...
BY U ENGINEERING CAPSTONE

Civil & Construction Engineering

Effects of Linear Notches and Copes on Timber Beams
Project ID: CEEn_CPST_009
by

3d Engineers
Dexter Rodriguez

Nathan Chesnut
Mason Maxfield

A Capstone Project Final Report
Submitted to
Dr. Johnn Judd

Department of Civil and Construction Engineering
Brigham Young University

April 10, 2023

Page 1 of 22



...
BY U ENGINEERING CAPSTONE

Civil & Construction Engineering

Executive Summar
PROJECT TITLE: Effects of Linear Notches and Copes on Timber
PROJECT ID: CEEn_CPST_009
PROJECT SPONSOR: Brigham Young University
TEAM NAME: 3d Engineers

The purpose of this report is to provide an introductory analysis of the effects of
angular tapered notches and copes (circular notches) on Timber beams. While
extensive research and analysis has been performed on rectangular notches cut at a 90
degree angle, little research has been done regarding these other notch types. While this
is not meant to be an all inclusive analysis of the subject, it is a good starting point in
the analysis of these notches.

In order to accomplish this we needed to obtain wood specimens, notch/cope
them and then to test them in a lab. After completing the test we compiled the data and
analyzed the data with hopes to find any notable patterns in the beams.

The project began in September of 2022 and was set to be completed in April of
2023. The results of this analysis will play an important role in determining whether or
not more testing shall be pursued on the topic. The intended deliverable will be an
analysis of general trends and data found in the test specimen.
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Introduction

A very important element of timber design includes the notching of beams.
Extensive research has been done, and design equations made in order to account for
the effects that a rectangular notch will have on a beam. However, there are other types
of notches on a beam that are not so well known. The purpose of this project is to
evaluate the effects of linear tapered notches and copes on the capacity of a Timber
beam.

TN\

“Rectangular Notch” “Linear Taper” “Cope”

Figure 1 - Notch Type Comparison

Several tasks were required to be done in order to provide this analysis. Firstly it
was important to look into other research that has been done on the subject matter.
Several sources were reviewed prior to beginning analysis on the project. After
reviewing previous literature on the subject, a preliminary analysis was to be performed.
This assisted us in deciding which notch/copes to test, and what loads to expect in our
testing. Once we had obtained anticipated loads from our preliminary analysis we
moved on to design the testing apparatus. These three tasks were completed prior to
January of 2023.
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After these tasks were completed the wood specimens were obtained, cut, and
tested. Data from the tests was compiled and analyzed, leading to several notable
conclusions.

There were several key limitations that played an important role in the testing.
Firstly was the budget. Because this is a Capstone project a smaller budget was used
than what would have been used for a full fledged research project. Because of this the
quantity of possible tests to be performed was relatively small. We also used wood that
was donated. This resulted in more variability between specimens than would normally
be used (for example, some specimens were DF #1 grade, and some were DF SEL.
Additionally some had numerous cracks while others did not).

Another key limitation was the testing machine to be used. A Baldwin Universal
testing Machine was used for the testing. We performed 16 tests in the specimens (with
4 different notch types). While the Baldwin was more than capable of handling the loads
needed in order to perform testing on these specimens, and we did get the most
important information needed for the analysis, other issues with the machine prevented
any further testing that was intended to be done on the specimens.

Several assumptions and important conditions were to be met in this testing. In
order to maximize testing, each timber beam was notched and tested on each side. It
was assumed that the testing from one side would not propagate cracks or cause
damage to the other side of the beam. For the most part this proved to be true. Another
important condition was that each end was analyzed with a simple pinned connection.
Other connection types are not included within the scope of this project and may need
further research in order to obtain accurate estimations of strength.

