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Abstract: The hybrid simulation (HS) testing method combines physical test and numerical
simulation, and provides a viable alternative to evaluate the structural seismic performance. Most
studies focused on the accuracy, stability and reliability of the HS method in the small-scale tests.
It is a challenge to evaluate the seismic performance of a twelve-story pre-cast reinforced concrete
shear-wall structure using this HS method which takes the full-scale bottom three-story structural
model as the physical substructure and the elastic non-linear model as the numerical substructure.
This paper employs an equivalent force control (EFC) method with implicit integration algorithm to
deal with the numerical integration of the equation of motion (EOM) and the control of the loading
device. Because of the arrangement of the test model, an elastic non-linear numerical model is used
to simulate the numerical substructure. And non-subdivision strategy for the displacement inflection
point of numerical substructure is used to easily realize the simulation of the numerical substructure
and thus reduce the measured error. The parameters of the EFC method are calculated basing on
analytical and numerical studies and used to the actual full-scale HS test. Finally, the accuracy and
feasibility of the EFC-based HS method is verified experimentally through the substructure HS tests of
the pre-cast reinforced concrete shear-wall structure model. And the testing results of the descending
stage can be conveniently obtained from the EFC-based HS method.

Keywords: equivalent force control; hybrid simulation; full-scale; nonlinear seismic performance;
descent stage

1. Introduction

The seismic testing method is an important way to evaluate the structure nonlinear seismic
performance and verify the feasibility of the structure seismic theory. The hybrid simulation (HS)
testing method, which is named initially as the pseudo-dynamic substructure testing method, was
proposed in 1969 [1]. This method combines the physical test of the critical nonlinear parts of a structure
and the numerical simulation of the remainder. It can effectively reduce the size of the test model and
is an efficient and versatile testing tool for the large-scale structural model.

The novel technique of the HS method, which mainly includes (1) the robust numerical integration
techniques [2-7]; (2) the loading control method [8-14]; (3) the geographically distributed HS [15-20];
and (4) the parameter identification of HS [21-26] for the implement and improvement of HS method.
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Especially, the real-time HS plays a powerful role to evaluate the rate dependent behaviors, such
as magneto-rheological damper or vibration isolation system [18,27-36]. Additionally, the Network
for Earthquake Engineering Simulation (NEES), which featured 14 geographically distributed and
shared-use laboratories to test modern structural system [37-40], accelerates the development of the HS
platforms (OpenFresco manufactured by dSpace, and MTS (STS and FlexTest systems) National Instru
ments [41], and UI-Simcor developed by the MUST-SIM facility and the MAE Center at the University
of Illinois at Urbana-Champaign [42]). It was widely used to realize the performance assessment of
modern building structure systems conveniently.

Although HS method has been advanced continuously in the last four decades, previous studies
mainly focused on the accuracy, stability and reliability. And only the small-scale tests were used to
examine the feasibility of the HS method [43,44]. A few large-scale structural testing models were
examined by the HS method [24,31,45,46]. To accelerate the development of the HS method in the
large-scale model, a full-scale three-story precast reinforced concrete shear-wall substructure model
is built as the physical substructure to evaluate the seismic performance of the entire twelve-story
structure, in this paper.

Note that there are two challenges associated with the implementation of the controller for this
full-scale HS method, including: (1) the complex test setup which employed four electro-hydraulic
servo actuators as the horizontal loading device; and (2) the complex structural model which is
asymmetric due to the asymmetric structural arrangement of the model. In order to solve the above
two problems, an equivalent force control (EFC) method with implicit integration algorithm is proposed
to deal with the numerical integration of the equation of motion (EOM) and the control of the loading
device. The general arrangement of the whole test which includes the test model, the loading device
and the testing device are all described. Following that, a discussion of the EFC method for the
test model is presented. Then, the parameters for the EFC-based HS method are determined by the
numerical simulation. Finally, an experimental validation is carried out to demonstrate the efficacy of
the proposed approach.

