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ABSTRACT: The objective of the paper is to describe the behavior of metal-plate-connected (MPC) tensile a. =
heel joints under seismic and cyclic loads. A proposed sequential phase displacement (SPD) loading standarsi_
was also used to determine dynamic characteristics (energy dissipation, damping ratio, and cyclic stiffness) of
MPC joints. Strengths and stiffnesses of MPC joints after the seismic and SPD loadings were compared to those
properties for a control group of joints tested to failure under a static ramp load. Strength degradation was not
observed in tensile and heel joints as a result of the seismic loads. Stiffness degradation was observed in the
heel joint as a result of the large artificial earthquake loads and in both tensile and heel joints as a result of the
SPD loading. Dynamic properties from the SPD loading depended on the magnitude of displacement. The
damping ratio and energy dissipation increased as the SPD loading progressed, whereas the cyclic stiffness
decreased. Cyclic loading also showed a significant effect on the strength of MPC joints depending on the

amplitude of the cycles.

INTRODUCTION

Metal-plate-connected (MPC) wood trusses, although ex-
posed to dynamic loadings from wind and earthquakes, are
designed predominately based on their response to static loads.
The prevalence of MPC trusses in construction and numerous
full-scale truss tests conducted by truss manufacturers and oth-
ers have not resulted in a widespread understanding of their
behavior in service, especially under seismic and high wind
forces. Most of the research on the structural behavior of MPC
joints has focused on their static behavior. Significant advances
have been made in the area of modeling the earthquake be-
havior of timber shear walls and roof diaphragms in recent
years, but research on the response of MPC joints to seismic
forces has largely been ignored. Connections are primary fac-
tors controlling the response of structural assemblies; there-
fore, results from connection tests will continue to be signifi-
cant in understanding the behavior of buildings during
dynamic loading events.

The Truss Plate Institute (TPI) provides a widely recognized
standard (*‘National”’ 1995) for the evaluation of the behavior
of MPC joints under static axial loads only. ASTM also pro-
vides a standard for determining tensile strength and stiffness
characteristics of MPC tensile joints under static loads (Stan-
dard 1996b). These evaluations are inadequate because actual
joints (having different configurations) experience different
loading (cyclic, combined, reversed) conditions in service. Do-
1an (1994) proposed a pseudodynamic sequential phased dis-
placement (SPD) loading for wood connections based on a
quasi-static test procedure developed for masonry shear walls
(Porter 1987). The purpose of the SPD loading is to provide
a consistent method for the determination of dynamic prop-
erties such as equivalent viscous damping ratio, ductility, and
cyclic stiffness.
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Numerous studies (Gupta et al. 1996) have been conducted
on static testing of MPC joints, but only a few efforts on the
dynamic testing of MPC joints were found (Sletteland et al.
1977; Tokuda et al. 1979; Hayashi et al. 1980; Dagher et al.
1991; Buchanan and Dean 1994; Emerson and Fridley 1996).
In each of these studies, the tensile joint alone was tested under
repeated axial loads. In MPC wood trusses, other joints are
also critical in the overall behavior of the truss. Evaluations
from these previous efforts are inadequate to determine the
behavior of MPC joints during earthquake loadings.

Most light-frame wood structures have a fundamental nat-
ural frequency of vibration between 1.2 and 18 Hz (Foliente
and Zacher 1994), which coincides with the dominant fre-
quencies of many seismic events. To limit dynamic amplifi-
cations, it is important that the structure respond as a highly
damped system. To add to the somewhat limited energy dis-
sipation provided by the structural members alone, connec-
tions can be effectively designed to increase the energy dis-
sipation of the entire structure. Understanding the. hysteresis
behavior of wood joints is necessary to model the dynamic
response of complex timber structural systems.

The objective of this study is to characterize the structural
behavior and failure modes of MPC tension-splice and heel
wood truss joints under various dynamic loading conditions.
This is a necessary first step toward predicting truss joint be-
havior and subsequently predicting the behavior of a truss and
a system of trusses under dynamic loads.

MATERIALS AND METHODS

Two types of joints were tested in this study: tension-splice
joints (TSJ) and heel joints (HJ). Table 1 lists the groups of
tests examined and provides sample sizes for each group. Two
different batches of the same type of plate were used for TSI
tests because the supply of 76 X 102 mm metal plates initially
available, henceforth referred to as batch 1, was exhausted.
New plates, batch 2, having exactly the same tooth configu-
ration as batch 1, were ordered from the same supplier. The
TSJs were connected using 76 X 102 mm plates, whereas the
heel joints were connected using 76 X 127 mm plates. Table
2 lists characteristics of the metal plate connectors. Overall
length of a TSJ was approximately 1 m, and the heel joint’s
top and bottom chord were both about 0.5 m long.

