Layered Composite Entangled Wire Materials Blocks as Pre-

Tensioned Vertebral Rocking Columns

Mohammad M Kashani*, Ehsan Ahmadi*, Alicia Gonzalez-Buelga®, Dayi Zhang®, Fabrizio
Scarpa®

Abstract

This work focuses on entangled wire materials as an option for use between segments of a
novel self-centring bridge pier inspired from the human spine mechanism to increase energy
dissipation capability of the pier in rocking. A comprehensive set of free-decay vibration tests
was conducted on small-scale columns with and without entangled wire materials. Wooden
blocks are used as vertebrae with entangled wire materials as intervertebral disks. The whole
system is tied together using a pre-tensioned tendon. Dynamic properties of columns (i.e.
frequency and damping ratio) were then identified and compared. It is found that the use of
entangled wire materials significantly increases the energy dissipation capacity of the system
during rocking. This finding 1s'very encouraging for future use of entangled wire materials
composite systems/in large-scale testing of the proposed rocking column, while their shear and

axial stiffness needs'be improved to reduce large shear and axial deformations.
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1. Introduction

1.1 Background

Bridges are critical nodes in any transport network [1]. In seismic regions, post-earthquake
functionality of bridges plays a crucial role in expediting rescue services and mitigating
casualties. Malfunction of bridges will interrupt the whole transport network, and create
enormous economic losses after seismic events ([2],[3]). With growing urban population and
rapid development of economics, reliable seismic design of bridges becomes even more
important. Furthermore, there are many bridges all over the world which suffer from material
ageing and deterioration, and are located in high-seismicity regions ([4],[5],[6]). Material
deterioration (for instance reinforcement corrosion in concrete structures) reduces structural
safety margin, and thus residual capacity of structures becomes far smaller than the capacity of
newly-built structures. Such a pronounced reduction in structural strength requires costly
regular maintenance and rehabilitation works|7].

In conventional construction of concrete bridges, piers are cast in place monolithically to the
foundation. For integral concrete bridges; piers are monolithically connected to both foundation
and deck. As a result, piers.crack under lateral movements of the deck, and accelerated
deterioration (e.g. chloride-induced corrosion) occurs ([7],[8],[9]). Moreover, when bridges are
subjected to dynamic.earthquake loading, plastic hinges occur in bridge piers due to structural
system of bridges. Therefore, piers are designed to sustain large plastic deformations which
provide high energy dissipation during seismic loadings ([10],[11]). However, very large
residual post-earthquake displacements are induced in bridge piers, and accordingly, bridges
will not be functional after seismic events ([12],[13],[14]). Furthermore, if bridges are ageing,
material deterioration significantly reduces their plastic deformation capacity. Therefore, in the

past two decades, many studies have been conducted to develop precast structural systems that



are seismically resilient. The precast structural systems are constructed using more durable
materials, and can be used in accelerated bridge construction (ABC) ([15],[16],[17],[18]).

1.2 Self-centring rocking bridge piers

From previous studies, it is found that pre-tensioned self-centring rocking segmental bridge
piers are an excellent alternative to the conventional bridge construction
([191,[20],[21],[22],[23]). The pier segments providing rocking mechanism not only allow for
offsite manufacturing which speeds up construction time (i.e. ABC), but_also minimise the
residual displacement of the pier under lateral dynamic loading (i.e. seismically resilient) [24].
However, there are two main drawbacks: (1) the rocking mechanism does not provide sufficient
damping under seismic loading, and consequently additional energy-dissipating components
are required to be added to the bridge pier ([25],[20],[26]). These additional elements provide
energy dissipation through large plastic deformations, and thus need be replaced after seismic
events. (2) Sever damages to concrete canalso be observed in contact areas due to high contact
stress on the rocking surfaces. More recently, a new pre-tensioned segmental bridge pier with
hybrid sliding-rocking joints was.developed ([27],[28],[29],[30],[31]) to address these two
main issues, but they still use plastic deformations to provide damping and energy dissipation
in the system. Nikoukalam et al. [32] used polyurethane segments at the column ends to
accommodate large rotations. However, this column exhibited residual deformations despite
using external replaceable energy-dissipating links.

