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Abstract— The focus of the research and the results herein ex-
plores the response of timber joints to cyclic loading. Using a
shake table and and 2 tri-axial accelerometers, one can see the
non-linearities present in these joints. The purpose in research-
ing these structures is twofold. The first is to find an inexpensive
teaching demonstration for non-linearities in structural dynamics.
The second is to create a test bed for structural health monitoring
systems and algorithms. The timber frames that hold the joints in
question must be easy to produce and single degree of freedom to
satisfy both purposes. The research found that both inverted T-
frames and square frames are relatively easy to manufacture and
relatively inexpensive though neither are sufficient to restrict the
range of motion to a single degree.

I. I NTRODUCTION

THE response of structures to dynamic loading is a rela-
tively new field of study in structural dynamics. The re-

sponse of timber to this loading is of particular importance. The
use of timber as a major building material makes the study of
such materials a study that could directly impact lives. Cre-
ating a teaching demonstration that uses the cyclic loading of
timber frames to show non-linear dynamics is one way that my
research partners, Craig Borchard (University of Notre Dame)
and Eric Mai (University of Oklahoma), and I can help this field
of study.

After some essential background research and literature re-
view, the team decided upon a method to attack the problem.
After determining what frames to build, the author and her team
found and documented a way to build the frames. After set-
ting up an appropriate testing system, they proceeded to test the
frames under dynamic loading and analyze the results. They
found that though square frames display nonlinearities like the
inverted T-frames, neither frame is sufficient to confine the sys-
tem to a single degree of freedom.

II. BACKGROUND AND L ITERATURE REVIEW

The response of timber frames to dynamic loading was stud-
ied in depth by Foliente [?]. It was found that the timber joint
responses are non-linear. Non-linear dynamics is a discipline
that is rather hard to explain. The necessity for a teaching
demonstration is sorely felt. Essentially, the timber frames do
not respond in a manner that one would expect. One would
assume that the maximum acceleration of the top of the frame
would occur at frequency of input regardless of the amplitude
of the input. This, however, is not the case. In a hardening
non-linearity, the frequency of maximum excitation increases
as the amplitude increases. The structure resists the urge to

Fig. 1. Y. P. Sugeng used the Inverted T-Frame as his primary test mecha-
nism. It is constructed using 3 pieces of 12 inch SPF 2 by 4s and various joint
mechanisms.

shake more as the amplitude increases. In a softening nonlin-
earity, the frequency of maximum excitation decreases as the
amplitude increases. Timber joints are nonlinear systems and
therefore do not have a resonant frequency. Their “resonant
frequency” changes with amplitude.

In working off of the masters thesis work of Yohan P. Sug-
eng[?], the progress of the study to find a reasonable demonstra-
tion was accelerated. The research began with a detailed review
of Y. P. Sugeng’s thesis and writings as well as selected other
resources. The next step was to look in-depth at his design and
determine areas of change and innovation. The team looked at
his methods of construction and data collection as well as at his
methods of analysis. In these areas we furthered his research
and improved his technique. The first thing that the team con-
sidered was the design and fabrication of the timber frames. Y.
P. Sugeng primarily used Inverted T-Frames. He believed them
to be easier to construct [?] and sufficient to model timber joints
used in general construction. The frames he used looked much
like the one in Fig. 1.

In the previous work, the top joint was held constant[?][?].
The goal was to use a very stiff joint so that all motion would
be a result of the bottom joint, the joint of study. The top joint
also needed to prevent as much out of plane motion as possible.
Our goal is to create a simple teaching demonstration and test
bed and the best way to do that is to create a single degree of
freedom system. The previous work used a pair of L-Plates and
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Fig. 2. The tops of the previous inverted T-frames used a pair of L-plates and
a pair of nails. This joint is supposed to be as rigid as possible. The most recent
team recreated a series of inverted T-frames using this top joint mechanism.

Fig. 3. The top3 bottom joint configurations use only one hardware type. The
other3 use a combination of2 different hardware joints.

Nails for the top of the Inverted T as shown in Fig. 2.
The bottom joint was varied for each of his inverted T-frames.

The previous work used the 6 joint combinations shown in Fig.
3. The first 3 joints used a pair of nails, a pair of mending plates,
and a pair of L-plates. The other 3 joints used a combination
of joint mechanisms: nail and mending plate, nail and L-plate,
and mending plate and L-plate. The biggest problems with the
previous set-up was the significant out of plane motion. The
inverted T-frames showed a significant amount of out of plane
motion. The goal is to create a frame with a single degree of
freedom and the inverted T-frames did not maintain the SDOF
system we were looking for. We initially formed a hypothesis.
We believed that a rectangular frame would limit out of plane
motion while still being an easy to construct teaching demon-
stration.