All test joints were fabricated from machine-stress-rated
Douglas fir (1800f-1.6E) lumber that was conditioned at 21°C
and 65% relative humidity to an equilibrium moisture content
of approximately 14%. One plate was pressed at a time using
a hydraulic press. Plates were pressed until no gap was visible
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TABLE 1. Sample Size and Test Types for MPC Joints

Test Batch* Sample size
(1) [¢3) (3)
(a) Tension-splice joint
Control group (static test) 1 9
Control group (static test) 2 9 -
Northridge earthquake loads 1 10
Large earthquake loads 2 9
SPD loads 1 8
Cyclic loads 2 20
(b) Heel joints

Control group (static test) 2 9
Large earthquake loads 2 10
SPD loads 2 9
Cyclic loads 2 25

*Two different batches of the same type of plate.

TABLE 2. Physical Properties of Metal-Plate Connectors®

Parameter Batch 1 Batch 2
) 2 3
Yield strength (MPa) 241-379° 355
Ultimate strength (MPa) 365-427° 416 .
Percent elongation at failure (%) 25-39° 315
Thickness (mm) 0.9 0.9
Thickness (gauge) 20 20
Tooth length (mm) 6 6
Tooth width (mm) 3 3
Slot length (mm) 6 6
Slot width (mm) 3 3

°All plates supplied by Alpine Engineered Products, Inc., Pompano
Beach, Fla.

*Material properties were not determined; therefore, a sample of values
for the properties expected for ASTM A446-89 Grade B steel is shown.

between the plate and wood. After fabrication, the joints were
stored in the environment room again for a minimum of seven
days before testing (‘‘National’’ 1995). Specific gravity and
moisture content were measured according to ASTM Stan-
dards D2395-93 (Standard 1996c) and D4442-92 (Standard
1996a), respectively. The modulus of elasticity of the wood
for the MPC joints was measured using an E-computer (Model
390, Metriguard, Pullman, Wash.).

Apparatus

A horizontal testing frame, developed by Gupta and Gebre-
medhin (1990), which allows for testing a range of joint con-
figurations, and a 49-kN capacity materials testing system
(MTS) dynamic hydraulic actuator were used to apply the
loads to the joints. Fig. 1 shows a TSJ positioned in the testing
frame. Relative displacements between the two wood members
were measured by two alternating current, linear variable dif-
ferential transducers (LVDTs) placed on either side of the TSJ.

Fig. 2 shows an HJ positioned in the testing apparatus. The
joints were tested under axial loads only, but small, uninten-
tional eccentricities in the loads introduced moments in the
HJs. Moments induced by bending of the top chord under
gravity loads were not simulated. The two LVDTs shown in
Fig. 2 were used to measure the longitudinal deflection of the
top chord relative to the bottomn chord and the rotation of the
top chord in relation to the bottom chord of the HJ. The sup-
port for the HJ was designed to simulate a roller support. The
width of the support was 140 mm to simulate a typical bearing
wall in a residential structure. The support was also able to
restrain uplift caused by tensile loadings in the top chord dur-
ing the sequential phased displacement (SPD) loading. As
shown in Fig. 2, braces were used to restrain movement of the
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MTS cylinder as compressive loads were applied to the top
chord through a 19-mm-diameter pin.

The MTS system used in this study was capable of making
feedback corrections (to both load and deflection) at a rate of
500 Hz.

Loading Conditions

Loading conditions for TSJ and HJ tests listed in Table 1
are described as follows. For all loading cases 10 joints were
actually tested but in some cases data for one or two joints
were lost due to technical problems. '

Static Tests

A linearly increasing tensile ramp load of 3.5 kN/min was
applied axially to tensile joints to cause failure in 8—10 min.
A linearly increasing compressive ramp load of 5.3 kN/min
was applied to the top chord of heel joints to cause failure in
5-6 min. :