To avoid permanent structural damage from high irreversible plastic deformations, a
biologically-inspired bridge pier was introduced by Kashani and Gonzalez-Buelga [33]. The
research presented in this paper is building on the initial idea reported in [33]. Figure 1
illustrates the proposed small-scale pre-tensioned segmental bridge pier considered for a proof
of concept study in this paper. The idea was motivated by the mechanics of the human spine.

Small square wooden blocks were used to imitate the ‘vertebral body’ in the system, and thin



rubber layers were used to simulate the ‘intervertebral discs’ (see Figure 1). The whole system
then tied together using a stainless still pre-tensioned tendon. The sliding mechanism was
negligible due to increased friction between rubber layers and wooden blocks. The significant
rocking mechanism in the proposed system was provided by the whole system (blocks as well
as tendon) and rubber layers (see Figure 1). It was found that the proposed vertebral system
provides desired rocking behaviour under dynamic base excitation. However, rubber layers did
not provide sufficient energy dissipation. Clearly then, the proposed novel system lacks an

efficient material as the intervertebral disks to improve damping level of the system.
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Figure 1. The biologically-inspired bridge pier concept [33].

1.3 Entangled wire material
Entangled wire materials (EWMs — also called metal rubber) are widely used in the aerospace
industry as dampers in pipes and gas turbine engines. Theoretically, EWMs have almost zero

Poisson’s ratio which allows the material to retain its shape with no lateral expansion during



compression [34]. Furthermore, EWMs are also considered as a good shock-absorbent material
due to its favourable fatigue life and high damping. These properties make EWMs a potential
alternative for use in the biologically-inspired bridge pier as intervertebral disks.

Damping effects of EWMs are highly dependent on internal frictions and contact/slip-stick
states within the material [35]. Zhang et al. ([36],[34]) investigated dynamic behaviour of
nickel-based EWMs subjected to compressive loading. The results demonstrated high potential
of nickel-based EWMs for vibration damping and energy dissipations. Dynamic shear
behaviour of nickel-based EWMs was also investigated [37], and considerable energy
dissipation under dynamic shear forces were observed too. Zhang et al. [36] classified
interaction between metal wires into three phases: non-contact, slip, and stick. At small
vibrational amplitudes, wires remain in the stick phase, where static friction is dominant over
sliding friction [36]. This has a significant effect. on the' material loss factor which indicates the
energy dissipation through internal friction [38]. At higher vibrational amplitudes, wires begin
to change from the stick phase to the slip phase, and the loss factor may decrease as dynamic
friction coefficient is lower than static friction coefficient [35]. Therefore, dynamic
performance of EWMs under largedeformations needs be investigated for their potential use
in the novel biologically-inspired bridge pier. Entangled metal wires have multifunctional
applications, and have been also recently proposed as energy dissipating units in tensegrity
prisms systems ([39],[40]). It is worth noticing that tensegrity prism does possess mechanical
behaviours similar to the human spine [41], and also offers interesting static and dynamics
performance in a lightweight design in civil constructions [42],[43],[44]. The significant
hysteresis effect and modal damping ratio shown by the use of EVMs also in these tensegrity
spine-mimicking structures indicate a potential beneficial use of metal rubbers in other

composite designs for structural applications.



1.4 Innovation and contribution

Although the proof of concept study on the rocking behaviour of the novel biologically-inspired
bridge pier showed promising results, an alternative material to the rubber layers is needed to
increase energy dissipation capacity in the system. Therefore, this study addresses this
knowledge gap and employs entangled wire materials (EWMs) as an alternative material for
use as intervertebral discs. To assess dynamic performance of the system, free-decay vibration
tests are conducted on a small-scale simplified vertebral column (with varying EWM
arrangements and post-tension force of the tendon) to characterise «nonlinear dynamic
properties of the system. This work is a preliminary study to lay the scientific foundation for
further development of this novel system to be tested at large scales for potential use in
engineering practice.

2. Experimental Programme

Free-decay vibration gives useful insight intooeverall nonlinear behaviour of systems and their
frequency and damping variations [45]. Backbone curves and damping skeletons
([46],[47],[48]) can be estimated from free-decay vibration tests particularly for lightly damped
systems [45], which are very beneficial to identifying nonlinear dynamics of a system. Cheng
[24] used free-decay vibration tests to examine energy dissipation capability of rocking precast
bridge piers. Therefore, the experimental programme in this study mainly comprises an
ensemble of free-decay vibration experiments on the proposed self-centring segmental column
(see Figure 1) with different arrangements of EWM layers. Prior to main free-decay vibration
tests, some quasi-static displacement control pullover tests were also conducted to get an
insight into force-displacement behaviour of each column.

