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ABSTRACT

This paper presents an ongoing e ort to develop a series of light-weight, easy t@onstruct, easy to replicate, and
low-cost bench-scale demonstration aids to illustrate nonlinear dynamic respoms of structural components/sub-
assemblages. This endeavor is inspired by the various types of nonlinearities whiacan be generated by varying
the connection details of timber joints [5]. To this end, a series of wood beam-comn joint and frame models with
varying connection details are designed, constructed, instrumented (only with acceleromets), and tested (on a
shake table and in free vibration). Special consideration is given to the desigof these models so that they behave
as much like SDOF systems as possible. The limitations in instrumentatio are circumvented (to some extent) by
proper excitation force design. Backbone curves and characteristic frequencies aapproximated. There appears to
be a correlation between the observed hardening/softening nonlinearities and the desigdetails of the joints, how-
ever variations are seen between two sets of models with the same design detdédricated by di erent people and
tested at di erent times. The preliminary results presented here indicate that an e ective and tangible teaching and
research aid for nonlinear dynamics could be developed using basic construction maigls and structural engineering
detailing. The complexities and uncertainties in the results remain under investigaton.

1 INTRODUCTION

Nonlinear dynamics remains a challenging subject in engineering mechanics and can often becdit to grasp in
the classroom. The primary drive of this study is to alleviate some of ths di culty through the development of a
bench-size experimental test bed that can e ectively and conveniently generate nonlinear da, aiding in the visu-
alization of nonlinear dynamic responses. Here, conventional, real-world stictural components are preferred over
mechanical systems (e.g., [15]) in order to keep this research more closelyatdd to structural engineering. To enable
this demonstration to be more easily replicated, the necessary testing environmeris relatively uncomplicated and
the materials used are small and light. This is aligned with the vision d some other engineering education projects,
such as the University Consortium of Instructional Shake Table project [1].

Timber is a popular construction material in the United States due to its high strength-to-weight ratio, renewability,
low cost, ease of construction, and natural beauty. These same characteristicsake timber an ideal material to use
in this study. The design goals (especially the simplicity, light weight, low cost, and reusability of the models) are
achieved by using wood.

The dynamic response of timber is known to display rich nonlinearities, a topt which has been studied analytically,
experimentally and numerically (e.g., [9, 7, 14, 6]). Furthermore, the adopton of di erent connection details is known
to generate di erent types of nonlinear characteristics [5]. With this in mind, wood beam and column elements could
be designed to form a series of beam-column joints with varying details to prduce nonlinear characteristics. A
modular design using elements of identical dimensions would further ease constructiome allow for the generation
of various types of nonlinearities for a parametric study.

Testing and instrumentation conditions are limited in this study, including the la ck of closed-loop control of the
electromagnetic shake table and the use of accelerometers as the only sensors. Haveexcitation forces and the
wood models themselves are carefully designed to circumvent these limitations asuth as possible. Preliminary data
analysis is carried out to qualitatively reveal various types of nonlinearties and correlate them to the connection
details.

2 DESIGN OF WOOD MODELS

Two types of small wood models were developed in this study: inverted T-jointmodels and frame models, as shown
in Fig. 1 (a1 and b1) and (a2 and b2), respectively. Note that identical one foblong two-by-four wood components
were used throughout for the beams and columns in both the inverted T-joint and frane models. Due to the light
weight of timber, a metal block was xed to the top of the models with two bolts to increase the inertia e ect (see
Fig. 1). Two additional blots were used to x the model to the shake table.



(b2)

Figure 1: Summary of the models built in this study, including inverted T-joint (al , b1l), and frame (a2, b2) models.
They are shown being tested on the shake table (al, a2), and in free vibratiofbl, b2).

A goal in design was to develop models that were as close to single-degree-of-freed@DQF) systems as possible, for
simplicity of demonstration and analysis. Considering each component (beamand columns) in each model a rigid
body (in a simpli ed analysis), the kinematic degrees-of-freedom of the entire mdel is dictated by the connections

at the beam-column joints. In reality, these joints can introduce multiple degrees-of-freedom to the entire model
(in translational and rotational directions). Referring to Fig. 1, the design objectives included (1) to eliminate any

out-of-plane (y-axis) motion for the reasons stated above, and (2) to limi the source of the nonlinearities to the

bottom beam-column joint.

