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Multi-objective optimization method for hybrid isolation systems using

explicit seismic response prediction

Abstract: In highly seismic regions, a hybrid isolation system integrating isolators and
viscous dampers can achieve both isolation efficiency and displacement control. However,
the quantitative design of damper parameters lacks theoretical guidance. To address this
bottleneck, this study proposes a multi-objective optimization design method balancing
isolation-layer displacement and total shear control. First, based on the energy balance
equation, explicit mappings of the displacement response ratio and shear response ratio
versus the added damping ratio are derived. These mappings allow direct estimation of
structural responses. Then, a design framework based on minimizing a weighted sum
function is established, from which the optimal added damping ratio can be determined
according to engineering needs. Case validation demonstrates that the explicit formulas
yield predictions within a 20% deviation compared with time-history analysis results,
meeting the accuracy requirements of preliminary design. The weighting method
effectively balances displacement and shear control, significantly reducing the design
iteration cost caused by repeated trial computations in time-history analysis. This method
offers a practical tool for the preliminary design of low-to-medium-rise isolated structures
and lays a methodological foundation for the analytical optimization design of complex

isolation systems.

Keywords: hybrid isolation system; viscous damper; energy balance; explicit seismic

response prediction; multi-objective optimization

1 Introduction

Conventional seismic design relies on increasing member sections to enhance structural stiffness and
resist seismic forces. However, in highly seismic regions, this "hard-resistance" strategy often leads to
overly large column sections and amplified seismic demands, making it difficult to meet the performance
requirements of key protected structures [1-3]. In contrast, base isolation—introducing a flexible layer
beneath the structure to elongate the fundamental period away from the dominant frequency range of
ground motions — fundamentally reduces the seismic response of the superstructure [4-7]. However,
application in highly seismic regions introduces an inherent trade-off between isolation efficiency and
displacement control. Using smaller-diameter isolators lowers isolation-layer stiffness and improves
efficiency but risks excessive displacement and bearing rupture; larger-diameter isolators constrain
displacement but increase stiffness, thereby diminishing isolation efficiency. This dilemma has become a
major bottleneck for applying isolation technology in high-seismicity zones [8-10]. To address this
challenge, a hybrid isolation system combining lead rubber bearings (LRBs) and viscous fluid dampers
(VFDs) in parallel has been proposed (Fig. 1). In this system, VFDs dissipate substantial seismic energy
and effectively limit isolation-layer displacement without appreciably increasing stiffness, thereby

achieving synergistic optimization of isolation efficiency and displacement control. Such hybrid systems



51
52
53

54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83

have recently become a research focus in structural vibration control [11-14]. However, there is still a lack
of systematic theoretical guidance for the quantitative design of VFD parameters to optimally balance this

trade-off.

Supcrslruclurc

Isolation Layer

g m.m“m.m.m

Lead Rubber Bearing iscous Fluid Damper

- ——

Figure 1. Parallel hybrid isolation system with LRBs and VFDs.
Extensive research efforts have been devoted to the theoretical modeling, performance validation, and

optimal design of hybrid systems. At the modeling level, Naeim and Kelly [15,16] laid the foundation for
calculating the equivalent stiffness and damping ratios of LRBs. Makris et al. [17,18] systematically
reviewed the early development of isolation technology and emphasized the theoretical advantages of
velocity-dependent dampers in isolation layers. Kitayama and Constantinou [19,20] further examined how
inherent damping modeling affects the prediction accuracy of isolated structures, emphasizing the
applicability boundary of equivalent linearization under large displacement amplitudes. De Domenico et
al. [21,22] proposed an improved equivalent linearization model for VFD-isolator combinations based on
random vibration theory, and validated its accuracy via nonlinear time-history analyses. However, most of
the aforementioned models rely on the assumption that dampers alone dissipate all seismic energy [23].
This assumption often leads to overly conservative designs and precludes explicit formulation of the
mapping between damper parameters and structural response.

For performance validation, numerous numerical and experimental studies have confirmed the
superiority of combining LRBs with VFDs. Ozer and Inel [24] conducted 528 bidirectional nonlinear time-
history analyses. They demonstrated that the LRB-VFD combination reduced displacement and
acceleration demands by over 74% in a torsionally irregular RC building and nearly eliminated its torsional
response. Liu, Wang, et al. [25,26] systematically validated the excellent seismic performance of hybrid
isolation systems via full-scale shaking table tests. Habieb et al. [27,28] conducted finite element analyses
on masonry structures and likewise confirmed the clear advantages of this hybrid scheme in protecting
structural members and enhancing seismic capacity. Li et al. [29,30] further noted that a single isolation
measure often fails to meet the performance control requirements of complex structures, whereas an
improved hybrid isolation configuration can effectively address this limitation. Despite these multifaceted
validations, the determination of damper parameters is still largely dependent on an iterative trial-and-
correction procedure. Specifically, a set of damper properties is assumed first; then, time-history analyses
are conducted to evaluate structural response. The parameters are subsequently adjusted and rechecked
until predefined performance limits are met. This approach involves considerable computational cost and
provides limited physical insight, which impedes the rapid preliminary estimation of damper characteristics
needed to achieve specified performance objectives.

In the field of design optimization methods, research focus has gradually shifted from single-criterion

control to multi-objective collaborative optimization. Alwilly and Lavan [31] proposed a gradient-based
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optimization framework to simultaneously optimize the isolator layer position, stiffness, and damper
parameters. This framework minimizes cost while satisfying displacement and acceleration constraints.
Charmpis et al. [32,33] employed a genetic algorithm to optimize the vertical arrangement of the isolation
layer, aiming to minimize absolute acceleration while ensuring that inter-story drift and isolation-layer
displacement meet prescribed limits. Skandalos et al. [34,35] developed a multi-objective optimization
method to simultaneously minimize the inter-story drift of the superstructure and the displacement of the
isolation layer. The aforementioned methods either minimize a single response index or rely on iterative
searches based on intelligent algorithms. However, minimizing a single indicator fails to adequately capture
the coupling relationship between isolation-layer displacement and base shear. Consequently, the resulting
designs often deviate from a well-balanced engineering trade-off. Although intelligent algorithms can
handle multiple objectives, they lack an analytical link between damping parameters and structural
response. This requires computationally expensive iterative searches whenever design conditions change.
A truly explicit multi-objective optimization framework remains absent [32,34,36-38].

In summary, although existing studies have achieved significant progress in various subfields of
hybrid isolation systems, the aforementioned limitations are highly interrelated. At the theoretical level, no
explicit mapping exists between damper parameters and structural response. This shortcoming forces
performance validation to depend on trial computations rather than rapid estimation approaches.
Consequently, the optimization design level struggles to establish a multi-objective explicit framework.
This logical disconnection across the three levels implies that the optimization design theory for dampers
still lacks a systematic solution grounded in an energy-coordination mechanism—an urgent and promising
research direction [39-41].