2.1 Description of small-scale composite columns

The small-scale self-centring segmental columns tested in this study are shown in Figure 2. It

consists of a base, a column, a tendon, and a mass on the top. Ten number of 60 mm square



wooden blocks were used to model the ‘intervertebral bones’ and nickel-based EWM layers
(see Figure 3) were used to simulate ‘intervertebral discs’. A 35 N mass on the top of the
column was used to represent the deck of bridges, which generates the inertia forces. A 3 mm
hole was drilled through the centre of each block and each EWM layer to allow for a 1.5 mm
high-strength stainless pre-tensioned tendon. The tendon provides structural integrity and self-
centring capability of the whole system. The tendon was connected to a load cell through a
clamp at the top of the column. A bottom clamp was also used to connect the.column to the
base. The initial pre-tensioning force of the tendon could be adjusted using-an adjustable screw,
which was connected to the tendon. The initial post-tension force of the tendon was provided
by hanging weights (15-52 kg) on a knot at the bottom clamp and.spinning the knot. Four

counterbores were drilled to bolt the base to a stable underneath table.

Figure 2. (a) Image of an entangled metal wire (EVM) sample used in the composite intervertebral disk, and (b)
Example of small-scale self-centring vertebral columns with six intervertebral discs.



Figure 3. (a) 3D image of the internal volume of a MR sample (10mm*10mm*10mm) from a p-CT scan (b)
Detail of one slide of the internal volume [34].

51.5 x 51.5 x 5.3 mm nickel-based EWM.layers with porosity, mass, and shear force of 80%,
21.5 gr, and 67 kN were used. The height is defined along the moulding direction during the
manufacturing. The same direction represents also the one related to the length direction in
Figure 3b. The relative density is.defined as the ratio between the EWM’s and the wire’s
densities, i.e. the density of the 0Cr18Ni9 material, equivalent to 7.93g/cm>. The EWM layers
are placed between bottom wooden blocks as rocking moments and deformations are higher at
the base. Four different EWM layer arrangements were used to investigate the influence of
EWM layers on the dynamic behaviour of the column: (1) no EWM layers, (2) two EWM
layers, (3) four EWM layers, and (4) six EWM layers between wooden blocks (see Figure 4).
These columns are respectively referred to as C0, C2, C4, and C6 hereafter where the numbers

indicate number of EWM layers.
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Figure 4. Different arrangements of EWM layers: (a) no.EWM layers (i.e. C0), (b) two EWM layers (i.e. C2),
(c) four EWM layers (i.e. C4), and (d) six EWM layers (i.e. C6).

2.2 Free-decay vibration test
To conduct a free-decay vibration test on each of the columns (see Figure 4), the tension force
of the tendon was first set.to.an initial value, 7;. Then, the column was laterally pulled, and the
increase in the tenden force was monitored until it reached a target tension force, T
Afterwards, the column was released to vibrate and the acceleration on top of the column, a,
as well as the tendon tension force, 7., were measured.
There different types of free-decay vibration tests were conducted on the columns:
e Test 1: To see how initial tension force of the tendon affects dynamic behaviour of the
column, CO, the 7; was incrementally increased from 150 N to 300 N by 20 N. For each
initial tension force, the column was pulled ten times with a constant target tension

force, 7; = 400 N. The range of target tension force was chosen based on results of a



number of pullover tests conducted on each column. Results of pullover tests will be
discussed in Section 3.1.

e Test 2: To see how target tension force of the tendon influences dynamic behaviour of
the column CO0, for the same initial tension force as the Test 1, the target tension force
was incrementally increased ten times up to 400 N.

e Test3: To investigate dynamic behaviour of C2, C4, and C6 columns, the initial tension
force of the tendon was set to a constant value. The same initial tension force as the
maximum for the CO column, 7; = 300 N, was first used. The columns were stayed at
where it was pulled to because the EWM layers deformed, and the tension force of the
tendon reached an equilibrium point. Therefore, the initial tension force of the tendon
was increased to a tension force of 500 N, and the columns were able to move back to
their initial position. The target tension force was increased from 520 N to 600 N by
20 N.

