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Introduction 
 

Background/Justification 
 

 In recent years, the global economy along with the US economy has gone through 

a dramatic recession. Although there are many factors that led to the recession, an 

important one was the speculative nature of investing in the housing/construction market 

in the US. The demand for and production of wood I-joists went hand-in-hand with the 

rise and fall of the housing markets. Table i gives an overview of the quantity of 

production for different sectors of the wood products market from 2006 to 2010. The 

table includes different units of measurement, which makes direct comparisons difficult 

between products. 

 

Table. i - Demand and Production for Wood Products (Adair (2011) and U.S. Census Bureau (2011)) 

Year 2006 2007 2008 2009 2010 

I-joists (million linear ft.) 1176 960 615 380 471 

Glulam (million board ft.) 488 385 277 185 191 

LVL (million cubic ft.) 88 75 52 33 41 

OSB (million square ft. w/ 3/8" thickness basis) 26421 23935 18506 14082 15297 

Plywood (million square ft. w/ 3/8" thickness basis) 15973 14578 12206 10209 10910 

Lumber (million board ft.) 48732 44359 33859 26922 29057 

 

 While the economic recovery has been slow, it has changed the way consumers 

view houses and their own personal needs. Although there are still many homes on the 

market to be sold, contractors and consumers have changed the way new homes are built. 

The change in attitude has produced homes with smaller floor square footages since 

fewer people are looking for extravagant homes. The smaller floor plan creates greater 
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competition between wood I-joists and sawn lumber products. I-joists are a better option 

for longer spans, but also tend to be slightly more expensive. Another of the great 

advantages of an engineered wood product is the dimensional stability. Trade-offs in 

benefits are examined by the contractor and/or architect in deciding on the best option for 

a particular project.  

 

Whether the architect or contractor uses I-joists or sawn lumber for the project, 

there may be a situation when a beam penetration is required. There are many reasons for 

having holes of different sizes and shapes drilled through the web of a wood I-joist. There 

may be a height limitation on how tall a structure may be within a city; so architects will 

make the depth of the floor as small as possible. This in turn results in utilities (plumbing, 

electrical and HVAC) being necessarily run through the I-joists. Another reason for beam 

penetrations may come from the mechanical engineer. For larger HVAC systems in 

commercial buildings there are supply and return ducts, which due to some unavoidable 

geometry will cross over each other. At these intersections one duct will have to go either 

below the other duct, or up into the joist cavity. Under the exception of Section 403.2.1 of 

the IECC (International Energy Conservation Code) (ICC 2010b), the wording building 

thermal envelope may be interpreted incorrectly to provide an incentive to place ducts 

within the joist cavity. The building thermal envelope indicates areas that are conditioned 

within the boundaries of walls, such as entire rooms, not only the wall and floor space 

between rooms. If the building space is not conditioned, pipes need to be insulated in 

some manner, which increases the diameter of penetrations if the pipe  runs through 

joists. Residential buildings rarely have dropped ceilings and in the best scenario the 

HVAC ducts run parallel to the joists, but many times will require a beam penetration. 

There are also ongoing debates about requiring fire sprinkler systems for residential 

homes. These new requirements will increase the need for holes in I-joists, making 

research into the effects of holes in I-joists on  strength and stiffness even more pertinent. 
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It is common practice within the construction industry for the general contractor 

to work out larger portions of the construction and logistics of the site. The general 

contractor then employs sub-contractors for the plumbing, heating, electrical, etc. A 

majority of the holes in I-joists are created by the sub-contractors. Within the I-joist 

industry, each manufacturer is required by ASTM (American Society for Testing and 

Materials) D5055: Standard for Establishing and Monitoring Structural Capacities of 

Prefabricated Wood I-Joists and WIJMA (Wood I-Joist Manufacturer’s Association) 

1999: Establishing Shear Capacities for Prefabricated Wood I-Joists with Holes to test 

their product and provide charts for allowable holes sizes and locations. There may be 

some differences between manufacturers’ charts since they are each required to run tests 

of their own products to produce these charts and ICC- Evaluation Reports. The tests 

results are overseen by a third party organization, like the APA (American Plywood 

Association), to insure integrity of the product. Many of the manufacturers have tried to 

accommodate the web hole issue by providing 1-1/2" perforated holes at 12"on center, 

called knockouts. However, the general or sub-contractors may not be aware of the hole-

charts or find it necessary to drill holes that do not fall in the allowable sizes, spacing or 

locations provided in the charts. 

 

A next broad step in the construction process is the general inspection of the 

building. A building inspector should be aware of hole requirements for I-joists, or what 

normal beam penetrations look like, and may require the general contractor to check with 

the engineer of record (if the building is engineered) on whether the holes are acceptable. 

An engineer would then often turn to the wood design literature that is used most 

frequently in the profession, such as the NDS (National Design Specification for Wood 

Construction) (AF&PA 2005) or to textbooks on design of wood structures. The NDS 

provides no assistance for calculation of allowable holes and directs the structural 

engineer to literature provided by the manufacturer of the I-joist. Buildings that follow 

the prescriptive IRC International Residential Code (ICC 2010c) do not need an engineer 
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of record. For these situations the contractor must contact the I-joist manufacturer for 

solutions to beam penetrations. 

Research Objectives 
 

Presently, there is guidance for design to include holes in steel I-beams through 

AISC (American Institute of Steel Construction) Design Guide 2 (Darwin 2003), and 

methods to remediate them if they are too large. This type of detailed information is not 

yet available for the design of wood I-joists. Reviewing previous tests and research will 

provide vital information for approaches to calculate stresses around a hole and methods 

used to remediate holes. A detailed literature review can be found in Appendix A. The 

purpose of this research is to provide designers with a method to repair the integrity of 

the joist in-situ, and increase the load carrying capacity of the joist with a hole, without 

removing the existing utilities and replacing the joist. The method must be cost effective 

and easy to install, and be structurally beneficial.  

Research Approach 
 

 The research objective was approached using full-scale mechanical testing. Due 

to the economic recession, there were many joists that were not sold and had become 

excess inventory for suppliers. For quality assurance purposes, an I-joist has a shelf life 

of a year before it must be sold or disposed. Thus, joists that weren't sold were donated 

for this research. The first step was to calculate the available capacity and deflection of 

joists without any holes. Then, the literature was reviewed for approaches to calculate the 

capacity of the joist with a circular hole in the web. After these predictions were made, 

different methods feasible on a construction site, were evaluated to improve the capacity 

of the joist with a hole. Thus, an initial set of tests was developed. 

 

Once the initial round of testing was performed for only one joist depth and 

width, the two methods of remediation that produced the best increases in load carrying 

capacity were used to test other joist depth, width, and length configurations.  
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Abstract 
 

  

The objective of this project was to evaluate methods to remediate a wood I-joist 

with a single, circular hole in the web while leaving utilities in place. The methods were 

experimentally evaluated with a full-scale bending test using four equally spaced point 

loads. There were three depths of joists with varying flange widths and two span lengths 

(4.88 m & 2.44 m). Failure modes for the long span joists without holes were in the 

flanges in either tension, compression or lateral buckling; but once a hole was introduced 

the majority were classified as shear failures. Effectiveness of the remediation was 

evaluated based on three criteria: strength, stiffness, and ease of installation/cost. The 

OSB collar patch was effective for 8 out of the 12 series tested. A maximum reduction of 

load from a joist with no hole to one with a hole was 49% for the long span and 58% for 

the short span. The OSB collar was not as effective in returning stiffness to the joists, but 

was easier to install and less expensive than the LSL patch. 

 

Introduction 
 

 There are various scenarios which arise throughout the construction process that 

may require a hole to be made in a structural member. In residential construction, the 

gypsum wallboard of the ceiling is often attached to the bottom of the floor/roof beams. 

In commercial construction, there can be a false/hanging ceiling, allowing for space 

between the structural members and the ceiling. Even for commercial construction there 

may be a floor-to-floor height limit the architect is trying to achieve and therefore no 

space is left between the ceiling and the structural members. This condition will almost 

certainly cause the building utilities, plumbing and HVAC to be placed parallel to the 

structural members, or in the worst case perpendicular and through the member. An 

optimal situation occurs when the mechanical engineer works in collaboration with the 
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architect and structural engineer to locate beam penetrations. The next most favorable 

situation is when the question is received from the job site before a beam penetration is 

made. Figure 1a. is an example of the worst case scenario, where beam penetrations are 

made on the job site by a sub-contractor and then the structural engineer is asked to check 

if the condition is allowable. 

 

   

a)                                                                 b)  
Figure 1. Examples of holes in wood-I-Joists:  a) Holes Spaced Too Close,  

b) Multiple Utility Holes (Polocoser 2008) 

 

 I-joist manufacturers produce literature on the appropriate uses for their products 

according to testing done following the ASTM D5055 (2010) and WIJMA (1999) 

guidelines. Among the literature provided is a hole chart. These charts indicate the size 

and shape of hole allowed in certain locations along an I-joist. The charts also indicate 

the maximum number of holes allowed per span and the spacing required between the 

holes. Figure 1a is an example of oversized holes that are spaced too closely together, and 

Figure 1b is an example from the same job site where too many holes are located in the 

web. Although the hole charts describing allowable hole conditions are readily available 

for the end user, this problem persists with a regular frequency. 

 

 The difficulty with addressing the question from the field is the lack of detailed 

guidance from building codes, design guides, and textbooks for wood beams with a hole. 

To provide a response, the engineer must be able to calculate a stress resulting from the 
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expected loading conditions and hole geometry and compare this to an allowable stress 

for the material. If the condition is deemed unacceptable, a costly option is to remove the 

utilities and the joists and replace with new joists and place utilities in an acceptable 

location.  

 

 As mentioned, design guides and textbooks do not provide much guidance, but 

that is not to say the problem has not been covered in research. Engineering students are 

often taught about stress concentrations for the simplest case of an infinite plate with a 

hole under uniaxial tension. The solutions to most circular hole problems are shown using 

a polar coordinate system for ease of presentation, and stresses are represented by 

σtangential and σradial. σradial is a minor contributor to the stress state at the boundary of a 

hole, and the results are generally described in terms of  σtangential. For the problem of 

uniaxial stress, the resulting σtangential on the axis perpendicular to the applied tension is 3 

times larger than the average applied stress. Smith (1944) found that for Sitka spruce 

(solid sawn lumber) under the same loading condition, the stress concentration is 5.84 as 

opposed to 3 for an isotropic material like steel. Although the stresses are higher in wood, 

the stress attenuates more quickly from the peak. Smith (1944) and Lewis et al. (1944) 

worked in conjunction and determined that although σtangential is highest at 90° from the 

axis of uniaxial tension, σtangential at an angle of 78° actually caused failure. This was 

because σtangential at 78° is greater than the tension perpendicular to grain capacity of the 

wood. Similar results for glulam beams were observed by Aicher & Hofflin (2008). This 

angle at failure will be different for OSB material, corresponding to the maximum 

tangential tension stress (discussed further in Appendix A of Polocoser (2012)). 

 

 Building on previous work, Bower (1966) developed a complex stress function 

for the stress state at the boundary of a hole in the web of a steel I beam. The situation 

analyzed by Bower (1966) was a simply supported steel I beam with a uniformly 

distributed load imposed, similar to the one in Figure 2a. This is also the most common 

loading condition for wood I-joists in design.  
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a)                                                                                    b) 
Figure 2.  a) Simply Supported Beam with Uniform Load, b) Cross Section Stresses 

 

 In wood beam design, a cross section is usually examined to find the maximum 

shear and bending stresses. For a wood I-joist, the flange MOE (11,000 MPa, as given by 

Pirzada et al. (2008) for use in the approximate method) is much stiffer than the web 

MOE (3856 MPa as given by Pirzada et al. (2008)), and therefore the bending stresses are 

distributed according to the respective stiffnesses. Figure 2b helps visualize the effect of 

the hole on the cross section stresses. The shear stress returns to zero at the boundary of 

the hole due to the traction free surface, but there is a higher peak stress than for a 

homogeneous cross-section (indicated with the broken lines). The bending stress is also 

shown in comparison to a homogeneous section. St. Venant's Principle is seen here as the 

stresses further away from the concentration at the boundary of the hole return to  the 

usual strength of materials linear distribution. This behavior coincides with expectations 

for the stresses to increase due to a hole, but it is the distribution of σtangential around the 

boundary of the hole that is most important to conceptualize. Figure 3 represents the 

stress state at the boundary of hole shown in Figure 2a. This stress state develops due to 

significant shear stresses in the web. It is important to note the location of the maximum 

σtangential tension stress. This is important because OSB is weaker in tension than in 

compression, and failure will occur at the maximum tangential tension stress. 
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Figure 3. Tangential Stress Distribution near Hole in Web 

 

 Nishioka & Atluri (1982) demonstrated how when a uniform stress is applied 

across a layered section, the strain will be uniform but the resulting stresses within each 

layer depend on the MOE of the layer. This concept can be readily applied to a plywood 

section, but is difficult to apply to OSB due to the non-uniform distribution of flakes 

between layers and within a layer. This makes a hole in an OSB web a virtually 

intractable analytical problem to solve, which is why solutions are found using finite 

element methods or approximate analysis techniques. 

 

 Bower (1966) first employed a Vierendeel truss model for an approximate 

analysis of the stresses at a circular hole boundary. This method was used and compared 

in subsequent research by Knostman et al. (1977), Wang (1994), Cheng (1996) and Afzal 

et al. (2006). The Vierendeel truss model showed good agreement with test results, but it 

had limitations in its applicability. The Vierendeel truss model assumed a rectangular 

hole, which is a different geometry and also causes greater stress concentrations than the 

circular hole. When the hole is very large and there is very little web remaining, the 

section would no longer act like a Vierendeel truss and, therefore, the model was not 

accurate for large holes. Wang (1994) recommended that remediation techniques should 

be investigated for holes in the web. Cheng (1996) was the first to apply two remediation 
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techniques for a single hole in the web of a wood I-joist, but with only one replicate for 

each technique. The one effective remediation technique of using OSB on both sides of 

the web improved the load capacity by 57% from the condition with a hole.The OSB 

patch was  placed on both sides of the web, and completely around the hole like the  OSB 

collar in this research, but did not have a cut that would allow access to place the patch 

above and below the square hole and allow the patch to go around utilities. Chan & 

Redwood (1974) first incorporated the Winkler-Bach curved beam approach (Huston & 

Josephs 2009) to approximate the stress at the hole boundary in a steel I beam. This 

method was an improvement because it incorporated the stress concentration occurring at 

the hole, and was also applicable to holes eccentric from the neutral axis. Pirzada et al. 

