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1. Introduction
1.1 General Overview

In some form or another, timber framed mortise and tenon connections have been used for centuries
throughout the world. The connections are congtructed entirely of wood, utilizing wood pegs to secure the
joint. Timber framed structures have demondtrated their longevity throughout the world with structures that
have survived hundreds of years of service. The durability of the structures coupled with their beauty and

convenient use with haligtic building schemes has led to arevivd in the timber framing industry.

Mortise Pogt

Tenon Beam

> 2
E’\(‘

N \

4

N

A\

Figure 1-1 Typica Post to Beam Connection

Timber-frame connections use wood pegs to secure the tenon within the mortise. Figure 1-1 isa
typica timber frame connection. The design of these connections is currently beyond the scope of building
codes, including the National Design Specification for Wood Congruction (NDS) (AFPA 1997). Full sze
joint tests were performed to determine failure modes and to establish minimum edge and end distances that
ensure peg falure. These end and edge distances were used to verify a design procedure based on the
current NDS spacing requirements.  Peg falure was identified as the preferred failure mode because of the
ductility exhibited prior to ultimate fallure. Mechanica properties, which included peg bending strength, peg
shear dtrength, and base materia dowd bearing strength were dso established. A mathematical modd is

proposed to establish dowel-bearing capacities for combinations of base material (mortise/tenon) and pegs.
1



1.2 Current Practice of Timber Framing
The current practice of timber framing has evolved through the study of past structures. Today’s

timber framers make decisons based on experience, whether it is obtained through persona endeavors or
historic research.

Since the reviva of timber framed congruction in the United States in the 1970's, timber framing
has remained a relatively smadl industry. The skilled labor required to produce a frame places the initid
costs of a timber frame above that of typica light-frame condruction. The development of automated
machines to produce finished timbers could increase the avallability of timber framed sructures by
increedng productivity. This advancement in technology will no doubt make the cost of timber frame
gructures more competitive with modern light-frame congruction.

The avallability of natura resources could play aroll in the marketability of timber framed structures.
Timber frames lend themselves wdl to a number of advanced insulating systlems, which perform better than
present methods of congtruction. The use of any number of thermd barriers, such as structura insulated
panels, polystyrene sheets with stud framed supports, and straw bales, to enclose a frame cut energy costs
reldive to typica stud congtruction with fiberglass insulation.  While the mgority of today’s frames are
congructed with new growth timbers, the use of glued laminated members and recycled timbers from
obsolete structures is expected to become more prevalent.

Current design practice for timber framed joinery is much different than that of other congtruction
methods. The szing of members that comprise a timber frame is accomplished using traditiond mechanics
of materids and structurd andyss methods, with materia strengths governed by the design specifications
for wood. However, detailing of the joinery, which connects these members is beyond the scope of current
specifications and, more often than not, requires the designer to depend on engineering judgement coupled

with the experience of the builder.



Figure 1-2 Common Timber Framed Bents

Figure 1-2 shows some common timber framed bents. Typica timber frame congtruction relies on
the knee braces shown in Figure 1-2 to resist laterd forces imposed on the frame. The knee braces create
amoment ressting frame that alows tension to develop in many connections. This tensle force is a critica
congderation in the design of a frame, and often results in the over-sizing of members to accommodate the
joinery necessary to prevent abrupt tengle failures at the connection.

1.3 Objectivesand Scope

The focus of this research was to determine design guidelines for pegged mortise and tenon
connections in tenson.  The three topics of primary concern are joint detailing, joint strength and joint
diffness. Thefird task was to establish a viable method of determining joint details that will develop the full
design drength of any given mortise and tenon tension connection. The second task was to develop
procedures for the design of traditiona joinery.

Development of design guidelines for timber frame connections requires joint tests as wel as
supplemental materia tests. The development of design procedures for timber framed connections requires
the establishment of mechanica properties for the materids that comprise a joint. The required materid
properties include peg bending strength, peg shear strength, peg bearing strength and base materid dowel
bearing strength. The mechanica properties relevant to the joints tested in this research were established in
an attempt to better understand the connection behavior. Additiondly, preiminary tests were performed to

3



determine the feasibility of a mathematical modd for the development of dowd bearing strengths for timber
framed connections.
An outline of the objectives for both the joint tests and the materia testsis shown below.
1. Joint Tests
Perform strength and stiffness data for southern yellow pine, recycled Douglas fir, and red
oak joints.
Develop design procedure for joints under short duration loading.
2. Materid Tests
Egtablish strength data for corrdation to joint tests including peg bending, peg shear, and
dowel bearing strengths.
Deveop an efficient method for determining dowel bearing strengths.
1.4 Literature Review
Little experimenta research on timber framed joinery exists in the United States or abroad. The
first known research was by Brungraber (Brungraber 1985). This work included full-scae frame tests and
a limited number of individud joint tests. Brungraber aso used the finite dement method to create 2D
models for frame and joint behavior based on a three spring joint model. The computer models were used
for comparison to strength and stiffness data from the full-size frame tests.  Available European research is
limited to 120 joint tests conducted by M. H. Kessdl (Kessd and Augustin 1996). The German test
reports contain information on 80 traditiona mortise and tenon joints. The joints were constructed with
green oak and dry spruce timbers, connected with octagona oak pegs. The work produced design
recommendations for reconstruction of an eight story timber frame (Kessdl et al 1988).
Researchers a the Michigan Technologica Universty have studied various aspects of timber

framed condruction. Experimental tests were performed on frame subassemblies usng smulated gravity

4



loads to determine joint and peg behavior (Sandberg et al 1996). These tests were conducted on post and
beam connections with and without knee braces to determine connection behavior. The study reveaed that
the joints had a sgnificant load capacity and resstance to catastrophic falure. The tensile capecity of the
knee braces was found to be the wesk link in the frame system, which poses a potentid problem in the
design for latera loads. The results of the tests were used to develop computer modeling procedures based
on the strength and gtiffness characteridtics of the joints (Bulliet et al 1996). The frame models created in
this work demondtrated that the joints can be modeled as pin connected members and that modeling of
knee braces should be based on the stiffness of their connecting pegs.

Additiona experimental work included tests of smplified mortise and tenon joints with a Sngle peg
to isolate peg behavior in timber framed connections (Reid 1997). Reid tested smplified mortise and tenon
connections using 2x6 and 1x6 full sawn lumber. The test results were compared to the European Yied
Modd (EYM) equations for double shear connections, which is currently used by the NDS for the design
of timber connections with stedl fasteners. The work demondrated that the EYM equations did not
accurately predict capacities of timber framed connections, but the smplified tests did accurately represent
the peg failure modes exhibited in full Sze timber framed connections.

Researchers at the University of Idaho investigated the dowe bearing strengths of white oak pegs
combined with various base materias (Church and Tew 1997; Church 1995). Two important conclusions
resulted from thiswork. The first was that the diameter of the peg had little effect on bearing strength, and
second, that the effect of over-szing the hole diameter by dimensions of 1/16, 3/32 and 1/8 had little effect
on bearing srength.

Research at the Universty of Wyoming contains materia property tests and joint tests pertinent to
the development of timber frame design values (Schmidt and MacKay 1997). This work included peg and

base materia tests for severd different wood species. The materid tests included base materid dowel
5



bearing, peg bending, and peg shear strengths.  The joints were congtructed from dimensiona lumber and

fastened with two red oak pegs. The joints were tested in direct tension and the results were compared to

the EYM double shear equations. Schmidt and MacKay concluded that two of the existing EYM equations

(mode Ills and V) from the NDS do not accurately represent the strength of wooden dowel fasteners.

One of the joint tests had afailure mode smilar to the mode 111 failure, but with a sngle hinge directly under

the point of loading. This mode was denoted 111’ and is important to the design of timber connections

because it would likdy form at a lower load than the fastener bending modes (I1ls and V) currently

recognized by the NDS. Two of the six joints tested in Schmidt and MacKay's work failed due to a
combined shear and bending failure of the pegs. This peg falure was smulated with a shear test procedure
usng individua pegs in an atempt to modd peg behavior within a joint. A characterisic shear strength
equation was found for a particular peg species by varying the shear span to diameter ratio (/D) in the peg
tests. A characterigtic a/D ratio was determined for the joints using the yield load from the two joint tests
with a peg shear/bending failure. This characteristic a/D ratio was the badis for establishing peg shear

grengths for the present research.

Research on wood products with stedl fasteners could be gpplied to the development timber frame
design specifications. The work by T. L. Wilkinson (1991) to develop dowel bearing strengths of wood
with sted fasteners could be used as a guide to develop Smilar properties for timber framing. The data
published by Wilkinson for the Forests Products Lab is now used in the NDS for dowe bearing strengths.
The data itsef may not be directly applicable to timber framing, but the report is a good reference for
determining future rdiability requirements for researchers developing timber frame mechanica properties.
The EYM has been studied and adapted from various reports for use in the United States with bolted
connections (Soltis et al. 1986; Soltis and Wilkinson 1987; Wilkinson 1993; McLan and Thangjitham

1983).



Timber frame congtruction incorporates sted fasteners in certain desgn stuations. The use of
internal fasteners is particularly appeding in timber frame congruction because it does not affect the
aesthetics of the frame (Brungraber 1992; Duff et al. 1996). The experimental work done by Duff revealed

that interna timber fasteners demonstrated predictable behavior and may even be economical.

Table 1-1 Required NDS End and Edge Distance

Minimum End Distance
for Reduced for Full
Direction of Loading Design Value Design Value
Parallel to Grain, Tension:
(bolt bearing toward
member end)
for softwoods 3.5D 7D
for hardwoods 2.5D 5D
Direction of Loading Minimum Edge Distance
Perpendicular To Grain:
loaded edge 4D
unloaded edge 1.5D

The current values used for end distance, in bolted timber connections, were reviewed
experimentdly by M. Patton-Mallory and J. D. Snodgrass (Patton-Mallory 1988; Snodgrass and Gleaves
1960). Table 1-1 contains the values required by the NDS for end distance pardld to grain and edge
distance perpendicular to grain. Patton-Mallory concluded that the current end distances based on research
by G. W. Trayer (1932) might need to be revised based on a more comprehensive testing program. Her
report concluded that connections with one-hdf the specified end distances had a much higher factor of
safety than connections with full end distance. The report by J D. Snodgrass had smilar findings.
Snodgrass work included tests on 800 connections (400 seasoned and 400 unseasoned) made from
Douglas fir lumber with a single sted bolt fastener. The report recommended a minimum end distance of
four fastener diameters. Based on a datistical andlyss of variance, no significant difference was found for

end distances that ranged from five to seven diameters. The margins of safety between the minimum loads



at ultimate and the proportiona limits were reported to be substantial in most cases. The report dso made
a comparison of the test values for seasoned and unseasoned wood, and concluded that the present 60%
reduction in connection strength for unseasoned wood was conservetive. The research did not include a
sudy of connections that season in-place while under load, and the conclusons were based on the
assumption that no strength reducing defects, such as checks or warping, would occur during the seasoning

process.



2. Material Tests
2.1 General Procedures

This research was conducted using a population of 700 1-inch diameter x 12 inch long white oak
pegs sdected from a sngle stand of trees in the North Eastern United States.  To identify and make
predictions of failure modes for the full-sze joint tests, severd mechanica properties had to be established
for the peg population. The properties included bending, dowe bearing and shear strengths.  The tests
were identicd to those performed in previous research a the Univeraty of Wyoming (Schmidt and MacKay
1997), with the exception of the dowd bearing tests and aminor change in the bending test fixture.

The pegs had moisture contents (MC) that ranged from 20-40% upon arrival and were conditioned
to about 12% prior to testing. The pegs were stacked on stickers and alowed to air dry to gpproximately
12% MC. Upon reaching 12% MC the pegs were vacuum bagged to prevent any further moisture losses
(locd equilibrium MC is approximately 6.5%). The average MC for dl pegs was 13.4%.

A typica test procedure was as follows. Pegs were randomly sdected from the population and
inspected for defects. Defects included knots in critica locations relative to a given test, severe checks, and
sgnsof decay. Slope of grain was not regarded as a defect. Defective pegs were discarded.

At the gart of an individud test, a Sngle peg was removed from the environmenta chamber/vacuum
bag and labded. The peg was sanded if needed to insure proper fit into the test fixture. Diameter of the
peg was measured at critical locations for the specific test in both the tangentid and radid directions. The
peg was then placed in the test fixture and postioned with a jig. The testing machine, a servo-hydraulic
Instron modd 1332, was adjusted until the loading platen was lightly resting on the test fixture. The load
and displacement outputs were checked for zero readings. The data acquisition program and the testing

machine were started smultaneoudy. Upon reaching ultimate load, the data acquidtion program and the



loading were stopped. The characterigtics of the failure were noted and a2’ long sample was cut from the
peg, weighed, measured and placed in an oven for a minimum of 24 hours a 212° F.  The oven-dry
gpecimen was removed and weighed again to determine oven dry specific gravity and moisture content.
The oven dry specific gravity was adjusted to specific gravity a 12% MC. This is a common practice in
wood science literature. Severa tests were conducted on pegs that had moisture contents above the fiber
saturation point.  The specific gravity of the specimens used in these tests could not be adjusted to 12%
MC and are presented as oven-dry values.

All the pegs used in this research were |oaded tangent to the grain of the specimen (see Figure 2-1).
Prior research has shown that grain orientation does have a smal effect on the capacity of pegs (Schmidt
and MacKay 1997, Reid 1997). It was desirable to diminate the effects of grain orientation to reduce the

number of variables in the research.

| \
Tangentid Radid
Figure 2-1 Peg Grain Orientations

The 5% offset method as per ASTM D5652 was used in al tests to determine the yidd load
(ASTM 19953). The method is applied by offsetting the initid linear portion of the load versus deflection
curve by 5% of the peg diameter, which for the tests in this research was dways 0.05". The point at which
this offsat line intersects the load deflection curve is defined as the yidd point (see Figure 2-28). The
method aso defines the yidd vaue as the ultimate load, if ultimate loads is reached prior to the intersection

of the offset line and the load deflection curve (see Figure 2-2b).
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2.2 Peg Bending

2.2.1 Peg Bending Procedure
Bending tests were performed to determine the flexura strength of the white oak peg population
sdected for the full-size joint tests. The tests were similar to that performed in previous research (Schmidt

and MacKay 1997). The tests were limited to 1" diameter pegs that were randomly selected from the

Figure 2-2b 5% Offset Method

population and inspected for defects.

The testing was peformed using an Insdron modd 1332 tesing machine and Labview data

acquigtion software. All pegs were tested with a9” span and loaded through two saddles spaced at 2.75"

1




apart, centered on the peg (see Figure 2-3). The pegs were tested according to ASTM 4761-93 at aload
rate of 0.15 in/min to reach failure in gpproximately two minutes (ASTM 1995a).
A load versus deflection curve was crested using the test output file. The yield load was then

determined using the 5% offset method and the yidld stress was caculated using the average diameter of the

P P
——o=3.1e5'y b=2.75”4%lko=3.125”——

éz %
P

= L=9.00"

pea.

[— () —

TR

Figure 2-3 Bending Test Fixture

2.2.2 Peg Bending Results

A total of 41 bending tests was performed with 1" diameter pegs from the white oak peg
population. The tests included 30 pegs that were near 12% MC and 11 pegs that were at the fiber
saturation point (FSP). The averaged results of these tests can be seen in Table 2-1. The pegs with higher
moisture content had a lower yield stress and stiffness compared to the dry pegs. The 11 pegs a FSP did

have alower average specific gravity, which may dso influence the results.

Table 2-1 Average White Oak Bending Test Results

Mean

Std. Dev.

5% Exclusion
CcCoVv

Yield
Stress (psi)

Stiffness
(Ib/in)

MC (%)

G

13,440
2,880
7,990
0.214

4,790

14.3

0.68

Mean

Std. Dev.

5% Exclusion
CoVv

Yield
Stress (psi)

Stiffness
(Ib/in)

MC (%)

10,580
2,520
5,370
0.238

4,510

35.9

0.63

Dry Pegs Green Pegs
The mgor factors contributing to the bending strength of the pegs were specific gravity (G) and

moisture content.  The relationship between the G and yield stress can be expressed with a regresson
12



function. A definite reationship between G and yidld stress for the seasoned pegs can be seen in Figure 2-
4. As G increases, the yield dress increases. The variability present in the test data prevents any
relationship to be drawn between MC and yidd dress. The higher MC affected the consstency of the
results and a relationship between G and yield dtress is not evident for the 11-peg group. Data for

individua tests can be found in Appendix E.

White Oak Bending Strength vs. SG
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Figure 2-4 White Oak 1" Diameter Peg Bending Tests
2.3 Peg Shear
2.3.1 Peg Shear Procedure

Shear tests were performed to determine the combined shear and bending strength of the peg
population selected for the full-size joint tests. The test method was the same as that used in previous
research (Schmidt and MacKay 1997).

The test fixture (see Figure 2-5) was designed in previous work to mode the behavior of apegina
mortise and tenon connection. In the full-size tests the mortise and tenon members provide some degree of
flexura restraint to the peg. However, the tenon-mortise interfaces so exhibited some loca crushing a the
edge of the peg holesin a few indances. This factor contributed to the reduction in restraint provided by

13



the mortise and tenon peg holes. This reduction in restraint lead to the theory that instead of a true cross-
grain shear condition relative to the peg, a combined shear/bending failure must be occurring. In other
words, the pegs are alowed to deform across some finite-width shear span. Over this span, the materia
failsin shear or combined shear and bending.

The test fixture permitted variation of the shear pan. Shear pan a is defined as the distance from
the face of the restraining block to the face of the loading block. Shear spans were measured on pegs
removed from full-size tests. These shear span vaues ranged from 0.375” to 0.75" depending mainly on
the species of the base materid. Unlike the full Sze tests, the shear test fixture gripped the pegs tightly and
prevented any horizontal movement of the peg during testing. The test fixture also had 2 0.080" bevd at the

edgesto rdieve the sharp edges of the test fixture that might otherwise cut the peg.

Reaction
Bleck

Load Bleck

Reaction
‘\B Block

Figure 2-5 Shear Test Fixture, from Schmidt and MacKay (1997)

The shear tests were performed at shear spans of 1/8D, 1/4D, 1/2D, and 1D. The pegs were tested

according to ASTM 4761-93 at a load rate of 0.048 in/min to reach failure in gpproximately five minutes

14



(ASTM 1995g). Again, the yidd load was determined by the 5% offset method, and the corresponding
yidd stress was cal culated based on the average diameter of the peg.

From these shear tests a linear regresson equation was developed to relate shear span and yield
gress for shear span ranges of 0.125” to 1”. The yield vaues from the full-sze tests were then used to
determine if there was a characteristic shear span for a particular mortise and tenon species and joint
configuration. The characteristic a/D ratio for a group of joints was used to determine the shear stress on

the pegs, and predictions of connection strength can be made using Equation 2-1.

2

p D “oc
4
P = tota force exerted per peg
D = diameter of peg
t . = average shear strength of peg based on characteristic
a/D ratio for joint species

P=

(2-1)

2.3.2 Peg Shear Results

Thirty-six shear tests were performed with 1" diameter pegs from the white oak peg population.
Nine tests were performed at each of the following shear spans. 1D, 1/2D, 1/4D and 1/8D. Table 2-2
shows the summary results of the 36 tests. As expected the yield stress decreased as the shear span
increased. The coefficient of variability (COV) for the four test groups was between 7% and 13% and the
average MC of al the pegs tested in shear was 12.6%. The specific gravity of the pegs ranged from 0.64

to 0.83 with an average of 0.70.
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Table 2-2 Shear Test Results

Avg. Yield Std. 5%
Stress Dev. Exclusion No. of
Shear Span (psi) (psi) (psi) CcOoV Tests
1/8 D 2,360 317 1,680 0.134 9
1/4D 2,130 204 1,690 0.096 9
1/2D 1,880 182 1,490 0.097 9
1D 1,560 141 1,330 0.068 9

This data was used to develop an equation for determining yield stress based on the shear span to
diameter ratio (a/D) for the white oak peg population. This equation was used to relate yield loads from the
full-sze joints to an equivaent shear span for a given materid. Figure 2-6 shows the average yidd sress
versus the shear span to diameter ratio for the four test groups. Also, Figure 2-6 contains the power series
regresson used to correlate the average shear stress for each group of pegs to the full size joint tests. The
R-squared vaue for the population regression is 0.70, which is a reasonable representation of the shear
behavior for the pegs. The R-squared vaue represents the correlation of the function to the test data with a
vaue of 1.0 being exact and 0.0 having no corrdation. A smilar regression was performed on the average
shear dress from each test group versus specific gravity and the equation was identicd to the one shown in
Figure 2-6 for the entire population, but the average shear stress regresson had an R-squared vaue of
0.98. Figure 2-6 contains a power series regression for the 5% excluson vaues from each group of pegs
tested at the various shear spans.

