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ABSTRACT: Hybrid simulation combines the flexibility and cost-effectiveness of computer
simulation with the realism of large-sale experimental testing to provide a powerful tool for
investigating the effects of extreme loads on structures. The key advantage is that only the critical
components of a structure that are difficult to model numerically are sub-structured for testing in
the laboratory, while the remainder of the structure with more predictable behaviour is computer
simulated using finite-element analysis software. The quality of the hybrid simulation relies to a
great extent on the correct application of the interface boundary conditions between the numerical
and the physical subdomains. In addition, in order to evaluate the life-cycle capacity of a prototype
structure, the loads must be applied on the hybrid model in the same manner as in the prototype,
namely, gravity load first, followed by a sequence of service and/or extreme loads. To meet these
objectives, a state-of-the-art loading system, referred to as the Multi-Axis Substructure Testing
(MAST) system, has been designed, assembled and validated at Swinburne University of
Technology, Melbourne, Australia to expand the capabilities of hybrid testing to include threedimensional responses of structures through switched/mixed load/deformation control of sixdegrees-of-freedom (6-DOF) boundary conditions. This cutting-edge facility is unique in
Australasia and is capable of serving the research community and practice, nationally and
internationally.
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INTRODUCTION

Structures are usually designed under a wide range of uncertainties, regarding the extreme loads
that they are required to sustain during their service life. One of the major challenges facing
structural engineers, today, is to develop creative ways to reduce the risk of catastrophic damage
due to these extreme loads, and to enhance the resiliency of urban infrastructure. However, this
requires the prediction of the structural response from the linear-elastic range to levels
approaching collapse and thus poses significant challenges. Although there has been much
advancement in the mathematical models employed in computational methods, study of
structure’s behavior is still a difficult task since the accuracy of the results depends on the
assumptions made in the characterization of member properties. Therefore, experimental
validation is still essential to examine the underlying assumptions made by these numerical
models, especially considering the existence of highly nonlinear elements under extreme dynamic
loading.

Experimental testing of the entire structure, although an excellent option at first glance, is very
complex, very expensive, and potentially dangerous. Building structures are massive, and it is
difficult to fabricate and load them in the laboratory, while small-scale models are known to fail
to duplicate real structures behavior due to the lack of similitude. These limitations in the majority
of the testing facilities combined with the cost of testing complete full-scale structures have
motivated alternative large-scale testing methods. Evolved from pseudo-dynamic testing
(Takanashi et al. 1975), hybrid simulation is an innovative cyber-physical testing technique that
combines the flexibility and cost-effectiveness of computer simulation with the realism of
experimental testing to provide a powerful and versatile platform for large-scale testing of
structures (Hashemi et al. 2016).
Hybrid simulation is based on splitting the structure into numerical and physical models.
Typically, the physical/experimental substructures are critical elements of the structure, which are
difficult to model numerically, while analytical/numerical substructures represent structural
components with more predictable behavior. The response of the hybrid model to extreme loads
is computed by solving the equations of motion of the entire hybrid model using a time-stepping
integration process. Computer control software and the specimen actuation and sensing system
maintain the deformation-compatibility and force-equilibrium conditions at the interfaces
between the numerical and physical portions of the hybrid model. For example, in collapse study
of a three-span bridge subjected to earthquake and tsunami loads (see Fig. 1), the deck can be
modeled numerically in the computer as it is expected to behave linear or slightly nonlinear and
therefore does not have to be physically present in the lab. The bridge pier(s) with larger demands
and severe nonlinear behavior can be accommodated in the laboratory for experimental testing.
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STATE-OF-THE-ART SYSTEM FOR HYBRID SIMULATION AT SWINBURNE

A state-of-the-art loading system, referred to as the Multi-Axis Substructure Testing (MAST)
system, has been designed, assembled and validated at Swinburne University of Technology to
expand the capabilities of hybrid testing to include three-dimensional responses of structures
under extreme loads (Hashemi et al. 2015). The cutting-edge facility is located in the $15million
Smart Structures Laboratory (SSL), which is a major three-dimensional testing facility developed
for large-scale testing of civil, mechanical, aerospace, offshore and mining engineering
components and systems and the only one of its type available in Australia. The laboratory is
housed in the architecturally striking Advanced Technologies Centre (ATC) and features
transparent walls, allowing passers-by to watch researchers and scientists at work (see Fig. 2).
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Figure 2. Smart Structures Laboratory housed in Advanced Technologies Centre (ATC) at Swinburne