Northridge Earthquake Loads

TSJs were subjected to a force time history to simulate the
effects of the Northridge earthquake that occurred near Santa
Monica, Calif. (Richter magnitude of 6.4, STA No. 24538). A
9.1-m-span Fink truss composed of 38 X 89-mm Douglas fir
(modulus of elasticity of 11 GPa) was modeled using a linear
finite-element program (SAP90 1995) to estimate forces in the
TSJ (Kent 1996). The 90° (azimuth) horizontal component and
the vertical component of the Northridge earthquake, which
had maximum accelerations of 0.90 and 0.23 g, respectively,
were analyzed separately and superimposed to obtain the time-
history response of the force at the tensile joint. The calculated
target response of the TSJ is shown in Fig. 3 along with the
peak portions of the target and actual force-time histories in
the joint to demonstrate how well the loading system was able
to mimic the target response. A ramp load of 3.5 kN/min was
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FIG. 3. Target Force-Time History for Tension-Splice Joint
During Northridge Earthquake

first applied to the joints until the estimated dead load force
of 4 kN was reached. The earthquake forces were then applied
for a duration of 30 s, followed by a continuation of the ramp
load until the joints failed. The earthquake force time history
alone was not sufficient to cause the joints to fail. HJs were
not tested under this loading condition because even forces
from a large artificial earthquake (explained in the next sec-
tion) did not cause any damage in the HJ.

Large Artificial Earthquake Loads

A large artificial earthquake time history was generated us-
ing WES-RASCAL (Silva and Lee 1987) and the Uniform
Building Code (UBC) design spectrum (‘‘Structural’’ 1994).
The maximum horizontal and vertical accelerations were 1.0
and 0.67 g, respectively. This was then used in SAP90 to de-
termine the time-history response for TSJ and HJ. Calculated
target force-time responses of TSJ and HJ are shown in Figs.
4 and 5, respectively. The artificial earthquake forces were
then applied to TSJs and HJs in the laboratory. Again, a ramp
load was applied until the estimated dead load force was
reached. The earthquake forces were then applied followed by
a ramp load until the joints failed.

Sequential Phased Displacement Loading

The sequential phased displacement (SPD) method (Dolan
1994; Porter 1987) was used to determine the dynamic prop-
erties (such as energy dissipation, damping ratio, and cyclic
stiffness) of the MPC TSJs and HJs. The loading function
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FIG. 5. Target Force-Time History for Top Chord of Heel Joint
during Artificial Earthquake

combined fully reversed stabilizing cyclic displacements pre-
ceding degradation cycles at a frequency of 1 Hz, which ap-
proximates the expected overall response of a low-rise timber
structure under a seismic or high wind event. The stabilizing
and degradation cycles gradually increased, following the pat-
tern shown in Fig. 6, which graphically displays a typical SPD
loading function.

The SPD cycles are defined in terms of the yield displace-
ment for the type of connection being studied. A yield dis-
placement (displacement at one-third of the strength) of 0.15
mm from the static loading control group (batch 1), was used
to scale the SPD cycles for TSJ. Originally the objective was
to cause the joints to fail during the SPD tests, but the com-
pressive load limit for the hydraulic actuator of approximately
45 kN was reached before failure occurred in the joints. There-
fore, the joints were subjected to a maximum of 120 SPD
cycles. Joints were then caused to fail under a ramp load of
3.5 kN/min to determine how the SPD loading affected the
strength and stiffness of the MPC TSJs. Since the TSJ did not
fail during the SPD loading due to wood-to-wood bearing, a
full reversing load control test might be better suited for the
joints and provide a more realistic loading.

A yield displacement (for axial deflection) of 0.18 mm from
the control group, was used to scale the SPD cycles for HJ.
After application of 120 SPD cycles, HJs were caused to fail
under a ramp load of 5,3 kN/min to determine how the SPD
loading affected the strength and stiffness.
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FIG. 6. Sequential Phased Displacement Loading Function
(Dolan 1994; Porter 1987)
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Cyclic Loads

To determine the effects of cyclic loading, a sinusoidal
waveform with the baseline of the oscillations (centerline of
the cycles) at one-third of the mean strength was applied for
200 cycles at a frequency of 1 Hz (Fig. 7). Three joints were
typically tested at each amplitude level. The TSJs were tested
with amplitudes of approximately 8, 12, 16, 18, 19, and 20%
of the mean static strength (one extra joint was tested at 16%
and one more at 25%). The HJs were tested with amplitudes
of 5, 10, 15, 20, 25, 30, 33, 35, and 40% of the mean static
strength. If the joint was still able to carry load after the cycles,
the static ramp load was continued until failure.

