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Abstract

The present document’ contains supplementary material for the journal article Vaculik and
Griffith (2017), whose full reference is as follows:

Vaculik J. and Griffith M.C. (2017) Out-of-plane shaketable testing of unreinforced masonry
walls in two-way bending, Bulletin of Earthquake Engineering.
por: 10.1007/s10518-017-0282-8

This document is structured as follows:

e Section S.1 describes test methods and results of material tests;

e Section S.2 describes naming convention for main wall tests;

e Section S.3 describes the earthquake motions used for shaketable input;

e Section S.4 describes basic processing of raw data to obtain time-domain response pa-
rameters of interest, including wall acceleration and displacement. Peak values of key
response parameters from individual test runs are also reported;

e Section S.5 describes the method used to derive values of key cyclic properties (such as
wall vibrational frequency, hysteretic damping and effective stiffness) and reports their
values for individual test runs;

Section S.6 describes the frequency-domain filters applied to the data in post-processing;
Section S.7 provides force-displacement plots for the individual test runs;

Section S.8 provides photographs of the walls at the conclusion of testing; and

Section S.9 describes the contents of the attached test data.
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S.1 Material Testing

S.1.1 Introduction

Key material properties of the masonry used in the main test study were quantified through a series
of tests on small-sized masonry specimens, as reported herein. The main engineering parameters
of interest were:

e Flexural tensile strength of the masonry, f,,: (Section S.1.2).
e Unconfined compressive strength of the masonry, fi.. (Section S.1.3).

¢ Young’s modulus of elasticity of the brick units (E,,), mortar joints (E;), and overall masonry
(Em) (Section S.1.3).

e Coefficient of friction along the masonry bond, p, (Section S.1.4).

All masonry used throughout this test campaign (including the main wall tests and material tests
described herein) was constructed using half-scale solid clay bricks with dimensions 110 x 50 x 39
mm. These bricks were obtained from solid paving units cut lengthwise into multiple half-scale
units. The mortar joints in the material test specimens were made to a 5 mm thickness, equal to
that used in the construction of the main walls.

S.1.2 Flexural Tensile Strength
S.1.2.1 Test Method

The flexural tensile strength of the masonry, f,,;, was determined by the bond wrench method as
prescribed by As 3700 (Standards Australia, 2011), with masonry couplets used as test specimens
(two bricks joined together with a mortar joint along the bed joint). A total of 12 joints were
tested for each of the four mortar batches used in constructing the main test walls.

The test arrangement involved the bottom brick of the couplet being secured within a timber grip
vice and the bond wrench being attached to the top brick (Figure S.1). An individual test was
performed by manually applying a downward load onto the wrench handle, thus subjecting the
joint to a bending moment in addition to a small compressive load. The load was slowly increased
until failure of the bond. A calibrated strain gauge on the horizontal arm of the wrench conveyed
the applied load to the data acquisition system. For each joint tested, the failure load was recorded
and used to calculate the corresponding f,,; based on the procedure outlined in Section S.1.2.2.

S.1.2.2 Calculation of f,,;

Calculation of f,,; assumes that up to the point of failure the bonded interface exhibits a linear
stress profile, and that failure occurs at the point when the stress in the extreme tensile fibre
exceeds the tensile strength. By accounting for the combination of stress from applied moment

and axial load, the tensile bond strength is calculated as
M P
Jmt = 7 T (S.1)

where M is the applied moment at failure, P is the applied axial load at failure, Z is the elastic
modulus of the bedded section, and A is the area of the bedded section.
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Figure S.1: Bond wrench test arrangement. Bottom brick in the couplet was clamped within a
timber-grip vice (not shown). Dimensions are in millimetres.
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Figure S.2: Measured f,,; data in (in MPa) for the four mortar batches. Red crosses (+) show
individual joint data; black circles (O) show mean values for each batch; solid gray line (——) shows
the average f,; for the wall, calculated as the mean of the batch averages; and dashed black line
(-=—-) shows the average f,: for the wall, calculated as the mean of the individual bond data.

Table S.1: Results of bond wrench tests.

Batch Sample consisting of bond Sample consisting of Sample consisting of
data within batch pooled bond data batch averages
n mean cov t-test n mean cov n mean cov
fmt P-value fmt fmt
[MPa) [MPa)] [MPa)

1 11 0.414  0.69 0.99 43 0.415 0.53 4 0.416 0.01
2 10 0.416  0.44 0.99
3 10 0.421  0.51 0.94
4 12 0.411  0.51 0.95

S.1.2.3 Results

In the majority of joints tested, the failure plane followed the interface between the mortar and
one of the bricks in the couplet, leaving the mortar completely adhered to the second brick. This
suggests that the tensile strength of the bond was considerably weaker than the tensile strength of
the mortar.

Figure S.2 graphs f,,; data for the four mortar batches tested. The results are also provided
in Table S.1 for three alternate methods of data grouping: individual joints grouped by batch
(columns 2-5), pooled data for all joints tested (columns 6-8), and data comprising the averages
of the individual batches (columns 9-11). The mean values of f,,; for the four batches all range
between 0.411 and 0.421 MPa. It is seen that although the coefficient of variation (Cov; defined as
ratio of the mean to the standard deviation) of all batches is high, their mean values are consistent.

Student’s t-test was used to assess whether the four batches can be considered to all originate from
the same batch. The resulting P-values of the ¢-test are provided in the 5th column of Table S.1.
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Figure S.3: Compression test arrangement.

That the P-values for all four batches are greater than 0.9 suggests that they can be treated as
originating from the same batch. Pooling the data from the individual batches together gives a
single data set consisting of 43 data points, with a mean f,,; of 0.415 MPa and a coefficient of
variation of 0.53.

S.1.3 Compression Tests

Compression tests were performed to determine the compressive strength of the masonry (fy.c);
and the Young’s modulus of elasticity of the brick units (E,), mortar joints (E;), and overall
masonry (E,,).

S.1.3.1 Test Method

Test specimens used for compression tests were seven-brick prisms as shown in Figure S.3. A single
specimen was tested for each mortar batch.

For the purpose of quantifying the modulus of elasticity of the bricks, deformations in the central
brick unit were measured using a pair of strain gauges positioned on opposite sides of the specimen.
Deformation across the overall masonry (bricks + mortar joints) were measured using a pair of
linear variable differential transformer (LvDT) displacement transducers across a five brick gauge
length. In the subsequent data processing, measurements made on the opposite sides of the speci-
men were averaged to remove any effect of unintended bending of the specimen due to incidental
eccentricity of the applied load.

The prisms were tested using a mechanical compression rig capable of imposing loads up to 1000
kN. Prior to applying any load, a moderate quantity of dental paste was applied to both the top
and bottom loading faces of the prism and left to harden against the machine platens to promote
a uniform distribution of the compressive load.
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Each test was conducted by slowly applying a compressive load to the specimen up to 35 kN
(approximately 25% of the failure load), during which data were recorded by a data acquisition
system. The load was gradually released and reapplied for a total of four repetitions. Of these, the
first load application was used to ‘settle’ the specimen and only the last three were subsequently
used in calculating the modulus of elasticity. Finally the specimen was subjected to an increasing
load until failure.

S.1.3.2 Calculation of f,,.

The unconfined compressive strength of the masonry, f,,., was determined in accordance with As

3700 as
F

fmc =kq (AS:) ) (82)

where Fy,, is the applied compressive force at failure; A, is the bedded area; and k, is a factor used
to account for the effects of horizontal confinement of the specimen due to platen restraint, taken
as 1.0 in this case.

S.1.3.3 Calculation of E,, E; and E,,

The recorded data were converted to a stress-strain (o-€¢) format and from that, the modulus of
elasticity was determined for the brick units (E,), mortar joints (E;) and the overall masonry
comprising bricks plus mortar (E,,).

Stiffness of the brick (F,) was directly measured in each prism, even though its value is independent
of any properties of the mortar batch. The procedure used to quantify the stiffness of the mortar
joint (Ej;) in each batch used a back-calculation process which assumed that the stiffness of the
central brick in the prism was equal to the directly measured value F,, and that the stiffness of the
remaining bricks was equal to the mean F,, measured across all specimens. This was then followed
by a forward-calculation process to determine E,,, for each batch based on the back-calculated value
of F; and mean value of E,. Additional detail regarding this procedure is provided in Vaculik
(2012).

S.1.3.4 Results

Each of the four specimens tested underwent splitting failure as shown by Figure S.4. The onset
of failure could be described as ‘gentle’ and was preceded by a reduction in the resisted load.

Stress-strain curves measured in each specimen are shown by Figure S.5 for both the overall
masonry (5-brick gauge) and central brick. It is seen that the curves are consistent between the
four specimens, except for the prism made with batch no. 3, which had one of its mortar joints
broken during transportation and exhibited a much softer response than the other three. Note
that this specimen was ignored in calculating E; and E,,.

Results for each specimen are given in Table S.2. The calculated mean material properties are:
E, = 32,100 MPa, E; = 1,410 MPa, E,, = 9,180 MPa, and f,,. = 25.9 MPa.

S.1.4 Coefficient of Friction

These tests were undertaken to quantify the coefficient of friction along the broken brick-to-mortar
joint interface, fiy,.
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Figure S.4: Typical compressive failure.
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Figure S.5: Stress versus strain plots from compression tests. All four tests conducted are super-
imposed. The solid lines show tests used to calculate the Young’s moduli and dashed line shows
the push to failure. The rightmost curve (resisting load for approx. ¢ > 0.003) is the response of
specimen 3 which was broken prior to testing and was ignored in calculating modulus of elasticity
of the masonry. Curves are only shown up to ultimate load, as the deformation measurements
became inaccurate beyond this point.
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Table S.2: Results of compression tests.

Batch Em Ey Ej fme
[MPa) [MPa] [MPa) [MPa)]
1 7,720 37,900 1,110 26.2
2 9, 360 33,600 1,430 26.1
3 - 31,100 - 22.9
4 10, 500 25,700 1,670 28.6
Mean 9,180 32,100 1,410 25.9
cov 0.15 0.16 0.20 0.09

Table S.3: Coefficient of friction (u,,) at different levels of axial stress (o).

ov [MPa] n mean fim, cov t-test P-value
0.037 8 0.582 0.13 0.80
0.073 8 0.583 0.08 0.77
0.108 8 0.569 0.12 0.78
0.144 8 0.570 0.08 0.79
Pooled 32 0.576 0.10

S.1.4.1 Test Method

The test apparatus is shown by Figure S.6. The specimens used were reconstructed from broken
couplets left over from the bond wrench tests (described in Section S.1.2.1). Each specimen con-
sisted of three bricks with their originally adhered mortar, stacked together. A vertical load was
applied to the top brick using either a 20, 40, 60 or 80 kg mass. These weights were chosen to
generate similar levels of vertical stress to those in the main test walls.

A single test was conducted by applying a horizontal load to the central brick using a hand-operated
hydraulic ram, while the top and bottom units were horizontally restrained. The load exerted by
the ram and displacement of the central brick were conveyed to a data acquisition system. The test
was stopped when the central brick displaced by approximately 16 mm. A total of eight specimens
were tested at each level of axial compression.

S.1.4.2 Calculation of u,,

The forces applied to the specimen are shown by Figure S.6. Since the specimen is subjected to the
fixed vertical force F,,, at the point of slip, the horizontal forces across the two joints must be uy F;,
and poF,, where p; and ps are their respective friction coefficients. Therefore, from horizontal
force equilibrium, the average friction coefficient for the two joints is

p1 + o Fy,
== =3 (S.3)

m

where F}, is the applied horizontal load.

S.1.4.3 Results

Figure S.7 shows the typical measured response in terms of the friction coefficient p.,, [calculated
from the resisted horizontal force F} using Eq. (S.3)] versus the horizontal displacement of the
central brick, A. Response is highly ductile and approximately elastoplastic. The friction coefficient
for each specimen was calculated as the average value over the displacement range of 2 to 15 mm.
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Figure S.6: Friction test arrangement (top) and forces applied to the test specimen at the instance
of slip (bottom).
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Figure S.7: Typical response of frictional resistance (as p,,) at varied displacement (A). These

results correspond to a single specimen under different levels axial stress o,. Dashed red line (----)
shows the mean value calculated over the displacement range 2-15 mm.
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Figure S.8: Measured friction coefficient data at different levels of axial stress. Red crosses (+)
indicate individual data points; black circles (O) show the mean values at each level of axial stress;
and dashed black line (----) shows the overall mean value.

The p,, data for individual specimens are plotted in Figure S.8 for different levels of axial stress.
The associated mean values and COV are summarised in Table S.3. Whilst the coefficient of
friction is typically assumed to be independent of the acting normal stress, a Student’s ¢-test was
conducted to assess whether there was a statistically significant difference in the measured i,
values at different levels of o,. The large t-test P-values indicate that o, had negligible influence
on [, and that all data may be assumed to come from the same distribution. Pooling the entire
data set gives a mean p,, value of 0.576.

11
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S.2 Test Run Nomenclature

A standardised convention is used for naming individual test runs which uses several descriptors
separated by underscores. The first three arguments are standard? and provide the following
information:

1. Name of the wall; for example D1, D2, D3,...
2. Index of the test run for the particular wall.
3. Type of test: R = pulse test, H = harmonic test, and EQ = earthquake motion test.

For example, test d2_06_R_8mm_100ms was the sixth test run performed on wall D2 and used a
pulse input motion.

The remaining arguments contain specific information relating to the different types of tests, as
follows:

Pulse Tests (R) These tests used a simple displacement step function as the table input mo-
tion (Figure S.9). The first argument after R denotes the displacement step and the second ar-
gument the time step (defined respectively by x, and d¢ in Figure S.9). For example, in test
d2_06_R_8mm_100ms the table was subjected to a displacement step of 8 millimetres over 100
milliseconds.

Harmonic Tests (H) These tests used a sinusoidal harmonic input motion as shown by Figure
S.10. The first argument after R denotes the excitation frequency, and the second argument denotes
the table displacement amplitude (defined respectively by f, and z, in Figure S.10). For example,
in test d2_29_H_12Hz_0.3mm the table was subjected to a harmonic motion at a frequency of 12
Hz with a targeted amplitude of 0.3 mm.

Earthquake Motion Tests (EQ) These tests used earthquake motions defined using a digitised
displacement record. The first argument after EQ refers to the name of the earthquake motion: ei-
ther Taft or one of the synthetic motions SynthOx. Details of these motions are presented in Section
S.3. The second argument refers to the motion’s peak ground displacement (PGD) with ‘+’ or ‘—’
denoting the directionality (as defined in Figure S.15). For example, test d2_39_EQ_Taft_+80mm
ran the Taft motion at a PGD of 80 mm in the positive direction.