III. M ETHODS

The methods of construction and data acquisition and anal-
ysis closely mimics that of the previous work. The major dif-
ferences were in some innovative construction techniques de-
veloped and in a nomenclature system. Before the team began
construction, we determined a method of classifying and nam-
ing the frames. The first 2 letters of the name illustrate the
nature of the top joint in the frame. For example, LN refers to
a L-plate and nail joint and LM refers to a L-plate and mending
plate joint. To separate the description of the top joint from the

TABLE I
NAMING SYSTEM

Shorthand Description

LN -MN724 L-Plate and Nail make up the top joint(s)

LN-MN724 Mending Plate and Nail make up bottom
joint(s)

LN-MN724 Constructed and tested in 2007

LN-MN724 The 2 indicates the series which is the square
frames, 1 indicates the original series of T-
frames, and one less number indicates a trun-
cated series of T-frames

LN-MN724 The last number indicates the number of the
series

Fig. 4. The joints of these 6 frames closely mimic those of the Inverted T-
Frames of the previous work shown in Fig. 3.

bottom, the first two letters are followed by a hyphen. The sub-
sequent letters refer to the bottom joint. These letters are fol-
lowed by the number 7 to show the year of production, 2007.
This was necessary to separate the new frames from those of
the previous work. The 7 is followed by one or two numbers
that illustrate the series and number of the frame. Table 1 gives
a quick reference to the nomenclature system

The middle number indicates the series of frames. The team
decided upon 2 complete series and 3 frames of a different se-
ries. Series number 1 is the square frame version of each com-
bination of joint mechanisms of the previous work. This series
has a pair of L-joints and 2 pairs of nails on the top and each
of the 6 combinations of joint mechanisms on the bottom. This
series is shown in Fig. 4.

Series number 2 is a series of inverted T-frames. These 6
frames are duplicates of those built by Y. P. Sugeng and the
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Fig. 5. Fasteners: Simpson Strong Tie L-plates are fastened to the frame using
small nails. Shorter nails are used to attach the L-Plates and longer nails to hold
the timber pieces. The mending plates are hammered into the wood at the joint.
The longer nails form a nail-joint and are hammered through the joint.

previous team. They had the top joint shown in Fig. 2 and
the bottom joints shown in Fig. 3. We used these frames as a
constant. By comparing the data received from these frames to
the data from the previous study, we were able to validate our
methods.

The series that lacks a series number was an exploration into
the top joint. Y. P. Sugeng determined that the stiffest joint was
the L-plate and mending plate joint. After looking at the previ-
ous results, the team determined that the best way to simplify
and expedite this part of the study would be to use a joint with
a hardening and softening non-linearity as well as a joint with
almost no non-linearity. We chose the nail joint, the L-joint,
and the mending plate and nail joint. This was the first series
that we produced and due to the inferiority of construction of
this series, no analysis was performed.

The construction method was relatively simple and inexpen-
sive. We purchased the supplies from our local hardware store.
The timber used was SPF 2 by 4s and Simpson Stong Tie L-
plates and mending plates were used. The long nails used for
the joints were 12d 3-1/4” 8.255 cm Grip Rite FAS’NERS:
Bright Common nails and the small nails used to fasten the L-
plates were 9GA x 1-1/2” 3.81cm Grip Rite FAS’NERS: Hot
Dipped Galvanized Joist Hanger nails.

An Inverted T-frame used 3 pieces of 12 inch lumber: a top, a
bottom, and a stud. A square frame used 4 pieces: a top, a bot-
tom, and 2 studs. The top pieces had 2 holes each drilled 2.5 in
from the center. The 5 in spread was the correct distance so that
the weight could be bolted to the top of the frame. The bottom
piece has holes drilled 2 in. from the center so that the frame
could be mounted to the shake table. To ease construction, we
marked the top and bottom pieces for drilling and drilled them
all at once. A drill press was used and a jig was set up to make
the process quick and efficient.

To construct the top of the inverted T-frames, attaching the
L-plates first seemed to be the most efficient. After marking
the placement of the L-plates on the top piece and adjusting
their position so they would not cover the holes for the weight,
they were hammered into place using the short nails. The stud
was then inserted into the opening left between the L-plates as
shown in Fig. 6. The stud was clamped snuggly into place and
the small L-plate nails were hammered into the stud. Hammer-

Fig. 6. L-Plate Process: The L-plates are positioned onto the top plate first.
This allowed the L-plates to be positioned so that they did not cover the holes
to attach the weight.

ing the long nails once the T is already in shape can pose quite
a difficulty. The team solved this problem by clamping the top
of the frame to the edge of a table and hammering the nails
through the top to the stud just off to the side of the table. Once
the nails are in place, the top joint of an “LN” Inverted T-joint
is complete.

