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Modeling and Simulation:
Objective and Goals
§ Develop a model capable of 

producing a credible prediction of 
the performance of the prototype 
structure:
§ The prototype structure is, often, 

outside the parameter range for which 
the model has been validated

§ Goals:
§ Predict the performance of the 

prototype structure
§ Quantify the accuracy and the 

uncertainties associated with that 
prediction
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§ Rigorous answers to 
future engineering 
questions will 
increasingly be given 
by integration of 
virtual testing and 
real experiments 

Challenge



Institute of Structural Engineering 
Structural Dynamics and Earthquake Engineering Group 

§ The paradigm for:

§ Verification and 
validation of 
prototypes

§ Conduct of 
engineering design 
iterations

Hybrid Modeling and Simulation
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Hybrid Model

Photo by Horatiu Gheorghe on Flickr
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Hybrid Modeling and Simulation

Carrion and Spencer, 2007
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§ Pulsators § Shaking Tables

Some Pre-History
PM2010 World Congress – Fatigue IV - Applications 
 

 

In pulsator test rigs tooth root carrying capacity of industrial and standard test gear geome-
tries are tested, Figure 3 left. By varying the load level, the tensile stress in the tooth root is 
varied as well. The load carrying capacity is described by S/N-curves according to Wöhler 
and is divided in a low cycle and a high cycle fatigue range. The testing includes two low 
cycle fatigue levels. The limiting cycle number is the number of load cycles, where a speci-
men is considered passed. Here, both variants are tested with the same limiting number of 
load cycles, which is chosen as N = 3∙106 based on [18]. The strength level with a limiting 
number of load cycles of N = 3∙106 is evaluated by the staircase method according to Hück. 
The strength level formerly was considered as the endurance level. However, state-of-the-art 
research shows, that also after the number of cycles at which a specimen is considered 
passed, the strength level is still decreasing [19, 20]. 
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Figure 4: Principle of Hydraulic Pulsator Test Rig  
 

Here, the strength level with a limiting number of load cycles of N = 3∙106 is calculated for a 
reliability of PA = 50 %.  
The used test rig is a vertical hydraulic pulsator, Figure 4. Hydraulic test rigs apply the test 
force trough a hydraulic cylinder. The oscillation is controlled by a servo-valve. The number 
of clamped teeth is similar for both tested variants to ensure the same bending lever arm. 
The sinusoidal load is applied by one side of the pulsator. With a hydraulic test rig other than 
sinusoidal oscillation courses are possible, but unusual. Furthermore the setting of upper and 
lower force as well as the frequency can be chosen independently within their technical lim-
its.  

5 Load Carrying Capacity of PM Gears 
The WZL has a wide range of test rigs for gears, e.g. the test rigs for load carrying capacity 
mentioned above, as well as sound test rigs, gear box test rigs and drive train test rigs. For 
PM gear applications the first requirement is the necessary load carrying capacity. In public 
projects and dissertations several investigations of PM gear load carrying capacity were per-
formed. The results are shown below. 
Other PM gear tests indicate a dependence of load carrying capacity on the density. Fig-
ure 5 shows the results of tooth root load carrying capacity tests for different PM gears with a 
limiting number of load cycles N = 3∙106 [15]. The load carrying capacity is related to a refer-
ence of 16MnCr5E (AISI 5115). The dependence of the load carrying capacity on the density 
can be approximated with a quadratic function. The approximation meet the results with a 
high coefficient of correlation of r = 0.987. The influence of sintering temperature and mate-
rial composition is secondary. [4] 

Kuaffmann P., 2010 E-Defense, Japan
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Some History

(SDOF) system was combined with the solution of the equation of
motion on an analogue computer. The PsD test method was first
formally implemented by Takanashi et al. [4]. The method was
seen a necessity to form more accurate analytical models to cap-
ture stiffness and strength deterioration during earthquake load-
ing. The PsD method therefore analysed the nonlinear response
of a structure during an earthquake, but with the stiffness nonlin-
earity modelled by a physical test specimen rather than an analyt-
ical model. The structural stiffness of the test member input into
the computer model was obtained from the physical experiment
of the structure. The predicted deformations computed by a piece-
wise linear method were then sent back to the actuator to give the
next time step target displacement for the actuator to apply to the
test system. This procedure was repeated until the end of the test.