While some inferences regarding the effects of linear tapers and copes on beams
can be made, this project was not meant to be a full fledged analysis of the effects.
Rather it was meant to be a starting point for future research and to provide some
general patterns and inferences to work from. This project will help justify future
research into the subject matter.
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Design, Analysis & Results

Synopsis of Previous Research

The National Design Specifications for Wood Construction (NDS), section 4.4.3,
gives design parameters for square notches at the ends of a solid-sawn beam over a
support including a minimum notch depth of %" the beam depth, and further
clarification on how to calculate the shear given a rectangular notch. But in regards to
tapered notches, section 3.2.3.1 only states that a gradual taper cut from the reduced
depth of the member to the full depth of the member in lieu of a square-cornered notch
reduces stress concentrations, however it fails to actually specify actual relations
between various tapers and reductions to stress concentrations.

TFEC 1-2019 Standard Section 2.3 gives insight on how to calculate the effects
of a tapered notch, and it also provides an approximation for coped notches. While it
gives similar indication that stress concentrations can be reduced via coping, as
compared to rectangular notches, little information is given on the matter.

This void of precise relations indicates that more research needs to be
conducted to better understand and define the aforementioned relationships. Nicholas
Thielson conducted a small scale research project aimed at helping to fill this void.
Theilson’s research was performed on 2x6 beams which, due to the small cross section,
really limited the applicability of the research. However, Theilson did conclude on some
minimum radii for radial tapers which were taken into account in the testing described
in this report.

Preliminary Analysis

In order to determine how to notch the specimens and what loads to use in order
to design the testing apparatus a preliminary analysis was required. Because the notch
will occur at the ends of the beam it was inferred that the notch should have a notable
effect on the shear capacity on the beam, and not on the flexural capacity. This
assumption is supported in the analysis done by Thilsen. It should also be noted that
the effects of rectangular notches are included in the The National Design Specification
for Wood Construction (NDS) section 3.4.3.2, and implies that the effect of the notch
primarily affects the shear strength of the beam, and not flexural strength. The same
inference can be made in the Standard for Design of Timber Frame Structures Section
2.3 and the Eurocode 5 Design of Timber structures 1-1. Therefore it was concluded
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that we should ensure that the tests are set up in a way that ensures shear failure to
occur before flexural failure.

In order to ensure shear failure, calculations had to be performed. The max
bending stress and shear stress equations were set equal to one another, and modified
to show the distance from the support where the governing failure mode would

transition from shear to flexural.
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Figure 2 - Shear/Moment Transition Calculations

Analysis was done using LRFD analysis procedure and wood values were taken
from the NDS Table 4D for DF #1 Grade wood. Applicable adjustment factors from NDS
Table 4.3.1 were applied. Because values from the NDS Represent a very conservative
capacity for the wood, the values were also multiplied by 3. In order to prevent crushing
at the beam supports and at the point of loading this safety factor was not applied to
the allowable compressive stress of the beam perpendicular to the grain of the wood.

Wood Design Values
Design Parameter Design Value (psi)
Allowable Bending Stress (Fb)= 8743
Allowable Shear Stress (Fvll)= 1102
Allowable Compressive Stress (Fc1)= 625

Table 1 - Wood Design Values

With these design values and the values in Table 1, it was determined that the
applied load should be no more than 3.06’ from the face of the support, and a bearing
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area of 6.5 in*2 was required at each of the supports and 19.5 in*2 was needed at the
loaded point.

Notch Selection

Previous research done by Thilsen used three different notch depths. These
notch depths resulted in a notch ratio of 0.53, 0.44 and 0.36. The Notch Ratio is taken
by dividing the remaining depth of the beam, and dividing it by the initial depth of a
beam. For example a specimen with an initial depth of 5.5” with a 2.5” notch would
result in 3" of remaining depth. The notch ratio (i) would be 3”/5.5"=0.52. It should be
noted that the National Design Specification for Wood Construction (NDS) section
4.4.3.1 requires the notch ratio in a wood beam to be no less than 0.75. In order to
magnify the effects of the copes and linear tapers on the beams it was determined that
a more dramatic notch than what is recommended in the NDS should be used.
Additionally in order to limit variables only one notch ratio was to be used in our testing.
The notch ratio selected was 0.5.