To address the limitations in existing research, this paper focuses on a hybrid isolation system
composed of LRBs and VFDs connected in parallel. Its objective is to develop an analytically explicit and
multi-objective collaborative design optimization method. First, based on the energy balance equation at
the end of an earthquake, explicit mappings are derived from the added damping ratio to both the
displacement response ratio and the total shear response ratio of the isolation layer. This will yield simple
prediction formulas that directly estimate the structural response under Maximum Considered Earthquake
(MCE) from damper parameters. Second, to overcome the common limitation of single-criterion methods,
a minimization design approach based on a linear weighted sum function is proposed. By adjusting the
weighting coefficients according to project requirements, designers can directly determine the optimal
added damping ratio and corresponding seismic response estimates, realizing a shift from "single-criterion
control" to "multi-objective collaborative optimization." Finally, a seven-story frame structure in Kashi,
Xinjiang, will be used as a case study for the optimization design and time-history verification of the hybrid
isolation system. Overall validation will be conducted based on comparisons with and without dampers,
response analyses for various weighting combinations, and theoretical prediction accuracy. It is expected
that the proposed method can significantly reduce design iteration cost without sacrificing prediction
accuracy, providing a theoretical basis and practical tool for the preliminary design of low-to-medium
regularly isolated structures. More importantly, the theoretical framework established herein, which links
energy balance, response mapping, and multi-objective optimization, provides an extensible

methodological basis for the analytical optimization design of complex isolation systems.
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2 Response prediction for hybrid isolation systems based on energy method

2.1 Derivation of energy balance equations and key responses

This study focuses on the shear-type model [42]. The force-deformation characteristics of the isolation
layer components, including additional viscous dampers, are shown in Fig. 2. Subscripts b and d denote the
lead rubber bearing and the viscous damper, respectively. The pre-yield and post-yield stiffnesses of the
lead rubber bearing are denoted by Ky and Ky, respectively. The shear force of the bearing is denoted as Fy,
and its maximum value is Fymax. The viscous damper exhibits linear velocity-dependent behavior, with a
damping coefficient of C. Its output force under seismic excitation is Fy, and the peak output is Fy, max. The

total shear force of the isolation layer is denoted as F, and its maximum value is Fmax. The displacement of

the isolation layer is denoted as &, and its maximum value as Smax. The fundamental period and frequency

of the superstructure are 77 and ¢y, respectively. The total mass of the superstructure is M. To simplify the

derivation while ensuring a conservative design, we assume that the input seismic energy is entirely
dissipated by the isolation layer.

F K 4

b.max

/"‘ F

d.max

0 —
ﬁ ‘

Kﬂ
(a) Hysteretic curve of the lead-core laminated (b) Hysteresis curve of the viscous fluid damper
rubber bearing (LRB) (VFD)

Figure 2. Force-displacement relationship of the isolation component.
Due to the phase difference between the peak forces of the viscous damper and the isolation bearing,
the maximum total shear force of the isolation layer is not the simple algebraic sum of these two components.
Under harmonic excitation, the shear force-displacement relationship of a damper can be characterized by

an elliptical equation

2 F2
5T+2—“:1 (D
5max Ei,max

Accordingly, the total shear force F in the isolation layer at any time instant can be expressed as
F,
F=F+F =K+ 5" -5 ()
where K.q denotes the equivalent lateral stiffness of the isolation system.
By taking the extremum of Equation (2), the maximum shear force of the isolation layer Fnax can be

related to the maximum shear forces of the bearing Fi, max and the damper Fgmax as
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Three shear coefficients are defined: a, for the isolation bearing, a4 for the viscous damper, and a; for

the total isolation layer, as given in Eq. (4).

F F, F
a, = ;‘“ a, = ;/’[mx a = AZM (4)
g g g

Equation (3) shows that the coefficients satisfy the following relationship

o, =\a; +a; (5

By the time the structure ceases to vibrate after seismic excitation, all elastic strain energy has been
fully dissipated. The energy balance equation for the base-isolated structure with a viscous damper in the

isolation layer at rest is

m,h(t)"'Wb,h(t):E(t) (6)

In this equation, Wqn and Wpy denote the energy dissipation of the viscous damper and isolation
bearing, respectively, while £ denotes the seismic input energy.

Reference response quantities are introduced to define the reference displacement Jdp and shear
coefficient ao for the isolation story with only isolation bearings. For a pure isolation system, the energy

equation yields

2

MV
nnbgeq,300Keq,300502 = 2E =E() (7)

Simplifying gives

1 V. 2
Oy =ViTisy, |z5—— (8 Qy=—-= s 9)
8T 71y G g 300 T3008 \| MG eq 300

In this equation, n, denotes the number of hysteretic cycles undergone by the seismic isolation bearings;

Keq 300 denotes the equivalent stiffness of the isolation layer without dampers. It is determined under a
reference state where the isolation system deformation equals three times the bearing thickness, based on
which the corresponding fundamental period 77300 and equivalent damping ratio {cq300 are derived. The
velocity equivalent of seismic input energy is represented by FVe. Based on these definitions, the
displacement response ratio Rp=dmax/d is introduced to characterize the peak displacement of the isolation
layer with viscous dampers relative to that without dampers. Similarly, the total shear force response ratio
is defined as Rv = a1 /ao. The total energy dissipation of the viscous dampers can be expressed as

Wan(t) = nymky 0,8 (10)

,max ~ max

where 74 denotes the equivalent number of hysteretic cycles at the displacement amplitude

corresponding to the energy dissipated by the viscous dampers.
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The parameter 74 denotes the energy dissipation ratio of viscous dampers, which is defined as =W,
w/(Wa wtWs,n)- This ratio characterizes the fraction of energy dissipated by the dampers with respect to the

total system energy. On the basis of this definition, the energy balance yields Equation (11)

2

MV,
n,ma,Mgs,, = 2E 7, (1D

max

Substituting Egs. (7) and (10) into Eq. (11) yields
a,o,n, 1 T, .2
SRy =y (12)
aO aO nb geq,300 TSOO
Therefore, the ratio of the shear coefficient a, of bearings to the reference shear coefficient a, (i.e.,
ay, /a,) can be expressed in terms of o as follows

% Dy _ %

T
(&)2 — Geq300T4 (13)
a, Ty, Oy 1y

In addition, the maximum displacement dmax and o, satisfy the following relationship

O _ a,Mg /K 0 a, Kesno _ %(h)z (14)

S, aOMg/Keq,300 Q, Keq,lOO a, Ty

In a hybrid isolation system equipped with dampers, the deformation of the isolation layer is reduced
due to the displacement restriction provided by the dampers. Accordingly, Keq,i00 and 7% 100 are defined
based on the reference state where the deformation reaches the bearing thickness, representing the
equivalent stiffness and the corresponding fundamental period of the structure, respectively.

