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Abstract: Real-time hybrid method is an economical and efficient test method to evaluate the dynamic
behavior. The purpose of this study is to develop the computational algorithm and to prove the
reliability of a real-time hybrid control system. For performing the multi-direction dynamic test,
three dynamic actuators and the optimized real-time hybrid system with new hybrid simulation
program (FEAPH) and a simplified inter-communication were optimized. To verify the reliability and
applicability of the real-time hybrid control system, 3-DOF (3 Degrees of Freedom) non-linear dynamic
tests with physical model were conducted on a steel and concrete frame structure. As a ground
acceleration, El Centro and Northridge earthquake waves were applied. As a result, the maximum
error of numerical analysis is 13% compared with the result of shaking table test. However, the result
of real-time hybrid test shows good agreement with the shaking table test. The real-time hybrid
test using FEAPH can make good progress on the total testing time and errors. Therefore, this test
method using FEAPH can be effectively and cheaply used to evaluate the dynamic performance of
the full-scale structure, instead of shaking table and full-scale test.
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1. Introduction

The dynamic test method of earthquake-loaded structural systems has been developed for more
accurately assessment. These methods are largely classified into numerical methods and experimental
methods. In the numerical method, the structural system can be represented by the discretized motion
equations and the solution is obtained to evaluate the dynamic characteristics of the structure. However,
there are limitations on the diversity and accuracy of material models for structures, and several
types of numerical time integration methods have been developed and used to date. Compared to
the numerical method, the experimental methods, such as pseudo-dynamic tests and shaking table
tests, can be more direct in evaluating the dynamic elastic properties of structures relatively effectively,
but it is expensive and may require huge experimental facilities depending on the experiment [1].
Additionally, it is difficult to repeat the same test using a shake table due to the cost of manufacturing
the specimen.

To overcome these shortcomings, the real-time hybrid test (RTHT) has been actively studied by
many researchers [2–27]. The real-time hybrid test method is one of the less expensive and more efficient
methods compared to the shaking table test and allows you to evaluate the dynamic characteristics of
the structure with high accuracy.
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The early concept of the hybrid testing was initiated from a pseudo-dynamic test simulating
seismic loads using one actuator to predict the nonlinear behavior of structures in the 1960s [2,3]. In the
1980s, theoretical studies of the pseudo-dynamic test were established [4,5].

After started by Nakashima and the real-time hybrid test were developed with special programs
such as OpenSees and OpenFresco [6–11]. As a part of NEES (Network for Earthquake Engineering
Simulation) project, Jung et al. tried something new to fix the iteration numbers for the convergence
error and designed the optimum algorithm for the real-time hybrid test with 1 DOF (Degree of
Freedom) and 2-DOF models [12]. Bonnet also developed the multi-degree of freedom real-time
hybrid testing with various numerical scheme [13]. Lately, Abbiati et al. focused on the quality of
the simulation strongly depending on the correct application of the interface boundary conditions
between the numerical and the physical subdomains with eight actuators [14]. In order to evaluate the
seismic performance for a twelve-story precast reinforced concrete shear-wall structure, Chen et al.
employed the full-scale bottom structural model as the physical substructure and the elastic non-linear
model as the numerical substructure and used an equivalent force control method [15]. Kang et al.
and Saouma et al. have conducted the real-time hybrid test for concrete structures after developing
Mercury with optimized computer environment for numerical analysis and hardware [16,17]. For the
dynamic performance of bridge structures, the hybrid test with seismic proactive system such as
viscous damper and isolators has been conducted by many researchers [18–21]. Recently, mooring
system of offshore structure was applied with real-time hybrid test method [22].

Chang et al. developed a robust standardized procedure for hybrid testing of a multi-span bridge
through internet between Canada and Taiwan [23]. Recently, Bousias et al. tried to carry out hybrid
simulations of a three-span reinforced concrete bridge among EU, US, and Canada [24]. The tests
involved partners located on both sides of the Atlantic with each one assigned a numerical or a
physical module of the substructured bridge. Despite the network latency in linking remote sites,
the intercontinental hybrid simulation was accomplished and repeated successfully, highlighting the
efficiency, and repetitiveness of the approach.

In Korea, several real-time hybrid tests using physical steel models have been performed, but the
application of the test method is still one of the research topics [25–27]. Therefore, many studies
of appropriate computational algorithms related to hybrid testing control configuration have been
attempted to demonstrate the effectiveness and reliability of the real-time hybrid test.

The main purpose of this study is to verify the reliability of the simplified real-time hybrid control
system and a nonlinear finite element analysis program for investigating the dynamic characteristics
of structures with nonlinear materials. To verify the accuracy and stability of the performance of the
real-time hybrid control system, various numerical simulations and real-time hybrid dynamic tests
were conducted on steel and concrete frame structures.