RESULTS AND DISCUSSION
Statistical Methods

The mean strengths and stiffnesses of the TSJ and HJ for
each dynamic loading are compared to those from a control
group (static ramp load). A t-test procedure for comparing two
sample means, assuming equal population variance, is used to
analyze the strength and stiffness results. A two-sided p-value
of 0.05 is chosen as the cutoff significance level.

Tension Splice Joints

Strength, stiffness, specific gravity, and moisture content re-
sults for all TSJ tests are shown in Table 3, along with de-
flection at maximum load, yield displacement, modulus of
elasticity, and failure modes. Mean strength for the cyclic load-
ing tests is not given in this table because of the strength
dependence on the amplitude of the cycles.

The dominant failure mode for the TSJs was tooth with-

drawal, although there were three instances where the metal
plate connector failed in tension. The tooth withdrawal failure
mode occurred as a result of the wood being crushed by the
side of the teeth near the surface of the wood in conjunction
with slight bending of the teeth. As the load increased, the
back of the plate began to life away from the surface of the
wood, causing the teeth in that area to become virtually inef-
fective in resisting load. Near the ultimate load, the wood fi-
bers at the tooth-wood interface began to deform plastically
due to the large loads transmitted by the metal plate connector
through the teeth and into the wood. Gupta and Gebremedhin
(1990) observed a similar failure mode in their study of MPC
TSJs.

Because of the nonlinear shapes of the load-deflection
curves, which made it difficult to define a single valued stiff-
ness, the yield point for each joint was defined at the design
strength (one-third of the ultimate strength for that particular
joint) (‘‘National”® 1991). To calculate the stiffness (secant
stiffness), one-third of the ultimate strength of the joint was
divided by the corresponding deflection. For the earthquake
simulations (Northridge and artificial earthquakes), this point
occurred after the earthquake loading.

Static Tests

The mean static strength of the control group for batch 1
was 32.4 kN with a coefficient of variation (COV) of 6%. The
average yield displacement was 0.15 mm. The mean stiffness
for the control group was 0.76 X 10° N/mm with a COV of
16%. The mean static strength of the control group for batch
2 was 29.9 kN with a COV of 8%. The mean stiffness for
batch 2 was 0.49 X 10° N/mm with a COV of 14%. The
average yield displacement was 0.20 mm.

There is strong statistical evidence that the TSJs constructed
from the two different batches of plates have neither the same
mean strength nor the same mean stiffness (two side p-values
of 0.025 and 0.007 for strength and stiffness comparisons, re-
spectively). Thus, the statistical evidence suggests that strength
and stiffness comparisons should be made between joints fab-
ricated from the same batch of metal plate connectors. To de-
termine the strength and stiffness degradation, if any, caused
by a particular earthquake or cyclic loading, the statistical test
should include the control group that was fabricated from the
same batch of plates.

Specific gravity and moisture content values for the control
groups using plates from batch 1 and batch 2 cannot be sta-
tistically separated at the 0.05 level of significance. This evi-
dence suggests that the differences in strength and stiffness
between the two control groups are not due to differences in
the wood. It is more likely that characteristics of the metal
plate connectors themselves caused the differences in strength
and stiffness between the static loading tests of the two dif-
ferent batches. Some of the physical and mechanical charac-

TABLE 3. Summary of Tension-Splice Joint Test Results

Average Yield
Mean Mean displacement {displace- Mean
strength | stiffness failure ment wood MOE | Failure
Test N (kN) ] (10* N'/mm)| SG (mm) {(mm) MC (GPa) mode
(1) 2 3 ) (5) (6) (7 (8) (9) (10)
Control group (batch-1) 9 13246 076 (16) | 050 292 (25) 0.15 13.0 (5) ND 8-TW, 1-PF
Control group (batch-2) 9 | 299 (8) 049 (14) 0.48 245 (17) 0.20 134 4 124 (5) ™
Northridge earthquake simulation 10 | 337 (D 0.70 (14) 0.50 4.70 (12) 0.15 14.5¢12) | 12.8(12) | 8-TW, 2-PF
Artificial earthquake simulation 9 | 28.8(13) | 0.61(15) 048 2.34 (18) 0.15 134 (4) 123 (D ™
Sequential phased displacement 8 | 320() 0.33 (14) 0.50 2.29 (30) 0.33 13.6 3) 124 (8) ™
Cyclic loading 20 Varies* Varies® 045 126 12.1 (6) ™

Note: ND: Not determined; TW: tooth withdrawal; PF: plate failure; SG: mean specific gravity; MC: moisture content. Numbers in parentheses are

coefficients of variation in percent. .
*Depends on the cyclic amplitude (Fig. 11).
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teristics that could cause strength differences between the two
batches of plates are yield point, surface roughness, die age,
and steel grade. :

Northridge Earthquake Tests

Analysis of the data suggests that the TSJs did not degrade
in either strength or stiffness when subjected to the Northridge
earthquake time history used in this simulation. The mean
strength and stiffness of the joints (after being subjected to the
earthquake loads), on application of the ramp load, were 33.7
kN with a COV of 7% and 0.70 X 10° N/mm with a COV of
14%, respectively.