The specific gravity of the pegs affected the strength of the pegsin shear. As with the previous peg
tedts, shear strength increased with G, but the rate of increase is much less than that demonstrated in the peg
bending test results. Figure 2-7 shows the yield stress versus G plot. The graph shows very little increase
in the gtrength of the pegs with an increase in G, but the trend is consstent with the previous mechanica

properties of the white oak pegs.
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Chracteristic Shear Equations
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Figure 2-6 Characteristic Shear Stress Equation and 5% Excluson Vaues

Yield Stress vs. G
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Figure 2-7 Shear Yield Stressvs. G
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2.4 Bearing Concept
241 Combined Tests

The design of timber connections requires that severa materid properties be known. Bearing
falures of the materias that comprise a timber joint are basic failure modes that are present in both timber
frame joints and conventiona connections with sted bolts. Assigning bearing strength capacities to the base
materid (mortise/tenon) and fastener (wood peg) in a timber frame connection is more difficult than a
connection that uses sted fagteners. The bearing strength of the timber in a connection with sted fagteners
governs the design. The bearing capacity of atypica sted bolt can be as much as 20 times the capacity of
the wood that it connects. Therefore, bearing capacity of the joint is governed entirely by the strength of the
wood. Timber frame joinery requires that the bearing strength of the fastener and base materia be defined
in combination.

Past research has defined the bearing strengths of severa materids in combination.  Schmidt and
MacKay (1997) tested red oak pegs in combination with recycled Douglas fir and eastern white pine.
Likewise, the work conducted by Church and Tew defined the dowe bearing strengths of white oak pegs
combined with red oak and Douglas fir base materids (Church and Tew 1997; Church 1995).

This previous work has led to the investigation of dternaive methods of defining dowe bearing
grengths for timber frame connections. If the bearing behavior of various wood materids could be defined
independently and combined mathematicaly to obtain the necessary bearing strengths for the design of
timber frame connections, the use of exigting data for individua species dowe bearing strengths with sted
fasteners could prove to be valuable.

The tests conducted for this work were performed under the assumption that materials could be

tested separately and mathematically combined. Base materid dowe bearing strengths were obtained using
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a smooth steel dowel, and the bearing strength of the pegs from the characterigtic white oak population
were found usng a sed loading saddle. Mahematicd models were developed for various materid
combinations. These modds were based on a springs-in-series theory. 1t is hypothesized that the stiffness
of an individua peg test can be added to the diffness of a given base materid, eiminaing the need to
perform testing on a vast number of peg and base material combinations. The springs-in-series theory is
discussed in Chapter 4.
24.2 BaseMaterial Dowel Bearing Procedure

Tests were performed to determine the dowel bearing stirength of the base materia used in the full-
gzejoints. Previous research (Schmidt and MacKay 1997) contained tests with pegs and base materiasin
combination. Tests conducted for this research were performed using a 1-in. diameter sted bar (see Figure
2-8), instead of a wood peg as in previous research. Testing was performed using an Instron model 1332
testing machine and Labview data acquistion software. The specimens were tested according to ASTM
4761-93 a a load rate of 0.024 in/min to reach falure in approximately four to seven minutes (ASTM

1995a).

Figure 2-8 Base Materia Dowel Bearing Test
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Typicaly specimens for these tests were taken from the mortise and tenon members used in the full-
gzejoint tests. Samples (4D x 4D x 1.5D) were cut from the vicinity of the mortise and tenon. An attempt
was made to orient the samples as they would have been loaded during the full-sze tests, however no
designation was given to the orientation other than paradld or perpendicular to grain loading. The samples
were aso kept at the same moisture content as the full-gze joints by storing the specimensin plastic bags.

A typicdal test procedure was as follows. Two specimens were removed from the environmental
chamber/plagtic bag and labeled. The specimens were clamped together end to end and drilled at the
interface of the specimensusing a1’ diameter spade bit and drill press. The resulting specimens had a half-
cylindrica hole (trough) a the edge to be loaded; the length of the trough (1.5D) was then measured with
cdipersin two locations and averaged. The sample was placed in the test machine and a1” diameter stedl
bar was placed in the trough. The Instron load head was adjusted until the loading platen was lightly resting
on the test fixture. The load and displacement outputs were checked for zero readings. The daa
acquistion program and the Ingtron testing machine were started smultaneoudy. Upon reaching ultimate
load, the data acquisition program and the loading was stopped. The characterigtics of the falure were
noted and a 2"'x2"x1” sample from the specimen was measured, weighed, and placed in an oven for a
minimum of 24 hours & 212° F. The oven-dry specimen was removed, measured, and weighed again to
determine specific gravity and moisture content.

A load verses deflection curve was crested usng the test output file. The yield load was found
using the 5% offset method and the yield stress was calculated based on the projected area of the sted bar

in the trough.



24.3 BaseMaterial Dowel Bearing Results

Thirty-five tests were performed on samples of southern yelow pine (SYP). All the samples were
cut from the mortise members of the full-gze tests. For each SYP joint specimen, the two pieces of the
specimen were cut from the same timber. Blocks gpproximately 6” long were removed from the timbers
near the mortise. Dowd bearing samples were then cut from these blocks. Seven of the 35 tests were

conducted pardle to grain. The remaining specimens were loaded perpendicular to grain.

P P

Figure 2-9 Base Materid Bearing Failure Types

The characterigtic failure modes were consstent with previous research (Schmidt and MacKay
1997, Church and Tew 1997). The pardld to gran specimens Flit longitudinaly a ultimate while the
perpendicular to grain specimens developed a horizontal shear failure (see Figure 2-9). The summary test
results for the perpendicular to grain tests can be seen in Table 2-3. The paralld to grain results are not
presented due to the limited data. A complete list of test data can be found in Appendix G.

A corrdation between bearing strength and G could not be made for the SYP materid. A plot was
made with the results from the bearing tests, but a mathematical regresson to obtain the bearing

characterigtics could not be made.
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Table 2-3 SYP Bearing Perpendicular to Grain Results

Yield Stiffness
Stress (psi) (Ib/in) MC (%) | Gi2
Mean 1,870 42,200 16.5 0.52
Std. Dev. 407
5% Exclusion 1,100
COoV 0.218

Tests were conducted on 48 Recycled Douglas fir (RDF) samples. Samples were taken from both
the mortise and tenon members of the full-size joint gpecimens. The specimens were cut so the bearing tests
could be conducted in the same orientation as the peg exerted load on the members during the full sze test
procedure. Twenty-four tests were performed in each direction.

Obtaining quality samples from the mortise and tenon members was difficult. The recycled Douglas
fir contained many checks that were not visible before cutting.  Samples that could not be oriented in the
same direction as the full-gze joints are noted in the test data contained in Appendix G.

The characterigtic failure modes for the specimens were consstent with previous research. The
goecimens loaded padld to gran faled primarily by longitudind splitting. The specimens |oaded
perpendicular to grain al failed with loca crushing of the materia below the loading bar. The test results for

both sets of tests are summarized in Tables 2-4 and 2-5. A complete list of test dataisin Appendix G.

Table 2-4 RDF Perp. to Grain Bearing Results

Yield Stiffness
Stress (psi) (Ib/in) MC (%) | Gio
Mean 2,130 46,100 10.3 0.51
Std. Dev. 335
5% Exclusion 1,480
COoV 0.158




Table 2-5 RDF Pardld to Grain Bearing Results

Yield Stiffness
Stress (psi) (Ib/in) MC (%) | Gi»
Mean 6,560 324,000 9.2 0.46
Std. Dev. 1,040
5% Exclusion 4,580
COoV 0.159

The RDF tests parald to grain did alow for amathematica representation of the data. Figure 2-10
shows the 5% offset yield stressverse G. A regresson was done using a power series equation smilar to
those found in prior research. As mentioned earlier, the R-squared value represents the correation of the
function to the test data with a value of 1.0 being exact and 0.0 having no corrdation. Current dowel
bearing strengths in the NDS are computed based on tests done with R-squared values ranging from 0.35
to 0.71 (Wilkinson 1991). These vaues were used as a guide in this research for determining the validity of
any bearing test regressions.  The correlation factor for the RDF pardld to grain dowe bearing tests was
0.63. The perpendicular to grain tests did not fall into the 0.35 to 0.71 correlaion range. The specimens
were noted if defects were unavoidable, but the mgority of the specimens had no gpparent defects. No
conclusions are offerec as to why a correlation could not be made for the perpendicular to grain tedts.

Forty-two tests were conducted with red oak (RO) samples. Samples were taken from both the
mortise and tenon members of the full-size joint specimens. The specimens were cut so the bearing tests
could be conducted in the same orientation as the peg exerted load on the members during the full sze test
procedure. Twenty-two tests were performed parallel to grain and 20 tests were performed perpendicular

to gran.
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RDF Bearing Parallel to Grain
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Figure 2-10 RDF Bearing Strength vs. G

Similar to the recycled Douglas fir tests, obtaining samples from the red oak timbers proved to be
difficult. The exterior checks, coupled with internd honeycombing in the timbers, made it difficult to
produce defect free samples. Samples were noted if they were not obtained in the same orientation as
mentioned earlier and defects were noted when they were unavoidable.

Again, the RO bearing tests had failure modes consistent with tests in previous research. Half of the
test gpecimens loaded pardld to grain faled by longitudind splitting and the remainder failed due to loca
crushing of the materiad below the loading bar. The specimens loaded perpendicular to grain aso had two
modes of failure. In tests with specimens that had an annud ring tangent at approximately 45 degrees to the
axis of loading, a rolling shear between annud rings was dominant. The cdl walls of the materid crushed
due to the shear stress present in the pecimen and this alowed movement between annud rings. A rolling
shear failure occurred prior to any significant deformation at the trough due to loca crushing. The remainder
of the tests produced horizonta splitting failures smilar to the southern yellow pinetests.  The results from

both sats of tests are summarized in Tables 2-6 and 2-7.
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Table 2-6 RO Bearing Strengths Perp. to Grain

Yield Stiffness
Stress (psi) (Ib/in) MC (%) G12
Mean 4,910 110,000 9.0 0.66
Std. Dev. 446
5% Exclusion 4,040
COoV 0.091

Table 2-7 RO Bearing Strengths Pardlel to Grain

Yield Stiffness
Stress (psi) (Ib/in) MC (%) G12
Mean 11,400 438,000 7.4 0.68
Std. Dev. 1,850
5% Exclusion 7,840
CoV 0.163

The results of the red oak tests were smilar to that of the RDF. The specimens loaded pardld to
grain did fal within the specified corrdation range (R*=0.35 to 0.71) with a correation factor of 0.62. The
perpendicular to grain tests were consstent with the previous two species in that they did not produce a

viable regresson. Figure 2-11 shows the RO bearing strength parale to grain versus specific gravity.

NRO Bearing Parallel to Grain
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Figure 2-11 RO Bearing Strength vs. G

The dowd bearing tests pardld to grain had a better corrdation to specific gravity than the

perpendicular to grain tests. The results of dl of the parale to grain tests were plotted versus G at 12%
25



MC and compared to the NDS equation for dowel bearing strength (see Figure 2-12). The plot shows that
al of the test gpecimens had higher strengths than that computed with the NDS bearing equation shown in
the plot. Figure 2-13 shows al of the parallel to grain tests with a best-fit equation correlation coefficient of

0.9, which exceeds that for the materia tests used to develop the NDS values.

NDS Bearing Stress vs. Actual Test Data
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Figure 2-12 Comparison of Datato NDS Dowel Bearing Equation Parallel to Grain Loading

The test values for the perpendicular to grain tests were dso compared to the NDS design equation
in Figure 2-14. Asshowninthe plat, al of the RO tests exceed the vaues used by the NDS and the SYP,
as well as the RDF, data fell on or below the NDS vaues. The results of the perpendicular to grain tests
were combined to establish a best-fit equation in Figure 2-15. The corrdlation coefficient (R>=0.60) for the

test data again fell within the range (R?=0.35 to 0.71) for data used to develop the NDS design equations.
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Bearing Stress (psi)

Parallel to Grain Dowel Bearing Tests for RDF and NRO
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Figure 2-13 Best Fit Equation for Pardld to Grain Bearing Tests
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Perp. to Grain Dowel Bearing Tests for RDF, NRO and SYP
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Figure 2-15 Best Fit Equation for the Perp. To Grain Tests

2.4.4 Peg Bearing Procedure

Peg bearing tests were performed to determine the bearing strength for the peg population sdected
for the full-9ze joint tests. Previous research contained tests with pegs and base materids in severd
combinations (Schmidt and MacKay 1997). Testsfor this research were performed using a1.5” wide stedl
saddle (see Figure 2-16), which replaced the wood base material in previous tests. The testing was
performed using an Instron mode 1332 testing machine and Labview data acquisition software. The pegs
were tested according to ASTM 4761-93 at aload rate of 0.024 in/min (ASTM 1995a).

A load versus deflection curve was crested using the test output file. The yied load was then

determined using the 5% offset method and the yield stress was caculated using the average diameter of the

pea.
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Figure 2-16 Peg Bearing Test Fixture

245 PegBearing Results

Fifty bearing tests were conducted with 1" diameter pegs from the white oak peg population. The
tests included 30 pegs a approximately 12% MC. The remaining 20 pegs were tested green, with a MC of
approximately 31%. The summary results of these tests are listed in Table 2-8. The green pegs had a
37.4% lower yidd siress than the dry pegs. Likewise, the green peg stiffness was 38.7% lower than the

dry peg stiffness. The average G of the dry pegs and green pegs was 0.71 and 0.62, respectively.

Table 2-8 White Oak Peg Bearing Results

Dry Pegs Wet Pegs
Yield Stiffness Yield Stiffness
Stress (Ib/in) MC (%] G2 Stress (psi) (Ib/in) MC (%) G
Mean 2,690 110,000 13.7 | 0.71 Mean 1,720 67,600 311 0.62
Std. Dev. 580 Std. Dev. 212
5% Exclusion 1,600 5% Exclusion 1,310
cov 0.216 COV 0.123

The mgor factor contributing to the bearing strength of the pegs was specific gravity. The variagbility
in the MC and yield stress prevents any mathematica regresson to establish a relaionship for the data. A
definite relationship between G and yield stress for the dry pegs can be seen in Figure 2-13. A trend line
with a correlation factor (R?) of 0.75 is shown in Figure 2-17 for dl of the dry peg tests. Similar to the
previous base materia bearing tests, the pegs exceed the correlation range (R? = 0.35 to 0.71) that resulted

from the development of dowel bearing strengths for the current NDS (Wilkinson 1991). The dry pegs
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actualy had a greater COV, based on alower 5% excluson vaue, than the green pegs. The green and dry

pegs exhibited no change in yidd stress when compared with MC within each test group.

White Oak Peg Bearing
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3. Joint Tests
3.1 Introduction

The intent of the full-Sze joint tests was to establish detailing requirements to assure peg falure
within the joint and to determine the strength and iffness of the joints. The tests included monotonic
loading of specimensto failure, aswell as a smal number of cyclicaly |oaded specimens to study toughness.

3.2 General Procedure
Full-s9ze joints were tested usng a sted load frame and an Enerpac RCH 123 hydraulic ram

operated by ahand pump. Figure 3-1 shows the test gpparatus and atypica joint specimen. Labview data
acquisition software was used to record data from a pressure transducer and two linear potentiometers.
The potentiometers measured displacement between the mortised and tenoned members, the two

measurements were averaged to obtain a displacement for the joint.

T:/ Hydrowlic Ram
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(;T Test Frame
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Test Specimen

T Lineor 11 L
Potentlameter [
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] 7\ le
|
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Figure 3-1 Joint Test Apparatus from Schmidt and _ _ _ N
MacKay (1997) Figure 3-2 Typicd Joint Detailing

The objectives of the tests were to determine appropriate end distance, edge distance and spacing
requirements, and to determine strength, stiffness, and the mode of failure for mortise and tenon joints. The

joints were tested in tensgon to Smulate frame and joint behavior subjected to laterd loads such as awind
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loading. Joints wereinitialy tested with large end and edge distances so that failure would likely occur in the
pegs. The detailing values were reduced until minimum vaues that gill produced peg falure at yield were
found. The optimum joint configuration for a given species was found usng the smallest values for edge
distance (l,), end distance (I¢) and fastener spacing (Is) that produced failure in the pegs (see Figure 3-2). A
minimum of three joints was tested with this optimum configuration. During and following each tes, the
joints were ingpected to determine the mode of failure. All monotonically |oaded specimens were tested in
an attempt to reach yield in approximately 10 minutes with load rates load between 0.0002 in/sec and
0.0005 in/sec.

Severd joints were aso cyclicaly loaded to obtain hysteresis characteristics and to demongtrate
toughness. The joints were successvely loaded and released in 0.05” displacement increments until failure.
Seven joints were cyclicaly loaded to fallure,

All joints were fabricated using the same techniques and tolerances that could be expected in a
commercia shop. All joints were assembled with 17 diameter white oak pegs from the characteristic
population and from dry timbers for the mortise and tenon members (see Figure 3-1). Softwood joints
were constructed with 2 thick tenons and hardwood joints were constructed with 1 /2" tenons.  If
possible, obvious defects such as large knots, severe checking, and decay were avoided in the construction
and assembly of the joints. The mortise members were constructed with a through mortise. The through
mortise alowed for examination of the tenon during testing, which enabled the researcher to determine the
exact point during the test if atenon failure occurred. A total of 56 tests were conducted on 42 joints. 20
southern yellow pine, 12 recycled coastal Douglasfir, and 10 red oak.

3.2.1 Southern Ydlow Pine
Twenty-four tests were conducted on 20 southern ydlow pine joints. The first 16 joints were

condructed and tested at a Timber Framer's Guild of North America workshop in Nacodoges, TX in
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March 1998. Students attending the workshop constructed the joints as practice joints. Students cut the
mortise and tenon members as shown in Figure 3-3, and the peg holes were located and drilled by the
ressarcher. Twelve of the joints were loaded monotonicdly to fallure. Two joints were loaded
monotonicaly with an 1/8" drawbore (see Figure 3-4). The find two joints were cyclically loaded to

determine hysteresis characterigtics.
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Figure 3-4 Typica Draw Bored Joint

Eight additiond tests were performed on four joints shipped from Red Suspenders Timber Frames,
Nacodoges, TX. The specimens were fabricated by Red Suspenders Timber Frames and the peg holes
were located and drilled by the researcher. The tests were performed using white oak 0.75" diameter

round pegs and 1.25" diameter octagond pegs. These tests were performed to verify the detaling



dimensions determined from the initid 16 tests. Also, two joints were tested three times each to smulate
the replacement of damaged pegs in a structure that has been exposed to excessve loads.
3.2.2 Recycled Douglas Fir

Twelve recycled coastdl Douglas fir joints were used in this work. The joints were fabricated and
tested a Big Timberworks in Galatin Gateway, MT in May 1998. The joints were fabricated and
assembled by the researchers. Ten of the twelve joints were loaded monaotonicaly to fallure. The remaining
two joints were cyclicaly loaded to determine hysteres's characterigtics.
3.2.3 Red Oak

Twenty tests were conducted in August 1998 on ten red oak joints shipped to the University of
Wyoming by Sunset Structures, Ltd. Elkview, WV. The timbers were kiln dried by a radio frequency
vacuum process. Sunset Structures, Ltd. cut the mortise and tenons; the peg holes were located and drilled
by the researcher. Ten tests on six joints were performed with monotonic loading and 1" diameter pegs
from the white oak population to determine optimum spacing requirements. The remaining four joints and
ten tests were conducted with 0.75”, 1" and 1.25” octagona white oak pegs with cyclic loadings and the
repair procedure mention earlier.