The displacement response ratio Rpis expressed as

R = O % Lo \2 O 1y
s
o % L3 a4 ny

Seq300d (15)

Based on Eq. (5), the total shear response ratio Ry can be written as

2
a n T2 a a
R, =—'=J(n—"geq,3oom j (=2 + (=) (16)
d

2
aO T{ 00 ad aO

Accordingly, once aq is determined, Eq. (15) yields the predicted maximum displacement of the isolation
layer, while Eq. (16) provides the predicted maximum total shear.

Assuming harmonic motion y = dmaxSin(meqf) with amplitude dmax and equivalent frequency weq, the
maximum output force Fgmax 0of a viscous damper under earthquake excitation can be expressed in terms
of the added damping ratio {y introduced by the damper to the system as

F — é‘ _ 2 E},max _ 2 Weq F
cw, = é/dmwf,IOOWeq " =20, b,max (17)

dmax — eq "~ 'max 2
W 100 We 00

Combining Egs. (4), (13), and (17), the expression for a4 in terms of the added damping ratio (q is obtained

as

a, T, W, n
L= 2§d . _bgeq,soond (18)
a, Ty W00 T
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2.2 Key parameter calibration using time-history analysis

2.2.1 Case study model and ground motion inputs

A six-storey frame model is constructed having uniform floor height of 3.3 m and uniform mass
distribution along the story heights. The isolation layer is located on top of the foundation consisting of
lead - rubber bearings with equivalent lateral stiffnesses of 1.985 kN/mm and 2.7 kN/mm corresponding to
the fundamental periods of 2.5 s and 2.9 s, respectively. The added damping ratio provided by viscous
dampers is taken as the primary variable, ranging from 0.05 to 1.0 in increments of 0.05, 0.1, 0.2, 0.3, 0.4,
0.5, 0.6, 0.7, 0.8, 0.9, and 1.0. Ground motions representative of high-intensity seismic regions are
considered, with a peak acceleration of 510 cm/s> and a site characteristic period of 0.45 s, based on which
seven artificial accelerograms are generated. As shown in Fig. 3, these seven artificial waves slightly exceed
the code-specified response spectrum [43] in long period range, which keeps the input seismic energy

stable.

T T T T
Artificial Wave |
Artificial Wave 2
15F Artificial Wave 3
Artificial Wave 4
Artificial Wave 5
Artificial Wave 6
Artificial Wave 7
—Mean Time-History Response Spectrum
—Code Response Spectrum

Seismic Influence Coefficient(a)

0 3 L L 1
0 1 2 3 L) 5

Period(s)
Figure 3. Comparison of seven time history response spectra and code response spectrum. (gmax=1.2, T¢=0.45s)

2.2.2 Calibration of the number of hysteretic cycles

In the seismic energy analysis of isolated structures, the number of hysteretic cycles is a parameter
that links the input seismic energy to the energy dissipation capacity by dampers. For the hybrid isolation
system consisting of LRBs and VFDs in parallel, two parameters should be identified, i.e., the equivalent
number of hysteretic cycles ny, for LRBs in the isolation-bearing-only system and the equivalent number of
cycles nq for VFDs in the hybrid system. Since the two parameters have different definitions, they should
be calibrated separately according to the specific design procedure.

For the isolation-bearing-only system, the value of nyp is determined by the selected ground motions
records. After the type of bearing is selected according to the design code, the time history analyses are
conducted using multiple site-compatible ground motion records. For each record, the ratio of total
hysteretic energy dissipated by the LRB to the per-cycle dissipated energy is computed. Results indicate
that the mean value of the ratio over the selected ground motions is 3.9 and the dispersion is low, so it can
be used as the input parameter for subsequent theoretical analyses. From the energy dissipation mechanism
perspective, plastic heat generated in the LRB lead core under cyclic deformation induces strength
degradation, thereby limiting the number of effective energy dissipation cycles. Kalpakidis and
Constantinou [44,45] demonstrated that the effective cycle number of the lead core is controlled by the
thermal equilibrium mechanism under typical ground motion duration. Their statistically stable value is in
good agreement with the 3.9 value obtained in this study, verifying the physical rationality of the proposed

parameter.
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For the hybrid isolation system, the value of nq is obtained through time history analyses of the
structure equipped with dampers under the same set of ground motions. For each motion, the ratio of the
total energy dissipated by dampers to the energy dissipated per cycle at the corresponding displacement
amplitude is calculated. The results indicate that the mean value of ng for the hybrid system is 1.5. This
finding is comparable with values reported in the literature. For isolation systems consisting of elastomeric
bearings and viscous dampers, a prior study [46] recommended that the equivalent number of cycles for
viscous dampers is taken as 2.0 when the structural fundamental period is <X 5 s. The slightly lower value
of 1.5 obtained herein is primarily attributed to the LRBs sharing part of the seismic input energy, thereby
reducing both the energy demand and the equivalent number of cycles for the VFDs.

This difference shows the collaborative energy dissipation mechanism in parallel by LRBs and VFDs.

Based on time history analyses with selected ground motions, the values n,=3.9 and ns=1.5 are
determined in this study, both of which agree well with findings reported in authoritative studies, providing
reliable input parameters for subsequent response prediction based on energy balance.

2.2.3 Fitting of energy dissipation ratio 74 to added damping ratio {4

In energy-balance analyses of hybrid isolation systems, the energy dissipation ratio 74 of viscous
dampers is a key parameter correlating the added damping ratio (g with the system's energy distribution. 74
characterizes the contribution of viscous dampers to the global energy dissipation mechanism and is
strongly correlated with parameters including the damping coefficient and damping exponent [47,48]. A
quantitative relationship between 74 and {4 is established via time-history analyses using seven ground
motions compatible with the site conditions. Numerical results of 74 for various {yvalues are presented in

Fig. 4.

s Artificial Wave 1 ¢  Artificial Wave 5
* Artificial Wave 2 Artificial Wave 6

08| 4 Artificial Wave3 » Artificial Wave 7
v Artificial Wave 4

0.6 Eq. (19) &

04}

02}

0 01 02 03 04 05 06 07 08 09 1.0
Ca
Figure 4. Variation of energy dissipation ratio with damping ratio.