It should be noted that the table displacements specified within the test name were for the input
motion. Actual PGD of the motions generated, as recorded using instrumentation, are reported in
Table S.9.

2Exceptions include test runs 1-6, 8-10 and 89-91 for wall pl, which also provide a value of the non-standard
axial stress applied at the top of the wall as one of the first four arguments.

12
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Figure S.9: Table displacement step function used for pulse tests. Each run consisted of a pair of
pulses: one forward and one backward. The function is defined by the table displacement z, and
time interval d¢ over which it moves from = = 0 to = = x,, at constant velocity.
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Figure S.10: Sinusoidal table displacement function used for harmonic tests, as defined by excitation
frequency f, and displacement amplitude x,.
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Table S.4: Synthetic earthquake motion cutoff frequencies.

Quake Cutoff Frequency
[Hz]
Synth01 6
Synth03 8
Synth05 12

S.3 Earthquake Input Motions

Time and frequency domain representations of the Taft earthquake motion, which served as the
main input motion during these tests, are shown by Figure S.11.

In addition, three synthetic motions were used: Synth01, Synth03 and Synth05. The procedure
used to generate each motion consisted of the following steps:

1. Digitised Gaussian noise was randomly generated in the time domain.

2. A lowpass filter was applied to the noise in the frequency domain, using the cutoff frequencies
given in Table S.4.

3. A shape function was applied to the waveform in the time domain, consisting of three regions:
linear ramp-up, constant amplitude, and linear ramp-down.

4. The resulting waveform was used as the synthetic motion’s velocity vector.

5. The velocity was integrated to determine the displacement vector, and differentiated to de-
termine the acceleration vector.

6. During the tests, the motion was scaled to achieve a required PGD.

The motions are shown by Figures S.12, S.13 and S.14.

14
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Figure S.11: Taft input motion in the time and frequency domains. (Scaled such that PGD =
+100 mm)
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Figure S.12: SynthO01 input motion in the time and frequency domains. (Scaled such that PGD =
+100 mm)
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Figure S.13: Synth03 input motion in the time and frequency domains. (Scaled such that PGD =
+100 mm)
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Figure S.14: Synth05 input motion in the time and frequency domains. (Scaled such that PGD =
+100 mm)
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S.4 Standard Data Processing

Section S.4.1 describes the data processing routine used to calculated key response variables such
as wall displacement and force resistance. Section S.4.2 reports peak values of selected response
variables for each test run.

S.4.1 Calculation of Time-Domain Response Vectors

The raw data acquired during testing consisted of output from ten accelerometers and six dis-
placement transducers collected at 200 Hz sampling rate (Figure S.15). A computer routine was
implemented to process the data and derive other time-domain vectors for variables of interest.?
(N.B. The term ‘vector’ refers to data sampled over time; i.e. varying in the time domain.)

S.4.1.1 Positions and Displacements

Variables corresponding to positions and displacements are listed below.* Locations of the dis-
placement transducers are shown in Figure S.15.

VECTOR DESCRIPTION
Tiab and Position of the table (@an) and position of the wall’s bottom support (Zsup.bot)
Tsup.bot measured by displacement transducer pT4. These were treated as equal, since

slip between the table and slab was shown to be negligible.
Tsup.top Position of the wall’s top support as measured by displacement transducer

DT3.
Tsup.avg Average position of the wall’s top and bottom supports:

xr up. xr .
Lsup.avg = sup:bot ;— sup:top . (S4)

Aglab-tab Slip between the concrete slab and the table, measured using displacement

transducer pT5. Shown to be negligible throughout the course of testing.

Ay bot-slab Displacement between the wall’s bottom edge and the concrete slab, as mea-
sured by displacement transducer pT5. The displacement transducer was lo-
cated on the second course of bricks from the bottom of the wall.

Agup.top-tab Relative displacement between the top and bottom supports (i.e. interstorey
drift):

Asup.top-tab = Lsup.top — Lsup.bot- (S5)

A cent The wall’s central displacement, defined as the position of the wall’s centre

relative to the average position of its top and bottom supports. Calculated
by firstly determining the wall’s central position ®.cent by averaging data
from displacement transducers DT1 and DT2 to minimise noise. The central
displacement was then taken as

Ay .cent = Twy.cent — Lsup.avg- (SG)

A cento The wall’s central displacement (Ay.cent) zeroed at the start of each test run.

3Vector variables are denoted by bold symbols (e.g. & or a) and scalar variables by italicised symbols (e.g.  or

a).
4Note the subtle difference between these two parameters: Positions (z) are measured with respect to the
absolute reference frame, whilst displacements (A) measure the relative difference between two positions.
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Figure S.15: Map of the instrumentation, comprising of 10 accelerometers (labelled Ac1-Ac10)
and 6 displacement transducers (labelled DT1-DT6). Diagram is applicable to walls both with and
without openings.
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S.4.1.2 Accelerations

The following accelerations were determined. Locations of accelerometers are shown in Figure
S.15.

VECTOR DESCRIPTION

Qw.tl.corner Acceleration at the top left corner of the wall, as measured by accelerometer
Acl which was located at the top course of the return wall.

Qo t.edge Acceleration at the top edge of the wall, as measured by accelerometer AC2.
The accelerometer was located on the second topmost course of bricks, just
below the top edge restraint member.

Qo .tr.corner Acceleration at the top right corner of the wall, as measured by accelerometer
Ac3 which was located at the top course of the return wall.
Qv t1.quad Acceleration at the centre of the top left quadrant of the wall, as measured by
accelerometer Ac4.
Qo tr.quad Acceleration at the centre of the top right quadrant of the wall, as measured
by accelerometer AC5.
Qo .cent Acceleration at the centre of the wall, as measured by accelerometer AC6.
Q. bl.quad Acceleration at the centre of the bottom left quadrant of the wall, as measured
by accelerometer ACT.
Q. br.quad Acceleration at the centre of the bottom right quadrant of the wall, as mea-
sured by accelerometer AC8.
Qslab Acceleration at the centre of the slab supporting the wall, as measured by
accelerometer AC9.
Gtab Acceleration at the centre of the table, as measured by accelerometer AC10.
Qsup.avg Average acceleration of the wall’s supports. Calculated as a weighted average

of the slab (50% contribution) and the top left and right corners of the wall
(25% contribution each):

QAsup.avg = 0.5 QAslab + 0.25 Q. tl.corner T 0.25 Q. tr.corner- (S7)

Ay .avg Average acceleration of the wall, calculated as a weighted average of the con-
tributions of the 10 accelerometers according to the summation

10
Qw.avg = Z Tk Qf, (SS)
k=1

where k£ refers to the index of each accelerometer, with a being its acceleration
and 7 its weighting factor. The weighting factor for each accelerometer was
taken as its percentage of the tributary area along the wall (Figure S.16). The
resulting vector @w..vg was used for computing the wall’s resisting force and
pressure.

Qyw.cent-sup.avg | Relative acceleration between the wall’s centre and its top and bottom sup-
ports, calculated as

Qv .cent-sup.avg — Qw.cent — Asup.avg- (Sg)

The primary purpose of this response variable was for use in a subsequent
spectral analysis for determining the wall’s vibrational frequency, since it best
captures the wall’s fundamental mode of vibration.

For comparison, this relative acceleration was also calculated by double dif-
ferentiating the wall’s central displacement Ay cent- The response vector re-
sulting from this latter approach exhibited greater levels of data noise than
that calculated using the above equation. However, at larger levels of shaking
the resulting vectors were very similar in their peak response, waveform and
spectral content.
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.

27.8% 32.2%
(a) Solid walls. (b) Walls with window.

Figure S.16: Accelerometer tributary area percentages, used as weighting factors in calculation of
the wall’s average acceleration.

S.4.1.3 Pressure and Force

The pressure and force resisted by the wall were calculated using the wall’s average acceleration
Qy.avg. These calculations are based on the equation of motion and the assumption of negligible
viscous (velocity-proportional) forces.

VECTOR DESCRIPTION
quw Uniformly distributed face pressure resisted by the wall, calculated as
t
quw — — ,Ygu Qv .avg, (S]'O)

where v is the unit weight of the masonry, ¢, is the thickness of the wall and
g is acceleration due to gravity.

Fy Force resisted by the wall, calculated as

Fyy = —My Qyw.avg- (S].].)
In this expression, m,, is the mass of the wall, which is equal to

—UTTY (S.12)

g

where A, is the wall’s net area.

S.4.2 Results

Table S.9 summarises the peak values for key variables in each test run performed, and also provides
miscellaneous notes relating to individual test runs. Note that the reported values were determined
from unfiltered data (i.e. not incorporating the frequency domain filters described in Section S.6;
Filtered data were only used in the cyclic response analysis reported in Section S.5).

Table S.8: Legend for the notes column in Table S.9.

( New cracking occurred during the test.

O No new cracking occurred during the test. This is only shown for tests between initial
and full cracking of the wall.

5 Shaketable underwent unexpected ‘impacts’ which generated spikes in its acceleration

response [refer to Appendix D in Vaculik (2012)]. These were ultimately found to
be due to a velocity limitation of the hydraulic ram used to drive the shaketable.
Test was recorded using video camera.
Cracking pattern was photographed after the test.
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Figure S.17: Division of a generic waveform into segments for the purpose of isolating individual
cycles. The segments correspond to regions of alternating positive and negative directions of
movement, as indicated by the 4+ and — signs.

S.5 Cyclic Response Analysis

This section describes an analysis procedure that was developed for the purpose of processing
the wall’s force-displacement data (obtained by methods outlined in Section S.4) to quantify key
response parameters such as the effective stiffness, equivalent viscous damping and response period.
A significant aspect of the procedure is its applicability to all types of tests performed, regardless
of whether the input motion was periodic (i.e. harmonic sinusoidal motion tests) or non-periodic
(i.e. pulse and earthquake motion tests).

The basis of the analysis was to firstly employ a time-domain search algorithm to find and isolate
individual cycles in the wall’s displacement response in a particular test run. This process is
described in Section S.5.1. For every valid cycle identified, the properties of interest were then
calculated using the process described in Section S.5.2. Average values of each property were then
determined by grouping cycles within a specific range of displacement (including cycles close to
the maximum response, and cycles at small displacements). Examples of the computer program
output are shown in Section S.5.3. Detailed results of the analysis are presented in Section S.5.4.

Note that prior to implementing these processes, the data were filtered (using the techniques
described in Section S.6).

S.5.1 Cycle Isolation Algorithm

The objective of the cycle isolation algorithm is to find individual cycles in the waveform of a
generic time-domain vector variable, which in the upcoming descriptions is denoted using the
arbitrary symbol . In implementing this procedure to the test data, the wall’s initially zeroed
central displacement (Ay cento) Was used for this purpose.

S.5.1.1 Step 1: Division of the Waveform into Segments

The first step in the procedure is to identify points in the waveform x corresponding to reversals
of direction. These points are referred to as ‘vertices’. The regions between vertices are referred to
as ‘segments’. This process is illustrated by Figure S.17, which shows that neighbouring segments
always alternate between ascending and descending.

As shown by Figure S.18, a segment (denoted by the index 7) is considered ascending if the values at
its vertices, x; and x;11, are such that z; < x;41, or descending if x; > x;11. The cycle amplitude
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segment 7 segment 7
A

(a) Ascending segment (x; < it1)- (b) Descending segment (z; > xi4+1)-

Figure S.18: Definition of segment direction and amplitude.

Segment:

|
|
N
: positive &‘ I .
L overlap . negative
| Y., | overlap
| x,, (overlap ’\ X,
xf-‘l centre)

|

L— cycle boundaries — — cycle boundaries —

(a) Closed cycle. (b) Open cycle.

Figure S.19: Definition of closed and open cycles, and their boundaries. Shown for the case of a
descending middle segment. Any segment ¢ together with its two neighbouring segments ¢ — 1 and
1+ 1 can be classified as one of these cycle types. Closed cycles have overlap across the ¢ — 1 and
1+ 1 segments, whilst open cycles do not. For closed cycles the boundaries are taken at the central
value of the overlapping region in the outside segments, whilst for open cycles the boundaries are
taken at the exterior limits of the outside segments.

of a segment (xamp) is taken as half of the absolute difference between its two vertices:
Lamp = 0.5 |l‘i+1 — $1| . (SlS)

The remaining steps 2—4 were performed on every segment in the waveform, with the exception of
the first and last segments.

S.5.1.2 Step 2: Classification of Cycle as Either Open or Closed

Once the waveform x has been divided into segments, it becomes possible for any segment (denoted
by the index 7) together with its two neighbouring segments (denoted by the indices i —1 and i +1)
to be classified as either a closed or open cycle. As illustrated by Figure S.19, the type of cycle
formed depends on whether there is any overlap between the outer segments ¢ — 1 and i + 1. A
closed cycle is defined as having an overlapping region, whilst an open cycle is defined as having
no overlap (or negative overlap).

To quantify the amount of overlap, the upper and lower bounds of the overlapping region are
determined. The overlap upper bound is calculated as

min(z;, Ziy2) , if segment 4 is descending (z; > x;41);
Lou = . . .. .
min(x;—1,2;+1), if segment 4 is ascending (x; < x;41)-
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X; 2 |-—— @< ————— — —
X, 154a}f — — @ ———— — — —
1777;*\* ffffff /\
0 0 0

\./ 046a] —— e~ Xint
at+------—-- < - Xin

(a) Re = 1. (b) Rc =0.3. (¢) Rc =0.

Figure S.20: Demonstration of the cycle centrality parameter Ro. The cycle amplitude is denoted
as a.

The overlap lower bound is calculated as

max(x;_1,%;11), if segment 4 is descending (x; > xiy1);
Lol = . .. .
¢ max(x;, Tita) , if segment 4 is ascending (z; < x;41).

The total overlap x, is then taken as the difference:
Lo = Tou — Lol- (814)

It is possible for the resulting value of z, to be either positive or negative. This leads to the
definition of closed and open cycles, such that if x, > 0, then the cycle is classified as closed, and

conversely if z, < 0, then it is classified as open. It is worth noting that closed cycles were found
to be far more common that open cycles in the test data analysed.

S.5.1.3 Step 3: Omission of Invalid Cycles

Cycles which failed to meet minimum centrality and minimum overlap criteria were excluded from
subsequent calculation of hysteretic properties (refer to Section S.5.2). These selection conditions
will now be briefly discussed.

