s Stiffness and Strength
w  Properties of Shear

- Transfer Plate

Connections

&

Ronald Wolfe
David Bohnhoff
Robert Nagel




Abstract

Shear transfer plates (STPs) are light-gauge steel plates
with teeth on both sides that are used to transfer load
between two layers of lumber. The objective of this study
was to evaluate the strength and stiffness characteristics of
STP connections through the use of double-block shear
tests. Test variables included fabrication method, connec-
tion boundary conditions, plate size, plate materia, wood
specific gravity, and load-to-grain orientation. Of these
variables, fabrication method, connection boundary
conditions, and wood specific gravity had the greatest
effect on connection strength and stiffness. Test joint
strength ranged from 175 to 628 Ib/plug. The conditions
that produced the lowest strength values were low wood
specific gravity and reduced friction between the testing
machine base and the test specimen. Effects of load-to-
grain orientation and plate type varied with species. Data
from these tests will be used to model and optimize the
design of STP-laminated assemblies. The results will also
provide a basis for evaluating potential applications for
STPs and for improving the design of the plates.
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Introduction

Mechanically laminated dimension lumber assemblies are
gaining in popularity for applications such as framing
headers, columns, bridge decks, and agricultural building
posts. One approach to mechanical lamination is to use a
double-sided nail plate called a shear transfer plate (STP)
(Fig. 1). The plates are fabricated from 20-gauge (0.035
in.-thick) sheet sted (see Table 1 for Sl conversion
factors). Teeth protruding from both surfaces enable the
transfer of shear forces between adjacent laminations.
These plates have been shown to be especially effective
for transferring shear forces around butt joints. Therefore,
with proper design information, these plates can be used
to mechanically laminate odd lengths of lumber or to
fabricate posts with one end treated for soil embedment
and the other end untreated. The STPs can be ingtaled in
the factory or at the job site using equipment commonly
used to install metal truss plates. The STPs are typicaly
pressed into place in two stages. First, the STP is com-
pletely pressed into one wood member using a special
sted pressing plate that fits over the STP. The pressing
plate is then removed, and the other member is placed
over the STP and pressed into place. A one-stage process
could be used to simultaneously press the plate into both
wood members. Although such a process is faster, it is
generally not used because it puts a permanent wave in
the plate, which hampers a tight connection. No data are
available on the effect of pressing on the load-dip
properties of STP connections.

The purpose of this study was to obtain information about
the structural performance of STP joints and their
sengitivity to fabrication methods, material properties,
and test-boundary conditions.

Previous Research
The concept of a double-sided nail plate for transferring

shear between layers in a laminated assembly is not new,
but its use has been limited to custom applications. Thus,

Table 1—S| conversion factors

Conversion
English unit factor Sl unit
inch (in.) 254 millimeter (mm)
foot Sft) 0.3048 meter (m)
pound (lb) ‘ 0.4535 kilogram (kg)
pound ger square inch
Ib/m ) 6,894 Pascal (Pa)

little information has been published on the structural
performance and modeling of STP-laminated assemblies.
One of the few published studies on STP was conducted
in 1987 at the Forest Products Laboratory (Bohnhoff
1988). Two types of STP-laminated assemblies were
fabricated and tested to determine how well the displaced
geometry of the loaded assemblies could be predicted
using a finite element analysis (FEA) method developed
by Bohnhoff (Bohnhoff 1987; Bohnhoff and others
1989). To generate the load-dip parameters needed for
the FEA, atotal of 48 STP joint tests were conducted;
half the joints were loaded paralldl-to-grain and the other
half perpendicular-to-grain. Each test consisted of pulling
an individual plate from between two pieces of dimen-
sion lumber, as shown in Figure 2a.

The results of the STP joint tests showed that both the
direction of applied load and the specific gravity of the
wood had a significant influence on the load-dlip
relationship. However, when load-dip parameters
generated from the test data were used to predict the
behavior of STP-laminated assemblies, prediction
accuracy was poor. To accurately estimate the displaced
geometry of the assemblies, the parameters controlling
the initial predicted stiffness of the STP joints for
perpendicular-to-grain loads had to be doubled. This
doubling resulted in the perpendicular- and parallel-to-
grain load-dip relationships being nearly equal at low
load levels.

There was no obvious explanation for the discrepancy
between predicted and measured perpendicular-to-grain



Figure 1—STP plates with plug density of 1 plug/in. (M91 0128-13)

dtiffness nor a good explanation for the difference
between perpendicular- and paralel-to-grain load-dip
curves. In genera, the initid dlip of a connector shows
little influence of load direction. These results suggest a
need to revise joint test procedure or the setup used to
determine STP load-dip parameters.

A reevauation of the test procedures used in the STP
pilot tests resulted in the following recommendations.

1. The plates should not be pulled from between two
pieces of wood (Fig. 2a). This action loads teeth on
opposite sides of the plate in the same direction.
Instead, the plates should be tested as they are used in
actua assemblies, with teeth on opposite sides of the
plates loaded in opposite directions (Fig. 2b).

2. Test boundary conditions for paralel- and perpendicu-
lar-to-grain loads should be identical to isolate
variability resulting from load-to-grain orientation.

3. The load-dip test should involve more than just a
single row of plugs. By loading plates in shear
(Fig. 2b), plates of any size can be tested without fear
of inducing large forces in the plate strands.

4. The sengitivity of STP load-dlip to laterd restraint
should be investigated.

Based on the results of Bohnhoff's initid study, STPs
can apparently provide a good aternative to other
mechanica fasteners (bolts, screws, nails, timber
connectors) used to transfer load between wood layers.

2

(@) (b)

Figure 2—Alternative methods of testing shear capacity
of STP connections. When the plate is pulled from
between two pieces of wood (a), teeth on both sides of the
plate are bent in the same direction. When the plate
transfers shear from one piece of wood to ancther (b),
teeth on opposite faces are stressed in opposite direc-
tions.



The STPs can transfer high loads over a relatively small
area, can be installed at the building site, and provide
adequate shear transfer properties for many applications.
As is the case with other connectors punched from sheet
steel, STPs are relatively inexpensive and can be manu-
factured in a wide range of sizes. To expand the use of
these connectors, strength and stiffness properties are
needed for structural design and analysis.

Objectives

This study was an extension of work previoudy con-
ducted by Bohnhoff (1988). The overal objective was to
provide an improved basis for characterizing nonlinear
load-dip and ultimate strength properties of shear
transfer plates. The study variables included plate size,
plate material, wood species, fabrication method, and teat
joint boundary conditions. Results are applicable to both
anaytica models and design of STP-laminated assem-
blies.

Methods
Materials

To provide meaningful results for building designers as
well as researchers, we selected materials commonly
used in congtruction. Three species of lumber were
selected to represent the most widely used structural
species and to provide a wide range of specific gravities.
Douglas Fir, Southern Pine, and Spruce-Pine-Fir. The
STPs used were 20-gauge (0.035-in-thick) plates and
contained one plug per square inch (Fig. 1).

Lumber size and quaity were selected to meet the joint
test requirements. Details of the teat joint configuration
required materiad >6 in. wide. Lumber length was
selected to provide eight end-matched teat joints per
board. To limit outside sources of variability, we
attempted to limit effects of defects and moisture content
through proper material selection and conditioning. All
lumber was therefore purchased as nomina 2 by 8
dimension lumber in 16-ft lengths and was conditioned
to 12 percent equilibrium moisture content prior to use.
Lumber grades included 1950f MSR Southern Pine

(42 pieces), No. 2 or better Spruce-Pine-Fir (14 pieces),
and No. 2 or better Douglas Fir (14 pieces).

The STP variations included plate size and type of metal.
The effect of size is a common consideration for many
aspects of design and must be evauated before results
can be extrapolated to plate sizes outside the range tested
Two plate sizes were tested: 2 x 5in. and 4 x 5in.
(hereafter called simply 2x5 and 4x5). In situations
where mechanically laminated assemblies require the use
of trested wood, potentiad electrolytic reactions between
metal elements commonly found in some preservative

(@) T (b)

Steel loading
4x5in. STP

Pla:e/ 0.75 in.
_f_——i-':?- ST
:.'. CARY ) -'.E

T -— 7.25in. —®
©

Figure 3—Double-block shear tests. Rolling shear
occurred when center member was offset 1.5 in. above
other members (a) and annual rings were oriented at an
angle to face of center member (b). Rolling shear was no
longer a problem when center member was cut flush and
a steel block 7.25 by 1.5 by 1 in. was used to apply

load (c).

sdt treatments and zinc may require the use of stainless
stedl or insulative coatings. For this reason, we included
both galvanized and stainless steel plates in the study.

Test Joint Configuration

All joints consisted of three 7.25-in. square pieces of
wood laminated using two STPs. In each case, the center
member was offset 1.5 in. (Fig. 3a). The STPs were
centraly located in the 5.5- by 7.25-in. interface areas
between the side and middle members. The initial study
plan called for the center member to protrude above the
side members (Fig. 3d). However, pilot tests on joint
behavior showed that tilting of the protruding member
(Fig. 3b) as aresult of rolling shear between the annual
rings and compression perpendicular to the grain would
necessitate unredlistic failure modes to control joint

3



Table 2—Experimental design®

. . Pate Plate Load to grain
Phase Species Pressing size type orientation  Joint®
I SP One-stage 2x5  Galv PERP 25-1
4x5 45-1
Two-stage 2x5 25-2
4x5 45-2
I SP Two-stage 4x5  Galv PERP WOA
ANP
ALO
AHI
" SP Two-stage 4x5 SS PERP SP-SE
Galv SP-G-E
SS PAR SP-S-A
Galv SP-G-A
SPF  Two-stage 4x5 SS PERP SPF-SE
Galv SPF-G-E
SS PAR SPF-S-A
Galv SPF-G-A
DF Two-stage  4x5 SS PERP DF-S-E
Galv DF-G-E
SS PAR DF-S-A
Galv DF-G-A

°DF is Douglas Fir, GALV gavanized, PAR parallel thraln PERP perpen

dlcular to grain, SPr Spruce-Pine-Fir, SS dtainless st

Pine.

and SP Southern

® WOA is no test gpparatus used, ANO apparatus used W|th no restraint,
ALO 20 Ibfin” restraining pressure, and AHI 40 Ibfin® restraining

pressure.

capacity; consequently, the center member was cut flush
with the top of the side members and a steel block was
used to distribute the load to the center piece

(Fig. 3c).