2.3 Instrumentation, calibration and data collection

A 2.5 kN tension/compression load cell.(Model MCL, Universal Load Cell from RDP [49])
and a PBC accelerometer (model 333M07 [50]) with measurement range of £10g and
sensitivity of 99 mV/g were accurately calibrated and used to record the post-tension force in
the tendon and-in-plane lateral acceleration of the columns respectively. The load cell was
calibrated (by incrementally increasing the weight on the hanger and recording the
corresponding value. Figure 5 shows the original weight-voltage values and a line fitted to the
data. The gain (i.e. slope of fitted line) and offset (i.e. voltage axis intersect) are 254 N/V and

0.007 V.
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Figure 5. Load cell calibration, weight versus output.voltage.

The accelerometer was calibrated by a Type 4294 Briiel & Kjer calibration exciter. It is driven
by a crystal oscillator and constantly sends steady sinusoidal signal. The calibration process
was then to offset the signal and calculate the gain to reach a gravity acceleration. The
accelerometer was connected to a signal conditioner with a gain 100. The offset was 0 and the

gain was 10° ms2 /V.

The load cell was connected to a Modular 600 Multi-Channel Signal Conditioning System and
then to a dSPACE controller [49]. The accelerometer was connected to a 4 Channel
Piezoelectric Sensor Power Supply & Signal Conditioner and then to the dSpace controller.
The dSPACE Control Desk was programmed in MATLAB Simulink [51] to collect tension
force and acceleration signals shown in Figure 6. Each signal was recorded for 10 seconds with

sampling frequency of 10° Hz.
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Figure 6. Diagram of the data acquisition model: (a) tension force of the tendon; and (b) acceleration of the
column (ADC and DC respectively stand for analogue to digital convertor and dSpace controller).
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3. Experimental results

In this section, displacement control tests results as well as original measured tension force and
acceleration signals from free-decay. vibration tests are presented, and processed for further
analysis in Section 4 of this paper. It should be noted that free-decay tests for CO with 7; =
150 N and 7; = 390 N as well as C2 with 7; = 500 N and 7; = 580 N are used as examples to
demonstrate the data analysis procedure and experimental results throughout the paper, and
hereafter they are referred to.as “exemplar tests”.

3.1 Displacement control tests on all columns

Prior tomain experimental tests (i.e. free-decay vibration tests), displacement control tests were
carried out to capture overall tendon tension force versus column’s tip displacement (i.e. T -
D, curves) behaviour for each specimen. These curves provide good insight into the ranges of
initial and target tension force of the tendon taken for the main free-decay vibration tests. For
the column CO, the initial tension force of the tendon was increased from 150 N to 300 N by

20 N. For columns C2, C4, and C6, the initial tension of the tendon was set 500 N.



The displacement is normalized by column height and referred to as drift ratio (D./hc). The
tension force of the tendon is normalised by its initial tension force, and named here as tension
force ratio (7./T;). Figure 7 shows the tension force ratio versus drift ratio curves for all types
of columns. All columns, either with or without EWM layers, exhibit a dynamic softening,
meaning that columns become less stiff as they displace further ([47],[52]). The nonlinearity
in the stiffness (i.e. slope of each force-displacement curve) at small drift ratios is clearly seen.
In general, the columns behave linearly until the first joint opens (the first base block), and then
show a strength hardening behaviour with reduced stiffness due to joint @pening. As seen in
Figure 7a, increasing initial tension force of the tendon delays the joint opening and increases
the strength hardening. However, it does not affect the stiffness.of the system (i.e. constant
slopes, 0.52 N/mm). This is in good agreement with the analytical solution of a single tied
rocking block derived by Alexander et al. [53]. As evident from Figure 7b, adding EWM layers
significantly changes tension force ratio-drift ratio behaviour of the column. Comparing to CO
column, columns with EWM layers show a much lower stiffness, respectively 0.18 N/mm,
0.11 N/mm, and 0.07 N/mm for-post-joint opening branch (i.e. at large displacement drift

ratios).
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Figure 7. Tendon force ratio-column drift ratio curves: (a) CO column, and (b) C2, C4, and C6 columns.