Minimum Centrality Condition The first requirement for a cycle to be considered valid was
to be sufficiently centred about = 0 (i.e. zero displacement). This condition was implemented to
ensure that the cycle was not biased toward a particular displacement direction. It also served to
eliminate cycles which could potentially be in the ‘plastic’ range of the force-displacement response,
as such cycles were likely to have unrealistically low effective stiffness. It was also noticed that
non-centred cycles had a tendency to exhibit unrealistically large fluctuation in their equivalent
viscous damping ratio.

The degree of centrality for a cycle was quantified using the parameter R¢, calculated as

—xi/wip1, if @] <|zipal;
Ro = 4 /.’L‘ +1 1 |.’I} | = |.’IJ +1| (815)
—Ii+1/l‘i, if |.§UZ| > |$i+1|.

It is possible for R¢ to range between the limits —1 < R < 1, with several cases shown in Figure
S.20. A perfectly centred cycle, in which the values at the two vertices are equal and opposite,
results in Ro = 1. A positive value of R corresponds to a cycle that crosses the line x = 0, whilst
a negative value corresponds to a cycle that does not. A value of Rc = 0 results when one of the
vertices touches the line z = 0. In analysing the wall test data, a minimum centrality condition of
Re > 0.3 was enforced for admissible cycles, which is illustrated by Figure S.20b.
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12 a

Segment:

2a

(d) Ro = —0.4.

Figure S.21: Demonstration of the cycle overlap parameter Rp. The cycle amplitude is denoted
as a.

Minimum Overlap Condition The second requirement for a cycle to be considered valid was
to be ‘sufficiently closed’. This required the cycle’s outer segments (with indices ¢ — 1 and i + 1,
as shown by Figure S.19) to have sufficient overlap. The reason for implementing this condition
was that closed cycles were deemed to be more likely to yield a representative value of the wall’s
equivalent viscous damping calculated based on the area enclosed within the hysteresis loop.

The degree of overlap was quantified using the parameter R, calculated as

Lo

Ro =

2z amp

: (S.16)

where z, is the length of the overlap given by Eq. (S.14) and zam,, is the cycle amplitude given by
Eq. (S.13). It is possible for Ro to range between the limits —1 < Rp < 1, with several different
cases shown in Figure S.21. In processing the test data, the condition Rp > —0.4 was enforced for
cycles to be admissible. The limiting case is illustrated by Figure S.21d.

S.5.1.4 Step 4: Definition of Cycle Boundaries and Extraction of Data

Once a cycle was declared valid by satisfying the conditions outlined in step 3, its load and dis-
placement data were extracted from the full data. In order to do this however it was first necessary
to define the cycle’s boundaries in the time domain (i.e. its first and last data points). The method
used to define these boundaries was dependent on whether the cycle was closed or open.

The approach used for closed cycles was to firstly calculate the central overlap value z,. as the
average of the upper and lower bounds of the overlap:

Zoe = 0.5 (Tou + To1) - (5.17)
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Figure S.22: Example of scenario where the cycle detection algorithm fails to detect the main
response cycles in the waveform.

The points defining the cycle’s boundaries were then taken at the intersections of the waveform
with the value z,. inside the outer segments, as shown by Figure S.19a. As these boundaries did not
generally coincide with discrete data points, values at the boundary points were were determined
by interpolation.

For open cycles, the cycle boundaries were simply taken at the ends of the outer segments, as
shown by Figure S.19b.

Once the cycle’s boundaries were defined, its displacement and acceleration data vectors (Asy.cento,
Gw.cent Ad Gw.avg) Were extracted for subsequent calculation of key cyclic properties as described
in Section S.5.2.

S.5.1.5 Remarks

Although the cycle isolation algorithm described is fairly versatile in that it can be applied to
data regardless of whether the input motion is periodic or non-periodic, a degree of care has to be
exercised in its application. For instance, there are certain scenarios where the algorithm will fail
to isolate ‘true’ cycles in the wall’s response. Such an example is illustrated by the hypothetical
case in Figure S.22, which shows the displacement response during a harmonic excitation test at
the excitation period T, in the presence of higher frequency interference. While the dominant
component of the response occurs at the period T,, presence of higher frequency interference can
cause additional minor peaks and troughs in the resulting waveform as shown. Even though it is
obvious that the cycles of interest are those responding at the excitation period, the algorithm fails
to detect them due to the presence of the intermediate vertices. Such behaviour was observed in a
small number of harmonic tests which contained high frequency interference thought to be either
due to higher vibrational modes in the wall’s response or vibration of the restraint frame. The
problem was overcome by firstly filtering the recorded data in the frequency domain to eliminate
the contributions from the higher order harmonics which removed the intermediate vertices. The
filters used are described in Section S.6.

S.5.2 Evaluation of Key Cyclic Properties
S.5.2.1 Calculation of Properties from Each Cycle
For each valid cycle isolated using the procedure described in Section S.5.1, several key properties

were calculated from its displacement and acceleration data (Figure S.23), including: displacement
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Figure S.23: Isolated hysteresis loop and the properties derived.

and force amplitudes, effective stiffness, equivalent viscous damping, and period. The methods
used to calculate these properties will now be described.

Displacement Cycle Amplitude Since the displacement response of a cycle was not necessarily
symmetrical about zero displacement (A = 0), the displacement amplitude A,y,, was taken as

Amax - Amin

Aamp = 9 )

(S.18)

where Amax and Amin are the maximum and minimum displacements excursions in the loop.

Force or Acceleration Cycle Amplitude Due to the direct proportionality between the wall’s
restoring force F,, and its average acceleration ay.ave [through Eq. (S.11)], these variables are
effectively interchangeable (with the relevant proportionality factors). The acceleration amplitude
Gamp Was taken as
Omax — Omj
aamp — ma, min ) (S.]_g)
2

where amax and amin are the maximum and minimum accelerations excursions. Similarly, for force:

Fmax - Fmin

5 (S.20)

Famp =

Effective Stiffness Two alternative methods were used to calculate the effective secant stiffness,
K: In the first method, the stiffness was determined by fitting a linear regression to the individual
F-A data points. In the second method, the stiffness was calculated as the slope of the line passing
through the corner points of the loop’s bounding box, as shown by Figure S.23, which is equivalent
to

Famp

K= .
Aamp

(S.21)

It was found that both methods produced very similar values; therefore, the second approach
[based on Eq. (S.21)] was adopted, since it is less computationally intensive.
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(b) Pulse test run d2_45_R_8mm_100ms.

Figure S.24: Typical examples demonstrating the difference between hysteresis loops based on the
average wall acceleration, aw avg (left) and the central wall acceleration, aw cent (right).

Equivalent Viscous Damping The equivalent viscous damping &nyst was calculated using the
area-based method, according to the equation

§ o 2 Uloop
hyst — — )
T Ubox

(S.22)

where Ulqop is area enclosed within the hysteresis loop, and Upex is the area inside the loop’s
bounding box. From Figure S.23 it can be seen that

Upox = 4 Famp Aamp' (823)

The energy Uloop dissipated during a cycle is evaluated by the integral

to
Uioop = / FdA, (S.24)
t=t1

in which ¢; is the time at the start of the cycle and t5 the time at the end of the cycle. This
integral was evaluated numerically using the A and F vectors for the cycle.

The computed values of &y are reported in Section S.5.4. It should be noted that the reported
damping values are based on energies Uyoop and Upex determined from the wall’s central acceleration
(Gw.cent) instead of its average acceleration (a@w.avg). Comparison of typical hysteresis loop shapes
obtained using these alternate approaches is shown by Figure S.24. The reason for selecting a.cent
is that it is thought to have more accurately represented the wall’s fundamental flexural mode
of vibration, which is evidenced by the ‘clean’ shape of the hysteresis loops. By contrast, ay.avg,
which was calculated as a weighted average of the 10 accelerometers mounted on the wall [as per

40



Bull Earthquake Eng, por: 10.1007/s10518-017-0282-8
SUPPLEMENTARY MATERIAL

Segment:

(a) Closed cycle. (b) Open cycle.

Figure S.25: Method used for estimating the cycle period T in closed and open cycles.

Eq. (S.8)], is thought to have received interference from higher vibrational modes (possibly twisting
of the specimens), resulting in distortion of the apparent phase relationship between F and A and
ultimately producing fatter and more ragged loops. Furthermore, damping values (£nyst) calculated
using aw.avg generally ranged between 0.15 and 0.4 and were thought to be uncharacteristically
high (unconservative).

Period and Frequency As shown by Figure S.25, the method used to evaluate the period T
of the cycle depended on whether the cycle was closed or open.?? For closed cycles, the period
was taken as the duration between the start and end boundaries (Figure S.25a). These boundary
points were determined using the procedure described in Section S.5.1, as illustrated by Figure
S.19a. For open cycles, the period was taken as twice the duration between the cycle’s peak and
trough vertices (Figure S.25b).

S.5.2.2 Calculation of Average Values in Each Test Run

Once the aforementioned properties were calculated for all valid cycles within a test run, their
average values were computed over two ranges of displacement response:

Short Displacement Range This range was intended to capture response along the initial
loading branch of the force-displacement curve and included any cycles whose displacement ampli-
tude was inside the range 0.5 mm < A,y < 3mm. To ensure a good spread of response, average
values were only calculated for runs in which the maximum displacement amplitude exceeded 95%
of the upper limit value of 3 mm (i.e. max Agyp > 2.85 mm). For this range, ‘average’ values of
the effective stiffness K, equivalent viscous damping &,ys, and period 7', were calculated as the
interquartile mean to reduce the influence of outlying values due to noise.

Peak Response Range This range was intended to capture the behaviour near the maximum
displacement response in the test run, and included all cycles whose displacement amplitude was
at least 70% of maximum value. Average values of properties within this range were calculated as
the direct mean.

29Tnitial attempts to quantify the walls’ vibration frequency were made using Fourier-based (FFT) processing of
the displacement and acceleration response. However, this strategy was ultimately abandoned due to the discovery
of interference from additional higher frequency signals in the response thought to be due to some aspect of the test
arrangement such as the wall restraint frame and the shaketable rig itself.
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S.5.3 Examples

The overall data processing routine described was implemented in MATLAB. Examples of typical
graphical output are provided by Figures S.26, S.27 and S.28 for a pulse test, harmonic test and
earthquake motion test, respectively.

S.5.4 Results

Results of the cyclic analysis are presented in Table S.10 for each individual test run. The corre-
sponding hysteresis curves are provided in Section S.7.

Column 1 of the table provides the test run name. Column 2 describes the frequency filter used
to clean the data (refer to Section S.6). In the case of pulse and earthquake motion tests the
column gives the cutoff frequency (f.) of the applied lowpass filter (Butterworth filter with order
n = 10). A value of ‘default’ refers to the filter for harmonic tests, which was a Butterworth comb
filter passing the first three harmonics of the excitation frequency with a normalised bandwidth
of 0.2 (refer to Section S.6.1). Columns 3-5 provide peak amplitudes of the respective properties
occurring in the test run. Columns 7-12 and 13-18 provide average values for cycles in the large and
small displacement ranges, respectively. Within each range, n is the number of valid cycles used
for averaging, K is the average effective stiffness, &yt is the average equivalent viscous damping
ratio, f is the average cycle frequency, with other properties as defined previously. Note that f is
not provided for harmonic test runs, since throughout these tests the wall simply responded at the
excitation frequency.

Whilst the table omits the amplitude of the wall’s restoring force (Fymp), it can be calculated

directly from the average wall acceleration amplitude using the relationship

Famp _ Ww Qg amp’ (825)
g
where W, is the weight of the wall (equal to 2400 N for walls D1 and D2, and 2079 N for walls D3,

D4 and D5).

Figures S.29-S.33 together with the legend in Table S.11 graphically show a sequential plot of each
wall’s main response properties in each test run, including the load (or acceleration), displacement,
effective stiffness, hysteretic damping, and frequency.
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Table S.11: Legend for Figure S.31.

Colour

Input motion type

Pulse test
Harmonic test
Earthquake test

Data series style

Meaning

—_———

Maximum measured value of the respective properties.

Mean result from cyclic response analysis, calculated in the
large response range (70-100% of max response).

Mean result from cyclic response analysis, calculated in the
small response range (0.5-3.0 mm).

Represents the secant stiffness calculated as max force excur-
sion divided by max displacement excursion.
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Figure S.29: Test sequence and key results for wall D1. Legend in Table S.11.
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Figure S.30: Test sequence and key results for wall D2. Legend in Table S.11.
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Figure S.31: Test sequence and key results for wall D3. Legend in Table S.11.
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Figure S.32: Test sequence and key results for wall D4. Legend in Table S.11.
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Figure S.33: Test sequence and key results for wall D5. Legend in Table S.11.
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S.6 Data Filtering

Although the data acquisition system incorporated an analogue frequency domain filter®®, the
recorded data still exhibited some degree of high frequency noise. Therefore, additional frequency
domain filtering was performed to remove this noise and thereby ‘smoothen’ the data for subsequent
use in the cyclic response analysis (presented in Section S.5). Different types of filters were applied
depending on whether the test was periodic (i.e. harmonic tests) or non-periodic (i.e. pulse and
earthquake tests). These will now be described in more detail.

S.6.1 Periodic Tests

Because of the periodicity of the harmonic tests, the associated Fourier spectra for displacement
and acceleration data inherently contained peaks at integer multiples of the fundamental excitation
frequency f,. This is demonstrated by Figure S.34 which shows a typical example of unfiltered
wall response during a harmonic test. Whilst it can be seen that most spectral content is within
the first harmonic, it is the subsequent peaks which are responsible for the more intricate character
of the hysteresis loops such as pinching. Several different frequency filters as shown in Figure S.35
were trialled to assess their suitability:

1. f, bandpass filter: Filter retaining only the spectral content at the excitation frequency.
The filter tested was a Butterworth filter of order n = 5 with a cutoff frequency bandwidth
of +1 Hz centred around f,. For example, for f, = 12 Hz a cutoff band of [11,13] Hz was
used.

2. fo+2f, bandpass filter: Bandpass filter retaining spectral content across the first and
second harmonics (i.e. f, and 2f,). The trialled filter was a Butterworth filter of order n = 7
with a cutoff frequency bandwidth between 0.5f, and 2.5f,. For example, for f, = 12Hz a
cutoff band of [6,30] Hz was used.

3. fot+2f, comb filter: Comb filter passing only spectral content at the first and second
harmonics. This filter was constructed using a Butterworth filter curve, by applying to each
peak a pass zone with total frequency bandwidth equal to 20% of f, at order n = 5. For
example, for f, = 12 Hz the first harmonic (12 Hz) had a cutoft band of [10.8,13.2] Hz, and
the second harmonic (24 Hz) had a cutoff band of [22.8,25.2] Hz.