A power function is used to fit the data points, yielding
n,= 0.739‘?'4 (19)
The coefficient of determination R?>=0.98 indicates a good fit.
The fitted function is physically reasonable: 74=0 when (4=0, satisfying the boundary condition {4=0

—14=0. The exponent 0.4 is between 0 and 1. It represents the sublinear behavior: the growth rate of

dissipation ratio decreases when (; increases. From a constitutive perspective, the force-velocity

relationship of viscous dampers inherently follows a power-law model F=CV*, which is well validated by
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extensive experimental studies [49,50]. At the energy level, a power-function description of the relationship
between damper dissipation and damping ratio is widely adopted, owing to the inherent nonlinearity of the
energy balance equation. This approach is commonly used in modeling damping-related parameters [51-
53]. The fitting results obtained herein agree well with fundamental energy dissipation theory and provide

a theoretical basis for subsequent design optimization.
2.3 Derivation and assessment of response prediction formulae for the isolation layer

This yields the expression for predicting o from (g

Seo a0

)

with the coefficient 4 given by

T, W,
A=20 \/2X0.73—qﬂgeq,300

100 W00 Tl

Following the derivation in Eq. (18), the ratio of the structural fundamental frequency to the equivalent

excitation frequency, wi/weq, is expressed as

2 2
w T, n Q,
—_L= (&] 24, _bgeq,soond (_OJ
W T ny 4

eq

(21

Substituting the time-history analysis results into the right-hand side of Eq. (19) yields the distribution
of wi/weq under different ground motions, as shown in Fig. 5. The results indicate that, unlike in isolated
systems using rubber bearings, the equivalent excitation frequency in a hybrid isolation system combining
lead-rubber bearings and viscous fluid dampers is significantly less influenced by the added damping ratio
Caprovided by the VFDs. Previous experimental studies have shown that the shear behavior of LRBs is
insensitive to loading frequency, which is the least influential factor affecting their mechanical properties
[54-57]. Accordingly, for low damping ratios (g < 1.0), the frequency ratio w¢/weq remains within a
relatively narrow band, with a mean value of approximately 0.9 for all cases analyzed. This suggests that
variations in the added damping ratio of VFDs exert little influence on the equivalent excitation frequency

of the hybrid isolation system.
1.0

- ¢ s ¥
0.9 = = i —4 i
ot ¥ ¢ '
0.6 F
E: = Artificial Wave 1 Artificial Wave 5
= 0.4 ® Artificial Wave2 <  Artificial Wave 6
: 4 Artificial Wave 3 »  Artificial Wave 7
v Artificial Wave 4
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Figure 5. Frequency ratio versus damping ratio.
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A comparison between the damping distribution from time-history analysis and that predicted by Eq.
(20) is shown in Fig. 6. It is evident that Eq. (20) effectively captures the relationship between damping
demand and added damping ratio under various ground motions for {4<1.0, and can therefore be adopted

to estimate the damper force output in the isolation layer.
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Figure 6. Variation of the damping amount with damping ratio.

Substituting Eq. (20) into Eq. (15) yields a predictive expression for the displacement response ratio

Rp, and thereby for the maximum isolation layer displacement dmax, as a function of the added damping

ratio {y
0,

R, =" = B¢ 22
50

Here, the coefficient B is defined as

g Do [9736w0 my W

Ty, 2 Ny Wy

Substituting Eq. (20) into Eq. (16) yields the predictive expression for the total shear response ratio

Rv, and thereby for the total shear force of the isolation layer, as a function of the added damping ratio {4

R =2-=\Cgi + gyt (23
(2%

0

The coefficients C and D are defined as

. T, w, T.
C= ﬂn_b w0300 (ﬂ 2 W D =2X0.73 -4 ﬁgeq,soo (ﬂ 2
2 n, T Weq We Ry T,

>

Table 1 compares the damper force, isolation layer displacement and total shear force derived from
time-history analyses with the corresponding values predicted by Egs. (20), (22) and (23) at added damping
ratios 0f 0.2, 0.4 and 0.6. Evaluations based on seven ground motion records (AW 1-AW?7) reveal favorable
agreement between theoretical predictions and time-history results at varying added damping ratios. As the
added damping ratio increases, both the damper force and total shear force of the isolation layer increase,
while the isolation layer displacement presents a large decrease. This trend aligns with the fundamental
principles of seismic isolation and energy dissipation design. The deviations of theoretical value and time-
history result are generally within an acceptable range for all cases. For the low damping ratio case (0.2),

the isolation layer shear error is slightly larger; however, the error gradually converges as the damping ratio



310 rises to 0.4 and 0.6. The prediction error of displacement and total shear force is within +£10% for most of
311  the ground motions, which shows a favorable prediction accuracy.

312 Table 1. Comparison of structural responses under MCE for different damping ratios.

Time £d=0.2 td=0.4 £d=0.6

history Key responses Time-history — Predicted  Difference Time-history ~ Predicted  Difference Time-history — Predicted  Difference

record under MCE average value (%) average value (%) average value (%)
Fa 4830 4030 17% 7165 6547 9% 8889 8695 2%
(kN)
AWI Oma 222 211 5% 159 172 8% 142 152 7%
(mm)
£ 11043 10968 1% 10807 10911 1% 13434 12050 -10%
(kN)
Fa 4166 4030 3% 6714 6547 2% 8673 8695 0%
(kN)
AW2 Smas 217 211 3% 188 172 9% 159 152 4%
(mm)
Fi 10647 10968 3% 11332 10911 4% 12619 12050 5%
(kN)
Fa 4288 4030 6% 6783 6547 3% 8279 8695 5%
(kN)
AW3 Sma 212 211 0% 192 172 -10% 174 152 12%
(mm)
F 10632 10968 3% 11975 10911 9% 13254 12050 9%
(kN)
Fa 3962 4030 2% 6136 6547 7% 7808 8695 1%
(kN)
AW4 Sman 225 211 6% 184 172 7% 163 152 1%
(mm)
Fi 11309 10968 3% 11742 10911 7% 13050 12050 8%
(kN)
Fa 3606 4030 12% 5697 6547 15% 7709 8695 13%
(kN)
AWS Sn 231 211 9% 169 172 1% 127 152 19%
(mm)
F 10372 10968 6% 9719 10911 12% 11191 12050 8%
(kN)
Fa 4249 4030 5% 7488 6547 13% 9298 8695 6%
(kN)
AW6 S 241 211 12% 197 172 -13% 159 152 4%
(mm)
F 11377 10968 4% 12289 10911 1% 12900 12050 7%
(kN)
Fa 4149 4030 3% 6402 6547 2% 8156 8695 %
(kN)
AW7 Smn 197 211 7% 151 172 13% 138 152 10%
(mm)
£ 9891 10968 1% 10265 10911 6% 11680 12050 3%
(kN)
313 Figure 7 shows the response of isolation system displacement coefficient (Rp) about added damping

314 ratio ({q). With (g increasing, Rp presents a monotonic decrease, and the decay rate gradually slows. The
315 Rp presents the most sensitive decrease in the (¢ range of 0—0.4, i.e., damping has the most influence on
316 reducing the displacement in this {4 range. Beyond this range, the effectiveness of displacement reduction

