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1. Introduction

The concept of using deformable connection to connect 

adjacent structures (Raheem, 2014, Zhang and Xu, 1999) 

or subsystems in a structure (Dubina et al., 2008, Greco 

and Marano, 2016) is an increasing trend around the 

world. It limits the transmission of inertial forces between 

dynamically dissimilar structural systems, dissipates vibration 

energy by flexible connections, and reduce the overall 

responses of the system. According to this concept, many 

kinds of passive dampers are proposed, including friction 

damper (Ng and Xu, 2006), fluid damper (Xu et al., 2003, 

Yang et al., 2003), viscoelastic damper (Kim et al., 2006, 

Tubaldi, 2015), and metallic damper (Chan and Albermani, 

2008). These researches proved the effectiveness of damper-

linked system both experimentally and numerically. 

Except for structural efficiency, architectural aesthetics 

and functionality of these damper-linked structures are 

also important. To achieve multiple goals, an innovative 

floor anchorage system has been developed (Tsampras et 

al., 2016, Fleischman et al., 2015). The ductile anchorage 

connector was underneath the floor diaphragm, which is 

low-invasive to the building, and reduced the inertial 

forces. In compliance with similar configurations, the 

research about seismic responses of steel concentrically 

braced frame with floor sliding friction dampers was 

studied by Paronesso and Lignos (Paronesso and Lignos, 

2022). Besides, a space-compact viscoelastic shear-flexural 

(VeSF) structure, was proposed by Xiang et al. (Xiang et 

al., 2023). This VeSF structure used viscoelastic connection 

(VEC) on every story to link the shear- and flexural-type 

subsystems and presented 20%~40% reduction on accele-

ration according to the computation. However, several 

noted or potential problems remain unresolved: (1) the 

inter-story drift of the shear-type subsystem is amplified; 

(2) the construction difficulty in the installation of dampers 

on every story; (3) the low efficiency in dissipate capacity 

of VECs equipped in stories with small drifts. 

To tackle the above-mentioned issues, the inter-story 

isolation (ISI) is utilized. Inter-story isolation (also 

known as intermediate or mid-story isolation) is a popular 

method for aseismic building design and retrofit (Warn 

and Ryan, 2012, Zhu et al., 2023). The numerical analysis 

proved that with appropriate design, the seismic response 

of upper part (stories above ISI) can be mitigated. 

Considering the benefit of reduced seismic demands on 

the substructures, in this study, a new structure to optimize 

the VeSF structure by incorporating the intermediate 

isolation is proposed. A feasible configuration of a VeSF-

ISI structure is given in Section 2. And three multi-

degree-of-freedom (MDOF) models are analyzed in 

Section 3: a VeSF-ISI structure, a VeSF structure, and a 

conventional shear-flexural structure. In Section 4, structural 

responses of three structures and the relevant approach 
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are elaborated. Main conclusions are given in Section 5.

2. Structural Configuration

The viscoelastic shear-flexural structure with inter-

story isolations (VeSF-ISI) contains both characteristics 

of the inter-story isolation and the viscoelastic connection. 

To be specific, a VeSF-ISI structure contains a shear-type 

lateral-force resisting subsystem (e.g. steel frame) and a 

flexural-type lateral-force resisting subsystem (e.g. RC 

core, shear wall, et al.), and intermediate isolations are set 

in a certain story of the former subsystem. In the US, the 

connections between subsystems are VECs while in the 

LS, two subsystems are linked rigidly.

A feasible actualization of a VeSF-ISI structure is 

presented in Figure 1. Plotted in Figure 1(a) is the 

elevation of a 20-story VeSF-ISI structure, including a 

frame and a core as its subsystems. Figure 1(b) and (c) 

show the classic actualization and configuration of inter-

story isolation (ISI) layer. The height of the ISI story is 

smaller than that of other stories. Figure 1(d) and (e) 

depict how the shear- and flexural-type subsystems are 

decoupled by VEC.