An example of data filtered using each of the above filters is shown in Figure S.36 in terms of the
resulting hysteresis loops. It is seen that the f, bandpass filter has the inherent effect of producing
hysteresis loops which are elliptical, since it causes the data approach a sinusoidal shape. Whilst
such loops are smoother compared to the unfiltered data, they lose their finer characteristics due
to the removal of the spectral content at the higher harmonics (2f,, 3f,...). By contrast, the
fot+2f, bandpass and comb filters preserve some of the additional detail in the shape of the loops.

To provide a quantitative measure of filter performance, a series of analyses were performed in
which the indicator parameters Aamp, Gamp, KX and Euyse were calculated for every cycle occurring
during a 2 second time window in the middle of the test run.?! This process was carried out for
every harmonic test run using both unfiltered data as well as data filtered with each of the three
candidate filters. The criteria used to evaluate the suitability of the filters were as follows:

e To ensure that the mean values of the indicator parameters computed during the 2 second
window did not differ significantly between the filtered and unfiltered data. This criterion
was intended to ensure that the data were not over-filtered.

30 owpass Butterworth filter with a cutoff frequency of 50 Hz.

3INote that the calculation of these parameters used the wall’s average acceleration Gw.avg, Whereas in the final
results reported (in Section S.5) the wall’s central acceleration aw.cent was used to calculate the hysteretic damping
ratio Epyst-
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Figure S.34: Example of unfiltered response from harmonic test, including hysteresis plot (top),

time domain response (middle) and frequency domain response (bottom). Shown for test run
d2_13_H_12Hz_0.25mm.
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Figure S.35: Types of filters trialled for harmonic test data. For the filters shown, the fundamental
frequency is taken as f, = 12 Hz.

e To reduce the amount of data noise. This was assessed by comparing the variability [as the
coefficient of variation (cov) or standard deviation (STD)] in the indicator parameter values
computed during the 2 second time window. A lower value of cov was deemed to indicate
better filter performance.

Of the three filters considered (Figure S.35), the f,+2f, comb filter had the best performance with
respect to the above criteria. In general, the mean values of parameters obtained using this filter
were similar to those from the unfiltered data, whilst considerably improving (i.e. reducing) the
variability. This can be seen from Figure S.37 which graphs the filtered versus unfiltered results
for each of the four indicator parameters.

By comparison, the f, bandpass filter produced loops that were inherently elliptical in shape (as
shown by the example in Figure S.36b). Whilst this filter was effective in reducing scatter in the
results, due to the elliptical shape it had a tendency to produce higher apparent values of equivalent
damping &nysy and effective stiffness K relative to the unfiltered data. On this basis, this filter was
deemed to be unconservative for derivation of these values and therefore unsuitable.

The f,+2f, bandpass filter was found to be more effective than the f, bandpass filter on the basis
of mean values, but less effective in terms being able to reduce scatter and therefore sufficiently
clean the data. An example of the resulting hysteresis loops is shown by Figure S.36c.

On the basis of this study, the comb filter was deemed to be the most effective and was adopted
in subsequent analyses whose results are reported in Section S.5.4. The final choice of filter used
for harmonic tests was a comb filter passing the spectral content at the first three harmonics (f,,
2f, and 3f,) with a normalised bandwidth of 0.2 (20% of the fundamental frequency). Figure S.38
shows an example of response obtained using this filter, which can be compared to the original
unfiltered response in Figure S.34.

S.6.2 Non-Periodic Tests

Due to the non-periodic nature of the pulse and earthquake tests, the Fourier spectra of the
associated data vectors were markedly different to those from the periodic harmonic tests and
therefore required a different filtering approach. Typical examples of unfiltered response from
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Figure S.36: Example comparing the hysteresis loop shape for data filtered using different types
of filter. Shown for test run d2_21_H_12Hz_0.2mm.

earthquake and pulse tests are shown by Figures S.39 and S.41, respectively, where it is seen that
the Fourier spectra contained a broad frequency range, compared to the harmonic tests where the
peaks were localised to integer multiples of the fundamental frequency (Figure S.34). This made
it possible to utilise a lowpass filter in order to eliminate the high frequency noise. Examples of
the filtered response for earthquake and pulse test runs are shown by Figures S.40 and S.42, which
can be compared to the original unfiltered the response in Figures S.39 and S.41.

Prior to conducting the cyclic response analysis reported in Section S.5, data from all earthquake
and pulse test runs was filtered using a lowpass Butterworth filter with order n = 10. The cutoff
frequency (f.) of the filter was manually chosen on a case-by-case basis for each individual test
run. The criteria used to select an appropriate value of f. was to make f. as low as possible
without significantly reducing the maximum response of key variables, including the wall’s central
displacement (Ay cent), central acceleration (ayw.cent), table acceleration (atan ), support acceleration
(@sup.ave), and relative acceleration between the centre of the wall and the supports (aw.cent-sup.ave)-
The cutoff frequency used for each test run is summarised in the main results table for the cyclic
response analysis, Table S.10.
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Figure S.37: Comparison of key parameters derived from filtered and unfiltered harmonic test
data. In the case of filtered data, a comb filter was applied capturing the response at the first and
second harmonics of the excitation frequency. Each parameter was calculated over a time window
of 2 seconds in the middle of the test run, with the mean value and level of variability (as cov
or STD) over this duration being plotted in these graphs. Results are plotted for all harmonic test
runs performed, except for runs where the mean displacement amplitude was small (< 0.3 mm),
which are omitted.
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Figure S.37: (cont’d).
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Figure S.38: Example of filtered response from harmonic test, including hysteresis plot (top),
time domain response (middle) and frequency domain response (bottom). Shown for test run
d2_13_H_12Hz_0.25mm combined with comb filter passing the spectral content at the first three
harmonics (i.e. f,, 2f, and 3f,).
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Figure S.39: Example of unfiltered response from earthquake test, including hysteresis plot (top),
time domain response (middle) and frequency domain response (bottom). Shown for test run
d2_41_EQ_Taft_-100mm.
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Figure S.40: Example of filtered response from earthquake test, including hysteresis plot (top),
time domain response (middle) and frequency domain response (bottom). Shown for test run
d2_41_EQ_Taft_-100mm combined with lowpass Butterworth filter with order n = 10 and cutoff
frequency f. = 20 Hz.
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Figure S.41: Example of unfiltered response from pulse test, including hysteresis plot (top),

time domain response (middle) and frequency domain response (bottom). Shown for test run
d2_32_R_8mm_100ms.
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Figure S.42: Example of filtered response from pulse test, including hysteresis plot (top),

time domain response (middle) and frequency domain response (bottom). Shown for test run
d2_32_R_8mm_100ms combined with lowpass Butterworth filter with order n = 10 and cutoff fre-

quency f. = 20 Hz.
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S.7 Force-Displacement Graphs

This section provides force-displacement response plots from all individual test runs performed.
The plotted data were filtered using techniques described in Section S.6 and are the same data
used for the cyclic response analysis (Section S.5). Two sets of axes are provided for each test run:
The left axes plot the wall’s central acceleration a cent versus the normalised central displacement
Ow.cent (1-€- Ay cent divided by the wall thickness of 50 mm). The right axes plot the wall’s average
acceleration Gy.ayvg Versus dyw.cent- Lhe largest displacement cycle occurring in each test run is also
highlighted, but only if the displacement amplitude exceeded 0.3 mm.
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SUPPLEMENTARY MATERIAL

d1_28_H 13Hz_0. 1mm

d1_29 H 13Hz_0.2mm

5 a_.[dl : 5 a ol 5 a_.[dl : 5| [¢]]
0 ......... .......... 0 .................... O ......... .......... O ...................
5 5 ° 3 5 5 ° 5
Cc . Cc c . c
-0.5 0 0.5 -05 0 0.5 -0.5 0 0.5 -05 0 0.5
d1_30_H 13Hz_0. 4nm d1_31_R 4mm 200ns
s 5 - | Fen @ 5| B9
0 ......... /... .. .. 0 ...... / ....... O ......... .......... O ...................
5 5 ° 5 5 5 ° 5
c . c C . c
-0.5 0 05 -05 0 0.5 -0.5 0 0.5 -05 0 0.5
d1l_32_R 4mm 100ns d1_33_R 8mm 100ns
5 acent [g] 5 aavg [g] 5 acent [g] 5 avg [g]
0 ......... 1 .......... 0 ......... / .......... O ........ / ......... O ........ / .........
5 5 ° 3 5 5 ° 5
Cc . Cc c . c
-0.5 0 0.5 -05 0 0.5 -0.5 0 0.5 -05 0 0.5
d1_34_EQ Taft_+40mm d1_35_EQ Taft_-40nm
_5 aCel‘l( [g] _5 avg [g] _5 acent [g] _5 avg [g]
ot / .......... ob- - , .......... ot / .......... ot . , ..........
5 5 ° 5 5 5 ° 5
c . c C . C
-0.5 0 05 -05 0 0.5 -0.5 0 0.5 -05 0 0.5
d1_36_EQ Taft_-60nm d1_37_EQ Taft_+60nm
5 acent [g] 5 aavg [g] 5 acent [g] 5 avg [g]
ol /A ol (/ ......... ol / ......... of oo f
5 5 ° 3 5 5 ° 5
Cc Cc c c
-0.5 0 0.5 -05 0 0.5 -0.5 0 0.5 -05 0 0.5
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Vaculik and Griffith (2017) Out-of-plane shaketable testing of urM walls in two-way bending
SUPPLEMENTARY MATERIAL

d1l_38_EQ Taft_+80nm d1_39_EQ Taft_-80nm
-5 -5 aa"g el -5 -5 aa"g tel
0 .......... 0 e / ....... O .......... O ...... / .......
5 5 0 5 5 5 0 5
c . c c . c
-0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d1_40_EQ Taft_-100nm dl_41_EQ Taft_+100nm
-5 -5 aavg fol -5 -5 aavg fol
0 0 ....... / ........ O O P / .......
5 : 5 ° : 3 5 5 : 5
X c X c X c
-0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d1_42_R 4mm 200ns d1_43_R 4mm 100ns
5 acent [g] 5 aavg [g] 5 acent [g] 5 aavg [g]
ol oo ol I ol Jooe ol o
5 5 0 5 5 5 0 5
c . c c . c
-0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
dl_44_R 8mm 100ns® d1_45_EQ Taft_+120nm
_5 aCEI‘I( [g] _5 avg [g] _5 acent [g] _5 aavg [g]
ob- - / ......... ob- - / ......... ob-- - ot 7 .......
5 5 ° 5 5 5 : 5
c . 5 N c
-0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
dl_46_EQ Taft_-120mm d1_47_R 4mm 200ns
5 acent [g] 5 aavg [g]
O ......... .......... O ...................
5 5 0 5
c . c
-0.5 0 0.5 -0.5 0 0.5
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SUPPLEMENTARY MATERIAL

d1_48_R_4nm 100ms d1_49 R 8nm 100mms
5 acent [g] 5 aavg [g] 5 acent [g] 5 avg [g]
ol [ ol PR ol / ......... ol o
5 5 ° 5 5 5 ° 5
c . c c . c
-0.5 0 05 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d1_50_H 12Hz_0. 1nm dl_51_H 12Hz_0.2mm
5 acent [g] 5 aavt;j [g] 5 acent [g] 5 avg [g]
ol ST ol ol /o ol / ........
5 5 ° 5 5 : 5 S : 5
c . c . c N c
-0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d1_52_R_4nm 200ms d1_53_R_4nm 100mms
5 acent [g] 5 aavg [g] 5 acent [g] 5 avg [g]
[ EEERERERE .......... Ofb v [ EEERERERE I .......... [ EEERERERE Joo
5 5 ° 5 5 5 ° 5
c . c c . c
-0.5 0 05 -05 0 0.5 -0.5 0 05 -0.5 0 0.5
d1_54_R 8nm 100ns d1_56_EQ Synt h01_+20mm
5 acent (9] 5| aw ] 5 acent (9] 5| aw ]
ob o / ......... ob o Jo ob o T obo
5 5 S 5 5 5 S 5
c . c C . C
-05 0 05 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d1_57_EQ Synt h01_- 20nm d1_58_EQ Synt h01_- 40nm
5 acent [g] 5 aavg [g] 5 acent [g] 5 avg [g]
ob--- .......... of - ob---- - | AT, ob------ - / .........
5 5 ° 5 5 5 ° 5
c . c c . c
-0.5 0 05 -05 0 0.5 -0.5 0 05 -05 0 0.5
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Vaculik and Griffith (2017) Out-of-plane shaketable testing of urM walls in two-way bending
SUPPLEMENTARY MATERIAL

d1_59_EQ Synt h01_+40nm

d1_60_EQ Synt h01_+60mm

5 acent [g] 5 aavg [g] 5 5 avg [g]
ob oo Jooo ol o ol ol / .......
5 : 5 ° : 5 5 : 5 ° : 5
. C . C . c . [
0.5 0 0.5 -0.5 0 05 -05 0 0.5 -0.5 0 0.5
d1_61_EQ Synt h0l_- 60mm d1_62_EQ Synt h01_- 80mm
e ESC I . EWC I
obo o ol ... / ........ ok ol .. a ......
5 : 5 3 . 5 5 : 5 3 : 5
. C . C . C . 4
-0.5 0 0.5 05 0 05 05 0 05 05 0 0.5
d1 63 _EQ Synth0ol_+80nm d1_64_R 4mm 200ms
5 5| %o a] : 5| e la] : 5| g] :
0 ......... 0 ........ : ........ O ......... [ .......... O ......... / ..........
5 : 5 ° : 5 5 : 5 ° : 5
. C . C . c . [
0.5 0 0.5 -0.5 0 05 -05 0 0.5 -0.5 0 0.5
d1l_65_R 4mm 100ns d1_66_R 8nm 100ns
_5 aCEI‘I‘ [g] _5 avg [g] _5 acent [g] _5 avg [g]
ol Lo ol b ol / ......... ol Jo
5 : 5 3 : 5 5 : 5 3 : 5
. c . c . C . (4
0.5 0 0.5 05 0 05 05 0 05 05 0 0.5
d1 67 _EQ Synt h03_- 20mm d1_68_EQ Synt h03_+20mm
5 a_.[dl 5 a 5 a.[dl 5| % la]
0 ......... foo 0 ......... o O ......... (e O ......... b
5 : 5 ° : 5 5 : 5 ° : 5
. C . C . c . [
05 0 0.5 -0.5 0 05 -05 0 0.5 -0.5 0 0.5
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SUPPLEMENTARY MATERIAL