2. Test Arrangement

2.1. Test Model

The twelve-story pre-cast reinforced concrete shear wall structure was designed based on both the
Chinese Code GB50010 for Design of Concrete Structures and the Chinese Code for Seismic Building
Design GB50011. The seismic precautionary intensity of the region is 7 degrees for the structural model.
As shown in Figure 1, the plan dimension of the test model is 4200 mm x 3000 mm. And the height of
each story is 3000 mm. The thickness of the shear wall is 200 mm. The cross-section of the coupling
beam connected to the walls is 200 mm x 400 mm. The design value of the concrete compression
strength for the test model is 30 MPa. The HRB335 steel is employed for the reinforcements of the
beams and the HPB235 for the stirrups and slab. Because of the limitations of the test site and loading
device, a full-scale three-story precast concrete shear wall substructure model was built as the physical
substructure in the Structural and Seismic Testing Center of Harbin Institute of Technology, as shown
in Figure 2. A foundation beam, which is 600 mm high, was constructed to ensure the fixed connection
with the laboratory floor. Therefore, the total height of the physical substructure model is 9600 mm.

From Figures 1 and 2, the tension stiffness of the model is not equal with the compression stiffness
due to the arrangement of the door and window in the plan. Table 1 shows the inter-story stiffness
of the test model. Note that the initial stiffness in positive and negative direction is calculated by the
measured drift and shear force at different floors of the physical substructure, which are obtained by
loading at the top of the physical substructure. Because of the same structural layouts from the second
floor to the sixth floor, here an average value of the stiffness between the second and third floor can be
considered as the initial stiffness for over the second floor. The details of material properties are shown
in Tables 2 and 3.
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Figure 1. Plan of the test model.
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Figure 2. Full-scale three-story precast concrete shear wall substructure model.

Table 1. Calculated parameters for test model.

Floors 1 2 3 4~12

Initial stiffness in positive direction (kN/mm) 417 295 295 295
Initial stiffness in negative direction (kN/mm) 475 359 359 359
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Table 2. Material properties of the concrete.

40f17

Compress Strength of  Compress Strength of  Bending Strength of
Type Concrete Grouting Material Grouting Material
(N/mm?) (N/mm?) (N/mm?)
Precast parts of each floor 31.6 — —
Cast-in-place parts of 1st floor 229 75.7 6.1
Cast-in-place parts of 2nd floor 29.5 73.8 59
Cast-in-place parts of 3rd floor 32.8 80.1 8.0
Table 3. Material properties of the steel reinforcement.
Diameter Yield Strength Limit Strength
(mm) (N/mm?) (N/mm?)

6 353.1 504.2

8 290.6 433.3

10 308.9 4299

12 386.6 560.3

14 340.8 483.8

16 283.1 443.7

2.2. Loading Device

Figure 3 shows the horizontal loading devices which include four hydraulic servo actuators.
Only the third floor was loaded by two actuators with the capacity of £630 kN. A same actuator
was employed on the middle of the Axes 1 and 2 for the second floor while an actuator with the
capacity of 250 kN was employed for the first floor. The displacement measurement range of all
the actuators was £250 mm. The errors of both force and displacement are the 0.1% corresponding
to the capacity. To prevent the local damage of the beams connecting the actuator, two side beams
of the third floor, which located at the end of horizontal loading devices, were partly enlarged to the
section of 400 mm x 400 mm. For the bottom two floors, to enable a uniform transfer of horizontal
forces to each story, as well as to ensure a tight connection among the beam, the actuator and floor
slab, the far end was passed through the wall along the B axis and beam-anchored by high-strength

bolts, as shown in Figure 4.
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Figure 3. Planned arrangement of horizontal loading devices for the hybrid simulation testing:

(a) elevation; (b) Plan view.
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Figure 4. Arrangement of horizontal loading devices.

2.3. Arrangement of Measuring Points

During the HS test, a total of ten Linear Variable Differential Transformers (LVDTs) were employed
to measure the displacement of the test model. The arrangement of the measuring points is illustrated
in Figure 5. Two LVDTs were set up at the top of the foundation beam and each story along Axes 1 and 2,
respectively (8 in total); the average value of the pair of LVDTs was used to determine the story drift.
Another two LVDTs were arranged at a height of 1 m and 2 m above the ground along the Axe 2.
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Figure 5. Arrangement of displacement measuring points.
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3. Parameters of Equivalent Force Control HS Method

3.1. Parameter of Numerical Substructure Model

The EFC method was used for HS [47] with an implicit integration algorithm, during
which the mathematical iteration procedure was improved by using a force feedback control.
Numerical and experimental results of simple model verified that, as long as the equivalent force
controller was properly designed, proposed EFC method was sufficient. This section introduces the
detailed test procedure for the aforementioned sophisticated structures with the elastic non-linear
numerical substructure.