Designation of Notches/Copes to be tested
Test Index Taper Angle/Cope Radius
1 30 Degrees
2 75 Degrees
3 9.25"
4 60"

Table 2 - Designation of Notches/Copes to be tested

When selecting the angle for the tapered notches and the radius of the copes we
decided to do one that was relatively close to a typical 90 degree cut, and one that was
significantly larger. The values selected, along with some cut sheets are shown in Table
2 and Figure 3.
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1/2 of beam ‘ 1/2 of beam ‘
depth | depth |
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1
3" Bearing 3" Bearing
Taper:30 degrees from the vertical Taper:75 degrees from the vertical

TEST 1 - 30 DEGREE LINEAR TAPER TEST 2 - 60 DEGREE LINEAR TAPER
1/2 of beam ‘ 1/2 of beam
depth | ‘ % depth |

o M
1
3" Bearing / 3" Bearing
Radius = 9.25"

TEST 3 - 9.25" RADIUS COPE TEST 4 - 60" RADIUS COPE

Figure 3 - Notch/Cope Cross Sections

Specimen Preparation

The Department of Civil Engineering obtained five 6"x10"x16’ (nominal) timber
beams from the Sunpro Corporation. After receiving the beams, we discovered that two
beams were DF SELECT grade while the other three were DF #1 grade. After our
preliminary analysis, we determined that we would cut each beam in half and notch
each end of the cut beams to increase the number of test specimens, and to confine the
coping (circular) notching to the DF SELECT grade and the linear tapered notches to the
DF #1 grade specimens. This would inhibit comparisons between coped and linear
tapered notches but would still allow for analysis within each notch type.

Figure 4 - Uncut Timber Beams
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Because knots and cracks have a significantly negative effect on wood members,
extra care was taken to place each notch where it would be least affected by these
features. In some cases, it was impossible to completely avoid and thus the data from
certain specimens may have been affected.

T AT T

Figure 5 - Initial Wood Feature Inspection

After this decision, we proceeded to cut each beam in half with a large diameter
circular saw. While this method was not ideal due to it requiring rotation of each beam
to complete each bisecting cut, no deviations were large enough to impact the testing.
A better method would have been to use a large jigsaw to avoid cut offsets caused by
rotating each beam while still maintaining effectively straight cuts, however we were
unable to acquire one.

After bisecting each beam, leaving us with a total of ten 6”"x10"x8" (nominal)
timber beams, we proceeded to notch each beam according to our preliminary analysis
and testing matrix. As we did not have access to a large jigsaw, or other mean of
making deep cuts in lumber, we decided that the best available option was the use of a
large bandsaw on campus. As bandsaws are not mobile pieces of equipment, it became
necessary for two people to participate for each cut. One person to ensure that the cut
was made accurately, and another to maneuver each beam around the bandsaw'’s blade.
This technique was difficult and far from precise. Thus, the decision was made that
when an error was inevitable, we would choose to err on making the cut too shallow
rather than too deep to avoid weakening the notch. Even so, several notches were cut
deeper than intended, which may have impacted our test results.

After all the notches were prepared as best as possible on the bandsaw, we
returned with an angle grinder equipped with a flap disc to remove excess material from
the notches that required it. Again, this method was not optimal and may have
introduced some minor errors which may have influenced the test data, though not to a
significant degree.
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Figure 6 - Prepared Specimens

Testing Apparatus Preparation

For our testing apparatus, we used a large hydraulic press to generate a point
load at the location calculated to primarily load one end of the beam and to induce
shear failure of the specimen before flexural failure. The hydraulic press was fitted with
a large wide flange beam that was sized to eliminate effective deflection of the wide
flange beam. Beam supports were mounted on the wide flange beam and equipped with
steel plates sized to prevent crushing of the wood before shear failure of the beam. The
support under the non-testing end of the beam was located before the notch to prevent
failure on the wrong end of the specimen. The load point of the hydraulic press was also
equipped with a steel plate sized to prevent crushing of the wood.