d1_69_EQ Synt h03_+40nm

d1_70_EQ Synt h03_-40mm

5 acent [g] 5 aavg [g] 5 acent [g] 5 avg [g]
0 ......... / .......... 0 ......... / .......... o ......... / .......... o ......... / ..........
5 5 ° 5 5 5 ° 5
Cc . Cc c . c
-0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
dl_71_EQ Synt h03_- 60mm d1_72_EQ Synt h03_+60mm
5 a. [ 5 a9l 5 a,.[dl 5| P [¢]]
ol / ......... ol PZEEE ol / ......... ol P
5 5 S 5 5 5 S 5
c X c c X c
-0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d1_73_EQ Synt h03_+80mm d1_74_EQ Synt h03_-80mm
-5 -5 aavg el -5 5t 9 tel
ot ot ----- / ....... Ob - fffoo s (] / .......
5 5 ° 5 5 5 ° 5
Cc . Cc . c . c
-0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d1_75_EQ Synt h03_- 100nm d1_76_EQ Synt h03_+100nm
. EWCE HEY EWCE
ob oo o+ 7 ...... ot of--- CQ ......
5 5 S 5 5 5 S 5
c . & . c : c
-0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
dl_77_R 4mm 200ns d1_78_R 4nmm 100ns
5 acent [g] 5 aavg [g] 5 acent [g] 5 avg [g]
ol b ol e ol Joo ol e
5 5 ° 5 5 5 ° 5
Cc . Cc . c . c
-0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
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Vaculik and Griffith (2017) Out-of-plane shaketable testing of urM walls in two-way bending
SUPPLEMENTARY MATERIAL

d1_79_ R 8nm 100ms d1_80_EQ Synt h05_- 20mm
5 acent [g] 5 aavg [g] 5 acent [g] 5 avg [g]
ol / ......... ol PAREEEE ol / ......... ol Jo
5 5 ° 5 5 5 ° 5
c . c c . c
-0.5 0 05 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d1l_81_EQ Synt h05_+20mm d1_82_EQ Synt h05_+40mm
5 acent [g] 5 aavt;j [g] 5 acent [g] 5 avg [g]
ol / .......... Ol g ol ol .. P
5 5 S 5 5 5 S : 5
c . c c N c
-0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d1_83_EQ Synt h05_- 40nm d1_84_EQ Synt h05_- 60mm
5 acent ] 5 aavg (] 5 5 avg [a]
ob---- .......... ob---- - / ........ ot~ ........ 0 . < 2 . ... ..
5 : 5 ° : 5 5 5 ° 3
. c . c c . c
-0.5 0 05 -05 0 0.5 -0.5 0 05 -0.5 0 0.5
d1_85_EQ Synt h05_+60mm d1_86_R 4mm 200ms
. JESCIE. e ESC I
ot - S of - ‘ ... ; ........ ot - - oo ot - - - ; ..........
5 5 S : 5 5 5 S 5
c . c C . C
-05 0 05 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d1_87_R_4nm 100ms d1_88_R 8nm 100mms
5 acent [g] 5 aavg [g] 5 acent [g] 5 avg [g]
ob--- / .......... ob---- - , .......... ob----- - / ......... ob------ - / .........
5 5 ° 5 5 5 ° 5
c . c c c
-0.5 0 05 -05 0 0.5 -0.5 0 05 -05 0 0.5

80
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SUPPLEMENTARY MATERIAL

d1_89_OMPa_R 4mm 200ns

d1_90_OMPa_R 4rm 100ms

5 acent [g] 5 aavg [g] 5 acent [g] 5 aavg [g]
ob----- - / ......... of----- - - ob----- - / ......... ob----- - >
5 Bc 5 : Bc 5 6c 5 6c
-0.5 05 -0.5 0 0.5 -0.5 0.5 -0.5 0 0.5
dl_91_OMPa_R 8nm 100ns
o el W
ot / ........ ot - --- @ ........
5 Bc 5 Bc
-0.5 0.5 -0.5 0 0.5
S.7.2  Wall p2
d2_01_R 4nm 200ns d2_02_R 4nm 100ns
o Ben O o Ben e
OF o ofF - - - EEEIEIN I OF o OF o
5 60 5 60 5 5c 5 5c
-0.5 0.5 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d2_03_R_8nm 100mms d2_04_R_4nm 200ms
5 acem (a] 5 aavg (] 5 acem (9] 5 aavg (]
oF--- - ofF-- - oF-- - e oF-- -
5 BC 5 BC 5 6c 5 6c
-0.5 05 -0.5 0 0.5 -0.5 0 05 -0.5 0 0.5
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Vaculik and Griffith (2017) Out-of-plane shaketable testing of urM walls in two-way bending

SUPPLEMENTARY MATERIAL

d2_05_R 4nm 100ns d2_06_R 8nm 100ns
5 a_.[dl 5 a ol 5 a_.[dl : 5| % [¢]] :
0 ................... 0 ................... O ......... r .......... O ......... / .........
5 5 5 5 5 5 ° 5
c c c N c
-0.5 0.5 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d2_07_H 12Hz_0. 05nm d2_08_H 12Hz_0. 1mm
o | Feen [ o | B 1 el o | a1
0 ................... 0 .................... O ......... .......... O ...................
5 5 ° 5 5 5 ° 5
c c C . c
-0.5 0.5 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d2_09_H 12Hz_0. 2mm d2_10_R 4nm 200ns
5 acent [g] 5 aavg [g] 5 acent [g] 5 aavg [g]
0 ......... ’ .......... 0 ......... ( .......... O ......... .......... O ...................
5 5 ° 5 5 5 ° 5
Cc Cc c N c
-0.5 0.5 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d2_11_R 4mm 100ns® d2_12_R 8nmm 100ns
_5 aCEI‘I( [g] _5 avg [g] _5 acent [g] _5 aavg [g]
0 ................... 0 ................... O ......... ’ .......... O ......... ? ..........
5 5 ° 5 5 5 ° 5
c c c N c
-0.5 0.5 -05 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d2_13_H 12Hz_0. 25nm d2_14_H 12Hz_0. 25nm
5 acent [g] 5 aavg [g] 5 acent [g] 5 aavg [g]
0 ........ / ......... 0 ........ / ......... O ........ / ......... O ........ ﬂ .........
5 5 S 5 5 5 ° 5
Cc Cc c N c
-0.5 0.5 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
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SUPPLEMENTARY MATERIAL

d2_16_R 4mm 200ns d2_17_R 4mm 100ms
5 acent [g] 5 aavg [g] 5 acent [g] 5 avg [g]
oF- - .......... OF - - o ofF- - 1 .......... ofF- - / ..........
5 5 ° 5 5 5 ° 5
: c c c . c
-0.5 0 05 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d2_18 R 8mm 100ms d2_20_H 12Hz_0.1mm
5 acent [g] 5 aavt;j [g] 5 acent [g] 5 avg [g]
oF - - - / ......... of - - - / ......... OF -+ o OF o
5 5 S 5 5 5 S 5
: c c c . c
-0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d2_21_H_12Hz_0.2mm d2_23_H 12Hz_0. 1mm
5 a_.[dl 5 a : 5 a_.[dl 5| B la]
oF------ - / ......... oF----- - / ......... oF-- oF-- -
5 5 ° 5 5 5 ° 5
: c c c . c
-0.5 0 05 -05 0 0.5 -0.5 0 05 -0.5 0 0.5
d2_24_H 12Hz_0.2mm d2_25_R 4mm 200ms
5 acent (9] 5 aavg ] 5 acent (9] 5| aw ]
ofF - - - / ......... ofF - - - / ......... ofF - - - - oo ofF - - - , ..........
5 5 S 5 5 5 S 5
X c c c . c
-05 0 05 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d2_26_R_4nm 100ms d2_27_R_8nm 100mms
5 acent [g] 5 aavg [g] 5 acent [g] 5 avg [g]
ob oo ol ol / ......... ol P
5 5 ° 5 5 5 ° 5
: c c c c
-0.5 0 05 -05 0 0.5 -0.5 0 05 -05 0 0.5
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Vaculik and Griffith (2017) Out-of-plane shaketable testing of urM walls in two-way bending

SUPPLEMENTARY MATERIAL

d2_28_H 12Hz_0.25mm

d2_29 H 12Hz_0. 3nm

5 acent [g] 5 aavg [g] 5 acent [g] 5 avg [g]
of e / ......... of e SRR of e / ......... of e —
5 5 ° 5 5 5 ° 5
: c c . c c
-0.5 0 05 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d2_30_R_4mm 200ms d2_31_R 4mm 100ms
5 acent [g] 5 aavt;j [g] 5 acent [g] 5 avg [g]
oF - - - S ofF - - - , .......... ofF - - - / ......... ofF - - - ,; .........
5 5 S 5 5 5 S 5
: c c N c c
-0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d2_32_R_8nm 100ms d2_33_EQ Taft_-20nm
5 acent [g] 5 aavg [g] 5 acent [g] 5 avg [g]
oF------ - / ......... oF----- - é> ......... oF---- - S oF----- - ,o .........
5 5 ° 5 5 5 ° 5
: c c . c c
-0.5 0 05 -05 0 0.5 -0.5 0 05 -0.5 0 0.5
d2_34_EQ Taft_+20mm d2_35_EQ Taft_+40mm
5 acent (9] 5| aw ] 5 acent (9] 5| aw ]
ofF - - - S ofF - - - , .......... ofF - - - / ......... ofF - - - y,, .........
5 5 S 5 5 5 S 5
. c c . c c
-05 0 05 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d2_36_FEQ Taft _- 40nm d2_37_EQ Taft_-60nm
5 acent [g] 5 aavg [g] 5 cent [g] 5 avg [g]
......... U S
R SRR SRS o f o
5 5 ° 5 5 5 ° 5
: c c c c
-0.5 0 05 -05 0 0.5 -0.5 0 05 -05 0 0.5
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SUPPLEMENTARY MATERIAL

d2_38_EQ Taft_+60nm d2_39_EQ Taft _+80mm
5 acent [g] 5 aavg [g] 5 acent [g] 5 avg [g]
ol S ol P ot ol \Q ......
5 : 5 ° : 3 5 : 5 ° : 5
. c . c . C . 4
-0.5 0 0.5 -05 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d2_40_EQ Taft _-80nm d2_41_EQ Taft _-100mm
5 acent [g] 5 aavt;j [g] 5 acent [g] 5 avg [g]
0 . ob . @ ........ of . / ....... of . o NI
5 : 5 ° : 5 5 : 5 ° : 5
. c . c N C N [
-0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d2_42_EQ Taft _+100mm d2_43_R 4nm 200ns
5 a_.[dl 5 a : 5 a_.[dl : 5| B la] :
0 ob .. Q ...... obo PR ob SN
5 : 5 ° : 3 5 : 5 ° : 5
. c . c . C . c
-0.5 0 0.5 -05 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d2_44_R 4mm 100ns d2_45_R 8nmm 100ns
_5 aCEI‘I( [g] _5 avg [g] _5 cent [g] _5 avg [g]
ok P 2NN ok - ob. ... % ........ ob. ... .. ...
5 : 5 ° : 5 5 : 5 ° : 5
. c . c N C . 4
-0.5 0 0.5 -05 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d2_46_EQ Taft_+60nm d2_47_EQ Taft _- 60nm
5 acent [g] 5 aavg [g] 5 cent [g] 5 avg [g]
ofF- - / ........ ofF- - / ........ of- - / ........ ot - T_D ........
5 : 5 ° : 3 5 : 5 ° : 5
. c . c . C . c
-0.5 0 0.5 -05 0 0.5 -0.5 0 0.5 -0.5 0 0.5
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Vaculik and Griffith (2017) Out-of-plane shaketable testing of urM walls in two-way bending
SUPPLEMENTARY MATERIAL

d2_48_EQ Taft_-120mm

d2_49_EQ Taft_+120mm

5 acent [g] 5 aavg [g] 5 acent [g] 5 avg [g]
ofF- -+ / ..... of- - UCQ ..... of - / ....... 0 ) %’ .......
5 : 5 ° : 5 5 : 5 ° : 3
: c : c . c . c
-0.5 0 05 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d2_50_R 4mm 200ns d2_51_R 4nm 100ns
5 acent [g] 5 aavt;j [g] 5 acent [g] 5 avg [g]
O oo of oo S ob- oo S ob oo -
5 : 5 S : 5 5 : 5 S : 5
N C N C N c N [
-0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d2_52_R 8mm 100ms d2_53_EQ Synt h01_+20mm
5 acent [g] 5 aavg [g] 5 acent [g] 5 avg [g]
oF-- -+ / ......... oF-- -+ @ ........ OF-+ - - , ......... OF-+ - ., .........
5 : 5 ° : 5 5 : 5 ° : 3
: c : c . c . c
-0.5 0 05 -05 0 0.5 -0.5 0 05 -0.5 0 0.5
d2_54_EQ Synt h01_- 20mm d2_55_EQ Synt h01_- 40mm
5 acent (9] 5| aw ] 5 acent (9] 5| aw ]
Y PN of oo SO of oo S of oo S
5 : 5 S : 5 5 : 5 S : 5
. c . c N C . 4
-05 0 05 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d2_56_EQ Synt h01_+40nm d2_57_EQ Synt h01_+60nm
5| et CIR 5| B LI 5 | e CI 5| % LI
of------ / ......... of----- - u ......... o+ V/ ....... of----- Q .......
5 : 5 ° : 5 5 : 5 ° : 5
: c : c . c . c
-0.5 0 05 -05 0 0.5 -0.5 0 05 -05 0 0.5
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SUPPLEMENTARY MATERIAL

d2_58 EQ Synth01_- 60mm

d2_59_EQ Synth01_- 80mm

5 a_.[dl : 5 a ol 5 a_.[dl 5 a ol :
oF---- - W ......... oF--- -2 C\ ......... 0 OfF - N\ Q
5 5 5 5 5 5 5

. c . c . c
0.5 0 05 -05 0 05 05 0 05 -05

d2_60_R_4nm 200ms

d2_61_R 4nmm 100ns

5 acent [g] 5 aavt;j [g] 5 acent [g] 5 aavg [g]
oF - - - S ofF - - - - ofF - - - / ......... ofF - - - -
5 5 5 5 5 5 5
: c X c c
-0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5 -0.5
d2_62_R_8nm 100mms
5 a . 5 a ol