Considering the asymmetric stiffness in the tension and compression direction caused by the
asymmetric structural arrangement of the test model, an asymmetric restoring force model was used
in this paper, as shown in Figure 6. In this model, an inflection point exists at the location of the zero
displacement for the asymmetric restoring force model of the numerical substructure. Traditionally,
the subdivision technique should be used to reduce the computational error at the location of the
displacement inflection point. However, the measured error will be inevitably involved because
of the increase of the loading step caused by the subdivision technique for the EFC-based HS test.
Furthermore, the structural responses were calculated using the feedback from the previous integration
steps to gradually approach the exact response at the current step by using the EFC-based HS test.
It is difficult to trace back to the previous finished test steps. To this end, no subdivision of integral
time interval was taken into account at the location of the displacement inflection point. To make sure
the subdivision influence upon the test results, the numerical simulation comparisons between the
subdivision and non-subdivision cases were done.

The model parameters of the numerical simulation were taken from the test measurements,
as listed in Table 1. The structural damping was C = 0.05 K; the restoring force model of each story can
be shown in Figure 6. The flowchart of both the subdivision and non-subdivision method is illustrated
in Figure 7. The difference between subdivision and non-subdivision method is the step after checking
the inflection point of displacement. For the subdivision method, once variations in the inter-story
shear force are observed, the subdivision of integral time interval is processed, meaning that the time
integration interval is subdivided one step prior to the displacement inflection point. At the same time,
the earthquake record was subdivided accordingly. The stiffness at current step is updated and used in
the calculations for the remainder of this time interval. For the non-subdivision method, a re-assembly
for the stiffness matrices is following in the next step.

Storey Shear (kN)
T

Inter-storey Displacement (mm)

Figure 6. Restoring force model of numerical substructure.
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Figure 7. Numerical flowchart using the subdivided integral step and the full integral step.

Figures 8 and 9 show the hysteric curves on the first and second floors under a peak ground
acceleration of 110 gal using subdivision and non-subdivision techniques, respectively (other floors are
similar to these two floors). Note that both results agree well with the restoring force model as shown
in Figure 6. This agreement suggests that the above-mentioned techniques and the corresponding
analysis procedures are reliable.

Figure 10 shows the comparisons of the displacement time history curve between the subdivided
and non-subdivided integral steps for the first story (the case of the other story is similar and not
shown in this research). In order to observe the relationship more clearly, Figure 11 shows the results
from 4 s to 8 s. From the Figures 10 and 11, we can see that both the subdivided and non-subdivided
results nearly coincide. Figure 12 shows the time histories of the equivalent force (EF) command and
feedback of the first story using the strategy of non-subdivided integral steps (the similar trend in
the other story). It is easy to see that the EF feedback tracks the EF command well. In summary, it is
feasible that the non-subdivision strategy was used to determine the inflection point of displacement.
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Figure 8. Relationship of the inter-story restoring force and story drift using the subdivided integral

step for (a) the first floor, and (b) the second floor.
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Figure 9. Relationship of the inter-story restoring force and story drift using the non-subdivided
integral step for (a) the first floor, and (b) the second floor.

-2

Inter-storey Displacement(mm)
o

-3

4

-5

Subdivided Results

- - - -Non-subdivided Results |

/
\

Time(s)

Figure 10. Time history curve of the story drift with different integral steps.
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Figure 11. Detailed time history curve of the story drift with different integral steps at 4 s~8s.
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Figure 12. Comparison of the equivalent force (EF) feedback and EF command on the first floor using
the non-subdivision method.