First of all, the configuration of the simplified RTHT control system and the developed FEM
(Finite Element Method) program, called FEAPH (Finite Element Analysis Program for Hybrid test),
were demonstrated. Next, the accuracy of control system was proven through the 3-DOF linear
dynamic test with steel frame. Finally, the reliability of RTHT was investigated with 3-DOF (3 Degrees
of Freedom) nonlinear dynamic tests with steel and concrete frame structures.

2. Configuration of the Hybrid Test Hardware

The overall flow chart of the RTHT (Real-Time Hybrid Test) system used in this study is shown
in Figure 1. It consists of three areas: FEAPH window, Flextest, and DAQ (Data acquisition). These
three areas are connected to a shared common RAM network (SCRAMNet) to share data in real time.
The FEAPH window is the area where the finite element program is implemented, and the analysis
results are stored directly in SCRAMNet. The results stored in SCRAMNet provide real-time testing
by providing command displacement to the actuator via Flextest and sharing the feedback values
obtained from the displacement meter and load cell via SCRAMNet. The system is configured so
that the results obtained in each system area can be intercommunicated almost simultaneously using
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shared memory (SCRAMNet). In order to run this optimized real-time hardware system, the company
developed and executed a dedicated analysis program for the hybrid system in the FEAPH window.
The FEAPH program includes the algorithm of what Simulink has so that the program can run tests
without any additional execution processes.

Three WorkStation T5400 (2.33GHz quad-core, 1GB RAM) devices manufactured by Dell
International (Round Rock, TX, USA) were used for the system. High frequency dynamic performance
is optimized using dynamic actuators (250 kN, ± 125 mm). In order to minimize the error
value due to the difference between the measured variable and the desired set point, the PID
(Proportional-Integral-Derivative) controller algorithm is used.
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3. Finite Element Analysis Program for Hybrid Testing and Procedures

OpenSees, one of the hybrid testing programs, is most widely used for the RTHT in the world.
For the replacement of OpenSees, in this study, FEAPH (Finite Element Analsis Program for Hybrid
testing) was developed. As shown in Figure 2a, data communication between commands and responses
has been optimized to simplify the test execution process of the analysis program (FEAPH) which is
developed in C++ language. The program has several advantages as input file, computation time,
and operating system. The Lua scripting language was used because of its portability and small
capacity when writing input files. Intel Math Kernel Library optimizes matrix operation by minimizing
computation execution time and optimizing parallel scalability with multithreading technology.

The main components of FEAPH consist of two parts; a modeling part and a numerical analysis
part, as shown in Figure 2b. The modelling part includes the basic information such as node, section,
element, material properties, boundary condition, and loadings. In numerical analysis part, parallel
algorithm, and time integration with fixed iteration method are adopted to reduce the computational
time for hybrid testing [18].

In real-time hybrid test, it is necessary to minimize the computational time required for numerical
analysis. In order to solve the equations of motion numerically, the time integration algorithm is
performed at each time step and the command displacement is calculated through an iterative correction
process. In particular, the fixed iterative implicit HHT (Hilber-Hughes-Taylor) time integration method
is a very efficient method to reduce the repetitive computational time because of a fixed number of
convergence error in real-time hybrid test [14,28]. In addition, a parallel algorithm using OpenMP
(Open Multi-processing) was adopted to reduce the computational time using a processor that performs
only inverse matrix and on the other processors, the information of subdomain elements is assigned [18].
As shown in Figure 3, real-time hybrid numerical algorithms used in FEAPH are demonstrated.
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4. Time Integration Method

In the previous section, the HHT time integration method used for reducing the computational
time was mentioned and the detailed explanation can be as follows [29,30]:

Mai+1 + (1 + α)Cvi+1 − αCvi + (1 + α)ri+1 − αri = (1 + α)Fi+1 − αFi (1)

di+1 = d̃i+1 + ∆t2βai+1 (2)

vi+1 = ṽi+1 + ∆tγai+1 (3)
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d̃i+1 = di + ∆tvi + ∆t2
(1

2
− β

)
ai (4)

ṽi+1 = vi + ∆t(1− γ)ai (5)

where the integral coefficient − 1
3 ≤ α ≤ 0, β = (1−α)2

4 , γ = 1
2 − α.

The restoring force (ri+1) as a known value can be calculated from the command displacement.
At the next time step (i + 1), Equation (1) can be rewritten as below.

