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Abstract. The iterative hybrid testing (IHT) method, as one novel kinds of real-time hybrid testing (RTHT), provides a new
technical support for disclosing the seismic performance of large-scale complex engineering structures. However, the THT
method adopts the methodology of direct whole time-history data exchange between the physical substructure (PS) and the
numerical substructure (NS) based on the measured reaction forces of the PS, which results in the problems of slow iteration
convergence speed and poor accuracy and stability. For solving these problems, one novel offline iterative hybrid testing method
based on model identification and correction (IHT-MIC) is proposed in this paper. In the proposed IHT-MIC, the equivalent
Maxwell model is used for precisely modelling the PS by parameter identification, and based on which the reaction force of the
PS is corrected to improve the iteration convergence speed, accuracy, and stability. Firstly, the principle of the IHT-MIC is
proposed. Furthermore, the numerical simulations and experimental tests are presented for validating the effectiveness and
accuracy of the proposed method. It is shown from the numerical and experimental results that the least square method can
accurately identify the parameters of Maxwell model, and the Maxwell model can effectively correct the reaction forces of the
PS, which indicates that the accuracy of the IHT-MIC is greatly improved. Furthermore, compared with the traditional THT, the
THT-MIC significantly improves the iteration convergence speed, reduces the oscillation amplitude during the iteration process.
The proposed method may have broad application prospects in the fields of engineering structures with velocity-dependent
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energy dissipators.
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1. Introduction
1.1 Background and motivation

Quasi-static testing (QST) (Clay and Knoth 2017),
pseudo-dynamic testing (PDT) (Di Sarno et al. 2021),
shaking table testing (STT) (Shing et al. 1996, Shen et al.
2020, Cao and Khan 2021) and real-time hybrid testing
(RTHT) (Nakashima et al. 1992, Gomez et al. 2015,
Ligeikis and Christenson 2020, Najafi et al. 2023, Xu et al.
2024) are the main test methods to obtain the seismic
performance of engineering structures. Compared to others,
the RTHT divides the overall structure into physical
substructure (PS) and numerical substructure (NS) to obtain
higher test accuracy with lower test cost. With the
continuous improvement of RTHT technology, high-
performance computer, and high-precision loading system,
the RTHT was widely used in structural engineering (Li et
al. 2022, Condori et al. 2023), non-structural element (Cao
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et al. 2024, Lu et al. 2019), bridge engineering (Lu et al.
2023, Park et al. 2023, Cai et al. 2009, Xao et al. 2012),
marine engineering (Ransley et al. 2023, Vilsen et al.
2019), traffic engineering (Jiang et al. 2013, Koganei et al.
2017), vehicle engineering (Batterbee and Sims 2007,
Muthalif ez al. 2017), and other fields. At present, the main
factors limiting the accuracy of RTHT are the
computational efficiency and the stability of integration
algorithms, the accuracy of the NS, the loading rate and
accuracy of the PS, as well as the establishment of
boundary conditions (Silva et al. 2020, Tsokanas et al.
2022). For solving these problems, many scholars have
carried out a lot of researches in the fields of integration
algorithms (Phillips et al. 2014, Li et al. 2020, Huang et al.
2022), time delay compensation (Horiuchi and Konno 2001,
Chen et al. 2012, Strano and Terzo 2016), model parameter
identification (Elanwar and Elnashai 2016, Yang et al.
2017), and so on. The research results further strengthen the
development and application of RTHT. However, the RTHT
will be confronted with great challenges, e.g., the high-
precision simulation model of the NS can improve the
accuracy of numerical calculation, whilst it will also
produce higher computational delay and reduce the test
accuracy. This problem is caused by the test characteristics
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and is difficult to be completely addressed by the existing
technology.