(2008) made this method applicable to wood I-joists by incorporating fracture mechanics 

properties of the web section.  

 

 Along with examining compromises to the strength from web holes, research on 

the effective stiffness was conducted by Clinch (1993) for I-joists with holes. An 

increasing number of holes was placed along the centerline of the joists to see how the 

stiffness would be affected. Clinch (1993) concluded that the maximum decrease was 8% 

for the worst case scenario. Morrissey et al. (2009) also conducted experimental tests on 

joists with multiple holes. The research looked at a remediation technique using a steel 

angle between the web and flange. Morrissey et al. (2009) found that there was a benefit 

but "alternative retrofits should be developed with consideration given to the ease of 

installation and materials readily available to the contractor on site." 

 

Objectives 
 

The main objectives of this study were to: 

1. Evaluate experimentally methods to remediate a wood I-joist with a single 

hole and compare the results to approximate methods (which predict the 

failure load of a joist with a hole. 
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2. Provide additional information on practical methods to increase the capacity 

of a wood I-joist with a hole in the web, while leaving the utilities and joist in 

place. This effort is designed to complement research started by Cheng (1996) 

and Morrissey et al. (2009).  

3. Examine the effective stiffness loss due to a hole and effective stiffness for the 

methods of remediation. Stiffness generally governs design of I-joists, but is 

not a life-safety concern such as the strength. 

4. Lastly, evaluate remediation methods for ease of installation and cost.  

Materials and Methods 

Specimens 
 

 The wood I-joists used in this research were donated and received January 2011. 

In the period from manufacture to delivery, the joists were stored in a weather wrapping 

and in a dry outdoor condition. Any changes in relative humidity were assumed to be 

equal for each of the series of joists tested. Upon arrival to the Gene D. Knudson Wood 

Engineering Laboratory at Oregon State University, the joists were set outside in a dry 

condition until mechanical testing could begin. Although the joists underwent changes in 

weather, which could influence the strength and stiffness compared to new condition 

joists used for product testing, the joists should be useful for drawing conclusions in 

comparison to one another. Sampling of joists was according to Section 4.3.3 of ASTM 

D2915-10. The population of joists represents a variety of the different types in the 

product line, and samples were collected as they would be applied in the end use. 

Randomization of replicates was made from each of the bundles of joists. The flanges 

were made from Douglas Fir LVL with flange-to-flange finger joints occurring at 

1219mm (4 ft.) o.c. The webs were manufactured with Aspen flakes with a web-to-web 

finger joint occurring at 1219mm (4 ft.) o.c., alternating from the flange-to-flange joints. 

The OSB flake orientation is 90° from the neutral axis as visible from the outer layers. 

Flake orientation for interior layers and density is proprietary information. Table 1 
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provides a detailed description of the joist dimensions and the labeling for the different 

series of tests. 

 
Table 1 - I-Joist Dimensions 

 
Joist 

Depth 
Flange 
Width 

Flange 
Depth 

Web 
Thickness 

Span 
Span/
Depth 

Hole 
Diameter 

Hole 
Diameter/ 
Joist Depth 

Series mm (in) mm (in) mm (in) mm (in) mm (in) Ratio mm (in) Percent 

A 241 (9.5) 44 (1.75) 32 (1.25) 9.5 (0.38) 4877 (192) 20:1 152 (6) 63% 

B 356 (14) 59 (2.31) 35 (1.38) 9.5 (0.38) 4877 (192) 14:1 203 (8) 57% 

C 356 (14) 89 (3.50) 35 (1.38) 11 (0.44) 4877 (192) 14:1 203 (8) 57% 

D 406 (16) 53 (2.06) 32 (1.25) 9.5 (0.38) 4877 (192) 12:1 203 (8) 50% 

E 406 (16) 59 (2.31) 35 (1.38) 9.5 (0.38) 4877 (192) 12:1 229 (9) 56% 

F 406 (16) 89 (3.50) 35 (1.38) 11 (0.44) 4877 (192) 12:1 203 (8) 50% 

G 241 (9.5) 44 (1.75) 32 (1.25) 9.5 (0.38) 2439 (96) 10:1 152 (6) 63% 

H 356 (14) 59 (2.31) 35 (1.38) 9.5 (0.38) 2439 (96) 7:1 203 (8) 57% 

I 356 (14) 89 (3.50) 35 (1.38) 11 (0.44) 2439 (96) 7:1 203 (8) 57% 

J 406 (16) 53 (2.06) 32 (1.25) 9.5 (0.38) 2439 (96) 6:1 203 (8) 50% 

K 406 (16) 59 (2.31) 35 (1.38) 9.5 (0.38) 2439 (96) 6:1 203 (8) 50% 

L 406 (16) 89 (3.50) 35 (1.38) 11 (0.44) 2439 (96) 6:1 203 (8) 50% 

 

To help summarize these dimensions, the series depths and widths will be referenced in 

terms of categories. These categories serve to observe and categorize failures according 

to types of joists and expected behaviors.  

 

 The shear (V) at the hole location is 2P, where P is the point load, and the 

moment (M) is PL/5. The shear/moment (V/M) ratio at the hole location becomes 10/L. 

For the long span tests, the V/M ratio at the hole location was 0.625, and for the short 

span tests the V/M ratio was 1.25. The span-to-depth ratio recommended by ASTM 

D5055-10 is 18:1, but the testing was limited by the shortest test specimens which were 

supplied. The span-to-depth ratios for each test series are provided in Table 1. 
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Test Setup 
 

 

Figure 4. Testing Setup 

 ASTM D5055(2010) Section 6.2.6 requires a 3- or 4- point bending test, while 

WIJMA (1999) Section 3.4.3 requires a 3- point bending test. The testing setup created 

was a 6- point bending test. This was to simulate the most common loading condition of a 

distributed load. Although the 3- point bending test creates the largest moment, the 6- 

point bending test allowed for different values of constant shear between loading points 

as well as an increased lateral restraint provided by the shorter buckling lengths. The 

loading points were spaced at a distance of 2L/10, where L is the center-to-center span of 

the joist between the load cells. The tests were conducted on the floor, with the I-joist 

laying flat and parallel to the floor. Figure 4 is a photograph of the testing setup and 

Figure 5 is a schematic of the entire testing setup. The testing was displacement-

controlled and there were two hydraulic cylinders with 102mm (4in) bores. Their 

capacity was a maximum 17.24 MPa (2500 psi), which provided a maximum loading of 
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139.7 kN (31.4 kips) per cylinder. The load was transmitted to a spreader bar and then to 

a 102mm x 102mm x 20mm ( 4"x4"x3/4" ) steel plate. This plate was designed to be 

large enough to insure no crushing failures occurred at the flange. The location of the 

hole, that was not permitted according to the manufacturer hole charts, was at L/10 from 

the left end for both the long and short span beams. 

 

Figure 5. Testing Setup Plan View 

 

Figure 6 is a diagram of the cross section of the testing apparatus. A wood shim was 

placed between the I-joist and the HSS rectangular tube to insure loading would be 

concentric with the middle of the joist and to help prevent lateral buckling of the joist. 

The testing setup is braced along the bottom completely by the lab floor, and on the top 

by large steel channels bolted in place at quarter points of the span.  
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Figure 6. Testing Setup Cross Section 

 

 

Data Acquisition 
 

 There were two sets of deflection data acquired from the test setup. The deflection 

of the joist was measured at the midspan by an LVDT (Linearly Variable Differential 

Transformer) and also at the ends of the joist. The LVDTs at the ends of the joist were 

placed to verify that no crushing was occurring at the ends of the specimen. Each of the 

LVDTs was calibrated, and the shorter throw LVDTs used at the ends of the joist were 

calibrated for a linear zone of -5 to +5 volts and they had a standard error of ±0.013mm 

(±0.0005 in). The LVDT for the middle of the span was calibrated using a micrometer 

gage by Schaevitz Engineering and had a standard error of ±0.25mm (±0.01in). This error 

in measurement is not significant to the overall deflection results, and includes the error 

found in the electrical instruments such as the filter, amplifier and wires associated with 

transmission of the voltage data from the LVDT to the personal computer.  

 

 The load data were measured using 29kN (20kip) maximum capacity Strain Cert 

brand load cells at each end of the joist. The load cells were calibrated against a Strain 

Cert brand load cell rated for 222 kN (50kips), which was attached to a vertical hydraulic 

press. The load cell attached to the press was calibrated according to ASTM E-4 by 

CalCert. The voltage from the load cell was transmitted to a Campbell CR23X Data 
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Logger where the signal was filtered and amplified before being transmitted to the data 

acquisition software on the computer. The total standard error in measurement from this 

system was ±142N (±32lbs), which is small in comparison to the very large failure loads 

recorded.  

 

 The load and deflection data were transmitted to a computer software package 

made by National Instruments called LabView 2010. The software allows the user to 

create a program which presents a graphical user interface for controlling the loading and 

data collection rates while also graphing the load-deflection data in real time (the 

programming is shown in Appendix C of Polocoser (2012)). The loading rate for the long 

span tests was set to 13mm/min (0.5in/min) and 4mm/min (0.15in/min) for the short span 

tests. These loading rates were to comply with the ASTM D5055 (2010) requirement to 

not cause failure in less than a minute. The data were recorded in 0.2 second increments.  

Predictions 
 

 Predictions of failure load were made using two methods. The first method used 

free software created by I-joist manufacturers and provided online. This method would be 

the first step a practicing engineer has at his/her disposal for determining the capacity of 

the joist. This method was used to estimate the strength for the control condition with no 

hole and then to introduce a hole and determine the allowable capacity. For one I-joist 

manufacturer, the software would not give the capacity of the joist at the hole location if 

the location was too close to the support. For the other software, an error notice appeared 

indicating that the hole was too close to a support, but it still provided a failure load at the 

hole location. The loads from the software were taken and multiplied by a factor of safety 

of 3 to compare to the testing results. Per ASTM D5055 Section 6.4.3.4 "moment 

capacity shall be based on the lower 5% tolerance limit with 75% confidence divided by 

2.1". A factor of 3 was used to compensate for testing specimens representing values 

closer to the mean of the distribution and not the lowest 5% value. 
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 The second method of predicting the failure load was an application of the Curved 

Beam-Fracture Mechanics approach developed by Pirzada et al. (2008). There are 6 basic 

steps in the application of this method. Figure 3 shows where along the boundary of the 

hole the maximum tensile stresses occur, and this is where we expect to see failure occur 

due to the orthotropic OSB web material. The maximum tension stress around the 

boundary of the hole will occur between 225° and 270°, when measuring counter-

clockwise from the neutral axis of the joist. The procedure described by Pirzada et al. 

(2008) analyzes the stresses along the boundary of the hole between the angles described 

previously. The steps are as follows: 

 

1. Determine the applied load and internal shear force and moment at the cross-

section of the hole (assuming a cross section without a hole). 

2. Calculate the maximum σtangential using the Winkler Bach curved beam (Huston & 

Josephs 2009) method. Decompose the shear and moment from the cross section 

and apply as an axial force normal and shear force acting through the centroid of 

the tee section created for the analysis. 

3. Calculate xo, a characteristic length parameter measured from the boundary of the 

hole which is a function of the material properties. This defines the length over 

which the tangential stresses will attenuate based on a combination of material 

properties. 

4. Calculate f(σt, xo), which is a function describing the stress as it attenuates from 

the peak at the boundary of the hole. The experimental value of k was determined 

specifically for SI units. This lower case k is a sensitivity parameter characterizing 

the depth of the joist. This is different from the upper case K, which is the stress 

concentration factor in the curved beam method, which is not to be confused with 

the fracture mechanics stress intensity factor K. 

5. Calculate the ratio Pfailure  / Papplied . 

6. Determine if this ratio is greater than 1.0; then the applied load is safe. 

 



 

 

19 

8
6
 

This process is repeated for every angle in degrees from 225° to 270°. In the calculation a 

different reference point is used for calculating the range of angles, 0° to 45° which 

corresponds to the same point on the circle as the 225° to 270° referred to here. After 

calculating the ratio for this range of angles, the minimum ratio value will determine the 

angle at which failure is expected to occur. Please refer to Appendix E of Polocoser 

(2012) for a detailed description and example of the method. The load determined from 

this process was then multiplied by 3.0 to compare to the failure load from testing. The 

factor of safety of 3 is found in WIJMA (1999) section 4.1 for joists tested with holes in 

the web. This approximate method of determining the failure load was used for three test 

types: No Hole, Hole and OSB Collar. For the test type “No Hole,” the prediction 

procedure was applied to a very small hole of 10mm (0.4 in) to predict the failure load. 

The method was then applied as intended for the test type “Hole.” The method was 

finally also extended to test type “OSB Collar” by tripling the thickness of the web of the 

joist to determine if the method could be applied to estimate the failure load of the patch. 

It was estimated the OSB glued to both sides of the web would essentially be equivalent 

to tripling the area over which the load would be distributed, and by changing this 

thickness in the approximate analysis, we could predict the failure load for the OSB 

patch. 

Initial Testing 
 

 In July of 2011, full-scale testing began after completion of the testing setup and 

LabView programming. Series E was used in the initial testing to find which methods of 

remediation to apply to the rest of the series of tests. Due to the limited amount of I-joists 

provided, 6 replicates of each test type were tested for each joist series. This is a limited 

number in order to make substantial claims for what should be used in the field (e.g., 

allowable properties), but is enough to recognize the trends in the data and make initial 

recommendations from this first round of testing. According to ASTM D2915 Section 

4.4.2, the required sample size should be between 20-30 replicates to draw strong 

conclusions for the population. The initial round of testing included: 
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1. Control group for each depth and flange width with no hole. 

2. Control group with a circular hole larger than allowed by manufacturer charts 

for a specific location of (L/10) always measured from the left end of the 

setup. L is measured as the center-to-center distance between the supports. 

3. Joists with a circular hole of the same diameter but at an acceptable location 

according to the manufacturer’s charts. The location was (3L/10) from the left 

end of the setup. 

 

The following test types were applications of remediation techniques for the large hole at 

an unacceptable location: 

 

4. Joists with a circular hole and Loctite PL Premium Polyurethane Construction 

Adhesive on the inside of the hole boundary and for a annular distance of 

38mm (1.5") surrounding the hole. The adhesive was dispensed from a tube 

container and spread using a A519 Bondo Applicator to a thickness so the 

adhesive was no longer transparent enough to see the OSB underneath. 

5. Joists with a circular hole and nominal 38mm x 90mm (2x4) Select Structural 

Douglas Fir web stiffeners screwed to both sides of the hole and both sides of 

the web. The screws used were Power Pro Outdoor Wood Screws Size 5.2mm 

diameter shank x 90mm long (10 x 3-1/2”) with star drive heads. 