Experimental Design

Table 2 provides an overview of the scope of this study.
The study was divided into three phases, each designed to
eva uate variables expected to have a significant influ-
ence on joint behavior:

Phase |: a 2x2 design consisting of two joint fabrication
methods and two plate sizes.

Phase I1: a 1x4 design consisting of four levels of test
joint confinement.

Phase 111: a 3x2x2 design consisting of three species/
specific gravity groups, two plate types, and two load-to-
grain orientations (perpendicular and parallel).

The joint specimen size (7.25 in. square) combined with
the 16-ft lumber length permitted matched samples for
each test variation within a given test phase. The three
pieces needed for each test joint were randomly selected
from 24 pieces cut from a single board. Therefore, each
board provided enough wood for eight test joints. The
test joints from a single board were equally distributed
among the four joint configurations within a single
phase-species group. In addition to permitting matched

4

sample comparisons, this approach aso insured that the
distribution of wood specific gravity within each group
was similar.

A set of control joint tests was included within each test
phase. In each case, the control joint configuration
consisted of two 20-gauge galvanized 4x5 STPs pressed
into Southern Pine wood blocks using the two-stage
pressing method. These joints were oriented for applica
tion of load perpendicular to the grain of the wood, they
were tested with no lateral confinement other than
bearing friction.

Twenty-two joints were tested for each joint configura-
tion, giving atotal of 440 joints. The sample size of 22
was selected to provide an adequate basis for evaluating
the variability as well as the mean performance of each
STPjoint design.

Lumber Preparation and Joint Fabrication

Lumber variations were confined to species differences,
including modulus of dasticity (MOE) and specific
gravity (SG). The lumber was selected to be relatively
free of knots and cross grain. After ddlivery, it was
conditioned to a uniform moisture content of 12 percent.
The MOE of each board was then determined on the
basis of natural frequency of vibration in flatwise
bending over a 15-ft span. Each board was then marked
and cut to yield 24 reasonably knot-free 7.25-in-long
pieces and two SG samples. One-inch SG samples were



Figure 4—Joint fabrication method (a) One-stage: two
STPs were sandwiched between wood members and
pressed in a single operation: (b) two-stage: STPswere
first pressed onto center member, and outside members
were then pressed onto center one.

(M91 0141-4, 0141-5)

taken close to the ends of each board. The SG values
were determined according to ASTM D2395 Method A
and converted to dry weight/dry volume measure using
the SG-moisture relations shown in Figure 1 of that
standard.

The majority of joints were fabricated using the two-
stage pressing method; 44 joints for phase | were made
using one-stage pressing. For two-stage pressing, plates
were pressed into opposite faces of the middle member
using the perforated platen (Fig. 44a), followed by
pressing the side members onto the plated middle
section. The 44 one-stage joints were pressed by stacking
the three wood pieces and two STPs, and then pressing
them together (Fig. 4b). For both one- and two-stage
pressing, an alignment jig was used to keep pieces from
rotating as the joints were pressed.

For al joints tested in phases | and 11, the wood grain
direction was oriented perpendicular to the load direc-
tion. For phase I, half the joints were fabricated with
the wood grain oriented parallel to the load direction.
Following assembly, all specimens were returned to the
conditioning chamber for at least 7 days before testing.

Test Procedures
Test procedures were generally the same for dl three

phases. Phase Il was dightly different than phases | and
[l in that it was concerned primarily with test joint

1X1.5X7.25in.

; steel loading bar

Y
)
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Figure 5—Test setup used to measure average block
shear deformation.

boundary conditions rather than fabrication and materia
property variations. Although the basic methods for
measuring joint load and displacement were the same in
al phases, phase Il joints were tested with varying side
member restraint conditions, which affected their mode
of failure as well as load-dip characteristics.

Joint stiffness and strength were tested using a double-
block shear test similar to that recommended in the
ASTM D 1761 standard test for bolts and timber connec-
tors loaded paralel to grain. The joint was mounted in a
universal testing machine and loads were applied through
a10,000-1b load cell to the middle piece viaal-in-thick
by 1.5in.-wide by 7.25in-long steel bar. Two linear
variable differential transducers (LVDTs) mounted on a
bracket that saddled the two outer pieces (Fig. 5)
permitted measurement of displacement at the bottom of
the middle piece relative to the tops of the two Sde
pieces. In this way, the dip readings were isolated from
stressed regions of the wood, conseguently, only the
average displacement resulting from joint slip was
measured. An attempt was made to set the vertical load
rate so that failures occurred in 5 to 10 min; however,
many samples failed in 3 to 5 min.

Confinement effects on joint stiffness and strength,
considered in phase 11, required a specia apparatus
designed to control joint confinement pressure. Details of
this apparatus are given in Appendix A. Joints were
tested in the apparatus under high lateral pressure



(approximately 40 Ib/in® over the joint interface area of
40 in%), low lateral pressure (approximately 20 Ibf/in?),
and no active latera pressure. Joints tested in the
apparatus were compared to a fourth group tested outside
the apparatus with bearing friction on the test machine
bed as the sole source of confinement.

The lateral restraining pressure in the confinement
apparatus was held congtant throughout the test. Pressure
was monitored using a pressure transducer that converted
line pressure to an electric signal. In addition, two
LVDTs were used to monitor separation of the inside and
outside platens.

Output from the LVDTS, the load cell, and the pressure
transducer (used in phase 11 to monitor lateral restraining
force) was recorded on floppy disk using a microcom-
puter-based data acquisition system. The computer
recorded load and displacement data at 1 -s intervals. For
tests lasting 3 to 10 min, this resulted in data files
consisting of 180 to 600 data points/channel. Although
these data were more than was necessary to characterize
the shape of the load-dlip curves, they provided some
assurance that critical points in the test would not be
missed.

Joint |dentification

To facilitate data handling, all test joints were given an
identification code that differentiated the study phases as
well as test variations within each phase. For phase I, the
first two digits (25 or 45) designate plate size (2x5 or
4x5) and the third digit the number of pressing stages
used in joint fabrication (1 or 2). For phase 11, tests are
designated Al-Il (apparatus high pressure), ALO (appara-
tus low pressure), ANO (apparatus no active pressure),
and WOA (without apparatus). For phase Ill, the three
test variables required a three-part code designation. The
fast part designates the species used Southern Pineis
designated SP; Douglas Fir, DF; and Spruce-Pine-Fir,
SPF. The second part designates plate type: S for
stainless steel and G for galvanized steel. The last part
designates the direction of applied load: E for perpen-
dicular to grain and A for parallel to grain.

Although they have different designations, the 45-2
joints in phase I, the WOA joints in phase Il, and the SP-
G-E jointsin phase |11 are identical in design in that they
were fabricated using Southern Pine and 4x5 galvanized
steel plates, assembled using the two-stage pressing
process, and loaded perpendicular to the grain of the
wood without the use of the confinement apparatus.
These joints served as the control samples for the three
test phases.

Data Reduction

To reduce the load-dip data files to manageable size, we
used a spline-fit interpolation routine to yield joint
displacements at 0.005in. increments of shear displace-
ment, beginning at 0.000 in. and ending a 0.05 in. The
data were “zeroed” (i.e., adjusted) to account for the fact
that the LVDTs were not exactly at zero when load was
first applied. The origin adjustment was computed by
first using least squares regression to fit a straight line
through load-dip points between 100 and 500 Ib total
load. The value of the dlip axis intercept was then used as
a zero adjustment by subtracting it from al other dip
vaues. To determine the load value a a particular (i.e,,
preselected) dip vaue, dl load-dip points within

0.005 in. of the preselected value were fit to a second-
order polynomial (Load = A + B(Slip) + C(Slip)?) using
least squares regression. This procedure was judged
superior to simple linear interpolation for estimating
loads at prescribed dlips. In addition to representing the
shape of the load-dip curve, the second-order poly-
nomial regression involved at least five points on either
side of the prescribed dlip. With this many points, small
fluctuations in the data resulting from electrical noise
were smoothed out.

Test values used for comparing joint shear resistance are
expressed in terms of the load per plug on the STP plate.
These values are referenced as a means of comparing the
two plate sizes tested in phase | and providing some basis
for judging the efficacy of extrapolating to other plate
Sizes. The values were derived assuming that at any point
during the test, half the applied load was uniformly
distributed to the plugs protruding from each surface of
each STP. The load per plug is therefore half the total
load divided by the number of plugs protruding from one
surface (10 for the 4x5 plates and 5 for the 2x5 plates).

Results

The data fal into four basic categories: material proper-
ties, joint fabrication, joint load-dip relationships, and
failure mechanisms. Material property and fabrication
data discussed in this section are limited to those param-
eters that appeared to have a significant effect on joint
shear resistance.

Material Properties

The wood property commonly recognized as having the
greatest effect on connector performance is specific
gravity (SG). This is evidenced by the fact that wood SG
values are required when using the National Design
Specification (NDS) (NFPA 1991) to caculate the
dlowable design load for any mechanical connection.



The SG vaue tabulated in the NDS for each wood
species is an average value. Although SG variation
within a given species may give a range of fastener
holding capahility, it is normally not feasible to account
for within-species variaions in SG when assigning
fastener values.

The average material SG determined on the basis of dry
weight/dry volume (O percent moisture content) was
dightly higher than the NDS values. Douglas Fir had an
average SG of 0.57 with a coefficient of variation (COV)
of 15 percent, Southern Pine an average of 0.60 with a
CQV of 9 percent, and Spruce-Pine-Fir an average of
0.43 with a COV of 11 percent. The SG values listed in
the NDS for Douglas Fir-Larch, Southern Pine, and
Spruce-Pine-Fir, are 0.51, 0.55, and 0.42, respectively.

The SG samples taken from the ends of each board
indicated that within-board variation in SG was species-
dependent but may not be much less than the between-
board variation for a given lumber sample. Douglas Fir
samples showed the least within-board SG variation and
Spruce-Pine-Fir the greatest. In each case, the largest
within-board SG ratio was 85 percent of the ratio of
maximum-to-minimum average SG found for all boards
in the sample.