For solving the above problems, an iterative hybrid
testing (IHT) method (Guo et al. 2016) was proposed. In
this method, the numerical simulation and physical loading
are divided into two relatively independent parts, which are
independently carried out in the entire duration of the
seismic action. Data exchange is not carried out in the
manner of step-by-step integration, while only take the
whole time-history data exchange after the integration and
loading process. In this way, the application of high-
precision numerical model of the NS is possible, and the
excellent numerical integration method in numerical
simulation can be used, and the effect of computational time
delay is eliminated. In addition, since the physical loading
is the specified path loading, the difficulty of compensating
the physical time delay is greatly reduced.

There are two types of IHT. One is building a numerical
model to replace the PS based on the reaction force
response of the PS, e.g., the accurate discrete transfer
function model (Guo and Pan 2024), the neural network
model (Gao et al. 2023), the linear substitution model
(Wang et al. 2022), and continuously optimizes the
accuracy of the model through multiple numbers of iterative
loading, so as to replace the physical model for pure
numerical simulation of overall structure to solve the
structural response. Another one is that the reaction force
response of the PS is directly brought into the equation of
motion to participate in the numerical calculation, and the
convergence judgment is carried out through the outer loop
control, e.g., the global iteration real-time hybrid testing
(GI-RTHT) (Guo et al. 2018), the offline iterative hybrid
simulation(OIHS) method combined with the fixed-point
iteration(FPI) algorithm (Guo et al. 2022), the real-time
hybrid simulation method based on multitasking loading
(RHSM-ML) (Wang et al. 2023), the time-history iteration
(THI) algorithm based on cumulative increments of OIHS
(Guo et al. 2024). These methods do not require parameter
identification, but because of the low frequency data
exchange, the reaction force of the PS is not synchronized
with the solved equation of motion. This misalignment
results in decreased iteration convergence speed,
compromised numerical stability, and limited practical
application and development of the IHT.

1.2 Scope

From previous background introductions one can
conclude that the traditional IHT method significantly

(a) IHT

reduces the frequency of data interaction between the NS
and the PS. However, this leads to a lag in physical loading
by one iteration round compared to pure numerical
calculation. This lag introduces errors in the numerical
model or equation of motion solution, whether by
establishing a numerical model of PS using reaction time-
history or directly incorporating it into the equation of
motion for numerical calculation. Consequently, it reduces
the convergence speed, numerical accuracy, and stability of
the IHT. For solving these problems, a novel offline
iterative hybrid testing method based on model
identification and correction (IHT-MIC) is proposed in this
paper. The main contents of this paper are as follows. The
principle of the IHT-MIC method is proposed in Section 2.
The proposed IHT-MIC is verified by numerical
simulations of single-story and three-story frames in
Section 3. The experimental tests of a three-story frame will
be presented in Section 4. The conclusions are summarized
in Section 5.

2. Principle of IHT-MIC
2.1 Methodology of IHT-MIC

The IHT adopts the concept of iteration in the RTHT.
The equation of motion in IHT is shown in Eq. (1).

MNa’N_i + ch]Q,i + KNd{\u + R{Ei =F, 6))

where M, C, and K are the mass, damping, and stiffness
matrices, respectively; a, v, and d are the acceleration,
velocity, and displacement vectors, respectively; Rg and F
are the reaction force vector of the PS and the external load
vector, respectively; subscripts N and E denote the
numerical substructure and the physical substructure,
respectively, subscript i denotes the integration time step,
1 <i < n; superscript j denotes the iteration round, 0 <
J = Jmax-

The data exchange of the traditional IHT is shown in
Fig. 1(a). It can be seen that after completing the whole
time-history numerical calculation of j iteration round, the

time-history loading commands vl and dé are
transmitted to the loading system. The loading system
carries out the time-history loading of the PS and measures
the whole time-history reaction force Rf.