Ma(k)i+1 + (1 + α)Cv(k)i+1 − αCvi + (1 + α)r(k)i+1 − αri = (1 + α)Fi+1 − αFi −R(k)
i+1 (6)

Equation (6) can be expressed with equation (1) and R(k)
i+1 (residual force) can be as follows.

R(k)
i+1 = M(ai+1 − a(k)i+1) + (1 + α)C(vi+1 − v(k)i+1) + (1 + α)(ri+1 − r(k)i+1) (7)

Equation (7) can be rearranged for ∆d(k)i+1:

R(k)
i+1 = M

∆d(k)i+1

∆t2β
+ (1 + α)C

γ

∆tβ
+ (1 + α)K(k)

ini, i+1 ∆d(k)i+1 = K∗ ∆d(k)i+1 (8)

where K(k)
ini, i+1 ∆d(k)i+1 = ri+1 − r(k)i+1 , K∗ = M

∆t2β
+ (1 + α)K(k)

ini, i+1 , M = M + (1 + α)C ∆t γ.

In Equation (8), the equilibrium equation for ∆d(k)i+1 can be solved because initial stiffness, Kini and

residual force R(k)
i+1 are known. Besides, the residual force (R(k)

i+1) can be expressed in the predicted

displacement ( d(k)i+1) and the restoring force (r(k)i+1) and can be shown again in terms of the measured

displacement (dm(k)
i+1 ) and measured restoring force (rm(k)

i+1 ) from the real-time hybrid test.

R(k)
i+1 =

M
∆t2β

[
d̃i+1 − d(k)i+1

]
+ (1 + α)r(k)i+1 =

M
∆t2β

[
d̃i+1 − dm(k)

i+1

]
+ (1 + α)rm(k)

i+1 (9)

where d̃i+1 = d̃i + ∆t2βM
−1
[(1 + α)Fi+1 − αFi −Cvi − (1 + α)(1− γ)∆tCai + αri].

The residual force (R(k)
i+1) in Equation (9) can be renewed repeatedly and then the predicted

displacement (d(k+1)
i+1 ) can be updated as below:

d(k+1)
i+1 = dm(k)

i+1 + ∆ d(k)i+1 (10)

For the reduction of errors, the correction of convergence displacement as shown in Figure 4
should confirmed equilibrium state at the end of the iterative process and all displacement, restoring
force, velocity, and acceleration, should be updated at the end step as below:

di+1 = dc(n)
i+1 (11)

ri+1 = rm(n)
i+1 + Kini

[
dc(n)

i+1 − dm(n)
i+1

]
(12)

ai+1 =
1

∆t2β

[
di+1 − di − ∆tvi − ∆t2

(1
2
− β

)
ai

]
(13)

vi+1 = vi + ∆tγai+1 + ∆t(1− γ)ai (14)
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5. Verification of Real-time Hybrid Control System

5.1. Three-DOF Structural Dynamic Test with Steel Structure

5.1.1. Test Set-Up and Input Properties

To confirm the simplified hybrid test control system, a steel frame specimen, one of the
homogeneous materials predicting the nonlinear behavior, was used. As shown in Figure 5, the size of
the specimen is 2.45 m wide and the height of the first and second floors is 2.4 m and 2 m, respectively,
and a numerical analysis model was constructed with six beam-column elements under the same
conditions. As shown in Figure 6, the physical model for the real-time hybrid test was prepared by
constructing a column element on the first floor of the numerical model and installing one actuator
horizontally and two actuators vertically in order to simulate a displacement and a rotation at the node.

As shown in Figure 7, El Centro seismic wave was applied as the external load, and total loading
time is about 30 s and the peak ground acceleration value was 0.7553 g. Figure 8 demonstrated the
installation of an accelerometer and strain gauges on the steel frame specimen and Table 1 presented
the detail dimension and properties of the specimen [31].

In order to accurately predict the nonlinear behavior of the steel frame specimen during the
real-time hybrid testing, the elastic modulus (230 GPa) and yield stress (300 MPa) were measured
through a tensile test with universal testing machine (MTS 322), and the Giuffre-Menegotto-Pinto
model was used as the nonlinear material model.Appl. Sci. 2020, 10, x FOR PEER REVIEW 7 of 18 
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Table 1. Section properties of the specimen.