The average MOE values measured for samples taken
from the test boards were on the high side of NDS
values. Douglas Fir had an average MOE of 1.9 x

10° Ib/in® with a COV of 19 percent compared to
published values of 1.7 x 10° Ib/in? for No. 2 lumber and
1.8 x 10° Ib/in* for No. 1 lumber. Southern Pine had an
average MOE of 2.3 x 10° Ib/in* with a COV of

15 percent compared to its grade value of 1.9 x 10° Ib/
in’. The Spruce-Pine-Fir average MOE was 1.5 X

10° Ib/in?, equal to the published value for No. 1 lumber.
The Spruce-Pine-Fir COV was 15 percent. The plot of
MOE against SG apparently indicates a positive correla
tion between these two parameters, suggesting that
lumber MOE could also be used to assign allowable
properties for shear connectors (Fig. 6).

In addition to SG and MOE, several physica characteris-
tics of the wood specimens created some problems in the
fabrication and testing of the STP joints. The Douglas Fir
specimens were cut from lumber that had been surfaced
and shipped in the wet condition. By the time the wood
dried, the width dimension was closer to 7 in. than

7.25 in. and many boards had a dight cup. The size
variation led to dight variations in plate placement as a
result of a loose fit in the alignment jig. The cupping was
sufficient to warrant the use of wood shims to hold the
surface horizontal and to minimize perpendicular-to-
grain tension cracks while the plates were pressed.
Because of limits on the size of trees cut to yield the
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Figure 6—MOE compared to SG for all test boards, data
include Southern Pine, Douglas Fir, and Spruce-Pine-
Fir.

lumber, most boards contained some pith-associated
wood and annua rings that were not paralel or perpen-
dicular to any surface. When alowable bearing loads for
test samples were exceeded, the springwood acted as a
weak shear plane causing the wood to deform asymmetri-
caly. These variations in physical properties present a
possible source of variation in STP joint strength.

Joint Fabrication

Phase | observations related to fabrication requirements
and joint quality showed that the one-stage method
required higher pressing force and distorted the plate
surface, thus detracting from joint quality (Figs. 7 and 8).
L oad-embedment curves for the one- and two-stage
pressing methods (Fig. 7) show that in addition to the
greater pressing stroke required for the one-stage
fabrication, a greater force was also required for a tight
joint. The average maximum load required for atight
joint for a 4x5 plate using the two-stage pressing method
was 11,300 Ib (1,130 Ib/plug) compared to 18,800 Ib for
the one-stage method. Plate distortion, caused by offset
tooth forces acting in opposite directions during one-
stage pressing, necessitated higher final loads to reflatten
the plate and obtain a tight joint. In those cases where the
joint members began to emit cracking sounds during
pressing, the loading was stopped. After the load was
released, the one-stage joints were still not as tight as the
two-stage joints. Figure 8 shows the amount of plate
distortion associated with one-stage pressing.

Plate distortion appeared to be greater for the 4x5 plate
than for the 2x5 plate. This greater distortion was
accentuated when the plates were pressed into dense
material. When the plate surface rippled, it caused some
metal bending at the base of the teeth. Coupled with the
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Figure 8—Rippled plate surface resulting from one-stage
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greater force needed to push the teeth into dense wood,
this caused teeth to buckle rather than penetrate the wood
surface. Pressing force requirements related to wood
density were especially noticeable when comparing
fabrication of the Southern pine and Spruce-Pine-Fir
specimens.

Joint Tests

Results of the tests of 20 latera shear joint configurations
listed in Table 2 are summarized in Tables 3 through 8
and in Appendix B. Load valuesin these tables are
expressed in terms of load per plug to facilitate compari-
son across plate size. The values represent a summary of
the results of all tests conducted within each cell of the
experimental design. The tables summarize loads at
0.005-in and 0.03-in. dip to provide some basis for
evaluating initia stiffness and joint strength, correspond-
ing to the traditional connection-dip limit state. They
also list maximum load and dip at maximum load.

Table 8 gives joint strength in both absolute and relative
terms. Absolute values are given as the average load per
plug at maximum shear on the joint; relative values are a
multiple of the control test values. The greatest per plug
load occurred for the 2x5 plate; however, al vaues were
still normalized using average results of the control test
configuration because all other joint configurations were
tested using the 4x5 plate. Appendix B tables give the
average load-dlip curves measured in increments of
0.005 in. from 0.005- to 0.05-in. dip for each joint
configuration.

Table 3—Results of phase | tests: effects of STP
size and pressing: method

Load or dip

90%
COV confidence

Joint Avg Min Max (%) on mean
Load at 0.005 in. (Ib)
25-| 114 54 165 22 105 - 123
252 124 87 172 19 115 -133
451 136 85 175 20 126 - 146
45-2 165 117 227 22 152 - 178
Load at 0.03in. (Ib)
251 357 231 426 13 339 - 375
25-2 415 340 499 10 400 - 430
45-| 307 249 361 10 296 - 318
452 382 338 446 8 371 - 393
Maximum load (Ib)
251 492 365 568 10 474 - 509
252 558 466 628 8 542 - 574
45-1 381 307 428 8 369 - 392
45-2 447 364 489 7 436 - 459
Slip a maximum load (in.)
251 0.109 0.079 0140 15 0.103-0.114
25-2 0.111 0082 0147 14 0.105- 0.116
45-1 0.101 0.075 0134 16 0.095 - 0.107
452 0095 0.048 0.150 25 0.086-0.103

M OE ranged from 1.7 to 2.8 x 10° Ib/in® with
average of 2.3 x 10° Ib/in? and coefficient of
variation (COV) of 14%. Specific gravity ranged
from 0.49 to 0.62 with a COV of 8%.



Table 4—Effect of confinement on joint strength®

Load or dip
90%
Confine- COV confidence
ment Count Avg Min Max (%) on mean
Load at 0.005 in. dip (Ib)

AHI 22 100 57 157 34 41 - 158

ALO 22 103 66 158 27 55 - 151

ANO 21 93 58 146 24 54 - 132

WOA 22 190 115 275 21  121-258

Load a 0.03 in. dip (Ib)

AHI 20 398 297 474 10 328 - 468

ALO 22 363 282 424 12 285-441

ANO 21 212 156 265 15 158- 267

WOA 21 390 319 462 11 316 - 465

Maximum load (Ib)

AHI 22 484 308 558 11 392 - 576

ALO 22 440 397 511 7 383-497

ANO 21 266 175 309 13 208 - 324

WOA 22 449 369 526 9 379-518

Slip a maximum load (in.)

AHI 22 009 001 015 38 0.03-0.15

ALO 22 008 004 012 29 0.04-0.13

ANO 21 0.07 005 009 15 0.05-0.09

WOA 22 008 0.02 012 29 0.04-0.13

3MOE ranged from 2.0 to 2.9 x 10° Ib/in? with average of

2.4 x 10° Ib/m? and COV of 9%. Specific gravity ranged
from 0.46 to 0.65 with average of 0.56 and COV of 10%.

Table 5—Results of phase |11 tests: effects of plate
type and load-to-grain orientation on Southern

Pine
Property
90%
COV confidence

Joint Avg Min Max (%) on mean

Load at 0.005 in. dip (Ib)
SE 130 82 202 20 85 - 176
GE 191 124 261 21 122 - 260
SA 104 74 177 24 62 - 147
GA 133 51 199 24 78 - 189

Load at 0.03 in. dip (Ib)
SE 367 321 430 8 316 - 418
GE 408 369 485 8 354 - 463
SA 348 300 398 8 303 - 394
GA 393 318 455 7 343 - 443

Maximum load (1b)

SE 511 439 572 6 462 - 560
GE 470 422 556 7 409 - 530
SA 488 426 527 7 433 - 542
GA 472 407 521 5 427 - 516

Slip a maximum load (in.)
SE 013 009 0.16 14 0.10 - 0.16
GE 0.09 0.06 0.12 16 0.06 - 0.11
SA 013 010 0.17 15 0.10 - 0.16
GA 010 0.07 o0.14 19 0.07 - 0.13

Modulus of easticity (Ib/in)
All 23E 16E 27E 15 1.7E +06 to
+06 +06 +06 2.8E +06
Specific gravity

All 059 054 0.66 5 054 - 0.64

Table 6—Results of phase 111 tests effects of plate
type and load-to-grain orientation on Douglas Fir

Load or dip
90%

COV confidence

Joint Count Avg Min Max (%) on mean
Load at 0.005 in. dip (Ib)
SE 22 132 57 242 42 36 - 227
GE 22 157 64 2711 35 62 - 252
SA 21 103 72 157 30 49 - 157
GA 22 131 58 183 24 76 - 186
Load at 0.03 in. dip (Ib)
SE 22 320 229 441 17 226 - 414
GE 22 355 268 409 11 201 - 419
SA 21 305 243 395 11 248 - 363
GA 22 351 299 390 7 310 - 392
Maximum load (Ib)
SE 22 452 344 535 12 360 - 545
GE 22 448 350 544 12 357 - 539
SA 21 501 458 560 5 454 - 549
GA 22 500 423 573 7 442 - 558
Slip a maximum load (in.)
SE 22 013 009 019 21 0.08-0.18
GE 22 010 0.05 017 27 0.05-0.15
SA 21 020 014 025 15 0.14-0.25
GA 22 015 005 017 16 011-0.19
Modulus of easticity (Ib/in)
All 19E 14E 23E 18 19E+06to
+06 +06 +06 1.9E +06
Specific gravity

All 055 046 067 12 0.44-0.66

Table 7—Results of phase |11 tests: effects of plate
type and load-to-grain orientation on Spruce-Pine-Fir