3.3 Failure Modes

Two categories of failures were present in the 56 tests conducted. The first category of falure was
abrittle fallure. A brittle fallure is defined as cross grain tension splitting of the mortise member or a splitting
falure of the tenon member. The second category of fallure was aductile falure of the peg. The peg falure
was a shear/bending failure and it was the most common falure mode. Figure 3-5 shows the three falure

modes.
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Figure 3-5 Typica Test Specimen Failure Modes

The peg shear/bending falure mode was the characteridtic failure mode for dl of the tets. The
southern yelow pine failures were exclusvely peg shear/bending failures, regardiess of peg location. The
recycled Douglas Fir tests were more sengtive to peg location. However, upon establishment of minimum
gpacing requirements the peg shear/bending failure mode was again exclusive, barring falures caused by
defects. Inspection of the joints after testing showed that both the mortise and tendon members had minor
locdlized crushing a the peg holes. The crushing of this materid lengthens the shear span discussed in
earlier sections.

The red oak tests had smilar fallures. The monotonicaly loaded joints with 17 diameter pegs had
shear/bending falures of the peg at yield. The high materia iffness of the red oak crested a shear failure
with amuch lower shear span to diameter retio than the previous tests with softwoods. Ingpection of the 1”
peg joints after testing showed no signs of damage to ether the mortise or tenon members.  Ingpection of
the pegs showed signs of the same failure evident in the softwood tests. However, the pegs did exhibit
more sgns of bearing failure at the tenon member than they did in the softwood tests.

3.4 Southern Yelow Pine Results
Twenty-four tests were conducted on 20 shortleaf southern yellow pine joints. The timbers were

graded as dense select Structura with an average moisture content of 17%.
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Peg shear/bending fallure was the most common falure mode. All joints had this falure mode at
yidd regardiess of end and edge distance. At ultimate, 17 of the 24 tests displayed the same peg
shear/bending fallure. The remainder of the tests dso had a falure of the tenon or mortise a ultimate.
Typicdly, the mortise and tenon failures occurred at extreme displacements, on the order of 40% of the peg
diameter for thejointswith 1" pegs.

Overdl, the strength values for the southern pine joints were consstent. The average yield strength
for the 12 monotonically loaded joints with 1" diameter pegs was 4906 |bs. The COV was 13.7% and the
95% exclusion value for load was 3634 Ibs. Table 3-1 shows the results for the 12 tests and the geometry
of the connections. The caculated average shear span for the jointsis 1.14”. This number is relatively high
when compared to the other species tested and can possibly be explained by the fact that the pegs were at
FSP. It was not possible to condition the pegs to 12% MC prior to testing the initia group of southern pine
joints. Figure 3-6 shows atypica load deflection plot for the southern yellow pinejoints.

The joint geometry necessary to ensure peg failure was established for the southern pine. As shown
in Table 3-1, the end and edge distances were reduced to 1.5D with no additiona falure modes (i.e.
mortise splitting or tenon rdish falures). These values were consdered to be extreme for actua practice
and unplessant visudly. The recommended minimum detailing dimensons for SYP based on the 12

monotonicaly loaded jointsis 2D edge and end distance with a 3D peg spacing.
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Fgure 3-6 Typicad SYP Load Deflection Plot
A second set of southern pine joints was tested at a later date to verify the recommended geometry.

Four joints were tested a total of eight times. The four joints were tested with 0.75” round and 1.25
octagond pegs with the recommended geometry. The 0.75” pegs were from the same peg population as
the 1" diameter pegs used in the initid tests, while the 1.25” were from a different source. Unlike the initid
joint tests with 1" diameter pegs, the 0.75” and 1.25" pegs were at approximately 12% MC. All of the
tests had a peg failure with the exception of one joint, which had alarge knot adjacent to the peg locations.
The joint developed a mortise split due to the severe dope of grain caused by the knot. The ultimate load
for thisjoint was 6444 Ibs. Tables 3-2 and 3-3 show the summary results for the eight tests.

The second set of SYP joints was used to verify the desired failure mode discussed in Chapter 4.
Two of the four joints were loaded beyond yield a totd of three times each. The joints were loaded to
falure and the damaged pegs were replaced with new pegs. This retrofit procedure was used to model the
behavior of a joint that has been overloaded and repaired. The joints behaved as would be expected.
There was a amd| loss in initid siffness due to the locaized damage to the mortise and tenon members,

which led to larger shear spans and dightly lower yidd strengths. The load versus deflection plot for one of
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the retrofitted joints can be seen in Figure 3-7. The testswith 1.25” pegs did not reach the 5% offset point

on the load deflection plot. The pegs failed due to a single flexura hinge directly under the tenon member

and did not display the same ductility asthejoints tested with 1" diameter pegs.

Peqg End |Edge| Spacing | Yield Yield Yield Stiffness | Ultimate | Ultimate | Ave. Peg |Failure Failure
Diameter | Dist. | Dist Dist. Disp. Load Stress Disp. Load G Type @ Yield Type @ Ultimate
Test (in) () | (e (s (in) (Ibs) (psi) (Ibsfin) (in) (Ibs)
SP1 1.0 2D 4D 3D 0.16 6,700 2,060 41,100 0.42 8,880 0.76 Peg Shear/Bending |Peg Bending/Shear
SP2 1.0 2D 4D 3D 0.11 5.450 1.720 74.300 0.55 9.400 0.76 Peqg Shear/Bending |Mortise Split |
SP3 1.0 15D | 3D 3D 0.16 4,420 1.370 33,900 0.42 6.310 0.58 Peq Shear/Bending |Peq Bending/Shear
SP4 1.0 1.5D | 3D 3D 0.13 5,010 1,550 57,900 0.35 6,160 0.63 Peg Shear/Bending |Peg Bending/Shear
SP5 1.0 15D | 2D 2D 0.11 4,960 1,580 80,200 0.24 5.790 0.64 Peqg Shear/Bending |Mortise Split
SP6 1.0 15D | 2D 2D 0.08 4470 1.400 466,000 0.27 5,530 0.62 Peq Shear/Bending |Mortise Split |
SP7 1.0 15D | 2D 2.5D 0.08 4,470 1,400 114,000 0.31 6,020 0.62 Peg Shear/Bending |Tenon Split
SP8 1.0 15D | 2D 2.5D 0.16 5,300 1,650 48,700 0.22 5,530 0.59 Peg Shear/Bending |Peg Bending/Shear
SP9 1.0 2D 2D 2.5D 0.11 4,970 1,550 73.200 0.38 5.520 0.63 Peq Shear/Bending |Mortise Split |
SP10 1.0 2D 2D 2.5D 0.11 4,720 1.470 101,000 0.58 6.640 0.62 Peqg Shear/Bending |Mortise Split
SP11 1.0 2D 2D 3D 0.12 4,360 1,410 51,200 0.50 6,600 0.60 Peg Shear/Bending |Tenon Split
SP12 1.0 2D 2D 3D 0.10 4,720 1.470 89.500 0.59 8.220 0.62 Pea Shear/Bending |Tenon Split |
Mean=|__4.960 1,550
Std. Dev.= 649 193
5% Exclusion=| 3,630 1,160
Cov=|_0.131 0.124
Table 3-1 SYP Monotonic Test Results
Peqg End |Edae] Spacing | Yield Yield Yield Stiffness | Ultimate | Ultimate | Ave. Peq |Failure Failure
Diameter | Dist. | Dist. Dist. Disp. Load Stress Disp. Load G Type @ Yield Type @ Ultimate
Test (in) (v) | (e (Is) (in) (Ibs) (psi) (Ibs/in) (in) (Ibs)
50 0.75 2D 2D 3D 0.07 2,390 1.370 60,000 0.44 4,060 0.62 Peq Shear/Bending |Peqg Shear/Bending
5la 0.75 2D 2D 3D 0.13 3,020 1,770 29,500 0.39 4,430 0.64 Peg Shear/Bending |Peg Shear/Bending
51b 0.75 2D 2D 3D 0.12 2,520 1.480 23.700 0.34 3.580 0.67 Pea Shear/Bending |Pea Shear/Bending
5lc 0.75 2D 2D 3D 0.12 2.610 1.530 23.100 0.41 4.540 0.65 Peq Shear/Bending |Peq Shear/Bending
Mean=| 2,640 1,540
Std. Dev.= 272 169
5% Exclusion=|_ 1,900 1,080
Ccov=|__0.103 0.110
Table 3-2 SYP %4’ Diameter Joint Test Results
Peqg End |Edge| Spacing | Yield Yield Yield Stiffness | Ultimate | Ultimate | Ave.Peqg |Failure Failure
Diameter | Dist. | Dist. Dist. Disp. Load Stress Disp. Load G Type @ Yield Type @ Ultimate
Test (in) () | (o (I's) (in) (Ibs) (psi) (Ibsfin) (in) (Ibs)
52 1.25 2D 2D 2.5D 42,000 0.18 6,440 N/A Mortise split at knot
53a 1.25 2D 2D 3D 0.17 8,000 1,790 65,200 0.18 8,190 0.65 Peg Shear/Bending |Peg Shear/Bending
53b 1.25 2D 2D 3D 39,800 0.16 7,130 0.64 Peg Shear/Bending
53c 1.25 2D 2D 3D 39,300 0.14 6.340 0.57 Peqg Shear/Bending

Table 3-3SYP 1%4' Diameter Joint Test Results
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Figure 3-7 SYP Load vs. Deflection for a1.25” Peg Repair

The dtiffness of the southern yellow pine joints could not be identified. The first group of SYP joints
tests conducted were constructed by students attending a timber frame workshop and a number of the
joints were driven together with a mdlet. The force required too overcome the frictiond forces on the
mortise and tenon was not determined, but undoubtedly dtered the initid tiffness of the connection. The
second group of SYP tests was conducted on joints constructed by professiond timber framers, and the
diffness vaues were more condstent, but the limited number of tests prevents any relationship to be drawn.
Additiondly, the test setup itself can produce errorsin the initid gtiffnessif the joint is not digned properly in
the test apparatus.

It was determined that the draw boring of timber framed joints creetes a cregp phenomenon that
deserves more attention.  Two joints were constructed with an 1/8” draw bore. Draw boring is common
practice in the timber frame industry to prestress joints. The prestress helps prevent green timbers from
opening at the joint after drying has occurred and is used to close gaps in joints congtructed with dry
materid. The draw bored joints were assembled 24 hrs. prior to testing. Prior to testing, one of the joints

developed a split dong two lines behind one of the pegs (rdish fallure), while the other joint maintained its
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integrity. The joints were tested and showed a definite increase in initid stiffness due to the draw bore with
no gppreciable change in the yidd or ultimate load. The joint with the relish fallure prior to tegting did
maintain its strength due to a wedging action of the peg on the tenon materid. The joint had a higher yield
drength than the undamaged joint. It was decided that additional studies of the effects of draw boring on
joint capacity would be left to future research. Results from these two tests can be found in the Appendix
C.

3.5 Recycled Douglas Fir Results
Twelve tests were conducted on recycled coasta Douglas fir joints. The timbers were ungraded

and had an average moisture content of 9.8%.

The recycled Douglas fir (RDF) joints failed most often by peg shear/bending. The joints did not
alow the same minima end and edge distances as the SYP joints due to the low tension perpendicular to
gran strength of the materid. Only one of the joints developed a mortise split prior to yield, but audible
cracking could be heard in severd joints. All of the tests with RDF were performed with 17 diameter pegs
from the characteristic white oak peg population. The average strength for the monotonically loaded joints
with a peg shear/bending failure was 5,494 Ibs. The COV was 10.2% and the 95% excluson vaue for
load was 4,451 |bs. Table 3-4 shows the strengths for the 10 monotonic tests and the geometry of each
connection. The average calculated shear span for the RDF jointsis 0.40°. It is important to note that the
RDF tests were not carried out to the same relatively large displacements as the SYP tedts. This was done
to preserve the materid in the joints for use in later dowd bearing tests. The damage caused by a mortise
Flit virtualy destroyed the specimen mention earlier and the minute checks in the RDF dready hampered
the collection of bearing samples. The RDF tests were carried out to a displacement of approximately 15%

of the peg diameter.



Peqg End | Edge | Spacing | Yield Yield Yield Stiffness | Ultimate | Ultimate | Ave.Peg |Failure Failure
Diameter | Dist. | Dist. Dist. Disp. Load Stress Disp. Load G Type @ Yield Type @ Ultimate
Test (in) (v (le) (9 (in) (Ibs) (psi) (Ibs/in) (in) (Ibs)
DF1 1.0 4D 2D 3D 0.12 5.880 1,960 72,600 0.16 6.510 0.66 Peq Shear/Bending _|Mortise Split
DE2 10 4D 2D 3D 80.800 006 5.160 066 Simult, Peg & Mortise |
DF3 10 3D | 25D 3D 0.09 5.360 1,780 136.000 0.21 6.070 0.65 Peg Shear/Bending _|Mortise Split |
DF4 1.0 3D | 25D 3D 0.12 5,360 1,800 65,100 0.18 6.270 0.60 Peg Shear/Bending |Peg Shear/Bending |
DF5 1.0 2D | 25D 3D 0.07 4.790 1.650 186.000 0.15 6.340 0.63 Peqg Shear/Bending | Simult. Tenon & Mortisel
DF6 10 2D | 25D 3D 0.08 6.460 2,190 166.000 0.11 6.720 0.63 Peg Shear/Bending |Peg Shear/Bending |
DEZ 10 2D | 28D 25D 000 | 5410 1.840 131.000 017 6.530 065 |Peqg Shear/Rending | i
DF8 1.0 2D | 2.5D 2.5D 0.09 5,670 1,860 102,000 0.15 6,480 0.67 Peg Shear/Bending |Peg Shear/Bending
DF9 1.0 15D | 2D 3D 148,000 0.03 2,950 0.66 Tenon Split
DF10 1.0 2D 2.5D 2.5D 0.12 6.480 2.140 86.700 0.23 7110 0.77 Peg Shear/Bending _|Mortise Split |
Mean=_5.700 1.900
Std. Dev.q 572 184
5% Exclusion=]__4.450 1,500
Cov=l__0.100 0.097

Table 3-4 RDF Monotonic Joint Test Results

The joint geometry for the RDF tests to assure peg failure was established. As shownin Table 3-4,
the end and edge distances were 2D and 2.5D, respectively, with no additiona fallure modes at yidd.
Recommended edge distance, end distance, and spacing requirements were established a 2.5D, 2D, and
2.5D, respectively.

The iffness vdues for the RDF joints were smilar to the SYP joints. The RDF joints were
fabricated by the researcher and while none of the joints were forcibly joined, it is safe to say thet the joints
were not congtructed with the same consstency or skill had they been constructed by a professiond joiner.
Agan, misdignment or sag in the test setup is thought to have affected the initid dtiffness of some of the
joints.

3.6 Red Oak Results

A total of 20 tests was conducted on 10 kiln dried red oak joints. Ten tests were performed
monotonicaly with 1" diameter pegs loading, five tests used 0.75" or 1.25" pegs loaded monotonicaly,
two joints were tested with four 1’ diameter pegs in each joint and the remaining three specimens were

tested cyclicdly. The timbers were ungraded with an average moisture content of 8.2%.
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Peg shear/bending falure was the most frequent fallure mode. Regardless of end and edge
distance, dl joints except one had this failure mode at yield. At ultimate 14 of the 20 tests displayed the
same peg shear/bending failure. The remainder of the tests had a falure of the tenon or mortise a ultimate.
Typicdly, the mortise and tenon failures occurred &t large displacements, on the order of 25% of the peg
diameter for thejointswith 1" pegs.

Overdl, the strength vaues for the red oak joints were consstent. The average strength for the 10
monotonically loaded joints with 1" diameter pegs was 7,331 Ibs. The COV was 4.6% and the 95%
excluson vaue for load was 6,615 Ibs. Unlike the monotonic tests on the SYP and RDF joints, the first Six
tests were performed on only two joints. This was done in part to save materia and to help verify the
assumptions made about peg shear being the failure mode of choice for the designer. Table 3-5 shows the
srengths for the 10 tests and the geometry of the connections. The average calculated shear span for the 10
jointswas 0.11".

The geometry for the red oak joints to assure peg falure was established. As shown in Table 3-5,
the end and edge distances were reduced to 1.5D with no mortise splitting or tenon relish fallures. These
vaues were again considered to be extreme for construction practice.  The recommended end and edge
distance for the red oak joints was 2D with a peg spacing of 2.5D.

A second st of red oak joints was tested to verify the recommended geometry. Two joints were
tested atota of five times. The two joints were tested with 0.75” round and 1.25” octagona pegs with the
recommended geometry. The 0.75" pegs were from the same peg population asthe 1” diameter pegs used
in the initid tests, while the 1.25” were from a different source. All of the tests had a peg shear/bending

falure. Tables 3-6 and 3-7 show the results for the 5 tests.
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Peg | End | Edae| Spacing| Yield | Yield Yield | Stiffness | Ultimate| Ultimate | Ave. Peg |Failure Failure
Diameter | Dist. | Dist.| Dist. | Disp. Load Stress Disp. Load G Type @ Yield Type @ Utimate
Test (in) W] a] @9 (in) { (bs) (ps) | (bsfin) (in) (bs)
RO1 10 225D] 275D] 275D 016 7150 2360 78900 030 9220 075 |Peq ShearBending | Peqa ShearBending
RO2 1.0 225D| 2.75D| 2.75D 015 6,780 2250 73400 034 9,360 0.74 __ |Peg ShearBending | Peg ShearBending
RO3 10 225D 275D 275D 019 730 2510 65100 038 10140 076 __|Peq ShearBending | Peq Shear/Bending |
R 10 2D 2D 25D 016 7570 2540 71200 034 9230 078 |Peq ShearBending | Pea ShearBending
RO5 1.0 2D 2D 25D 020 7420 2430 53100 036 9050 079 |Peg ShearBending | Peg ShearBending
RO6 10 2D 2D 25D 022 7790 2590 56700 038 9230 077 |Peq ShearBending | Peqa ShearBending
RO7 10 15D| 15D 25D 017 6860 2240 63000 025 7590 082 |Peq ShearBending | Mort. Spiit @ Check
RO8 1.0 15D | 15D 25D 015 7450 2450 81,100 028 8510 080 |Peg ShearBending |Relish Failure
RO9 1.0 2D 2D 25D 014 7,730 2510 83500 030 9,860 080 |Peg ShearBending | Peg ShearBending
RO10 1.0 2D | D 25D | 017 7160 2380 65800 034 8,780 0.77__|Peg ShearBending | Peg Shear/Bending
Mearr| 7330 2430
Std. DevA___340 120
5% Exdusion=| 6620 2180
COv=|_0046 0049
Table 3-5 RO Monotonic Joint Test Results
Peq End | Edge| Spacing | Yield Yield Yield Stiffness Ultimate | Ultimate | Ave. Peqg [Failure Failure
Diameter | Dist. | Dist. Dist. Disp. Load Stress Disp. Load G Type @ Yield Type @ Ultimate
Test (in) () (le) () (in) (Ibs) (psi) (Ibs/in) (in) (Ibs)
RO12 0.75 2D 2D 2.5D 0.16 3.480 1,990 32,200 0.25 3.980 0.66 Peg Shear/Bending _|Peqg Shear/Bending
RO13 0.75 2D 2D 2.5D 0.16 4.090 2,320 37.100 0.28 5.200 0.76 Peg Shear/Bending__|Peqg Shear/Bending
Mean=|___3.780 2.870
Table 3-6 RO ¥4’ Diameter Joint Test Results
Peqg End Edge | Spacing | Yield Yield Yield Stiffness | Ultimate | Ultimate | Ave. Peg |Failure Failure
Diameter | Dist. | Dist. Dist. Disp. Load Stress Disp. Load G Type @ Yield Type @ Ultimate
Test (in) (N ) () (in) (Ibs) (psi) (Ibsfin) (in) (Ibs)
RO15 1.25 2D 2D 2.5D 0.19 8.830 1,940 58,400 0.31 10,500 0.70 Peg Shear/Bending _|Peq Shear/Bending
RO16 125 2D 2D 2.5D 0.20 9.150 2,010 55,500 0.28 10,300 0.69 Peg Shear/Bending__|Peqg Shear/Bending |
RO17 125 2D 2D 25D 0.17 7.760 1,700 57,700 0.47 13,100 0.68 Peg Shear/Bending |Mortise Split |
Mean__ 8,580 1,890
Std. Dev.= 728 163
5% Exclusionq__6.290 1370
COov=|__0.085 0.086

Table 3-7 RO 11/4" Diameter Joint Test Results

The second set of RO joints was used to verify the desired failure mode discussed in Chapter 4.