6. This test type was the same as test type 5 except with the addition of Loctite 

PL Premium Polyurethane Construction Adhesive between the nominal 38mm 

x 90mm (2x4) and web. 

7. Joists with a circular hole and 457mm (18") long Simpson CS 22 metal straps 

nailed above and below the hole. The nails used were Bostich Full Round 

Head 63mm x 4mm (2-1/2" x 0.131"). 

8. Joists with a circular hole and two U-shaped OSB patches with West System 3 

part epoxy applied to both sides of the web (Figure 8a). The patch was kept in 

place and pressure applied by (7) Spax 5.2mm x 51mm (#10 x 2") Course 
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Yellow Zinc-Plated Steel Flat-Head Combination Wood Screws while the 

epoxy set. Figure 7a is an example of this patch type. 

9. This test type was the same as Test Type 7 except it used the PL Premium 

Polyurethane Adhesive instead of epoxy. The adhesive was dispensed from a 

tube container and spread using an A519 Bondo Applicator to a uniform 

thickness. The purpose for the U-Shape was the ease of installation as well as 

increasing the cross sectional area at the point of maximum tangential stress at 

the hole. It could be slid up and under a pipe without any difficulty. The patch 

was kept in place and pressure applied by seven Spax 5.2mm x 51mm (#10 x 

2") Course Yellow Zinc-Plated Steel Flat-Head Combination Wood Screws 

while the adhesive set. 

10. Joists with a circular hole and two collar type OSB patches above and 

below the hole with PL Premium Polyurethane Adhesive applied to both 

sides of the web. The OSB was the same as that taken from the web of 

another I-joist. An example schematic is provided in Figure7b. Each patch 

was kept in place and pressure applied by five Spax 5.2mm x 51mm (#10 

x 2") Course Yellow Zinc-Plated Steel Flat-Head Combination Wood 

Screws while the adhesive set. This was a total of ten wood screws per 

replicate. 

11. Joists with a circular hole and one LSL (Laminated Strand Lumber) nailed 

to the top and bottom flange and an OSB backer between the 32mm (1-

1/4") thick LSL and the web, with PL Premium Polyurethane Adhesive 

applied between each layer. The LSL outer dimensions were the depth of 

the joist x 610mm (24"). The OSB backer is the same as the OSB web of 

another I-joist. The nails were applied using a pneumatic nail gun with 

Bostich Full Round Head 63mm x 4mm (2-1/2" x 0.131"). The total 

number of nails was (22) per replicate as seen in Figure 7c. This fix was 

similar to a method recommended by a manufacturer. 
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Figure 7. a) Test 8 & 9, b) Test 10, c) Test 11 

 

After the application of adhesives, joists were allowed to cure for four days inside the lab, 

at a temperature of 22 °C and a relative humidity of 70% before they were tested. 

Nominal 2x4 (38mm x 90mm) web stiffeners were placed on both sides of the web  at the 

reaction points to help eliminate bearing failures. Statistical analysis of test data was done 

with the aid of the STATGRAPHICS Centurion XVI version 16.1.15 software package.  

 

Results and Discussion 
 

Initial Test Results 
 

 Figure 8 is an example of load-deflection data from testing (raw data can be found 

in Appendix F of Polocoser (2012)). The joists from the longs span tests performed 

linearlyuntil the point of failure, which was a sudden brittle failure. This is observed from 

the data as an abrupt end of the linear plot. If there was any lateral-torsional buckling of 
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the specimen, the plots had a slight non-linear curve at the end before failure would 

occur. The overlaying of plots indicate a very uniform and consistent Young's modulus. 

A Matlab script was developed to determine the slope of the curves, for zeroing of data 

and reporting the maximum load with corresponding deflection. Appendix B of Polocoser 

(2012) provides a derivation of the coefficients used for the slope of the load-deflection 

curve to obtain the effective stiffness. A comparison of calculated deflection and 

deflections obtained from testing is made in Appendix D of Polocoser (2012) to verify 

the accuracy of the derived equation for deflection. The two most efficient test types 

(rehabilitation methods) based on the load capacity were selected from the initial round 

of testing to be implemented for the rest of the series. The adhesives for the OSB patches 

did not fail at the bond line between the web and the patch, and therefore were considered 

to have successfully transferred load and were acting as one piece with the web around 

the boundary of the hole. Figure 9 shows graphically the Fishers Least Significant 

Difference 95% confidence intervals with α = 5% for the initial round of testing. Fishers 

Least Significant Difference is a liberal method to estimating the 95% confidence 

intervals. An α of 5% indicates probability of incorrectly accepting the results of the 

statistical analysis, or the observed results occured by chance. 

 

 

Figure 8. Data Collection (Load - Deflection Data) 
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Figure 9. Series E - Initial Testing Results 

The U-Shaped OSB patches increased the strength of the joists and were effective, but 

not as effective as the OSB Collar and the Side LSL patches. In the initial round of 

testing, a reciprocating saw was used to cut 229mm (9") diameter holes. This method of 

cutting holes was not very desirable or consistent and after searching through different 

hardware stores and construction supply stores the largest size hole saw found was 

203mm (8") diameter. This was used to create the rest of the holes uniformly and to take 

into consideration only the largest reasonably sized hole. Testing continued from July 

2011 until January 2012. The lab was continuously heated through the fall and winter to 

maintain the same temperatures for curing of adhesives.  

 

 The total number of joists tested was 377, but after removal of tests with errors 

the total reported tests was 360 joists. The number of replicates per test type was 6, but 

sometimes when removing bad tests results there were only 5 adequate replicates. For 

Series E and Series G there were additional experimental remediation techniques, which 

is why there is a higher number of total tests. The results for mean failure load for these 
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tests are found in Table 2 along with the cofficient of variation calculated as (Standard 

Deviation / Mean). Joist Series A through F were tested at a long span length (4.8m), and 

Series G through L were the same dimension joists but tested at a shorter span length 

(2.4m). The purpose of two span lengths was to evaluate the influence of shear and 

moment interaction as it affected the results for the effects of the hole and the respective 

methods of remediation. The combination of shear and moment stresses cause different 

stress states at the boundary of the hole. Due to this interaction of stresses, one cannot 

simply design for shear and moment separately, as is currently done in engineering 

practice.  

 

Table 2 - Mean Failure Loads 

Series 

No Hole Hole OSB Collar Side LSL 

kN (lbs.) 
COV 
(%) kN (lbs.) 

COV 
(%) kN (lbs.) 

COV 
(%) 

kN (lbs.) 
COV 
(%) 

A 15.1 (3405)  12 13.5 (3026)  9 14.7 (3298)  10 13.9 (3129)  9 

B 38.2 (8592)  9 21.9 (4922)  9 38.8 (8726)  6 37.6 (8458)  12 

C 48.9 (10983)  13 54.9 (5603)  7 39.8 (8956)  9 42.4 (9539)  7 

D 36.6 (8219)  11 27.4 (6163)  16 33.1 (7441)  19 33.0 (7413)  10 

E 43.3 (9741)  7 25.3 (5683)  3 40.6 (9126)  5 38.3 (8607)  11 

F 57.3 (12870)  14 30.8 (6934)  7 55.6 (12510)  5 50.1 (11267)  3 

G 32.3 (7259)  13 14.5 (3251)  11 18.0 (4047)  4 24.3 (5457)  9 

H 51.8 (11649)  9 21.5 (4843)  13 40.8 (9179)  8 37.8 (8497)  3 

I 56.2 (12637)  11 24.3 (5455)  12 38.3 (8602)  8 46.6 (10485)  7 

J 54.5 (12259)  8 30.3 (6821)  9 52.0 (11692)  11 46.8 (10529)  8 

K 50.8 (11414)  6 29.2 (6569)  15 52.1 (11715)  9 50.6 (11370)  7 

L 53.1 (11932)  13 29.4 (6604)  15 48.0 (10797)  13 45.6 (10260)  18 

 

 Table 3 is a comparison of the predicted loads and the mean loads at failure for 

Series A test types No Hole, Hole and OSB Collar. The percent difference is calculated 

as (Test Result - Prediction) / Test Result * 100%. A negative percentage difference is an 

over-prediction (liberal) of the failure load, and a positive percent difference is an under-

prediction (conservative) of the failure load. The comparison was repeated for each of the 

series and is summarized in Table 4. 
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Table 3 - Series A: Prediction Comparisons 

  

No Hole Hole OSB Collar 

Pred. Test 
% 

Difference 

Pred. Test 
% 

Difference 

Pred. Test 

% Difference kN 
(lbs.)  

kN 
(lbs.) 

kN 
(lbs.) 

kN 
(lbs.) 

kN 
(lbs.) 

kN 
(lbs.) 

Curved 
Beam 

27.7 
(6235)  

15.1 
(3405)  

-83% 
16.5 

(3697)  
13.5 

(3026)  
-22% 

31 
(6965)  

14.7 
(3296)  

-111% 

Software 
1 

14.4 
(3240)  

15.1 
(3405)  

5% 
7.8 

(1752)  
13.5 

(3026)  
42% 

   

Software 
2 

14.4 
(3240) 

15.1 
(3405)  

5% 
12.3 

(2760)  
13.5 

(3026)  
9% 

   

 
Table 4 - Summary of Prediction Comparison 

 

Curved Beam Software 1 Software 2 

No Hole Hole OSB Collar No Hole Hole No Hole Hole 

% % % % % % % 

Lo
n

g 
Sp

an
 

A -83 -22 -111 5 42 5 9 

B -46 -2 -36 -2 N/A 26 4 

C -34 -10 -63 7 N/A -15 25 

D -65 -4 -124 20 N/A 12 -1 

E -38 5 -50 10 N/A 17 1 

F -23 -12 -62 21 N/A -12 13 

Sh
o

rt
 S

p
an

 

G -32 -17 -84 16 N/A 48 21 

H -7 -5 -35 22 N/A 11 2 

I -15 -15 -74 18 N/A -2 23 

J -13 5 -47 26 N/A -1 9 

K -17 0 -48 20 N/A -4 5 

L -32 -19 -91 14 N/A -19 9 

Average -34 -8 -69 15 42 6 10 

Absolute Average 34 10 69 15 42 14 10 

 

 From the table above, the curved beam approximation method tends to over-

predict the load for the No Hole and OSB Collar test types. A direct average is taken 

from all of the results. An average of the absolute values is provided in the last row for 

comparison, but does not indicate whether a prediction is conservative or liberal. This 

result is an indication of limits to the applicability of the method. This method may not be 

applicable to very small holes or to thicker OSB webs, as observed from the data and the 

results of Pirzada et al. (2008). Another reason for the discrepancy could have come from 

the fracture energy of the OSB for our particular product, which was different from the 
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product tested by Pirzada et al. (2008). The fracture energy property of the web is 

required for input into the approximation. The critical fracture energy, Gc, is the strain 

energy release rate required per area for the crack to propogate to failure of the specimen. 

The value required for input was taken as suggested by Pirzada et al. (2008) paper as 

2400 J/m
2
. The method developed by Pirzada et al. (2008) performs well for the 

estimation of the large hole condition used in the testing and is the most accurate in 

comparison to the other methods. Software 2 predicts the failure load reasonably well for 

the hole using only the shear capacity of the web above and below the hole, but an error 

message indicates that it would fail due to the hole proximity to the support and therefore 

the load would not be permissible for design by that manufacturer. 

Long Span Tests 

 Failure Load Criterion 
 

 The load interaction plot is shown in Figure 10. For Series A (Short Depth, 

Narrow Flange) the presence of a hole had negligible effects on the load due to the 

flanges taking almost the entire load, leaving very little stresses in the web. However, as 

the flange width of the joist increased, such as for Series C (Medium Depth, Wide 

Flange), there was considerable (49%) loss in failure load due to the presence of a hole. 

This pattern was observed for series D through F which have the same depth but 

increasing flange widths. Table 5 summaries the percent difference of the mean loads and 

stiffnesses in comparison to the "No Hole" test type. 
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Table 5 - Percent Difference Compared to No Hole Control Test Case 

Series 
Load Stiffness 

Hole OSB Collar Side LSL Hole OSB Collar Side LSL 

A -11 -3 -8 -4 -4 -4 

B -43 +2 -2 -1 +2 +1 

C -49 -18 -13 -6 +2 -3 

D -25 -9 -10 -3 0 -1 

E -42 -6 -12 -4 -3 -8 

F -46 -3 -12 -8 -8 -3 

G -55 -44 -23 -7 -6 +2 

H -58 -21 -25 -19 -8 +1 

I -57 -32 -17 -18 -8 -12 

J -42 -1 -11 +2 -5 -11 

K -42 +3 0 -8 0 +1 

L -45 -10 -14 -8 -8 -7 

 

A loss in failure load (-49%) of this magnitude could potentially result in a failure 

occurring in the field. An example that could cause failure to occur in the field is the 

possibility of a loading condition different from what was anticipated, such as a large 

point load placed over the location of the hole. Although this was not tested it can be 

postulated from experience and speculation of possible construction loads. This would 

cause a high shear stress different from the uniform loading condition considered in 

design. The shape of the line in Figure 10 for Series A is flat in comparison to the distinct 

shape of the line for Series F. The flat line of Series A indicates little effect of a hole as 

opposed to the drastic loss in load for Series F shown by the shape of the line. The 

crossing of the plots is a strong indication of an interaction of effects between the test 

series. An example of this is Series D crossing with Series B, C, and E. The crossing of 

lines and differences in the shapes of the interaction plots indicate the interaction of series 

effects, and therefore conclusions drawn for one series would not be valid to infer upon 

the other series. For example, the conclusion for Series D is that a hole of 50% of the 

total depth will cause a loss of 25% of the load for a long span joist; but due to the 

crossing of interaction plots this type of conclusion cannot be applied to the other series. 
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One reason this interaction may have occured is due to the few replicates and need for 

more testing to verify no errors were made for the testing of the "Hole" test type for 

Series D. Each series must then be compared separately and conclusions drawn 

individually. A one-way analysis of variance (ANOVA) was also done for each of the 

series. 

 
Figure 10. Long Span Load Interaction Plot 

A comparison of mean load for P-values less than 5% and 95% using Fisher's Least 

Significant Difference Intervals was done and the results are provided in Table 6. The 

confidence intervals have a range between 5 to 7 kN (see Figure 9) and overlapping of 

intervals indicates where there is no statistically significant difference between the test 

types. If more samples were taken, the confidence intervals would be smaller and would 

represent the true differences between the test types. However, both patch types worked 

extremely well to return the joist to a capacity which is statistically equivalent to a “No 

Hole” condition. 