Figures 7 & 8 - Testing Apparatus (Full View & Beam)
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The apparatus was equipped with a deflection sensor directly below the loading
point, and the hydraulic press was equipped with integrated load sensors and time
tracking. All of which output the required data for our analysis. In addition, we utilized a
handheld moisture content sensor to monitor the moisture content of each notch
directly after testing both ends of each beam.

Testing Process

For each test, we loaded a prepared beam into the testing apparatus and
fastened the deflection sensor to the tension face of the beam, directly in line with the
loading point. After confirming that all contact points were spaced correctly, we began
loading the specimen. Loading continued until either significant shear failure occurred,
or deflection exceeded acceptable code limits. In the case where deflection exceeded
code limits, data was noted at that point, then loading continued until significant shear
or flexural failure was achieved.

\l

Figure 9 - Example of Significant Shear Failure

Each notch was labeled according to the following format: (Notch Type
Number)(which beam of that notch type)-(left or right end of beam). Notch Type
Numbers are 1, 2, 3 and 4, which represent a 30° taper, a 75° taper, a 9.25" diameter
cope, and a 60" diameter cope respectively. Each notch type was tested four times, two
tests per 8 beam, with the two beams being labeled A or B. Finally, we differentiate
between the left and right ends of the beam with L and R, respectively. For example,
specimen 1A-L refers to a 30° tapered notch, the first beam of that notch type, and the
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left end of that beam. 1A-R would refer to the right end of that same beam and 2B-L
would refer to a 75° tapered notch, the second beam of that notch type, and the left end
of that beam.

Figure 10 - Testing Aftermath

Spec | Test | Notch Radius | Wood |Peak Load| Peak
D Type | /Taper Angle | Type (Ib) Disp.
1A-L Taper 30 DF #1 4302.21] 1.128
1A-R Taper 30 DF #1 11133.26f 1.792
1B-L Taper 30 DF #1 6882.12| 1.879
1B-R Taper 30 DF #1 9365.63| 1.486
2A-L Taper 75 DF #1 10450.27| 1.468
2A-R Taper 75 DF #1 12418.53| 0.583
2B-L Taper 75 DF #1 16534.97| 0.646
2B-R Taper 75 DF #1 10770.69| 0.413
3A-L Radial 9.25 DF Sel | 19746.92] 1.181
3A-R | Radial 9.25 DF Sel | 19617.80| 0.606
3B-L Radial 9.25 DF Sel | 14834.59| 0.500
3B-R | Radial 9.25 DF Sel | 22299.78| 1.527
4A-L Radial 60 DF Sel | 12430.10] 1.121
4A-R | Radial 60 DF Sel | 17714.45] 1.549
4B-L Radial 60 DF Sel 7926.28| 0.416
4B-R | Radial 60 DF Sel | 21238.45] 1.830

Table 3 - Individual Specimen Results
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Testing Results

Results
Test Index Notch Type Wood Grade | Avg. Peak Load (kip)
1 30 Degree Taper Angle DF #1 7920.8
2 75 Degree Taper Angle DF #1 12543.6
3 9.25 Inch Radius DF Sel 19124 .8
4 60 Inch Radius DF Sel 14827.3

Table 4 - Average Peak Load of Specimens

The above table shows the tabulated results for each test type. It should be
noted that coped tests were performed with DF SEL Grade wood, and linear tapered
notches were performed with DF #1 Grade wood, so coped beam results should not be
compared with the linear tapered notches. It was observed that on average the 30
degree tapered notches performed better than the 75 degree tapers. It was also
observed that on average the 9.25" coped test performed better than the 60" coped
tapers. See the following page for figures of the resulting point load maximum for the
different notch types.
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Variance in Specimen Results
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Related Issues

Safety Factors

Understanding how various types of timber notches perform under stress has an
immense impact on safety. As further testing is performed, standardized equations will
be made available so that engineering design can be performed for linear tapered
notches and copes in a standardized way. Performing engineering in a standardized
way allows for predictability, and predictability is one of the largest influences upon
overall safety.