3. Mechanical Model

In this section, three multi-degree of freedom (MDOF) 

models are adopted to explore the benefits of a VeSF-ISI. 

A typical 20-story VeSF-ISI structure is modeled in 

Figure 2(a), with the inter-story isolation (ISI) layer set 

between the 15th and the 16th story. Shear springs and 

flexural beams are used to represent the shear- and the 

flexural-type subsystems separately. The “spring & dashpot” 

elements are used to simulate the stiffness and damping 

of ISI and VEC. Another two MODF models are illustrated 

in Figure 2(b) and (c), representing a VeSF structure and 

a conventional shear-flexural structure respectively.

For the three models in Figure 2, subsystems have 

equal mass, being distributed uniformly along the height. 

On the jth story, it contains 2 lumped masses: mj and Mj, 

representing the mass of the flexural-type and the shear-

type subsystem separately. The stiffness ratio of two 

subsystems (α) is calculated by the Equation (1):

(1)

where H stands for total height of a structure (for this 

VeSF-ISI structure H = 67.2 m); GeA and EI represent 

equivalent shear and bending modulus.

For brevity, this paper only presents matrixes of the 

VeSF-ISI structure modeled in Figure 2(a). In the LP, 

shear- and flexural-type subsystems are still connected 

rigidly while for the UP and the ISI story, subsystems are 

decoupled by VECs, which means that two DoFs are used 

per story to represent different lateral drifts of subsystems 

in the latter parts. The mass and stiffness matrix should be 

extended. The accordant mass matrix of this VeSF-ISI 

structure is calculated as below:

(2)

(3)

Fig. 1. A feasible actualization of a VeSF-ISI structure.
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The overall stiffness matrix of the VeSF-ISI structure 

contains four parts?(1) stiffness of shear-type subsystem; 

(2) stiffness of flexural-type subsystem; (3) stiffness of 

viscoelastic connection (VEC); (4) stiffness of inter-story 

isolation (ISI), as detailed in the following Equation (4) ~ 

Eq. (6).

(4)

(5)

(6)

where  is the lateral force of the jth story when a unit 

drift at the pth story is conducted in the flexural-type 

subsystem,  is the shear spring’s stiffness of the jth

story. It is worth noting that  is the stiffness of the 

intermediate isolations. The intermediate isolations adopted 

in this paper is lead rubber bearing (LRB) with idealized 

force–deformation bilinear behavior. The force–deformation 

bilinear characteristics are: (1) initial stiffness k1 = 0.1k16
shear ;

(2) post yield stiffness k2 = 0.2k1; (3) yield strength

, g is the gravitational acceleration and β 

is the layer of the inter-story isolation; (4) characteristic 

strength Q = fyAp, wherein, fy is the yield strength of lead 

core under shear and Ap denotes the lead core cross-

sectional area. The global damping (CVeSF-ISI) of a VeSF-

ISI structure is made up of two parts and can be 

calculated via Equation (7). 

(7)

It is worth mentioning that the  is expanded 

by the Rayleigh damping matrix of conventional structure.

 is the extra damping induced by the VECs. 

The stiffness kVEC and the damping coefficient cVEC of a 

VEC vary with the frequency (ωVEC). To be brief, a nominal 

stiffness of the VEC is formulated by Equation (8).

(8)

where kj is the nominal stiffness ratio between the VEC 

and the shear-type subsystem at jth story. The mechanical 

model of the VEC used in this paper has been conducted 

experimentally and numerically by Xiang et al. (Xiang et 

al., 2021). 

4. Structural Response Demonstration

4.1. Methodology for structural response analysis

A VeSF-ISI structure combines the mechanisms of 

viscoelastic connection (VEC) and inter-story isolation 

(ISI): one is using VEC to decouple the shear- (frame) 

and flexural-type (core) subsystems, the other is using ISI 

as a filter to limit inertial forces transmitting from the 

lower part (LP) to the upper part (UP). The dynamic 

equilibria of the VeSF-ISI structure are Equations (9)~(10).