A PsD test offers a powerful way of verifying the performance of
seismic-resisting structural systems, and can provide valuable data
for the development and calibration of non-linear numerical mod-
els of structures and elements (see Section 6.1 for examples). It
enables realistic seismic simulation without the need for dynami-
cally rated test equipment, and the slow rate of testing allows for
very complete monitoring and inspection of the state of the struc-
ture at every stage of the earthquake.

In the PsD test method, it is conventionally assumed that the
structure can be represented by lumped masses. At the location
of the lumped masses, actuators apply the dynamic loading to
the structure in the form of target displacements whilst inertia

and damping are numerically modelled. The equation of motion
in Eq. (1) is solved over a series of time steps Dt, i.e., at the (i
+ 1)th step of:

M€xiþ1 þ C _xiþ1 þ Riþ1 ¼ Fiþ1 ð1Þ

in which M is the mass matrix, €xiþ1 is the nodal acceleration vector,
C is the damping matrix, _xiþ1 is the nodal velocity vector, Ri+1 is the
restoring force vector and Fi+1 is the external excitation force
applied to the system. For a linear elastic structure Ri+1 = Kxi+1 in
which K is the elastic stiffness matrix and xi+1 is the nodal displace-
ment vector; for a non-linear system with hysteresis, the elements
of K will change during the loading event and the relationship
between R and x becomes more complex, depending on the dis-
placement history as well as the current state. Fig. 2 indicates
how the displacement xi+1 is calculated by the numerical compo-
nent and sent to the experimental test structure. The displacement
command for the current time step is applied to the structure by the
actuators. The measured restoring force, Ri+1 is then fed back to the
numerical model where the displacement for the next target dis-
placement command is calculated. Effectively, the PsD test method
is a computational dynamic analysis in which the stiffness term is
measured physically [5].

In PsD testing, the slow loading rate of the test structure is
required so as not to induce damping or inertia responses, because
these have already been accounted for numerically [6]. In early

Fig. 1. History tree of the types of hybrid testing and their first implementations (after [2]).

Fig. 2. Schematic of the pseudo-dynamic test method [2].

242 D.P. McCrum, M.S. Williams / Engineering Structures 118 (2016) 240–261

Carrion and Spencer, 2007

Thewalt (1987)

Multi-directional 
PsD Testing

Thewalt & Mahin
(1987)
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Current Status (IMHO)

(SDOF) system was combined with the solution of the equation of
motion on an analogue computer. The PsD test method was first
formally implemented by Takanashi et al. [4]. The method was
seen a necessity to form more accurate analytical models to cap-
ture stiffness and strength deterioration during earthquake load-
ing. The PsD method therefore analysed the nonlinear response
of a structure during an earthquake, but with the stiffness nonlin-
earity modelled by a physical test specimen rather than an analyt-
ical model. The structural stiffness of the test member input into
the computer model was obtained from the physical experiment
of the structure. The predicted deformations computed by a piece-
wise linear method were then sent back to the actuator to give the
next time step target displacement for the actuator to apply to the
test system. This procedure was repeated until the end of the test.

A PsD test offers a powerful way of verifying the performance of
seismic-resisting structural systems, and can provide valuable data
for the development and calibration of non-linear numerical mod-
els of structures and elements (see Section 6.1 for examples). It
enables realistic seismic simulation without the need for dynami-
cally rated test equipment, and the slow rate of testing allows for
very complete monitoring and inspection of the state of the struc-
ture at every stage of the earthquake.