Property
90%
COV confidence
Joint Count Avg Mm Max (%)  onmean
Load at 0.005 in. dip (Ib)
SE 22 78 35 173 40 24 - 133
GE 22 11 57 168 29 55 - 166
SA 22 51 29 89 27 27 - 74
GA 22 77 31 127 30 37 - 117
Load at 0.03 in. dip (Ib)
SE 22 220 131 330 22 136 - 304
GE 22 255 190 306 12 201 - 309
SA 22 183 106 265 19 122 - 244
GA 22 255 182 324 13 199 -311
Maximum load (Ib)
SE 22 360 279 439 13 281 - 439
GE 22 359 302 445 10 294 - 423
SA 22 337 225 447 15 249 - 425
GA 22 380 304 450 8 326 -434
Slip a maximum load (in.)
SE 22 015 009 021 17 011-0.20
GE 22 013 006 019 23 0.08-0.18
SA 2 019 014 024 15 0.14-024
GA 22 013 0.11 0.15 8 012-0.15
Modulus of easticity (Ib/in)
All 15 11E 18E 4 1.1E+06to
+06 +06 +06 1.8E +06
Specific gravity
All 041 035 049 11 0.33-048
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Table 8—Results of control tests
Load or dip

90%
COV confidence
Phase Code Avg Min Max (%) on mean

Load at 0.005 in. slip (Ib)
[ 452 165 117 227 22 152-178
Il WOA 190 115 275 21 121- 258
Il SPGE 191 124 261 21  122-260
Tota 182 115 275 22 174-190

Load a 0.03 in. dlip (Ib)

| 45-2 382 338 446 8 371 - 393
I WOA 390 319 462 11 316 - 465

11 SP-G-E 408 369 485 8 354 - 463

Total 394 319 485 9 386 - 401
Maximum load (Ib)

| 45-2 447 364 489 7 436 - 459

I WOA 449 369 526 9 379 - 518

11 SP-GE 470 422 556 7 409 - 530

Total 455 364 556 8 448 - 463

Slip at maximum load (in.)
45-2 0.095 0.048 0.150 25 0.086 - 0.103
| WOA 0083 0.025 0.120 29 0.041 - 0.126
I SP-G-E 0.088 0.061 0.116 16 0.064 - 0.113
Total 0.089 0.025 0.150 24 0.084 - 0.093

Tables 3 through 7 contain statistics for joints tested in method. Thus, 2x5 plate connections pressed by the one-
phases | through I11. Table 8 contains statistics for the stage method had a higher per plug shear capacity than
control groups from phases I, II, and 11l (i.e., groups did 4x5 plate connections pressed by the two-stage

45-2, WOA, and SP-G-E, respectively). Although the method.

phase | test appeared to hold lower average load at 0.005-

and 0.03-m displacement, the difference was not The observed effect of plate Size may have been due in
significant a the 90-percent confidence level. These part to the relative size of plates and wood members.
results confirm the continuity in fabrication and testing Both plates appeared to have comparable per plug loads
procedures between the test phases. at low displacement levels, but the 4x5 plate reached a

Joint failures involved a combination of tooth with-
drawal, tooth bending, wood bearing deformation around
the teeth, and tearing of wood fibers from the surface of
the wood. The predominant failure mechanism was
influenced by the test boundary conditions, plate mate-
rial, species, and joint fabrication method. The majority
of test failures were primarily due to tooth bending and
withdrawal accompanied by bearing deformation of the
wood under the teeth. When loads were applied perpen-
dicular to the grain of the wood, failures included some
tearing of wood fibers from the surface in tension
perpendicular to the grain (Fig. 9).

Phase |

Two-stage pressing gave higher joint strength and
dtiffness than did one-stage pressing, but the difference
was overshadowed by the strength advantage of 2x5
plates over 4x5 plates. Figure 10 gives the average load-
dip curves for the four test joint variations considered in

phase . For each plate size, two-stage pressing gave Figure 9—Deformation patterns in low (a, b) and high
superior connections. When evaluated on a per plug (c,d) density material when loads were applied parallel
basis, however, the strength advantage of using a 2x5 (a,c) and perpendicular (b,d) to the grain.

plate was greater than the disadvantage of the pressing (M91 0141-42)
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Figure 10—Average load-dip curves for tests in phase I.
Loads are expressed in load per plug to facilitate
evaluation of plate size effects.

threshold sooner than did the 2x5 plate. The 2x5 plate
centered on a 7x5 area was more likely to receive a
uniform load per tooth than a 4x5 plate on the same area.
Plug end distance was roughly 0.75 in. for the 4x5 plates
and 1.5 in. for the 2x5 plates.

Phase 11

The confinement comparisons made in phase Il (Fig. 11)
demongtrated the important influence of boundary
conditions on joint stiffness and strength. Failure modes
for the test joint varied with level of confinement, as
shown in Figure 12. Using a three-block shear test, loads
applied to the middle block were transferred through the
STP to the inside surface of the outer blocks. The shear
load on the inner face of the side member, counteracted
by the resultant reaction forces distributed across the
thickness dimension at the base of the member, formed a
couple that tended to rotate the outer laminations away
from each other on the bottom. For the unconfined shear
block, this outward thrust was resisted by bearing friction
(Fig. 128) and the shear planes tended to remain vertical
as plate teeth were sheared from the surface. When a
joint was tested under high lateral confinement, the STP
shear capacity actually exceeded the compression
perpendicular-to-grain strength of the wood in some
cases. When this happened, the middle member often
exhibited a rolling shear between annual rings. Bulging
deformation of this member actually pushed the two side
members away a the top (Fig. 12b). When a test sample
was placed on rallers, as in the confinement apparatus,
there was no longer a bearing friction force to resist the
outward thrust and the joint had a tendency to open at the
bottom (Fig. 11c), causing shear stiffness to drop off as a
result of increased bending moment on plate teeth and
loss in surface friction.

600
High lateral pressure (AHi)
5 500 |
= Without testing apparatus 4
3 a00} (WOA)
Q
g s Low lateral pressure
§ 300 (ALO)
2 200+
©
2 No lateral pressure (ANO)
v 100 F
0 0.01 0.02 0.03 0.04 0.05
Slip (in.)

Figure 11—Average load-dip curves for tests in

phase I1. Although confinement did have a significant
effect on joint capacity, the effect of increased pressure
did not appear to be significant in the range of 20 to
40 1bfin’.

Figure 12—Joint deformation patterns were dependent
on confinement conditions and specific gravity of lumber.
(a) Tests conducted outside confinement apparatus were
restrained by bearing friction at bottom of side members;
(b) in confinement apparatus with no active pressure,
eccentric loads on side members caused them to spread
apart at bottom: (c) under active confinement pressure,
shear resistance of 4x5 plates exceeded the compression
perpendicular-to-grain resistance of center block,
causing compression and rolling shear failures to push
joints apart at top. (M91 0141-43)

Several samples tested in phase |1 exhibited displacement
problems that resulted in the termination of the test prior
to reaching maximum load. Problems included in-plane
rotation of the middle member in ajoint in the
unconfined test group and rolling shear failures in the
40-bfin’ confinement test group. A total of three joints
had to be removed from the test data, leaving 22 speci-
mens for the tests outside the apparatus and the 20-1b/in®
confinement condition, 21 specimens for tests with no
confinement, and 20 specimens for the 40-Ib/in” group.
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Figure 13—Average per plug load-slip curves for 4x5
plates compared to 2x5 plates. The 2x5 plug carried less
load up to displacement of about 0.011 in. (0.022 in. for
joint). Beyond that point, 2x5 plugs carried greater shear
load than 4x5 plugs. This was partially due to a differ-
ence in stresses in connected wood members.

Phase 111

Effects of plate type and orientation varied with species.
Plate type had a definite effect on strength of Southern
Pine (Fig. 13) and Spruce-Pine-Fir joints, but little effect
on strength of Douglas Fir joints. Load-to-grain orienta-
tion, however, had relatively little effect on strength of
Southern Pine (Fig. 14) and Spruce-Pine-Fir jointsand a
greater effect on Douglas Fir joint strength.

Although wood crushing played arole in al tests

(Fig. 9), it was most noticeable in joints fabricated with
low SG materid and stainless sted plates. Stainless stedl
plate teeth had less tendency to bend than galvanized
teeth and were more likely to compress the wood in the
bearing area. In some cases, where load was applied
perpendicular to the grain, splinters of wood were torn
from the surface by the plates, suggesting that tension
perpendicular to the grain may play some role in defining
joint shear capacity.

Analysis

The primary value of this study is its assessment of the
senditivity of joint behavior to variations in joint fabrica
tion methods and assembly boundary conditions. To
relate joint test results to expected field performance, it is
important to keep in mind how the test values were
derived and how differences between test and field
conditions influenced joint performance. This analysis,
which focuses on joint behavior under pure shear, shows
that joint fabrication, configuration, and boundary
conditions have a significant effect on stiffness and
strength of STP connections.
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Within each phase of the study, joint strength and
stiffness distributions were evaluated using three
procedures. Firgt, distributions of stiffness and strength
were evaluated within each test cell. This provided a
basis for evaluating variable effects on joint mean
performance and variability. Second, an analysis of
variance (ANOVA) was conducted within each test cell,
taking advantage of end-matched samples to assess the
effects of board variations as well as that of target
variables on joint performance. Finally, nonlinear least
squares regression methods were used to characterize
average joint behavior and to relate joint behavior to SG
variations.



In addition to allowing the comparison of load and dip
characteristics, observation of failure mechanisms
provided some ingight to the importance of proper
fabrication methods and joint boundary conditions.

Analysis of Variance

To facilitate the assessment of variable effects on joint
strength and stiffness, an ANOVA was used to compare
test results within each study phase. Prior to running the
ANOVA, the distributions of test results were evaluated
for normality to judge the potentia error in using
standard F and t cumulative distribution functions as a
basis for assessing the significance of variable effects on
joint strength and stiffness. The ANOVA was used to
evaluate effects of between-board variations and SG as
well as the effects of the primary variables targeted in
each study phase.

The distribution of residuals for the combined sample
was evaluated for normal distribution fit using the
Wilks-Shapiro test. Test results for each joint configura-
tion within a study phase were initialy grouped to give a
large enough sample population to characterize distribu-
tions of residuals for maximum strength, dlip a maxi-
mum load, and load at 0.03-in. and 0.015-in. shear
displacement. Results of this analysis showed that
phase | and 11 tests al fit the normal distribution
assumptions, but there were some problems in phase 1.
On the basis of all tests conducted in phase 11, the
residuals for load at 0.015- and 0.03-in. displacement did
not appear to be normally distributed. When each
confinement condition was evaluated separately, load at
0.015-in. displacement appeared to be normal for al test
conditions except the 40-Ib/in® confinement condition. At
0.03-in. displacement, confinement tests conducted
outside the confinemement apparatus appeared to be the
only sample for which the normal fit was questionable.

