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Improving multi-axial hybrid testing capability to replicate earthquake actions on structures

Executive Summary

This report presents the results from an experimental programme aimed to improve the
pseudodynamic testing method for simulating earthquake loads on structural specimens. Specific
extension of the research included developing advanced multiple actuators control to simulate multi-
axial and coupled earthquake excitations. A low-damage rocking concrete column was selected as the
experimental specimen and was tested pseudostatically and pseudodynamically. This allowed multiple
tests on the same specimen. A sophisticated algorithm precisely applied the loads to the top of the
column in two orthogonal directions through two computer controlled actuators. An additional
novelty of the research was the examination of the effects of different displacement patterns and
loading sequences on the column response, and the corresponding implications for laboratory testing
procedures on design. Pseudostatic test results showed that different loading patterns indeed produced
very different strength prediction as well as different energy dissipation characteristics. This
confirmed the need to consider and intelligently select appropriate loading protocols in laboratory test,
to replicate structural behaviour expected during actual seismic events. This project also found that
different loading sequences within loading substeps in a pseudodynamic test can lead to different
displacement responses from identical earthquake input.
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1.0 Introduction / Background

There are a number of techniques for predicting the response of structures in earthquakes. Numerical
dynamic simulations are increasingly popular and they are capable of modelling many complex local
and global behaviours. Despite this, there are still situations where the structural response cannot be
reliably predicted and physical experimentation remains the only dependable technique for gaining
insights. Moreover, numerical simulation tools are typically developed based on data acquired
through experiments or they require parameters that are established through physical testing. The
advancement of numerical simulation tools is therefore linked to advances in physical
experimentations.

The shake table test has long been regarded as the most accurate method to replicate the response of
structures during earthquakes. A shake table test directly imparts a sequence of ground displacements
at the base of a specimen in real time. The shake table motion can originate from accelerations
recorded during real earthquakes or generated by artificial means. A shake table test intuitively
triggers dynamic behaviour of the structure (e.g. inertia and damping forces), which in turn directly
replicates damage in the specimen. However, limited size and capacity of shake table restrict the size
of model that can be tested. Concurrently, the cost of a large shake table and its running cost make
shake table tests prohibitive. For these reasons, shake table tests are commonly performed on scaled
models. This presents additional difficulties in translating results from scaled shake table tests to the
expected response of the full scale prototype. The influence of size on structural characteristics can be
clearly observed in reinforced concrete structures, where shear strength is greatly influenced by the
size of the member and this cannot be captured when using small scale beams [1].

These challenges led to the development of the pseudodynamic test (PSD) method. This method
combines the use of a numerical model and physical testing, and it permits the application of large
loads to large specimen at pseudostatic rate to obtain dynamic response. This method was first
implemented in Japan ca.1975 [2], referred to as “online testing”, and has been intensively
developed there and also in the US since [3]. Today, this method has also gained popularity in
worldwide, most notably the European Laboratory for Structural Assessment (ELSA) at Ispra, Italy
[4], in addition to several universities and research institutes in China and Taiwan [5, 6].

Past research comparing the pseudostatic, dynamic and pseudodynamic tests have been restricted to
uni-directional ground motions in the main. In reality, earthquakes produce complex, multi-directional
excitations and most buildings are irregular both in plan and vertically. These make it ever more
important to investigate the test accuracy when attempting to simulate coupled multiaxial response.
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2.0 Research objectives

This research project makes use of two dynamic servo-hydraulic actuators with +300 kN load
capacity and 150 mm stroke located at the University of Auckland structural testing laboratory [7].
More information about the facility is summarised in a paper by the authors [8]. The current research
follows the work from the aforementioned paper which developed a novel actuator delay
compensation method to conduct PSD continuously (without stoppages) at increased loading rate The
PSD tests at the University of Auckland have so far been restricted to unidirectional excitations. This
project aims to extend Auckland’s PSD setup capability to allow multi-axial PSD tests.

In experimental testing, there are an infinite number of possible load paths to apply deformations in
three dimensional space to a specimen. For example, consider a reinforced concrete column with
rectangular cross-section subjected to a displacement from Point 1 to Point 2 as shown in Figure 2-1.
There are three convenient and plausible paths to command the actuators to displace the section. For
asymmetrical section, where section stiffness are different in the two principal directions, different
loading sequences will lead to different strength degradation, stiffness degradations and energy
dissipation characteristics. This was demonstrated in a previous study where a rectangular hollow
steel columns was tested using various predefined displacement patterns and the behaviour of the
column in the inelastic range was shown to be path-sensitive [9].