 

 Figures 11 a & b are examples of tension failures at the boundary of the hole 

occurring in the remediations, which were classified as “ZW” failures, which is a failure 

line that runs near to 45° through the web and does not involve a web-to-web joint. A 
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complete list of the failure codes used can be found in section X5.2 of ASTM D5055-10 

and Appendix G of Polocoser (2012).  

 

 
a)                                                                    b) 

Figures 11. a) Failure Mode ZW for OSB Collar, b) Failure Mode ZW for LSL 

     

For the long span tests the OSB Collar remediation worked better when compared to the 

No Hole test type, even resulting in flexural failures instead of shear failures. A 

comparison of the OSB Collar to Side LSL confidence intervals is made in the last 

column of Table 6 to show that there is no statistical difference between the two for all of 

the series except Series F. Overlapping of confidence intervals between test types 

signifies no statistical difference between the test types. The differences between 

confidence intervals are presented in Appendix H of Polocoser (2012). The confidence 

intervals for each patch is also compared to the control test type of "No Hole", as 

described in columns two and three of Table 6. For all of the long span series there is 

clear overlapping of confidence intervals. For the long span testing the OSB Collar 

performed equally to the Side LSL and better for one of the series. For Series C both 

patches improved the failure load in comparison to the "Hole" condition, but not to a 

level which is statistically equivalent to the "No Hole" condition. 
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Table 6 - Long Span Comparison of Mean Load 

Series No Hole - OSB Collar No Hole - Side LSL OSB Collar - Side LSL 

A X X X 

B X X X 

C 
  

X 

D X X X 

E X 
 

X 

F X 
  An “X” Represents No Statistically Significant Difference  

 

Stiffness Criterion 
 

 For the long span testing there was very little difference in the stiffnesses of the 

joists with and without a hole, which is found in Appendix H of Polocoser (2012) and 

interpreted in Table 7.  For Series A through D the largest loss of stiffness was 4%, but 

for Series E & F the loss of stiffness was 8% (Table 5). This 8% loss coincides with the 

results of Clinch (1993). The largest loss of stiffness was for the Deep joist, where shear 

stress is a significant concern in the beam design. The large and dense LSL patch 

provided the best method in Series F for returning the stiffness to a state similar to the 

"No Hole" test type. The results presented in Table 7 show there were almost no 

statistical differences between the No Hole test type and the two methods of remediation. 

 

Table 7 - Long Span Comparison of Stiffness Means 

Series No Hole - OSB Collar No Hole - Side LSL OSB Collar - Side LSL 

A X X X 

B X X X 

C X X   

D X X X 

E X   X 

F   X   

An “X” Represents No Statistical Significant Difference 
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Short Span Tests 

 Failure Load Criterion 
 

 The short span tests had a V/M ratio double that of the long span tests, therefore 

the hole had a much greater impact on the load capacity due to the larger shear stress 

contribution in the web. Figure 12 provides a graphical display of the behavior of the 

series. The maximum loss in capacity was 58% for Series H, as found in Table 5. The 

load-deflection data for the shorter span tests were noticeably different, including 

increased non-linearity (Figure 13). For the short span tests there is a greater number of 

lines that cross than for the long span tests, indicating increased variation and influences 

of variables. The shape of the plot for Series G for a Short Depth, Narrow Flange joist is 

no longer straight, indicating the importance of holes on all joist types at a short span 

length. 

 

 

Figure 12. Short Span Load Interaction Plots 

 There were more abrupt losses of load, possibly due to "pop-in" which happens 

when a fracture extends, releasing energy, and then loading continues to increase until the 

crack has run the full length from the edge of the hole to the web-to-flange connection.  

Complete failure generally occurs along this connection due to delamination. Another 
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reason or possibility for non-linearity could be due to local failures of glued-joints, which 

was difficult to observe during the testing procedure. Please refer to Appendix F of 

Polocoser (2012) for a complete set of the load-deflection graphs for each series. Failures 

were increasingly difficult to identify and were generally not catastrophic like the 

bending failures of the long span tests. Close examination of the boundary of the hole as 

in Figures 14 a) & b) clearly indicated when a fracture failure occurred. For the short 

span tests the Side LSL remediation specimens showed no failure in the LSL and only in 

the joist web, indicating that the loads were not being adequately transferred . 

 

Figure 13. Series J- Load-Deflection Data 

 

  
a)                                                                                     b)  

Figures 14. a) OSB Collar Fracture, b) Side LSL Fracture 
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Comparing the means of the failure loads for the test types in Table 8, it is apparent the 

two methods of remediation were not as effective as for the long span tests. This is 

expected due to the higher shear force carried through the web which required the patches 

to share more shear stresses. For Series G & I, the "Side LSL" patch performed better 

than the "OSB Collar", but not as well as a joist with no hole which is why there is no 

"X" in the table below. 

 
Table 8 - Short Span Comparison of Means of Load 

Series No Hole - OSB Collar No Hole - Side LSL OSB Collar - Side LSL 

G       

H     X 

I       

J X   X 

K X X X 

L X X X 

An “X” Represents No Statistical Significant Difference 

 Stiffness Criterion 
 

 The stiffness of the joist is a major limitation in the design and use of wood I-

joists and is most often the controlling factor, especially for longer spans. Table 9 

indicates the Side LSL remediation technique was better at returning the stiffness for 

Series G and H, but was not as effective as the OSB collar for Series J. The largest loss in 

effective stiffness was 19% for Series I. The increased loss of stiffness in comparison to 

the long span joists indicates an increased shear deflection due to a loss of web material. 
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Table 9 - Short Span Comparison of Stiffness Means 

Series No Hole - OSB Collar No Hole - Side LSL OSB Collar - Side LSL 

G   X   

H   X   

I     X 

J X   X 

K X X X 

L X X X 

An “X” Represents No Statistical Significant Difference 

Failure Modes 
 

 The long span test series experienced a majority of bending type failures as 

expected. Most of the "shear" failures were confined to tests including a hole. The failure 

codes which were used to describe the failures were taken from ASTM D5055-10. The 

most frequent failure mode for the long span test was a tension failure in the flange with a 

subsequent bad bond failure in the web. Figure 15a is an example of this failure. Another, 

less frequent, failure mode for the long span testing was flexural-torsional buckling 

classified as FCB (Figure 15b). With the addition of a hole, whether there was a 

remediation or not, the failure modes were predominantly in shear of the web at the 

boundary of the hole. The web failed in tension and then the crack would propagate until 

reaching the flange, at which point the web-to-flange adhesive would generally 

delaminate a certain distance until the testing was stopped. 

 

  

a)                                                                                    b) 
Figures 15.  a) FT-BB, b) FCB 
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 The failure modes for the short span tests were shear and bearing failures. Figure 

17a is an example of web crippling, which is classified as WC and is a bearing type 

failure. The most predominant failure was ZW, which was a shear failure due to the hole. 

Average failure of the web occurred between the angles expected (225°-270°, where the 

measurements shown in Figure 16b subtract 180° from these values) from the behavior of 

stresses at the boundary of the hole; an example of the failure is shown in Figure 16a. The 

distribution of failure angles for all of the tests is plotted in Figure 16b, which has an 

average of 57°. This failure angle is good agreement with the angle and location expected 

from theory. However if there was a web-to-web connection at the boundary of the hole 

or very near the hole, the angle of fracture was  affected based on the location of the 

connection. 

 

              

a)                                                                                    b) 
Figures 16.  a) Failure at Hole Boundary, b) Distribution of Failure Angle for All Tests 

 

The most common type of failure without a hole was ZJ, which is a shear failure, but due 

to the web-to-web joint failing. Figure 17b is an example of the ZJ failure mode for a 

joist with no hole. This web-to-web joint had the greatest impact on the failure load. The 

joint caused most of the failures for the short span tests without a hole, but also 

significantly lowered the failure load when in the vicinity of the tests with a hole.  
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a)                                                                                            b) 
Figures 17. a) WC, b) FJ 

Ease of Repair & Cost 
 

 The ease of installation is subjective and based upon response from a few people 

in the lab who were able to help install. The OSB Collar was significantly easier to cut 

from the material than the Side LSL patch. The density of the LSL material made it 

difficult to cut as well as to nail through, even giving the pneumatic nail gun trouble. The 

LSL patch also required more adhesive between layers, making the process take longer 

than the OSB collar to install. A problem encountered while nailing the LSL patch was 

that the angle of the nail would on occasion come out the top of the flange instead of 

directly through the flange. This installation could be even more difficult in the field with 

limited space allowing for a nail gun. 

 

 The cost of the OSB Collar is considerably less than the Side LSL.The cost of the 

OSB Collar applied to 10 of the Deep joists was computed to be 28.50 USD as opposed 

to 54.57 USD for the Side LSL, making the LSL patch approximately twice as expensive. 

These costs include the OSB, LSL, adhesives, screws and nails. OSB sheets can be 

purchased without any difficulty from a lumber yard and are generally found on the job 

site. The LSL material is expensive in comparison and must be special ordered from the 

lumber yard. It is generally not kept in stock due to the limited uses on the job site. Based 
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upon the ease of installation and cost, the OSB Collar is the most desirable option from 

the point of view of the installer. 

Conclusions  
 

 Understanding the behavior of stress at the boundary of a hole in a beam helps to 

understand the failure modes and methods that will be beneficial to remediate the hole. 

The approximate method developed by Pirzada et al. (2008) was employed with relative 

ease and was the most accurate method for the simple hole condition, but was extremely 

inaccurate when extended to predict the failure load for the OSB Collar patch or when 

used for a very small hole to predict the failure load for a No Hole condition. This 

limitation is beneficial to know and may be improved upon in the future. Accurate 

material parameters such as fracture energy of OSB and tensile strength of OSB need to 

be identified for the specific I joist before applying the method. In comparison, Software 

Package 2 provided online reasonably predicted the failure load for the "Hole" test case, 

while Software Package 1 was not helpful. The Software Package 1 did not provide the 

user with a failure load when the hole was close to the support. 

 

 The OSB Collar remediation technique worked very well and returned 8 out of 12 

series of joists to a capacity statistically equivalent to the condition of  “No Hole.” This 

method of remediation was more effective for a long span than for a short span.  

Maximum reduction of load from a joist with no hole to one with a hole was 49% for the 

long span and 58% for the short span. The construction adhesive used adequately 

transferred load into the patch and did not fail at a bond line. The presence of a web-to-

web joint in the vicinity of a hole greatly influenced the load capacity. The OSB Collar 

remediation technique was more effective than the Side LSL technique for strength for 

only one of the series. The Side LSL remediation technique was more effective at 

returning the stiffness of the joist for both span lengths. The OSB Collar method of 

remediation was a cheaper method as well as much easier to cut and install. 
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Recommendations 

Future Work 
 

Recommendations for future work on wood I-joists include: 

1. Test the OSB collar remediation technique for 20-30 replicates but with a thicker 

OSB patch. 

2. Test the remediation technique for creep and deterioration of the adhesive bond. 

3. Test the remediation technique at the same location but with different size or 

shape holes. 

Practical Applications 
 

  The results from this research are very useful given they are used properly. 

The OSB Collar Patch presented is not meant to be a save-all solution to every hole 

condition. Figure 18 presents the dimensions of the size and thickness of the OSB patch 

and recommendations for spacings from end supports and web-to-web joints. In Figure 

18a, there must be a gap between the upper and lower OSB patches. If there is no gap and 

the two pieces are forced between the flanges, there is a possibility to cause additional 

stress on the web-to-flange connection resulting in delamination.  
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Figure 18. OSB Collar Patch Recommendations, a) Front View, b) Side View, c) Support Distance and 

Applicable Patch Location, d) Web-to-web Joint distance 

Figure 18b indicates the recommended thickness for the OSB patch and the direction of 

the screws. The screws are intended not to carry shear load but rather to apply pressure 

while the adhesive cures. This is a substitute for using blocking between joists or a 

carpenter’s clamp. Based on research by Afzal et al. (2006) (as well as by the 

manufacturers) it is recommended to keep holes more than two diameters apart. This is to 

make sure the stress state at the boundary of one hole has almost no influence upon the 

stress state of the other hole. This reasoning can be applied to a support condition as well 

(shown in Figure 18c), where the high stresses occuring at the bearing can influence the 

stresses at the boundary of the hole, which is shown in Figure 18c. These restrictions 
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create a zone where the patch is applicable in comparison to the recommended zone by 

manufacturers, as seen in Figure 18c. An example of the new zone created for effective 

patches is compared below in Table 10 for the hole size and joist depths used in testing. 

Another important result from these series of tests was the influence of the web-to-web 

joint on the failure load. Figure 18d provides a recommended distance from the hole to 

the joint based on general observations from the testing.  

 

Table 10 - Comparison of Limits for Hole Location With Patch and Without 

Joist Depth Hole Size 
Required Distance from Support to Center of Hole 

With OSB Collar Without OSB Collar* 

mm (in) mm (in) mm (in) mm (in) 

241 (9.5) 152 (6) N/A 1524 (60) 

356 (14) 203 (8) N/A 1676 (66) 

356 (14) 203 (8) N/A 1829 (72) 

406 (16) 203 (8) 406 (16) 457 (18) 

406 (16) 203 (8) 406 (16) 914 (36) 

406 (16) 203 (8) 406 (16) 914 (36) 

* - from manufacturer's hole chart 

 

 The distances recommended are taken from results of the two different span 

lengths tested. For the 241mm and 356mm depth joists, the OSB Collar patch did not 

work effectively for both span lengths (although it was more effective for the long span), 

and cannot be recommended without further testing. For the 406mm depth joists, the 

OSB patch effectively provided capacity for both span lengths. The distance from the 

support shown in Table 10 is calculated as four times the radius of the hole. This distance 

can be used due to the constant shear diagram in testing between the support and load 

closest to the support. This constant shear diagram in testing is more conservative than 

the linear one for the likely uniform distributed load in practice. 
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The steps required for installation of the OSB Collar patch are as follows: 

1. Cut OSB patch (OSB thickness same thickness as I-joist web), to the depth of the 

I-joist web (interior-to-interior distance between flanges). Do not cut or notch 

flanges. If the hole is large and has notched a flange; these recommendations will 

not cover this dangerous scenario. 

2. Cut  OSB patch to a recommended length of four times the radius of the hole. 

3. Drill out hole into this patch using a hole saw to create a uniform edge, as 

opposed to cutting with a reciprocating saw. 

4. Cut patch in half along the center of the hole, parallel to the I-joist flanges. This 

creates the top and bottom portion of the patch, and also provides the minimum 

gap between patches. 