If there is to be an L-plate on the bottom of the frame, the
manner of construction is much like that of the top joint. In
our case, the L-plates completely covered the holes necessary
to attach the frame to the shake table. For the L-plates on the
bottom, we drilled another set of holes in the bottom piece each
4 in. from the center. One difficulty comes in hammering the
nails into the studs. The frame needs to be supported in order
to do this but it’s shape makes such support awkward. We used
a large block of wood for this purpose. It was able to hold the
impact of the hammer without allowing the edges of the top and
bottom pieces to suffer any impact.

To attach a mending plate, the two necessary timber pieces
were clamped together using a Quick-Grip and the mending
plate was hammered into place. The team found it advanta-
geous to attach the L-plates first, the mending plates second,
and the nails last for any one joint. It was difficult to attach
the nails first because we found no good way to hold the pieces
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TABLE II
CALIBRATION DATA

Sensitivity

SN Axis Value

3010176 x-axis 0.4911

3010176 y-axis 0.4857

3010176 z-axis 0.4898

3014383 x-axis 0.4844

3014383 y-axis 0.4915

3014383 z-axis 0.4868

Offset

SN Axis Value

3010176 x-axis 2.4218

3010176 y-axis 2.4595

3010176 z-axis 2.4343

3014383 x-axis 2.4543

3014383 y-axis 2.4322

3014383 z-axis 2.4199

together while hammering.
The square-frames were constructed in very much the same

manner as the inverted T-frames. We constructed the top por-
tion first and then attached the bottom joint.

After the construction was complete, the time came to test
the frames. The first order of business was to calibrate the ac-
celerometers. We used tri-axial Analog Devices ADXL105EM-
3 accelerometers, serial numbers 3010176 for the top and
3014383 for the bottom. To calibrate them, we found the volt-
age at 1g, 0g, and -1g. We plotted the three points and found
the slope (sensitivity) and the intersect (offset). We found these
values for each axis of both accelerometers. The sensitivity and
offset values are found in Table 2.

In order to collect data, we used a setup very similar to that
in Fig. 7, the testing configuration of the previous team[?]. We
used a computer to generate a wave form, a swept sine wave,
and used a voltage amplifier to increase the signal. A data ac-
quisition or DAC card collected the data from two accelerom-
eters, one at the top and one at the bottom of the frame. The
card used for data aquisition was an SCB-68 card from Na-
tional Instraments. A LabVIEW program was used to input the
data from the card to the computer. Unfortunately, we did not
have a computer with LabVIEW and the wave form generator
on it so another computer was used for the data collection and
processing.

The input generated by the computer was a swept sine wave.
We are looking at the response of the timber frames to various
frequencies at various amplitudes (voltages) so a swept sine is
appropriate. For the inverted T-frames, we swept up from ap-
proximately 5 Hz to 15 Hz over 50.001 seconds. For the square
frames, the wave form generated was a swept sine from approx-

Fig. 7. Testing Configuration: This configuration is the one the previous team
used. It is very similar to the one used in this project.

imately 5 Hz to 25 Hz over 100.120 seconds. The amplifier was
kept constant for all tests but an amplitude output of 2V, 1.5V,
and 1V from the signal generator was used to vary the ampli-
tude. Sweeps down in frequency were also performed for each
frame at each amplitude. It is important to note that though
these are the inputs to the shake table, the vibration of the shake
table does not directly correlate. The frame opposes the vibra-
tion so the motion of the shake table is not a swept sine wave,
the input to the shake table is a swept sine. The bottom

accelerometer tells the actual motion of the shake table.

IV. RESULTS

The major question asked in this study is whether the square-
frame models keep the motion confined to a single plane better
than the inverted T-frame models. A secondary question asks
what different types of non-linearities are present in the joints.

Previous studies including that of Y.P. Sugeng and have
shown that the various joint mechanisms have varying non-
linearities. Appendix A, Fig. 1 shows the results of the previous
study by Y.P. Sugeng.