There are therefore two main objectives of the experiments reported herein, these are,

e to set up a biaxial PSD testing facility at the University of Auckland structural testing
laboratory to enable more realistic simulations of earthquake load; and

e to investigate the effect of different displacement paths and loading sequences on energy
dissipation of inelastic structures and accuracies of the biaxial PSD tests.

[ 2
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Y | Vs 1 >
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X N

Figure 2-1 Plausible displacement paths for applying an in-plane displacement
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3.0 Planar Actuator Control Algorithm

Precise control of structural test specimen displacement in a two dimensional plane is more complex
than it may first appear. This is typically achieved by controlling the lengths of two or more
perpendicularly placed hydraulic actuators connected to the specimen. The control of the specimen
location thus involves nonlinear geometric interactions of the actuators. This is illustrated by an

example of arching motion consideration in Figure 3-1.
3
- —@ error
Actuator 1

|
|
I |
I I
| | Desied osion
|
1
I
|

Original position I

Actual realised position

Actuator 2

Plan view

Figure 3-1 Position error due to actuator arching motion

This project developed a non-linear transformation and tracking algorithm that ensures specimen
deformations are applied precisely in real time. Consider the plan view of the initial setup of a PSD
test in Figure 3-2.

F1
AAAAAAAAAA e e
o
q'—i
<

A1
. A2 o

: R

Figure 3-2 Plan view of general initial test setup
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The variables in Figure 3-2 are described below.

A;L, :initial length of Actuator 1

A,Ly :initial length of Actuator 2

0 : initial position of the column geometric centre

uq, Ry : displacement and restoring force in the / direction
Uy, R, : displacement and restoring force in the 2 direction
Al, F1 : end nodes of Actuator 1

A2, F2 : end nodes of Actuator 2

The initial lengths of the actuators (4;Ly and 4,L,) do not change throughout an experiment and can
be determined at the beginning of a test. O is located at the specimen’s geometric centre. Only two
translational degree-of-freedom (DOFs) are considered in these experiments; torsional response is

neglected.
F1
...... |
a, w
3
_ R,
,‘AV O
F2 |
L] AT
Au,
o o
2
1 K——>
Au,
Figure 3-3 A typical displaced position
Consider now a typical displaced position shown in Figure 3-3, where
AqLy  : current length of Actuator 1
AzLg - current length of Actuator 2
o : current position of the column geometric centre
a; : the acute angle between the current direction of Actuator 1 and the / axis
ay : the acute angle between the current direction of Actuator 2 and the 2 axis
Auy : change in displacement in the / direction
Au, : change in displacement in the 2 direction
R, : restoring force in the directions of Actuator 1 orientation
R, : restoring force in the directions of Actuator 2 orientation

A1, F1 : current position of end nodes of Actuator 1
A2’, F2 : current position of end nodes of Actuator 2

The University of Auckland
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In this configuration, A;Ls and A;Ls can be deduced directly from the measurements taken by the
internal displacement transducers inside each actuator, that is

AL = AL +T

where k identifies the actuator (1 or 2), and T represents the linear displacement measured by the
internal displacement transducer of Actuator k. Once are A; Ly and A, Ly obtained, they can be used as

input to solve for Au; and Au,. This then provides a means to establish and control the new location
of the column (O°). The algorithm assumes the following,

e the column is rigid in plane. i.e, any point on the column faces is displaced by the same
amount in the plane of the column cross-section;

e the column displacements are in-plane only. i.e. Vertical displacement due to the rocking
motion is neglected.

The non-linear geometric constraint equations can be written as,

F 0= (AL, +Auw, ) +(Au,)* ~ (AlL_/')z
F,:0=(A4,L, + Au, )2 +(Ay )2 - (Asz)z

An iterative Newton-Raphson procedure is then used to solve for Au and Au,. This is defined by the
following general expression,

[X],. =[X], ~[JIX],]'[F1X],]

n+l

where J is a Jacobian matrix for /F]. For this specific algorithm, J is defined as

OF,  ©F

ohu, 0Au, | 2(A1LO Ay, Au, ]
oF, 0F, A, AL, +Au,
OAu, OA—MZ

The iteration process is then terminated once convergence is achieved within some predetermined
tolerance.