A statistical comparison of these results with the static load-
ing control group (batch 1) suggested that the Northridge
earthquake load time history did not degrade the strength or
stiffness of the TSJs (two-sided p-values of 0.78 and 0.28 for
strength and stiffness degradation, respectively).

The lack of strength and stiffness -degradation from the
Northridge earthquake tests is not surprising. As shown in Fig.
3, the maximum load developed in the TSJ during the earth-

quake simulation (5.5 kN) is only 17% of the average ultimate

load for TSJs (32.4 kN, batch 1).

Large Artificial Earthquake Tests

The average strength and stiffness of the TSJs after being
subjected to the artificial earthquake load time history were
28.8 kN with a COV of 13% and 0.61 X 10° N/mm with a
COV of 15%, respectively. Strength and stiffness degradation
did not occur as a result of the artificial earthquake when com-
pared to the static strength for batch 2 plates (two-sided p-
values of 0.49 for strength degradation and 0.18 for stiffness
degradation, respectively).

The absence of strength and stiffness degradation from the
earthquake simulation tests can be explained. As shown in Fig.
4, the maximum load developed in the TSJ during the artificial
earthquake simulation (6.6 kN) is less than 22% of the average
ultimate load for TSJs (29.9 kN for batch 2). Larger amplitude
loads or repeated applications of the earthquake time history
may, however, cause strength degradation in TSJs. But the
artificial earthquake ground accelerations were, intentionally,
very large (1.0 g maximum horizontal acceleration, 0.67 g
maximum vertical acceleration). Therefore, much larger am-
plitude forces applied to a TSJ are unlikely. Although, at this
point, the effect of repeated applications of a large artificial
earthquake time history is unknown, it is possible that strength
and/or stiffness degradation would occur.

Sequential Phased Displacement Test

The average strength and stiffness of the TSJs subjected to
the SPD loading and then caused to fail under a static ramp
load were 32 kN with a COV of 5% and 0.33 X 10° N/mm
with a COV of 14%, respectively. A statistical analysis, com-
pared with the static loading control group from batch 1, in-
dicates that the SPD loading did not significantly reduce the
mean strength of the TSJs (two-sided p-value of 0.63); how-
ever, stiffness degradation did occur as a result of the SPD
loading (two-sided p-value = 0.000).

Control difficulties were encountered during the SPD tests.
The difference between the maximum tensile load and the
maximum compressive load in each cycle could approach as
much as 62.3 kN. This difference required a loading rate of
125 kN/s, which appeared to be near the maximum capabilities
of the testing system. The effect of operating near the limits
of the hydraulic system was a significant decrease in control.
Also, the deflection feedback loop was controlled by LVDTs
that had an approximate resolution of 0.02 mm. A higher res-

olution would have been preferred to tighten the control of the
deflection feedback loop when working with such stiff con-
nections.

Generally, the compressive loads tend to increase at a higher
rate than the tensile loads with time, as the TSJ is stiffer in
compression than tension. Also, the deflection tends to be sym-
metrical during the test, following the prescribed sequential
phased displacement loading. ¢

Because the compressive loads on the TSJs during the SPD
loading were so large (up to 46.7 kN), there was some out-of-
plane movement of the joint. As the compressive load in-
creased, the TSJ tended to move downward slightly (less than
6.6 mm). Therefore, a moment was created at the connection.
Because there was no statistical evidence of strength degra-
dation as a result of the SPD loading, it can be assumed that
the out-of-plane movement had no significant effect on the
strength of the TSJs.

The following dynamic properties, as defined by Dolan
(1994), for TSJs were evaluated using the SPD method: energy
dissipation, equivalent viscous damping ratio, and cyclic stiff-
ness. These dynamic properties are described as follows and
computed from individual hysteresis curves. Recall that the
amplitudes of the cycles in the SPD loading are defined in
terms of displacement as a percent of the yield displacement.
The dynamic properties of MPC TSIJs are than plotted against
the deflection as a percent of the yield displacement. The per-
cent of yield displacement is defined as the maximum dis-
placement in the hysteresis curve being analyzed divided by
the yield displacement from the static loading control group
(0.15 mm, batch 1).