In the PsD test method, it is conventionally assumed that the
structure can be represented by lumped masses. At the location
of the lumped masses, actuators apply the dynamic loading to
the structure in the form of target displacements whilst inertia

and damping are numerically modelled. The equation of motion
in Eq. (1) is solved over a series of time steps Dt, i.e., at the (i
+ 1)th step of:

M€xiþ1 þ C _xiþ1 þ Riþ1 ¼ Fiþ1 ð1Þ

in which M is the mass matrix, €xiþ1 is the nodal acceleration vector,
C is the damping matrix, _xiþ1 is the nodal velocity vector, Ri+1 is the
restoring force vector and Fi+1 is the external excitation force
applied to the system. For a linear elastic structure Ri+1 = Kxi+1 in
which K is the elastic stiffness matrix and xi+1 is the nodal displace-
ment vector; for a non-linear system with hysteresis, the elements
of K will change during the loading event and the relationship
between R and x becomes more complex, depending on the dis-
placement history as well as the current state. Fig. 2 indicates
how the displacement xi+1 is calculated by the numerical compo-
nent and sent to the experimental test structure. The displacement
command for the current time step is applied to the structure by the
actuators. The measured restoring force, Ri+1 is then fed back to the
numerical model where the displacement for the next target dis-
placement command is calculated. Effectively, the PsD test method
is a computational dynamic analysis in which the stiffness term is
measured physically [5].

In PsD testing, the slow loading rate of the test structure is
required so as not to induce damping or inertia responses, because
these have already been accounted for numerically [6]. In early

Fig. 1. History tree of the types of hybrid testing and their first implementations (after [2]).

Fig. 2. Schematic of the pseudo-dynamic test method [2].

242 D.P. McCrum, M.S. Williams / Engineering Structures 118 (2016) 240–261

Carrion and Spencer, 2007

Thewalt (1987)

Multi-Directional 
PsD Testing

Thewalt & Mahin
(1987)

Multi-DOF
Hybrid Simulation

Real-Time
Hybrid Simulation

Multi-Physics
Hybrid Simulation
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Multi-DOF Hybrid Simulation

ETH MAST UC Berkeley
Terzic & Stojadinovic
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Multi-Physics Hybrid Simulation

WORKSHOP HYSIM19 

Session: New Frontiers & Applications 

Significance of FSI for the resilience of coastal structures and the need for hybrid simulation 

Denis Istrati  

Department of Civil and Environmental Engineering, University of Nevada, Reno 

This presentation will focus on the wave loading on elevated coastal decks during tsunamis and 
hurricanes. Results from computational fluid dynamics (CFD) and fluid-structure interaction (FSI) 
analyses will be presented together with large-scale experimental data (Figures 1 and 2). All these 
results will reveal the significant role of the structural dynamics and FSI during the wave impact on 
coastal structures. It will also show the fundamentally different loading and response of a flexible 
structure relative to a rigid one that is typically used in wave flume experiments. 

Furthermore, the presentation will discuss the limitations of both CFD analyses and traditional 
hydrodynamic testing, which could be overcome by hybrid simulation (HS). In fact, HS/RTHS– if 
implemented properly- can advance the state-of-the art in wave related problems, simulate accurately 
the dynamic wave-structure interaction and ultimately improve the resilience of coastal infrastructure 
against natural hazards. 

The author will briefly discuss two possible approaches of utilizing HS for FSI problems and expected 
advantages/disadvantages of each one. The last section of the presentation will talk about the ongoing 
collaborative effort between the University of Nevada, Reno, Oregon State University and Lehigh 
University to implement RTHS in a large wave flume.  