The SSL includes a 1.0m thick strong floor measuring 20m×8m in-plan with two 5m tall reaction
walls meeting at one corner and a suite of hydraulic actuators and universal testing machines
varying in capacity from 10tonnes to 500tonnes (see Fig.3). The SSL is serviced by adjacent
workshops and a hydraulic pump system located in the basement. A significant proportion of the
research work undertaken in the SSL is by staff and PhD students from Civil Engineering at
Swinburne, which has just been ranked 66th in the world according to the prestigious Academic
Ranking of World Universities (ARWU - 2016). This highlights the quality of research
undertaken by the SSL, which places Swinburne in the top 0.5% of universities in the world.
In the area of hybrid simulation systems, the SSL includes several software and hardware
components that allow for hybrid testing in various configurations. This is to ensure a strong
coupling and a very high-speed data communication between the servo-controllers and the main
computer solving the equation of motion. Hybrid simulation frameworks include:
1) Multi-Axis Substructure Testing (MAST) system for three-dimensional large-scale structural
systems and components.
2) 1MN universal testing machine that is suitable for developers and proof-of-concept tests.
3) Generic actuator configuration system for substructure system-level hybrid simulation tests.
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Figure 3. Smart Structures Laboratory at Swinburne University of Technology

The key components of the 6-DOFhybrid testing facility (MAST system) are:
1) Four ±1MN vertical hydraulic actuators and two pairs of ±500kN horizontal actuators in
orthogonal directions. Auxiliary actuators are also available for additional loading
configurations on the specimen (Figs. 4, 5 and Table 1).
2) A 9.5 tonne steel crosshead that transfers the 6-DOF forces from the actuators to the
specimen. The test area under the crosshead is approximately 3m × 3m in plan and 3.2m
high.
3) A reaction system comprising an L-shaped strong-wall (5m tall × 1m thick) and a 1m thick
strong-floor.
4) An advanced servo-hydraulic control system capable of imposing simultaneous 6-DOF states
of deformation and load in switched/mixed mode control. In addition, the Centre of Rotation
(CoR) (i.e. the fixed point around which the 6-DOF movements of the control point occurs)
can be relocated and/or reoriented by assigning the desired values.
5) An advanced three-loop hybrid simulation architecture including: the servo-control loop that
contains the MTS FlexTest controller (inner-most loop), the predictor-corrector loop running
on the xPC-Target real-time digital signal processor (middle-loop) and the integrator loop
running on the xPC-Host (the outer loop).
6) Additional high-precision draw-wire absolute encoders with the resolution of 25 microns
that can be directly fed back to the controller.

Figure 4. Multi-Axis Substructure Testing (MAST) system in Smart Structures Laboratory
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Figure 5. Actuator assemblies of the MAST system
Table 1. Actuators and DOF specifications

MAST Actuator Capacity
Actuator
Vertical
Model
MTS 244.51
Quantity
4 (Z1, Z2, Z3, Z4)
Force Stall Capacity
± 1,000 (kN)
Static
± 250 (mm)
Servo-valve flow
114 (lpm)

Horizontal
MTS 244.41
4 (X1, X2, Y3, Y4)
± 500 (kN)
± 250 (mm)
57 (lpm)

Auxiliary
2 (MN)
250 (kN)
100 (kN)
25 (kN)
10 (kN)

Deformation
± 250 (mm)
± 250 (mm)
± 250 (mm)
± 7 (degree)
± 7 (degree)
± 7 (degree)

Specimen Dimension
3.00 (m)
3.00 (m)
3.25 (m)

(Qty. 1)
(Qty. 4)
(Qty. 3)
(Qty. 3)
(Qty. 1)

MAST DOFs Capacity (non-concurrent)
DOF
X (Lateral)
Y (Longitudinal)
Z (Axial/Vertical)
Rx (Bending/Roll)
Ry (Bending/Pitch)
Rz (Torsion/Yaw)

Load
1 (MN)
1 (MN)
4 (MN)
4.5 (MN.m)
4.5 (MN.m)
3.5 (MN.m)
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HYBRID SIMULATION TO CAPTURE COLLAPSE OF RC COLUMNS