The current research confirmed the presence of non-
linearities in timber frames. The data collected in this study is
shown in a very similar manner in Appendix A, Figures 1 and 2.
The previous and new data looks extremely similar for both the
inverted T-frame and square frame series. The only anomaly is
in the L-plate and Nail joint. The previous data shows a slight
softening backbone. The new inverted T-frame data has some
unusual results. The 2V sweep is so displaced from the other
two voltages that the data set is questionable and should not be
considered in the analysis. In the square frames, the L-plate
and Nail joint shows a distinctive hardening backbone but the
data shows 2 such backbones. The author and her team have
conjectured that this is due to limitations in the shake table or
to frame construction errors. Decreasing the signal amplifica-
tion may solve this problem. Since both the nail joint and the
L-plate joint have hardening backbones, it would be a logical
conclusion that the L-plate and nail joint would be hardening
as well. This is an excellent area of future study that the team
could not pursue due to time limitations.

Other than in the L-plate and Nail joint, the non-linearities
shown in the inverted T-frames (Appendix A, Fig. 2) are also
shown in the square frames(Appendix A, Fig. 3). In order to
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Fig. 8. Out of plane and Vertical Motion: This figure shows the relative out of
plane motion for the inverted T-frames and the square frames for each of the 6
bottom joint configurations.

determine if the square frames are a better alternative to the in-
verted T-frames, one must compare the non-linearities found in
each. Fig. 3 in Appendix A shows the backbone curves ap-
proximated for the square frames. These curves closely resem-
ble those in the inverted T-frames shown in Appendix A, Fig.
2. Both the inverted T-frames and the square frames have the
ability to show the non-linearities present in the timber joints.

The next order of business is to determine if the square
frames are, in fact, any closer to a single degree of freedom
system. Fig. 8 gives a picture of the relative out of plane and
vertical motion.

We can see from Fig. 8 that the frames show no better resis-
tance to motion on the Y and Z axis.

V. SUMMARY AND CONCLUSIONS

This exploration into the feasibility of using timber frames
as a teaching demonstration for non-linearities and as a test
bed for structural dynamics research confirmed previous con-
clusions especially those of Y.P. Sugeng.

The current team believed that the square frames would sig-
nificantly limit out of plane and vertical motion. While both
inverted T-frames and square frames show non-linearities, the
square frames did not show significantly less out of plane or
vertical motion as seen in Fig. 8. The frames did not show
any significant change in the amount of out of plane and verti-
cal motion. In some cases, the square frames actually showed
significantly more unwanted motion especially in the vertical
direction.

There are many possible causes for this trend or lack of trend.
One is in the inferiority of the construction method. None of
the current team can claim to be skilled carpenters and had the
frames been more accurately produced, the results may have
been different. However, the purpose and drive of this research
was to create a teaching demonstration that was inexpensive and
easy. If extremely accurate construction methods were neces-
sary, the frames would not be easy to reproduce and would not
be sufficient to satisfy their primary purpose.

The final conclusion of this study is that either inverted T-
frames or square frames are sufficient to show non-linearities
in simple structures. However, neither one was shown to limit
out of plane and vertical motion and keep the system to a single
degree of freedom.

VI. FUTURE DIRECTIONS

• Creating an efficient, accurate method of production of
the frames would perhaps make the data more conclusive
and show a preference for a frame configuration.

• Test various top joint configurations of the square frames
to determine which prevents out of plane and vertical
motion the most effectively.

• Preform Modal hammer tests and see if non-linearities can
be found. Also determine a method of making the modal
hammer swing with constant force. Since the timber
frames are made with the purpose of being a teaching
demonstration, the modal hammer is an excellent way to
expand the impact of the project to those without access
to a shake table.

• Exploration into various ways of securing the frames to
the shake table would be quite beneficial. Excluding the
frame/shaketable connection as a source of unwanted
motion would be an important step in finding a system
with a single degree of freedom.

• Deeper analysis of the L-plate and nail joint and a
discovery of the reasons for the anomalies found in this
study are a necessary future improvement.

• Using a shake table with a feedback loop to keep input
constant could be extremely beneficial. It would simplify
the results and possibly limit out of plane motion.
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Fig. 1. Previous Results: This diagram shows the results of the previous work. The backbone curves and frequencies are approximated. The Nail and L-plate
joints show a hardening nonlinearity while the rest show a softening nonlinearity.
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Fig. 2. Nonlinearities in Inverted T-frames: This diagram shows estimated backbone curves for the inverted T-frames. This data shows the same nonlinearities
as the previous work with the exception of the l-plate and nail joint. This data shows a decided hardening nonlinearity while the previous work shows a slight
softening nonlinearity.
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Fig. 3. Nonlinearities in Square Frames: This diagram shows the response of the square frames to cyclic loading. The nonlinearities present in this series of
frames closely resembles that of the inverted T-frames.
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