Once Au,; and Au, has converged, the orientation of each actuator relative to its original orientation
can be calculated as

A
a, =tan " (——2 )
AL+ Au,
A
a, =tan”' (—u1 )
AL, +Au,

The University of Auckland Page 5



Improving multi-axial hybrid testing capability to replicate earthquake actions on structures

The load cell in each actuator measures the restoring force from the column in the current direction of
each actuator R; and R, . Consequently, they must be transformed back into forces in the original
coordinate system, R; and R,. This can be achieved by the following transformation matrix,

ERIJ (cosoe1 sinazj R
R, sing;  cosa, )| R,
These nodal displacements Au;and Au,, and restoring forces R; and R,, provide the feedback
variables for the PSD algorithm to determine the target displacements u; and u, for the next step.
Since these target displacements are in the original coordinate system, they must be transformed to

account for the current orientation of actuators. The target displacements at the current orientations of
the actuators, u; 4 and u, 4 are derived according to the following relationship

1
U, = (u, + A, L,(1-cose,))
cosq,

where

Ay Ly : initial length of Actuator £ (1 or 2)

Uy 4 - target displacement in the direction of Actuator & (1 or 2)
u;,  :target displacement in the direction DOF £ (I- or 2- axis)
a  : last orientation of actuator k (a;or a;)

The process is repeated each time new target displacements are required.
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4.0 Methodology

The experimental programme is divided into two parts,

A. Series of bi-directional PSD tests following three different loading strategies for each loading
substep, and
B. Series of pseudostatic cyclic pushover tests following four different loading patterns.

The loading strategies for test series A are as shown in Figure 2-1. Loading strategy III in the figure
denotes the most direct load path where the specimen is displaced in both principal directions
simultaneously. While, loading strategies I and II denote the other extremes where the column is
displaced in each principal direction at a time. This series of test evaluates the effect of load paths on
the results from PSD tests.

The four loading patterns for test series B are as shown in Figure 4-1. These patterns were developed
based on ACI guidelines [10]. These tests applied rounds of increasing displacements following the
different paths. The four paths considered were,

e Linear — where cyclic displacements are increased and decreased in both principal axes
simultaneously.

e Circular — where cyclic displacements follow a circular pattern in plan, and the rates of
displacement application are increasing and decreasing in the two principal directions.

e Diamond — where cyclic displacements follow a diamond pattern in plan, and the rates of
displacement applications are constant but increasing and decreasing respectively in the two
directions.

e Clover — Where cyclic displacements follow a clover leaf pattern in plan.

These tests directly consider the effect of loading history and loading paths on commonly used
laboratory test results.

Linear Pattern Circular Pattern
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Figure 4-1 Displacement patterns for the pseudostatic experiment
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4.1 Testing Matrix

Six sets of earthquake ground motion were considered for the PSD tests in test series A. For each set
of ground motion, the tests were repeated for the three different loading strategies. The earthquake
records were selected and scaled based on the NZS1170.5:2005 [11]. Figure 4-2 shows the site-
specific target acceleration spectrum and the response spectra of the individual scaled earthquake
records. The earthquake records were scaled to fit the target spectrum for the period range of 0.4s to
1.3T;, where T, was the largest translational period in the direction of interest, i.e. the effective period
T,.

The pseudostatic tests in test series B applied six sets of cyclic deformations to the column for each of
the four different loading patterns. The sets of cyclic deformations were increasing in amplitudes and
were measured as multiples of the yield displacement, also known as the ductility factor (). Three
cycles of loading were applied at each of the ductility levels =%, 1, 1.5, 2.25, 3.5 and 5. Except for
the linear pattern, where the rate of the load imposed was constant throughout the test, the rate of
loading during the pseudostatic tests varied. The actuators were limited to a maximum loading rate of
1.5 mm/s for all tests in test series B. Table 4-1 summaries the different experiments for this study.

10 4

|| Period of interest |l
1 1

Spectral acceleration (g)

——dlcentro1979H1 eidentro197842

Target e ChiChiH1 e ChiChiH2
Tabas143H1 Tabas143H2 o= ArcelikH1 —A:rcelikHZ —Du:zceHl
e Duzce H2 e==YarimcaH1 e=YarimcaH2 1 1
0.1 T T
0.01 0.1 1
Period (s)

Figure 4-2 Spectral accelerations of the scaled earthquake records used in the testing regime