317  weakens considerably, and the curve flattens—suggesting a progressive saturation of the damping effect.
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This result shows an obvious "efficiency boundary". The theoretical curve accurately captures this

nonlinear behavior, confirming its suitability for characterizing the attenuation of isolation system

displacement.
10 = Amificial Wave 1+ Artificial Wave 5
e Artificial Wave 2 Artificial Wave 6
08} 4 Artificial Wave 3 »  Artificial Wave 7
_ v Artificial Wave 4
0.6 —Eq. (22)
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Figure 7. Displacement coefficient versus damping ratio.
Unlike the displacement coefficient, the total shear coefficient Ry in Fig. 8 is a non-monotonic function

of increasing added damping ratio (g at first decreasing rapidly and then increasing. This behavior reveals
the existence of an optimal added damping ratio that minimizes the shear coefficient. Such a trend arises
from the dual role of damping in structural response. On the one hand, additional damping dissipates
seismic energy and suppresses isolator displacement, thereby reducing the base shear. On the other hand,
excessive damping alters the dynamic properties of the isolation layer, which may amplify the high-
frequency components of ground motion and trigger a subsequent rise in base shear. The theoretical
formulation is able to accurately capture this extremum and reveal the underlying competition between

energy dissipation and shear amplification.

1.0 F
0.8} :
>
> ¢ *
o 0.6 = Artificial Wave | + Artificial Wave 5
Artificial Wave 2 Artificial Wave 6
04} 4~ Artificial Wave3 » Artificial Wave 7
v Artificial Wave 4
02F
Eq. (23)
0 0.1 02 03 04 05 06 0.7 08 09 1.0

&d
Figure 8. Total shear coefficient versus damping ratio.
In total, the theoretical model could be used to predict the displacement and shear responses under

MCE accurately. Moreover, the attenuation characteristic of the damping efficiency for the displacement
control and the intrinsic mechanism for the optimal damping ratio for shear control could be revealed. These

results are of important guidance for the efficient and safe seismic isolation design.
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3 Multi-objective optimization of hybrid isolation systems

3.1 Optimum shear design

A key design objective is to minimize the total shear in the isolation layer, which concurrently
minimizes structural acceleration and inter-story forces [58]. The added damping ratio {¢* that achieves this
minimum, aimin, 1S derived by setting the derivative of Eq. (23) with respect to {4 to zero, yielding the

analytical solution

. [3c
o= \/7:0 24

Substituting Eq. (24) into Eq. (23) yields the minimum shear response ratio Ry, min, given by

o .
=" =1.357C"FD (25)
aO

v,min
Substituting Eq. (24) into Eq. (22) gives the displacement response ratio Rp,oimin corresponding to the
minimum total shear coefficient a1, min

5 . (7DJO.I5
R ,almin =M=B T~ (26)
Dt 5, 3C

Substituting the optimal damping ratio {4* from Eq. (24) into Eq. (20) gives the corresponding damping

parameter at minimum shear force

3C
Oy i = A AC——)"F 27
d,almin 0 7 D ( )
Here, Omax.aimin denotes the maximum displacement of the isolation layer corresponding to a1, min -
Accordingly, the maximum feasible shear force reduction provided by viscous dampers can be reasonably
estimated, given the earthquake input energy (quantified by velocity Vg) and the parameters of isolation

bearings. Subsequently, the corresponding maximum shear force and displacement of the isolation layer,

as well as the predicted maximum damping force, can be determined via Equations (25), (26) and (27).
3.2 Weighted optimization of displacement and shear design

The optimal shear design that minimizes the total shear coefficient of the isolation layer fails to fully
consider the isolation layer displacement demand. Adopting the same strategy for determining the added
damping ratio via response ratio function minimization, this section presents an optimal design method to
identify damper damping parameters based on user-specified tradeoffs between displacement and shear
demands. A weighted objective function A is defined as a linear combination of the displacement response
ratio Rp and the shear response ratio Ry,

A=minR=min (aRp + bRv) (28)

where R denotes the combined response function, and a and b represent the weighting coefficients for

displacement and shear, respectively, with a+b=1.

Substituting Egs. (22) and (23) into Eq. (28) yields the linear combination function R

R=aB(" +bCL + DY (29)
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A minimum of the function R defined in Eq. (29) exists only if » 7 0. Taking the derivative of Eq.

(29) and setting it to zero yields the added damping ratio {4 that minimizes R

(300

o= \/42b2C+9asz +3aB~280b°C +9a°B®
“we 98b*D

Substituting Equation (30) into Equations (20), (22), and (23) yields the damping aga at which R
attains its minimum, together with the total shear response ratio Rv s and the displacement response ratio
Ra a. Once the weighting coefficients @ and b are determined, the optimal damping ratio {ga can be directly
obtained from Equation (30). The corresponding optimal damping coefficient is then given by Ca= 4nM{y
/Tt

In practice, the weighting coefficients @ and b should be selected based on the relative emphasis placed
on isolation-layer displacement versus shear force in the optimization. Five representative combinations
corresponding to shear weighting coefficients of =0, 0.35, 0.5, 0.75, and 1.0 are listed in Table 2, along
with their respective optimization objectives. The corresponding linear combination function R curves for
these five scenarios are plotted in Figure 9. When b=1, the function reduces to R = Ry = a1 /oo, and the
optimal damping aqa coincides with that required for optimal shear design, denoted as aquimin . As b
decreases, the R curve flattens and gradually shifts toward dmax / do. Correspondingly, the extremum point
shifts rightward, implying a rise in the optimal added damping ratio. For b = 0, the function reduces to
R=Rp = Omax/d0, which decays monotonically and exhibits no extremum. This case corresponds to a design
criterion based solely on isolation-layer displacement, where the required added damping ratio of the
viscous dampers should be determined from Equation (22) according to the permissible displacement.

Table 2. Optimization objectives under various weighting combinations.

Combination ~ Weighta  Weight b Optimization objective
1 0 1.0 Shear force only
2 0.25 0.75 Both shear force and displacement, with emphasis on shear
force
3 0.5 0.5 Both shear force and displacement
4 0.65 0.35 Both shear force and displacement, with emphasis on
displacement
5 1 0 Displacement only
b=1
1.0
¥, _{p=075
o8 Vs Lt
‘-"\\\\:,h__ﬂ,_—”' o --|b=05
L N '_'___ - ---b=035
& g
04} R
—RMEEY) e,
== R(b=0) =0
02 ——-RM)
0 ojz 04 Ojﬁ 0.8 1.0

&d

Figure 9. Function R versus weighting combinations.
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Under an optimal design, the relationship between the total shear coefficient a4 of the isolation layer

and the maximum displacement dmaxa can be formulated in terms of the fundamental period 77300

_ 50\/m 1 27‘5 R _ 4n25maX,A RV,A (31>

a,, ==a,R,, = =
1A oA VA 2
T30 3008 \| 16, 4,300 8T Ry

Alternatively, the same relationship can be expressed using the energy spectrum Vg

Ve (32

Ay = ) 5 RV,ARD,A
nnbggeq,SOO max,A

Based on Equations (31) and (32), the relationships between a4 and dmax, a for the four representative
combinations (Combinations 1 through 4 in Table 2) are presented in Figure 10, with the fundamental
period Trand the energy spectrum Vg as the design parameters. This figure enables quick estimation of the

isolation layer responses under the four optimization schemes.