The joints were tested in the same fashion as the retrofitted joints in the SYP test.  The joints were loaded

to failure and the damaged pegs were replaced with new pegs. The joints behaved as expected. Unlike the

SYP tedts, there was no loss in initid giffness due to the locdized damage to the mortise and tenon

members, and the overdl strength of the joint was totaly dependent on the shear capacity of the peg. The

joint used with the 0.75" pegs was cydlicdly loaded for the firg test, which was thought to amplify any

possible damage to the mortise and tenon members. The cyclic load had no adverse effects on the joint and

two retrofit tests following the cydlic loading were unaffected. The load verses deflection plot for one of the

retrofitted joints can be seen in Figure 3-8.
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Figure 3-8 RO Load vs. Deflection for a1.25" Peg Repair

The final monotonic tests done with the Red Oak joints were performed with four 1" diameter pegs.
The joints were congtructed with the same recommended spacing requirements found with the two peg
tets. Figure 3-9 shows the geometry of atypica four peg test. The first of the two joints failed due to
brash tensile bending on the net section of the mortised member a 8,506 Ibs. This joint did contain some
knots and dope of grain near the failure plane. The second test had a shear/bending failure of the pegs at a
yidd load of 12,975 Ibs. The tests were not intended to replicate common practice, but to examine the
feadbility of designing such ajoint. Datafor the two joints can found in the Appendix D.

The RO joints produced fairly condstent tiffness results. The RO joints were constructed by
professond timber framers, and the test setup misdignment was identified during the testing of the RO
joints. However, no reationship was drawn for the giffness vaues of the RO joints and a method for

edtablishing these values is recommended in section 5.3.
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3.7 Cyclic Joint Tests
3.7.1 Method

Cycdlic load tests were performed on specimens from each species group of joints. These tests
were paformed as a preiminary investigation to determine if timber frame joints had the ability to maintain
strength under repested loading. The joints were loaded in gpproximately 0.05” increments of displacement
until failure. A typicad test would involve loading the joint until 0.05" of displacement was reached. Then
the joint would be unloaded, and upon reaching zero load the joint would be reloaded to 0.10" of
displacement. This cycle would be continued until the joint lost load capacity.

As mention earlier, ductility is the primary concern with timber frame joints. Ductility is the vehicle a
Structure uses to develop nonlinear behavior and prevent abrupt failures. Having ductility in a system alows
the Sructure to yield without collgpse and in the case of a timber frame, dlows the yidded joint to
redigtribute forces within the frame. Design of conventiona timber structures relies on the ductility present in
the sted fadteners used in a sysem. The NDS yiedd modd equations are based on two important
assumptions:

Sufficient spacing of fagteners is provided to prevent the brittle tenson falures of the wood

members that comprise ajoint.



The fasteners that connect ajoint are of amaterid that has an easto-plagtic behavior and dlows for

sufficient deformation prior to loss of load.

Wood is generdly consdered linearly eadtic to falure. Tests of timber frame joints have shown that a
definite nonlinear, ductile behavior exigs.

Tests on the three different species of wood in this research has led to some promising results. Al
three of the test groups have demonstrated some degree of ductility prior to loss of strength. Like the
monotonic tests, the cyclic tests demongtrated that the timber frame joints are capable of sustaining repested
sarvice loads while maintaining some degree of ductility.

3.7.2 Cyclic Test Results

Two cyclic tests were performed on the SYP joints. The joints were tested as mentioned above
and both had 1" diameter pegs from the white oak population. Both of the tests had a significant amount of
deformation prior to loss of strength. One of the tests (SP15) had setup problems and the data file was
logt, but data was recorded by hand. The results of the two tests can be seen in Table 3-8. Asshown in
the table, the joints had 9 and 11 cycles with an ultimate displacement of 0.55". Both joints had a peg

shear/bending failure & yield and ultimate |oads well beyond what could be expected for design capacities.

Table 3-8 SYP Cyclic Test Results

Peq End |Edaq Spacina| No. | Ultimate| Ultimate| Ave. Peq |Failure Failure
Diameter | Dist. | Dist.| Dist. |Cycles| Disp. Load SG Type @ Yield Type @ Ultimate
Test (in.) (v) | (le) (Is) (in.) (Ibs.)
SP15 10 2D | 2D 3D 9 0.55 7.100 N/A _ |Peqg Shear/Bending |Peq Shear/Bending
SP16 1.0 2D | 2D 3D 11 055 7,850 0.66 Peg Shear/Bending  |Mortise split

The load deflection plot from the SYP testsis encouraging. Figure 3-10 shows the load deflection
plot from test SP16. The joint’s ultimate failure occurred on the 11" cycle. The mortise split was by prying
action on the cheeks of the mortise. This fallure was initiated by the deformation of the peg during previous

load cycles. Asthe peg began to yied (D=0.08", P=5000 |bs)) it deformed in the same manner shown in
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Figure 3-5. As the joint was loaded repeatedly this deformation grew in magnitude, causing the mortise
walls to pry outward and developing tensile stress on the ingde of the mortise. Eventudly a crack formed.

Ultimate failure took many load cyclesto develop.

SP16 Load vs. Deflection
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Figure 3-10 SYP Cyclic Joint Test

Two cyclic tests were conducted with the RDF joints. The joints were tested as mentioned above
and both had 1" diameter pegs from the white oak population. The tests did not exhibit the same level of
ductility prior to loss of strength asthe SYP joints. The tensile strength perpendicular to grain of Douglas fir
compared to other species commonly used in the industry islow. The RDF specimens used for the cydlic
tests were not of the same qudity as the joints used for the RDF monotonic tests. Specimen DF11 had a
severdy checked mortise, and DF12 had a single check at the center of the tenon between the two peg
holes. Hence, these results should not be regarded as representative of the species.

At ultimate load, DF12 developed a tenon split behind both pegs; this failure was undoubtedly due
to the origind check in the tenon. As the joint was loaded, the check closed and the tenon splits formed

due to the cross grain tenson created at the end of the tenon. It is important to note that the end distance
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for test DF12 was increased in an attempt to compensate for the defective tenon, but this increase seemed
to have little effect on the capacity of the joint.

Table 3-9 RDF Cyclic Test Results

Peg End | Edge| Spacing| No. | Ultimate| Ultimate| Ave. Peg |Failure Failure
Diameter | Dist. | Dist. Dist. Cycles| Disp. Load G Type @ Yield Type @ Ultimate
Test (in) (v) (Ie) (Is) (in) (Ibs)
DF11 1.0 25D | 2D 2.5D 4 0.15 5,720 0.76 Peqg Shear/Bending _|Mortise split
DF12 1.0 3D 3D 3D 4 0.12 6,600 0.75 Peg Shear/Bending | Tenon split

It was more difficult to ascertain a definite cause of failure for test DF11 a ultimete. The mortise
was severely checked and a mortise spilt occurred too suddenly to determine if it had originated in one of
the checks. The results of the two tests can be seen in Table 3-9. As shown in the table, both joints had
four cycles of 0.033” increments with an ultimate displacement of 0.15” and 0.12”. Both joints had what
gppeared to be a smultaneous peg shear/bending falure at ultimate. Figure 3-11 and Figure 3-12 shows
the load deflection plots from both tests.

Three cydlic tests were performed with the red oak joints. The joints were tested in the same
manner as the previous cyclic load tests. Two joints had 17 diameter pegs from the white oak population
and the third joint had 1.25" diameter octagond white oak pegs from another source. The tests did not
demongtrate the same deformation prior to loss of gtrength as the SYP joints. However, the joints did
exceed the ultimate displacement vaues from the RDF specimens.

All of the RO joints had a peg shear/bending falure a yidd. Two of the three specimens had no
other signs of falure. The tenon member of test RO14 had a spike knot and the pith directly behind one
peg. This was definitdy an influence in the relish falure of the tenon. The pith formed one fracture line of

therdish failure, and is assumed to have weakened the tenon.
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Figure 3-11 DF11 Cyclic Joint Test
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Figure 3-12 DF12 Cyclic Joint Test

The reaults of the three tests are shown in Table 3-10. As shown in the table, the joint with the
0.75" pegs had ten cycles with an ultimate displacement of 0.30" at aload of 5,120 |bs. Both the remaining
joints had seven cycles prior to ultimate falure at displacements of 0.29” and 0.35” for the 1.0” and 1.25”

diameter pegged joints, repectively.
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Table 3-10 NRO Cyclic Test Results

Peg End | Edge | Spacing| No. Ultimate | Ultimate | Ave.Peg |Failure Failure
Diameter | Dist. | Dist. Dist. | Cycles Disp. Load SG Type @ Yield Type @ Ultimate
Test (in.) (Iv) (le) (Is) (in.) (Ibs.)
RO11 0.75 2D 2D 2.5D 10 0.30 5,120 0.70 Peq Shear/Bending Peq Shear/Bending
RO14 1.25 2D 2D 2.5D 7 0.29 10,100 0.68 Peg Shear/Bending Relish failure
RO18 1.0 2D 2D 2.5D 7 0.35 10,500 0.76 | Peg Shear/Bending  |Peg Shear/Bending

The red ok joints reached approximately 40% higher loads than the SYP joints. Bulging or prying
of the mortise was witnessed in the RO tests to a greater extent than previoudy mention in the SYP tedts.
However, splitting of the mortise did not occur. Figure 3-13 shows the load deflection plot for the joint

with 0.75” diameter pegs.
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4. Analysisand Results
4.1 Spring Theory
Development of dowe bearing capacities for timber framed joints is a potentid difficulty in the

continued effort to develop design vaues. Timber frame joints could be comprised of a multitude of
hardwood peg and timber species. Past research in this area has involved tests with combinations of peg
and base materias to obtain the mechanica properties necessary to mode a timber frame connection. In
the present research, an initid investigation was made to determine the feashility of testing materids
separatdy and then mathematically combining the results to define bearing capacities for wood-on-wood
bearing combinations. If the combination of bearing test results is a viable method for establishing bearing
grengths, tests of dowe bearing specimens with combinations of materiads would be unnecessary. Bearing
grengths of commonly used pegs and base materids could be found using the same methods used in
Chapter 2, and for the base materid, large amounts of data aready exist from the development of timber
connection capacitieswith sted bolts.

The concept behind the mathematical moded is that the wood peg and base materia bearing tests
can be modded as two springsin series. If this theory were vdid, it would diminate the need for combined
testing on a large combination of peg and base materids. The bearing strengths of the materids present in a
joint could be caculated usng equations smilar to those present in the NDS. A characterigtic load-
deformation curve could be developed, if in fact one has not been aready, for each materia and the two
materias could be combined using the equation for the stiffness of two springs loaded in series.

1 1 1 (4-1)

total peg k base

k

In Eq. 4-1, Kpase aNd Kpey represents the stiffness of a given base materid and peg species,
respectively. The term ke represents the combined stiffness curves. The strength and giffness of any

combination of gpecies could be found by combining the load-deformation curves for the base materid and
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peg. Theyied strength of the combination is found by applying the 5% offset method to the combined load

deflection curve. Figure 4-1 shows avisud representation of the dowe bearing spring theory.

[ |

Figure 4-1 Dowel Bearing Spring Theory

Currently dowd bearing data is available for a wide variety of wood species tested with sted
fasteners. The use of this existing data in combination with bearing tests of hardwood dowels would reduce
the amount of testing needed to develop a sandard set of properties for timber frame condruction. The
tests in Chapter 2 were performed under the assumption that this theory was vaid. Both the white oak
pegs and the base materias were tested separately with stedl load gpplicators. Data from the tests in
Chapter 2 were used with alimited number of combined tests to vaidate the theory.

The dowel bearing spring theory was tested using red oak base materid specimens and white oak
pegs. Tweve red oak dowd bearing tests were performed in combination with white oak pegs. The
specimens were loaded perpendicular to grain so there was a sufficient amount of test data that was in the
nonlinear region of the load deflection plots. An attempt was made to cut the red oak specimens for the
tests so that four matched specimens were obtained from each red oak full sze joint. Two of the specimens
would be tested with the sted bar and the remaining two would be tested in combination with a white oak
peg. It was not dways possible to obtain four clear matched specimens from each joint. Hence, severa of
the spring theory comparisons are based on one base materid specimen.

The combined bearing tests were compared to the previous tests of the base materid and white oak
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pegs with sted loading fixtures. The load deflection plots from the individud bearing tests discussed in
Chapter 2 were filtered into uniform increments of displacement using an interpolation technique. The peg
tests from Chapter 2 were lit into three groups based on specific gravity. The load deflection plots from
each peg test were averaged with al of the peg tests from each group. The three resulting load deflection
plots (Kpey) Were used in combination with the individua bearing test with the 1" stedl bar Kpas). The
curves were matched according to the specific gravity of the pegs used in the combined tests. The spring
theory curve was found using the following procedure:

1. The peg curve from the physica test was filtered (smoothed) to obtain a new curve with uniform

increments of displacement (0.002).

2. Displacements for the filtered curve were determined for uniform increments siress (25 ps) by

interpolation.

3. Steps 1 and 2 were repeated for the base materia curve.

4. The displacements from the peg and base materia curves were added at a common vaue of

dressto obtain the synthesized curve for the materia combination.
The 5% offset method for determining the yield point was then gpplied to the synthesized curve. The
corresponding initid iffness and yied points from both the combined physical tests and the synthesized
curves were compared.

The synthesized curves were lower in diffness than the actua tests. Figure 4-2 shows the plots
from each materia, the syntheszed curve and the load deflection curve from the combined test. The plot
legend is defined as:

982ro49s-Actual combined test.
RO49Sring-Equivdent spring theory (synthesized) curve using matched set tests and one of the three

characteristic peg curves.



982r007/08-The average base materia curves from the matched set.

Peg2-The characteristic curve from peg group 1.
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Figure 4-2 Typicd Spring Theory Plot
Asillugtrated in the graph, the initid stiffness of the combined test and the synthesized curve appear

to be rddive closein value. This scenario was true for al of the comparisons. The equivadent spring yield
vaues were essentialy the same as the combined test specimens. This again was typicd for dl the curves.

Table 4-1 shows the results from al the tests.



The yidd dress from the spring theory was an average of 0.4% below the actud test yidd stress.
The spring theory worked well for modding the strength of a combined bearing test. The initid stiffness from

the spring theory plot was dways below the actua giffness with an average difference of 21.6%. The

Table 4-1 Equivalent Spring Theory Test Results

Combined Initial Spring Theory Initial % Diff. % Diff. Peg
Stiffness | Yield Equivalent Stiffness | Yield | Stiffness | Yield | Group
(Ibs/in) (psi) (Ibs/in) (psi)
982R040 47,900 | 3,470 R0O40/41 39,800 3,520 16.9% -1.4% 3
982R0O41 43,700 | 3,190 R0O40/41 39,800 3,520 8.9% -10.3% 3
982R042 52,500 | 3,810 RO42/43 38,700 3,810 26.3% 0.0% 3
982R043 58,000 | 3,560 R0O42/43 38,700 3,810 33.3% -7.0% 3
982R044 44,800 | 3,420 R0O44/45 34,300 3,570 23.4% -4.4% 3
| _982R0O45 48700 | 3,410 R0O44/45 34.300 3,570 29.6% -4.7% 3
982R0O46 38,500 | 2,540 RO46/47 31,000 2,600 19.5% -2.4% 2
982R0O47 38,400 | 2,760 RO46/47 31,000 2,600 19.3% 5.8% 2
982R0O48 40,400 | 2,270 RO48 31,400 2,320 22.3% -2.2% 1
| 982R049 44,100 | 2,820 RO49 31,400 2,610 28.8% 7.4% 2 |
982R0O50 53,900 | 2,710 RO50 31,400 2,320 41.7% 14.4% 1
982R0O51 47,100 | 2,590 RO51 31,500 2,600 33.1% -0.4% 2
Average= 25.3% -0.4%
Maximum=| 41.7% 14.4%
Minimum= 8.9% -10.3%

difference in gtiffness cannot be explained, but the values are usudly of secondary importance to adesigner.

The 5% offsat vaues for the combined materid tests and the pegs were raively close. As
illugtrated in Figure 4-2, the wesker materid (the peg) dominated the combined test strength. The 5% offset
vaues for the combined tests and the 5% offset vaues for the pegs tested with the sted load block are
aurprigngly close in drength. Table 4-2 shows the strengths and the percent difference between the
combined test strength and the peg strength.  The average difference is -19%, and the maximum difference

is17.3%. The bearing strength of materia combinations could be defined by identifying the strength of the

weeker materid and smply specifying that value as the dowel bearing capecity.



Table 4-2 Combined Yield Vaues and Peg Yield Vaues

Combined Peg % Diff.| Peg

Test Yield (psi)]VYield (psi)| Yield |Group
982R0O40 3470 3720 -6.7% 3
982R041 3190 3720 -14.2% 3
982R042 3810 3720 2.4% 3
982R043 3560 3720 -4.3% 3
982R044 3420 3720 -8.1% 3
982R045 3410 3720 -8.3% 3
982R0O46 2540 2590 -1.9% 2
982R0O47 2760 2590 6.6% 2
982R048 2270 2310 -1.7% 1
982R049 2820 2590 8.9% 2
982R0O50 2710 2310 17.3% 1
982RO51 2590 2590 0.0% 2
Average= 3050 3110 -1.9%

4.2 Failure Modes
The European Yieldd Modd (EYM) is used in current design practice for timber connections with

ded bolts. The gpplication of the EYM to timber frame connections has been investigated in previous
research (Schmidt and MacKay 1997). The four double shear failure modes currently recognized in the
NDS are shown in Figure 4-3. Modes |, and | are bearing falures of the main and sde member
respectively. Modes Ills and 1V ae both dowd falures with localized crushing in the Sde and main
members. Both modes|ils and 1V rely on bending mechanisms to form in the fastener in order to produce
connection yielding. Mode Il involves two plagtic hinges in the fastener and mode 1V involves four plastic
hinges, two under the main member and one hinge under each of the Sde members.

Schmidt and MacKay's work involved dternative derivetions of the current NDS equetions for the
mentioned faillure modes. The mode IV derivation showed that the hinge locations produced by the EYM
equations and those witnessed in actua mortise and tenon joint tests do not correspond. The EYM
equation for mode 1V produced hinge spacings of gpproximately 3" for 1’ diameter red oak pegs, while
actua tests showed a mechanism at 0.26D or 0.26" (Schmidt and MacKay 1997). The mode 1V failure

does not seem to apply to timber frame connections.
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Figure 4-3 NDS Double Shear Failure Modes from Schmidt and MacKay (1997)

Mode I11s occurs in connections with thin sde members, such as metd side plates that offer little or
no restraint to the rotation of the fastener. This mode is unlikely in mortise and tenon joints, because the peg

would have to cause asgnificant amount of locdized crushing in the mortise member.