3.2 Free-decay vibration test on column C0

Figure 8a shows auto-spectral density (ASD) of the accelerometer for the exemplar CO test.
The ASD can be seen to have high amplitudes around the first rocking mode frequency of the
column (2.8 Hz-shown by vertical red dashed line in Figure 8a). The side frequency peaks near
the main resonance peak demonstrate the nonlinearity of the system due to friction between
blocks before joint opening (e.g. small vibration amplitudes). This will be investigated further
in Section 4 using backbone curves. The ASD also shows that most of the column vibration

energy is distributed in the frequency range 2-6 Hz and originates from the first rocking mode



of the column. Thus, the low-magnitude high-frequency components of the acceleration
response are removed for all CO tests using a zero-phase 4" order low-pass Butterworth filter
[54] (see Figure 8b) with cut-off frequency, 15 Hz. Zero-phase filtering avoids any time shift
in the filtered signal.

Figure 8c shows ASD of the tendon force signal for the exemplar CO test. The ASD exhibits a
maximum at the tendon tension frequency, (0.1 Hz-shown by vertical red dashed line.in Figure
8c). The ASD shows that most of the tendon vibration energy is concentrated in the frequency
range 0-1 Hz. Thus, the higher-frequency components of the tendon force are removed for all
tests using a zero-phase 4" order low-pass Butterworth filter (see Figuré 7d) with cut-off
frequency, 5 Hz. It should be noted that both acceleration and force signals clearly demonstrate
that all CO columns exhibit a typical oscillatory and’' underdamped free-decay vibration

behaviour.
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Figure 8. For the exemplar CO test: (a) frequency content of the acceleration response, (b) acceleration response
at the top of the column, (c) frequency content of the tendon force, and (d) tendon force signal.

3.3 Free-decay vibration test on column C2

Figure 9a illustrates ASD of the accelerometer for the exemplar C2 test. In contrast to CO tests
(see Figure 8a), the ASD here has two different maximum values: (1) at a low frequency,
0.1 Hz, and (2) at a higher frequency, around 1.7 Hz (shown by vertical red dashed.lines in
Figure 9a). The same Butterworth filter with cut-off frequency of 4 Hz is used here to remove
very high-frequency vibrations. The vibration amplitude has a significant drop at the beginning
of the free-decay vibration, which implies high damping level of the systems due to EWM
layers (see Figure 9b). The free-decay vibration behaviour is similar to overdamped systems
with a few vibration cycles, and is completely different to the free vibration of typical

underdamped systems.
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Figure 9. For the exemplar C2 test: (a) frequency content of the acceleration response, and (b) acceleration
response at the top of the column, (c) frequency content of the tendon force, and (d) tendon force signal.

As expected, the tendon has the same frequency content as the CO tests (see Figure 8c). As
opposed to the CO tests where the tendon force drops from the target tension force (390 N-blue
dashed line in Figure.8d) to its initial tension force (150 N-green dashed line) in around 5
seconds (see Figure 8d), for the C2 test, however, the tendon force experiences a sudden drop
from. the target tension force to the initial tension force in less than a second. This fast drop
implies the flexibility and highly damped nature of columns with EWM layers compared to
those without any material between blocks.

4. Data Analysis

In this section, dynamic properties of the columns (i.e. frequency and damping ratio) are
determined from free-decay vibration responses for all tests. As the wooden blocks-to-lump

mass ratio is very low (less than 0.0001), the column be idealised with a classical low-order



single degree of freedom (SDOF) system as shown in Figure 10. The rotational spring
represents the rocking stiffness of the columns which varies during the motion. The equation

of motion for the free vibration of the column can be given by:

P+28wx +ox, =0 (1)

n-c

where 550, xc, and X, are acceleration, velocity, and displacement of the mass respectively;

w, = 2mf, is circular frequency of the system; f, and & are natural frequency and damping ratio

of the system.

mC-’) écbj;'l

Figure 10. Equivalent SDOF model of the column.

It should be noted that equation (1) holds true for both linear and nonlinear systems. For
nonlinear systems, natural frequency and damping ratio of the system are amplitude-dependent
and ‘varies between cycles of vibration. The acceleration solution to equation (1) for

underdamped systems (&:<1) only for one cycle of vibration is:

i =e (c1 cos(a,t)+c, sin(a)dt)) 2)

c

and for overdamped systems (&>1):

%, =¢ " (c; cosh(a,t) +c,sinh (1)) 3)



where wq is damped frequency, @, = ®, 1—53 ; €1 to ¢4 are coefficients depending on initial

time conditions of the system. The overdamped solution (i.e. equation (3)) can be represented

as the summation of two exponential terms:

SO -yt -yt
X, =ce " +ce " 4)

where again cs and ¢¢ are initial condition-dependent coefficients; w; and w;, are named as lower

and higher circular frequencies:

o =o,(&-&-1) (5)

w, =0, (50 + \/ﬁ ) (5b)

As it is clear from equations (5a) and (5b), response of overdamped systems contains two
highly distinctive frequencies (i.e. w; and wy - see Figure 9a) while response of underdamped
systems comprises a discernible frequency(i.e. @wq- see Figure 8a). It should be noted that the
damping and frequency of the column without EWMs are determined from the exponential
term for each cycle of vibration.. This allows for instantaneous frequency and damping to
change with vibration amplitude as-would happen in a nonlinear system. As will be discussed
in the following section, the damping and frequency are significantly amplitude dependent,
which shows the system’s nonlinearity. However, for damping model of the column with EWM
layers, it will be seen that the system is highly overdamped and viscous damping model is very

appropriate:.

4.1 Column with no EWM layer
As seen in Section 3.2, experimental results of CO columns exhibited an oscillatory vibration
(i.e. underdamped free-decay vibration). For the underdamped column, the analytical

envelopes of the free-decay response are given by ([55], [47]) (see equation (2)):



A(t)= A (6)

where 4. is the free-decay vibration amplitude at a specific time instant. Following procedure
is used herein to determine instantaneous frequency and damping of CO columns for a specific
free-decay vibration response:
1. Trim start and end of the free vibration response and remove its zero-frequency
component (static component).
2. Filter the free-decay vibration response using a 4th order low-pass Butterworth filter
with cut-off frequency of 10 Hz (see Section 3.2).
3. Identify each vibration amplitude and its corresponding time instant, respectively
denoted as A.; and ¢ for the ith vibration amplitude.
4. Determine frequency at time instant, #;, as f,; =1/ (ti+1- #).
5. To determine damping, &.; at ¢, fit an exponential curve to amplitudes, 4., and A4c,i+1,
respectively at ¢; and #;+1.
Figure 11 shows instantaneous frequency, f,, damping, &, and amplitude, 4., for the
exemplar CO column using steps 1-5 described above. A seen in Figures 11b and 11c, both
frequency and damping ratio of the column increase with time. At high vibration
amplitudes (4.5 m/s? for-the exemplar CO column, see Figure 11d), the column’s frequency
is 2.7 Hz, and the'damping ratio is relatively light, 0.0125. Thus, the free-decay vibration
results ‘can be used to estimate backbone curves [45]. To achieve this, displacement
amplitudes are determined from acceleration amplitudes at the ith vibration frequency, w,,;

[45]:

Aci
D =-% (7
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Figure 11. For the exemplar-no-EWM layer column test: (a) filtered and trimmed acceleration response, (b)
instantaneous frequency, (c) instantaneous damping, and (d) vibration envelope.

The amplitude-dependent frequencies of the column, f,, is normalised by the column’s
frequency, f., atsvery small vibration amplitudes, where the column frequency is independent
on the initial tension force of the tendon. Therefore, the backbone curve is described in terms
of drift ratio versus frequency ratio. Figure 12 shows non-dimensional backbone and damping
ratio skeleton data for all CO column tests with different initial post-tension force and constant
target tension force (i.e. Test 1). The column frequency decreases with vibration amplitude
which is typical in lightly-damped structures [56]. However, the damping ratio decreases with

vibration amplitude for the column while for typical structures, the damping ratio increases for



higher vibration amplitudes due to nonlinear damping effects involved. The main reason of this
behaviour lies within the tendon’s contribution to the integrity of wooden blocks. At high
vibration amplitudes, despite the compression force acting on wooden blocks being larger
because of higher tensions in the tendon, the friction damping between blocks are insignificant
due to the joint opening and rocking. As the column gets closer to its stationary position, the

wooden blocks contact area increases, and friction damping increases accordingly.
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Figure 12. For all CO column tests with different initial tension force and constant target tension force, 7 =
400 N: (a) backbone estimation data, and (b) damping ratio skeleton data.