H (mm) B (mm) tf (mm) tw (mm) r (mm) Ag (mm2) Ix (106mm4) Iy (106mm4)

125 125 9 6.5 10 3031 8.47 2.92

5.1.2. Linear Dynamic Test with Real-Time Hybrid Control System

In this section, real-time hybrid tests were performed by adjusting the PGA (Peak Ground
Acceleration) of the input seismic wave (Elcentro) within the linear displacement of the test specimen.
The purpose of the linear dynamic tests was to evaluate the accuracy and stability of the overall system
by comparing the numerical results with the hybrid test results. As shown in Figure 6, each actuator
describes the horizontal and bending displacement at the end of the test specimen, and the response
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values are reflected in the numerical analysis to derive the results of each step. As a result, as shown
in Figure 9, the difference of the maximum displacement between the numerical analysis and the
linear hybrid test was found to have almost the same results around 4% error. Figure 10 described
the relationship of displacement and force in linear dynamic test. This hybrid system is stable and
effective to predict the dynamic behavior of the structure.
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5.1.3. Non-Linear Dynamic Test with Real-Time Hybrid Control System

In this section, a nonlinear test was performed to prove the reliability of the hybrid control system.
The magnitude of the incremental coefficient for the nonlinear dynamic test was determined to be
larger than the displacement (40.07 mm) to be obtained in the non-linear range by applying yield
stress to the cantilever beam of 2.4 m. As a result, the incremental coefficient for seismic load was
set to 2 for linear dynamic test and 6 for nonlinear section analysis. Figure 11 showed the results of
the first and second layers by the numerical analysis with the hybrid numerical analysis, respectively.
The maximum displacement was about 7% and 1% in the 1st and 2nd floors, respectively, and it could
be said that the numerical analysis and the experimental data can be in good agreement. In addition,
the permanent deformation occurred in the structure after the maximum displacement, it could be seen
that the graph was much lowered from the origin after 100 s. After then, a slight difference between
displacement and numerical value was observed. This error can be attributed to the damping ratio
used in the numerical analysis. The damping ratio of the test specimen is calculated by performing
the free vibration test of the test specimen, which includes various errors in the test process and has a
limitation on its reliability. In addition, the value used as the material model may include some errors in
the nonlinear analysis, and finally, the experimental error between the actuator and the experiment to
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realize the multiple degree of freedom may be considered. Therefore, if an error reduction is developed
more, it may be considered a more reliable experiment.

Figure 12 shows the results of the horizontal displacement and shear force on the first floor,
and Figure 13 shows the values measured by the accelerometer on the first floor. As shown in Figure 12,
when the maximum displacement of about 60 mm occurs, the load is 40 kN, resulting in residual strain.
This shows that the acceleration occurred at 1.7 g as shown in Figure 13. In addition, Figure 14 shows
the response history measured by the strain gauge installed at the lower part of the test specimen,
and it can be seen that after the maximum displacement, residual deformation occurs in elasticity in
both the flange and the web and transfer to plasticity. The permanent strain measured at the flange is
about 200–250 µm and about 490 µm on the web. Therefore, it can be inferred that the residual strain
generated in the first and second layers is due to the deformation of the end of the test specimen.

As a result of this experiment, in order to predict nonlinear behavior of steel frame structure,
it can be grasped through numerical analysis and shaking table test. However, because numerical
analysis depends on numerical approximation of the behavior and material properties of the structure,
it is difficult to accurately predict the behavior of a complex concrete structure. Therefore, applying
real-time hybrid experiments with the advantages of numerical analysis and comparatively spatial
and economic advantages, the structural nonlinear behavior analysis can be performed efficiently.Appl. Sci. 2020, 10, x FOR PEER REVIEW 10 of 18 
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5.2. Three-DOF Structural Dynamic Test with Concrete Structure

5.2.1. Test Set-Up and Input Properties

The concrete specimen used in this study was a three-story and three-span concrete frame
suggested by Ghannoum [32]. In this experiment, as shown in Figure 15, the first-tier third column
with less shear reinforcement was used as the physical substructure. For the numerical model,
beam-column elements provided by FEAPH were used. Especially, the parts with high deformation
were analyzed using zero-length elements. The compressive strength of concrete was 25 MPa and the
Gluffre-Menegotto-Pinto (GMP) model was applied to the material properties of the rebar. For detailed
physical properties see Ghannoum [32]. Figure 16 shows the reinforcement and final completeness of
the specimen used as the physical substructure, and Figure 17 shows the three actuators mounted on
the concrete specimen. Figure 18 shows the acceleration obtained from the lower part of the concrete
model by performing the input seismic wave extracted from Northridge seismic wave by Ghannoum
in the shaking table test.
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5.2.2. Non-Linear Dynamic Test with Real-Time Hybrid Control System

To ensure the response in the nonlinear dynamic test before the multiple degree of real-time hybrid
test, the preliminary test was conducted with concrete specimens as shown in Figure 19. For the feasible
nonlinear dynamic behavior, the wave-like displacement input was used as shown in Figure 19a.
The wave acceleration was gradually increased from linear range to about 70 mm in order to show
the variation between linear behavior and nonlinear one and to predict the maximum displacement
and load of the concrete structure. Figure 19 graphically shows the displacement versus time history
and displacement-load results and the total time was about 200 s. As a result, the absolute maximum
displacement value was about 30 mm and the maximum load was 35 kN.