According to Eq. (1), in conducting the numerical
calculation for the (j+1)™ iteration round, the reaction force

(j+] )Ih

(b) IHT-MIC
Fig. 1 Data exchange diagram of IHT and IHT-MIC
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of the (j+1)" iteration round R{:H should be taken into

consideration. However, as the value of R{;'l has not yet
been measured, it is necessary to subsequently transmit the

measured reaction force R} to the NS for the numerical
calculation of the (j+1)" iteration round, which inevitably
leads to the issue of iteration round lag. The iteration round
lag may lead to the error of solving the equation of motion,
reduce iteration convergence speed, and decline the
accuracy and stability of numerical calculation.

To solve this problem, this paper proposes an IHT-MIC
method, a correction force is incorporated into the
numerical computation by the IHT-MIC method.
Specifically, the correction force represents the difference
between the PS reaction force of the current iteration and
the real PS reaction force of the previous iteration, which
can be expressed as

S
AR} =RJ — R} )

It can be seen that the correction force is a function of
the PS reaction forces between adjacent iterative rounds, as
the reaction forces of the PS in the previous iterative round

R{;l have been measured, but the reaction forces of the

current iterative round R{E have not yet been loaded, so the
correction force cannot be obtained directly. However, if a
physically accurate numerical model of the substructure can

be established, the correction force AR} can be calculated
based on the model by calculating the substructure response
between adjacent iterative rounds, and then incorporated
into the equation of motion for numerical calculation to
some extent, which can improve the numerical calculation
accuracy and speed up and improve the convergence of the
iteration.

The data interaction form of the IHT-MIC method is
shown in Fig. 1(b), where ¢y and ky are the damping
and stiffness of Maxwell model equivalent to PS,
respectively. ARy, is the corrected force. Compared with
the traditional IHT method, the IHT-MIC constructs an
equivalent Maxwell model by collecting the force-velocity
relationship of the PS after iterative numerical calculation
and loading. At the same time of the step-by-step numerical
calculation, the Maxwell model is used to gradually modify
the reaction force through the historical and current
responses of the PS, so as to reduce the error of solving the
equation of motion, improve the iteration convergence
speed, accuracy and stability of the numerical calculation.

The Maxwell model, as shown in Fig. 2, is a commonly
used equivalent model of the viscous damper (Mathur and
Khandelwal 2017), which simulates the viscous damper
with a series of stiffness and damping elements. In Fig. 2,
dc, Ve, and ac are the displacement, velocity, and
acceleration of the damping element, respectively; dg, Vg,
and ag are the total displacement, velocity, and
acceleration of stiffness and damping elements,
respectively; Ry is the reaction force of the PS.

The output reaction force of the Maxwell model is the
displacement-dependent restoring force or the velocity-
dependent damping force, i.e.

Ry = emve = km(dg — d¢) 3)

Initial state
] A VAVA Vo FAN
1
‘d.,v..a.
i k E'. }Loading state

H]_u'_/\/\/\'&/_; Ry =Ri"5

Fig. 2 Schematic diagram of Maxwell model
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The most advantage of the Maxwell model is simplicity
and adaptability. Furthermore, it can well reflect the
relaxation phenomenon of viscoelastic dampers and the
change trend of storage modulus with frequency, especially
for viscous dampers with strong frequency dependence
(Zhou et al. 2018). It can be seen from Eq. (3) that the
reaction force of the Maxwell model is directly proportional
to the velocity of the damping element or the displacement
of the stiffness element. Therefore, the correction value for
reaction force can be determined by analyzing the historical
responses of the PS. The core of the IHT-MIC includes
parameter identification of Maxwell model and reaction
force correction of the PS.

2.2 Parameter identification

From Eq. (3), one can calculate the differential form of
the reaction force about time is

RM = km(vg — ve) = kmve — kmvc 4

From Eg. (3), one can also calculate

Ry
ve = o (%)
By substituting Eq. (5) into Eq. (4), one can obtain
. kwm
Ry = kmVE ———Ry (6)
™

It can be seen from Eq. (6) that the derivative of
Maxwell damper output is linearly related to the total
velocity vg and the damper output reaction force Ry,
which indicates Eq. (6) is a first-order differential equation
about the Ry . The output reaction force Ry can be
calculated directly in case of the values of parameters cy
and ky; are determined.