 

 

Figure 1: CFD analyses of wave propagation and impact on elevated coastal structure 

  

Figure 2: Large-scale hydrodynamic experiments of an elevated coastal structure OSU hydro-RTHS
Istrati, Simpson, Lomonaco
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Real-Time Hybrid Simulation

Maghareh, Dyke, Rabie, Prakash, 2016

mi ¼ mai þmpi; ci ¼ cai þ cpi; ki ¼ kai þ kpi ð2Þ

where i ¼ 1; : : : ; n. In addition, the measured forces from the
physical substructure (which incorporate the internal forces due
to any control devices present within the physical substructure)
are defined as

FM ¼ mpẍþ cpẋþ k px ð3Þ

where FM , mp, cp, and k p = vector of measured forces, and the
mass, damping and stiffness matrices for the physical substructure,
respectively. Substituting Eqs. (2) and (3) into Eq. (1) yields the
equations of motion for the analytical substructure

Fẍg ¼ mäxþ cȧxþ k axþ FM ð4Þ

where ma, ca, and k a= mass, damping, and stiffness matrices, re-
spectively, of the analytical substructure.

In the implementation of the RTHS, the measured force is ob-
tained using load cells attached to the actuators driving the physical
substructure. This quantity is necessary to compute the displace-
ment in the analytical substructure (using a numerical solver)
for the next time step. The resulting calculated displacement is then
imposed on the physical substructure, and the measured forces are
acquired again. This cycle repeats at every time step in real time for
the duration of the experiment.

Experimental Setup and Procedure

To perform RTHS, appropriate division of the specimen into
physical and analytical substructures is needed. Furthermore, an
in-depth understanding of the behavior of the physical substructure,
including the actuators driving the specimen, will facilitate effec-
tive RTHS.

Two full-scale structures are used as the basis for the RTHS
performed at the nees@Lehigh facility, namely, a 3-story proto-
type structure designed for this study and a 9-story benchmark
structure. The 3-story prototype structure used in this study
was designed by the authors from Lehigh University (Friedman
2012), whereas the 9-story structure was designed by
Brandow & Johnston Associates for the SAC Phase II Steel
Project (Ohtori et al. 2004). Although not actually constructed,
both structures adhere to regulations in the seismic code and
are meant to exemplify typical low-rise and midrise building office
buildings (for general commercial use), respectively, designed for
the Los Angeles, California region.

An individual RTHS is performed to analyze each structure. In
both cases, a large-scale, 3-story steel damped-braced frame
(DBF) is used as the physical substructure, whereas the rest of
the structure is modeled analytically using the real-time capabil-
ities provided by an xPC Target system (MATLAB 2011). The
single-bay frame is 8.38 m (27.5 ft) tall and 4.57 m (15 ft) wide.
It is composed of two W8 × 67 steel columns, three W10 × 30
steel beams, and six HSS8 × 6 × 3=8 steel braces. The frame
has natural frequencies of 1.2, 4.0, and 8.2 Hz. The large-scale
DBF is chosen as the physical substructure for the RTHS so that
a substantial portion of the stiffness of the total structures is tested
physically in the laboratory. The constructed DBF is 60% scale, as
compared with the full-scale 3-story prototype structure, due to
the physical limitations of the nees@Lehigh facility. Thus, time
is scaled by the square root of 0.6.

Experiments are conducted at the nees@Lehigh real-time multi-
directional (RTMD) large-scale testing facility. For these simula-
tions, three actuators are used to apply displacements in the
DBF (Fig. 3). The actuators and specimen are mounted to a con-
crete L-shaped reaction wall designed to minimize elastic and out-
of-plane deformation under any high forces experienced during
testing procedures. A braced frame system, consisting of two rel-
atively stiff steel frames placed parallel to each other, are securely
bolted to the concrete reaction wall to minimize out-of-plane mo-
tion in the test specimen. To minimize friction between the speci-
men and the braced frame, Teflon pads are installed at several
contact points along each floor. The specimen is restrained against
rocking with bolted connections to rigid steel base plates mounted
to the strong floor.