Loading Description Displacement Pattern

pattern
é) SI?A SB;ZE? lpgsg ;1 (}l,oai};zaﬁgi ;:;rt Pattern I Pattern II Pattern I11
é) (31])3 ];(i;)l(fijil {);ggd]gﬁ;,?s%ﬁﬂz;t Pattern I Pattern II Pattern II1
é) SDC S]?:laﬁziiall g;gugﬁi}gl}??};a;i; Pattern I Pattern II Pattern II1
é) 31])) 5(31:1); 13111)9?; iorigliil,n;"curf:; Pattern I Pattern II Pattern III
15 g% Biagiig;i‘gi%dﬁlgg;;eﬁ Pattern I Pattern II Pattern III
é) SI; SBCSZ?II g;gugzi}r]g?gl,ﬁu:z; Pattern I Pattern II Pattern III

QS Biaxial quasi-static test Linear Diamond Circular Clover

Table 4-1 Experiment matrix
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4.2  Prototype Structure and the Test Specimen

The specimen used in the experiments was an unbonded post-tensioned (PT) reinforced concrete (RC)
column with asymmetrical cross-section. The column was designed to rock elastically under lateral
loading. Furthermore, replaceable mild-steel bars were mounted externally to provide additional
energy dissipations and to recreate a plastic response. A rocking column was selected as the test
specimen to ensure the specimen do not degrade and tests can be reliably repeated and thus removing
a source of discrepancies between trials. A rocking mechanism prevents the formation of plastic hinge
and damage that usually occurs at the base of a monolithic column. The unbonded PT bars improve
the stability of the rocking column, preventing it from toppling and gives rise to a stable positive post-
uplift stiffness. The overall behaviour is essentially non-linear elastic with small amount of energy
dissipation from the externally mounted energy dissipators (EMD). The system is expected to produce
a “flag-shaped” hysteretic curve typical for rocking structures [12].

The column specimen was sized to represent a 1:3 scale prototype bridge pier and envisaged to be a
part of a large span bridge system, such as that shown in Figure 4-3. The bridge pier was designed
using Direct Displacement Based Design (DDBD) procedure [13]. The DDBD procedure uses an
equivalent single degree of freedom (SDOF) substitute structure with secant stiffness to the target
displacement at Maximum Considered Earthquake. Table 4-2 summarizes the parameters defining the
elastic hazard spectrum according to [11] for the column being tested. This design followed closely to
the column tested by Marriot [14].

Table 4-3 presents a summary of the model and prototype column dimensions in the experiment, and
Figure 4-4 presents a schematic of the laboratory setup. The model column, herein referred to as the
column, was detailed with 12 — D10 (10mm diameter, Grade 300 MPa, deformed bar) as longitudinal
reinforcements, and three D10 rectangular hoops at 120 mm centres as transverse reinforcements. A
30x30x3 steel equal angle was cast into the concrete around the column base perimeter to minimise
damage due to rocking impacts. Horizontal ducts were also cast into column base for attaching the
steel brackets to hold the replaceable externally mounted mild steel bars (energy dissipators). Due to
reinforcement congestions, chemical anchors were used to mount the steel brackets on the shorter
column face. Concrete with 40 MPa unconfined compressive strength was use for the column and the
column foundation. Concrete cylinder tests completed on the day of testing confirmed the concrete
quality.

The concrete column sits in the opening of a perimeter steel base plate. This base plate prevents
sliding of the column upon rocking and provides anchorage of the EMDs.

A selection of photographs taken during construction are shown in Figure 4-5 and engineering
drawings of the column, foundation and steel brackets are provided in Appendix A.

Deck Properties
Total width=8.5m 1800 kN

Total depth=1.5m
Unit area=4.21m’/m

4.8m PR

(a) Prototype Bridge System (b) Prototype Bridge Pier

Figure 4-3 Prototype bridge system
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Structural design parameters according to NZS 1170.5

Soil Site class
Z
Ty
R
D
N(r,0)
Sp
C(T;{=0) =PGA

Varies depending on the fundamental period [11]

Site class C
0.4
2000 years
1.7
8 km

1.0
0.301

Table 4-2 Seismic hazard parameters

Prototype Model
Cross-section area 1.1025 m’ 1.225 x 10° mm’
Cross-section dimension 1.05 x 1.05m 490 x 250 mm
Pier height 48m l1.6m
Part1c1pat11110gatlieck gravity 900 kN 100 kN

Table 4-3 Properties of prototype and model of bridge pier

Column:

¢ 490 X 250 mm

+ f/=40MPa

PT bars:

e VSLCT @29

+ f,=870 MPa

* Initial prestress force = 65 kN
EMD:

actuator

/ reaction frame
| |
[
jI‘——l':qu,‘: o‘ ‘O
O o | |
o o
[
I I
I I

1600 mm

* G250 mild steel bar
* @16 milled down to @8

—
590 mm

K

I
column \ |
I
I

foundation g
block

BE= =i

EMD

Figure 4-4 Elevation view of test setup, stronger axis face (left) and weaker axis face (right)
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gmAngle sectiones===

e T

L

-(b) Cast in place steel equal angle welded (c) Duct at column base for attaching steel
to main reinforcements bracket to column face

(d) Freshly casted column

Figure 4-5 Photographs showing the construction sequence of the unbonded PT column
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“

¢ £ - r
.\ b ‘fi’l -

(a) Reinforcement arrangement of the concrete foundation block. Ducts were inserted for
tensioning of the PT bars and securing the foundation block to the laboratory strong floor.

Cast-in steel rods provided anchorage to the steel base plate

() View of the cast—mstelbol heaafter
pouring

i1 \ \ 20 4 <l
(b) Casting of concrete into foundation block

Figure 4-6 Photographs showing the column foundation construction sequence
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5.0 Results

This report presents a selection of the results from the pseudostatic and PSD tests. The results
highlight the importance of conducting multi-axial testing in the laboratory and also
demonstrate the functional status of the biaxial PSD testing facility at the University of
Auckland.

5.1 Pseudostatic Test (Test Series A) Results

Figure 5-1 presents individually the force displacement response of the column from the
pseudostatic cyclic tests for each loading pattern, shown separately for each axis of loading.
In these figures, X direction displacements are parallel to the larger dimension of the column
cross-section and represent major axis bending.

The force-deformation curves exhibited the expected flag-shaped behaviour of a self-
centering system with hysteretic energy dissipators. The results showed that different loading
patterns produced distinctly different strength and energy dissipation characteristics.

It can be observed from Figure 5-1 that only the linear displacement pattern produced similar
energy dissipation in the positive and negative directions for both axes of loading. The other
patterns dissipated more energy in one direction than the other. This can be explained by the
fact that the specimen was essentially loaded about a single bending axis under the linear
displacement pattern, while the resultant bending axis is constantly changing in the other
loading patterns. Coupled this with greater EMD extension due to the different load paths,
extra bending actions and consequently misaligned compressive load on return cycles, it led
to greater opportunities for disspator buckling and hence plastic deformations in the non-
linear displacement patterns, similar in concept as a “ratcheting” phenomenon.

Table 5-1 details the amount of energy dissipation in the different tests, in the different
directions expressed as equivalent viscous damping.

Figure 5-2 presents the strength envelopes developed from the pseudostatic tests. The figure
shows that displacement paths have a significant effect on the final strength definition. The
diamond displacement pattern produced the highest early strength and highest initial stiffness.
This was followed by the clover displacement pattern and then the linear displacement
pattern when each direction was considered in isolation. This can be explained by considering
the out-of-plane displacement during an increasing in-plane displacement cycle.

Consider the case when X direction displacement is increased from zero to a peak value using
the diamond displacement pattern, the corresponding Y displacement would decrease from
the peak value to zero. For a post-tensioned rocking specimen, the initial Y displacement
would have caused considerable uplift and hence large axial force in the PT bars and large
restoring strength even at very low X displacement. Conversely, under the linear
displacement pattern, both X and Y direction displacements grow from zero to the peak value
simultaneously and there is less axial force in the PT bar initially and hence it produces a
lower strength value for a given X displacement. Figure 5-3 shows the variation of PT force
as a function of X and Y direction displacements under the different displacement pattern.

This highlights the importance of considering multi-axial displacements when establishing a
system’s basic force-displacement relationship, and when conducting physical experiments.
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Improving multi-axial hybrid testing capability to replicate earthquake actions on structures

5.2  PSD Test (Test Series B) Results

Test series B comprised of six sets of PSD tests. For brevity, only three sets of the tests will be
covered in this report, namely PSD EQ A (Tabas), PSD EQ B (Duzce) and PSD EQ F (Yarimca). For
these tests, the specimen represented a prototype bridge pier and it was subjected to bidirectional
earthquake ground motion input via the PSD method. Unlike test series A, the displacement histories
for the structure were not known prior to the tests, but they were interactively determined from the
underlying numerical model during testing. Within each set of the PSD tests, the tests were repeated
following three different displacement tracking strategies, as shown in Figure 2-1, when applying
each sub-load step.