The hysteresis curve used in this study for calculation of
the dynamic properties was not necessarily the stabilized hys-
teresis curve. The SPD method defines a stabilized cycle as
one in the set of stabilizing cycles (defined in Fig. 6) that has
a load degradation of no more than 5% from the preceding
cycle. Because of the control difficulties discussed previously,
it was not possible to apply this definition of a stabilized hys-
teresis curve to these tests on TSJs. The testing system was
able to control the deflections only within 4—7% of the target
deflection. Therefore, the third cycle in each set of stabilization
cycles was arbitrarily used as the stabilized hysteresis curve
to plot the hysteresis curve used for calculation of the dynamic
properties. For nailed and bolted connections in wood, Dolan
(1994) found that only three cycles were necessary to obtain
a stabilized hysteresis curve. Henceforth, in this paper, the
third cycle in the set of three stabilizing cycles is referred to
as the stabilized cycle and is used to compute the dynamic
properties.

Energy dissipation is the area enclosed by the load-deflec-
tion trace. Because TSJs may behave differently in tension and
compression, energy dissipation in tension (EA,) and energy
dissipation in compression (EA.) were calculated separately.
Energy input in tension (EI) and energy input in compression
(EI,) were also determined as in Dolan (1994). With the pre-
ceding definitions of energy dissipation and energy input, the
damping ratios for tension and compression, § and &, respec-
tively, for any given cycle, may be approximated by the fol-
lowing formulas (Dolan 1994):

& = EA2w-El, Q)

& = EA 2w EI, @

A digitizing tablet (Calcomp Digitizer Products Division,
Scottsdale, Ariz., Model No. 33120) was used to calculate the
areas enclosed by the tensile and compressive regions of the
hysteresis curves. Typical plots of the energy dissipation and
damping ratio as functions of the displacement (percent of
yield displacement) are shown in Fig. 8 and 9, respectively,
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for one typical joint. Each point on the graph is calculated
from a hysteresis curve developed during the SPD loading.
Currently, there is no standard to determine a design level
damping ratio from the SPD loading. For this study, it was
decided to compute the damping ratio associated with the first
stabilized hysteresis curve to have a maximum tensile load
equal to, or exceeding, the design load for the TSJ (approxi-
mately 33% of the average ultimate load, 10.7 kN), Because
TSJs are not actually designed for compressive loads, only the
damping ratio associated with tensile loads is presented. Based
on the above definition of design levels, a damping ratio of
4.3% was determined for the TSJ. This value is very close to
the 5% damping ratio typically assumed for the design of
wood structures. Because of the control difficulties, only three
tests produced hysteresis curves from which the energy dis-
sipation and damping ratio could be measured. In some cases,
a more detailed examination of Fig. 9 is suggested. Factors to
consider are the number and amplitude of the cycles the TSJ
is expected to experience in service. It may be appropriate to
select the damping ratio (from Fig. 9) associated with the spe-
cific level of displacement expected for the joint in service.
Cyclic stiffness is defined (Dolan 1994) as the slope of a
straight line drawn between the lower left of the hysteresis
curve to the upper right of the hysteresis curve, passing
through the lowest and highest points. However, MPC TSJs
have different stiffnesses in the compressive and tensile direc-
tions; therefore, in this paper, cyclic stiffnesses for tension and
compression are defined separately. A plot of the cyclic stiff-
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ness as a function of the displacement as a percent of yield
displacement (0.15 mm, defined from the static tests for batch
1) is shown in Fig. 10 for a typical joint. From this plot, it is
clear that stiffness degradation does occur as the SPD loading
progresses to greater displacement amplitudes because of the
accumulated damage in the wood fibers at the tooth-wood in-
terface.

In Figs. 8 and 9 the energy dissipation and damping ratio
generally tend to increase with increasing displacement (per-
cent of yield displacement) during the SPD loading. Cyclic
stiffness (Fig. 10) generally tends to decrease with increasing
displacement (as a percent of yield displacement) during the
SPD loading.