5. Dispense PL Premium Polyurethane Adhesive from tube and spread evenly across 

one side of the OSB patch. Place OSB patch on both sides of the web above and 

below the hole. The minimum gap between the top and bottom piece of the patch 

is 3.18mm.  

6. Use Spax 5.2mm x 51mm (#10 x 2") Course Yellow Zinc-Plated Steel Flat-Head 

Combination Wood screws in an alternating pattern for one side of the patch. This 

will be three screws in one direction. Place two more screws on the opposite side 

of the web to tighten the bottom patch to the I-joist web. Repeat for top portion of 

patch, using ten screws total. The pattern for the screws is shown in Figure 18a. 

Tighten until screw head is embedded in OSB and no gap remains between OSB 

patch and I-joist web. 

 

 The tentative recommendations from this limited set of experiments are not  

meant to justify allowing holes to occur outside of the instructions of the manufacturer. 

However, the testing does provide tentative guidance on how to remediate holes that are 

outside these limits when they occur inadvertently. It is also still greatly important to 

emphasize that there are no notches or cuts allowed into the flange (which is a very 

dangerous condition.) 
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Conclusions and Recommendations 
 

 Understanding the behavior of stress at the boundary of a hole in a beam helps to 

understand the failure modes and methods that will be beneficial to remediate the hole. 

The joists failed at the angle which was predicted from the theory and inspection of the 

inside boundary of the hole showed the crack propagation to be sporadic between layers 

reflecting differing orientations of flakes within layers as well as flake size. This sporadic 

crack propogation is difficult to predict through closed form solutions, which is why 

approximate methods are used to predict failure loads. The approximate method 

developed by Pirzada et al. (2008) was employed with relative ease and was accurate for 

the simple circular hole condition, but was extremely inaccurate when extended to predict 

the failure load for the OSB Collar patch or when used for a very small hole  to predict 

the case of "No Hole". This limitation is beneficial to know and improve upon in the 

future. Accurate material parameters such as fracture energy of OSB and tensile strength 

of OSB need to be identified for the specific I joist before applying the method. In 

comparison, Software Package 2 provided online reasonably predicted the failure load for 

the "Hole" test case, while Software Package 1 was not helpful. The Software Package 1 

did not provide the user with a failure load when the hole was close to the support. 

support. 

 

 The OSB Collar and Side LSL remediation techniques worked very well and 

returned 8 out of 12 series of joists to a capacity statistically equivalent to the condition 

of “No Hole.” A maximum reduction of load from a joist with no hole to one with a hole 

was 49% for the long span and 58% for the short span. The OSB Collar method of 

remediation was more effective for a long span than for a short span. The construction 

adhesive used adequately transferred load into the patch and did not fail at a bond line 

between the patch and the web. The presence of a web-web joint in the vicinity of a hole 

greatly influenced the load capacity. The OSB Collar remediation technique was more 

effective than the Side LSL technique for only one of the series. Based upon these results 

it can be predicted that a thicker OSB patch would improve the load capacity further, 
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until the capacity of all the joist series are returned to the ideal condition of No Hole 

capacity. This prediction is based on increasing the area over which the high stresses at 

the hole boundary can be redistributed until the stress is low enough to allow for failure 

to occur in other modes, such as flexural and bearing failures. The Side LSL remediation 

technique was more effective at returning the stiffnesses of the joists for both span 

lengths. The OSB Collar method of remediation was a cheaper method as well as easier 

to cut and install. This method also would fit easily within the depth of the web and 

therefore is less obtrusive to surrounding finishes. 

 

Recommendations for future work of wood I-joists include: 

1. Test the OSB collar remediation technique for 20-30 replicates but with a thicker 

OSB patch. 

2. Test the same OSB collar with different polyurethane adhesives that are available 

for construction. 

3. Test the remediation technique for creep and deterioration of the adhesive bond. 

4. Test joists under cyclical loading due to cracks beginning at stress concentrations 

5. Test the remediation technique at the same location but with different size or 

shape holes. 

6. Test an OSB patch for two holes that are located too close to each other. 

7. Due to HVAC and plumbing pipes running through the joists, there could be a 

potentially hazardous situation where moisture (precipitation) from cooled pipes 

could cause degradation of the I-joist and the patch. 
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A.1 Overview of I-Joists 
 

A.1.1. History 
 

Leichti et al. (1989) bring together a compilation of summaries to articles and 

research regarding the different aspects of wood I-beams. The article covers the history of 

the I-joist and each portion of an I-joist that contributes to the overall design. Beginning 

in the 1920’s, the aviation industry started using box beams or composite wood sections 

for the construction of wood airplanes (Robins 1987). The sections of the wooden 

airplane which used the built-up sections where the longerons, which are equivalent of 

the top and bottom chords of a truss. The work done by Smith (1944) was part of the war 

effort, dealing with holes in wood box beams found in airplanes. 

 

The first residential applications of wood I sections are found in homes in Europe 

built during the 1930’s. An illustration of composite wood sections can be seen in Figure 

A-1, which is often found in beginning mechanics of materials textbooks for learning the 

shear flow concept. 

 
Figure A-1. Built Up I Beam and Box Beam 
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In 1969 the Trus-Joist company introduced the first commercially available wood 

I-joist in the United States. Through the years improvements were made on many aspects 

of the joist. Examining the I-joist there are several particular issues that required attention 

to make the product successful, and these are reviewed in the following sections. 

A.1.2. Connections 
 

First off is the web-to-flange connection. One method to create a connection is 

through mechanical interlocking. Different geometries for this mechanical interlocking 

connection can be seen in Figure A-2 as well as using fasteners to connect the assembly. 

 
Figure A-2.  Web-to-Flange Connections: a) web nailed or stapled to double flanges,  

b) tapered groove, and c) groove with split web 

 

Another method is with adhesives. Delamination/slipping of the joint were issues 

investigated by Booth (1974). In addition to adhesives, staples, nails and screws were 

also tested.  

 

The flange-to-flange connections were also important to test. Most I-joists are 

made in an assembly line, and then cut to length. In order to create long spans, the flanges 

need to be connected end to end. The strengths for different types of flange connections 

(scarf joints, butt joints, tongue and groove) on the overall strength of the joist is usually 

proprietary, however the one most commonly used is the finger joint. 
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A significant connection that impacted the results for this thesis is the web-to-web 

connection. The connection is a finger joint spaced 48" o.c. along the length of the joist. 

This is important because the joint in the web will sometimes occur at the same location 

as the hole. This in turn had significant effects on the capacity of the joist. 

A.1.3. Flange 
 

Over the years there has been an evolution in which material to use for the flange. 

There was a brief period during the 1980's when it was very common to have solid sawn 

flange members. These are still available today, but the majority made since the 1990's 

are either LVL (Laminated Veneer Lumber) or LSL (Laminated Strand Lumber). The 

capacity of an I-joist is most influenced by the material properties of the flanges. 

“Statistical analyses showed that more than 50% of the variation in load capacity of the 

I-beam was attributed to variation in the MOE of the tension flange” (Samson 1981) . 

There is related research here at Oregon State University into VTC (Viscoelastic Thermal 

Compression) wood. This process essentially compresses wood into a denser specimen. 

Creating denser wood provides a higher Modulus of Elasticity (MOE), potentially 

increasing the strength in applications such as flanges in I-joists. In order to increase 

capacity, the web must also be created such that it can carry higher loads in shear, in 

conjunction with the higher bending capacity from the improved flanges. 

A.1.4. Web 
 

Lastly, the web material has also gone through changes. Different types of 

material include plywood, hardboard, particleboard, (Oriented Strand Board) OSB and 

also metal tubular open-web joists. Before the 1990's it was more likely to have plywood 

web joists and hardboard web joists; afterwards it has been predominantly OSB. 

Although some manufacturers make open-web joists or joists with allowable holes, they 

are produced for specific lengths and cannot be modified. The continuous length of OSB 

web allows the contractor to cut the joist to any length required, therefore it is a more 
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desirable product. From mechanics we know the web carries most of the shear of the 

joist, which is why the shear properties of the web are very important. 

 

“The effect of the shear modulus of the web material on total beam deflection was 

investigated by Leichti and Tang (1983) using a strain energy approach… shear 

deflection, a major component of total deflection, cannot be ignored in design.” 

Leichti et al. (1989) 

 

“…deflection of hardboard-webbed I-beams is increased by repeatedly changing 

the relative humidity” Mohler & Ehlbeck (1973).  

 

These shear effects are taken into consideration in the design tables produced by 

manufacturers. Both OSB and plywood can be manufactured with a specific axes 

orientation to improve certain properties, such as shear capacity. However, the 

manufacturer found that orienting the OSB at 90 to the horizontal longitudinal axis 

improves the lateral buckling capacity of the web at the supports to prevent failures such 

as web-crippling. This outweighed the benefit to orient strands for the maximum shear 

capacity. 

 

 The I-joist is difficult to analyze because of the complexity of the anisotropic 

materials, which differ from the flange to the web, and also because of the variety of 

connections between components. Figure A-3 shows the type of I-joist construction used 

in the testing, where the web is made of OSB and the flanges are LVL. 
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Figure A-3.  Wood I-Joist (Polocoser 2011) 

 

Many facets of the wood I-joist have been dealt with and analyzed to improve its 

performance throughout its history. However there are still open questions regarding the 

effects of holes on the strength and stiffness, and methods that can be used to provide a 

remediation for large holes. 

A.2 Standards 
 

 The governing standard testing procedure for wood I-joists is ASTM D5055 

“Establishing and Monitoring Structural Capacities of Prefabricated Wood I-Joists.” The 

standard does a very thorough job of describing how to determine the capacities for each 

of the elements of a wood I-joist, except for determining capacities for joists with holes. 

Section 6.7.2 addresses web openings and requires that "a minimum of five specimens of 

at least three depths encompassing the product range shall be tested for each 

depth/opening combination." Although not all of the requirements specified in the 

standard were met in this research, we were able to comply with this one. Because the 

standard does not provide very much information for testing joists with holes in the web, 

the Wood I Joist Manufacturers Association(WIJMA) created their own testing 

specification for this special case. 
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 WIJMA created the document "Establishing Shear Capacities for Prefabricated 

Wood I-Joists with Holes." Based upon industry standards, the flange is assumed to take 

all of the bending stresses and the web carries all of the shear stresses. This is why the 

document addresses only the shear capacity of the web. Section 3.4.1 also recommends 

testing three joist depths that are more than 4" apart so that the product line for the 

manufacturer may be encompassed. The document does not provide guidance for 

calculating a possible reduction in capacity due to a hole, but Section 4.1 designates that 

the shear capacity shall be the average ultimate capacity divided by 3.0 from testing. 

A.3 Design Texts 
 

The engineer of record is required by law in most jurisdictions in the U.S. to 

follow the International Building Code (IBC 2010) as the guide for the design of the 

structure. Within the IBC, there are more codes referenced for specific sections. In the 

wood section, the IBC references the National Design Specification (NDS) (AF&PA 

2005). Section 2308.10.7 of the 2009 IBC does not provide any provisions for how to 

deal with holes in a wood member but refers users to the product manufacturer. Since the 

2009 IBC references the 2005 NDS, the next step is to check if there is any further 

information provided for this specific wood product within the NDS. In section 7.4.3 of 

the 2005 NDS, the user is provided a short description on how to deal with holes. It states 

"the effects of web holes on strength shall be accounted for in design." The text and the 

commentary of the 2005 NDS refer the reader to manufacturer specifications for 

information dealing with holes in I-joists. The 2005 NDS does not provide any 

information for either holes in solid sawn lumber or engineered products. 

 

When looking for theory behind wood design, most engineers turn to the widely 

used textbook, Design of Wood Structures ASD/LRFD by Breyer et al. (2007). 

Unfortunately the textbook does not provide any information regarding holes in I-joists or 

holes in solid sawn lumber. 
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The AITC (American Institute for Timber Construction) (1985) does not discuss 

holes in sawn lumber or Glulam (Glue Laminated) beams. The manual does however, 

take into account the effects of knots within laminations of a Glulam. Knots are 

analogous to holes because they cause stress concentrations within an individual 

lamination. Calculation of a revised moment of inertia is required for the Glulam member 

based on the frequency of knots. Although this is not the same as a hole in the web, it 

does show how other areas of wood design deal with the reduction in strength due to 

voids. 

A.4 Research/Theory 
 

Although the topic of holes in wood is not well defined within design texts, the 

topic of holes has been well documented and analyzed through research. At the beginning 

of many mechanics textbooks, authors depict a continuum as a kidney or potato looking 

blob to indicate the shape/geometry is arbitrary when determining reactions from 

imposed loads. However, the state of stress/state of strain within the arbitrary blob is 

dependent upon its shape and the location within that shape. The loading and boundary 

conditions then determine the shear and moment forces calculated at different cross 

sections. A force is transmitted through a continuum (such as a steel bar) at the rate at 

which iron and carbon atoms interact with each other, which turns out to be the speed of 

sound. Since this analysis is not at the macro scale, but at the micro, we generally neglect 

this aspect of mechanics. For the point of analysis, it is assumed that reactions occur 

instantaneously when load is applied. Albeit a dry and mundane point to make, it serves 

to clarify ideas about states of stress. 

 

When the continuum is caused to act in bending, horizontal shear forces develop - 

which are given the misnomer "shear flow." This term, along with other language in 

structural engineering such as "continuous load paths" and "load transfer" can be 

interpreted to understand stress as a "flow" through a continuum. This idea of flow (or 

streamlines presented in aerodynamics) does not work when conceptualizing bending 
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stress, since this has an opposite sign when moving away from the neutral axis. Stress 

occurs within the continuum as state at various points, and these are influenced by the 

geometry of the continuum. A hole is then a change of geometry and causes stresses to 

develop differently. The contour plots of stress around a hole most often show the levels 

of different principal stresses much like a topographical map shows elevations. 