Economic Factors

The reduction of stress via linear tapered notches and copes has the potential to
allow for smaller cross sectional area beams to be used in construction. This reduction
of beam size is directly correlated with a reduction in cost. Smaller beams typically cost
less than larger beams. As standardized calculation standards become available for
linear tapered notches and copes, companies will be able to start taking advantage of
stress reduction opportunities and provide clients with more economically efficient
designs. These savings, in one way or another, will eventually trickle down from
companies and contractors to money saved in the pockets of house owners. An
economically efficient design is one of the highest priorities a competitive engineering
firm can have.

Global Factors

As seen in the Synopsis of Previous Research and the Preliminary Analysis
sections at the beginning of this report, structural understanding is an international
collaborative effort. The safety and economic benefits previously mentioned will be free
for the international community to obtain as they continue to perform, analyze, and
understand research regarding linear tapered notches and copes. Furthermore, the
collaboration on this research and the implementation of the findings thereof will
continue to help grow international collaboration on structural research. This may be
due in part to the general sparsity of research that is able to be conducted on new and
forthcoming structural optimisation opportunities. This sparsity forces those who have
conducted research to seek out and collaborate with others who are conducting
research in order to obtain a mutually beneficial pool of data from which proper
inferences can be made.
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Conclusions & Recommendations

While slight correlations can be drawn from the limited testing performed, more
testing needs to be done in order to obtain enough data to make strong correlations
between notch type and beam strength. Control beams should be tested as well to
provide a good background to compare the notch tests against. Ideally, factors such as
species and grade of wood should be kept consistent and % humidity should be kept as
consistent between the specimens as possible. Essentially, all other influencing factors
should be limited and or controlled so that the variation between notches can be
observed with as little interference from outside factors as possible.

An important note as data from this report is analyzed is that peak Load (kip) as
referenced in the various tables and figures is the average peak load in kips which was
applied as a point load to the beam, not the reaction at the notched end of the beam.
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Appendix B - Schedule

e Obtain and have milled five 6x10 timber beams sixteen feet in length by January
31st
o Planned: ~ 15 hrs between communication with provider, delivery, and
milling
e Designed and set up testing apparatus in the BYU structures lab by February 13th
o ~ 7 hrs between design, set up, and welding
o Actual: 39 hrs
Begin testing of notched timbers, via the BYU structures lab, by February 13th
Finish testing of notched timbers, via the BYU structures lab, by March 31st
o Planned: ~ 30 hrs between positioning of timbers, testing, retrofitting,
retesting, and clean-up
o Actual: 35.5 hrs
e Create and submit poster by April 5th
o Actual: 5.5 hrs
e Submit ruff draft of concluding report by April 8th
o Planned: ~ 10 hrs between compiling, analyzing, discussing, and
formatting the test results
o Actual: 10.5 hrs
e Submit final draft of concluding report by April 19th
o Planned: ~ 5 hrs between reviewing, corrections, discussing, and
reformatting the test results
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s Inspected and reported on existing structures (such as culverts) via on-site inspections

Online Support Representative-Utah Community Credit Union
Prove Utah - December 2018 - July 2021
e Interacted with clients to resolve banking-related inquiries.
o Deescalated stressful interactions with clients i order to resolve their concerns

s  Met hard deadlines

Relevant Skills
*  MicroStation, Solid works and AutoCAD o Bluebeam Revu
e Excel and VBA coding e  Revit
s RISA (2d, 3d. Connection) e Japanese

Familiarity with Building Code (IBC,
IRC. NDS, ACI-318, etc.)

Page 22 of 22