5.0

1vpfems™) |reems™

(a) b=0.75
T;ls
3.0 4.0

ZVems™)

(c) b=0.5 (d) b=0.35

Figure 10. Relationship of the optimized total shear coefficient to the maximum displacement.

3.3 Optimized design workflow

On the basis of the aforementioned design principles, an optimal design procedure for installing
viscous dampers in the isolation layer of isolated structures is proposed, as depicted in Fig. 11. Given the
predetermined design parameters of the superstructure, the optimal design procedure comprises the

subsequent steps:



401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426

(1) Bearing Layout Determination

Based on the superstructure loads and column grid layout, the tributary area is determined to establish
the bearing diameter. The appropriate bearing type is then selected, from which the fundamental period of
the isolated structure, 7%, is subsequently obtained.

(2) Ground Motion Selection

Ground motions are selected based on site conditions and structural dynamic parameters.
Subsequently, the equivalent velocity of seismic input energy V& and the number of hysteretic cycles ny, are
determined.

(3) Calculation of Reference Response Quantities

The reference displacement of the isolation layer do is calculated via Equation (8), and the reference
shear coefficient ao is calculated via Equation (9).

(4) Determination of Weighting Coefficients

Based on the optimization objectives, the weighting coefficients a and b are selected, and the optimal
added damping ratio is calculated using Equation (30).

(5) Seismic Response Prediction

The predicted displacement of the isolation layer (dmax, 4) is determined using Equations (22). The
shear force of the isolation layer (F1) is derived from Equations (4) and (23). The damper force (Fy) is
computed via Equations (4) and (20). For structures with a fundamental period 7<5 s, the shear force and
displacement responses of the isolation layer can be supplemented by approximate estimates from Figure
10.

(6) Assessment of Conformance to Design Performance Requirements

The predicted responses are compared against the performance targets. If both the displacement and
shear force requirements are satisfied, the optimal damping coefficient is calculated as Ca = 4 nM{an /Tt .
If the displacement requirement is not met, the procedure reverts to Step 4 with a decreased shear weighting
coefficient b. In contrast, if the total shear force requirement is not satisfied, the procedure reverts to Step

4 with an increased shear weighting coefficient b.
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Determine Bearing Arrangement and
Structural Fundamental Period

|

Select Ground Motions Based on Site Conditions and Calculation of Benchmark
Structural Dynamic Parameters; Determine Vi and ny, Responses(ao, 8o)

|

Define Weighting Coefficients a and b
According to Performance Objectives

|

No Calculate Predicted Seismic
Responses under MCE

Check if Performance Targets Are Met

Yes

!

Calculate Optimized Damping Coefficient
C and Damper Design Force

|

Validate the Design via Damper Configuration
and Time-History Analysis Under MCE

Figure 11. Flowchart for the optimized design of supplemental viscous dampers in isolated structures.
4 Theoretical validation and design case analysis

To verify the effectiveness and accuracy of the proposed response prediction theory and multi-
objective optimization design method, a seven-story frame structure in Kashi, Xinjiang, is selected as the
engineering case. A case study is conducted on the optimal design of additional viscous dampers in the
isolation layer and the associated seismic response analysis.

4.1 Project overview and bearing selection

This study is based on a seven-story frame structure located in Kashi Prefecture, Xinjiang Uygur
Autonomous Region. The building functions as Teaching Building No. 3 and is designated as a key
fortification category structure. The seismic fortification intensity is 8, and the design basic acceleration is
0.30 g. The site condition is Category II, Seismic Group 3. The characteristic period is 0.5 s. The
geotechnical investigation results excluded the possibility of near-fault conditions. The isolation layer is
placed on top of the foundation. The superstructure is a seven-story reinforced concrete frame structure.
The typical story height is 3.3 m, resulting in a total structural height of 23.1 m. The building plan width is
17.0 m, giving a height-to-width ratio of 1.4. In highly seismic regions, conventional seismic design leads
to the following problems: excessively large column cross-sections, significant reduction in usable floor
space, and difficulty in meeting the higher performance requirements expected for key protected structures.
To address these issues, this study uses the optimization flow chart shown in Figure 11 to optimize the
design of additional viscous dampers in the isolation layer under MCE.

Bearing selection follows Article 4.6.3 of the Standard for Seismic Isolation Design of Buildings
(GB/T 51408-2021). Article 4.6.3 specifies that the compressive stress of bearings shall not exceed 12 MPa
under the representative gravity load for key fortification category structures. According to the column
layout and corresponding tributary area, the maximum axial load at the column base is 5600 kN. Therefore,

bearings with a diameter of 800 mm are adopted, and LRB800 lead-rubber bearings are selected. Their
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mechanical properties are listed in Table 3. Using the selected isolator parameters, the fundamental period
of the isolated structure is obtained as 7r=3.72 s, with a total mass of the superstructure M = 7470 t. These

parameters provide the basis for subsequent ground motion selection and reference response quantity

calculation.
Table 3. Parameters of the seismic isolation bearings.
) ) Vield Equivalent Equivalent
) Vertical Prg—yleld Post—yleld le Ho'nzontal Horizontal Equivalent Total
Bearing . X Stiffness Stiffness Force Stiffness Stiffness . Rubber
Quantity Stiffness o Damping .
Type (KN/mm) (kN/mm) (kND (100%) (300%) . Thickness
(kN/mm) 0 Ratio
(kN/mm) (kN/mm) (mm)
LRB80O 18 2500 143 1.08 106 1.8 12 0.16 150

4.2 Selection of ground motion time histories for maximum considered earthquakes

This study implements Clause 4.1.3 of GB/T 51436-2021 and Clause 5.1.2 of GB 50011-2010 for
seismic input control [43, 59]. Ground motion selection follows tripartite criterion, intensity, spectral
characteristics, duration. In line with these criteria, we selected five recorded ground motions and two
artificially generated ground motions for time-history analysis. Detailed information for each selected
ground motion is presented in Table 4, and the time history curves are shown in Fig. 12.

Table 4. Ground motion record information.