Cyclic Loading Tests

The overall results for the cyclic loading tests are plotted in
Fig. 11. The vertical axis (strength ratio) is the ratio of the
strength of the TSJ under a static ramp load after completion
of the 200 cycles to the average strength of the static loading
control group for batch 2. The horizontal axis (cyclic ampli-
tude) is the amplitude of the cycles divided by the average
strength of the static loading control group for batch 2 (29.9
kN) and expressed as a percentage (see Fig. 7 for the actual
cyclic loading function). For a joint to be assigned a nonzero
postcyclic loading strength, it must be able to carry load after
the conclusion of the 200 cycles. Joints that failed during the
cyclic loading were assigned a zero strength ratio. The results
for the static loading control group (batch 2) are plotted on
Fig. 11 at 0% cyclic amplitude. There appears to be a distinct
threshold between 20 and 25% cyclic amplitude where TSJs
are no longer able to survive the entire set of cycles.
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TABLE 4. Summary of Heel Joint Test Resuits

Mean
rotational | Average |Average top
Mean Mean axial | stiffness | deflection | chord yield| Mean Mean Mean
strength*® stiffness | (10° N-m/ |at maximum| displace- | specific | moisture | wood MOE
Test N (kN) (10° N/mm) | radian) | load (mm) | ment (mm) | gravity |content (%) (GPa) -
(1) 2) (3) ) (5) (6) 4] 8 ©) (10)
Control group (static tests) 9 276 (D 0.63 (61) 5.89 (54) | 5.66 (21) 0.18 (39) 0.51 14.3 (11) '13.9 (8)
Artificial earthquake simulation 10 26.9 (8) 0.25 (54) 3.65 (68) | 7.70 (10) 0.43 (34) 0.53 1304 13.8 (8)
Sequential phased displacement 8 18.6 (16) 0.24 (57) | 9.49 (70) { 3.81 (38) 0.36 (53) 0.48 129 (6) 134 (8)
Cyclic loading 27 Varies® Varies® Varies® —_ — 0.51 12.7 (12) 144

Note: N: sample size. Numbers in parentheses are coefficients of variation in percent.

*Maximum force in top chord.
*Depends on the cyclic amplitude (Fig. 15).

Heel Joints

Strength, stiffness, specific gravity, and moisture content re-
sults for all HJ tests are shown in Table 4, along with deflec-
tions at maximum load, yield displacements, and moduli of
elasticity. Mean strength for the cyclic loading tests is not
given in this table because of the strength dependence on the
amplitude of the cycles.

The dominant failure mode for the HJs was tooth with-
drawal. This mode occurred as a result of the wood being
crushed by the side of -the tooth near the surface of the wood
in conjunction with slight bending of the teeth as the plate
deformed in shear. As the load increased, the corners of the
plate began to lift away from the surface of the wood, causing
the teeth in that area to become virtually ineffective in resisting
load. In instances where the member failed near the grips (not
near the metal plate connector), the results were discarded (one
sample during the static loading control group and two sam-
ples during the sequential phased displacement loading). Large
shear deformation of the plate was apparent. Gupta and Ge-
bremedhin (1990) observed similar failures in their study of
MPC HlIs.

To calculate the axial stiffness for each joint (secant stiff-
ness), one-third of the ultimate load in the top chord of the
HJ was divided by the corresponding deflection of the top
chord with respect to the bottom chord. To calculate the ro-
tational stiffness (secant stiffness), one-third of the ultimate
moment for each joint was divided by the corresponding ro-
tation. For the artificial earthquake simulation, this point oc-
curred after the earthquake loading. A rotational slip criteria
was not considered in determining the design moment of the
HIJs. Yield point was defined at the deflection corresponding
to one-third of the ultimate strength of the joint.

Static Tests

The mean strength for the static loading control group was
27.6 kN with a COV of 7%. The mean axial stiffness of the
top chord for the control group was 0.63 X 10° N/mm with a
COV of 61%. The mean rotational stiffness for the control
group was 5.89 X 10° N-m/rad with a COV of 54%. The mean
yield points for axial deflection and rotation were at 0.18 mm
and 0.0009 rad, respectively. ‘

The shapes of the load-deflection and moment-rotation
curves were rather inconsistent. Often, the LVDT measuring
the deflection of the top chord did not register any movement
until the load exceeded 4 kN. This may be attributed to the
joint experiencing an initial rotation of the top chord with re-
spect to the bottom chord, rather than pure axial movement of
the top chord. This caused the stiffness variation to be ex-
tremely high. Also, the shapes of the moment-rotation curves
were very inconsistent.. In some cases, the angle between the
top and bottom chord decreased until a specific load and then
began to increase, which was most likely due to a very slight

eccentric alignment of the load, applied by the hydraulic cyl-
inder, to the top chord (load not applied directly through the
centerline of the top chord of the heel joint). The axial stiffness
of the top chord ranged from a low of 0.32 X 10° N/mm to
a high of 1.57 X 10° N/mm. The large COVs associated with
the axial and rotational stiffnesses reflect the inconsistencies
in the load-deflection and the moment-rotation curves.