 

(9)

(10)

Where {l} is an influential vector with all elements equal 

to unity;{xVeSF-ISI} is the displacement matrix of the VeSF-

ISI structure,  and  are the drift of flexural- 

and shear-type subsystems on jth story;  and  

represent the deformation of ISI; {ag} refers to the relative 

ground acceleration. In this paper, the Newmark-β method 

is used on the time history analysis on the Matlab platform.

4.2. Response comparison: different structures under 

a typical wave

In this section, under the 80% intensity of the El Centro 

wave, the seismic responses of three mentioned models 

are compared and the advantages of the VeSF-ISI 

structure are further demonstrated. Figure 3 draws peak 

seismic responses of three structures. 
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Fig. 2. MODF models: (a) VeSF-ISI structure; (b) VeSF 
structure; (c) Conventional shear-flexural structure.
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From Figure 3(a), for the shear-type subsystem, the

control for floor acceleration (with the reduction about

12%~27%) is obvious in the bottom and the top of the 

structure. It is due to the inter-story isolation (ISI) limit 

the transfer of the vibration from the lower part (LP) to 

the upper part (UP). From Figure 3(b), the PFA of the 

flexural-type subsystem in the VeSF-ISI structure is 

amplified, comparing to the VeSF structure. This is 

attributed to that in the latter structure, VECs are installed 

on every story and extra damping is introduced in the LP. 

However, the PFA still decreases as compared with the 

conventional structure.

From Figure 3(c) and (d), comparing to other two 

structures, the PISDs of the VeSF-ISI structure are greatly 

controlled, which reduces the possibility of frame 

yielding and core cracking. Noticeably, the inter-story 

drift reaches to the peak in the layer with ISI, which is 

slightly amplified compared to that of the VeSF structure. 

For the flexural-type subsystem, the deforming patterns 

of both the VeSF-ISI and the VeSF structure are similar, 

and there is a roughly 20% reduction on PISD compared 

to the VeSF structure from the 4th story to the 9th story.

From Figure 3(e), the VeSF-ISI structure has bigger 

shear deformation of VEC and it means VECs are 

activated to a greater extend. Comparing Figure 3(a)~(d), 

the VeSF-ISI structure shows better control in the PISD 

than the PFA and with regard to the conventional structure 

the VeSF-ISI structure has global advantages.

Plotted in Figure 4(a-1) and (a-2) are peak shear of three 

structure. Although the shear of the VeSF-ISI structure is 

increased with regard to that of the VeSF structure, it still 

remains in the well-controlled level (only 25% the number 

of the conventional counterpart). Figure 4(b) is the time 

history curve of the base moment in the flexural-type 

subsystem. It can be easily noticed that during the 

earthquake excitation, the VeSF-ISI structure has the lowest 

base moment, which reduce the design difficulty of the core.

5. Conclusions

The viscoelastic shear-flexural structure with inter-

story isolation (VeSF-ISI), referring to set an inter-story 

Fig. 3. Peak seismic response of different structures: (a), (b) Peak floor acceleration; (c), (d) Peak inter-story drift; (e) 
Peak shear deformation.

Fig. 4 (a-1), (a-2) Peak shear force; (b) Time history curve of the base moment.
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isolation (ISI) layer in the middle of the viscoelastic 

shear-flexural (VeSF) structure, not only solve problems 

like amplified inter-story drift and construction difficulty 

but also brings extra benefits: significant increase in the 

average energy dissipation capacity of VECs and reduction

in the base moment of the flexural-type subsystem. 

Although the shear and the floor acceleration of the 

flexural subsystem are moderately amplified, the seismic 

responses are still in the low-level compared to the 

conventional shear-flexural structure.
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