System Identification

To conduct a RTHS, the global stiffness matrix for the physical
DBF constructed in the laboratory must be identified (Friedman
2012). Quasistatic testing, in which a force is applied cyclically
to a single floor through a hydraulic actuator and the resulting floor
displacement at each level is measured, is used to determine the
global stiffness matrix representing the frame. In this approach,
each floor is loaded individually while the two remaining floors
are allowed to displace with no external force as measured by their
respective actuators. The sampling rate is 128 Hz.

Each floor of the experimental DBF is treated as a horizontal
DOF, yielding a 3 × 3 stiffness matrix. Each floor of the analytical
substructure is assumed to be rigid, whereas the actual stiffness is
used for the physical substructure. Thus, an effective stiffness is
obtained using this testing procedure. By plotting the displacement
of each floor versus the known applied load from an actuator, the
flexibility coefficient f ij (i.e., the displacement at the ith DOF due
to a unit force at the jth DOF and corresponding matrix element)
can be determined. Each test produces three flexibility coefficients,
and for any test that exhibits hysteresis, an average slope is taken
for both the loading and unloading curves, as shown in Fig. 4.
Using a set of three tests, nine flexibility coefficients are deter-
mined and the flexibility matrix is formed. Because the flexibility
matrix includes the external constraints and represents the re-
strained condition, the symmetric stiffness matrix representing

Fig. 3. RTHS large-scale frame testing setup at Lehigh University

© ASCE 04014150-3 J. Struct. Eng.

 J. Struct. Eng., 2015, 141(6): 04014150 
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{Hybrid}^2 Simulation
 
 
 
Real-time hybrid model testing in marine technology 
- recent activities at SINTEF Ocean and NTNU 
 
 
 
Thomas Sauder, PhD 
Senior Research Scientist 
SINTEF Ocean AS 
Trondheim, Norway 
 
 
 
 
 
 
 
 
 
 
SINTEF Ocean (private research institute) and NTNU (university) in Trondheim form the largest centre 
of competence in marine technology in the western world. Since 2013, both institutions have joined 
forces to develop the subject of hybrid testing (ReaTHM® testing), applied to marine technology.  
 
In this presentation, we will review the work we have performed during the last 5 years.  
The talk will cover:  

- Testing of floating wind turbines (see above) 
- Testing of floaters with virtual mooring systems (see below) 
- Testing of power management systems onboard ships 
- Theoretical work 
- Lessons learned and way forward 

 
 
 
 
 
This presentation is given to the HYSIM19 workshop, ETH Zürich,  March 13 to 15, 2019.  

Sauder, Sintef
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§ Controller designs:
§ Predictive, nonlinear…

§ Model integration algorithms
§ Time-stepping, damping…

§ Model complications:
§ Overlapping domains
§ Model updating

§ On-line, off-line
§ Digital twins
§ Surrogates

§ Scaling and similitude games

Back-Office Improvements
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§ Controller designs:
§ Predictive, nonlinear…

§ Model integration algorithms
§ Time-stepping, damping…

§ Model complications:
§ Overlapping domains
§ Model updating

§ On-line, off-line
§ Digital twins
§ Surrogates

§ Scaling and similitude games

Back-Office Improvements

Sauber Formula 1 wind tunnel
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Hybrid Simulation Goal
§ Predict the performance of the prototype structure, and 

quantify the accuracy and the uncertainties associated 
with that prediction

Pixar

Real!
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Calibration, Validation and Prediction
in Hybrid Simulation

Validation points

Prediction point

Concepts of Model Verification and Validation
LANL report LA-14167-MS
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Stochastic Hybrid Simulation

16th World Conference on Earthquake, 16WCEE 2017 
Santiago Chile, January 9th to 13th 2017  
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Table 4 - Accuracy of failure probability estimates. 