S.7.3 Wall p3

d3_01_R 2mm 200ns

d3_02_R 4mm 200ns

5 a_.[dl : 5 a_ ol : 5 a_.[dl 5 a_ gl

O ................... O ................... O ................... O ...................
5 5, 5 5, 5 5, 5

-0.5 0 0.5 -0.5 0 05 -05 0 0.5 -0.5
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Vaculik and Griffith (2017) Out-of-plane shaketable testing of urM walls in two-way bending
SUPPLEMENTARY MATERIAL

d3_03_R 4nmm 100ns d3_04_R 8nmm 100ns
5 acent [g] 5 aavg [g] 5 acent [g] 5 avg [g]
obo o oo ob ok I .......... obo o oo
5 5 5 5 5 5 ° 5
c . c c . c
-0.5 0 0.5 -05 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d3_05_H 13Hz_0. 05nm d3_06_H 13Hz_0. 1mm
of el | d o | oo | d
0 ......... .......... 0 .................... O ................... O ......... O
5 5 ° 5 5 5 ° : 5
C . C C . C
-0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d3_07_H 13Hz_0. 15nm d3_08_H 13Hz_0.2mm
5 acent [g] 5 aavg [g] 5 acent [g] 5 avg [g]
0 ......... .......... 0 ................... O ......... ’ .......... O ......... ( ..........
5 5 ° 5 5 5 ° 5
Cc . Cc c . c
-0.5 0 0.5 -05 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d3_09_H 13Hz_0. 25nm d3_10_H 13Hz_0. 3mm
_5 aCEI‘I( [g] _5 avg [g] _5 cent [g] _5 avg [g]
0 ......... / .......... 0 ......... [ .......... O ......... / ......... O ......... / .........
5 5 ° 5 5 5 ° : 5
c N [ C N C
-0.5 0 0.5 -05 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d3_11_H 13Hz_0. 3mm d3_12_R 4nmm 200ns
5 5 a : 5 a.[dl 5| % la]
0 0 ........ / ......... O ................... O ...................
5 5 S 5 5 5 ° 5
Cc Cc c . c
-0.5 0 0.5 -05 0 0.5 -0.5 0 0.5 -0.5 0 0.5
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SUPPLEMENTARY MATERIAL

d3_13_R_4nm 100mms d3_14_R 8nm 100mms
5 acent [g] 5 aavg [g] 5 acent [g] 5 avg [g]
oF------- | T oF---- - , .......... oF------- / ......... oF---- - / .........
5 5 ° 5 5 5 ° 5
c . c c . c
-0.5 0 05 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d3_15_H 13Hz_0. 35nm d3_16_H 13Hz_0. 4mm
. EmC AESCI EmC
0 0 ofF - - - r... ... .. 0
5 5 S : 5 5 5 S 5
: c . c c . c
-0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d3_17_R_4nm 200mms d3_18_R_4nm 100mms
5 acent [g] 5 aavg [g] 5 acent [g] 5 avg [g]
oF----- - , .......... oF----- - fo oF----- - / .......... oF----- - ; ..........
5 5 ° 5 5 5 ° 5
: c . c c . c
-0.5 0 05 -05 0 0.5 -0.5 0 05 -0.5 0 0.5
d3_19_R 8mm 100ms d3_20_H 12Hz_0. 4mm
5 acent (9] 5 aavg ] 5 acent (9] 5| aw ]
ob / ......... ob PR obo o / .......
5 5 S 5 5 5 S 5
N c . c C . [
-05 0 05 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d3_21_R_4nm 200mms d3_22_R_4nm 100mms
5 acent [g] 5 aavg [g] 5 acent [g] 5 avg [g]
oF---- - I oF----- - , .......... oF------ - / ......... oF------ - ,{ .........
5 5 ° 5 5 5 ° 5
: c . c c . c
-0.5 0 05 -05 0 0.5 -0.5 0 05 -05 0 0.5
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Vaculik and Griffith (2017) Out-of-plane shaketable testing of urM walls in two-way bending
SUPPLEMENTARY MATERIAL

d3_23_R 8nm 100ns d3_24_EQ Taft_-5nmm
5 a_.[dl : 5 a ol : 5 a_.[dl 5 a ol
0 ........ / ......... 0 ........ Q ......... o .................... o ...................
5 5 ° 5 5 5 ° 5
c . c c N c
0.5 0 05 -05 0 05 -05 0 05 -0.5 0 0.5
d3_25 EQ Taft_+5nm d3_26_EQ Taft_+10nm
5 a,.ldl : 5 a0l 5 a. ol 5 a0l :
0 ......... .......... 0 .................... O ................... O ......... ..........
5 5 3 5 5 5 3 : 5
c . c c . c
0.5 0 05 -05 0 05 -05 0 05 -05 0 05
d3_27_EQ Taft_-10nm d3_28_EQ Taft_-20nm
5 a_.[dl : 5 a 5 a_.[dl : 5 a ol
ofF - .......... OF - - ofF - / .......... oOf- -+ Feoe e
5 5 ° 5 5 5 ° 5
Cc . Cc c N c
05 0 05 -05 0 05 -05 0 05 -05 0 0.5
d3_29 EQ Taft_+20nm d3_30_EQ Taft_+30nm
_5 acent [g] _5 avg [g] _5 acent [g] _5 aavg [g]
0 ......... / .......... 0 ......... t .......... O ......... / .......... O ......... , ..........
5 5 3 5 5 5 3 : 5
c N [ C N C
0.5 0 05 -05 0 05 -05 0 05 -05 0 05
d3_31_EQ Taft_-30nm d3_32_EQ Taft_-40nm
5 acent [g] 5 aavg [g] 5 acent [g] 5 aavg [g]
ofF - / .......... ofF - ; .......... ofF - / .......... ofF - B
5 5 ° 5 5 5 ° 5
Cc . Cc c N c
05 0 05 -05 0 05 -05 0 05 -05 0 0.5

90



Bull Earthquake Eng, por: 10.1007/s10518-017-0282-8
SUPPLEMENTARY MATERIAL

d3_33_EQ Taft_+40nm d3_34_EQ Taft_+50nm
5 acent [g] 5 aavg [g] 5 acent [g] 5 avg [g]
obo o Jo obo o PR ) SR ob o o
5 5 ° 5 5 5 ° 5
. c N c c . c
0.5 0 05 -05 0 05 -05 0 05 -0.5 0 0.5
d3_35_EQ Taft_-50nm d3_36_EQ Taft_-60nm
5 acent [g] 5 aavt;j [g] 5 acent [g] 5 avg [g]
0 ......... / ......... 0 ......... / ......... O ................... O ....... ? ........
5 5 3 5 5 5 3 5
. c . c c . c
05 0 05 -05 0 05 -05 0 05 -05 0 0.5
d3_37_EQ Taft_+60nm d3_38_EQ Taft_+70nm
5 a_.[dl : 5 a : 5 a_.[dl 5| B la] :
0 ........ / ......... 0 ........ (_4 ......... O O P a ........
5 5 ° 5 5 5 ° 5
. Cc N Cc c . c
05 0 05 -05 0 05 -05 0 05 -05 0 0.5
d3_39_EQ Taft_-70nm d3_40_EQ Taft_-80nm
5 5| B [a] : 5 a . ld 5| P [l :
0 ob.. . @ ...... ot ob.. . 7> N
5 5 3 5 5 5 3 5
N c . c C . [
05 0 05 -05 0 05 -05 0 05 -05 0 0.5
d3_41_EQ Taft_+80nm d3_42_R 4nm 200ns
5| B ¢] : 5 | e la] 5| % gl :
0 g ....... O ......... / .......... O ......... ; ..........
5 5 5 5 ° 5
Cc c N c
05 0 05 -05 0 05 -05 0 0.5
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Vaculik and Griffith (2017) Out-of-plane shaketable testing of urM walls in two-way bending
SUPPLEMENTARY MATERIAL

d3_43_R 4mm 100ns d3_44_R 8nmm 100ns
5 acent [g] 5 aavg [g] 5 acent [g] 5 avg [g]
ol S ol DU O/ ......... ol
5 5 ° 5 5 5 ° 5
X c X c X c X c
-0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d3_45_EQ Taft_+90nm d3_46_EQ Taft_-90nm
5 Acent (] 5 5 aavg (]
0 0 L. O ...... 49 .......
5 5 : 5 5 5 ° 5
. c C . 4
-0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d3_47_R 4mm 200ns d3_48_R 4nmm 100ns
5 a_.[dl 5 a 5 a_.[dl : 5 a ol :
oF-- - Jo oF-- - P OF-+ - - / ......... OF-+ - % .........
5 5 ° 5 5 5 ° 5
X c X c X c X c
-0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d3_49_R 8nmm 100ns® d3_50_EQ Taft_-100nm
_5 aCEI‘I( [g] _5 avg [g] _5 acent [g] _5 aavg [g]
ob oo / ......... of & ob /oo of oo & ...
5 5 S 5 5 : 5 ° : 5
c ) & . c ; c
-0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d3_51_EQ Taft_+100nm d3_52_EQ Taft _+110nm
5 acent [g] 5 aavg [g] 5 acent [g] 5 aavg [g]
of - Q_—_/) ........ ofF: - Qa .......
5 : 5 5 : 5
. C . c
-0.5 0 0.5 -0.5 0 0.5
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SUPPLEMENTARY MATERIAL

d3_53_EQ Taft_- 110mm d3_54_EQ Taft_-120mm
5| %o a] : 5 5| % a] :
oF----- &Q ...... 0 (o) I 2> . ‘ ......
5 ° 5 5 5 ° 5
. c . c . C . [4
-0.5 0 05 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d3_55_EQ Taft_+120mm d3_56_EQ Taft_+60mm
acent [g] 5 aavt;j [g] 5 acent [g] 5 aavg [g]
of- - Q‘? ....... ofF - - - / ......... ofF - - - P
5 5 5 : 5 S 5
N . c . C . C
-0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d3_57_EQ Taft_-60nm d3_58_H_12Hz_0. 1nm
acent [g] 5 aavg [g] . 5 acent [g] 5 aavg [g]

-0.5 0 05 -05 0 0.5 -0.5 0 05 -0.5 0 0.5
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Vaculik and Griffith (2017) Out-of-plane shaketable testing of urM walls in two-way bending
SUPPLEMENTARY MATERIAL

d3_59 H 12Hz_0.2mm

d3_60_H 12Hz_0. 4mm

5 acent [g] 5 aavg [g] 5 acent [g] 5 avg [g]
ob / ......... ob PN b ob . —
5 5 ° 5 5 5 ° 5
c N c N 4 c
0.5 0 05 -05 0 05 -05 0 05 -0.5 0 0.5
S.7.4 Wall p4
d4_01_R 4nm 200ns d4_02_R 4nm 100ns
5 a_.[dl 5 a_ gl 5 a_.[dl 5| % [¢]]
0 ................... 0 ................... O ................... O ...................
5 5 B 5 5 5 O 5
c . c c N c
0.5 0 05 -0.5 0 05 -05 0 05 -0.5 0 0.5
d4_03_R 8nm 100ns d4_04_H 13Hz_0.05nm
5 a,.ldl 5| 2w [a] : 5 | Foen [a] 5 a, Ml
0 ......... ’ .......... 0 ......... ’ .......... O ................... O ....................
5 : 5 3 5 5 5 3 3
. c . c [ . c
0.5 0 05 -05 0 05 -05 0 05 -05 0 05
d4_05_H 13Hz_0. 10nm d4_06_EQ Taft_-40nm
5 a_.[dl 5 a_ ol 5| e [a] 5| e [e]]
O ................... O ................... O ................... O ...................
5 5 B 5 5 5 ° 5
c . c c N c
0.5 0 05 -0.5 0 05 -05 0 05 -0.5 0 0.5
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SUPPLEMENTARY MATERIAL

d4_07_EQ Taft_+40nm d4_08_EQ Taf t _+80nm
5 a_.[dl 5 a ol 5 a_.[dl 5| % [¢]]
0 ......... b 0 ......... b O ................... O ...................
5 : 5 ° : 5 5 : 5 ° : 5
. C . C . c . [
-0.5 0 0.5 -05 0 0.5 -0.5 0 0.5 -05 0 0.5
d4_09_EQ Taft_-80nm d4_10_R 4nm 200ns
= a. [ = A [a] = a,.[dl 5} P (]
0 O ......... [ O ......... o
5 : 5 3 : 5 5 : 5 3 : 5
. c . c N C N [
-0.5 0 05 -05 0 0.5 -0.5 0 0.5 -05 0 0.5
d4_11_R 4nm 100ns d4_12_R 8nm 100ns
5 acent [g] 5 aavg [g] 5 acent [g] 5 avg [g]
0 ......... [ .......... 0 ......... / .......... O ......... d ......... O ......... ﬂ .........
5 : 5 ° : 5 5 : 5 ° : 5
. C . C . [ . c
-0.5 0 0.5 -05 0 0.5 -0.5 0 0.5 -05 0 0.5
d4_13_H 13Hz_0. 15nm d4_14_H 13Hz_0. 20nm
5 a  ld 5| B la] 5 a . ld 5| P o]
0 ......... [ .......... 0 ......... ’ .......... O ......... J .......... O ......... 0 ..........
5 : 5 3 : 5 5 : 5 3 : 5
. c . c N C . 4
-0.5 0 05 -05 0 0.5 -0.5 0 0.5 -05 0 0.5
d4_15 H 13Hz_0. 25nm d4_16_H 13Hz_0. 30nm
5 acent [g] 5 aavg [g] 5 acent [g] 5 avg [g]
ob | obo P obo ) obo G
5 : 5 ° : 5 5 : 5 ° : 5
. C . C . c . [
-0.5 0 0.5 -05 0 0.5 -0.5 0 0.5 -05 0 0.5
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Vaculik and Griffith (2017) Out-of-plane shaketable testing of urM walls in two-way bending
SUPPLEMENTARY MATERIAL

d4_17_H 13Hz_0.35mm

d4_18_H 13Hz_0. 40mm

5 acent [g] 5 aavg [g] 5 acent [g] 5 avg [g]
0/ ......... Of o ob ﬂ ......... ol g
5 5 ° 5 5 5 ° 5

c . c . c . c
-0.5 0 05 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d4_19 R 4mm 200ns d4_20_R 4mm 100ns

o} B EmC e ECEN
ofF------ - oo (V] I I T of------ - ‘ .......... of----- - ,% ..........
5 : 5 S 5 5 5 S 5

N C N C N c N [
-0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d4_21_R 8nm 100ms d4_22_H 13Hz_0. 45nm

5 acent [g] 5 aavg [g] 5 acent [g] 5 avg [g]
obo /{} ......... obo g oboo ) obo o
5 5 ° 5 5 5 ° 5

c . c . c . c
-0.5 0 05 -05 0 0.5 -0.5 0 05 -0.5 0 0.5
d4_23_H 13Hz_0.50mm d4_24 R 4mm 200ms