Large Artificial Earthquake Tests

The average strength (top chord ultimate load) of the HJs
after being subjected to the artificial earthquake force time
history was 26.9 N with a COV of 8%. The average postearth-
quake loading axial and rotational stiffnesses were 0.25 X 10°
N/mm with a COV of 54% and 3.65 X 10° N-m/rad with a
COV of 68%, respectively.

No significant strength or rotational stiffness degradation
occurred as a result of the artificial earthquake time history
(two-sided p-values of 0.46 and 0.15 for strength and rota-
tional stiffness, respectively). However, axial stiffness was re-
duced as a result of the artificial earthquake time history
(two-sided p-value of 0.003).

Sequential Phased Displacement Loading

The average strength (ultimate top chord load) of the HJs
subjected to the SPD loading and then caused to fail under a
static ramp load was 18.6 N with a COV of 16%. The average
top chord axial and rotational stiffnesses were 0.24 X 10° N/
mm with a COV of 57% and 9.49 X 10° N-m/rad with a COV
of 70%, respectively. A statistical analysis indicated that the
SPD loading significantly reduced the mean strength and axial
stiffness of the HJs (two-sided p-values of 0.000 and 0.004
for strength and axial stiffness, respectively). However, sig-
nificant rotational stiffness degradation did not occur as a re-
sult of the SPD loading (two-sided p-value of 0.190).

For HIJs it was decided to compute the damping ratio as-
sociated with the first stabilized hysteresis curve to have a
maximum compressive load in the top chord approximately
equal to the design load (National 1991) for the top chord of
the HJ (33% of the average ultimate load, 9.1 kN). Because
HJs are not generally designed for .tensile loads in the top
chord (except for cantilevers), only the design level damping
ratio associated with compressive loads in the top chord is
presented. Because of control difficulties, only six tests pro-
duced hysteresis curves from which the energy dissipation and
damping ratio could be measured. Based on the preceding def-
inition of design levels, a damping ratio of 3.8% was deter-
mined for the Hls.

Dynamic properties for HJs were determined in the same
manner as for the TSJ and are shown in Figs. 12-14 for a
typical joint. The energy dissipation and damping ratio both
tend to increase during the SPD loading. Cyclic stiffness
clearly decreases with increasing displacement as a percent of
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yield displacement. This implies that the connection is accu-
mulating damage at the tooth-wood interface.
Cyclic Loading Test

The overall results for the cyclic loading tests are plotted in
Fig. 15. A threshold appears to exist at approximately 35%
cyclic amplitude where heel joints are no longer able to sur-
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vive the entire set of cycles. From the cyclic tests, it is evident
that caution should be applied when using MPC joints in sit-
uations where cyclic loading is prevalent, such as in high wind
areas, bridges, and floors. Although the cyclic loading inves-
tigated in this study loaded the MPC joints beyond their design
range, it is possible that lower level cyclic loads may also have
an effect on the strength after a large number of cycles.

CONCLUSIONS

The Northridge and large artificial earthquakes forces
caused no strength or stiffness degradation when compared to
the control groups of static tests fabricated from similar plates.
Dynamic properties of MPC TSJs and HJs are shown to be
dependent on the level of displacement in the SPD loading.
As the displacement increases, damage accumulates in the
connection causing the damping ratio and energy dissipation
to increase and the cyclic stiffness to decrease. For design,
damping ratios of 4.3% for the TSJ and 3.8% for Hls, re-
spectively, are suggested, based on the sequential phased dis-
placement tests. The cyclic loading used in this study has a
significant effect on the strength of TSJs. There appears to be
threshold between 20 and 25% cyclic amplitude for the TSJs
and at approximately 35% cyclic amplitude for the HJs beyond
which the joints cannot survive 200 cycles.
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APPENDIX il. NOTATION
The following symbols are used in this paper:

EA, = energy dissipation in compression;
EA, = energy dissipation in tension;
El. = energy input in compression;
El, = energy input in tension;
£, = damping ratio for compression; and
¢ = damping ratio for tension.
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