Of the 20 célls, or variable combinations tested in this
study, only two appeared to have a problem with the
norma fit. These samples had two or three extreme
vaues that affected the “normal fit.” For the mgjority of
samples, we felt that the use of the F-test and t-test was
appropriate as a means of evaluaing variable interac-
tions.

By providing a basis for assessing the importance of each
test variable, the ANOVA led to recommendations for
factors to consider in the design and fabrication of joints
using STPs.

Load-Slip Model

Design loads for metal plate-type connectors arc nor-
mally based either on the load at a tota joint displace-
ment of 0.03 in. or some fraction of maximum load. New

methods for deriving allowable values for nailed connec-
tions are more closely tied to the shape of the load-
displacement curve. For the analysis of STP perfor-
mance, we chose to provide both options by fitting a
closed form nonlinear function to the average load-slip
curve for each joint configuration tested. This function
(Eq. (1)), which is discussed in more detail in Appen-
dix B, includes three parameters, one of which (K)
represents the initial slope (tiffness) of the load-dip
curve. This parameter was used as a means of comparing
initial stiffness values of the various test joint configura:
tions.

f = (Py + P,8)(1 - exp(- K|35/ Py)) (1)

Tabulation of Test Results

Appendix B data were used to characterize the composite
load-dlip data for each joint configuration. Table Bl
gives the parameters derived using a nonlinear least
squares regression to fit Equation (1) to the average joint
load-dip data. Tables B2 to B6 contain minimum,
average, and maximum loads derived from al tests of
each configuration a displacements ranging from

0.000 in. to 0.050 in., in increments of 0.005 in. For a
sample size (n) of 22, the minimum value observed may
be assumed to represent the 10th percentile of a nonpara-
metric distribution with 90 percent confidence. The 90-
percent confidence intervals on the mean displayed in
these tables is based on a Student’s r-test probability
density function with v = h - 1 based on the number of
observations at each displacement level. Although

22 joints were fabricated for each cell in the study, only
21 joints were tested in two cases. In some cases,
maximum |oads were reached prior to 0.05 in. of shear
displacement, so the number of observations a 0.05-in.
displacement was not always the same as that a 0.005 in.

Joint stiffness values are compiled in Table 9 for each
test joint type. These values, derived as the K parameter
in Equation (1), are used to index the test joint variables
according to their effect on test joint stiffness. In addition
to K values, Table 9 aso gives the average maximum
load for each joint configuration. Values are expressed
both in engineering units (Ib/plug/in. of shear displace-
ment (K) and Ib/plug (maximum load)) and relative
vaue, which is the multiple of the control joint value.

Discussion
Phase 1

In phase |, the evaluation of fabrication and plate size
suggests that on the basis of maximum per plug load, the
advantages of the smaller plate size outweigh the
disadvantages of one-stage pressing. On the average,
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Table 9—Joint stiffness and strength values derived as

K parameter for nonlinear model fit to average load-dlip

curve

Variable Joint
(Control) II-WOA
1I1-SP-G-E
1-45-2
Total GE
Species 11-DF-G-
pec 111I-SPF-G-E
Pressing 1-45-1
Orientation  II-SP-G-A
Plate type I1I-SP-S-E
Plate size 1-25-2
Confine- II-ANO
ment II-ALO
1I-AHI SE
Species/ MI-DF-S-
lﬁ:tcn type II-SPF-S-E
Species/ III-DF-G-A
orientation III-SPF-G-A
Orient/plate  III-SP-S-A
type
Species/ III-DE-S-A
orient/ III-SPF-S-A
plate type
Pressing/
plate size  1-25-1

Stiffness (K) Strength
(Ib/in) (ratio) (Ib/plug) (ratio)
50,790 1.05 449 0.99
50,841 1.05 470 1.08
43,538 0.90 447 098
48241 1.00 455 1.00
41,022 0.85 448 098
28,582 0.59 859 079
35975 0.95 881 0.84
84,708 0.72 472 1.04
81,449 0.65 511 1.12
29,776  0.62 558 1.28
25,122 052 266 0.58
25,364 0.58 40 097
24,601 0.51 484 1.06
82,667 0.68 452 0.99
18,536 0.88 360 0.79
82,241 0.67 500 1.10
18,352 0.88 380 0.88
25968 0.54 488 1.07
25,537 053 501 1.10
11,457 0.24 337 0.74

26,682 0.55 492 1.08.

two-stage joints were 15 percent stronger than one-stage
joints, the smaller plates had 27 percent greater load
capacity per plug. Therefore, the one-stage 2x5 plate
joints actually had a higher maximum per plug load than
the two-stage 4x5 plate joints. Variations in the actual
test conditions for the two plate sixes, however, throw
some doubt on the validity of this conclusion.

Fabrication

The energy dissipated in pressing an STP joint may be
assessed as the area under the load-embedment curve.
Figure 7b shows average load-embedment curves for
one-stage as opposed to two-stage fabrication. The two-
stage curve was obtained by summing displacements at
incrementa loads. Up to 0.9 in. total embedment, the
average dope for one-stage pressing (-4,000 Ib/in) was
dightly less than that for two-stage pressing (5,100 Ib/
in), suggesting that one-stage pressing requires less
energy. In one-stage pressing, however, a portion of the
measured displacement is due to plate bending around
the plugs, whereas in two-stage pressing, displacement is
almost entirely due to tooth embedment. Beyond 0.9 in.
embedment (0.25 in./plate-wood interface), the one-stage
process enters a transition zone in which compression of
the wood surface begins to affect the pressing force. For
two-stage pressing, this does not occur until 1.25 in.
embedment (0.31 in./interface). To obtain a tight joint
using one-stage pressing required from 750 to
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1,000 Ib/m? whereas the maximum value for two-stage
pressing was in the range of 400 to 500 Ib/in’. This
difference is due to plate distortion in one-stage pressing.
Near the end of the pressing cycle, one-stage pressing
required higher loads to reflatten the STP and to obtain
joints comparable in appearance to those attained with
two-stage pressing.

Results shown in Tables 3 and 9 show that two-stage
pressing resulted in joint load values that were 8 to

24 percent higher than those of the joints pressed by the
one-stage method. Comparison of K vaues in Table 9
shows the two-stage 2x5 plate joints were 11 percent
differ than the one-stage plates, the two-stage 4x5 plates
were an average 21 percent stiffer than comparable one-
stage plates. Loads at 0.005-in. displacement confirmed
these results. As for strength, two-stage pressing resulted
in average strength increases of 13 and 17 percent for the
2x5 and 4x5 plates, respectively. Measured differences
were significant a the 0.05-percent level of significance.
The only measured parameter not significantly affected
by pressing method was the dlip at maximum load
(average 0.10 in.).

Lower stiffness for one-stage pressing was partialy due
to plate distortion, which inhibited full embedment of all
the teeth. In some cases, as previoudy noted, plate
distortion also caused some teeth to bend rather than
being pressed into the wood.



Plate Size

The 4x5 plates exhibited greater initial stiffness but a
lower maximum per plug load than the 2x5 plates. The
comparison of curves for 2x5 and 4x5 plates (Fig. 13)
shows that the per plug load for the 4x5 plates increased
faster with initial displacement but reached alower
threshold, at which time the curve began to flatten out.
The results suggest that this difference is not attributable
solely to plate size. Deformation of the center member
during teats of 4x5 plate joints initiated a failure mode
different from that observed for 2x5 plate joints. This
difference in failure mode is evident in the fact that the
dlip values measured for the 2x5 plates at maximum load
were greater than those measured for the 4x5 plates. As a
result of greater lateral displacement for the 4x5 plate
joints, maximum load was reached a lower dip values.
To isolate the effect of plate size, the bearing area of the
wood members should be increased in proportion to the
plate size.

Although the 4x5 plate connections exhibited greater
stiffness and strength than the 2x5 plate connections,
when loads were evaluated on a per plug basis the 2x5
plates showed a significant advantage. At the 0.005-m
displacement, the 4x5 plates had a greater per plug load.
The ANOVA used to evaluate load at 0.015- and 0.03-
in. displacement indicated no significant diferenceat
0.015 in. but a 12 percent advantage in favor of the 2x5
plate a 0.03 in. At maximum load, the 2x5 plates were
27 percent stronger on a per plug basis.

A possible explanation for this apparent size effect
relates to the relative widths of the plate and the joint
contact area. In al cases, the interface area between
adjacent wood members was 5.5 in. wide. Centraly
locating plates on this area provided a0.75-in. edge
margin for the 4x5 platesand a1.75-in edge margin for
the 2x5 plates. As the middle piece was loaded and the
side members tended to rotate in at the top and out at the
bottom, those plugs closest to the bottom edge of the
joint began to withdraw, thus reducing their shear
capacity. This condition was more critical for the wider
plate.

Phase Il

The vertical shear load on the inside surface and reaction
within the bearing area of the side blocks result in an
outward thrust that must be resisted by the joint boundary
conditions, if this test is to measure shear behavior

(Fig. 14). In the standard double-block shear test, the
outward thrust is countered by bearing friction

(Fig. 14A). Removing the bearing friction by placing the
test joint on roller supports in the confinement apparatus
(Fig. 14B) caused alarge drop injoint stiffness aswell as
strength. The application of lateral restraining pressure

helped restore strength lost as a result of removal of the
bearing friction but did not restore joint stiffness.

Standard tests conducted without the apparatus resulted
in shear strengths comparable to those obtained using
201b/inz of confinement pressure, but initial stiffness
was greater than that in any of the confined tests. Load at
0.015-in. displacement averaged 50 Ib/plug greater for
the joints tested without the apparatus. Loads for the
20-Ibfinz and 40-1b/in confinement pressures were not
significantly different at this displacement. At 0.03-m
displacement, loads for the 40-1b/in? laterd pressure
group averaged 34 Ib/plug greater than that for the 20-1b/
in? lateral pressure group but were not significantly
different than loads for joints tested without the appara-
tus.

