
First Ring Type na
Is pith present No

No. pith rings missing 0
Is sample extracted No

Sample moisture content 0.07
Target Ring Count na

Measured Ring Count na
Step Size 4

Sample Length 51.5
Measured Length 0

Sample Thickness 11.9
Late Wood Method Threshold

Late Wood Threshold 450
Late Wood Deadband 50

Target Density 747.6
Actual Density 0

Early Wood Maximum Density 0
Pos of EW Max Density 0

Early Wood Minimum Density 5000
Pos of EW Mm Density 0

Late Wood Maximum Density 0
Pos of LW Max Density 0

Late Wood Minimum Density 5000
Pos of LW Mm Density 0

Avg % Late Wood in Sample -1 .#J

Zero voltage -0.0043
Free air voltage 9.1928

Mass Absorption Coefficient 2.32045
Number of data points 644

[SAMPLE DATAI
0 0

0.08 0
0.16 0
0.24 65.2
0.32 245.95
0.4 652.75
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Figure E.2 present the specific gravity profiles of each OSB sample

scanned for Phase Ill (Chapter 5) of this study. Control samples (not

soaked, not inoculated) are denoted with the prefix "c" whereas the treatment

samples (inoculated with the fungus and incubated for various time intervals)

are denoted with the prefix "t". The x-ray densitometry line-scans were

performed by the Weyerhaeuser Company in Federal Way, Washington on

October 2-3, 2003.
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Figure E.2: X-ray densitometer line-scan results.
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Figure E.2: (Continued).
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Figure E.2: (Continued).
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Figure E.2: (Continued).
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Figure E.2: (Continued).
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