 

As part of a course in stress analysis, most students are exposed to a short derivation of 

the stress concentration factor (K) for a hole in a thin isotropic plate with uniform 

uniaxial tension. This is an ideal place to start building upon the basics of mechanics. The 

stress concentration factor (maximum stress divided by nominal stress) for the condition 

shown in Figures A-4 is 3. To find a solution to this problem, a stress function is 

postulated for the Airy Stress Function, then substituted into the Biharmonic Equation 

and solved for the given boundary conditions. The figure on the right graphically depicts 

the tangential stress along the boundary of the hole found by solving the Biharmonic 

Equation. What is not readily intuitive is the compressive tangential stress that occurs at 

theta equal to 0° and 180°. While the material is still elastic, the Theory of Superposition 

can be used to determine the stresses for a plate with a hole under biaxial tension; as well 

as uniaxial tension in one direction and uniaxial compression in the other direction (pure 

shear). The K factor for biaxial stress is 2 and for pure shear is 4. The K factor can be 

found analytically or experimentally; and for the majority of cases for an isotropic 

element can be found in the book Peterson's Stress Concentrations Factors 3rd Ed. by 

Pilkey & Pilkey (2008). The previous analyses of a hole in a plate are based on an infinite 

plate assumption. For our testing setup, the hole was a large portion of the web and 

therefore might exceed the limits of these assumptions. 
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a)                                                                  b) 
Figures A-4: a) Tangential Stress Distribution Through Cross Section, 

 b) Tangential Stress Distribution Along Hole Boundary 

 

 Inglis (1913) developed a complex potential function that could solve the stress 

state along the boundary of an elliptical hole. The sharper corners of an ellipse or square 

holes cause higher stress concentrations than those of circular holes and won't be 

discussed thoroughly because the tests in this research effort were specifically for circular 

holes. The use of complex stress functions has been used in many subsequent analyses to 

determine the stress state at the boundary of holes. During WWII, as a support for the US 

war effort, Smith (1944) analyzed elliptical and circular holes in Sitka spruce wood  

under uniaxial tension. Smith (1944) concluded the K factor to be 5.84 for Sitka spruce, 

but although it is higher than for an isotropic material like steel the stress attenuates 

quicker from the peak in the wood. The attenuation of stresses from a high local stress is 

in accordance with St. Venant's Principle. 

 

Figure A-5. St. Venant's Principle 
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This principle is important to help determine how far from a hole the stress state returns 

to the uniform axial stress state. The maximum tangential stress occurs at theta equal to 

90° and 270°, but the failure of the wood specimen occurred at 78° - the point of 

maximum shear. Lewis et al. (1944) performed additional tests to verify the work by 

Smith (1944) by placing small holes in the flange of a joist and concluded that: "When 

cross grain is present, there is grave danger of complete failure of the flange at a low 

load because shear failures follow the grain of wood." When making the comparison, a 

hole has a larger detrimental effect on the capacity of a wood specimen versus a steel 

specimen when under uniaxial loading. With this introduction on uniaxial loading of 

holes, we move to other loading conditions that will build up to the condition analyzed in 

the testing of this project. 

 

 Extending the work of Savin (1961), Bower (1966) also used complex stress 

functions to determine the stress state at the boundary of a hole in the web of a steel I 

beam that is simply supported with a uniformly distributed load applied. Figure A-6 

presents the dotted lines for the bending stresses when no hole is present while showing 

the bending stresses when a hole is present. The graphic helps to understand how bending 

stress is affectied above and below a hole. The stress at the boundary of the hole exceeds 

that at the extreme fiber when the hole is larger than half of the total depth.  

 

 

Figure A-6. Tangential Stress Distribution Along Cross Section 
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Figure A-7. Tangential Stress Along Boundary of Hole 

 

This one diagram does not fully paint the picture of the rest of the stresses that occur 

around the boundary of the hole. Bower (1966) plotted the tangential stresses as they 

change around the boundary of the hole, as seen in Figure A-7. This diagram helps to 

visualize what would be rather non-intuitive changes in tension and compression stresses 

around the boundary of the hole. Bower (1966) also plotted the tangential stresses at a 

section with both shear and moment stresses interacting. 

 

  

Figure A- 8.  Joist Cross Section 

The image in Figure A- 8 shows both the shear and bending stresses at the cross section 

along the 90°-270° axis, with the stresses without a hole shown as a comparison. The 

horizontal shear stresses begin at 0, at the boundary of the hole since it is a free surface. 

Since most practical design focuses on the shear and moment separately, the solid lines 

can help an engineer understand how both the bending and shear stresses are affected at 



 

 

65 

8
6
 

the particular cross section in comparison to the dashed lines, but it is the plot in Figure 

A-9 which will indicate where a failure is expected to occur for an orthotropic material 

like OSB or isotropic material like steel. Failure in a steel specimen can occur at the point 

of highest tangential tensile stress when it exceeds the yield stress or at the point of 

highest tangential compression stress when it exceeds the lateral buckling capacity of the 

web. This is similar for OSB, even though the flakes have an orientation. However for 

OSB the web is much weaker in tension, so failure is expected to occur at the highest 

tangential tension stress. 

 

Figure A-9. Tangential Stress Distribution for Hole Located at L/10 from Left Support of Simply Supported 

Beam with Uniformly Distributed Load 

There are tension and compression zones that are formed due to the interaction of shear 

and moment stresses across the boundary of the hole. There were limitations to the 

applicability of the stress function solution that Bower (1966) presented. He concluded 

that a beam depth- to- hole diameter ratio "less than about 1.5 ... does not accurately 

predict the stress around the hole." This research effort helps to understand what the 

distribution of stresses look like for an isotropic material, but the OSB web has several 

more aspects of complexity. 
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 Aicher & Hofflin (2008) performed flexure tests on Glulam beams with holes. 

Their test setup and hole location was very similar to our setup, and failures occurred in 

the same area of the hole boundary. Just like in Figure A-9, Aicher & Hofflin (2008) 

show a diagram with four distinct regions but with alternating principle stresses around 

the boundary of the hole. The zones that are in compression are not problematic since 

compression parallel and perpendicular to grain is higher than the perpendicular to grain 

tension strength. However, since Glulam beams have a grain direction, the fractures 

followed the grain instead of extending along the original failure angle. Aicher & Hofflin 

(2008) concluded that a calibration factor to increase the shear force for design was 

needed to account for the hole. A similar failure mode and analysis can be expected from 

a solid sawn lumber member. Moving on from solid sawn lumber to another degree of 

complexity is an examination of  plywood webs. 

 

 Plywood is a layered composite, with specific grain orientations within each 

layer. Depending on the material properties of each of the layers, stresses can be 

distributed unevenly across a cross section. Nishioka & Atluri (1982) developed special 

elements for use in a finite element program that would include ply laminates at hole 

boundaries. Figure A-10 provides a hypothetical situation to help illustrate how an 

applied load can create a linear or uniform strain distribution, but the stresses within each 

plane layer are dependent upon the layer's properties. When applying this concept to the 

boundary of a hole, it is possible to see how a crack (fracture) could initiate at an interior 

layer before propagating outwards to other layers as well as within its plane. 
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Figure A-10. Hypothetical Stress Distribution for Layered Composite Material 

 "So far, no analytical solutions to the stress-state near a traction- free hole in an 

angle-ply laminate have appeared in literature, and most of the cited references invoke 

approximations of one type or the  another." Nishioka & Atluri (1982) 

 

 An OSB web, or even a hardboard web, poses  more difficulties in  analysis than a 

plywood web. Not only is OSB a layered composite, but the flakes of different sizes 

mesh between layers and are not continuous from one point to the next within each layer. 

This type of problem is quite intractable analytically, and it is better to handle with finite 

element analysis software to obtain approximate results or to use approximate analysis 

techniques since a closed form solution is not really very feasible. Fergus (1979) used 

finite element modeling as described by Stieda (1969) for composite materials to model a 

hole in plywood as well as OSP (older name for OSB). One of the failure mechanisms 

that Fergus (1979) observed from testing was that the plywood web buckled laterally 

more frequently than the OSB. He also concluded that the FEM provided better results 

for the longer (moment- controlled) beams versus the shorter (shear- controlled) beams. 

 

 Further testing of the lateral buckling phenomenon was conducted by Hilson and 

Rodd (1984). Their research examined the buckling of the web and the position of holes 

in the hardboard web of I-joists. Hardboard, particleboard and OSB are generally brittle 

materials that have difficulty distributing stresses. Beams were sectioned into four areas 

along the length to create rectangular portions to analyze. The webs of these sections 
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were divided into a compression diagonal and a tension diagonal. Holes of varying 

diameter were cut into the outer edges of the compression diagonal. They concluded that 

placing a hole of a certain size could in fact increase the shear capacity of the joist by 

helping the brittle web redistribute stresses more efficiently. 

 

 In an additional paper, Bower (1966) also presented an approximate analysis 

method for steel beams using a Vierendeel Truss Model. This method represents the 

section around the hole like a Vierendeel truss, where there are secondary moments 

imparted to sections above and below the hole. A shortcoming of this method is it does 

not predict the stress concentration that develop at corners of rectangular holes and is 

restricted to rectangular holes. Modifications and improvements have been made to the 

Vierendeel Truss approximation by subsequent researchers. Knostman et al. (1977) 

compared the results from experimental testing to the predictions from the Vierendeel 

Truss approximation, FEM, Numerical Integration Method, Shear Force Distribution 

Ratio, and Equilibrium Check. Knostman et al. (1977) also examined rectangular holes 

that were placed with an eccentricity to the neutral axis. Wang (1994) used the 

Vierendeel Truss approximation for square holes in the web of a joist, as seen in Figure 

A-11. 

 

Figure A-11. Vierendeel Truss Approximation 
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Wang (1994) concluded the Vierendeel Truss approximation was accurate for joists with 

"..... sufficient web material above and below the hole.....". Cheng (1996) continued the 

work by Wang (1994) but also tested one joist with OSB web stiffeners above and below 

the rectangular hole and on both sides of the web. He also tested one joist with a full 

rectangular OSB web stiffener around the hole and on both sides of the web. This test 

showed an improvement of 57% in the shear capacity. The most recent work done 

including the Vierendeel Truss method was by Afzal et al. (2006). In order to apply this 

method to a circular hole, a square was inscribed within the  circular hole, and was used 

for the analysis. Their work also looked at the influence of a second hole. They 

confirmed that a second hole needs to be 2 diameters away in order for there to be no 

influence of stresses from one to the other. Afzal et al. (2006) also pointed out that the 

V/M ratio at a hole plays an important role in the failure of the hole. The I-joist  industry 

assumes that only the flanges carry bending stress because of a weak horizontal stress 

transfer at the web-flange joint, and that the web carries only shear stresses. This however 

is not actually the case, as concluded, because of the different V/M ratios that where 

examined and the results observed.  

 

 Working from the results of Afzal et al. (2006), Pirzada et al. (2008) combined a 

FAM (Finite Area Method), a fracture mechanics method that does not require an initial 

crack ( different from Linear Elastic Fracture Method (LEFM)) with a Winkler-Bach 

Curved Beam analysis presented by Chan and Redwood (1974) to predict a failure load. 

The FAM procedure was proposed by Landelius (1989). Chan and Redwood (1974) 

compared their results using the curved beam method against the theory of elasticity 

solution found by Bower (1966) and found it predicts the stresses with better accuracy for 

a larger range of applications. With the curved beam theory, they could include the stress 

concentration effects and could analyze large holes and holes placed eccentrically from 

the neutral axis of the beam. Figure A-12 provides a recent example of a contractor 

placing holes too close and also eccentricity from the neutral axis. 



 

 

70 

8
6
 

 

Figure A-12. Eccentric Holes, Welch (2012) 

A derivation of the Winkler-Bach Curved beam theory can be found in Practical Stress 

Analysis in Engineering Design, 3rd ed. by Huston and Josephs (2009). The application 

and example problem using the curved beam method presented by Pirzada et al. (2008) is 

outlined in Appendix E. The equation provides the tangential stress at the boundary of the 

hole using the curved beam, and uses an empirical factor k to help describe the stress as it 

attenuates from the hole boundary. The empirical factor k was calculated to include the 

effect of different joist depths. It was determined that the predictions from this method 

where between75-92% of the actual test results. The predictions were deemed 

satisfactory because they were conservative. One very interesting observation from their 

results and the results of Afzal et al. (2006) was that "...deeper joists are more sensitive to 

changes in web hole ratio.". The web hole ratio mentioned here is the hole size divided 

by the web depth. 

 

 With a knowledge of the behavior of the stress state at a hole and an approximate 

method in hand for analyzing the tangential stress at the hole boundary one can look at 

the issue of deflection. Orosz (1970) provides a simplified energy method approach to 

estimate the shear deflection of solid sawn lumber with the assumption that the shear 
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modulus is a factor of 16 smaller than the modulus of elasticity. Skaggs and Bender 

(1995) report that "... engineering practice accounts for shear deflection of wood 

members by lowering published design values of E (by about 3.4%)". An I-joist is a non-

homogeneous member and beyond the scope of published design values.  

 

 "Shear deflection, although often neglected in most wood and steel design, is a 

significant contributor in I-joist deflection. For this reason, shear deflection is included 

in calculations and often accounts for as much as 10 to 20 percent of the total 

deflection." Maley (1987) 

 

Skaggs and Bender (1995) develop an equation using energy methods and Castigliano's 

theorem to find the shear deflection for non-homogeneous members, such as Glulams and 

I-joists. They also concluded that a factor of 16 is not accurate for Glulam members and 

more research is needed to determine the shear modulus (G). Hindman et al. (2005) 

performed a study on the torsional rigidity of wood composite I-joists to be able to 

predict flexural- torsional properties. The in- plane shear modulus value of G12 is of use 

to predict the shear deflection of our tests. Hindman et al. (2005) concluded that the 

predicted GJ values were 30% less than the E:G factor of 16 would indicate. Since shear 

deflection plays an important factor in the overall deflection of I-joists, and the web 

carries most of the shear, there must be an effect on the deflection by placing holes in the 

web. Clinch (1993) studied only the effects of placing progressively more holes in the 

hardboard web of an I-joist. Figure A-13 shows the different testing layouts that were 

evaluated for reduction in effective stiffness (Eeff). Clinch (1993) concluded that for the 

worst case scenario, Case I, the stiffness of the joist only decreased 8%. The flexural 

stiffness was most affected when holes were placed in regions of high shear force. 
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Figure A-13. Joists with Multiple Holes  

 

In the most recent article, Morrissey et al. (2009) studied the effects of multiple holes and 

a method of remediation. The tests used 7 point loads to simulate a distributed load and 

38 tests altogether were conducted, of which 12 had retrofits. The method of remediation 

was a steel angle attached to both sides of the web and also to the flange above and below 

the holes. For one depth of joists this method increased the capacity by 20-36%, and for 

the other depth the increase was 17-39% in comparison to joists that had no remediation. 