The K values derived on the basis of confined joint test
results (Table 9), as well as the f-test values for mean
difference, showed that initial stiffness of the confined
joints did not vary significantly with confinement
pressure. The K valuesfor the confined joints were
roughly 50 percent of those for the joints tested without
theconfinement apparatus.

At aload of 4,000 Ib and a coefficient of friction of 0.4,
the lateral restraining force caused by friction is roughly
800 1b. At 401bfirg, the confinement apparatus provides
a restraining force (1,600 Ib) that is roughly twice the
friction force developed without the apparatus. The fact
that joints tested under 40 Ib/in? restraining pressure
showed lower initial stiffness suggests that the confining
platen may have been able to rotate dightly, thus
alowing initia spreading of the joint side members.

Figure 15 shows the measured separation of the con&r-
ing platens versus shear displacement for a joint tested in
the apparatus under zero confinement pressure. The
linearity well beyond maximum load on the joint
suggests that the ratio of side member rotation to vertica
displacement of the middie member remains constant,
despite the indlastic shear displacement of the joint. A
regression analysis of the platen separation versus shear
displacement for the three levels of confinement (Fig. 16)
showed that the dope of this line for joints tested with
zero confinement pressure is roughly six times that found
for the 40-Ib/in? confinement. The 20-Ib/in? confinement
tests had an average platen separation/shear displacement
ratio only 1.6 timesthat of the in2 confinement
tests. These findings support the premise that lack of
proper confinement leads to side member rotation, plug
withdrawal, and lower shear load capecity.

Phase 11

The effects of test variables on joint stiffness and
strength varied with species. Between-board variahility

15
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Figure 15—Separation of confining platens measured
parallel to direction of confining force compared to joint
shear deformation measured parallel to joint loading
force for joint tested with no confinement pressure. Note
linearity well beyond maximum load
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Figure 16—L ateral displacement of confining platens for

three levels of confinement pressure.

had a significant effect on Douglas Fir joint strength and
initial stiffness but did not affect Spruce-Pine-Fir or
Southern Pine joints. Load orientation with respect to the
wood grain had a significant effect on the initia stiffness
for all test joints, on dip a maximum load for al but
Southern Pine, and on maximum load for Douglas Fir
only. Plate type had a significant effect on joint stiffness
for al species, but significant effects on strength were
shown only for Southern Pine and Spruce-Pine-Fir.

A possible explanation for the interaction between
Douglas Fir boards and joint strength is the quality of the
material. The Douglas Fir was purchased at a relatively
high moisture content and had to be conditioned to

12 percent moisture content prior to joint fabrication.
During conditioning, several boards cupped dightly.
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Figure 17—Load-dip curves for loads applied parallel
and perpendicular to grain for three species.

When joints were fabricated, pressing may have caused
dight tension perpendicular-to-grain fractures in flatten-
ing the cup or the plates may not have been uniformly

pressed.

The effect of shear load orientation with respect to wood
grain direction varied with displacement level, species,
and plate type. Figure 17 shows the force-per-plug as
opposed to shear displacement for loads applied parallel
and perpendicular to the grain. In the range of 0 to

0.05 in. of dip, the mean perpendicular-to-grain load was
greater than the mean parallel-to-grain load for all
species. Initial joint stiffness, represented by the K
parameter in Equation (1) and listed in Table Al of
Appendix A averaged 39 percent greater for load applied
perpendicular to the grain. The ANOVA showed that the
effect of load orientation was significant at the 0.05-
percent level for load at intermediate displacements when
stainless stedl plates were used in Southern Pine and
Spruce-Pine-Fir and for maximum load when either
plate type was used in Douglas Fir. In the latter case,
paralldl-to-grain loading showed a 10 to 20 percent
advantage.

Plate type had a significant effect (0.05-percent level of
confidence) on joint strength and stiffness when evalu-
ated for the entire sample. However, the effect of plate
type varied when evaluated by species and load orienta-
tion. For the Spruce-Pine-Fir samples, galvanized plate
joints were gtiffer and stronger (380 Ib/plug compared to
340 Ib/plug) than stainless steel joints when load was
applied parallel to the grain, but the difference was not
significant when load was applied perpendicular to the
grain (average 360 Ib/plug). Southern Pine joint tests aso
showed that the galvanized plate joints were stiffer.
However, the stainless stedl plates had significantly
higher dip at maximum load and a significantly higher
maximum load. The average maximum load for stainless
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Figure 18—Effect of plate type on characteristic shear
load-dlip behavior of STP connections. Curves represent
combined average for parallel- and perpendicular-to-
grain loading for each plate type.

steel and galvanized plates was 487 and 472 1b/plug,
respectively, for parale-to-grain loads, and 511 and

470 lb/plug, respectively, for perpendicular-to-grain
loads. For Douglas Fir, the gavanized plate joints were
dtiffer than the stainless steel plate joints but there was no
significant difference in joint strength: both plate types
averaged 500 Ib/plug for loads applied paralel to the
grain and 450 Ib/plug for perpendicular to the grain.

Figure 18 compares the performance of Southern Pine
stainless sted and galvanized plates. These plots repre-
sent the combined sample of parallel- and perpendicular-
to-grain loading.

As was expected, joint strength varied with species.
While this variation is attributed primarily to differences
in SG, the variability in SG aone explains less than

60 percent of the variability in joint strength. The
repression of maximum load on SG and the square root
of SG give Equations (2) and (3). These equations are
plotted in Figure 19 dong with the mean and 95-percent
confidence intervals for galvanized and stainless stedl
joints tested in phase Ill. These relations explain

62 percent of the variability in joint strength with the
galvanized plates (f o) and 74 percent of the variability in
joint strength with the stainless steel plates (f,).

fg = (-2,879-5,7385G + 8,775\/SG) 2
fs = (-1,915-3,271SG + 5,652\/80) ©)

In this study, SG values ranged from 0.35 to 0.70. When
these values are subgtituted into Equations (2) and (3),
the resultant mean strength estimates range from 284 to
524 |b/plug. Dividing by 3 results in design values
ranging from 95 to 175 Ib/ plug. Vaues of average load at
0.03-in. dlip ranged from 183 to 408 Ib/plug. Both these
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Figure 19—Nonlinear curve fit to mean maximum load

compared to SG. Values derived for galvanized (G) and

stainless stedl (S) plate connections tested in phase I11.

Letters designate mean and bars designate 95 percent

confidence interval.

derivations assume boundary conditions comparable to
that of the double-block shear test and a 4x5 plate on 2
by 6 lumber. Figure 20 shows the relative performance of
the three species over the 0.005- to 0.05-in. range in dip.
The Southern Pine joints were the gtiffest and strongest.
Using Southern Pine values as the basis, values were
ordered on a scale of 0 to 1. Relative average perfor-
mance of jointsin Douglas Fir and Spruce-Pine-Fir
joints was roughly equal to their relative average SG
(0.93 for Douglas Fir and 0.69 for Spruce-Pine-Fir).

Maximum load appeared to be more sensitive to in-
creases in SG at the low end of the scale of SG values
measured in this study than at the high end. This suggests
a possible threshold brought about by a change in failure
mode. Bearing deformation of the wood may play a
greater role in defining maximum load for the lower SG
species. As SG and bearing resistance increase, the plug
teeth bend to a greater extent. This conclusion is only
partially supported by our test results. The dtiffer
stainless steel had no significant effect on the lower SG
Spruce-Pine-Fir joints loaded perpendicular to the
grain: gavanized joints averaged 358 Ib/plug and
stainless steel joints 360 Ib/plug. At the high end of the
SG range, the Southern Pine joints with stainless steel
plates (511 Ib/plug) were 8 percent stronger than those
with galvanized plates (470 Ib/plug). For the Douglas Fir
joints, however, plate type did not have a significant
effect: maximum load for the stainless steel plates
averaged 452 |b compared to 447 Ib for the galvanized
plates.

To account for the effect of SG on joint tiffness and
strength, we modified the three-parameter model
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Figure 20—Species effects shown as average relative
strength of Douglas Fir (DF) and Spruce-Pine-Fir
(SPF) joints compared to Southern Pine (SP) joints. Note
that these relative ratios are close to those determined

fir specific gravity (0.93 for DF and 0.69 for SPF). At
the W-percent confidence level, the difference between
DF and SP is not significant.

(EQ. (2)) to include SG. The best of these modifications,
in terms of tit and ease of applying, was obtained by
multiplying each model parameter (P,, P, and K) by SG.
Setting the original parameters equal to SG*P, , SG*Py,
and SG*K” gives the expression

f = (SG* P, + SG* P,5

-K *SG|6
1- —_—
(1 - exp( T ) ()
or
-K
f =SG* (P} + P;5)(1 - exp( P,"s')) (5)
0

This form of the equation is intended to account for
differences across species. Parameters derived for the
four combinations of plate type and load grain orienta
tion are given in Table 10.

Summary of Joint Strength Results

Design vaues for plated connections are normally
derived as one-third of the average failure load or load a
0.03-in. displacement, whichever is less. The control
joints in this study had an average maximum load
capacity of 455 Ib/plug with a COV of only 8 percent.
This would trandate to a design basis of 150 Ib. The
average load at 0.030-in. dip was 390 Ib/plug with a
COV of 9 percent.
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Table 10—Foschi parameters
for jointsin phase 1*

Joint P, P, K
No SG in equation

SA 342 851 20,780
SE 335 929 24,569
GE 382 27 26,613
GA 405 -86 20,925
SG in equation
SA 674 1,446 39,579
SE 632 1946 48,113
GE 624 1911 60,253
GA 655 1,497 47,052

®Parameters derived for each joint
type with and without considera-
tion of specific gravity (SG).

The joint confinement tests conducted in phase 11
indicate the need for better characterization of joint
boundary conditions. The strength of joints tested with
no confinement averaged 60 percent of the strength of
joints tested using either direct pressure or bearing
surface friction restraint. The results suggest that the
double-block shear values may be unconservative unless
some form of joint confinement is used.