The design of the inverted T-joint and frame models evolved through some simpkd analysis, calculations, and
testing validation [11, 12, 8]. For example, it was found initially that the top connection had to be strengthened
to minimize out-of-plane motion during testing [13]. However, even a perfectly rgid top joint could not completely
eliminate out-of-plane motion or rotation of the metal block due to the in uence of the bottom joint [8]. To circum-
vent this problem, a set of wood frame models was built. These frame models wersade of the same components as
the inverted T-joint models, and used the same metal block for testing. The symrmetrical geometric con guration of
the frames e ectively eliminated the overall rotational kinematic degree-of-freedan of the mass in shake table tests,
however the frames were seen to have increased vertical (z-axis) motion, introducingnother complexity into the
data [8]. These problems call for further study.

3 TECHNIQUES FOR WOOD MODEL CONSTRUCTION

In keeping with the goal of creating models that can be relatively easily replicagd, all wood components and metal
connectors were purchased at a local hardware store. The material speci cations arsummarized in Table 1. All

metal connectors used were of the same speci cations, were purchased from the samerst and were produced by
the same manufacturer. In total, six bottom connection types each were impleranted for the inverted-T and frame

models (quantities listed are for inverted T-joint models, frame models ue twice as many mending plates and nails):
(1) two L-plates, (2) two mending plates, (3) two nails, (4) two mending plates and two nails, (5) two L-plates and

two mending plates, and (6) two L-plates and two nails. All wood used was the sam type and was purchased from
the same store, however it did not all come from the same batch. Defects and smalariations are common in wood
(see Fig. 3 (f)). Itis possible that the inconsistencies in the materials usedhad some e ect on the comparison of the
test results of 2006 to those of 2007 (see Section 5).

A chop saw and drill press were used for the construction of all models. The tighintervals and edge distances
that were typically encountered in the construction of these models are illustratedin Fig. 2. Fig. 3 (a-e) presents

the major steps in wood model construction and Fig. 3 (f-j) showcases mistakesasily made during the process as
observed in the summer of 2007. Models with visual fabrication defects were rejem, however it was impossible to
eliminate all fabrication errors. Therefore, it is conceivable that the inconsigencies in construction (especially with

construction being carried out by di erent groups of people) also a ected the results d this study.



Component | Type

Wood kiln dried SPF, type two pine
Nails Grip Rite 12d 3-1/4", bright common
L-Plates Simpson Strong-Tie A21Z
Mending Plates Simpson Strong-Tie MP14
L-Plate Nails | Grip Rite 9GA x 1-1/2", hot dipped galvenized

Table 1: Summary of all materials used in wood model construction.
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Figure 2: Connection details (to scale) of an inverted T-joint model with an L-plate and nail composing the top joint
and a mending plate on bottom. Note the congestion in the top joint.

It is important that the construction of the models be as methodical as posdile to avoid amplifying the inherent
uncertainties and inconsistencies present in wood materials. Recommendations on thalfrication process include
the following: (1) It is best to drill the holes in the wood before attaching any pieces together. (2) It is important
that all holes are drilled in a line parallel to the length of the wood to minimize twisting. (3) Great care must be
taken to ensure that all wood sections are assembled perpendicular to each other.)(All nails must enter the wood
as straight as possible due to the high congestion in some joints (seedzi2). (5) Construction of the model should
be nalized, with the metal plate attached, before the model is placed on the shake thle.