Morrissey et al (2009) concludes that "alternative retrofits should be developed with 

consideration given to the ease of installation and materials readily available to the 

contractor on site." With these results in mind and the results from Cheng (1996) we 

formulated a project  remediating wood I-joists with circular holes in high shear zones, 

while being able to leave the joists in place. 
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Appendix B 

Derivation of Center Deflection for Simply-Supported Beam  
With 4-Equal Point Loads 
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Appendix C 

LabView Programming 
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Figure C-1. Graphical User Interface from LabView 
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Figure C-2. LabView Programming  
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Appendix D 

Example Deflection Calculation Comparison 
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Appendix E 

Winkler-Bach / Fracture Mechanics  
Approximation of Predicted Load 
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Figure E-1. Loading and Joist Dimensions 

 

 
Figure E-2. Resultant Forces 
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Figure E-3. Tee Section Geometry 

 

 
Figure E-4. Inclined T-Section Geometry 
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Appendix F 

Load-Deflection Data 

 



 

 

 
Figure F- 1.  Series A - No Hole and with Hole 
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Figure F- 2.  Series A - OSB Collar and Side LSL 
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Figure F- 3.  Series B - No Hole and with Hole 
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Figure F- 4.  Series B - OSB Collar and Side LSL 
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Figure F- 5.  Series C - No Hole and with Hole 
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Figure F- 6.  Series C - OSB Collar and Side LSL 
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Figure F- 7.  Series D - No Hole and with Hole 
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Figure F- 8.  Series D - OSB Collar and Side LSL 
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Figure F- 9.  Series E - No Hole and Allowable Hole 
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Figure F- 10.  Series E - Hole and OSB Collar 
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Figure F- 11.  Series E - Side LSL and 2x4 Web Stiffener 
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Figure F- 12.  Series E - 2x4 Web Stiffener with Polyurethane Glue and Hole with Polyurethane Glue 
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Figure F- 13.  Series E - U Shaped OSB with Epoxy and U Shaped OSB with Polyurethane Glue 
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Figure F- 14.  Series E - Straps 
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Figure F- 15.  Series F- No Hole and with Hole 
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Figure F- 16.  Series F - OSB Collar and Side LSL 
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Figure F- 17.  Series G - No Hole and with Hole 
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Figure F- 18.  Series G - OSB Collar and Side LSL 
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Figure F- 19.  Series G - Polyurethane Glue and 2x4 Web Stiffener 
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Figure F- 20.  Series G - 2x4 Web Stiffeners with Polyurethane Glue and U Shaped OSB with Epoxy 
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Figure F- 21.  Series G - U Shaped OSB with Polyurethane Glue and Straps 
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Figure F- 22.  Series H - No Hole and Hole 
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Figure F- 23.  Series H - OSB Collar and Side LSL 
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Figure F- 24.  Series I - No Hole and with Hole 

1
1
6
 



 

 

 

 

Figure F- 25.  Series I - OSB Collar and Side LSL 
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Figure F- 26.  Series J - No Hole and with Hole 
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Figure F- 27.  Series J - OSB Collar and Side LSL 
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Figure F- 28.  Series K - No Hole and with Hole 
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Figure F- 29.  Series K - OSB Collar and Side LSL 
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Figure F- 30.  Series L - No Hole and with Hole 
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Figure F- 31.  Series L - OSB Collar and Side LSL 
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Appendix G 

Photographs Identifying Failure Modes 
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Figure G-1. Failure Mode FT 

 

 
Figure G-2.  Failure Mode FT-BB 
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Figure G-3.  Failure Mode FTJ 

 

 
Figure G-4.  Failure Mode FC 
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Figure G-5.  Failure Mode FC-WB 

 

 

 
Figure G-6.  Failure Mode FCB 
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Figure G-7.  Extreme FCB 

 

 
Figure G-8.  Failure Mode Pure ZW of Web 
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Figure G-9.  Failure Mode FJ 

 

 
Figure G- 10.  Failure Mode ZW 
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Figure G-11.  Failure Mode ZW for wider Flange 

 

 
Figure G-12.  Failure Mode ZW for OSB Collar 
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Figure G-13.  Failure Mode ZW for LSL 

 
Figure G- 14.  Failure Mode ZJ 
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Figure G-15.  Initial Crack 

 

 
Figure G-16.  Thru Crack 
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Figure G-17. Interior Crack 

 

 
Figure G-18. Failure Mode FS 
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Figure G-19. Extreme FS 

 

 
Figure G- 20.  Failure Mode WC 
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Appendix H 

Statistical Analysis 
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Figure H- 1. Load Interaction Plot for Long Span Series 

 

 
Figure H- 2.  Load Interaction Plot for Short Span Series 
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Figure H- 3.  Series A Load Confidence Intervals 

 

 
Figure H- 4.  Series B Load Confidence Intervals 
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Figure H- 5.  Series C Load Confidence Intervals 

 

 
Figure H- 6.  Series D Load Confidence Intervals 

 



139 

 

 

 
Figure H- 7.  Series E Load Confidence Intervals 

 

 
Figure H- 8.  Series F Load Confidence Intervals 
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Figure H- 9.  Series G Load Confidence Intervals 

 

 
Figure H- 10.  Series H Load Confidence Intervals 
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Figure H- 11.  Series I Load Confidence Intervals 

 

 
Figure H- 12.  Series J Load Confidence Intervals 

 



142 

 

 

 
Figure H- 13.  Series K Load Confidence Intervals 

 

 
Figure H- 14.  Series L Load Confidence Intervals 
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Table H- 1. Comparison of Failure Mean Load for LSD Confidence Intervals 
Se

ri
es

 A
 

Contrast Sig. Difference (kN) +/- Limits (kN) 

No Hole - Hole 
 

1.68 1.79 

No Hole - OSB Collar 
 

0.48 1.79 

No Hole - Side LSL 
 

1.32 1.79 

Hole - OSB Collar 
 

-1.2 1.79 

Hole - Side LSL 
 

-0.37 1.79 

OSB Collar - Side LSL 
 

0.83 1.79 

Se
ri

es
 B

 

No Hole - Hole * 16.3 3.8 

No Hole - OSB Collar 
 

-0.62 3.8 

No Hole - Side LSL 
 

0.583 3.8 

Hole - OSB Collar * -16.92 3.8 

Hole - Side LSL * -15.72 3.8 

OSB Collar - Side LSL  
1.2 3.8 

Se
ri

es
 C

 

Hole - No Hole * -23.93 4.9 

Hole - OSB Collar * -14.93 4.9 

Hole - Side LSL * -17.53 4.9 

No Hole - OSB Collar * 9 4.9 

No Hole - Side LSL * 6.4 4.9 

OSB Collar - Side LSL  
-2.6 4.9 

Se
ri

es
 D

 

Hole - No Hole * -9.13 5.48 

Hole - OSB Collar * -5.65 5.48 

Hole - Side LSL * -5.53 5.48 

No Hole - OSB Collar 
 

3.48 5.48 

No Hole - Side LSL 
 

3.6 5.48 

OSB Collar - Side LSL  
0.12 5.48 

* denotes a statistically significant difference. 
   

 

"The Difference column displays the sample mean of the first group minus that of the second. 

The +/- Limits column shows an uncertainty interval for the difference." (StatGraphics Manual)   
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Se
ri

es
 E

 
2x - 2x W/Glue 

 
0.35 3.58 

2x - Allowable Hole * -13.03 3.58 

2x - Glue 
 

0.63 3.58 

2x - Hole 
 

0.45 3.75 

2x - No Hole * -17.57 3.75 

2x - OSB Collar * -14.85 3.58 

2x - Side LSL * -12.55 3.58 

2x - Straps 
 

3.02 3.58 

2x - U-Shaped W/Epoxy * -8.37 3.58 

2x - U-Shaped W/Glue * -9.58 3.58 

2x W/Glue - Allowable Hole * -13.38 3.58 

2x W/Glue - Glue 
 

0.28 3.58 

2x W/Glue - Hole 
 

0.1 3.75 

2x W/Glue - No Hole * -17.92 3.75 

2x W/Glue - OSB Collar * -15.2 3.58 

2x W/Glue - Side LSL * -12.9 3.58 

2x W/Glue - Straps 
 

2.67 3.58 

2x W/Glue - U-Shaped W/Epoxy * -8.72 3.58 

2x W/Glue - U-Shaped W/Glue * -9.93 3.58 

Allowable Hole - Glue * 13.67 3.58 

Allowable Hole - Hole * 13.48 3.75 

Allowable Hole - No Hole * -4.54 3.75 

Allowable Hole - OSB Collar 
 

-1.82 3.58 

Allowable Hole - Side LSL 
 

0.48 3.58 

Allowable Hole - Straps * 16.05 3.58 

Allowable Hole - U-Shaped W/Epoxy * 4.67 3.58 

Allowable Hole - U-Shaped W/Glue  
3.45 3.56 

Glue - Hole  
-0.18 3.75 

Glue - No Hole * -18.20 3.75 

Glue - OSB Collar * -15.48 3.58 

Glue - Side LSL * -13.18 3.58 

Glue - Straps 
 

2.38 3.58 

Glue - U-Shaped W/Epoxy * -9 3.58 

Glue - U-Shaped W/Glue * -10.22 3.58 

Hole - No Hole * -18.02 3.92 

Hole - OSB Collar * -15.3 3.75 

Hole - Side LSL * -13 3.75 

Hole - Straps 
 

2.57 3.75 

Hole - U-Shaped W/Epoxy * -8.82 3.75 

Hole - U-Shaped W/Glue * -10.03 3.75 
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No Hole - OSB Collar 
 

2.72 3.75 

No Hole - Side LSL * 5.02 3.75 

No Hole - Straps * 20.59 3.75 

No Hole - U-Shaped W/Epoxy * 9.20 3.75 

No Hole - U-Shaped W/Glue * 7.99 3.75 

OSB Collar - Side LSL 
 

2.3 3.58 

OSB Collar - Straps * 17.87 3.58 

OSB Collar - U-Shaped W/Epoxy * 6.48 3.58 

OSB Collar - U-Shaped W/Glue * 5.27 3.58 

Side LSL - Straps * 15.57 3.58 

Side LSL - U-Shaped W/Epoxy * 4.18 3.58 

Side LSL - U-Shaped W/Glue 
 

2.97 3.58 

Straps - U-Shaped W/Epoxy * -11.38 3.58 

Straps - U-Shaped W/Glue * -12.6 3.58 

U-Shaped W/Epoxy - U-Shaped W/Glue 
 

-1.22 3.58 

* denotes a statistically significant difference.    
 

Se
ri

es
 F

 

Hole - No Hole * -26.4 5.28 

Hole - OSB Collar * -24.82 5.28 

Hole - Side LSL * -19.27 5.28 

No Hole - OSB Collar 
 

1.58 5.28 

No Hole - Side LSL * 7.13 5.28 

OSB Collar - Side LSL * 5.55 5.28 
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Se
ri

es
 G

 
No Hole - Hole  * 17.87 2.43 

No Hole - Glue  * 18.23 2.17 

No Hole - Straps  * 17.28 2.17 

No Hole - 2x  * 19.97 2.17 

No Hole - 2x W/Glue  * 19.77 2.17 

No Hole - U-Shaped W/Epoxy  * 16.77 2.17 

No Hole - U-Shaped W/Glue  * 17.45 2.17 

No Hole - OSB Collar  * 14.28 2.17 

No Hole - Side LSL  * 8.02 2.28 

Hole - Glue   0.37 2.43 

Hole - Straps   -0.58 2.43 

Hole - 2x   2.1 2.43 

Hole - 2x W/Glue   1.9 2.43 

Hole - U-Shaped W/Epoxy   -1.1 2.43 

Hole - U-Shaped W/Glue   -0.42 2.43 

Hole - OSB Collar  * -3.58 2.43 

Hole - Side LSL  * -9.85 2.52 

Glue - Straps   -0.95 2.17 

Glue - 2x   1.73 2.17 

Glue - 2x W/Glue   1.53 2.17 

Glue - U-Shaped W/Epoxy   -1.47 2.17 

Glue - U-Shaped W/Glue   -0.78 2.17 

Glue - OSB Collar  * -3.95 2.17 

Glue - Side LSL  * -10.22 2.28 

Straps - 2x  * 2.68 2.17 

Straps - 2x W/Glue  * 2.48 2.17 

Straps - U-Shaped W/Epoxy   -0.52 2.17 

Straps - U-Shaped W/Glue   0.17 2.17 

Straps - OSB Collar  * -3 2.17 

Straps - Side LSL  * -9.27 2.28 

2x - 2x W/Glue   -0.2 2.17 

2x - U-Shaped W/Epoxy  * -3.2 2.17 

2x - U-Shaped W/Glue  * -2.52 2.17 

2x - OSB Collar  * -5.68 2.17 

2x - Side LSL  * -11.95 2.28 

2x W/Glue - U-Shaped W/Epoxy  * -3 2.17 

2x W/Glue - U-Shaped W/Glue  * -2.32 2.17 

2x W/Glue - OSB Collar  * -5.48 2.17 

2x W/Glue - Side LSL  * -11.75 2.28 

U-Shaped W/Epoxy - U-Shaped W/Glue   0.68 2.17 
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U-Shaped W/Epoxy - OSB Collar  * -2.48 2.17 

U-Shaped W/Epoxy - Side LSL  * -8.75 2.28 

U-Shaped W/Glue - OSB Collar  * -3.17 2.17 

U-Shaped W/Glue - Side LSL  * -9.43 2.28 

OSB Collar - Side LSL  * -6.27 2.28 

 

Se
ri

es
 H

 

No Hole - Hole  * 30.27 4.04 

No Hole - OSB Collar  * 10.98 4.04 

No Hole - Side LSL  * 14.03 4.51 

Hole - OSB Collar  * -19.28 4.04 

Hole - Side LSL  * -16.24 4.51 

OSB Collar - Side LSL   3.04 4.51 

Se
ri

es
 I 

No Hole - Hole  * 31.93 5.04 

No Hole - OSB Collar  * 17.95 5.04 

No Hole - Side LSL  * 9.55 5.04 

Hole - OSB Collar  * -13.98 5.04 

Hole - Side LSL  * -22.38 5.04 

OSB Collar - Side LSL  * -8.4 5.04 

Se
ri

es
 J

 

No Hole - Hole  * 24.17 5.49 

No Hole - OSB Collar   2.52 5.49 

No Hole - Side LSL  * 7.69 5.49 

Hole - OSB Collar  * -21.65 5.24 

Hole - Side LSL  * -16.48 5.24 

OSB Collar - Side LSL   5.17 5.24 

Se
ri

es
 K

 

Hole - No Hole  * -21.55 4.79 

Hole - OSB Collar  * -22.92 4.79 

Hole - Side LSL  * -21.37 4.79 

No Hole - OSB Collar   -1.37 4.79 

No Hole - Side LSL   0.18 4.79 

OSB Collar - Side LSL   1.55 4.79 
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Se
ri

es
 L

 

Hole - No Hole  * -23.7 7.87 

Hole - OSB Collar  * -18.7 7.87 

Hole - Side LSL  * -16.3 7.87 

No Hole - OSB Collar   5.0 7.87 

No Hole - Side LSL   7.4 7.87 

OSB Collar - Side LSL   2.3 7.87 

* denotes a statistically significant difference.       