A comparative study was conducted to investigate the use of quasi-static (QS) versus hybrid
simulation (HS) for collapse assessment of RC columns. For this purpose, two identical limitedductility RC columns were tested with the respective experimental techniques. The specimens
were 2.5m high, had square 250mm × 250mm cross-sections and were reinforced with 4
longitudinal bars of N16 (reinforcement ratio = 1.28%) and tied with R6 stirrups spaced at 175mm
with 30mm cover thickness. The specimens were attached to the strong floor from the base and
to the crosshead from the top through rigid concrete pedestals. The first experiment conducted on
the RC column was a three-dimensional mixed-mode QS cyclic test. The loading protocol
consisted of simultaneously applying a constant gravity load, equal to 8% of ultimate compressive
load capacity in force control, while imposing bidirectional lateral deformation reversals in
displacement control, following the hexagonal orbital pattern suggested in FEMA 461. The failure
of the specimen occurred when the specimen was subjected to the maximum of 7.0% and 3.5%
drift ratios in Y and X axes, respectively. These are large drifts for a limited-ductility column, but
effective of the relatively low axial loads applied to the column (Wibowo et al. 2014) .
The second experiment conducted was a three-dimensional hybrid simulation of a half-scale
symmetrical 5-storey (height of first storey h1=2.5m, height of other stories htyp=2.0m) 5×5 bay
(column spacing b=4.2m) RC ordinary moment frame building. The physical specimen served as
the first-storey corner-column of the building, considered as the critical element of the structure
due to dynamic overturning effects and the influence of axial load variation. The rest of the
structural elements, inertial and damping forces, gravity and dynamic loads and second-order
effects were modelled numerically in the computer. The structure’s beams and columns were
modelled using beam-with-hinges elements, where the non-linear behaviour is assumed to occur
within a finite length at both ends based on the distributed-plasticity concept (Hashemi et al. 2014;
Scott and Fenves 2006). The plasticity model follows a peak-ordinated hysteresis response based
on the Modified Ibarra-Medina-Krawinkler (IMK) deterioration model of flexural behaviour
(Ibarra et al. 2005; Zhong 2005). For the HS test, the two horizontal components of the 1979
Imperial Valley earthquake ground motions recorded at El Centro station with peak ground
acceleration of 0.15g were used. Based on incremental dynamic analysis, four levels of intensity
were considered to capture the full range of structural response from linear-elastic range to
collapse. The selected scale factors were 0.6, 4.0, 8.0 and 9.0, which pushed the structure to nearly
0.25% (elastic), 2%, 4% and 6% inter-storey drift ratios, respectively. Prior to conducting the
actual HS test with the physical sub-assembly in the laboratory, a series of FE-coupled numerical
simulations (Schellenberg 2008) was conducted to evaluate the integration scheme parameters for
the actual experiments. Accordingly, generalized Alpha-OS (Schellenberg et al. 2009) was used
as the integration scheme and the integration time-step was optimized to preserve the accuracy
and stability of the simulation, while allowing the completion of the entire test during the regular
operational hours of the laboratory. 5% Rayleigh damping was specified to the first and third
modes of vibration. Additional damping was also assigned to free vibration time intervals between
the forced vibrations in order to quickly bring the structure to rest.
The hybrid simulation was started by applying the gravity load on the specimen, using a ramp
function, followed by sequential ground motions. The entire sequence of loading was performed
and automated using OpenSees. Considering the 117msec delay in the hydraulic system, 500msec
was specified as the simulation time-step in xPC-Target predictor-corrector to provide sufficient
time for integration computation, communication, actuator motions and data acquisition. This
scaled the 60sec of sequential ground motions to 6 hours in laboratory time.

Fig. 6 compares the responses of RC columns including hysteresis in X and Y axes and the axial
force time history in Z-axis for the QS and the HS tests. The maximum time-varying axial load
applied on the specimen was 553kN in compression and 161kN in tension. Fig.7 compares the
biaxial moment interactions at the top of the columns. By comparing the hysteresis plots from the
HS test, it can be seen that the column was damaged as the structure progressively moved in one
direction, while in the QS test the pattern of damage was symmetrical due to load reversals in
cyclic deformations.

a)

Comparison of the responses of RC columns in X and Y axes

b) Axial load time history in Z axis
Figure 6. Response of the RC columns and applied axial load in QS and HS tests

.
a) QS test only
b) both QS and HS tests
Figure 7. Comparison of biaxial moment interactions in QS and HS tests

4

CONCLUSION

Hybrid simulation is a novel cyber-physical testing method for large-scale experimental testing
of structures undergoing extreme events. This paper introduced Australia’s first hybrid testing
facility, referred to as the Multi-Axis Substructure Testing (MAST) system, for cost-effective
large-scale testing of structural components. The system was used in application for comparative
seismic performance assessment of a limited-ductile RC column through quasi-static cyclic and
hybrid simulation tests. The results showed significant differences, which emphasizes that the
credibility of collapse assessment results relies to a great extent on the application of correct
boundary interface on RC columns.
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