Fabrication of joints by the one-stage pressing method
required more energy and resulted in lower stiffness and
strength values than fabrication by the two-stage process.
Fabrication pressure requirements were on the order of
25 percent greater for one-stage pressing to obtain joints
comparable in appearance to those fabricated by two-
stage pressing. For 4x5 plates, one-stage joints were only
75 percent as stiff and 85 percent as strong as two-stage
joints. For 2x5 plates, the pressing method had a dlight
effect on joint tiffness (one-stage joints were

89 percent as dtiff as two-stage joints); the effect on
strength was the same for both one-stage and two-stage
joints.

The results of tests on the effect of plate size are incon-
clusive. The 2x5 plates appeared to increase the load per
plug capacity by 25 percent compared to the 4x5 plates.
This difference was significant at the 0.05-percent level
of confidence. Differing modes of failure, however,
suggest that this difference in strength may have been
partidly influenced by the size of the joint wood mem-
bers relative to the size of the STPs. For joints with 4x5
plates, strength was influenced by the wood deformation
caused by bearing stresses.

Joint strength and stiffness were directly related to SG.
Relative values of average joint load capacity measured
at incremental dips were fairly constant over the range of
0.005 to 0.05 in. of dip and roughly equal to average
relative SG values. Differences between the Southern
Pine and Douglas Fir joint strength values were signifi-
cant at the 0.05-percent level of confidence.



Test boundary conditions had a mgjor effect on failure
mode and joint strength. Joints tested with no lateral
restraint failed at less than 60 percent of those tested with
some form of restraint. Although the amount of lateral
pressure did have a significant effect on joint strength, it
did not significantly affect stiffness. When compared to
joints tested outside the confinemement apparaus, the
confined joints actualy displayed lower stiffness.

Summary of Joint Stiffness Results

Species or SG appeared to have the greatest effect on
joint gtiffness. The average stiffness of Douglas Fir joints
tested in phase 11l was 85 percent that of the Southern
Pine controls. The average stiffness of Spruce-Pine-Fir
joints was only 59 percent of the control. Relative SG
values for these two species, compared to that of South-
em Pine, were 93 percent and 69 percent, respectively.

Conclusions

* The two-stage method of joint fabrication is preferable
to the one-stage pressing process.

* Further study is needed to verify or quantify the effect
of plate sire. Additional studies should consider the
size of wood members relative to that of the shear
transfer plates (STPs).

« Joint strength appears to be directly related to member
specific gravity. Further study should be conducted to
evaluate specific gravity as a predictor of load
capacity of STP joints.

» For basicresearch on the effects of fabrication
methods or material mechanica properties, surface

flatness and ring orientation should be controlled to
reduce unnecessary variation.

* The effect of load orientation with respect to wood
grain appears to be species-dependent. In most cases,
the difference between perpendicular- and parallel-to-
grain loading was not significant, but it was significant
for the Southern Pine and Spruce-Pine-Fir joints
fabricated using galvanized plates.

» Test sample boundary conditions should be carefully
controlled to reflect in-use conditions or varied to
determine the effects of different failure modes.
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Appendix A-Confinement Apparatus

A side view of the confinement apparatus without
displacement transducers and several bearings is shown
in Figure Al. A top view showing the location of the
displacement transducers (but neither bearings nor the
base plate) is shown in Figure A2. Figure A3isa
schematic of the complete hydraulic system.

The confinement apparatus was designed to provide
varying levels of lateral confinement during fastener
shear tests. Lateral pressure is applied to the specimen
when the hydraulic cylinder pushes the inside platen
toward the outside platen. The outside platen and the
support for the cylinder are connected by tension bars.
Slots in the tension bars allow the inside platen to move
independently of the bars. Both platens and the cylinder
support are bolted to bearing plates that ride on sted
rollers. Hold-down roller bearings ensure that the bearing
plates do not lift off the stedl rollers when a vertical load
is applied to the specimen. The platens can easily be
rolled back and forth on the sted rollers even when they
themselves are applying lateral load to the specimen.
This capability to float in either direction ensures that
equal but opposing lateral forces are being applied by the
platens as vertical loads are being applied to the
specimen.

The amount of lateral force applied by the platens is
directly related to the ail pressure in the hydraulic
cylinder and is continually monitored with the pressure
transducer (Fig. A3). Hydraulic oil is pressurized by
nitrogen gas via a piston accumulator. Total pressure in
the system is changed by adjusting the pressure regulator
on the nitrogen gas tank.

The confinement apparatus was designed to provide three
levels of confinement: (1) no lateral restraint, (2) a fixed
lateral force, and (3) complete lateral restraint.

1. No, or more correctly, negligible latera restraint is
obtained by leaving the three-position vave on the
backside (i.e, gas side) of the accumulator in the
“vent” position and the on-off vave in the “on”
position. Since each outside wood member rests on a
bearing plate that rides on sted rollers, there is very
little resistance to lateral movement. Even though
lateral pressure is not being applied by the platens,
total lateral displacement of the platens can till be
monitored.

2. A fixed lateral force, one that does not change as the
vertical load increases, is obtained by leaving the
three-position valve in the “charge” position and the
on-off valve inthe “on” position. The exact level of
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the fixed force can be changed by adjusting the
pressure regulator. The ability to maintain a fixed
lateral force is due to the compressibility of the gas
and is dependent on the amount of gas in the system
(the higher the volume, the better) and on the magni-
tude of the latera displacements. During the STP
experiments, there was no measurable change in the
selected lateral force. This can be attributed to the
relatively small lateral displacements (which displaced
small quantities of ail) and the relatively high ratio of
gas to ail (by volume) in the accumulator.

3. Complete lateral restraint is achieved by not alowing
the outside wood members to move laterally when a
vertical load is applied to the middie member. This is
accomplished by (a) pressurizing the system (as
described in the preceding paragraph) to bring the
platens in contact with the specimen, and then
(b) locking the ail in place by turning the on-off valve
to the “off” position. The constantly increasing force
required to keep the outside members in place as the
vertical load increases is monitored by the pressure
transducer. The initial lateral force depends on the
pressure selected during system pressurization.

When the on-off vave is in the “off” position and
vertical loads are applied to the specimen, it is possible to
get oil pressures that exceed the maximum nitrogen gas
charging pressure (i.e., the nitrogen gas tank pressure).
To protect the pressure transducer, hydraulic cylinder,
and hydraulic oil plumbing from abnormally high
pressures, a pressure relief value was ingtalled in parallel
to the on-off valve. Once the crack pressure for the relief
valve is exceeded, the system operates in the fixed latera
force mode.

Generaly, to remove a specimen after a test, the three-
position valve must be turned to the “vent” position. This
action releases all nitrogen gas in the accumulator into
the atmosphere. Continual venting of gas ultimately
requires that the gas tank be refilled. It should be noted
that only a fraction of one tank was used in the STP
study because of the high initial tank pressure

(6,000 Ib/in), the tank volume (1.5 ft%), and the low
volume of gas used during the experiments.

Prior to using the test apparatus, the system was cali-
brated to determine the relationship between the ail
pressure in the system and the lateral force on the test
specimen. This was accomplished by placing a load cell
and hydraulic jack in series between the platens. With the
on-off valve in the “off” position, the load cell was
“jacked” againgt the platens, and electrica output from
the load cell and pressure transducer was recorded using
an X-Y recorder.
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Figure A1—Side view of confinement apparatus without displacement transducers and several bearings.
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Appendix B-Derivation of Foschi
Parameters for Load-Slip Curves

Teats of shear transfer plates were conducted to charac-
terize their performance as a means of transferring
interlaminar shear. This appendix presents a summary of
the test data as well as a closed form function to predict
average performance of STP joints. Table B1 shows the
parameters derived to give a best fit of the three-param-
eter model proposed by Foschi (1977) for gusset-type
metal plate connectors. Three parameters are given for
each of the 20 test configurations studied One configura
tion, designated as the control, was the same for each
phase of the study. The row labeled CONTROL lists the
Foschi parameters that gave the beat fit to the average
curve for al control tests.
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The parameters in Table B1 are based on loads at

10 incremental deformations beginning at the zero-
displacement zero-load coordinate and ending at 0.05 in.
displacement. These values are listed in Tables B2 to B6,
which summarize the results of 22 tests of each joint
configuration in phases | to I1l. At each of 10 displace-
ments, ranging from 0.005 to 0.05 in., these tables list the
number of joint teats that reached the corresponding
displacement; the average, maximum, and minimum
loads; and the coefficient of variation. A Student’s t-test
distribution was assumed to derive the 90-percent
confidence interva on the mean, which was calculated as

X(1 + gCOV). In this case, gis the number of standard
deviates from the mean to the 5th and 95th percentile
points of the Student’s t-teat distribution, given the
number of observations listed in the Count column.



Table Bl—Parameters derived to fit average Table B2—L oad-dlip data for phase | tests

load-displacement curve for each joint
configuration® Load (Ib)

90%

Phase Joint Po P, K S(I_ip c A COV confidence
in. ount® Avg Max i 9 0
1 251 299 2772 26,682 ) g Max Min (%) ofmen
45-1 241.2 2283 35975 Joint 25-1

25-2 4085 2012 29,776 0005 22 114 165 54 23 105-124

45-2b 3306 1915 43,538 0.01 2% 19; 268 101 19 182- 229

0.015 2 24 326 143 17 234-265

I XII?OA" ﬁfg ;’ggg ;(5)’3(2) 0.02 22 293 37 179 15 272 -309

ALO 4195 17 25:364 0.025 22 328 401 206 14  311-345

AHI 750'0 3812 24601 0.03 22 357 42 231 13 339-375

. Bt it 0.035 22 381 446 255 13 364-399

m SP-S-E 295.2 2,891 31,449 0.04 401 462 276 12 383 -419

SP-G-Eb 3472 2,120 50,641 0.045 22 417 479 292 12 400-435

SP-S-A 3384 1,667 25,968 0.05 22 431 495 305 11 413 - 449
SP-G-A 400.0 890 34,708 Joint AB 25-2

pripas as %33% ég:ggg 000s 22 124 172 87 19 116-133

SPE-S.A 1424 1944 11457 001 22 223 289 158 15 211-236

SPEGA 2304 1703 18352 0015 22 294 365 214 13 280-308

DES-E 2284 3107 32667 002 22 345 422 262 11 330-35

DE.G-E 5117 2304 41022 0025 22 384 466 305 10 369-398

DFE-G.A 362 545 32441 0035 22 44 525 367 9 426-457

y ’ 0.04 22 463 548 387 9 447 -479

CONTROLD 3360 2,008 48241 0045 22 481 566 401 9  465-497

3parameters were derived using the function 005 22 496 581 41l 9 479-512

f= (Py +Pd)(1 - exp(-KIdJ/P ). Joint 45- 1
"Control samples tested in each phase were 0.005 21 136 175 75 20 126-147
combined to give the fina control curve. 0.01 21 206 257 141 16 193-218