3.2. EFC Parameters

The previous sections focused on the parameters of the structural restoring force model for the
numerical substructure, which was applied with asymmetric tension and compression stiffness,
as shown in Figure 6, and the non-subdivision strategy was used to determine the inflection
point of displacement. This section presents the determination of the EFC parameters such as
force-displacement conversion factor Cg, proportional gain Kp, and integral gain K.

Generally, the force-displacement conversion factor Cg can be expressed as

Cr = (Kn +Kpp + Kg) ™ 1)
4M  2C

Kpp = — + — 2

N Y 2)

where Ky, Kg are the stiffness matrices of the numerical and physical substructures, respectively;
Kpp is the pseudo-dynamic stiffness; M, C are the mass and damping matrices, respectively, and
usually taken to be constant. From Equation (2), given a relatively small time interval At generally,
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Kpp is considered to be a relatively large component compared to Ky and Kg. In the above discussion,
the proportional gain Kp, and integral gain Kj are the control parameters, while the force-displacement
conversion factor Cr calculated by the Equations (1) or (2) is used to transform the equivalent force to
the displacement of the model.

Note that it is difficult to calculate the stiffness of the physical substructure due to the test error.
For the sake of convenience, the factor Cp is always calculated in terms of the initial stiffness matrices
of the numerical and experimental substructures. Then, Equation (1) can be adjusted to

Cr = (Knyo + Kpp + Kgp) " 3)

where Ky o, Kg,o are the initial stiffness matrices of the numerical and experimental substructures,
respectively. Because of the asymmetry in the tension and compression stiffness, the following method
was used to determine the force-displacement conversion factor Cg: the Ky was used as the practical
value while Kg ( was used as the mean value of the tension and compression stiffness matrices. For the
nonlinear test models, the calculation of Cr was based on how the above method impacted the test
results. But the effect of the EFC parameters upon the response performance can be adequately
reduced through a reasonable design of the EF controller using a self-adaptive control, sliding mode
control [48,49], etc. The PI controller was used in this study, as shown in Figure 13. The following
section presents a detailed determination of the proportional gain Kp and integral gain Kj.

T

Ki——1s

Figure 13. Equivalent force controller.

In order to guarantee that the force-displacement conversion factor Cr in the numerical simulation
identically corresponds with the correspondent in the hybrid simulation test, the stiffness of the
physical substructure using for the numerical simulation is taken to be the average value of the tested
stiffness in the positive and negative directions listed in Table 1. The updated stiffness was listed in
Table 4. The elastic nonlinear restoring force model, shown in Figure 6, was adopted for the numerical
substructure; at the same time, an elastic linear model was used for the physical substructure.

Table 4. Calculated parameters for test model.

Floors 1 2 3 4~12
Initial stiffness in the positive direction (kN/mm) 446 327 327 295
Initial stiffness in the negative direction (kN/mm) 446 327 327 359

Figure 14 shows the time histories of the inter-story displacement with a varying K; of 0.001,
0.0065, and 0.01, and a fixed Kp of 0.05 (only the result of the first floor is shown here, because there
were similar results for the other floors). The reference results are obtained using the fourth-order
single-step integration method and these can serve as exact solutions (W). Note that with increase of
the Kj, the results based on the PI controller begin to approach the theoretical solution. This indicates
that a moderate increase in Ky can enhance the accuracy of the numerical integration method. However,
the comparison between the EF feedback and EF command, shown in Figure 15, suggests that the
overshoot (Figure 15¢) or undershoot (Figure 15a) phenomenon occurs when K| when is too large or
too small. In other words, a moderate integral gain can enhance both the EF response speed and the
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accuracy of the integration algorithm, while an excessive increment will lead to an overestimation and
thereby compromise the results. It is important to point out that increasing the frequency of the EF
feedback can relieve some of these accuracy issues. However, this will also dramatically increase the
testing duration and potentially lead to a greater rate of test error.