The normalised backbone data follows similar trend regardless of initial tension force, and this

well shows that initial tension force of the tendon does not influence the stiffness of the column



(see Figure 12a). However, as the initial tension force increases, the damping ratio skeleton
data move towards lower damping ratios (see Figure 12b). Figure 13 shows non-dimensional
backbone and damping ratio skeleton data for all CO column tests with different initial tension
force and different target tension forces (i.e. Test 2). The results are similar to those with
constant target tension force. This demonstrates that no residual deformation generates in the
system and the tendon tension force brings the column back into to its initial state‘through

similar force-displacement behaviour.
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Figure 13. For all CO column tests with various initial tension and target tension forces: (a) backbone estimation
data, and (b) damping ratio skeleton data.



4.2 Columns with EWM layers

As experimental results of Section 3.3 showed, the free-decay vibration response of the C2
exemplar tests are very close to behaviour of overdamped free-decay systems. Therefore, as
the behaviour is non-oscillatory, the backbone and skeleton data cannot be obtained for

columns with EWM layers. For the overdamped columns, the total response is the sum of two

. _ —ayt .
responses: a lower-frequency response, X, (Z)—Cse , and a higher-frequency responses,

X, (t) = cse_“”t (see equation (4)-Section 4). As ASD of acceleration response:of the exemplar

C2 column test showed (see Figure 8a, Section 3.3), lower frequency of the acceleration
response, f, is 0.1 Hz, and higher frequency of the acceleration response, f, is spread in a

frequency band with central frequency of around 1.7 Hz.
To determine the lower-frequency component of /the response, 55,, a low-pass 4th order

Butterworth filter with cut-off frequency of 0.4 Hz is.used (see blue dotted line in Figure 14a).

Subtracting the lower-frequency response component from the total response then gives the

higher-frequency response component;.X;, (see red dotted line in Figure 14a).
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Figure 14. For the exemplar two-EWM layer column test: (a) total acceleration response and its higher- and
lower-frequency components, and (b) higher frequency.

It is seen that.the higher-frequency response component exhibits an oscillatory vibration with

a few cycles of vibration (Figure 14a):
X(t)=4e™ (8)
Therefore, the same procedure as in Section 4.1 is used here to determine the higher frequency

at different vibration amplitudes (see Figure 14b). Figure 14b shows the frequency of the

higher-frequency response component from free-decay method as well as from the ASD. As it



is clear, the higher frequency from the free-decay method at large vibration amplitudes is very

close to that obtained from ASD method (see Figure 14b, blue dashed line, f, = 1.7 Hz).

To determine the damping and frequency of the column at large amplitudes, equations (5a) and

(5b) are combined:

o +0, =20, (9a)

0,0, =0, (9b)
firand f, are used in equations (9a) and (9b), which gives & = 1.9 and f, = 0.41 Hz. Figure 15
shows the natural frequency and damping for all columns with. EWM layers versus different
target tension forces. First, the natural frequencies of the columns are far lower compared to
the column CO meaning the columns are more flexible (see Figure 15a). As the number of
layers increases, the natural frequency reduces further. Also, the damping of columns with
EWM layers is significantly higher than the column without EWM layers (see Figure 15b).
This shows high energy dissipation of these columns which dampen the vibration within a few
cycles of vibration. Comparing damping ratios of the columns C2, C4, and C6 demonstrate
higher capability of the 'columns with higher EWM layers to dissipate vibration energy as

expected.
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Figure 15. For all columns with EWM layers: (a) natural frequency, and (b) damping ratio.

5. Conclusions

In this study, the-potential application of entangled wire materials in a novel composite bridge
pier inspired by human spine was investigated. To achieve this goal, a number of displacement
control tests:and free-decay vibration tests were conducted on a small-scale column made from
wooden blocks as vertebrae and entangled wire material layers as intervertebral discs, tied
together by a stainless tendon. The in-plane rocking acceleration at the top of the column and
tension force of the tendon were then collected for different arrangements of entangled wire

material layers.



It is found that the column without any material between blocks is an oscillatory underdamped
system while adding entangled wire material layers makes the column highly overdamped.
Furthermore, it is found from the displacement control and free-decay vibration test results that
the use of entangled wire materials significantly reduces the column’s dynamic stiffness or
frequency, and the column moves back to its initial state within a few cycles of vibration.

While the energy-dissipation capacity of entangled wire materials was found to-be very
promising for their potential use in future large-scale tests of the column, large shear
deformations of the EWM layers were observed during testing which created significant drift
ratios. Therefore, a material with optimal energy dissipation capacity and shear stiffness is fit

for purpose as it dissipates rocking motion with causing less drift ratios.
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