Taking ¢y and ky as unknowns, Eq. (6) can be
regarded as a nonlinear equation. The ¢y and ky; can be
determined by the nonlinear model parameter identification
methods, e.g., UKF (Mandela ef al. 2012). Since the
process of parameter identification using nonlinear model
parameter identification method is rather complicated, in
order to simplify the process of parameter identification, a
variable substitution approach is employed to convert the
nonlinear equation into a linear one for identification by
linear methods. Eq. (6) is written as follows

A® = Ry @)

in which
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km
0
= 91] =| kum (8)
2d2x1 _c_
Ml
Vg1 Rma
1% R
A = [vg, Ruluxz = E2 Mz )
Vgn Rumn
[Rua]
. : R
Ry = [Ru],, ., =™ (10)
RM,n

Bring Eq. (8) into Eq. (6) yields
6,vg + 6,Ry = Ry (11)

Rewriting the above equation into matrix form, i.e.

Vgx Rma RM,l

Vg2 Rma| 91] _|Rua2

. . [92 =" (12)
vE,n RM,n RM,n

After defining the parameters, the original nonlinear
equation is transformed into a linear equation with 8 as the
unknown quantity, and the parameters can be identified by
the least square method, i.e.

ATAG = ATRy (13)
~ [91] e
where 0 = | . is identification value.
21ax1
Because ATA is a reversible square matrix, the above
formula can be transformed into

0 = (ATA)"'ATRy (14)

Eq. (14) can be used to determine the parameters ©
based on the structural response obtained by numerical
calculation and physical loading during the hybrid testing.

2.3 Reaction force correction

With identified parameters 0, Eq. (11) can be expressed
by
01VE; + 02Rm; = Ry (15)

The derivative of the reaction force of PS in Eq. (15)
can be estimated by

. Ryi — Ryvi_
Ry; = % (16)

where At is the integration time step. By substituting Eq.
(16) into Eq. (15), one can obtain
Rm;i — Rmji-1

6,vg; + 0,Ry,; = B va— (17)

Based on Eq. (17), the reaction force of Maxwell model
can be calculated as

At

i = =V — Ry i_ 18
M,i 1—At92 M,i-1 ( )

o ——
BT — Ath,

The concept of iteration is introduced, and the reaction
force of Maxwell model in jth iteration can be written as

1 .
i T Aeh, Vg A Rl{/l,i—l (19)

+ _
1 — Atb,
Making a difference between the equations of motion of

two adjacent iteration rounds, and use the historical
response of the structure to calculate the correction force as

il i1 _
ARy; = Ry; —Ry; =

At@l . - 1 ) i1+ (20)
1 _ Atéz (vé,l - vé,l ) + 1 _ Atéz (R]{/[,i—l - R]{/I,l‘—l)
At the same time
ARlél,i—1 = Rlcl,i—l - Rl{/l_zl—1 21

Bring Eq. (21) into Eq. (20) and expand it to multi-
degree of freedom structure, i.e.

AR/ .=At—91(vj.—vj71)+;ARj (22
M,i 1— Até‘z E,i Ei 1-— Até‘z M,i-1
Eq. (22) can be further simplified into a continuous
differential form, i.e.

ARY,; = 0,(v), — v + 0,0R},, (23)

Therefore, for the IHT-MIC proposed in this paper, the
equation of motion solved by numerical calculation is
shown in Eq. (24), i.e.

Mya),; + Cnva; + Kndy, + R +AR), =F,  (24)

It can be seen that for the IHT-MIC, the correction force
is related to the difference between the relative velocities of
two adjacent iteration rounds, where v/, can be solved by
step-by-step integration of current iteration round or
displacement difference; at the same time, it is related to the
correction force of the previous step in the current iteration.