Reference Results
15 —] e K,=0.05 K =0.001
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Figure 14. Time history curves of story drift with different integral gains.
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Figure 15. Comparison of the EF feedback and EF command: (a) Kp = 0.05, K1 = 0.001; (b) Kp = 0.05,
K7 =0.0065; (c) Kp = 0.05, Ky = 0.01.
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The time histories of the inter-storey displacement with a varying Kp of 0.05, 0.01, 0.90 and 1.00,
and a fixed Kj of 0.0065 are shown in Figure 16. As the proportional gain Ky increases, the results from
the PI controller deviates from the theoretical results—something similar can be seen in the comparison
of the EF feedback and EF command as shown in Figure 17. The excessive actuating displacement may
arise due to an excessive proportional gain—which can cause the overshooting and oscillation of the
EF feedback that produces unrealistic hysteretic responses. Wu et al. [49] analyzed the EFC method
for real-time substructure testing and found that an extensively small proportional gain often led to
a time-lag problem of actuator response. This, in turn, introduced negative damping into the numerical
substructure model and affected the test results. Increasing the proportional gain can accelerate the EF
response, which reduces the time lag in the EF response as well as the negative damping. In contrast,
an oversized proportional gain can easily lead to oscillation phenomenon in the EF feedback, and
distorted results. In conclusion, the Kp = 0.05, K7 = 0.0065 was adopted in this study.

Reference Results
------- K,=0.01 K =0.0065

— K,=0.05 K,=0.0065

20}

L |- K,=0.90 K =0.0065
15 oo oo K =1.00 K=0.0065
1.0

1.0 o

Inter-storey Displacement(mm)

-1.5

-2.0

Time (s)
Figure 16. Time history curves of story drift with different proportional gains.
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Figure 17. Comparison of the EF feedback and EF command when Kp = 0.9, Ky = 0.0065.

4. Experimental Validation

Using the previously mentioned method, a series of hybrid simulation tests were carried out on the
test model under the following peak ground accelerations: 35 gal—70 gal—110 gal—220 gal. Figure 18
shows the time histories of the inter-story displacement under different peak ground accelerations.
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Note that in Figure 18d, only the results for the duration of 6.26 s are present. This was because after
the peak displacement, the test model entered the descending stage in the hysteretic curve and the test
was artificially terminated when the restoring force recovered to zero at t = 6.26 s. From Figure 18, we
can see that the structural responses are controlled by the first mode. As the peak ground acceleration
increases, the whole displacement time history becomes increasingly sparse. This suggests that the
stiffness of each story, as well as the whole structure, has been degraded. Figures 19 and 20 show
the experimental results with a peak ground acceleration of 220 gal. More experimental results will
be shown in other study on the structural seismic performance. Figure 19 shows the comparison
of the displacement time histories between the EF feedback and EF command. The comparison
suggested a good agreement, which indicating that the proposed EFC method performed well. As seen
in Figure 20, when the substructure response enters the descending path of the hysteretic curve,
the ultimate load of the substructure under the pulling force of the first and second floor is reached.
This demonstrates that the EFC can effectively simulate the degrading behavior of the substructure
following the ultimate load in the hybrid simulation test.
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Figure 18. Time history curves of story drift with different peak accelerations: (a) 35 gal; (b) 70 gal;
(c) 110 gal; (d) 220 gal.
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Figure 20. Relationship of the inter-story restoring force and story drift in the physical substructure
under the peak ground acceleration of 220 gal for (a) 1st floor; (b) 2nd floor; (c) 3rd floor.

5. Conclusions

This paper presents an application of the EFC for the multy degree of freedom hybrid simulation
test combined with the elastic nonlinear numerical substructure model. The following conclusions
may be drawn from the results:

(1) The EFC method with implicit integration algorithm was successfully used to the HS test of
a twelve-story pre-cast reinforced concrete shear wall structure model. And non-subdivision
strategy for the displacement inflection point of numerical substructure is used to easily realize
the simulation of the numerical substructure and thus reduce the measured error. The testing
results of the descending stage can be conveniently obtained by the EFC based HS method.
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)

The physical test results show that the EFC based HS method has the good performance in both
reliability and accuracy.

A moderate increment in the integral gain can enhance the EF feedback speed as well as the
accuracy of the integration. However, an excessively large value may lead to problems of
overshooting, and compromise the results. Increasing the proportional gain can accelerate the
EF response, reduce the time-leg effect, and decrease damping. Likewise, an excessive value
can cause oscillation in the EF feedback while also distorting the results. The displacement
control problem can be effectively addressed through reasonable arrangements of the equivalent
force controllers.
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