5 acent (9] 5| aw ] 5 acent (9] 5| aw ]
oF - - ) ofF - - - 0 ......... OF o OF o
5 5 S 5 5 5 S 5

c . & . c ; c
-05 0 05 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d4_25_R_4nm 100ms d4_26_R_8nm 100mms

5 acent [g] 5 aavg [g] 5 acent [g] 5 avg [g]
ofF - g ofF - 4 .......... ofF - X/ ......... ofF - 4) .........
5 5 ° 5 5 5 ° 5

c . c . c . c
-0.5 0 05 -05 0 0.5 -0.5 0 05 -05 0 0.5
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SUPPLEMENTARY MATERIAL

d4_27_H 6Hz_0. 10mm d4_28_H 6Hz_0. 20mm
5 acent [g] 5 aavg [g] 5 acent [g] 5 avg [g]
oF------- .......... oF- - oF--- oF- - v
5 5 ° 5 5 5 ° 5
c . c c . c
-0.5 0 05 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d4_29 H 6Hz_0. 30mm d4_30_H 6Hz_0. 40rm
5 acent [g] 5 aavt;j [g] 5 acent [g] 5 avg [g]
ofF - - - .......... OF o OF o OF o
5 5 S 5 5 5 S 5
c . c c N c
-0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d4_31_H 6Hz_0.50mm d4_32_H 6Hz_0. 75mm
5 acent [g] 5 aavg [g] 5 acent [g] 5 avg [g]
oF----- - .......... oF- - ofF-- oF--
5 5 ° 5 5 5 ° 5
c . c c . c
-0.5 0 05 -05 0 0.5 -0.5 0 05 -0.5 0 0.5
d4_33_H 6Hz_1.0nmm d4_34_H 6Hz_1.5mm
5 acent (9] 5 avg ] 5 acent (9] 5 avg ]
ofF - - - .......... OF - o ofF - - - id ......... ofF - - - ﬂ .........
5 5 S 5 5 5 S 5
c N [ C N C
-05 0 05 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d4_35_R_4nm 200mms d4_36_R_4nm 100mms
5 acent [g] 5 aavg [g] 5 acent [g] 5 avg [g]
oF---- - .......... oF- - oF----- - [ .......... oF------- ,) ..........
5 5 ° 5 5 5 ° 5
c . c c . c
-0.5 0 05 -05 0 0.5 -0.5 0 05 -05 0 0.5
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Vaculik and Griffith (2017) Out-of-plane shaketable testing of urM walls in two-way bending
SUPPLEMENTARY MATERIAL

d4_37_R_8nm 100ms d4_38_H_13Hz_0. 10nm
5 acent [g] 5 aavg [g] 5 acent [g] 5 aavg [g]
oF------ - /] ......... oF------ - é ......... ofF-- oF-- v
5 5 ° 5 5 5 ° 5
c . c c . c
-0.5 0 05 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d4_39_H 13Hz_0.20mm d4_40_H 13Hz_0.30mm
5 acent [g] 5 aavt;j [g] 5 acent [g] 5 aavg [g]
of Ob o obo ob O
5 5 S 5 5 5 S : 5
c . c c N c
-0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d4_41_H 13Hz_0. 40nm d4_42_R_4nm 200ns
5 acent [g] 5 aavg [g] 5 acent [g] 5 aavg [g]
0 ofF------- O ........ ofF- - / .......... oF-- - T
5 5 ° 5 5 5 ° 5
c . c c . c
-0.5 0 05 -05 0 0.5 -0.5 0 05 -0.5 0 0.5
d4_43_R 4mm 100ns d4_44_R 8nmm 100ns
5 acent (9] 5| aw ] 5 | cent (9] 5 aavg ]
ob Joo ob S ob / ......... ob &
5 5 S 5 5 5 S : 5
c N [ C N C
-05 0 05 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d4_45_EQ Taft_-10nm d4_46_EQ Taft_+10nm
5 acent [g] 5 aavg [g] 5 acent [g] 5 aavg [g]
oF---- - .......... oF- - - oF- - v oF- -+
5 5 ° 5 5 5 ° 5
c . c c . c
-0.5 0 05 -05 0 0.5 -0.5 0 05 -05 0 0.5
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SUPPLEMENTARY MATERIAL

d4_47_EQ Taft_+20nm d4_48_EQ Taft_-20nm
5 a_.[dl : 5 a ol : 5 a_.[dl 5 a ol
0 ......... ’ .......... 0 ......... , .......... O ................... O ......... R
5 5 ° 5 5 5 O : 5
. C . C . c . [
0.5 0 05 -05 0 05 -05 0 05 -0.5 0 0.5
d4_49 EQ Taft_-30nm d4_50_EQ Taft_+30nm
5 acent [g] 5 aavt;j [g] 5 acent [g] 5 aavg [g]
0 ......... , .......... 0 ......... ; .......... O ......... Y B O ...................
5 5 3 5 5 5 3 5
. C C N C . C
05 0 05 -05 0 05 -05 0 05 -05 0 0.5
d4_51_EQ Taft_+40nm d4_52_EQ Taft_-40nm
5| e G/ 5| B LI 5 | et CI 5| B LI
of PR of P of fo of P
5 5 ° 5 5 5 ° 5
. C C . c . c
05 0 05 -05 0 05 -05 0 05 -05 0 0.5
d4_53_EQ Taft_-50nm d4_54_EQ Taft_+50nm
_5 acent [g] _5 aE:\Vg [g] _5 acent [g] _5 aavg [g]
oF- - / ......... oF- - Y oF----- / .......... oF----- G
5 5 3 5 5 5 3 5
. c c ) c . c
05 0 05 -05 0 05 -05 0 05 -05 0 0.5
d4_55_EQ Taft_+60nm d4_56_EQ Taft_- 60nm
5 acent [g] 5 aavg [g] 5 acent [g] 5 aavg [g]
ofF- - / ......... ofF - C ......... OF - o) of- - ? ........
5 5 ° 5 5 5 ° 5
. Cc Cc c c
05 0 05 -05 0 05 -05 0 05 -05 0 0.5
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Vaculik and Griffith (2017) Out-of-plane shaketable testing of urM walls in two-way bending
SUPPLEMENTARY MATERIAL

d4_57_R 4mm 200ns d4_58_R 4mm 100ns
5 acent [g] 5 aavg [g] 5 acent [g] 5 avg [g]
0 ......... P 0 ......... B o ......... / .......... o ......... ‘) .........
5 : 5 ° : 3 5 : 5 ° : 5
. c . c . C . 4
-0.5 0 0.5 -05 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d4_59 R 8mm 100ns® d4_60_EQ Taft_+60nm
5 acent [g] 5 aavt;j [g] 5 acent [g] 5 avg [g]
0 ........ / ......... 0 ........ C) ......... O ........ / ......... O ........ ,l .........
5 : 5 ° : 5 5 : 5 ° : 5
. c . c N C N [
-0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d4_61_EQ Taft_-60nm d4_62_EQ Taft_-70nm
5 acent [g] 5 aavg [g] 5 acent [g] 5 avg [g]
0 e e / ......... 0 e e C/ ......... o o ....... g ........
5 : 5 ° : 3 5 : 5 ° : 5
. c . c . C . c
-0.5 0 0.5 -05 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d4_63_EQ Taft_+70nm d4_64_EQ Taft _+70nm
_5 aCEI‘I( [g] _5 avg [g] _5 cent [g] _5 avg [g]
of o / ......... of o D of o Ao of o Do
5 : 5 ° : 5 5 : 5 ° : 5
. c . c N C . 4
-0.5 0 0.5 -05 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d4_65_EQ Taft_-70nm d4_66_R _4mm 200ns
5| et CIR 5| B LI 5 | e CI 5| % LI
ob / ......... ob P ob o P ob o o
5 : 5 ° : 3 5 : 5 ° : 5
. c . c . C . c
-0.5 0 0.5 -05 0 0.5 -0.5 0 0.5 -0.5 0 0.5
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SUPPLEMENTARY MATERIAL

d4_67_R_4nm 100ms d4_68_R_8nm 100mms
5 acent [g] 5 aavg [g] 5 acent [g] 5 aavg [g]
ob Jo ob b ob / ......... ob B
5 5 5 5
6c . 6c 6c . 6c
-0.5 0 05 -0.5 0 0.5 -0.5 0.5 -0.5 0 0.5
d4_69_EQ Taft_+70mm d4_70_EQ Taft_-70mm
5 a. [ 5 a9l 5 5 a.ldl
oF - - -y /S of - - - <,) ........ 0 of - - ( Y
5 : 5 S : 5 5 5 S 5
; c X c c ) ¢
-0.5 0 0.5 -0.5 0 0.5 -0.5 0.5 -0.5 0 0.5
d4_71_EQ Taf t bf 05_- 70nm d4_72_EQ Taf t bf 05_+70nm
5 5| B a] : 5 | et la] 5| B g] :
0 oF------ ( .... 2 0 oF-- - - / ) ........
5 5 5 5
6c . 6c 6c . 6c
-0.5 0 05 -05 0 0.5 -0.5 05 -0.5 0 0.5
d4_73_EQ Taf t bf 10_+70mm d4_74_EQ Taf t bf 10_- 70mm
5 acent (9] 5| aw ] 5 acent (9] 5 aavg ]
of - - / ........ of - - J ........ OF - - ) of - - ( 7 ..
5 5 S 5 5 5 S 5
c N [ C N C
-05 0 05 -0.5 0 0.5 -0.5 0.5 -0.5 0 0.5
d4_75_EQ Taf t bf 20_- 70nm d4_76_EQ Taf t bf 20_+70nm
5 acent [g] 5 aavg [g] 5 acent [g] 5 aavg [g]
0 ofF------ <j ....... oF- -+ / ........ oF-- -+ <__) ........
5 5 5 5
6c 6c 60 60
-0.5 0 05 -05 0 0.5 -0.5 05 -05 0 0.5
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Vaculik and Griffith (2017) Out-of-plane shaketable testing of urM walls in two-way bending

SUPPLEMENTARY MATERIAL

d4_77_EQ Taf t bf 30_+70mm

d4_78_EQ Taf t bf 30_- 70rm

5 acent [g] 5 aavg [g] 5 acent [g] 5 aavg [g]
(o) / ......... OF-- - - <:') ......... 0 OF -+ Cj .......
5 5 ° 5 5 5 ° 5
c . c . c . c
-0.5 0 05 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d4_79_EQ Taf t bf 50_- 70mm d4_80_EQ Taf t bf 50_+70mm
5 acent [g] 5 aavt;j [g] 5 acent [g] 5 aavg [g]
0 of - - - Cﬁ ........ ofF - - - / ......... ofF - - - 9') .........
5 5 S 5 5 5 S 5
c . c . c N c
-0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d4_81_EQ Taft bf 75_+70nm d4_82_EQ Taft bf 75_- 70mm
5 acent [g] 5 aavg [g] 5 acent [g] 5 aavg [g]
of------ / ......... of------ 53 ......... 0 of----- - G;? ........
5 5 ° 5 5 5 ° 5
c . c . c . c
-0.5 0 05 -05 0 0.5 -0.5 0 05 -0.5 0 0.5
d4_83_EQ Taf t bf 100_- 70rm d4_84_EQ Taf t bf 100_+70rmm
5 acent (9] 5| aw ] 5 acent (9] 5 aavg ]
ob / ........ ob = ob / ......... ob A
5 5 S 5 5 5 S 5
c . & : c ; c
-05 0 05 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d4_85_R_4nm 200mms d4_86_R_4nm 100mms
5 acent [g] 5 aavg [g] 5 acent [g] 5 aavg [g]
Y PR Y S R of oo S Y S @ et
5 5 ° 5 5 5 ° 5
c . c . c . c
-0.5 0 05 -05 0 0.5 -0.5 0 05 -05 0 0.5
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d4_87_R_8nm 100ms d4_88_H_13Hz_0. 2nm
5 acent [g] 5 aavg [g] 5 acent [g] 5 aavg [g]
ol / ......... ol & ol / ......... ol —
5 5 ° 5 5 5 ° 5
c . c c . c
-0.5 0 05 -0.5 0 0.5 -0.5 0.5 -0.5 0 0.5
d4_89 H 13Hz_0. 4mm d4_90_H 13Hz_0.6mm
5 a. [ 5 a9l 5 5 a.ldl
0 oF-- - o ........ 0 ofF------ Q .......
5 5 S 5 5 5 S 5
c . c c N c
-0.5 0 0.5 -0.5 0 0.5 -0.5 0.5 -0.5 0 0.5
d4_91_R 4mm 200ms d4_92_R 4mm 100ms
5 acent [g] 5 aavg [g] 5 acent [g] 5 aavg [g]
oF----- - o oF----- - S oF------ - / ......... oF------ - ,_; .........
5 5 ° 5 5 5 ° 5
c . c c . c
-0.5 0 05 -05 0 0.5 -0.5 05 -0.5 0 0.5
d4_93_R 8mm 100ns® d4_94_EQ Taft_+70nm
5 acent (9] 5| aw ] 5 acent (9] 5 aavg ]
0/ ......... 0o> ......... of - - - A oF - - - F). .. ...
5 5 S 5 5 5 S 5
c N [ C N C
-05 0 05 -0.5 0 0.5 -0.5 0.5 -0.5 0 0.5
d4_95_EQ Taft_-70nm d4_96_EQ Taft_-80nm
5 5 aavg [g] 5 acent 5 aavg [g]
0 oF--- - (. . ... .. oF------ - oF------ . -
. .
5 5 ° 5 5 5 ° 5
c c c c
-0.5 0 05 -05 0 0.5 -0.5 05 -05 0 0.5
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d4_97_EQ Taft_+80nm d4_98_EQ Taft_+90mm
-5 -5 aavg el -5 5 9 tel
0 0 e QD ...... o o . <> ......
5 : 5 0 : 5 5 : 5 0 : 5
X c X c X c X c
-0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d4_99_EQ Taft_-90mm d4_100_EQ Taft_- 100mm
o} B EC I e ECEN
0 of - - - @ ....... 0 . of - - - ? .......
5 : 5 S : 5 5 : 5 S : 5
N C N C N c N [
-0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d4_101_EQ Taft_+100nm d4_102_EQ Taft_+110nm
5 a_.[dl 5 a : 5 a_.[dl 5| B la] :
0 ofF -« T} ...... OF- -/ e of: - ED— .......
5 : 5 0 : 5 5 : 5 0 : 5
X c X c X c X c
-0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d4_103_EQ Taft_-110mm d4_104_EQ Taft_-120mm
. EC I e ECEN.
0 : ofF------ 7 ...... ot/ - ofF-- - _Q Ce
5 : 5 S : 5 5 : 5 S : 5
. c . c N C . 4
-05 0 05 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d4_105_EQ Taft_+120mm d4_106_R_4mm 200ms
5 acent [g] 5 aavg [g] 5 acent [g] 5 avg [g]
0 of- - s& ....... oF------- / .......... oF---- - , ..........
5 : 5 0 : 5 5 : 5 0 : 5
X c X c X c X c
-0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
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d4_107_R _4nm 100ns d4_108_R 8nm 100ns
5| e CIR 5| %o @ 5| et CI 5| % LI
ol oo ol FOT ol / ......... ol B
5 : 5 ° : 5 5 : 5 ° : 3
. C . C . c . [
0.5 0 05 -05 0 05 -05 0 05 -0.5 0 0.5
d4_109_H 13Hz_0. 1nm d4_110_H 13Hz_0. 2nm
5 acent [g] 5 aavt;j [g] 5 acent [g] 5 avg [g]
0 ......... / .......... 0 ......... . .......... O ........ / ......... O ........ , .........
5 : 5 3 : 5 5 : 5 3 : 5
. C . C N C N 4
05 0 05 -05 0 05 -05 0 05 -05 0 0.5
d4_111_H 13Hz_0. 3nm d4_112_H 13Hz_0. 4nm
5 acent [g] 5 aavg [g] 5 acent [g] 5 avg [g]
Y T / ........ Y T _ ) T oo Y T =
5 : 5 ° : 5 5 : 5 ° : 3
. C . C . [ . c
05 0 05 -05 0 05 -05 0 05 -05 0 0.5
d4_113_H 13Hz_0. 5nm d4_114_R 4mm 200ns
_5 acent [g] _5 avg [g] _5 acent [g] _5 avg [g]
0 . Ob vy ob ot oo ob oot s
5 : 5 3 : 5 5 : 5 3 : 5
. c . c N C . 4
05 0 05 -05 0 05 -05 0 05 -05 0 0.5
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d4_115_R_4mm 100ms d4_116_R_8mm 100ms
5 acent [g] 5 aavg [g] 5 acent [g] 5 avg [g]
ofF- - / ......... ofF------ 1 N ofF----- - / ......... of- - -
5 5 ° 5 5 5 ° 5
. c . c . C . [4
-0.5 0 05 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5