Peak
Natural Record Nam Station PGA PGV sztlurllt Acceleration Time Number of
Record ID atural Keco ame Name (cm/s?)  (cm/s) (i;l)ce for MCE Step Data Points
(cm/s?)
R1 / / / / / 510 0.02 1501
R2 / / / / / 510 0.02 1501
Chi-Chi, Taiwan-
Tl 03 NO 2457 CHY024  276.2 50.7 9.3 510 0.005 10999
T2 TH3TG065 TCU06S 767 145 0.4 510 0.02 2001
Imperial Valley- EC
County
L= 06 NO_170 Centr 1764 3447 149 310 0.005 7997
FF
T4 Kocaeli, Turkey NO_1163 Yarlmca 3157 67.0 48 510 0.005 20323
Petkim
TS Loma Prieta_NO_737 Gilroy 485 3245 9.64 510 0.005 8000
Array #3

Note 1: All ground motions (natural and artificial) were normalized to a peak acceleration of 510 cm/s*, corresponding
to the intensity of the Maximum Considered Earthquake (MCE) for the site, to ensure consistent input intensity.
Note 2: The records were selected to match the characteristic site period (Tg) of the project site, ensuring compatibility

of spectral characteristics.
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Figure 12. Time history curves of normalized, dimensionless acceleration.
Structural base shears were calculated through time-history analysis and response spectrum methods

(Table 5). Results from individual waves exceeded 65% of response spectrum values, while the seven-wave
ensemble average surpassed 80% of spectrum-based calculations. These outcomes meet the upper and
lower base shear limits specified in GB 50011-2010 Clause 5.1.7 [59], validating the reliability and

analytical validity of strength evaluation.

Table 5. Base shear.

Mean
Load case ~ RePOMSC py o T T2 T3 T4 TS UMe
spectrum history
response
13622 16518 14946 15042 13340 13538 13179 14544 14444
Base shear
(kN) v 13478 16494 14929 15023 13037 13493 13245 14408 14376
100 121 110 110 98 99 97 107 106
percentage
(%) v 100 122 111 111 97 100 98 107 107

Note: Percentage represents ratios of base shear from time-history analyses to those derived via the modal response
spectrum method.

The duration of each wave, measured as the time interval between the first and last occurrence of 10%
of the peak acceleration, varies from 5.69 to 14.45 times the fundamental period (see Table 6). This range
partially meets the requirement of 5 to 10 times the fundamental period specified in GB 50011-2010 [59]
Clause 5.1.7. Duration coverage allows the structural response and energy dissipation process to be
captured accurately, which prevents the overall damage from being underestimated by short-duration

ground motions.

Table 6. Duration parameters of seven selected time history spectra.

First arrival Last occurrence
Time-History time at 10% of  time at 10% of Effective Fundamental Rati
! : atio
record peak peak duration (s) period (s)

acceleration (s)  acceleration (s)
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2.33 24.16 21.83 3.72 5.87

R1

R2 2.07 24.02 21.96 3.72 5.90
T1 1.21 2431 23.09 3.72 6.21
T2 1.31 35.54 34.23 3.72 9.20
T3 3.59 24.78 21.19 3.72 5.69
T4 2.68 56.44 53.76 3.72 14.45
Ts 4.18 36.34 32.16 3.72 8.65

Fig. 13 and Table 7 show the 7-wave average seismic influence coefficient curve compared with the
code-specified response spectrum at fundamental periods. The maximum percentage deviation at the
control period is 10.7%, which is much smaller than the 20% limit required by GB 50011-2010 Clause
5.1.7 [59]. Good spectral matching between input motions and the design spectrum is ensured by this

spectral consistency.

Table 7. Comparison of influence coefficients for seven time history response spectra and code response spectrum.

Mode Seismic influence coefficient (o)

Fundamental .
shape : Difference (%)
period (s) S Code spectrum
order Time-history method method
1 3.72 0.202 0.197 2.4%
) 3.70 0.203 0.198 2.3%
3 3.35 0.226 0.217 4.2%
S
g
:
S
g
g
2, —
0 05 335 3.72 5

Period(s)

Figure 13. Comparison of seven time history response spectra and code response spectrum. (otmax=1.2, 7¢=0.50 s)

In conclusion, the seven selected ground motions meet the requirements of GB 50011-2010 [59] in
terms of intensity, duration, and spectral matching. Such compliance provides reasonable assurance for the

subsequent time-history analysis.

4.3 Energy-based seismic response quantities and optimization objectives
Based on the ground motion selection results in Section 4.2, the velocity-equivalent under MCE is
determined as V=175 cm/s, and the equivalent number of hysteretic cycles for the lead-rubber bearings is

ny=3.5. Substituting these parameters into Eqs. (8) and (9) yields a reference isolation displacement dy =
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550 mm and a reference shear coefficient ap = 0.17. These reference response quantities serve as the
baseline for the subsequent optimization of dampers.

In this study, the optimization objective is defined to balance the control of isolation layer
displacement and total shear force, with priority given to base shear force control. Accordingly, the
weighting coefficients are set as a = 0.25 for displacement and b = 0.75 for shear. Substituting these
coefficients into Eq. (30) yields an optimal added damping ratio of {4A= 0.34. From Egs. (22) and (23), the
response ratios are obtained as Rp=0.46 for isolation displacement and Ry »=0.77 for total shear. Based
on the reference responses, the predicted maximum isolation displacement under the optimal design is
Omax,A=00Rp A=253 mm, and the predicted total shear is Fi a=MgooRv s = 9778 KN.

The calculated maximum displacement Jmaxa is 253 mm, which satisfies the limit min (0.55D, 3Xtr)
specified in Clause 4.6.6 of GB/T 51408-2021 [43]. This limit governs bearing displacement under MCE,
where D and Ztr represent the bearing diameter and total rubber thickness, respectively. Additionally, the
isolation layer yields a shear force response ratio Ry of 0.77, which represents a 23% decrease in shear
relative to the structure installed with sole isolation bearings. The result meets the predefined seismic

performance objective.

4.4 Viscous damper parameter design based on optimal damping ratio

According to the optimized added damping ratio 44=0.34 obtained in Section 4.3, the parameters of
viscous damper are designed. Taking into account Ca=4nM{4/Tt, the damping coefficient is calculated as
Ca=9938 kN-s/m. Subsequently, according to Equations (4), (9), and (20), the maximum damper output
force is calculated as F¢=5715 kN.