 Probability of failure 
 !" #	0.20 !" #	0.10 !" #	0.05 !" #	0.02 !" #	0.01 

ôöõ<!̂"> 0.014 0.021 0.031 0.049 0.070 
 
4.3 Reliability analysis results 

This subsection discusses the results of the numerical validation of the AK-HS reliability method. In this 
context and in this study, a single numerical solution of Eq. (16) replaces a single HS run that involves a new PS. 
With this in mind, the number of HSs must be as small as possible because each run involves a test of the PS in 
the laboratory and, thus, adds significantly to the costs and effort. Therefore, the size of the starting ED was set to 
12 samples while its maximum size was limited to 32 samples, i.e. 32 HSs. According to previous studies [14] 
conducted on the same benchmark 2-DOF hybrid system and focusing on Uncertainty Propagation (UP) and 
Global Sensitivity Analysis (GSA) based on Polynomial Chaos Expansion (PCE), this was sufficient to provide 
accurate estimates of statistical moments and Sobol's indices of output quantities in the case of three input random 
parameters. The Kriging metamodels were estimated using the UQLab software framework developed by the Chair 
of Risk, Safety and Uncertainty Quantification in ETH Zurich [15]. Figure 5 provides an overview of the learning 
process underlying the AK-HS reliability method for the case with Zü~ # 100 e/⁄  and !" # 10%. 
 

   
(a) (b) (c) 

   
(d) (e) (f) 

Fig. 5 - Overview of the failure domain estimation process for the case of Zü~ # 100 e/⁄  and !" # 10% 
based on: (a) 12 samples (initial training dataset); (b) 17 samples; (c) 22 samples; (d) 27 samples; (e) 32 
samples; and compared to the reference MCS (f). The estimated failure domain is depicted in yellow; the 

circular dots represent the ED set, the square dots represents the additional samples selected by the learning 
function, and the cross dots indicate the best suited sample for the next HS. 

 
As seen in Figure 5a, the initial pool of 12 samples outlines a rough approximation of the actual failure domain, 
which is refined by the learning process (Figures 5, b-c-d-e). In detail, in each iteration, the learning function 
locates the next best-suited sample, represented by a cross dot, on the estimated boundary of the failure domain, 
where the probability of misclassification is highest. After 20 iterations, the AK-HS reliability method provides a 
good approximation of the reference failure domain calculated via MCS as depicted in Figure 5f. In order to 
quantify the performance of the AK-HS reliability method, the following scores are introduced: 
 

Abbiati et al. 2017
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Stochastic Modeling of 
Rocking Response of a Rigid Block
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Figure 1: Rigid block rocking freely in plane on a rigid surface.

momentum an instant before the impact and immediately after the impact gives the coe�-
cient of restitution:

r =

✓
1� 2 sin2

↵
mR

2

I0

◆2

(4)

Many researchers revisited the above assumptions [22, 31, 34, 44–46] to improve the impact
model and redefine the coe�cient of restitution. The Housner coe�cient of restitution will
be used in this study due to its simplicity and its success in identifying the factor that
a↵ects energy dissipation in rocking motion the most: the slenderness of the rocking block.
Additionally, the Housner model is used because the specimens were engineered such that
the impact forces act as close as possible to the impact corners.

It is notable that even though the model is strongly non-linear, the numerical response
computed for the same initial conditions and the same ground motion excitation is determin-
istic and repeatable. Thus, the model itself does not introduce variability in the computed
response.

The construction of the so-called rocking spectra and the use of dimensional analysis to
reduce the dimensionality of the problem have been extensively described in [47–50], but
are briefly described here for reasons of completeness. When excited by an analytical pulse
ground motion [51] of a specific shape, acceleration amplitude ap, and dominant frequency
!p, the maximum response (tilt angle) ✓max (Figure 1) of a rigid block is a function of five
variables:

✓max = f(↵, R, g, ap,!p) (5)

Since this function involves two reference dimensions (length and time) it can be described
by three dimensionless and orientationless terms [47–50]:

✓max

↵
= �

✓
↵,

!p

p
,

ap

g tan↵

◆
(6)