2.4 Implementation process

The implementation flow diagram of the proposed IHT-
MIC is shown in Fig. 3, where the meanings of variables i,
J, and n are referred to Eq. (1). The main implementation
process is as follows.
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Fig. 3 Implementation flow diagram of IHT-MIC

Prior tests. Initializes all parameters, including the
NS, the step-by-step integration algorithm, efc.,
inputs seismic excitation and carries out whole time-
history calculation, loads the PS and measures
corresponding reaction force responses and the
displacement responses of the PS.

Preliminarily estimates the nonlinear model of the
PS. Based on the measured force-displacement
relationship, preliminarily establishes a nonlinear
numerical model of the PS, which may have
nonnegligible errors. Similar to the IHT method
(Guo et al. 2016), the numerical model of the PS
should conform to its actual hysteretic characteristics
as closely as possible.

Calculates the whole time-history responses of
overall structure. The pure numerical simulation of
RTHT is carried out based on the nonlinear
numerical model of the PS and the measured
reaction forces.

Loads the PS with whole time-history displacement
and velocity, and measures corresponding whole
time-history reaction forces of the PS.

Identifies the equivalent Maxwell model parameter
of the PS based on the latest force-velocity
relationship of the PS at each iteration round.
Calculates the correction forces with the updated
Maxwell model and conducts numerical calculation.
Start the next round iteration calculation, take the
reaction force of the previous iteration into the
equation of motion, and correct the reaction force
through Maxwell model of the PS to improve the
accuracy of numerical calculation. Calculates the
next step responses of overall structure.

Convergence judgment. Judges the convergence of
the structural response according to the convergence
evaluation indexes. If converges, completes the test;
otherwise, returns to step @.

Compared with RTHT and pure numerical simulation,
the IHT-MIC method circumvents the issues of numerical
calculation stability and time delay through iteration, and
enhances the convergence speed and accuracy of the
iteration. However, this method also imposes new
requirements on the PS. Since the PS needs to undergo
whole time-history loading in each iteration round, it
implies that the PS should possess repeatable loading
characteristics, such as dampers, elastic rubber bearings,
etc. If the PS may encounter irrecoverable elastoplastic
deformation or even failure during the test process, it is
advisable to consider fabricating multiple specimens with
minor differences using the same process to meet the
requirements of iterative loading.

3. Numerical simulations
3.1 Single-story frame

To verify the effectiveness and applicability of the
proposed method, numerical simulations on a single-story
frame installed with Kelvin shock absorber were conducted
by the traditional IHT and the proposed IHT-MIC. The
structural framework diagram is shown in Fig. 4, where the
NS is the main body of the framework, and the PS is the
shock absorption device installed inside the framework
expressed by one spring damping parallel Kelvin model.

The structural parameters are shown in Table 1. At the
start iteration, set the numerical model accuracy to be 50%
of the PS is shown in Eq. (25), and identify the equivalent
Maxwell model of the PS based on the corresponding force-
velocity relationship is shown in Eq. (26). The El Centro
(NS, 1940) earthquake wave record, with a duration of 20 s
and a peak ground acceleration of 150 gal, was utilized as
the excitation. The central difference method (Wu et al.
2005), with an integration time step of 0.01 s, was
employed as the integration algorithm.
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Fig. 4 Calculation diagram of single-story frame

Table 1 Structural parameters of single-story frame

Parameter m (kg) k(N/m) ¢ (Ns/m)
NS (single-story frame) 3.6 x 10° 1.42 x 107 9.05 x 10*
PS (Kelvin shock absorber) 0 7.11 x 10 1.81 x 10°

The convergence step and root mean square error
(RMSE) indexes are defined to analyze the following
numerical and experimental results. The number of
convergence step ¢ is shown in Eq. (27).