After verifying the feasibility through preliminary tests, a real-time hybrid test was performed for
the concrete structure. Figure 20 describes the comparison of the results of FEAPH numerical analysis
and the RTHT under the same condition. To analyze the reliability and applicability, Figure 21 shows
the result of comparing the real-time hybrid test and shaking table experiment. Table 2 describes the
comparison of maximum displacement error and root mean square (RMS) error. RMS error is derived
from Equation (15) and the evaluation of the error value can be more accurate as close to zero (0) [33].

RMS error =

√√√√√√√√∑
i
∑n

j=1 (d
a( j)
i − db( j)

i )
2

∑
i
∑n

j=1 (d
a( j)
i )

2 (15)

In Figure 20, the maximum displacement from the numerical analysis is about 60 mm.
The maximum displacement by the real-time hybrid test was about 52 mm, which was reduced
by about 13% as shown in Table 2. This is because the material nonlinear model of concrete and
reinforcement used in the numerical analysis contains a lot of errors, which seems to be somewhat
different from the actual behavior. On the other hands, the real-time hybrid test was almost in agreement
with the results of the shaking table test. The peak displacement error and RMS error were good
evidence in Table 2. This is because the real-time hybrid test can consider the actual material property.
That is, the measured displacements and loads obtained from the feedback of the actuators can be
applied to the numerical model, so that the next command displacement can be corrected.

Figure 22 also shows the relationship between the displacement and the load occurring at the top
of the specimen. Over time, cracks develop in the concrete, which results in a non-linear behavior with
sudden changes in displacement and a sharp decrease in strength as the load increases. This resulted
in many cracks and peelings as the steel thickness in the upper and lower right corners (see Figure 23c).
Figure 24 shows the strain over time measured by installing a strain gauge on the rebar in concrete.
This is the result measured at the position where Figure 23c breakage occurred. Afterward 200 s in
Figure 10, the reinforcing bars suddenly shifted and then about 4000 microstrains remained as residual
strain. The reinforcement concrete specimens show the sudden large displacement and load. Therefore,
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the real-time hybrid test method used in this study can be effectively used for the economic prediction
of dynamic performance of reinforced concrete structures.
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Figure 19. Verification of RTHT for Non-linear Model; (a) Wave displacement input
(b) Force-displacement.
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Table 2. Comparison of peak displacement value error and root mean square (RMS) error.

FEAPH_Num (A) Shake Table Test (A)

Real-Time Hybrid Test (RTHT) (B) Real-Time Hybrid Test (RTHT) (B)

Peak displacement error (%) 1 13.3 2.3

RMS (Root Mean Square) error 0.799 0.203
1 Peak displacement error = (A − B)/B × 100.
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6. Conclusions

In order to predict the nonlinear structural dynamic behavior, the real-time hybrid test is an
effective and economical method. The purpose of this study is to verify the reliability of the simplified
real-time hybrid control system and a nonlinear finite element analysis program for investigating the
dynamic characteristics of structures with nonlinear materials.

This research firstly demonstrated the configuration of the simplified hybrid control systems with
optimized computing environments and then the numerical algorithms adopted to FEAPH (Finite
Element Analysis Program for Hybrid test) were implemented.

To verify the accuracy and stability of the performance of the real-time hybrid control system,
various numerical simulations and real-time hybrid dynamic tests were conducted on steel and concrete
frame structures.

For the accuracy and stability of the hybrid control system, the 3DOF linear dynamic test with
steel frame was conducted. As the result, the difference between computation and linear hybrid was
below 5%. This hybrid control system was proved to be stable and accurate to predict the linear
dynamic behavior of the structure.

With the proven hybrid control system, finally, the reliability of nonlinear dynamic behavior
was evaluated through 3DOF nonlinear dynamic tests with steel and concrete frame structures. As a
result, in steel structure, the difference between numerical analysis and hybrid test was about 7% and
this difference would be caused by the damping ratio, material model, and the experimental error.
In concrete structure, the real-time hybrid test was almost in agreement with the results of the shaking
table test simulating the actual dynamic behavior of the structure.

Therefore, the real-time hybrid control system with FEAPH performed in this study can be
positively utilized as an efficient test to replace the shaking table test and can be an effective, economical
method of capturing the dynamic behavior of structures.
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