The column displacement time histories and force displacement response during the three earthquake
simulations are shown in Figure 5-4 to Figure 5-9.

These figures highlight differences in amplitude and phase of the column displacements in both axes
due to the different displacement tracking strategies. This is most clearly shown by the very different
displacement trace in plan view shown in Figure 5-5, Figure 5-7, and Figure 5-9. It should be noted
that a classical flag-shaped hysteretic curves did not develop, and that appreciable residual drifts were
present. This was in part caused by a large crack at one corner of the column and therefore sliding,
opening and closing of this crack dominated the hysteretic behaviour. The figures also highlighted
poor performance of the EMD due to buckling and slippage.

In the absence of true reference result from full dynamic tests (e.g. shake-table test), or idealised
numerical simulation, the tracking strategy Path III can be thought as the ideal solution considering
the shortest path is the most plausible. For each tracking strategy, the amplitudes attained at every
half-cycle in the displacement time history are identified. Figure 5-10 shows an example of the
identified amplitudes, positives and negatives from PSD EQ B (Duzce). The amplitudes attained by
tracking strategies Path I and Path II can then be quantified in term of their differences, or errors,
relative to Path III. Mathematically, these amplitude differences can be represented as a normalised
error € defined as,

Ai _AIII
gl' = AI[I

where 4 = displacement amplitude and i = I or I e.g. 4’ indicates displacement amplitudes attained
during Path i test. Consequently any negative values ¢ indicate that the attained amplitudes in Path I or
II are smaller than the reference value Path 111, while positive values indicate the opposite.

Collating the normalised amplitude errors from each cycle in the earthquake time histories, Figure
5-11 plots the distributions of these errors as a density function, fx(x). In each plot, a solid black line
parallel with the vertical axis is drawn at zero ¢. If different displacement paths, on average, produced
the same amplitudes displacement, this would be indicated by the peak (median) of the density
function coinciding with this line.

It is interesting to note that the median values of ¢ across all results are mostly positive, i.e. the
amplitudes at peaks of each cycle attained via Path I and II are generally larger than Path III. During
Path I or Path II tests, the column displaced a greater distance compared to Path III, providing greater
opportunity for increased plastic deformation in the column. Therefore it is likely that the column
developed a lower restoring force which in turn led to larger displacement in the PSD algorithm.
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6.0 Conclusion

This report presents the results of a major experimental project evaluating the pseudostatic and
dynamic response of a rocking column with replaceable externally mounted energy dissipators. The
project subjected the column to bidirectional cyclic pseudostatic pushover using four displacement
patterns, and a series of simulated earthquake excitations using PSD testing technique with three
displacement tracking strategies. This amounted to a total of 22 tests, including 4 pseudostatic tests
and 18 PSD tests. The tests were conducted on the same rocking column specimen as it was
specifically designed as a low damage element. The experiments investigated the effects of
displacement paths and loading sequences had on the response of inelastic structures and accuracies
of biaxial PSD tests.

The pseudostatic tests showed that different loading patterns produced distinctly different strength and
energy dissipation characteristics. The exact two dimensional loading path was found to be an
important factor as it altered the axial load on the rocking column and hence the strength envelope.
Furthermore, different displacement loading paths led to different principal bending axis which for the
non-linear loading patterns had demonstrated to promote ratcheting.

The PSD tests showed that different displacement tracking strategies or more generally displacement
paths affect the amplitude and phase of PSD test results. This in turns are further subjected to history
dependent errors. A statistical analysis of the results highlighted that deviation from the most direct
loading path tends to produce greater displacements due to increased plastic deformation in the
column and lower restoring force.
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e Gultom, R., and Q. T. Ma. “Biaxial pseudodynamic tests of a post-tensioned rocking column
with externally mounted energy dissipators.” Proceedings of the New Zealand Society for
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Earthquake Engineering, 47 (1), 15-27, 2014.

e R. Gultom, and Q. T. Ma. “Intuitive Real-Time Compensation Algorithm for Actuator
Control Errors in Fast PSD Tests.” Tenth US National Conference on Earthquake
Engineering: Frontiers of Earthquake Engineering, Anchorage, Alaska, USA. July 21-25
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e R. Gultom, and Q. T. Ma. “Accuracy of biaxial pseudodynamic tests on a rocking post-
tensioned column subject to displacement tracking strategies” Journal of Strucutral
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Appendix A - Schematic drawing, test setup, and components
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Figure A-5 Schematic of the column with steel base plate, EMD and actuator mounts.
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