4 SHAKE TABLE AND MODAL HAMMER TESTS

Swept sine signals (both sweeping-up and -down) were used to excite the models in order tbserve their response
across a band of frequency levels and more easily identify the characteristic fragncy. The frequency of the signal
increases linearly over time, a relationship that allows the frequency of the sweptise curve at a given time to be
approximated to nd the characteristic frequency of each model. The two sweeping-up sigals used were: 5 Hz
linearly increased to 15 Hz over 50 seconds and 5 Hz linearly increased to 25 Hz ové0lseconds for the inverted-T
joint and frame models, respectively. The starting and ending frequencies were simpbkwitched for the corresponding
sweeping-down swept sine signals. For a given swept sine excitation signal, threleerent amplitudes were generated
by applying three di erent voltage levels (1.0, 1.5, and 2.0 Volts). Eachmodel was tested six times, sweeping-up and
sweeping-down at each voltage level. Each swept sine signal was repeated founés to produce a periodic excitation.
These variations in the excitation frequencies and amplitude help extract underlying nonihear characteristics as will
be demonstrated in Section 5.

To test the models on the shake table (Fig. 1 (al, a2)), a computer paired witha National Instruments PCI-5411
arbitrary wave form generator card was used to generate a swept sine wave whiovas passed through a voltage



Figure 3: This gure presents a series of pictures illustrating the construction pracess (row one) and common
fabrication problems (row two). First, the wood is cut to one foot lengths (a), then it is measured and marked
(b), and drilled for bolts (c). Next, the pieces are connected with the appropriate jants (d), and nally, the metal
plate and accelerometers are attached (e). Fabrication and material problems sk here include inconsistencies in
the wood (a), splitting caused by nails (b), misalignment (c), nails reachingthe opposite side of the wood (d), and
problems with L-plates covering up the bolt holes (e). Note that the materials shavn in (f) and (g) were discarded
and not used in testing.

ampli er. This signal ran into an APS electromagnetic shake table (Model 113ELECTRO-SEIS). A National In-
struments SCB-68 connector block was used to collect the data from two tri-axial acelerometers; one at the top and
one at the bottom of the model. Finally, LabVIEW was used to record the data from the card to the computer [11].
These shake table tests were conducted in the summers of 2006 and 2007.

The models were also tested in free vibration (Fig. 1 (b1, b2)). The data in hese tests was collected in precisely
the same way as during the shake table tests, however in this case the models wereciad by a modal hammer (as
opposed to a shake table). Each model was struck three times in each axial diction. These free vibration tests were
conducted in the summers of 2006 and 2007. This data is not presented in this paper.

5 RESULTS AND ANALYSIS

The three major focuses of the experimental investigation that will be preseted and analyzed in this section are:
the use of backbone curves to identify types of nonlinearities, the use of the jump phemeenon to further con rm
types of nonlinearities, and a case study on the potential for replication of he results.

Types of nonlinearities were identi ed in this study using the concept of backbone curves [Q, 2, 3, 4] in an approxi-
mate manner solely based on the measured acceleration time histories. The generaltagrocessing procedure used
is illustrated in Fig. 4. To see the backbone curve, frequency response functions werrst approximated from the
measured acceleration time histories. For this base-excited case, the input is the maasd ground motion and the
output is the relative motion of the metal block. The output is calculated by subtr acting the acceleration of the bot-
tom beam from the acceleration of the top beam. A complete period from each dhe three data sets obtained from
the same direction swept sine excitation at 1.0, 1.5, and 2.0 Volts was @rlayed. The backbone curve was obtained
by tracing the peaks of each data set. This tracing process, however, was found toebfairly subjective at times.
The sweeping-down time histories were \ ipped" to match their sweeping-up counterparts. This step also involved
subjective judgement. To process the shake table data obtained in the summer of 200the second complete period
of the sweeping-up response and the second-to-last complete period of the sweeping-down mse were extracted



from the data and paired together.

Figures 5 and 6 present two sets of results for the rst full set of inverted T-joint and frame models, respectively.
Note that each of these two sets was fabricated and tested by two di erent group®f students in the summers of 2006
and 2007. The comparability of these two sets of results will be discussed lat in this section. The characteristic
frequency of each model is the frequency at which the model reaches its peak acceleration, aisdfound using the
linearly (with time) increasing or decreasing trend of the sweeping frequency.