Model,, Mode

EE

3= 5

Mode |4 Modelll Mode Vq
<—fF— 5 <= <= %

= —_ =\ = — = .
== E <t 7 =g

Figure 4-4 Proposed Failure Modes

The review of previous work has led to the conclusion that there are five possible failure modes for
traditiond timber frame congruction. Figure 4-4 shows the five falure modes for timber frame joints in
tension. Modes I, and Is are the two current NDS modes that apply to timber framed joints. Three
additiona failure modes that should be included are a bearing failure of the peg, peg shear/bending failure

and a peg bending failure with a single flexural hinge. Bearing falure of the peg is denoted mode Iy, and the

57



peg shear/bending failure is denoted mode V4. Mode Vy in a pegged connection is primarily a sheer falure
with fractures due to bending near ultimate loads. The third mode was reported in Schmidt and MacKay's
work with joints constructed of Douglas fir 2x6 side and main members fastened with 0.75" and 1" red oak
pegs (Schmidt and MacKay 1997). Three of the six tests conducted by Schmidt and MacKay involved a
peg failure, two of which were the mode V; falure and the remaining fallure was denoted as Ills'. The
failure was described as a single hinge a the middle of the dowe (at the center of the tenon). This falure
mode occurs in connections in which the base materid dowe bearing strength is low and localized crushing
occursin the peg holes of the mortise members. The crushing dlows the dowd to rotate and form aflexura
hinge located at the center of the tenon. This failure mode was witnessed in three of the 56 tests reported
herein. The southern yellow pine tests SP53a, SP53b and SP53c had this single flexurd hinge at yield and
ultimate loads. Thisfallure mode is denoted as l11,,. The side member embedment length (1) to the fastener
diameter (D) ratio (I/D) for the SYP tests was 1.6, while the mgority of the other tests conducted had 1/D
ratios greater than 2. Schmidt and MacKay’s joint with the mode 111, faillure had a Sde member 1/D ratio
of 1.5. Modes |, Isand 14 are possible due to the various combinations of wood species and mortise and
tenon sizes that could comprise ajoint.

4.3 Detailing Requirements
In the mgority of design Stuations, fallure of the fagtener is the desired fallure mode. The NDS

recognizes a fastener failure as the preferred falure mode by designating minimum detailing requirements for
timber congtruction with sted fasteners. Likewise, the tests conducted on mortise and tenon connections
with wood dowels have demonstrated some degree of ductility when proper edge distance, end distance,
and spacing requirements are met. The failure of the surrounding materid, such as mortise splitting or a
tengon failure of the tenon relish is a sudden and brittle failure. In the event of such a falure, the structure

becomes unsarvicesble and difficult to repair. In previous tests peg falure has shown some degree of
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ductility prior to the loss of load carrying capacity (Reid 1997, Schmidt and MacKay 1997, Kessdl and
Augustin 1996).

The minimum detailing requirements are a result of testing on timber connections with sted bolts
(Trayer 1932). The objective of the minimum spacing requirements is to localize connection falure in or
around the fastener. In this way, brittle failure of the connected wood members is avoided. The minimum
gpacing requirements account for a wide range of possible joint configurations relative to the bolt diameter
and the breadth of the materid in which it isembedded. That isto say, the aspect ratio of the fastener plays
apart in the mechanics of the connection. The embedded length (1) and the diameter (D) of the fastener can
be used as a guide to determine a potentid mode of failure within a connection. Sted fastenerswith al/D =
2 receive load from and ddiver load to the surrounding base materid in a uniform bearing condition. Asthe
I/D ratio increases the fastener bends and forms plastic hinges, therefore changing the mode of failure.
Typicd I/D ratios for timber frame connections are between 1.2 and 2.7 which is much lower than |I/D ratios
found in conventiona connections with sted bolts. This information supports the conclusion that different
falure modes are likely in traditiona timber framed joinery, compared to conventiona connections.

A summary of the minimum end distance, edge distance, and spacing requirements developed from
joint tests in this research is shown in Table 4-3. The values shown in Table 4-3 are not recommended for
actud practice due to the limited number of tests performed, but they do represent the minimum vaues
necessary to develop a ductile fallure of the pegsin these joints. The minimum detailing requirements can be

used as a guide to determine the validity of using the equivaent sted bolt theory presented in section 4.5.

Table 4-3 Minimum Detailing Requirements

Species End Distance (I.) | EdgeDistance(l,) | Spacing (ls)
Southern Yéelow Pine 2D 2D 3D
Recycled Douglas Fir 2D 2.5D 2.5D

Red Oak 2D 2D 2.5D
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4.4 Allowable Stress Values
The current design values for connections are based on the proportiond limit. The origina work

completed by Trayer in 1932 is largely the basis for connection design in the United States. Trayer's
recommendations were used directly in a table format by the Nationd Design Specification for Wood
(NDS) until 1986. The 1991 NDS adopted the European Yield Modd for the design of timber connections
with sed fageners. The EYM is based on the yidd strengths of both the fastener and the connected
materid found by the 5% offset method. The design values in the NDS are based on the EYM equations,
but they have been cdibrated to the proportiona limit values used by the NDS prior to the 1991 edition
(Wilkinson 1993). The cdlibration factors include factors of safety for connections secured with sted
fagteners. This makes asmilar cdibration difficult for timber frame connections. Additiondly, review of the
past research of timber frame connections raises some doubt as to whether or not the use of the EYM
equations or their corresponding factors of safety are applicable to connections fastened with wood dowels.

Use of the 5% offset point has led to inconsistencies with timber connections. The 5% offset lineis
arbitrarily established by choosing the initid straight-line portion of the load deflection plot. In the case of
timber frame connections and tests with sted fasteners, the initid portion of the curve is not necessarily
linear. In Thellen's research on ring shank nail connections, the subjective choice of the linear portion of the
curve sgnificantly affected the resulting 5% offset vaue (Thellen et al. 1998). Theilen proposed that a
gandard displacement be determined that defines the yield point for a group of connections. The
corresponding load at that displacement would be defined as the yield value. The use of a standard
displacement to define the yidd point of timber frame connections could be accommodated, but would
require that present standards, like dowel bearing tests, be reevaluated based on the new criteria.

The yidd vaues of the joints tested in this research had reasonable levels of variaion (dl of the
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COV vdues were a or below 13%). While the use of the 5% offset method is somewhat subjective, it is
believed to be a more accurate and repestable method for determining joint strength than the use of the
proportiond limit or ultimate strength. Congstently determining the proportiond limit congstently for timber
frame connections would be virtualy impossible due to the nature of the load deflection plots. Locaized
crushing of the timber materid creates subtle nonlinear response early in the load sequence and would be
even more subjective than the use of the 5% offset method. The ultimate strength of the connections did
have the same order of variation as the yidd point, but ultimate strength is dependent on many more
unknowns. The ultimate strength vaues were a result of any number of faillure modes. The failure strength of
mortises or of the rdish in the tenon member has yet to be determined. Furthermore, the entire range of
behavior is dependent on congderations like the quaity of construction and defects such as checks, knots,
and dope of grain, al of which are under the control of the builder, but not the designer.

The use of the 5% offset method to establish design vaues in this work has rendered a rdiable
rationale for joint desgn. Regardless of the magnitude of the safety factor gpplied to the 5% offset vaue,
the connection has a known strength characteristic beyond its dadtic limit. In the design of framed
dructures to resst extreme events (e.g. earthquakes and tornadoes), the performance of a Sructure
depends on the ductility present in the frame, or more importantly the ductility present in the connections of
the frame. The region between the proportiond limit and the 5% offset vaue on the load deflection curve is
known to perform adequately. As a connection is loaded beyond is proportiona limit, the stiffness of that
joint will decrease and the excessive displacement dlows for dissipation of energy. For the design of
Sructures for serviceshility, the factor of safety should result in the connection remaining linear eladtic.

The design drengths for timber frame connections have yet to be established. Design strengths and
factors of safety must be determined for the properties of the materias that comprise ajoint. Presently, two

design philosophies exist for use in structural engineering, alowable stress design (ASD) and load and
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resstance factor design (LRFD).

Limited guidelines for the development of design standards for connections exis. ASTM standard
5457-93 is the specification for computing LRFD vaues for wood-based materids and connections
(ASTM 19953). However, LFRD design values are based on a soft conversion from ASD. The properties
needed to develop working stress or ASD values are based on the 5% exclusion values from material tests.
Figure 4-5 shows a norma digtribution with the 5% excluson vaue (Foos) where Foos = X-Ks, X is the
mean vaue, and s is the standard deviation. The coefficient K depends on the number of samples,
confidence level, and sdlected excluson limit. The Fqos vaue, caculated usng ASTM D2915, represents
the point a which 95% of materid strengths will exceed that value based on a chosen confidence leve
(ASTM 19958). A confidence leve of 75% was used for both the material and joint testsin this research.

The 5% exclusion vaue can be usad to establish the dlowable stress design sirength. Table 4-3
shows the analytical procedure for determining ASD strengths and the soft conversion to LRFD strengths.

The Fo 5 vaue isthe characterigtic materia strength obtained by Statistica analyss of physical test data (see

Fig. 4-5).
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Figure 4-5 Normal Digtribution

The design vadue for ASD is found by dividing the 5% excluson vaue by a factor of safety and
adjusting for duration of load effects. A divisor of 2.1 is standard for lumber properties such as flexura
stress F, and compressive stress .. The determination of an appropriate divisor for connections in timber
frame condruction has not been determined. In the United States, the design vaue for conventiona
connections (with sted fasteners) has been determined from the proportiona limit of the load deflection plot,

not from the 5% offset yield point.

Table 4-3 Comparison of ASD to LRFD

ASD LRFD
Design Vaue: Rnaso) = Foos/ F.S. Rurep) = KeRyas)
Design Inequality: Ruaso) £ SQ, fRyLrep) £ SPQ

The LRFD design vaues are based on a soft converson from ASD design vdues. The cdibration
factor, found in ASTM D5457, is Kr = 2.16/f . This factor relates a desgn using LRFD to a comparable
one usng ASD with alive load to dead load ratio of 3.0 (ASTM 1995a). The cdlibration factor accounts
for the factor of safety and the difference in how load duration effects are handled between ASD and
LRFD. Theresstancefactor f varies with the type of applied stress. The ASTM standard gives vaues of
f as 0.9 for compression, 0.85 for bending, 0.75 for shear, and 0.65 for connections. There is no method
for the establishment of LRFD vaues directly from test data. Therefore, the establishment of LFRD design
vauesis beyond the scope of this research.

Factors of safety for timber frame tenson joints need to be determined. Kessd and Augustin

(1996) recommended that the design vaue for a group of connections with the same geometry and
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properties be established as the minimum of three vaues.

A factor of safety of 3.0 should be applied to the average ultimate load for the specimensin a

group.

The average value of the load corresponding to a displacement of 1.5mm (0.06”) for a series of

tests divided by afactor of safety of 1.0 (in effect, thisisa service load limit).

The minimum ultimate load for a series of tests divided by afactor of safety of 2.25.
It is important to note that the procedure outlined by Kessd and Augustin was to determine design
capacities based on short duration loads (e.g. wind and seismic events). Table 4-4 shows the gpplication of
the method proposed by Kessel and Augustin to the joints tested within this work. The table includes the
average values from tests in which mode Vy occurred at the 5% offset point. The remaining joints were
excluded because the intent of this work was to define detailing requirements that assured fastener failure.
Shown in the table are the minimum vaues for the procedure outlined by Kessdl and Augudtin. The

governing capecity for al the joint groups was the mean ultimate load divided by afactor of safety of 3.0.

Table 4-4 Allowable Joint Loads using Kessel’' s Suggested Factors of Safety

Joint Load (Ibs) Factor od Recommended Loads (Ibs)
SYP DE RO Safety SYP DE RO
Mean Ultimate 6,720 6,500 9,100 3.0 2,240 2,170 3,030
Minimum Ultimate 5520 6070 7590 228 2 450 2 700 3370
Mean lLoad @ 1.5 mm 3.940 4.650 3.080 1.0 3.940 4,650 3.080

The dlowable joint loads for the tests conducted within this work are based on Kessdl and
Augustin’s recommended factors of safety. Note that the digolacement limit of 1.5 mm corresponds, in this
work, to approximately one-hdf of the yidd displacement. The 5% offset yidd point, rather than the
ultimate strength, can ill be used by determining a factor of safety that will produce comparable strengths
to those recommended by Kessd and Augudtin.  Table 4-5 shows the governing loads from Kessd’s
recommendations in Table 4-4. The drength vaues for the three joint groups were caculated using the
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characterigtic shear span to diameter ratio for each species and the 5% excluson white oak peg shear
equation shown in Figure 2-6. A factor of safety was caculated for each joint group so that the resulting
dlowable load was equd to the loads recommended by Kessdl and Augustin. As shown in the table, dl of
the factors of safety were gpproximately equal. The factors were averaged to determine a common vaue
for timber frame connections. The resulting factor of safety of 2.0 converts the 5% offset load to the
recommended design value suggested by Kessel and Augustin for short duration loads. Figure 4-6 shows
the allowable load plotted on the load deflection curve for a Douglas fir joint test.

The design strength of ajoint for a norma duration load would require the use of the load duration
factor (Cp) from the NDS. The load duration factor for wind or seismic events, which correspond to aten
minute load duration, is 1.6. This factor, which was determined from tests of flexural members, is assumed
to apply to connection design as well. Hence, the design vaue for norma duration (10 years) loading is
obtained from the lower 5% excluson strength limit by dividing the latter by a factor of 3.2. This factor
corresponds precisaly with the calibration factor for desgn of conventional connections using the yield

model approach; see Chapter 2 of the NDS (AFPA 1997).

Table 4-5 Recommended Factor of Safety

Joint Groups
SYP RDF RO

2240 2170 3030

Using Kessel's
Recommended F.S. (1bs)
5% Excl. Load based on
Charact. Shear Span to 4210 4770 5550
Diameter Ratio (Ibs)
Factors of Safety for 5%
Offset Strength

19 2.2 1.8

Mean Factor of Safety = 2.0



DF4 Load vs. Deflection

8,000

7,000
6270 Ib.

6,000 775360 Ib. ,/"7"“'/
_________ _/ N
e

Load (lbs.)
5 o
o o
o o
o o

3,000
| g Allodv%bl
Load/2340 Ib.

2,000

1,000 /

0

0.00 0.10 0.20 0.30 0.40 0.50
Deflection (in.)

Figure 4-6 DF Allowable Load vs. Actud Test Data

4.5 Joint Design
The current NDS spacing requirements are based on the use of ASTM A307 sted fasteners.

Requirements for joint detailing are based on fastener diameter. When dl fasteners are A307 ded, this
requirement should produce consgtent results. However, required fastener diameter only indirectly
corresponds to applied load. The end distance, edge distance and spacing requirements should be based on
the gpplied load that the connection will carry. An gpproprigie method for establishing spacing
requirements for timber frame connections with wood pegs must to be developed. The concept of an
equivaent sted bolt, equa in drength to the wood peg, leads to one possble method (Schmidt and
MacKay 1997).

The proposed design procedure would be as follows. A designer establishes the load capacity
required in a given joint. The size and number of wood pegs required to carry this load are determined
based on the five failure modes and factor of safety described earlier. The capacity of the joint based on
the strength of a single peg is subgtituted into the four EYM equations for double shear connections with a

ged bolt. The diameter of a single stedl bolt required to resist this load can then be found for each of the
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modes. The largest diameter from the EYM equations is then used as the equivaent stedl bolt for the joint
design. The spacing requirements from Chapter 8 of the NDS are gpplied to the governing sted bolt

diameter. The wood peg would be placed at the resulting distances.

Mode I, 7= D tm Fem (4-2)
4K:
Mode |5 7= D tsFes (4-3)
2K
Mode 1 _ k3D ts Fem (4-2)
1.6K:(2+Re)
Mode IV D2 2 Form Fes 45)

7=
1.6K: | 3(1+R.,)

The strength of atimber frame connection in double shear can be smplified to the minimum vaue of
three equations. Based on the information in section 4.1, the various falure modes for bearing can be
separated into three distinct modes based on materia bearing capacities with sted load applicators. Failure
modes |, and |4 are determined using the individua dowe bearing strength for the tenon member (Fer) and
peg (Fe), respectively. Mode [ is determined using the mortise member dowe bearing capacity ).
Mode V; is determined using the characteristic shear span to diameter ratio for a given peg and base
materid and the equation given in Figure 2-6 to determine the characteristic shear stress (). Table 4-6
shows four modes of falure and their corresponding strength equations with the factor of safety for a 10
minute load duration of 2.0. The mode I, falure discussed in section 4.4 was only witnessed in three joint
tests and the corresponding capacity has yet to be developed. It is not listed in Table 4-6, but should be

consdered in any future work.
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Table 4-6 Timber Frame Design Equations

Mode 4
NDtnF
Py = 1D (46)
2.0
Mode |,
D tmFem
P = 22 e 4-7)
— 2.0
Mode |
2nD tsFes
Pis = n— (4-8)
2.0
Mode V4
2
> PdeznAdtC:npD tC (4_9)
2.0 4

n = number of fasteners
D = diameter of fastener
Fed = peg dowd bearing strength
Fen = tenon dowd bearing strength
Fe = mortise dowd bearing strength
tm = thickness of tenon,
ts = thickness of mortise cheeks
Aq4 = area of the dowel
t . = shear capacity of the dowel

Table 4-7 shows is a comparison of end distance, edge distance, and peg spacing from
experimental recommendations and vaues found using the equivaent stedl bolt theory with a 10 minute load
duration. The detailing dimensions based on the theory exceed the recommended minimum values, with the
exception of peg spacing. The spacing of fastenersis thought to have aminima effect on joint capacity, but

this is based purdy on test observations. The requirement for peg spacing is consdered to be a



congtructability issue and not necessarily a strength concern. The ten minute duration values with a factor of
safety of 2.0 represent the minimum experimental values reasonably wll.
Recommendeations for normal duration loading are not offered in thisreport. The applicability of the

load duration factor Cp = 1.6 for timber frame connectionsis still under investigation.

Table 4-7 Equivalent Stedl Bolt Theory, Ten Minute Load Durétion

End Distance | Edge Distance | Spacing
le (in) Ly (in) Ly (in)
SYP Joint Theory 4.3 2.5 1.5
SYP Test 20 20 30
RDFE Joint Theory 4.7 2.7 1.7
RDFE Test 2.0 2.5 2.5
RO Joint Theory 3.7 2.9 1.8
RO Tests 2.0 2.0 2.5

A sample design of a Douglas fir joint with the same configuration as the full Sze joint tests used for
this research is shown in Table 4-8. The equivalent sted bolt Sze is found with the factor of safety for aten
minute load duration (F.S. = 2.0). The factor of safety was applied to Equations 4-6, 4-7, 4-8, and 4-9.
This design resulted in two 0.66 inch diameter equivalent sted bolts. The current NDS values for fastener
gpacing are applied to the equivaent sted bolt, which result in an end distance of 4.7 inches, an edge
distance of 2.7 inches, and a peg spacing for members loaded perpendicular to grain of 1.7 inches. The
end and edge distances found using this method are conservative compared to the minimum vaues
determined from actud joint tests (see Table 4-7). The peg spacing of 1.9 inches is below what was found
from tests, but a minimum vaue of 2.5D is recommended Douglas fir joints. Similar cdculations as shown

in Table 4-8 are found in the Appendices H and | for SYP and RO.
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Timber Frame
Joint Properties

a/D= 0.40
n= 2
D= 1.0 in.
tm= 2.0 in.
ts= 2.0 in.
Fed'= 2,688

Fem= 5,488 psi

Equivalent Bolted

Connection Properties

Fy, = 45,000 psi
G, = 0.49
Gs = 0.49

Fem = 5,488 psi
Fes = 2,660 psi

Equivalent Steel
Bolt Calculation

Mode Im Eqv.Dia. = 0.543 in
Mode Is Eqv.Dia. = 0.560 in
Mode llls Eqv. Dia. = 0.664 in
Mode IV Eqv.Dia. = 0.570 in

Diameter = 0.664 in

Fes™= 2,660 psi tm = 2  inches Equivalent Bolted
~ 1518 psi ts = 2 inches Connection Capacitly
Pgs= 5,376 Ka= 1.25 Mode Im P/bolt = 1,459 Ib
Pm= 10,976 Ibs. ks = 1.328 Mode Is P/bolt = 1,414 Ib
Ps= 10,640 Ibs. Re = 2.063 Mode llls P/bolt = 1,192 Ib
Pve= 2,384 Ibs. Mode IV P/bolt = 1,618 Ib
P,= 2,384 Ibs. Total P* = 2,384 Ib
Edge Distance (in) End Distance (in) Spacing of Rows (in)
Par. to Grain 1.0 Reduced  Full Par.to Grain 1.0
Perp. to Grain: Perp.to Grain 1.3 2.7 Perp. to Grain 1.7
loaded edge 2.7 Par.Comp 1.3 2.7
unloaded edge 1.0 Par. Tension:
softwoods 2.3 4.7
hardwoods 1.7 3.3

! Peg bearing strength was taken from section 2.4.5.