Rg = 9.05 x 10* - v + 3.56 X 106 - dy 25)
Ry = 6.34 X 106 - v = 7.36 X 106 - (dg — dc)  (26)
gl = |dé_i —di| <& (27)

where &, d, and &, are convergence step, reference
displacement and convergence step limit displacel

ment, respectively. The physical meaning of Eq. (27) is that
the number of steps whose displacement difference between
the current iteration round and the reference solution is less
than the limit value &,. This index can directly reflect the
integration steps of iterative convergence of the current
iteration, and can directly reflect the convergence speed and

convergence trend. The convergence step limit
displacement &, can be defined as 0.1% or less of the
displacement time-history amplitude. For numerical

simulations, the displacement of the referenced solution can
be calculated by the accurate numerical model. For physical
tests, the referenced solutions are the structural responses
when the displacements do not change with the increase of
iteration rounds.

The RMSE is shown in Eq. (28), which judges the
convergence of iteration by observing the deviation degree

between the structural displacement response and
thereferenced displacement time-history signals.
P - \2
n (dl. —d.
RMSE/ = M (28)

r(dy)’

Fig. 5 shows the time-histories of the lateral
displacement of the frame in the first five round iterations.
The Y-axis on the left is the displacement of the IHT-MIC
method, whilst the Y-axis on the right is the displacement of

the IHT method. From Fig. 5, one can see obvious
difference between the displacement of the IHT-MIC
method and the referenced solution at the 1st round
iteration, while the difference decreases significantly with
the increase of iteration round, e.g., the displacement time-
history converges completely at the 5" round iteration.
However, for the IHT method, one can see dig difference
between the displacement of the IHT method and the
referenced solution at the 1% round iteration. Worse still, the
displacement time-history shows divergence trend starting
from the 2" round iteration. The results indicate that
compared with the IHT method, the IHT-MIC method has
better numerical stability under this condition.

The comparison of the RMSE and the convergence step
between the IHT-MIC and IHT for single-story frame are
shown in Fig. 6, in which the limited displacemente, =
0.1 mm. In Fig. 6(a), the Y-axis on the left is the RMSE of
the IHT-MIC method, and the Y-axis on the right is the
RMSE of the IHT method. One can see from Fig. 6(a) that
for the case of the IHT-MIC, the RMSE reached its
maximum value of 0.24 at the 1% round iteration, and then
decreased rapidly with the increase of the iteration rounds,
especially, the RMSE decreased to 0 at the 5" round
iteration. From Fig. 6(b), one can also see that the
convergence steps reached 2000 at the Sth round iteration,
indicating that the iteration is complete convergence.
However, for the case of IHT, the RMSE of the
displacement rapidly increase with the increase of iteration
rounds, especially, significant numerical instability and
divergence trend of displacement time-history can be
observed at the 5™ round iteration. From Fig. 6(b), one can
also observe negligible variation of the convergence step.

The complete convergence steps and RMES of the IHT
are shown in Fig. 7, where the Y-axis on the left is the
convergence round and the Y-axis on the right is the RMSE.
It can be seen from Fig. 7 that for the IHT method, the
RMSE reached its maximum value at the 48" round
iteration, gradually decreased after several periods of
oscillation, and finally decreased to 0 at the 120" round
iteration. From Fig. 7, one can also see that the convergence
step shows a linear growth trend with the increase of
iteration rounds, and complete converges at the 120" round
iteration. The results reflect the convergence characteristics
of the THT, that is, the instability of numerical calculation
will affect the convergence speed of iteration, but will not
reverse the iteration convergence trend. The results indicate
that compared with IHT method, the IHT-MIC method has
better iteration convergence speed, numerical accuracy and
stability, and engineering applicability.
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Fig. 5 Simulation results of displacement time-history for single-story frame
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Fig. 6 RMSE and convergence steps of experimental results for single-story frame