Figure 4: lllustration of the method used to construct the following Figs. 5, 6, and 7. Columns (b) and (d) are the
sweeping-up and sweeping-down frequency responses, respectively. The cycles shown here have beesacted from
the complete data sets, and (in the sweeping-down case) have been ipped left-to-right. fie three sweeping-down
and three sweeping-up responses are overlayed to show the backbone curve ((a) and (eghd the sweeping-down
and sweeping-up response pair at each voltage level are overlayed to show the jurphenomenon (c).

The jump phenomenon (in this case applied to frequency response functions) was introduced an attempt to over-
come the subjectivity associated with approximating backbone curves [10]. @ view this phenomenon, a sweeping-up
and its corresponding \ ipped" sweeping-down acceleration time history are overlayd. The results from earlier ef-
forts in this study were not successful [11, 12]. One typical result from the moreecent data obtained in the summer
of 2007 is presented in Fig. 7. It can be seen that no rm judgement on the type of nolinearity present in this data
can be made based solely on these three plots. Thus, identifying nonlinearities ugj the jump phenomenon seems
to be even more subjective than using backbone curves (in the current design).

Testing videos were utilized as a means to visually examine the models' deformatn during testing to better un-
derstand the sources of the nonlinearities and streamline the models' design. Each dteatable test was Imed from
three xed angles to provide a qualitative means for analysis of the wood modsl Frame-by-frame breakdown of the
video led to a better understanding of the way the models moved during testing. Furthermoe, the video data has
been a valuable complement to the quantitative accelerometer data in allowing foa visual examination of tests that
produced unexpected data. In addition, the motion of all beam and column elements of a nael can be captured



Figure 5: Summary of the rst full set of inverted-T joint wood models and their shake table test results obtained
in the summer of 2006 [11, 12]. All models in this set of results have an L-pta + Nail top connection, while their
bottom connection details vary from model to model and are illustrated in the gure. Note that both backbone curves
and frequency ranges are approximated as described in Section 5. The frequency charactgds for the input time
histories for the nailed joint model were not able to be identi ed given the unsymmetrical and ambiguous features
of these overlaid time histories.



Figure 6: Summary of the rst full set of frame wood models and their shake tabé test results obtained in the summer
of 2007. All models in this set of results have an L-plate + Nail top connection,while their bottom connection details
vary from model to model and are illustrated in the gure. Note that both back bone curves and frequency ranges are
approximated as described in Section 5. Also note that the large voltage sweeamj-up test of the L-plate + Mending
plate model (in the fth column) does not follow the trend of the sweeping-down characteiistic in that column. For
this reason, and because it was conducted on a separate day, it is not included in the extton of the backbone.

Figure 7: lllustration of the \jump phenomenon" as seen in an inverted T-joint m odel with an L-plate + Mending
plate top connection at (a) 1.0, (b) 1.5, and (c) 2.0 Volts.



roughly by the video data. This greatly complements the acceleration measurements kich are taken on only two
points of the model.

Being easily replicable is one of the design requirements of the proposed small @ models. The inverted T-joint

model design shown in Fig. 5 was replicated by another group of students a year lat. Although the construction

material (Section 3), procedure, and testing conditions were duplicated as closely as psible, the results were not
the same. Table 2 summarizes the results of these two sets of inverted T-joint odels as well as the rst full set of
frame models. Fig. 8 o ers examples of some of the di erences.

Bottom Connection Inverted T-Joints Inverted T-Joints Frames

Con guration (Summer 2006) (Summer 2007) (Summer 2007)
L-Plate Softening 2 | Inconclusive | 3 Hardening 1
Mending Plate Softening 3 | Inconclusive | 2 Softening 4
Nalil Hardening 1 | Not Available | 1 Hardening 2
Mending Plate + Nail Softening 5 Softening 5 | Roughly Linear | 5
L-Plate + Mending Plate Softening 6 Hardening 6 Hardening 6
L-Plate + Nail Roughly Linear | 4 Hardening 4 Hardening 3

Table 2: Summary table of the types of nonlinearities and rankings of charactestic frequency values seen in the three
complete sets of wood models tested in the summers of 2006 and 2007. Note thedt top connection con gurations
are L-plate + Nail. The rankings are in order from lowest (1) to highest (6) characteristic frequency. Also, note that
the only inverted T-joint data from the summer of 2007 shown in this paper arefrom the Mending plate + Nail and
L-plate + Mending plate models and are presented in Fig. 8.