2 Material dowel bearing strengths were calculated using the NDS equations.

Table 4-8 Joint Design and Equivaent Sted Bolt Theory
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5. Summary, Conclusions, and Recommendations
5.1 Materials

The objective of the materia tests was to establish strength data for correlation to actua joint tests
and to edtablish a more efficient method for determining dowel bearing strengths of timber framed
connections. Peg bending, peg shear, and peg bearing tests were conducted on a single white oak peg
population in an effort to accomplish the stated objectives. The peg shear tests were used to develop a
characterigtic equation for the white oak peg population based on shear span. Dowed bearing tests were
performed on materia removed from the mortise and tenon members of the full Sze joint tests. Severd
dowel bearing tests and peg bearing tests were used in a proposed spring-in-series model for determining
dowe bearing capacities of timber framed connections. Experimenta vaues for combined dowe bearing
tests were obtained for verification of the modd.

Tegting of the mentioned materials and analytical comparisons has led to the following conclusions:

The strength data for dl of the materid tests is regarded as suitable for use in design Stuations, but

needs to be adjusted for factor of safety and duration of load.

The peg shear test fallures were Smilar to those in pegs removed from full Sze joints.

The gtiffness vaues from the shear tests could not be correlated to the joint tests.

The spring theory showed that dowe bearing tests of combination of joint and peg materias can be

modded as rings in series and that the weeker materia in the combination dominates the

combined strength.

The dtiffness vaues for the spring theory modd were consigtently less than the combined dowe

bearing test data.

The corraion of materid test bearing data to full Sze joints was not made due to the lack of a

bearing falure in any of the joints tested.
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5.2 Joints

The objective of the joint tests was to establish strength and gtiffness data as well as a rationd
design method for joints under short duration loads. Monotonic testing, as well as a smdl number of cyclic
tests, of joints constructed from three different wood species were used to reach the stated objectives.
Severd strength equations were derived based on the failure modes witnessed and those known to exist. All
the joints were tested in tenson and failure of the pegs was identified as the preferred fallure mode. The
necessary detailing requirements to insure peg falure for joints under short duration monotonic loads were
found experimentally and compared to a proposed andytical procedure using the current NDS strength
equations and an equivaent stedl bolt theory. The strength equations and the equivaent stedl bolt theory
were combined to form a proposed design procedure for timber frame connections.

This experimentd and anayticad work alows for the following conclusonsto be drawn:

The specification of minimum end distance, edge distance, and spacing for pegs insures that a brittle

failure of the connected members will not occur prior to substantial deformation of the joint after

yield.

Based on these minimum dimengions, joint design can be based on five distinct modes of falure;

mode |, mode I,, mode |4, mode 11, and mode V.

The equivalent stedl bolt theory is a conservative and convenient method for determining end and

edge distances for joint under monotonic short duration load.

A method to describe the stiffness of timber frame connections was not established.
5.3 Recommendationsfor Future Work
5.3.1 Material Tests

Additiond materid tests are needed to define timber frame connection behavior. There is limited

data on peg shear strengths and combinations of peg and base materid strengths for the full range of
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materids usad in the timber frame industry. Defining these properties is a mugt if the industry wants to

develop design specifications.  Further investigation into a weeker material dominating the strength of a
combined bearing test is warranted based on the results of this work. If tests on other species and

orientations behave smilarly to the combined dowe bearing tests in this research, existing data could be
used to define the bearing strengths of virtualy any combination of materids without the need for additiona

testing. Below is a summary of the recommendations for future materid tests to advance the development of

timber frame design values.

Dowe bearing tests to vadidate the spring theory mode, which should include tests of various grain

orientations with respect to load.

Peg shear tests based on the smplified joint test procedure used by Reid to establish strength and

diffness data for various peg and base materia combinations (Reid 1997).

5.3.2 Jaint Tests

A subgtantid amount of work is needed to sufficiently establish a design standard for timber frame
connections. The objectives of this work were to determine detailing requirements to insure peg fallure and
to determine the strength and stiffness of these failure modes. Two of the three objectives liged were
accomplished.

The definition of stiffness properties for timber frame connectionsis required. A review of the work
by Reid a the Michigan Technologicad Universty could be the answer to defining joint stiffness (Reid
1997). The COV vaues from the full Sze tests in this work ranged from 15% for the red oak joints to no
correlation in the southern yellow pine tests. The tests performed by Reid produced consistent results and
the amplified joints used by Reid are a rdatively inexpensve dternative when compared to full sze joint
tess The smplified joints are much easier to condruct, use less materia, and would alow for more quality

control over the specimen.
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Table 51 shows a comparison of the smplified maple joints tested by Reid and the average
diffness vaue from the 10 monotonicaly loaded red oak joints in this work. The comparison between the
maple and red oak tests is justified because Reid reported no damage to the side or main members during
testing, which is gmilar to wha was witnessed during the red oak joint tests. The column in the table
labeled equivalent joint contains the stiffness values from Reld's tests adjusted to reflect two pegs and a
1.5" thick tenon for comparison to the full Sze red oak tests. The stiffness vaues for both test types are
essentidly identical.

Table 5-1 Stiffness Comparison of Full Size Joint Tests to Smplified Joint Tests

Stiffness (Ibs/in) Red Oak Joint
Group | Orientation] Mean StDev COV | Equiv. Joint Stiffness
MTOOM1 | Tangential | 51,900 4,850 0.090 69,200 70,200
MTOOM2 | Tangential | 51,700 3,310 0.060 68,900 70,200

The development of diffness values for timber frame connections should include the use of these
amplified mortise and tenon connections. The smplified joints produced much less variation in diffness.
The drength vaues from the smplified joints could be compared to those from the full sze joint tests and
possibly be used to develop additiond strength information.

Joint tests are needed to define the mode 111, failure. The failure mode appears to be controlled by
the embedment length (1) to diameter (D) ratio of the peg and the ability of the timber to prevent rotation of
the peg. The three mode 111, failures observed in this research had al/D ratio of 1.6 and the joint tested by
Schmidt and MacKay (1997) with this failure mode had an I/D ratio of 1.5. Experimenta work with
varying parameters such as tenon and mortise thickness and peg diameter is needed. The smplified joints
used by Reid would work well for varying the mentioned parameters without usng large amounts of

materid.
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Limited tests were performed during the course of this work. In order to gain better ingght into
connection design more tests are needed. In particular, the effects of norma and long term load duration
needs to be defined. The Douglas fir joints tested in this work were brittle compared to the other joints
tested. Additional Douglas fir joints from both recycled and fresh cut timber need to be tested. The
determination as to whether or not fresh cut materia is as brittle as recycled, and the long term load effects
on recycled materid has yet to be studied. The long and short term effects of draw boring joints with
seasoned and unseasoned materia, and additiona cyclic tests are al important to the development of
connection standards.  Studies on specimens made from additional commercidly important species to the
timber frame industry are needed for verification of the end distance, edge distance, and spacing
requirements to insure peg fallure. Findly, the incorporation of al the past and future work needs to be
aoplied to the analys's and testing of timber frame assemblies.  Individua joint data is vaugble to the
designer or builder only if it can be related to the overal Structure behavior.

The recommendations for future work to define timber frame joint design capacities are listed below:
Smplified joint tests Smilar to those tested by Reid for the determination of strength and tiffness
properties (Reid 1997).

Parametric sudies using smplified joints to isolate the mode 111, faillure mode.

Additiond full-gze joint tests of commercidly important species to verify the equivalent stedl bolt

theory.

Tedtsto identify the effects of duration of load and seasoning on joint capacity.

Frame tests to corrdate individua joint behavior to overal structure response.
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7.0 Appendices

Appendix A Joint Test Defects and Comments:

Southern Pine Joint Tests

Test

Test Comments

Tenon Defects

Mortise Defects

SP1

joint was prestressed by overtightening nut on test apparatus

SP2

SP3

SP4

SP5

SP6

SP7

SP8

SP9

SP10

SP11

sians of rot below pegs, did not seem to affect test

SP12

SP13

drawboring failed one peq hole w/ classic relish failure

SPi14

SP15

lost data file

SP16

50

5la

joint SP51 was loaded three times to test repair procedure,

51b

there was no significant damage to the mortise or tenon

51c

and all failures occurred in the pegs.

52

mortise split at knot adiacent to peas

53a

joint SP53 was loaded three times to test repair procedure,

53b

there was no significant damage to the mortise or tenon

53c

and all failures occurred in the peas.

*Tests of joint SP53 were stopped prior to reaching the 5% offset value due to test errors.

Recycled Douglas Fir Tests

Test

Test Comments

Tenon Defects

Mortise Defects*

DF1

defects did not seem to affect joint strength

knot directly behind one peg

slight blow-out at one peg hole

DF2

it is likely that the mortise splitting occurred sumilt. w/peg
failure but cracking was heard prior to the 5% offset point

DF3

audible cracking heard prior to ultimate

checks throughout

checks throughout

DF4

2" dia. knot adjacent to peas |

DF5

simult. tenon relish and mortise split at ultimate

DF6

cracking heard after vield point, but mortise seemed O.K.

DF7

DF8

DF9

affect test

relish failure behind one peg, tenon damage did not seem to small peg hole blow out

DF10

DF11

DF12

likely that checks caused failure, but was difficult to determine
check closed during test and the tenon formed splits behind

severe checks in mortise

large check @ center

DF13

both peq holes. increase in end distance had no effect

*The majority of the mortise members had hair-line checks throughout. Defects were recorded for joints that had a

significantly greater number of checks or large checks.
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Red Oak Joint Tests*

| Test | Mortise/Tenon Test Comments Tenon Defects Mortise Defects*
RO1 H/H tests RO1, RO2, and RO3 was the same joint loaded three bad saw cut at tenon pith in center, honeycombing
RO2 H/H times to test repair procedure,there was no significant damage shoulder and surface checks
RO3 H/H to the mortise or tenon and all failures occurred in the peas
RO4 E/E tests RO4, RO5, and RO6 was the same joint loaded three pith with check in outer | spike knot inside one peg
RO5 E/E times to test repair procedure,there was no significant damage 1/3 hole, pith in center and
RO6 E/E to the mortise or tenon and all failures occurred in the peas honeycombing
RO7 F/IE mortise had check pass through peg holes and tenon blew out pith in mid 1/3 and pith on mortise face,
at peg hole due to check, one peg hole was essentially failed diagonal check surface checks and large
prior to testing, but the joint was included in the data set because core check
it still maintained load (impressive)
RO8 L/ tests RO9, and RO10 was the same joint loaded two times diagonal check multiple checks and pith
RO9 L/L to test repair procedure,there was no significant damage to the in mid 1/3
nale]
RO10 I/ check passed through both mortise peg holes which had signs of |diagonal check through |large checks and large
openning during the test but the check did not form split peg hole honeycombing
(impressive) peq shear/bending was still the mode of failure
RO11 D/D tests RO11, RO12, and RO13 was the same joint loaded three bark pocket at face of
RO12 D/D times to test repair procedure,there was no significant damage to mortise and large check
RQ13 D/D the mortise or tenon and all failures occurred in the pegs, the first on other face
test was a cyclic test and one set of peq holes had large check
RQ14 B/B formed single split behind one peg at approx. 7000 Ibs. on 4th pith in outer 1/3 and knot | knot in mortise
cycle, ultimate occurred when the same peg formed classic relish |directly behind one peg
failure through pith, peg failure could have occurred before first
tenon split, but was difficult to determine
RO15 GIA tests RO15, RO16, and RO17 was the same joint loaded three pith in tenon center bark pocket on inside face
RO16 times to test repair procedure, the mortise split at approx.
RO17 13,200 Ibs.during ultimate failure of test RO17
RO18 AG

*Mortise and tenon members were labeled, and the defects were noted for use in multiple tests.

I




Appendix B Summary of Joint Test Plots:
Summary of SYP Joint Test Plots:

SP1 Load vs. Deflection SP2 Load vs. Deflection
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SP9 Load vs. Deflection SP10 Load vs. Deflection
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Load (Ibs.)

SP51a Load vs. Deflection SP51b Load vs. Deflection

5,000 5,000

4,500 28 1 4,500

4,000 ’\f‘f\r\ 4,000

358410
3,500 3,500
3023 Ib. '_,,_.-"—"v’f /
3,000 oo ~ 3,000
A
,!7 2 2521 b el /
2,500 / 5 25001 7 /
2
2,000 / S 2,000 /J/;‘ /

1,500 / 1,500
1,000 / 1,000 / / /
/ /

500 / 500 /
0 0

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.00 0.10 0.20 0.30 0.40
Deflection (in.) Deflection (in.)
SP51c Load vs. Deflection SP52 Load vs. Deflection
5,000 10,000
4,500 4537 b 9,000
4,000 MJ \ 8,000
3,500 5 \ 7,000
J \ 6444 Ib.
~ 3,000 Y - ~ 6,000 A
g 2606 Ib -~ 3 £ _j/r \
= 2,500 ¥— = 5,000
3 A E i
3 2,000 / 3 4000 //
1,500 / 3,000 /
1,000 { 2,000 /
500 1,000 /-
0 0
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.00 0.10 0.20 0.30 0.40
Deflection (in.) Deflection (in.)
SP53a Load vs. Deflection SP53b Load vs. Deflection
10,000 10,000
9,000 9,000
186 Ib.
8,000 1 3005 10- o, 8,000 -
7,000 ﬁ 7,000 r 2 o
9 I 4 I | 7
~ 6000 A ~ 6000
2 L1/ ] v
= = A
S 5000 S 5000
2 / 2 /
— 4,000 / — 4,000 /
3,000 / / 3,000 /
2,000 / 2,000 /
1,000 / 1,000
0 0
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.00 0.10 0.20 0.30 0.40
Deflection (in.) Deflection (in.)
SP53c Load vs. Deflection
10,000
9,000
8,000
7,000
6341 Ip.
~ 6000 / —
2
=~ 5,000
o
g
— 4,000 /
3,000 /
2,000 /
1,000 (
0
0.00 0.10 0.20 0.40 0.50 0.60

030
Deflection (in.)

82




Summary of RDF Joint Test Flots:

DF1 Load vs. Deflection DF2 Load vs. Deflection
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DF9 Load vs. Deflection
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Summary of RO Joint Test Plots:

RO1 Load vs. Deflection RO2 Load vs. Deflection
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RO9 Load vs. Deflection

RO10 Load vs. Deflection
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RO17 Load vs. Deflection RO18 Load vs. Deflection
14000 TS 12000
13000 11000
12000 Vﬂ_/_/‘, e A10463I -
11000 o n./VWN /
10000 / 9000 ,\[’/f’ /
/ 8000 =
9000
5 8000 42761 1b / 5 7000 nr/ /’ / I /
S / 2 /IA /'I /-’ / /
2 7000 2 6000 i/
& 6000 / & 5000 //// / /
5000 /,/ v 1000 ST /1] /
ol — » w7711
00 {— v 117
wo L AT 7
/ 1000
1002 7/ I
0.00 0.10 0.20 0.30 0.40 0.50 0.00 0.10 0.20 0.30 0.40 0.50
Deflection (in.) Deflection (in.)
RO19 Load vs. Deflection RO20 Load vs. Deflection
18000 18000
15p63 Ib.
16000 16000
M"‘\
14000 14000 155755 /r""/-
12000 12000 . r_,.r%
5 10000 5 10000 i
2 N 506 Ib. 2 /
g 8000 /’ g 8000
6000 6000 /
4000 / 4000 /
2000 / 2000 /
0 r{‘b 0
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.00 0.10 0.20 0.30 0.40 0.50 0.60
Deflection (in.) Deflection (in.)
Appendix C SYP Drawbored Joint Tests:
Peg End [Edge| Spacing | Yield Yield Yield Stiffness | Ultimate | Ultimate | Ave. Peg [Failure Failure
Diameter | Dist. | Dist. Dist. Disp. Load Stress Disp. Load G Type @ Yield Type @ Ultimate
Test (in) () | @) () (in) (Ibs) (psi) (Ibsfin) (in) (Ibs)
SP13 1.0 2D 2D 3D 0.07 4,700 1,450 246,000 0.31 5,230 0.67 Tenon Relish! Peg Shear/Bending
SP14 1.0 2D 2D 3D 0.09 4,150 1,280 94,000 0.39 6,040 0.61 Peg Shear/Bending |Peg Shear/Bending
1Relish failure behind one peg prior to loading specimen.
Appendix D RO Four Peg Joint Tests:
Peq End | Edae ] spacing] Yield Yield Yield | Stfness | Ulimate | Ulimate | Ave. Peq [raiure Failure
Diameter | Dist. | Dist. Dist. Disp. Load Stress Disp. Load G Type @ Yield Type @ Ultimate
Test (in) ) | () ) (in) (Ibs) (psi) (Ibsfin) (in) (Ibs)
RO19 0.977 2D 2D 2.5D 95700 0.09 8510 0.76 Bending Failure of Mortise|
RO20 0.984 2D 2D 2.5D 0.28 13000 48100 2140 0.52 15900 0.62 Peg Shear/Bending _|Mortise _splitting @ 0.51"
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Appendix E Summary of Peg Bending Tests:.