S.7.5 Wall b5

d5_01_H 14Hz_0.05nm d5_02_H 14Hz_0. 1nm
5 a_.[dl 5 a_ gl 5 a_.[dl 5| % [¢]]
0 ................... 0 ................... O ......... / .......... O ......... Jooo e
5 5 ° 5 5 5 ° 5
. C . C . c . [
0.5 0 05 -05 0 05 -05 0 05 -05 0 05
d5_03_H 14Hz_0. 15nm d5_04_H 14Hz_0.2nm
5 a,.ldl : 5 a0l : 5 a. ol : 5 a, Ml
oF- - / ......... oF--- / ......... oF-- - / ......... oF-- - / .........
5 5 3 5 5 5 3 5
. C . C N C N c
0.5 0 05 -05 0 05 -05 0 05 -05 0 05
d5_05_R_2nm 200ns d5_06_R_4nm 200ns
5 a_.[dl 5 a_ ol 5| e [a] 5| e [e]]
OF - oo OF - - ofF - r .......... ofF - P e
5 5 ° 5 5 5 ° 5
. C . C . c . [
0.5 0 05 -05 0 05 -05 0 05 -05 0 0.5
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d5_07_R_4nm 100ms d5_08_H_14Hz_0. 2nm
5 acent [g] 5 aavg [g] 5 acent [g] 5 avg [g]
ob Jo OF oo ol / ......... ol S
5 : 5 ° : 5 5 : 5 ° : 3
. c . c . C . [4
-0.5 0 05 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d5_09_H 14Hz_0.25mm d5_10_R _2mm 200ms
5 acent [g] 5 aavt;j [g] 5 acent [g] 5 avg [g]
0 / of - - - Q ........ ofF - - - - , .......... ofF - - - , ..........
5 : 5 S : 5 5 : 5 S : 5
N C N C N c N [
-0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d5_11_R_4nm 200mms d5_12_R_4nm 100mms
5 acent [g] 5 aavg [g] 5 acent [g] 5 avg [g]
ob YRR ob S ol Lo ol A
5 : 5 ° : 5 5 : 5 ° : 3
. c . c . C . [
-0.5 0 05 -05 0 0.5 -0.5 0 05 -0.5 0 0.5
d5_13_H_14Hz_0. 3nm d5_14_R 2nm 200ns
5 acent (9] 5 avg ] 5 acent (9] 5 avg ]
0 of - - - Q ....... ofF - - - - , .......... ofF - - - . ..........
5 : 5 S : 5 5 : 5 S : 5
. c . c N C . 4
-05 0 05 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d5_15_R_4nm 200ms d5_16_R_4nm 100mms
5 acent [g] 5 aavg [g] 5 acent [g] 5 avg [g]
ob fo ob ST ol B ol PO
5 : 5 ° : 5 5 : 5 ° : 5
. c . c . C . 4
-0.5 0 05 -05 0 0.5 -0.5 0 05 -05 0 0.5
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d5_17_EQ Taft_-6mm d5_18_EQ Taft _+6mm
5 a_.[dl : 5 a ol 5 a_.[dl 5| % [¢]]
0 ......... .......... 0 .................... O .................... O ....................
5 5 ° 5 5 5 ° 5
. c N c c . c
0.5 0 05 -05 0 05 -05 0 05 -0.5 0 0.5
d5_19 EQ Taft_+11nm d5_20_EQ Taft_-11nm
5 a,.ldl : 5 a0l : 5 a. ol 5} % [¢]]
0 ......... / .......... 0 ......... , .......... O ................... O ....................
5 5 3 5 5 5 3 5
. c . c c . c
0.5 0 05 -05 0 05 -05 0 05 -05 0 05
d5_21_EQ Taft_-17nm d5_22 EQ Taft_+17nm
5 acent [g] 5 aavg [g] 5 acent [g] 5 avg [g]
of P of o of PR of o
5 5 ° 5 5 5 ° 5
. Cc N Cc c . c
05 0 05 -05 0 05 -05 0 05 -05 0 0.5
d5_23_EQ Taft_+22nm d5_24 EQ Taft_-22nm
_5 acent [g] _5 avg [g] _5 acent [g] _5 avg [g]
of foo of o of fo of o
5 5 3 5 5 5 3 5
N c . c C . [
0.5 0 05 -05 0 05 -05 0 05 -05 0 05
d5_25_EQ Taft_-28nm d5_26_EQ Taft_+28nm
5| et CIR 5| B LI 5 | e CI 5| % LI
of g of I of g of -
5 5 ° 5 5 5 ° 5
. Cc N Cc c . c
05 0 05 -05 0 05 -05 0 05 -05 0 0.5
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d5_27 EQ Taft_+33nm d5_28_EQ Taft_-33mm
5 acent [g] 5 aavg [g] 5 acent [g] 5 avg [g]
N R Y S Ob oo of o DT
5 : 5 ° : 5 5 : 5 ° : 3
. c . c . C . [4
-0.5 0 05 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d5_29 EQ Taft_-39nm d5_30_EQ Taft_+39mm
5 acent [g] 5 aavt;j [g] 5 acent [g] 5 avg [g]
of oo S of oo o Y S ob oo PO
5 : 5 S : 5 5 : 5 S : 5
N C N C N c N [
-0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d5_31_EQ Taft_+45mm d5_32_EQ Taft_-45mm
5 acent [g] 5 aavg [g] 5 acent [g] 5 avg [g]
ol Ao ol - ol PR ol PO
5 : 5 ° : 5 5 : 5 ° : 3
. c . c . C . [
-0.5 0 05 -05 0 0.5 -0.5 0 05 -0.5 0 0.5
d5_33_EQ Taft_-50mm d5_34_EQ Taft_+50mm
5 acent (9] 5 avg ] 5 acent (9] 5 avg ]
ob P EERTE ob PR ob P2 ob -
5 : 5 S : 5 5 : 5 S : 5
. c . c N C . 4
-05 0 05 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d5_35_EQ Taft _+56mm d5_36_EQ Taft_-56mm
5 acent [g] 5 aavg [g] 5 acent [g] 5 avg [g]
ol P ob e ol AR ol o
5 : 5 ° : 5 5 : 5 ° : 5
. c . c . C . 4
-0.5 0 05 -05 0 0.5 -0.5 0 05 -05 0 0.5

109


https://doi.org/10.1007/s10518-017-0282-8

Vaculik and Griffith (2017) Out-of-plane shaketable testing of urM walls in two-way bending
SUPPLEMENTARY MATERIAL

d5 37 _EQ Taft_-67nm

5 cent . 5 avg

a_[d]

-5 cent

d5_38_EQ Taft_+67nm

a
5 avg

0 oF-- -
5 5 ° 5 5 5 ° 5
: c . c c X c
-0.5 0 05 -0.5 0 0.5 -0.5 0.5 -0.5 0 0.5
d5_39_R 2mm 200ms d5_40_R_4mm 200ms
5 acent [g] 5 aavt;j [g] 5 acent [g] 5 aavg [g]
Y e Y R R S Y S
5 5 S 5 5 5 S 5
c . c c N c
-0.5 0 0.5 -0.5 0 0.5 -0.5 0.5 -0.5 0 0.5
d5_41_R 4mm 100ns d5_42_EQ Taft_+73nm
5 acent [g] 5 aavg [g] 5 acent [g] 5 aavg [g]
ob P ob - ob i, o e )
5 5 ° 5 5 5 ° 5
: c . c c X c
-0.5 0 05 -05 0 0.5 -0.5 05 -0.5 0 0.5
d5_43_EQ Taft_-73nm d5_44_EQ Taft_-78nm
5 acent (9] 5| aw ] 5 acent (9] 5 aavg ]
oF- -/ % ....... 0 B ,@ ....... ob - S of- - W .......
5 5 S 5 5 5 S 5
c N [ C N C
-05 0 05 -0.5 0 0.5 -0.5 0.5 -0.5 0 0.5
d5_45_EQ Taft_+78nm d5_46_R 2mm 200ms
5 acent [g] 5 aavg [g] 5 acent [g] 5 aavg [g]
0 3 of-- .wﬁ% . oF----- - ,, .......... oF------- . ..........
5 : 5 ° : 5 5 5 ° 5
: c . c c X c
-0.5 0 05 -05 0 0.5 -0.5 05 -05 0 0.5
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d5_47_R_4nm 200mms d5_48_R_4nm 100mms
5 acent [g] 5 aavg [g] 5 acent [g] 5 avg [g]
oF------ - P ofF-- - e oF------ - ,ﬂ ........ oF------ - _c; ........
5 5 ° 5 5 5 ° 5
: c . c c . c
-0.5 0 05 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d5_49_EQ Taft_+22mm d5_50_EQ Taft_-22mm
5 acent [g] 5 aavt;j [g] 5 acent [g] 5 avg [g]
oF - - - / ......... ofF - - - - ofF - - - / ......... ofF - - - .,. .........
5 5 S 5 5 5 S 5
: c . c c . c
-0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d5_51_EQ Taft_-45mm d5_52_EQ Taft_+45mm
5 acent [g] 5 aavg [g] 5 acent [g] 5 avg [g]
of- - > SN of- - — of - P of oo —n
5 5 ° 5 5 5 ° 5
: c . c c . c
-0.5 0 05 -05 0 0.5 -0.5 0 05 -0.5 0 0.5
d5_53_EQ Taft_+67nm d5_54_EQ Taft_-67nm
5 a  ld 5 a9l 5 a . ld 5 a4 9]
ofF - /@/ ...... ofF - v’Q ...... of - /Vy ...... 0 . v ......
5 5 S 5 5 5 S 5
N c . c C . [
-05 0 05 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d5_55_EQ Taft _-84nm d5_56_EQ Taft_+84mm
5 acent [g] 5 aavg [g] 5 acent [g] 5 aavg [g]
Oy/ ...... oF - -4 _@ ...... 0 OV;%
5 5 ° 5 5 5 ° 5
: c . c c . c
-0.5 0 05 -05 0 0.5 -0.5 0 05 -05 0 0.5
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d5_57_EQ Taft_+89mm

d5 58 EQ Taft_-89nm

5 acent [g] 5 aavg [g] 5 acent [g] 5 avg [g]
0 0 aw& oxz/ﬁy ...... 0 .
5 : 5 ° : 5 5 : 5 ° : 3
. c . c . C . [4
-0.5 0 05 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d5_59_EQ Taft_-95mm d5_60_EQ Taft_+95mm
5 acent [g] 5 aavt;j [g] 5 acent [g] 5 avg [g]
ob- - Qg/ Ov‘w OpM/ 0 %d\
5 : 5 S : 5 5 : 5 S : 5
N C N C N c N [
-0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
d5_61_EQ Taft_+100mm d5_62_EQ Taft _- 100mm
5 acent [g] 5 aavg [g] 5 acent [g] 5 aavg [g]
5 : 5 ° : 5 5 : 5 ° : 3
. c . c . C . [
-0.5 0 05 -05 0 0.5 -0.5 0 05 -0.5 0 0.5
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S.8 Cracking Pattern Photographs

Photographs of each wall at the conclusion of testing are shown by Figures S.43-S5.47.
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Figure S.43: Wall D1 at the conclusion of testing.
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Figure S.44: Wall D2 at the conclusion of testing.
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Figure S.45: Wall D3 at the conclusion of testing.
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Figure S.46: Wall D4 at the conclusion of testing.
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Figure S.47: Wall D5 at the conclusion of testing.
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S.9 Attached Test Data

Accompanying the present Supplementary Material document is a zIP file containing unprocessed
and processed time-domain data obtained from these tests.

Both are available at the following DOI: 10.4225/55/520138124b6c0
All test data is sampled at a rate of 200 Hz.

Unprocessed data are contained in the subfolder /channels. The enclosed files provide readings
from each of the ten displacement channels and six acceleration channels as defined in Figure S.15.

Processed data are provided in the subfolder /processed. Each file contains the following nine
columns:

1. Table position, Tiap;

Average support position, Tsup.ave;

Relative displacement between top support and table, Agyp top-tab;
Table acceleration, agap;

Average support acceleration, asup.ave;

Wall central displacement, Ay cent;

Initially zeroed wall central displacement, Ay cento;

Wall central acceleration, aw.cent; and

© ® N ook W N

Wall average acceleration, . avg-

The process used to obtain each of the above response variables is described in Section S.4.
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