Figure 8: Comparison of shake table tests on inverted T-joint models consticted (and tested) by two di erent groups
of students. The rst row presents test results collected in the summer of 2006 andhe second row presents test
results collected in the summer of 2007. Two wood models are compared here: one moddth a Mending plate +
Nail bottom connection and another with an L-plate + Mending plate bottom connection. All models in this study
have an L-plate + Nail top connection. Note that the vertical scale used to plot the response functions from 2006
di ers from that used to plot those from 2007.

There are many possible interpretations of the di erences in the results. Firstof all, the sensitivity of the workman-
ship of the models is apparent. All of the inverted T-joint models constructed in the summer of 2007 have lower
characteristic frequencies than their counterparts constructed in the summer of 2006This is reasonable as di erent
workmanship would consistently make all of the joints either more or lessti , a ecting the characteristic frequencies.
Also of note is that the level of the excitation increased in the summer of 2007which would cause di erences in



the dynamic response. However, it is more unexpected to see the di erences in the types nbnlinearities seen in
a given model (see Fig. 8 Mending plate + Nail top connection). One weakness of the expenents conducted in

the summer 2007 is that the order in which the excitation forces were applied was rialways consistent throughout

all testing, however this does not seem to have adversely a ected the data. In spite afhese discrepancies (to be
further investigated), the rankings of the characteristic frequencies of the three sts of test results show an overall
consistency which is promising for the proposed design, construction, testing and datanalysis methods of these
small timber models.

6 DISCUSSION

It is important to note that neither the inverted T-joint models nor the frame models entirely represent the beam-
column joint dynamic response in real-world wood construction at this stag. They are simply meant to serve the
purpose of demonstrating nonlinear dynamic responses in structural engineering in artie- and cost-e ective manner.
Nevertheless, a continuous e ort is made to keep this study grounded in real-world apptation, while maintaining
its simplicity.

Techniques for modeling the proposed inverted-T joint and frame models need to be re nedd further streamline
the models' design. Challenges in assembling wood components with small dimensgostill remain. Better quality
control and documentation in fabrication would lead to a clearer distinction between pre- and post-testing damage
in the models. The e ort presented in this paper has been made by circumventing limitedtesting and data acquisi-
tion resources. Better instrumentation of the wood models is also among theuture tasks identi ed. Built on this
study, future work will further justify and improve the proposed shake table excitation signals and data analysis.
For example, some benet may be seen by increasing the number of steps in the range obltages used for each
excitation force applied to the models, resulting in each backbone curve being de ned by greater number of points.
Free vibration results should be compared with shake table results for each odel. Rigorous time-frequency domain
analysis will be carried out and compared with the simpli ed data analysis in this study. The data from the inverted
T-joint models might be better analyzed using polar coordinates, while further e nement of the frame data could
be achieved using translational degrees-of-freedom. Finally, the inherent uncertaintis caused by the complexity of
timber need to be better understood and anticipated in the experimental investigdion and data analysis.

7/ CONCLUSION

Small timber models have been designed, constructed, tested and analyzed for the purposed#monstrating non-
linear dynamics using simple construction materials and following real-worldapplication of structural engineering.
The data has been collected using accelerometers from a set of periodic shake table tesThe preliminary results
utilize the backbone curve and jump phenomenon concepts. On one hand, these results indicate an e @& and
tangible teaching and research aid for nonlinear dynamics. On the other hand, the completies and uncertainties
associated with the results obtained by di erent workmanship conducted at di erent times (even after following the
same design and using virtually identical materials) indicate that more wok remains for this idea.
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