! From ASTM D2915

Summary of Dry Peg Bending Tests
Yield
Load Yield Ultimate Stiffness| Actual | Section | Stress FAILURE
Test Species| Orient.|Load (Ib.)] Load (Ib.) (Ib/in.) | Dia(in.) |[Modulus| (psi) | M.C.% | SG |SG, TYPE
98wot033 A6 T 515 625 2,613 0.985 0.094 8.583 16.3 10.58] 0.59 Brash/Simple Ten.
98wot031 WO T 619 762 3,617 1.001 0.098 9,832 15.7 10.61] 0.62 Simple Ten.
98wot042 | WO T 728 911 4,300 1.002 0.099 [11,516] 15.8 ]0.61] 0.62 | Brash/Cross Grain Tension
98wot035 WO T 724 845 3.875 1.000 0.098 11,543 16.8 10.62] 0.63 Brash/Simple Ten.
98wot045 WO T N/A N/A 4,500 0.999 0.098 N/A 13.9 10.62] 0.63 Brash/Simple Ten.
98wot037 WO T 729 837 4.000 0.997 0.097 11,7291 143 1063] 0.63 Brash/Simple Ten.
98wot047 | wo T 726 815 4,083 0.989 0.095 [11,959] 16.3 J0.63] 0.64 Simple Ten.
98wot044 | WO T 782 930 4,500 0.994 0.096 12,693] 14.2 ]0.63] 0.64 Simple Ten.
98wot032 WO T 735 856 4.000 0.996 0.097 118411 17.1 10.64] 0.64 Simple Ten.
98wot043 WO T 721 779 4,100 0.999 0.098 11,525 14.5 10.64] 0.64 Simple Ten.
98wot039 A6 T 814 854 5139 0.984 0.094 13595] 13.3 10.64] 0.65 | Brash/Cross Grain Tension
98wot030 | WO T 639 759 3,811 0.985 0.094 10,650] 11.9 ]0.65] 0.65 Simple Ten.
98wot049 | WO T 773 898 4,300 1.013 0.102 [11,854] 14.8 ]0.65] 0.66 Cross Grain Tension
98wot034 | WO T 781 869 5,500 0.989 0.095 128711 16.1 ]0.66] 0.67 Simple Ten.
98wot036 WO T 708 806 3,750 0.991 0.095 11,590| 15.4 ]0.67] 0.68 | Brash/Cross Grain Tension
98wot046 WO T 722 815 3,790 0.988 0.095 11,919] 15.1 ]0.68] 0.69 | Brash/Cross Grain Tension
98wot048 \WYe] T 737 825 4,250 0.953 0.085 13580 13.6 ]0.69] 0.70 ] Brash/Cross Grain Tension
98wot051 WO T 771 918 4,900 0.994 0.096 12,518] 11.5 ]0.70] 0.71 Cross Grain Tension
98wot056 WO T 909 1.008 5312 0.976 0.091 155661 12.0 10.73] 0.74 ]| Brash/Cross Grain Tension
98wot059 WO T 896 1,069 5,667 0.983 0.093 15,019 12.9 10.73] 0.74 Splintering Tension
98wot060 WO T 900 1,099 5,833 0.975 0.091 15,449 16.3 10.74] 0.75 Simple Ten.
98wot054 | WO T 1,090 1,160 6.833 0.985 0.094 181511 11.8 10.75] 0.76 Cross Grain Tension
98wot053 | WO T 1,131 1,321 6,333 1.000 0.098 [18,027] 14.7 10.75] 0.76 Cross Grain Tension
98wot055 WO T 1,149 1,184 6.000 0.996 0.097 18,514 12.7 10.77] 0.77 Cross Grain Tension
98wot052 WO T 937 1,184 6,500 0.982 0.093 15,7761 12.0 ]0.79] 0.80 Simple Ten.
98wot057 WO T 1,222 1,292 7,031 0.994 0.096 19,7961 12.0 | N/A] N/A | Brash/Cross Grain Tension
Mean= 818 937 4,790 13,444 14.3 0.67 0.68
Std. Dev.= 174 180 1,129 2,879
5% Exclusion= 488 596 2,650 7,988
Cov= 0.21 0.19 0.24 0.21
K'= 1.895 1.895 1.895 1.895
! From ASTM D2915
Summary of Wet Pegq Bending Tests
Yield
Load Yield Ultimate | Stiffness| Actual Section | Stress Failure
Test Species]| Orient. | Load (Ib.) J Load (Ib.)] (Ib/in.) | Dia (in.)] Modulus | (psi) |M.C. %] SG |SGi» Type
98wot001] WO T 658 792 5310 1.015 0.103 10014 | 345 ]10.55] 0.55 Compression
98wato2 ] Wo I 646 718 3785 1013 0102 9887 | 364 lo62l 0621 Cross Grain Tension|
98wot003| WO T 618 742 3.996 1.004 0.099 9.738 36.3 ]0.65] 0.65] Cross Grain Tension
98wot004] WO T 645 741 4787 1.015 0.103 9811 32.9 10.57] 0.57] Cross Grain Tension
98wot005 WO T 964 1.050 5712 1.009 0.101 14951 28.1 10.77] 0.78 Simple Tension
98wot006] WO T 622 706 3.367 1.012 0.102 9.547 61.7 10.62] 0.61] Cross Grain Tension
98wot007] WO T 606 747 4034 1.016 0.103 9.201 31.0 ]0.61] 0.61] Cross Grain Tension
98wot008| WO T 626 766 4973 1.011 0.101 9.649 31.2 ]0.59] 0.59 Simple Tension
98wot009] WO T 1,065 1,200 6.349 1.020 0.104 15978 | 33.1 ]10.74] 0.73] Cross Grain Tension
98wot010] WO T 668 799 4170 1.019 0.104 10,047 | 26.8 ]10.66| 0.67] Cross Grain Tension
98wot011] WO T 516 644 3,158 1.026 0.106 7.609 42.7 10.57] 0.57] Cross Grain Tension
Mean= 694 809 4,513 10585 359 0.63 0.63
Std. Dev.= 165 165 1,001 2,516
5% Exclusion= 352 467 2,436 5,367
Cov= 0.24 0.20 0.22 0.24
K'= 2074 2.074 2.074 2.074



Appendix F Summary of Peg Shear Tests:

Shear Test Summary

Shear Yield
Test Span Yield Load Stiffness Dia Stress MC% SG SGi»
98T1SHO1 1D 2,140 27,632 0.985 1,872 9.5 0.62 0.62
98T1SH02 1D 2,211 25,000 0.981 1,951 12.7 0.62 0.62
98T1SHO3 1D 2,179 30,263 0.978 1,933 13.8 0.61 0.62
98T2SH04 1D 2,344 34,706 0.984 2,054 9.6 0.65 0.66
98T2SHO5 1D 2,595 24,583 0.986 2,268 8.4 0.72 0.73
98T2SH06 1D 2,330 26,579 0.980 2,059 9.5 0.70 0.71
98T3SHO7 1D 2,468 65,000 0.980 2,183 8.1 0.79 0.80
98T3SH08 1D 2,479 53,500 0.966 2,256 12.4 0.79 0.80
98T3SH09 1D 2,473 42,000 0.999 2,102 14.2 0.75 0.76
Mean= 2,075 10.91 0.69 0.70

Std. Dev.= 141

5% Exclusion= 1,773

Cov= 0.07

K'= 2142
98T1SH10  1/2D 2,532 60,357 0.987 2,207 13.1 0.64 0.65
98T1SH11 1/2D 2,844 40,250 0.996 2,435 14.0 0.63 0.64
98T1SH12  1/2D 2,489 58,929 0.975 2,222 14.7 0.63 0.64
98T2SH13  1/2D 2,874 54,583 0.998 2,448 12.1 0.65 0.66
98T2SH14  1/2D 3,124 41,250 0.976 2,785 13.3 0.71 0.71
98T2SH15  1/2D 2,612 48,125 0.983 2,295 11.0 0.64 0.65
98T3SH16  1/2D 3,085 70,000 0.982 2,717 13.7 0.82 0.83
98T3SH17  1/2D 2,855 56,944 0.985 2,498 12.2 0.70 0.70
98T3SH18  1/2D 3,315 56,000 0.992 2,859 14.1 0.76 0.76
Mean= 2,496 13.14 0.69 0.69

Std. Dev.= 242

5% Exclusion= 1,978

Cov=  0.10

K'= 2142
98T1SH19  1/4D 2,733 66,429 0.968 2,477 12.9 0.64 0.65
98T1SH20  1/4D 2,718 66,000 0.971 2,446 13.8 0.63 0.64
98T1SH21  1/4D 3,210 70,000 0.978 2,851 13.0 0.64 0.65
98T2SH22  1/4D 3,278 120,000 0.988 2,852 15.1 0.72 0.72
98T2SH23  1/4D 2,960 110,000 0.983 2,602 11.4 0.69 0.69
98T2SH24  1/4D 3,374 111,667 0.985 2,950 12.2 0.70 0.70
98T3SH25  1/4D 3,602 85,000 0.973 3,231 13.0 0.76 0.77
98T3SH26  1/4D 3,405 120,833 0.984 2,985 13.4 0.80 0.81
98T3SH27  1/4D 3,608 99,375 0.997 3.079 13.3 0.79 0.80
Mean= 2,830 13.12 0.71 0.72

Std. Dev.= 271

5% Exclusion= 2,250

Cov= 0.10

K'= 2142
98T1SH28  1/8D 2,916 86,917 0.966 2,655 12.0 0.63 0.64
98T1SH29  1/8D 3,246 112,848 0.972 2,917 10.5 0.63 0.63
98T1SH30  1/8D 3,030 85,409 0.983 2,663 13.7 0.59 0.59
98T1SH31  1/8D 2,916 76,466 0.979 2,584 16.7 0.60 0.61
98T3SH32  1/8D 3,890 106,314 0.980 3,438 12.1 0.78 0.79
98T3SH33  1/8D 3,885 113,593 0.989 3,373 13.5 0.76 0.77
98T3SH34  1/8D 3,923 108,750 0.967 3,559 13.4 0.78 0.79
98T3SH35  1/8D 4,013 100,000 0.976 3,580 13.0 0.75 0.76
98T3SH36  1/8D 3,836 117,619 0.974 3,431 13.2 0.78 0.79
Mean= 3,133 13.11 0.70 0.71

Std. Dev.= 421

5% Exclusion= 2,231

COov= 0.13

K'= 2142

1 From ASTM D2915



Appendix G Summary of Peg Bearing Tests:

* From ASTM D2915

Summary of Dry Peg Bearing Tests
Yield
Load Failure Yield Stiffness Actual Stress

Test Species Qrient. Type Load (Ib)) (Ib/in.) Dia. (in) ] (psi) | M.C.% | SG | SGr
98DBT201 WO T Bearing 3,449 110,952 0.988 2,327 11.9 | 0.63] 0.63
98DBT202 WO T Bearing 3,496 112,500 0.989 2,357 13.7 ] 0.63] 0.63
98DBT203 WO T Bearing 3,346 90,596 0.986 2,263 14.8 | 0.60] 0.61
98DBT204 WO T Bearing 3,765 127,983 0.973 2,580 13.8 | 0.67] 0.68
98DBT205 WO T Bearing 3,228 96,812 0.981 2,194 13.0 | 0.61] 0.61
98DBT206 WO T Bearing 2,838 71,541 0.985 1,921 13.7 ] 0.69] 0.69
98DBT207 WO T Bearing 3,078 97,127 0.992 2,069 15.0 | 0.60] 0.60
98DBT208 WO T Bearing 3275 118.561 0.993 2.200 13.7 ] 0.63] 0.63
98DBT209 WO T Bearing 3,360 85,882 1.002 2,237 13.9 | 0.63] 0.64
98DBT210 WO T Bearing 3,657 73,571 0.988 2,469 13.2 | 0.64] 0.64
98DBT211 WO T Bearing 4,169 81,494 1.001 2,777 11.9 ] 0.69] 0.70
98DBT212 WO T Bearing 3,469 97,500 0.991 2,335 12.7 | 0.68] 0.68
98DBT213 WO T Bearing 3,691 79,341 1.001 2,458 13.0 | 0.68] 0.69
98DBT214 WO T Bearing 3,676 86,798 0.974 2,518 13.7 ] 0.66] 0.67
98DBT215 WO T Bearing 3,369 103,897 0.991 2,268 13.0 | 0.71] 0.71
|_98DBT216 WO T Bearing 3.359 106.507 0.990 2.263 14.1 ] 0.67] 0.68
98DBT217 WO T Bearing 3,653 99,030 0.983 2,478 15.1 | 0.66] 0.66
98DBT218 WO T Bearing 4,145 98,437 0.990 2,793 13.4 | 0.68] 0.69
98DBT219 WO T Bearing 4,119 94,420 0.990 2,775 12.9 | 0.69] 0.70
98DBT220 WO T Bearing 4,383 95,597 0.983 2,974 12.2 10.70] 0.71
98DBT221 WO T Bearing N/A 128,824 0.977 N/A 13.9 | 0.78] 0.79
98DBT222 WO T Bearing N/A 109,091 0.994 N/A 10.7 | 0.77] 0.78
98DBT223 WO T Bearing 5,451 146,808 0.990 3,673 15.3 ] 0.73] 0.74
98DBT224 WO T Bearing 5,637 141,706 0.974 3,860 15.3 | 0.77] 0.78
98DBT225 WO T Bearing 5,530 166,310 0.998 3,696 14.4 1 0.79] 0.80
98DBT226 WO T Bearing 5,719 153,507 0.988 3,859 14.9 ] 0.79] 0.80
|_98DBT227 WO T Bearing 4714 116.713 0.993 3165 13.0 10.77]10.78
98DBT228 WO T Bearing 5,686 127,775 0.992 3,821 16.0 | 0.78] 0.79
98DBT229 WO T Bearing 4,850 139,531 0.990 3,266 14.7 10.76] 0.77
98DBT230 WO T Bearing 5,147 149,093 0.988 3,475 13.6 |0.79] 0.80
Mean= 110,263 2,688 13.7 0.69 0.70

Std. Dev.= 25,084 580

5% Exclusion= 63,382 1,604

Cov= 0.23 0.22

K'= 1869 1.869




Summary of Wet Peg Dowel Bearing Tests

Yield

Load Failure Yield Stiffness Actual Stress
Test Species | Orient. Type Load (Ib.) (Ib/in.) Dia. (in.) (psi) | M.C. %] SG
98DBTO1 WO T Bearing 2,643 51,457 1.031 1,709 33.8 0.61
98DBT02 WO T Bearing 2,880 72,772 1.000 1,921 25,6 ]0.69
98DBT03 e T Bearing 2,544 72,326 1.001 1,694 33.3_]0.60
98DBT04 WO T Bearing 3,357 86,788 0.996 2,248 357 ]10.70
98DBTO05 WO T Bearing 2,262 46,045 0.999 1,510 314 1061
98DBT06 WO T Bearing 2,822 73,246 0.999 1,883 317 ]0.58
98DBTO7 WO T Bearing 2,706 83,343 0.991 1,820 400 ] 0.61
98DBT08 WO T Bearing 2,424 73,159 0.990 1,633 338 ]0.61
98DBT09 WO T Bearing 2,589 82,962 0.998 1,730 310 064
98DBT10 WO T Bearing 2,512 62,528 0.991 1,690 309 ]0.59
98DBT11 WO T Bearing 2,477 47,773 1.000 1,651 27.3 ]0.62
98DBT12 WO T Bearing 2,550 52,752 0.996 1,707 39.4 |]0.62
98DBT13 WO T Bearing 2,672 82,665 0.996 1,790 250 | N/A
98DBT14 WO T Bearing 2,475 63,504 0.993 1,662 349 ]0.62
98DBT15 WO T Bearing 2,301 64,673 1.000 1,534 36.6 ] 0.53
98DBT16 WO T Bearing 2,011 67,187 0.995 1,347 244 10.61
98DBT17 WO T Bearing 1,996 67,977 0.994 1,339 318 1062
98DBT18 WO T Bearing 2,546 81,858 1.000 1,697 289 ]0.62
98DBT19 WO T Bearing 3,014 61,090 1.002 2,005 229 ]0.69
98DBT20 WO T Bearing 2,796 57,713 0.987 1,890 22.8 ]0.63
Mean= 67,591 1,723 311 062

Std. Dev.= 12,406 212
5% Exclusion= 43,622 1,314
COov= 0.18 0.12
K'= 1932 1.932

! From ASTM D2915
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Appendix H Summary of Dowel Bearing Tests:

Summary of Southern Pine Dowel Bearing Tests
Yield
Load Trough Yield Stress Stiffness
Joint Test Species | Orient. JLength (in.)}Load (Ib.)] (psi) M.C. %] SG SGi2 | (Ibfin) Defects
SP6 | 982SP1 S-Y-P Perp 1965 2.039 1.038 165 048 049 | 252304 j |
SP6_1982SP2Bl S-Y-P Perp. 2.042 2412 1181 16.7 049 | 0.49 | 30260 | damage at bottom due to check |
SP2 | 082SP3 S-Y-P Perp 1.896 2575 1.359 177 063 063 | 31804
SP2 | 982SP4 | S-Y-P Perp. 2.046 2847 1.392 17.2 0.66 | 0.67 | 37,684 check thru trough
SP10] 982SP5 [ S-Y-P Perp. 1951 2,549 1.307 17.7 048 | 048 | 22,112
SP10 ] 982SP6 | S-Y-P Perp. 1.950 3.046 1562 179 0.67 | 0.67 | 51,254
SP1 ]| 982SP7 | S-Y-P Perp. 1.399 1.720 1.230 17.3 054 | 054 | 25279 poor hole
sp1 L ogospg [ s.v-p | perp 1501 2202 1527 150 1 040 1 0401 34058 pith below trough
SP4 | 982SP9 | S-Y-P Perp. 1.505 3.089 2,052 19.1 045 | 045 | 53217
SP4 | 982SP10{ S-Y-P Perp. 1.496 2910 1,946 16.7 0.50 | 0.51 | 44190
SP14]982SP11{ S-Y-P Perp. 1514 2777 1834 15.8 054 | 055 | 49459
SP14 ]| 982SP12| S-Y-P Perp. 1.543 2,659 1723 19.7 0.53 | 0.53 | 43,405
SP7 ]982SP13| S-Y-P Perp. 1.496 2,750 1.839 16.0 0.45 | 0.45 | 39.350 rot at mid-hat of sample
SP7 ]982SP14| S-Y-P Perp. 1.468 2753 1876 15.5 050 ]| 051 | 36959 rot at mid-hat of sample |
SP111982SP15| S-Y-P Perp, 1496 3783 2530 157 058 058 1 50158 small checks
SP11 | 982SP16| S-Y-P Perp. 1530 3.588 2,346 17.5 055 | 0.55 | 47912 small checks
SP3 | 982SP17{ S-Y-P Perp. 1515 2,760 1.822 16.0 046 | 0.46 | 40,702
SP3 | 982SP18| S-Y-P Perp. 1531 3.340 2181 15.8 0.51 | 0.51 | 46,023
SP5 | 982SP19{ S-Y-P Perp. 1518 3321 2188 16.7 0.45 | 0.45 | 50,966
SP5 ]982SP20{ S-Y-P Perp. 1517 3.284 2165 13.0 048 | 0.48 | 40.449
SP8 ]1982SP21| S-Y-P Perp. 1.529 3140 2054 16.4 0.45 | 045 ]| 42,306 | small check at mid-hat of sample |
spg 1ogosp2ol s.y-p | Perp 1515 3125 2064 155 1 049 | 049 | 39788 | small check at mid-hgt of sample |
SP9 ] 982SP23| S-Y-P Perp. 1411 2,696 1911 16.1 043 | 0.43 | 37980
SP9 |982S5pP24| S-Y-P Perp. 1.538 3493 2272 17.2 0.43 | 0.43 | 54007 small check below trough
SP12 | 982SP25| S-Y-P Perp. 1.506 3.704 2460 17.3 0.57 | 0.58 | 65.482
SP12 | 982SP26{ S-Y-P Perp. 1516 3.387 2234 15.9 0.56 | 0.56 | 47,546
SP13]982SP27{ S-Y-P Perp. 1523 3394 2229 14.7 054 | 054 | 44553
SP13]982SP28| S-Y-P Perp. 1.486 2990 2013 15.5 0.54 | 0.55 ] 49.255
Mean= 1,869 16.5 0.52 42,198
Std. Dev.= 407 9,793
5% Exclusion= 1,104 38,571
COV= 0218 0.23
K'= 1879
Yield
Load Trouagh Yield Stress Stiffness
Joint Test Species | Orient. |Length (in.)]Load (Ib.)] (psi) M.C. %] SG SGi2 | (Ib/in.) Defects
SP6 1981SP011  S-Y-P Parallel IFRROR NO DATA!
SP6 _]981SP02{ S-Y-P_ | Parallel 1.965 2,039 1,038 16.5 048 | 0.49 | 25304 check 1" from trouah
SP10 | 981SP03| S-Y-P_| Parallel 1.945 4510 2319 14.8 0.44 | 0.44 | 185,897 check 3/8" from trough
SP2 |981SP04| S-Y-P_| Parallel 1.908 5911 3.098 15.5 0.62 | 0.62 | 178.372 check 1" from trough
SP10 ]| 981SP0O5{ S-Y-P | Parallel 2.010 4510 2,244 18.6 0.44 | 0.44 ]| 193,815 small checks at trough
SP1 ]981SP06{ S-Y-P_ | Parallel 1452 4314 2971 14.4 0.53 | 0.53 | 147249
SP1 ] 981SP07| S-Y-P | Parallel [ERROR NO DATA!