0.015 21 240 291 176 13 229-251
0.02 21 270 320 205 11 259-281
0.025 21 292 343 230 10 281-303
0.03 21 308 361 250 10 297-320
0.035 21 323 375 265 9 312-334
0.04 21 334 386 274 9 323-346
0.045 21 344 39 282 9 333-355
0.05 21 351 404 286 9 340-362

Joint 45-2

0.005 22 165 228 117 21 152-178
0.01 22 260 333 201 15 245-274
0.015 22 305 369 252 11 293-317
0.02 22 339 402 288 9 327-350
0.025 22 363 427 315 8 353-374
0.03 22 382 446 338 7 372-393
0.035 22 397 461 354 7 387-407
0.04 22 408 473 361 7 398-419
0.045 22 417 483 362 7 407 -428
0.05 21 421 458 361 6 411-431

*Number of tests that reached the corresponding
displacement.
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Table B3—L oad-dlip data for phase |l tests Table B4—L oad-dip data for phase Il

Southern Pine tests

Load (Ib)
_ 90% Load (Ib)
Slip A COV confidence ) 920%
(in) Count® Avg Max Min (%) Onmean Slip A Ma ) COV  confidence
mn. Vi
Condition AHI (in) Count® AVE x M (%) _onmean
0005 22 999 1569 566 34  41-158 Test configuration SE
0.01 22 1993 2863 1261 27 106-293 0005 22 130 202 & 20 85-176
0015 21 2738 3606 1798 18 187-36l 0.01 22 213 276 155 13 163-262
0.02 21 3282 4112 2274 14  248-409 0015 22 269 328 216 11 219-318
0025 20 3663 4520 2606 12 292 -441 0.02 22 309 365 260 10 259 - 360
0.03 20 3977 4739 2972 10 328-468 0025 22 341 396 297 9 290-391
0035 20 4191 4891 3127 10 347-491 0.03 2 367 430 32 8 316-418
0.04 20 4336 4990 3342 9  364-503 0035 22 389 454 343 8 337-440
0045 20 4451 5059 3512 9 378-512 0.04 22 407 471 360 7  356-458
0.05 20 4539 5102 3654 8 389-519 0045 22 422 483 375 7 372-473
Condition ALO 0.05 22 435 493 389 7  385-485
0005 22 1031 1580 657 21  55-151 Test configuration GE
0.01 22 1948 2766 1357 21  125-265 0005 22 191 261 124 21 122-260
0015 22 2607 3493 1845 19 177-345 0.01 22 280 347 213 13 219-341
0.02 22 3056 3839 2256 16 222-390 0015 22 332 397 215 10 275-389
0025 22 3386 4057 257.1 14 257-420 0.02 22 366 432 323 9 311-422
0.03 22 3627 4240 2824 12 285-441 0025 22 391 466 347 8 335-446
0035 22 3808 4384 3009 11  307-455 0.03 22 408 485 369 8 354-463
0.04 21 3950 4506 3194 11  322-468 0035 22 422 502 384 7 369 -476
0045 21 4049 459.1 3334 10 334-476 0.04 22 433 513 395 7 380-487
0.05 21 4136 4665 3455 10 345-482 0.045 22 442 521 404 7 389-495
Condition ANO 0.05 22 449 529  4ll 7 396- 501
0005 21 929 1465 584 24  54-132 Test configuration SA
0.01 21 1390 1833 949 18 95-183 0.005 22 105 177 75 24 62-147
0015 21 1646 2125 1193 17 118-211 0.01 22 193 260 151 13 148 -237
0.02 21 1836 2364 1362 16 134-233 0015 22 251 311 212 11 205-297
0025 21 1997 2527 1472 15 147-252 0.02 2 292 350 251 9 246-338
0.03 21 2125 2655 1561 15 158-267 0.025 22 324 377 278 8 278-369
0.035 21 2240 2753 163.1 14 169-279 0.03 22 348 399 300 8 303-39%
0.04 21 2338 2825 1683 14 178-289 0035 22 369 418 320 7 324-414
0045 21 2424 2881 1719 13 186-299 0.04 22 38 435 338 7 342-429
0.05 20 2516 294.1 1835 11  203-301 0045 22 401 452 350 6 357-444
Condition WOA 0.05 22 413 463 364 6 369 -458
0005 22 189.6 2748 1150 21  121-258 Test configuration GA
0.01 22 2714 13563 1896 16 198-345 0005 22 134 199 52 24 78-189
0015 22 3208 3959 2419 13  246-395 0.01 22 241 297 144 14 182-301
0.02 22 3535 4222 2774 12 278-429 0015 22 305 362 219 10 250-359
0025 21 3741 4451 3037 12 299-449 0.02 22 345 403 260 9 293-398
0.03 21 3902 461.6 319.1 11 316 - 465 0025 22 373 433 291 8 321-424
0.035 21 4025 4740 3283 11 329-476 0.03 22 393 455 318 7 343-443
0.04 21  412.1 4828 3348 10 338-486 0035 22 409 468 337 7 360-458
0045 20 4205 4908 3414 10 345-496 0.04 22 422 480 355 7 374-470
0.05 20 4266 4982 3468 10 351-502 g.ggs %% 23(2) 491 366 6 384-479
) 4 -
aNumber of tests that reached the corresponding 831 6§ 393-487
displacement. aNumber of tests that reached the corresponding
displacement.
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Table BS—Load-slip data for phase ITI Douglas Fir tests

Table B6—Load-slip data for phase III Spruce-Pine-Fir

Load (Ib)
90%

Slip COV confidence
(in) Count® Avg Max Min (%) onmean

Test configuration SE
0.005 22 132 242 57 42 36 -227
0.01 22 195 316 111 29 99 - 291
0.015 22 237 361 151 23 143-332
0.02 22 271 394 181 20 177 -366
0.025 22 298 420 208 19 203-1393
0.03 22 320 441 229 17 226-414
0.035 22 339 458 249 16 247-431
0.04 22 355 472 267 15 266-444
0.045 22 367 482 282 14 281-454
0.05 22 379 486 296 13 293 -465

Test configuration GE
0.005 22 157 271 64 35 62 - 252
0.01 22 231 321 131 21 146 - 317
0.015 22 276 355 179 16 198 - 354
0.02 22 309 375 217 14 237-1382
0.025 22 335 390 244 12 266 - 404
0.03 22 355 409 268 11 291-419
0.035 22 371 429 286 9 311-432
0.04 22 385 443 301 9 324-446
0.045 22 397 456 313 9 336-459
0.05 22 408 465 323 9 346-470

Test configuration SA
0.005 21 103 157 0 30 49 - 157
0.01 21 177 249 134 15  132-221
0.015 21 223 310 172 13 171-274
0.02 21 258 348 201 12 203-313
0.025 21 284 375 223 12 227-340
0.03 21 305 395 243 11 248 -363
0.035 21 324 413 259 11 265-384
0.04 21 340 426 274 10 282-399
0.045 21 355 439 284 10 296-414
0.05 21 368 448 297 9 308 -427

Test configuration GA
0.005 22 131 183 58 24 76 - 186
0.01 22 212 256 137 14 162 -261
0.015 22 264 302 197 10 218-1309
0.02 22 301 343 243 8 258-34
0.025 22 329 368 274 7 287-371
0.03 22 351 390 299 7 310-392
0.035 22 370 412 318 7  328-411
0.04 22 385 428 335 6 344-427
0.045 22 398 . 445 348 6 356-440
0.05 22 410 458 362 6 369-452

aNumber of tests that reached the corresponding
displacement.

Load (1b)
90%

Slip COV confidence
(in) Count® Avg Max Min (%) on mean

Test configuration SE
0.005 22 78 173 35 40 24-133
0.01 22 123 223 60 32 54 - 191
0.015 22 156 261 82 29 79 - 233
0.02 22 181 291 100 26 100 - 262
0.025 22 202 311 116 24 120 - 285
0.03 22 220 330 131 22 136 - 304
0.035 22 235 344 144 21 151 - 319
0.04 22 248 355 159 20 165 - 331
0.045 22 260 365 172 19 177 - 343
0.05 22 271 373 183 18 188 - 354

Test configuration GE
0.005 22 111 168 57 29 55- 66
0.01 22 159 216 97 20 104 - 215
0.015 22 192 245 130 17 137 - 246
0.02 22 218 268 152 14 164 - 272
0.025 22 238 291 172 13 184 - 292
0.03 22 255 306 190 12 201-309
0.035 22 269 319 204 12 215-323
0.04 22 282 329 217 11 229 - 336
0.045 22 293 341 229 11 240 - 346
0.05 22 302 350 240 10 249-355

Test configuration SA
0.005 22 51 89 29 27 27- 74
0.01 22 9 147 51 22 55-125
0.015 22 120 187 67 21 77 - 163
0.02 22 144 218 80 20 94 - 195
0.025 22 165 244 94 20 108 - 223
0.03 22 183 265 106 19 122 - 244
0.035 22 198 283 118 19 134 - 262
0.04 22 212 298 130 18 145 - 279
0.045 22 224 312 141 18 155 - 293
0.05 22 235 323 152 17 165 - 305

Test configuration GA
0.005 22 77 127 31 30 37-117
0.01 22 137 195 67 22 85 - 189
0.015 22 179 242 115 18 125 - 233
0.02 22 210 279 148 15 155 - 266
0.025 22 236 303 167 14 180 - 291
0.03 22 255 324 182 13 199 - 311
0.035 22 272 341 196 12 216 - 328
0.04 22 287 356 210 11 231 -342
0.045 22 299 367 222 11 243 - 354
0.05 22 310 380 232 10 254 -365

8Number of tests that reached the corresponding
displacement.
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