When the design force of a single viscous damper exceeds 2000 kN, the complexity of connector
detailing, embedded component design, and long-term maintainability rises significantly, while its
economic efficiency and constructability deteriorate in practice [60]. In response, and guided by the
principle of "uniform, dispersed, symmetric, and peripheral" layout, this project adopts four viscous
dampers in each primary direction, with a controlled design force of 1600 kN per damper. The

corresponding layout and design parameters are illustrated in Figure 14 and summarized in Table 8§,

respectively.
Bz L = A ?
VRN VFD-Y4
t 0 H = t =l
VFD-Y1 : VFD-Y.’:g
5 VFD-X3
e -8 o=
Figure 14. Layout plan of dampers in seismic isolation layer.
Table 8. Damper parameters.
Damper Quantity Damp (IEI%I c.ose?if;l_cll)ent, C Design force (kN)
X-Damp 4 2500 1600

Y-Damp 4 2500 1600
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Damping parameters obtained from the design will be incorporated into the time-history analysis
model to evaluate the seismic mitigation performance of the optimized scheme.
4.5 Verification of optimized design using time-history analysis

To fully validate the effectiveness of the proposed method, a comparative analysis is conducted from
three perspectives. These include the performance enhancement achieved with the addition of dampers, the
variation in structural response under different optimization objectives, and the accuracy of theoretical
predictions relative to the results obtained from time-history analysis.

Table 9 compares the seismic responses of the isolated system with and without the optimized
dampers. Without dampers, the mean isolation layer displacement reaches 530 mm, exceeding the code-
specified limit, and noticeable acceleration responses are observed at both the first and top floors. Upon
installation of the optimized dampers, the mean displacement reduces to 278 mm, complying with the code
requirement. The acceleration reductions at the first and top floors are 19% and 6%, respectively. Figure
15 plots the time-history curves of isolation layer displacement under the T2 ground motion. It reveals that
the dampers not only remarkably mitigate the peak displacement but also maintain stable energy dissipation

throughout the excitation duration.

Table 9. Structural response under optimal design.

Isolation layer Bottom First-story Top story inter-story Top story
Case displacement shear ratio acceleration (m/s?) displacement acceleration
(mm) (mm) (m/s?)
Without 530 0.165 2.81 5.1 4.16
dampers
With 278 0.147 2.36 4.8 3.45
dampers
600
with dampers
400 : without dampers

200

0

displacement/mm

=200 F

400

-600 L o ’
0 10 20 30 40

/s

Figure 15. Time-history response of isolation layer displacement.

Optimization designs based on the four weighting coefficient combinations (Combinations 1-4)
presented in Table 2 were carried out and then time-history analyses were conducted; the related results are
listed in Tables 10 and 11. In comparison with the benchmark responses, the isolation layer displacement
and total shear force decrease significantly for all four optimization schemes. Among them, Combination
1 (b =1.0) yielded the optimal shear force design, with the time-history total shear coefficient approaching
the minimum of the theoretical prediction curve. With the shear weighting coefficient b decreasing and the
displacement weighting coefficient a increasing, the optimal damping ratio increases gradually. The time-

history analysis responses presented a similar trend of decreasing displacement and increasing total shear
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force, which matched well with the objectives of optimization presented in Table 2. These findings validate

that the proposed multi-objective optimization method effectively reflects the varying priorities of

designers.
Table 10. Optimized damping parameters for different combinations.
Parameters Combination Combination 2 Combination 3 Combination 4
1 (a=0, b=1) (a=0.25, b=0.75) (a=0.5, b=0.5) (a=65, b=0.35)
Caa 0.29 0.34 0.42 0.53
C/(kN's) -m-! 8476 9938 12276 15491
Fa/(kN) 5274 5936 6722 8046
Table 11. Comparison of key responses under MCE for different combinations.
Key Combination 1 (¢=0, b=1) Combination 2 (a¢=0.25, 5=0.75) Combination 3 (a=0.5, »=0.5) Combination 4 (¢=0.65, b=0.35)
responses
under MCE  Time- Predicted Difference Time- Predicted Difference Time- Predicted Difference Time-  Predicted Difference
history value (%) history value (%) history value (%) history value (%)
average average average average
Fua/(kN) 5274 5082 4% 5936 5715 4% 6722 6587 2% 8046 7752 4%
max, o/(mm) 301 265 12% 280 253 10% 257 236 8% 29 20 4%
Fi.a/(kN) 10639 9754 8% 11106 9778 12% 111664 10011 14% 12773 10538 17%

Table 11 compares the theoretical predictions with the mean values from time-history analyses for
isolation layer displacement, total shear force, and damper force under the four optimization schemes. The
maximum deviations are 12% for displacement, 17% for total shear and 4% for damper force, all within
acceptable engineering limits. The favorable agreement between the theoretical curves and the scattered
data points from time-history analyses (Figs. 6-8) further validates the reliability of the proposed predictive
formulae.

In summary, this section validates the accuracy of the response prediction formulas presented in
Section 2 and the feasibility of the multi-objective optimization design method proposed in Section 3 using
a practical engineering case. Time-history analysis results demonstrate that the response indices of the
hybrid isolation system optimized via the proposed method agree well with the theoretical predictions. This
validates that the theoretical framework is reliable and efficient for engineering design practice.

5 Conclusions

This study derives a response prediction theory for hybrid isolation systems and proposes a multi-
objective optimization design methodology that enables coordinated control of displacement and shear
force. The main findings are summarized as follows.

(1) Based on an energy balance derivation, a response prediction formula is proposed that establishes
an explicit mapping from the added damping ratio (g to the isolation displacement response ratio Rp and
the total shear response ratio Ry. The formula reveals that the reduction in Rp diminishes as (g4 increases,
along with a non-monotonic trend in Rv, which first decreases and then increases—confirming the existence
of an "optimal damping ratio". Time-history analysis validation demonstrates that the prediction errors for
displacement and total shear are within 12% and 17%, respectively, which meets the accuracy requirements
for preliminary engineering design.

(2) Time history analysis is performed to calibrate the key energy parameters of the hybrid isolation

system, and a power-law relationship is formulated between damping force and added damping ratio ( £ ).
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This relationship effectively captures the nonlinear dependence between the two under seismic excitation,
enabling direct estimation of damper parameters without complex iterative calculations.

(3) A multi-objective optimization method is proposed by integrating displacement control and shear
force control into a unified framework via a linear weighted sum function. Designers can adjust the
weighting coefficients based on practical engineering requirements, and the optimal added damping ratio
is directly derived via a closed-form solution. Subsequently, both seismic response evaluations and the
corresponding damper parameters can be explicitly calculated. This method eliminates the iterative trial-
and-error process commonly required in time history analysis, thus significantly enhancing design
efficiency.

(4) Case studies demonstrate that for various weighting combinations, the response trends obtained
from time-history analysis closely match theoretical predictions, confirming that the optimization method
effectively reflects the designer's relative emphasis on displacement versus shear force control. The
proposed method is primarily intended for low-to-medium-rise base-isolated structures; its applicability to
more complex scenarios—such as those involving notable higher-mode effects or nonlinear viscous
dampers—requires further investigation.

Overall, this study establishes a theoretical basis and provides a practical tool for the preliminary
design and parameter optimization of hybrid isolation systems. The proposed approach significantly
reduces iterative design costs while maintaining acceptable accuracy, offering both theoretical innovation
and strong potential for engineering application.
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