In order to verify the applicability of the proposed
method for multi-degree of freedom structures, numerical
simulations were carried out for one three-story frame with
viscous dampers. In this case, the NS was a three-story

frame, and the PS was a viscous damper. The structural
calculation diagram was shown in Fig. 8. The mass of each
floor was set to be 2 x 10* kg, the interlayer stiffness was 4
x 107 N/m. The first three frequencies were 3.17, 8.88, and
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12.8 Hz, respectively. The structural damping matrix is
shown in Eq. (29).
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The excitation was El Centro (NS, 1940) earthquake
wave record with a duration of 10 s and a peak ground
acceleration of 70 gal. The integration algorithm was the
central difference method with an integration time step of
9) 0.001 s. It should be noted that in order to avoid the

influence of displacement divergence on the convergence
speed, the positioning displacement limit of +12 mm was
(30) set in the simulations.
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Fig. 9 Simulation results of displacement time-histories for three-story frame
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3.2 Three-story frame with viscous damper

Fig. 9 is the time-histories comparison diagram of the
lateral displacement on the first floor of the three-story
frame during the 1, 5% 10%, and 15" iterations. It is shown
from Fig. 9 that for the IHT-MIC, there was obvious error
between the displacement time-history and the referenced
solution at the 1% round iteration, and the error was
gradually decreased to O with the increase of iteration
rounds. While for the THT, there was still an obvious error
around the last 2s of the displacement time-history at the
15" iteration, and the displacement amplitude oscillates
obviously even exceeds the limit several times.

Fig. 10 shows the RMSE and convergence step,
respectively. Displacement limit of convergence step was
& = 0.1 mm. It can be seen from Fig. 10 that the RMSE of
the IHT-MIC was 0.27 at the 1st round iteration, and then
continuously decreased, and the RMSE was 0 at the 11%
iteration round. For the convergence step &, the method
converged completely at the 11 iteration round. While, the
RMSE of the IHT always fluctuated at a high level, reached
up to 0.58, 1.54, 0.86 at the 1%, 6™, and 15" round iterations.
The convergence steps of 15 iteration rounds were 4718,
which does not fully converge. The simulation results
indicate that the IHT-MIC has faster convergence speed and
more stable numerical calculation.

4. Experimental validations
4.1 Experimental setups

Experimental tests were conducted for further validating
the effectiveness of the proposed IHT-MIC. A three-story
frame with viscous dampers was taken as the research
object, and the schematic diagram of experimental test is
shown in Fig. 11. The tests were carried out at the key lab
of structures dynamic behavior and control of Harbin
Institute of Technology. The PS was a certain type of
viscous damper, which was loaded by servo-hydraulic
actuators. The experiments presented in this paper employ
PID control based on displacement feedback, and the
physical loading delay is approximately 15 ms. Since the
experiments in this paper mainly focus on the verification
of the effectiveness of the method, delay compensation was
not implemented during the experiments. Relevant studies
on delay compensation will be further carried out in the
subsequent work.

4.2 Numerical models
The NS and excitation load of the three-story frame

were set to be the same with the three-story frame in
Section 3.2. The numerical model of the specimen was
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determined by the corresponding hysteretic curves of
preliminary test, as shown in Fig. 12. According to the
force-displacement relationship as shown in Fig. 12, the PS
was equivalent to the exponential damper model. The
numerical model of the PS of the start iteration was defined
as
Rg = 3.85 x 10* - sgn(vg) - |vg|®® (32)
At the same time, the equivalent Maxwell model
parameters of the PS were identified according to the force-
velocity relationship of the start iteration, i.e.

RM=198 X 105 Ve = 4.80 % 106 . (dE - dc) (33)

@
=)

To ensure the accuracy of parameter identification, it is
necessary to verify the progress of the Maxwell model. The
displacement and velocity time-histories were brought into
the identified equivalent Maxwell model for calculating the
reaction force. The corresponding calculated reaction force
were compared with the referenced reaction force time-
histories, as shown in Fig. 13. It can be seen from Fig. 13
that the identified result almost matches the referenced
result, which indicates that the accuracy of the Maxwell
model for parameter identification was high.