Accordingly, rocking spectra (that is contour plots of the normalized tilt angle ✓/↵ in the
!p/p and ap/g tan↵ plane for a given rocking block slenderness ↵) can be constructed. Figure
2a plots such a spectrum for tan↵= 0.1. One can observe that for small structures or for

3

target-spectrum-consistent ground motion, was done.
The responses of the tested and the numerically modeled rocking oscillators are compared

in terms of the maximum rocking body tilt angle (tilt angle) ✓max, obtained in response to the
same measured (as-applied) ground motion excitation. In numerical simulations, a rocking
block is declared to have statically overturned when its maximum tilt angle exceeds the
slenderness of the block (i.e. the center of the block mass moves over the pivot point), and
dynamically overturned when its maximum tilt angle reaches ⇡/2 (i.e. 90�).

6.1 Explanatory Data Analysis

Following [38], the maximum title angle ✓max normalized by the rocking block slenderness
↵ (✓max/↵) data from the shaking table tests and from response analyses using numerical
models with the 1963 Housner model and the measured coe�cient of restitution values are
arranged in ascending order and plotted in the form of empirical cumulative distribution
functions (CDFs) in Figures 10 and 11. This plot shows the probability that the maximum
tilt angle of a rocking oscillator is smaller or equal to a specific value of ✓max/↵. In the
same graph, the 90 and 95% nonparametric Confidence Intervals (CI) [60] are reported for

Figure 10: Cumulative distribution functions of the normalized maximum tilt angle ✓max/↵

for the 1940 El Centro synthetic ground motion ensemble.

Figure 11: Cumulative distribution functions of the normalized maximum tilt angle ✓max/↵

for the 2003 Lefkada synthetic ground motion ensemble.
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Figure 6: Schematic shaking table test setup.

5). The shaking table platform is a sti↵ steel box on roller bearings actuated using a servo-
hydraulic actuator to move only in one horizontal direction. The stroke of the table is
250mm and the maximum velocity is 225mm/s. The specimen is placed on a flat and
smooth aluminum plate firmly attached to the shaking table platform, and was placed in the
same initial position within 0.1mm.

3.3 Motion Measurement and the Data Acquisition System

The movement of the rocking specimen during the tests was measured using an NDI Optotrak
Certus system. Four infrared-emitting diodes markers were used (Figure 6): two markers (Nr.
2 and 4) were placed on the rocking specimen, and two markers (Nr. 1 and 3) were placed on
the shaking table. The NDI system recorded the three-dimensional position of the markers
with an accuracy of 0.1mm at a sampling frequency of 500Hz. Additional data, obtained
directly from the NDI camera processed on-line, was the angle between lines 1-3 (going
through markers Nr 1 and 3) and 2-4 in-plane of the specimen and table motion. Positioned to
capture the maximum range of shaking table movement, the in-plane inclination the angle was
measured with an error of 0.8mrad, which equals 0.53% of the rocking specimen slenderness
↵. The initial o↵set was measured at rest and incorporated into data post-processing.

4 SYNTHETIC GROUND MOTION ENSEMBLES

In order to constrain the uncertainty of the ground motion excitation, the ensemble of ground
motions used in the shaking table tests and the subsequent numerical model response analyses
was synthesized using the Rezaeian and Der Kiureghian [53–55] stochastic ground motion
model. This model a↵ords generation of ground motion records that are statistically similar
in terms of their elastic response spectrum characteristics and therefore target-spectrum-
consistent. Two recorded ground motions, the longitudinal component of the 1940 El Centro
Array #9 record (Figure 7a) and the transverse component of the 2003 Lefkada record (Figure
8a), were used as the ”seed” ground motions. Two ground motion ensembles, each with one
hundred synthetic ground motions, were generated from the two seed ground motions.

The individual ground motion and ensemble mean elastic pseudo-acceleration and dis-
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