* From ASTM D2915
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! From ASTM D2915

Summary of Douglas Fir Dowel Bearing Tests
Yield
Load Yield Trough | Stress Stiffness
Joint Test Orient. [Load (Ib.)]Length (in.)] (psi) |MC% SG | SGiz| (Ib/in.) Defects
DF1T 981DF01 | Parallel 7,507 1.504 4991 11181 0.42] 0.42] 262,800
DFAT ] 981DF02 | Parallel{ 7.596 1.504 5051 1124 1] 0.41] 0.41] 324,093
DFOT ]981DFO3 | Parallel{ 7.821 1532 5105 | 91 ] 0.40] 0.40] 305197
DF9T 981DF04 | Parallel 7,722 1.528 5054 111.7]040] 0.40] 253,593
DFE10T | 981DFQ5 | Parallel| 10.226 1.546 6617 | 63 ] 051] 051 ] 272525
DF10T [ 981DF06 | Parallel| 10,204 1.548 6.592 9.2 |1 0.50] 0.50] 358,187
DF3T | 981DFO7 | Parallel| 12552 1.495 8399 | 75 ] 0.56] 0.56] 530.680 |tested twice error during first test
DF3T 1981DF08 | Parallel| 12615 1494 8447 | 90 ] 057] 057 463.112
DF6T | 981DF09 | Parallel{ 9,560 1.545 6.188 ]10.1]0.43] 0.44] 327,278
DF6T | 981DF10 | Parallel{ 9.524 1.497 6364 | 79 ] 043] 0.43] 311618
DF2T 1981DF11 | Parallel{ 11.221 1.469 7639 | 76 ] 046] 0.46] 369.328
DF2T | 981DF12 | Parallel| 10.903 1.476 7387 | 93 1 051] 0.52] 383.078
DF7T 1981DF13 | Parallel] 11417 1.493 7647 | 78 ] 050] 0.51] 360.041
DE7T 981DF14 | Parallel| 11,101 1.509 7.357 7.2 1 051 0.51] 339,758
DFAT 981DF15 | Parallel 8.036 1.482 5422 11441 043] 043 231415
DFAT ] 981DF16 | Parallel{ 8558 1.499 5709 1142 1] 042] 0.42] 284858
DF5T | 981DF17 | Parallel| 8,862 1.503 5,898 | 12.4 | 0.46 | 0.46 | 304,615
DF5T | 981DF18 | Parallel{ 8,971 1.508 5951 |12.1 ] 0.46] 0.46 | 337,129
DF8T | 981DF19 | Parallel| 10,531 1.534 6,865 | 6.8 | 048] 0.48 | 331,135
DF8T 981DF20 | Parallel| 11,224 1.531 7,331 6.6 | 0.48] 0.48 | 324,163
DF12T | 981DF21 | Parallel| 11,330 1.547 7,324 | 6.3 | 0.43] 0.43 | 304,056
DF12T | 981DF22 | Parallel| 10.391 1.407 7385 | 6.7 ] 0.43] 0.43] 307.214
DF11T | 981DF23 | Parallel] 9.230 1.530 6.035 | 86 | 042] 0.42] 247882
DF11T | 981DF24 | Parallel] 10.152 1.533 6622 | 6.1 ] 045] 0.46] 247731
Mean= 6,557 9.2 046 0.46 324,229
Std. Dev.= 1,042
5% Exclusion= 4,577
COv= 0.16
K'= 190
Yield
Load Yield Trough Stress Stiffness
Joint Test Orient. [Load (Ib.)]Length (in)] (psi) |MC% SG | SGiz| (Ib/in.) Defects
DF8M | 982DF01 | Perp. 3,115 1.542 2,021 | 79 | 060] 0.61| 58,579
DF8M [ 982DF02 | Perp. 3,850 1.534 2,511 7.7 | 0.57 | 0.57 | 73,247
DE7M | 982DF03 ] Perp. 3.162 1514 2089 1151 ]046] 047] 54007
DF7M_ | 982DF04 | Perp. 3,231 1.505 2148 11551 050) 0.51] 36,953
DE3M | 982DF05 ] Perp. 2.860 1.501 1906 | 6.4 ] 051) 052] 35652
DFE3M | 982DF06 | Perp. 2.665 1497 1780 ] 92 1 051] 052] 35811
DF11M | 982DFO7 | Perp. N/A 1.486 N/A 12.31 050] 0.501 29.066
DF11M | 982DF08 ] Perp. N/A 1488 N/A 11331 050] 050) 25523 |check at mid-hat
DF4M | 982DF09 | Perp. 3.008 1.527 2029 1132]049] 0.50] 45383 |notorient. w/joint test
DF4M__| 982DF10] Perp. N/A 1.528 N/A 11121 0.43] 0.43] 33822 [not orient. w/joint test
DE6M | 982DF11 ] Perp. 4.093 1514 2703 | 92 ] 059] 060] 68819
DE6M | 982DF12 ] Perp. 4,017 1.523 2638 | 72 ] 0.58] 0.59] 62650
DFEIM | 982DF13 ]| Perp. 3.225 1.479 2181 | 86 ] 0.47] 0.47] 40942 |nail hole thru sample and trough damaae
DF1M | 982DF14 ] Perp. 3.200 1497 2138 1104]044) 045] 39.830 |nail holes
DFOM__| 982DF15] Perp. 2,605 1.511 1724 11511 041) 042] 28591 llarge check at base |
DFOM | 982DF16 | Perp. 2.829 1.507 1877 11231 047] 047] 36385
DFSM__ [ 982DF17 | Perp. 2831 1.485 1906 ]13.1]1043]043] 35279
DF5SM__ | 982DF18 ] Perp. 3.331 1.484 2245 112410441 045] 47643
DF10M | 982DF19 ] Perp. 3.576 1533 2333 | 67 ] 064] 065] 54621
DF10M | 982DF20 | Perp. 3,538 1.522 2325 | 75 ] 057]058] 67846
DF12M | 982DF21 ] Perp. 3.530 1.524 2317 | 94 ]1045] 046 ] 59.376
DF12M | 982DF22 ] Perp. 3.760 1518 2478 | 85 ]1045] 045] 70043
DF2M | 982DF23 | Perp. 2,697 1.526 1768 | 82 ] 050 0.51] 37.398
DF2M | 982DF24 ] Perp. 2.367 1519 1559 | 73 ] 050) 051] 28050
Mean= 2,126 10.3 0.50 0.51 46,063
Std. Dev.= 335
5% Exclusion= 1,481
COvV= 0.16
K'= 1.924



Summary of Red Oak Dowel Bearing Tests

Yield
Load Yield Trough Stress Stiffness
Joint Test Orient. |Load (Ib.) [Length (in.)] (psi) MC% SG |SGi2] (Ib/in.) Defects
C _1981R0O01] Perp. 16,617 1.526 10.889 7.0 0.62 |0.63] 405797
C__]981R002] Perp. 16,410 1.517 10,818 6.8 0.60 | 0.61] 433,400
D | 981R0O03| Perp. 16,796 1.522 11,039 8.9 0.64 |0.64] 450411
D__]981R004] Perp. 17.067 1.535 11,118 8.2 0.66 10.67] 349.429 |sample 3"in hat.
J 981R0O05| Perp. 16,465 1.490 11,054 7.5 0.66 | 0.66] 526,520 |2 checks, one in trough
J 981R0O06] Perp. 15,139 1.452 10,426 8.1 0.68 |0.69] 411,340 |2 knots & 2 checks away from trough
| 981R0O07] Perp. 18,136 1579 11.486 8.9 0.66 |10.66] 507,903
| 981R0O08| Perp. 18,660 1.572 11,870 6.9 0.65 |0.66] 503,885
G __1981R0O09] Perp. 21,491 1.601 13,428 6.9 0.78 |0.79] 423,077
G ]981R0O10] Perp. 21,267 1.607 13,238 7.8 0.69 |0.70] 468,015
E 981RO11] Perp. 17.953 1.633 10,994 7.7 0.62 10.63] 423,393 |small checks throughout
F__|981R0O12| Perp. 18,647 1.640 11,374 6.8 0.64 | 0.65] 278,296
A | 981R0O13| Perp. 18,089 1.597 11,327 5.6 0.65 | 0.65] 523,789
A _|981R014] Perp. 17,511 1577 11,108 6.9 0.64 ]0.65] 485.000
L 981R0O15] Perp. 21,826 1.525 14,312 6.1 0.72 10.74] 540,835
L 981R0O16| Perp. 22,458 1.550 14,489 3.9 0.74 |0.75] 549,302
E_]981R0O17] Perp. 11,717 1.563 7496 | 11.3 0.59 10.59] 356,776
E__]981R0O18] Perp. 10,940 1.558 7024 | 13.4 0.60 ]0.60] 337,237 Jcheckin trough
B | 981R0O19| Perp. 19,303 1.471 13,127 2.7 0.77 10.78] 393,634 |check in trough
B | 981R0O20| Perp. 20,126 1.493 13,480 3.7 0.76 |0.77] 417,917
H_]981R0O21] Perp. 15.058 1.456 10,345 9.3 0.67 10.68] 426.429
H ]| 981R0O22| Perp. 14,992 1.466 10,227 8.7 0.67 |0.68] 419,022
Mean= 11,394 7.4 0.67 0.68 437,791
Std. Dev.= 1,852
5% Exclusion= 7,845
COv= 0.16
K'= 1.916
Yield
Load Yield Trough Stress Stiffness
Joint Test Orient. |Load (Ib.) JLength (in.)] (psi) MC% SG [SGi2| (Ibl/in.) Defects
G __1982R0O01] Parallel N/A 1.636 N/A 6.8 0.68 10.69] 101522 |2 checks
G 1982R002] Parallel 7.668 1.607 4771 59 0.68 10.69] 111,794 |2 checks
F 982R003]| Parallel 7,754 1.447 5,359 10.3 0.64 ]0.65] 101,803 |small checks throughout
F 982R004| Parallel 6,670 1.425 4,680 5.6 0.66 | 0.67] 90,086 |one interior check
H 982R0O05] Parallel 5,933 1.502 3,951 10.9 0.66 10.66] 59.737 |bad specimen excluded test |
H__]982R0O06] Parallel 6.719 1.491 4.506 9.9 0.67 10.68] 109.446 |small checks throughout
E | 982R0O07] Parallel 7,038 1.534 4,588 9.4 0.59 |0.60] 100,176
E 982R008]| Parallel 7.751 1.522 5.093 7.0 0.66 _10.67] 123530
A 982R0O09] Parallel 6,931 1.549 4,475 5.8 0.63 |0.64] 113,277 Jone interior check in trough
A 982R010] Parallel 8.207 1.554 5,283 6.8 0.66 10.67] 129.028 Jone interior check in trough
B 982R0O11| Parallel 8,430 1.455 5,794 4.4 0.62 ]0.63] 150,671 |check at bottom of specimen
B 982R012| Parallel 8,922 1.506 5,924 5.9 0.64 |0.65] 134,299 |check at bottom of specimen
C 1982R0O13] Parallel 7.287 1.508 4832 | 10.2 0.63 10.64] 99.979 |checkatmid-hat.
C 982R014| Parallel 6,597 1.450 4,550 12.4 0.48 10.48] 111,561
D | 982R0O15] Parallel 7,593 1.466 5179 | 115 0.62 | 0.63] 105,636
D__]982R0O16] Parallel 7.404 1.487 4981 | 11.0 0.64 10.65] 114219 lsample 3"in hat.
| 982R017] Parallel 6.949 1.498 4,639 9.6 0.65 10.65] 101.092
| 982R018| Parallel 6,630 1.490 4,450 | 10.6 0.64 |0.65] 120,220
L 982R0O19| Parallel 6,583 1.430 4,605 | 12.0 0.76 |0.77] 113,428
L 982R020] Parallel 6.636 1.430 4640 | 13.0 0.77 10.78] 110867
Mean= 4,908 9.0 0.65 0.66 110,119
Std. Dev.= 446
5% Exclusion= 4,043
COv= 0.09
1
K= 1.942

! From ASTM D2915
2Specimen not oriented the same as joint test



Summary of RO Dowe Bearing w/ White Oak Peg Tedts:

Summary of Combined Red Oak Dowel Bearing w/ White Oak Peg Tests
Yield
Load Yield Trough Stress Base |Base|Base| Stiffness Peq Peg |Peq| Peg |Base
Joint]  Test Orient. JLoad (Ib)]Length (in.)] (psi M.C. % | SG |SG;,o] (Ib/in) | Dia. (in.) | M.C. Y4 SG | SG;,|Defects
A2 982R0O40|] Parallel 5.268 1.565 3413 8.11 0.65] 0.66] 80.775 0.987 11.6 10.791 0.80}internal check in trough |
A | 982r041| Parallel 4763 1534 3192 7.14 0.66] 0.67] 65297 0.973 12.6 10.80] 0.81 linternal check below trough
B ] 982R0O42] Parallel 5,450 1.431 3.859 8.00 0.63] 0.63] 70,138 0.987 9.5 10.80] 0.82]check at bottom of specimen
B_| 982R043] Parallel 5,056 1.482 3511 6.75 0.62] 0.63] 89,216 0.972 12.5 10.77] 0.78]check at bottom of specimen
C 982R0441 Parallel 5.036 1.490 3449 1228 06710681 62940 09380 12.8 10791 0.801check at mid-hgt.
C 1982R0O45] Parallel 4997 1.496 3.396 1218 10.6610.67] 73642 0.984 13.6 10.79 0.80)check at mid-hat. |
D 982R0461 Parallel 3488 1431 2525 11.08 06810691 55037 0966 135 106740671 i
D ] 982R0O47] Parallel 3,867 1.472 2,728 11.91 0.66]0.67] 58,300 0.963 12.7 10.66] 0.6711/4" dia. knot
E ]| 982R048] Parallel 3.339 1.510 2279 8.85 0.60] 0.60] 57572 0.971 12.4 10.65 0.65]check at mid-hgt.
E_] 982R0O49] Parallel 4131 1.530 2795 9.74 0.59] 0.60] 68189 0.966 96 ]0.67]0.68
| 982R0O50] Parallel 3,932 1.499 2,709 9.54 0.65] 0.66] 80,104 0.969 14.5 10.65 0.66
| 982R051] Parallel 3712 1481 2.589 1076 _10.6410.65] 67818 0.968 11.8 10.65 0.66
Mean= 3,037
Std. Dev.= 492
5% Exclusion= 2,029
Cov= 0.16
K'= 2048
! From ASTM D2915
2Specimen not oriented the same as joint test
Appendix | SYP Example Joint Design:
Timber Frame Equivalent Bolted Equivalent Steel
Joint Properties Connection Properties Bolt Calculation
a/D= 1.14 Fy, = 45,000 psi Mode Im Eqv.Dia. = 0.480 in
n= 2 Mode Is Eqv.Dia. = 0.475 in
D= 1.0 in. G, = 0.52 Mode Ills Eqv. Dia. = 0.612 in
tm= 2.0 in. Gs = 0.52 Mode IV Eqv.Dia. = 0.532 in
ts= 2.0 in. Fem = 5,488 psi
1 . . .
Feas = 2,688 Fes = 2,770 psi Diameter = 0.613 in
2_ .
Fem 5,488 psi
Fes’= 2,770  psi tn= 2 inches Equivalent Bolted
tc: 1,341 psi ts = 2 inches Connection Capacitly
Pg&= 5,376 Ka= 1.25 Mode Im P/bolt = 1,345 Ib
Pm= 10,976 Ibs. ks = 1.248 Mode Is P/bolt = 1,358 Ib
P<= 11,081 |Ibs. Re = 1.981 Mode Ills P/bolt = 1,054 Ib
Pve= 2,107 Ibs. Mode IV  P/bolt = 1,394 Ib
P,= 2,107 Ibs. Total P = 2,107 Ib
Edge Distance (in) End Distance (in) Spacing of Rows (in)
Par. to Grain 0.9 Reduced Full Par. to Grain 0.9
Perp. to Grain: Perp. to Grain 1.2 2.5 Perp. to Grain 1.5
loaded edge 2.5 Par.Comp 1.2 2.5
unloaded edge 0.9 Par. Tension:
softwoods 2.1 4.3
hardwoods 1.5 3.1
! Peg bearing strength was taken from section 2.4.5.
2 Material dowel bearing strengths were calculated using the NDS equations.
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Appendix J RO Example Joint Design:

Timber Frame Equivalent Bolted
Joint Properties Connection Properties

Equivalent Steel
Bolt Calculation

a/D= 0.11 Fy» = 45,000 psi Mode Im Eqv.Dia. = 0.632 in
n= 2 Mode Is Eqv.Dia. = 0.684 in
D= 1.0 in. Gy, = 0.67 Mode Ills Eqv. Dia. = 0.730 in
tm= 2.0 in. Gs = 0.67 Mode IV Eqv.Dia. = 0.620 in
ts= 2.0 in. Fem = 5,488 psi
Fed'= 2,688 Fes = 2,537 psi Diameter = 0.730 in
Fem’= 5,488 psi
Feszz 2,537 psi tm = 2 inches Equivalent Bolted
-~ 1,767 psi ts = 2  inches Connection Capacitly
P= 5,376 Ka= 1.25 Mode Im P/bolt = 1,604 Ib
Pmw= 10,976 Ibs. ks = 1.441 Mode Is P/bolt = 1,483 Ib
P= 10,148 Ibs. Re = 2.163 Mode llls P/bolt = 1,388 Ib
Pvg= 2,776 lbs. Mode IV P/bolt = 1,925 1Ib
P,= 2,776 Ibs. Total P = 2,776 |b
Edge Distance (in) End Distance (in) Spacing of Rows (in)
Par. to Grain 11 Reduced Full Par.to Grain 1.1
Perp. to Grain: Perp.to Grain 1.5 2.9 Perp. to Grain 1.8
loaded edge 2.9 Par.Comp 1.5 2.9
unloaded edge 1.1 Par. Tension:
softwoods 2.6 5.1
hardwoods 1.8 3.7

! Peg bearing strength was taken from section 2.4.5.

% Material dowel bearing strengths were calculated using the NDS equations.




Appendix K Instron Model 1332 Test Set-up:

ONOOAWDNPE

10.

11.
12.

13.
14.
15.
16.
17.
18.

19.
20.

Turn on the Ingtron insde the pand door at the rear of the machine.

Assemble the necessary test fixtures.

Start pump.

Set the controller to stroke control and set the loading function to ramp.

Turn on actuator and cycle piston severd times manualy.

Turn on computer and open the data acquisition program.

Set the load range to an appropriate vaue for the test being conducted.

Zero the stroke by adjusted the controller knob manudly, and reading the digital display on the
Instron machine, or use the data acquisition system to monitor the voltage readings.

Zero the load by adjusted the fine and coarse screws on top of the load controller module. (Note:
Do not adjust the calibration screw.)

Set the displacement rate with the knob on the function generator. (Note: Recommend using adia
gauge to determine what numbers on the did correspond to a given rate.)

Place a specimen in Ingtron.

Check to make sure the machineis set to stroke control (green light should be lit on stroke control
module), and the interlock is set to an gppropriate vaue on the load control module.

Lower the machine cross-head using the vaves below the test platform until the test fixture is lightly
resting on the specimen. Check the Instron output readings for zero.

Start the data acquisition system and the Instron machine smultaneoudy (push the start bottom on
the function generator).

Push the reset button on the function generator at the end of the test (the Instron should return to the
zero position), and record the pertinent data

Stop the data acquisition system.

Remove the tested specimen from the machine.

If more tests are to be done repeat steps 13-17.

Turn of actuator, pump, and the Instron power.

Clean-up
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Appendix L Joint Test Set-up:

1.
2.

No gk w

© ©

10.
11.
12.
13.

14.

15.

16.
17.
18.
19.
20.

Assemble test frame. (no ingtructions needed)
Find the gppropriate hardware. (the most difficult task in the procedure)
hydraulic jack
hydraulic hoses and manifold
hand pump
pressure transducer
power supply
2 linear potentiometers
hot glue gun (glue sticks)
Assemble the above items in an appropriate fashion.
Attach the load plates the tenon member of the joint with lag bolts.
Record the MC% of both the mortise and tenon members,
Labd the pegs with the test number and the peg number.
Record the weight, orientation (i.e. annud rings tangent or radia to the load), defects and the
diameters of the pegs that are to secure the joint.
Record the mortise and tenon dimensions and defects.
Assemble the joint with the pegs in the proper orientation.
Place thejoint in the test frame using the threaded rod and the stedl pipe load spreader.
Align thejoint so it is concentrically loaded top to bottom and sdeto side.
Finger tighten bolt on threaded rod and be careful not to prestress the joint.
Attach the linear pots to the tenon member, and hot glue an duminum de-mag point to the mortise
member under each pot.
Turn on the data acquisition program and run the trouble shooting file to check the readings of dl
the insruments.
Open the loaddef12 file and input the data file name and the deflection rate. (check the constants
associated with the linear pots and pressure transducer to make sure the program matches the
hardware)
Record the time and Start the test.
The pump should follow the deflection rate plot at the |eft-hand side of the screen.
At falure record the pertinent information and stop the data acquisition software.
Reease the pump vave and remove the joint from the test frame.
Back-up the datafile.