 

 

 

 

 
Figure H- 15.  Failure Mode According to Test Type For Long Span Testing 

 



149 

 

 

 
Figure H- 16.  Failure Mode According to Series 

 

 

 

 
Figure H- 17.  Failure Mode According to Test Type for Short Span Testing 
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Figure H- 18.  Failure Mode According to Series 

 

 

 
Figure H- 19.  Series A Stiffness Confidence Intervals 
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Figure H- 20.  Series B Stiffness Confidence Intervals 

 

 

 
Figure H- 21.  Series C Stiffness Confidence Intervals 
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Figure H- 22.  Series D Stiffness Confidence Intervals 

 

 

 
Figure H- 23.  Series E Stiffness Confidence Intervals 
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Figure H- 24.  Series F Stiffness Confidence Intervals 

 

 

 
Figure H- 25.  Series G Stiffness Confidence Intervals 
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Figure H- 26.  Series H Stiffness Confidence Intervals 

 

 

 
Figure H- 27.  Series I Stiffness Confidence Intervals 
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Figure H- 28.  Series J Stiffness Confidence Intervals 

 

 

 
Figure H- 29.  Series K Stiffness Confidence Intervals 
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Figure H- 30.  Series L Stiffness Confidence Intervals 

 
Table H- 2. Comparison of Mean Stiffnesses for LSD Confidence Intervals 

  Contrast Sig. 
Difference 

(MPa) 

+/- 
Limits 
(MPa) 

 S
e

ri
e

s 
A

 

Hole - No Hole   -624.00 878.08 

Hole - OSB Collar   -28.50 878.08 

Hole - Side LSL   -31.67 878.08 

No Hole - OSB Collar   595.50 878.08 

No Hole - Side LSL   592.33 878.08 

OSB Collar - Side LSL   -3.17 878.08 

Se
ri

es
 B

 

Hole - No Hole   -154.00 498.17 

Hole - OSB Collar   -448.00 498.17 

Hole - Side LSL   -325.00 498.17 

No Hole - OSB Collar   -294.00 498.17 

No Hole - Side LSL   -171.00 498.17 

OSB Collar - Side LSL   123.00 498.17 

Se
ri

es
 C

 

Hole - No Hole  * -747.83 690.08 

Hole - OSB Collar  * -1011.00 690.08 

Hole - Side LSL   -304.33 690.08 

No Hole - OSB Collar   -263.17 690.08 

No Hole - Side LSL   443.50 690.08 
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OSB Collar - Side LSL  * 706.67 690.08 
Se

ri
es

 D
 

Hole - No Hole   -392.83 755.24 

Hole - OSB Collar   -371.33 755.24 

Hole - Side LSL   -226.50 755.24 

No Hole - OSB Collar   21.50 755.24 

No Hole - Side LSL   166.33 755.24 

OSB Collar - Side LSL   144.83 755.24 

 S
e

ri
e

s 
E 

2x - 2x W/Glue  * -890.67 821.58 

2x - Allowable Hole  * -1173.50 821.58 

2x - Glue   -575.83 821.58 

2x - Hole   -160.70 861.68 

2x - No Hole   -639.50 861.68 

2x - OSB Collar   -300.17 821.58 

2x - Side LSL   225.33 821.58 

2x - Straps   -277.00 821.58 

2x - U-Shaped W/Epoxy   -639.00 821.58 

2x - U-Shaped W/Glue  * -1386.33 821.58 

2x W/Glue - Allowable Hole   -282.83 821.58 

2x W/Glue - Glue   314.83 821.58 

2x W/Glue - Hole   729.97 861.68 

2x W/Glue - No Hole   251.17 861.68 

2x W/Glue - OSB Collar   590.50 821.58 

2x W/Glue - Side LSL  * 1116.00 821.58 

2x W/Glue - Straps   613.67 821.58 

2x W/Glue - U-Shaped W/Epoxy   251.67 821.58 

2x W/Glue - U-Shaped W/Glue   -495.67 821.58 

Allowable Hole - Glue   597.67 821.58 

Allowable Hole - Hole  * 1012.80 861.68 

Allowable Hole - No Hole   534.00 861.68 

Allowable Hole - OSB Collar  * 873.33 821.58 

Allowable Hole - Side LSL  * 1398.83 821.58 

Allowable Hole - Straps  * 896.50 821.58 

Allowable Hole - U-Shaped W/Epoxy   534.50 821.58 

Allowable Hole - U-Shaped W/Glue   -212.83 821.58 

Glue - Hole   415.13 861.68 

Glue - No Hole   -63.67 861.68 

Glue - OSB Collar   275.67 821.58 

Glue - Side LSL   801.17 821.58 

Glue - Straps   298.83 821.58 
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Glue - U-Shaped W/Epoxy   -63.17 821.58 

Glue - U-Shaped W/Glue   -810.50 821.58 

Hole - No Hole   -478.80 900.00 

Hole - OSB Collar   -139.47 861.68 

Hole - Side LSL   386.03 861.68 

Hole - Straps   -116.30 861.68 

Hole - U-Shaped W/Epoxy   -478.30 861.68 

Hole - U-Shaped W/Glue  * -1225.63 861.68 

No Hole - OSB Collar   339.33 861.68 

No Hole - Side LSL  * 864.83 861.68 

No Hole - Straps   362.50 861.68 

No Hole - U-Shaped W/Epoxy   0.50 861.68 

No Hole - U-Shaped W/Glue   -746.83 861.68 

OSB Collar - Side LSL   525.50 821.58 

OSB Collar - Straps   23.17 821.58 

OSB Collar - U-Shaped W/Epoxy   -338.83 821.58 

OSB Collar - U-Shaped W/Glue  * -1086.17 821.58 

Side LSL - Straps   -502.33 821.58 

Side LSL - U-Shaped W/Epoxy  * -864.33 821.58 

Side LSL - U-Shaped W/Glue  * -1611.67 821.58 

Straps - U-Shaped W/Epoxy   -362.00 821.58 

Straps - U-Shaped W/Glue  * -1109.33 821.58 

U-Shaped W/Epoxy - U-Shaped W/Glue   -747.33 821.58 

Se
ri

es
 F

 

Hole - No Hole  * -983.67 487.54 

Hole - OSB Collar   97.83 487.54 

Hole - Side LSL  * -585.17 487.54 

No Hole - OSB Collar  * 1081.50 487.54 

No Hole - Side LSL   398.50 487.54 

OSB Collar - Side LSL  * -683.00 487.54 

Se
ri

es
 G

 

2x - 2x W/Glue   78.00 471.16 

2x - Glue   -406.67 471.16 

2x - Hole  * -616.50 526.78 

2x - No Hole  * -1264.83 471.16 

2x - OSB Collar  * -644.67 471.16 

2x - Side LSL  * -1473.20 494.16 

2x - Straps  * -504.50 471.16 

2x - U-Shaped W/Epoxy  * -764.17 471.16 

2x - U-Shaped W/Glue   -114.83 471.16 

2x W/Glue - Glue  * -484.67 471.16 

2x W/Glue - Hole  * -694.50 526.78 
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2x W/Glue - No Hole  * -1342.83 471.16 

2x W/Glue - OSB Collar  * -722.67 471.16 

2x W/Glue - Side LSL  * -1551.20 494.16 

2x W/Glue - Straps  * -582.50 471.16 

2x W/Glue - U-Shaped W/Epoxy  * -842.17 471.16 

2x W/Glue - U-Shaped W/Glue   -192.83 471.16 

Glue - Hole   -209.83 526.78 

Glue - No Hole  * -858.17 471.16 

Glue - OSB Collar   -238.00 471.16 

Glue - Side LSL  * -1066.53 494.16 

Glue - Straps   -97.83 471.16 

Glue - U-Shaped W/Epoxy   -357.50 471.16 

Glue - U-Shaped W/Glue   291.83 471.16 

Hole - No Hole  * -648.33 526.78 

Hole - OSB Collar   -28.17 526.78 

Hole - Side LSL  * -856.70 547.44 

Hole - Straps   112.00 526.78 

Hole - U-Shaped W/Epoxy   -147.67 526.78 

Hole - U-Shaped W/Glue   501.67 526.78 

No Hole - OSB Collar  * 620.17 471.16 

No Hole - Side LSL   -208.37 494.16 

No Hole - Straps  * 760.33 471.16 

No Hole - U-Shaped W/Epoxy  * 500.67 471.16 

No Hole - U-Shaped W/Glue  * 1150.00 471.16 

OSB Collar - Side LSL  * -828.53 494.16 

OSB Collar - Straps   140.17 471.16 

OSB Collar - U-Shaped W/Epoxy   -119.50 471.16 

OSB Collar - U-Shaped W/Glue  * 529.83 471.16 

Side LSL - Straps  * 968.70 494.16 

Side LSL - U-Shaped W/Epoxy  * 709.03 494.16 

Side LSL - U-Shaped W/Glue  * 1358.37 494.16 

Straps - U-Shaped W/Epoxy   -259.67 471.16 

Straps - U-Shaped W/Glue   389.67 471.16 

U-Shaped W/Epoxy - U-Shaped W/Glue  * 649.33 471.16 

Se
ri

es
 H

 

Hole - No Hole  * -1440.00 428.30 

Hole - OSB Collar  * -851.67 428.30 

Hole - Side LSL  * -1492.92 478.86 

No Hole - OSB Collar  * 588.33 428.30 

No Hole - Side LSL   -52.92 478.86 

OSB Collar - Side LSL  * -641.25 478.86 
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Se
ri

es
 I 

Hole - No Hole  * -1061.83 434.33 

Hole - OSB Collar  * -584.83 434.33 

Hole - Side LSL   -369.00 434.33 

No Hole - OSB Collar  * 477.00 434.33 

No Hole - Side LSL  * 692.83 434.33 

OSB Collar - Side LSL   215.83 434.33 

Se
ri

es
 J

 

Hole - No Hole   122.40 516.49 

Hole - OSB Collar   426.50 492.46 

Hole - Side LSL  * 850.17 492.46 

No Hole - OSB Collar   304.10 516.49 

No Hole - Side LSL  * 727.77 516.49 

OSB Collar - Side LSL   423.67 492.46 

Se
ri

es
 K

 

Hole - No Hole   -418.17 1091.34 

Hole - OSB Collar   -405.83 1091.34 

Hole - Side LSL   -464.33 1091.34 

No Hole - OSB Collar   12.33 1091.34 

No Hole - Side LSL   -46.17 1091.34 

OSB Collar - Side LSL   -58.50 1091.34 

Se
ri

es
 L

 

Hole - No Hole   -342.50 660.59 

Hole - OSB Collar   -93.00 660.59 

Hole - Side LSL   -34.50 660.59 

No Hole - OSB Collar   249.50 660.59 

No Hole - Side LSL   308.00 660.59 

OSB Collar - Side LSL   58.50 660.59 

* denotes a statistically significant difference.       
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Figure H- 31.  Maximum Bending Stress Interaction Plot for Long Span Tests 

 

 

 
Figure H- 32.  Maximum Bending Stress Interaction Plots for Short Span Tests 
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Table H- 3.  Mean Maximum Bending Stress 

Series 
No Hole Hole OSB Collar LSL Attached to One Side 

MPa (psi) COV (%) MPa (psi) COV (%) MPa (psi) COV (%) MPa (psi) COV (%) 

A 37 (5416) 12 33 (4813) 9 36 (5246) 10 34 (4977) 9 

B 40 (5793) 9 23 (3319) 9 41 (5883) 6 39 (5703) 12 

C 35 (5067) 13 18 (2585) 7 28 (4132) 9 30 (4401) 7 

D 36 (5290) 11 27 (3966) 16 33 (4789) 19 33 (4771) 10 

E 37 (5421) 7 22 (3163) 3 35 (5079) 5 33 (4790) 11 

F 34 (4934) 14 18 (2658) 7 33 (4796) 5 30 (4319) 3 

G 40 (5773) 13 18 (2586) 11 22 (3219) 4 30 (4340) 9 

H 27 (3927) 9 11 (1633) 13 21 (3094) 8 20 (2865) 3 

I 20 (2915) 11 9 (1258) 12 14 (1984) 8 17 (2419) 7 

J 27 (3945) 8 15 (2194) 9 26 (3762) 11 23 (3388) 8 

K 22 (3176) 6 13 (1828) 15 22 (3260) 9 22 (3164) 7 

L 16 (2287) 13 9 (1266) 15 14 (2070) 13 14 (1967) 18 

 

 
Table H- 4.  Comparison of Mean Maximum Bending Stress 

Comparison of Means 

Series NH-OSB NH-LSL OSB-LSL 

A X X X 

B X X X 

C     X 

D X X X 

E X   X 

F X     

G       

H     X 

I       

J X   X 

K X X X 

L X X X 

X Signifies No Statistical Difference 
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Table H- 5. Effective Stiffness Means 

Series 

No Hole Hole OSB Collar Side LSL 

MPa (Ksi) 
COV 
(%) MPa (Ksi) 

COV 
(%) MPa (Ksi) 

COV 
(%) MPa (Ksi) 

COV 
(%) 

A 14224 (2063) 6 13600 (1972) 3 13628 (1977) 4 13631 (1977) 7 

B 13277 (1926) 3 13123 (1903) 3 13572 (1968) 2 13449 (1951) 4 

C 13084 (1898) 5 12336 (1789) 4 13348 (1936) 5 12641 (1833) 4 

D 11425 (1657) 5 11032 (1600) 5 11403 (1654) 5 11258 (1633) 6 

E 11399 (1653) 5 10920 (1584) 3 11060 (1604) 4 11220 (1627) 7 

F 12918 (1874) 2 11934 (1731) 3 11836 (1717) 3 12519 (1816) 4 

G 9762 (1416) 3 9113 (1322) 4 9142 (1326) 5 9970 (1446) 5 

H 7487 (1086) 3 6047 (877) 5 6898 (1000) 3 7540 (1094) 9 

I 5824 (845) 3 4762 (691) 10 5347 (775) 5 5131 (744) 8 

J 6656 (965) 10 6779 (983) 4 6353 (921) 4 5929 (860) 6 

K 5499 (798) 11 5080 (737) 7 5486 (796) 20 5545 (804) 23 

L 4402 (638) 12 4060 (589) 20 4153 (602) 9 4094 (594) 7 
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