4.3 Results analysis

Fig. 14 shows the time-histories comparison diagram of
the lateral displacement on the first floor of the three-story
frame at the 1%, 5™ 10%, and 15 round iterations in the
experimental tests. In order to avoid the influence of
displacement divergence on convergence speed and damage
to the loading system, the displacement limit of £12 mm
was set in the tests. At the 1% round iteration, both the IHT
and the IHT-MIC had obvious errors. However, from the
perspective of displacement amplitude, the IHT-MIC had
obvious advantages over the IHT. In the subsequent
iteration rounds, the IHT-MIC can converge at a faster
speed, and the displacement amplitude was always in a
relatively stable state. While for the IHT, the effective time
steps were increasing, the growth speed was slow, and the
displacement amplitude was oscillatory. The results indicate
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T
Y
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Fig. 13 Maxwell model verification
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that the IHT-MIC method has better convergence speed and
numerical stability over the IHT.

Fig. 15 shows the RMES and the convergence steps of
the experimental results of the displacement time-histories,
respectively. Displacement limit of convergence step was
& = 0.1 mm. For the IHT, the RMSE always fluctuated at
a high level, e.g., 0.85, 0.96, and 0.9 at the 1%, 4" and 15"

round iterations, and the iteration finally converged to 5878
steps at the 15" round iteration. While for the IHT-MIC, the
RMSE decreased continuously after the start iteration, e.g.,
the RMSE reaches the maximum value 0.43 at the 1% round
iteration and decreased to 0 at the 15" round iteration. The
IHT-MIC converged completely at the 12" round iteration,
which indicates the IHT-MIC had better convergence speed
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compared to the IHT. The experimental results can obtain
similar conclusions with the simulation result as shown in
Section 3.2.

5. Conclusions

For improving the convergence speed, accuracy, and
stability of the iterative hybrid testing (IHT), a novel offline
iterative hybrid testing method based on model
identification and correction (IHT-MIC) was proposed in
this paper. Numerical simulations and experimental tests
indicate that this method has distinct superiority compared
with the IHT method. The main conclusions are as follows.

* A novel IHT-MIC method was proposed. In this
method, the equivalent Maxwell model of the PS is
identified using the least squares method, and the
reaction forces at the current step of the PS are
corrected using the velocities from adjacent iteration
rounds and the corrected forces from the previous
integration step. By employing offline iteration and
force correction, the IHT-MIC can effectively
enhance the iterative convergence speed and reduce
the number of iterations required for complete
convergence.

* Numerical simulations were conducted for validating
the effectiveness of the proposed methods.
Numerical simulation results of the single-degree of
freedom system show that the iteration round
required for complete convergence of structural
responses time-history is reduced from 120 of the
IHT to 5 of the IHT-MIC, and the RMSE is reduced
from divergence of the IHT to 0.24 of the IHT-MIC.
Numerical simulation results of the three-story frame
system also show that for the IHT-MIC, the RMSE
reaches the maximum of 0.27 at the Ist round
iteration and then decreases rapidly, and the IHT-
MIC converged completely at the 11th round
iteration. While for the IHT, the RMSE at the 15th
round iteration is remain higher up to 1.54, and the
IHT not completely converged. The numerical
results indicate that compared with the IHT method,
the IHT-MIC behaves faster convergence speed,
higher numerical accuracy and stability.

» Experimental tests were conducted for validating the
effectiveness of the proposed methods. Experimental
results of the three-story frame system show that for
the IHT-MIC, the RMSE reaches the maximum
value of 0.43 at the 1st round iteration and decreases
rapidly, and the IHT-MIC completely converged at
12th round iteration. While for the IHT, the RMSE
always remain at a higher level, and the IHT not
completely converged. The experimental results
indicate that compared with the IHT, the IHT-MIC
behaves faster convergence speed, higher numerical
accuracy and stability.

The prospective works of this study are to investigate
better parameter identification method of Maxwell model
and to seek a more accurate nonlinear model of the PS to
improve the efficiency and accuracy of the IHT-MIC.
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