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Abstract: At present, a large number of studies and applications have been carried out on horizontal seismic 

isolation systems, and their effectiveness has been indicated. However, it is necessary to consider 

multidimensional seismic actions, including the vertical seismic component, because of the spatial characteristics 

of earthquakes, especially for long-span spatial structures, in which the vertical seismic load plays an important 

role. In this paper, a hybrid system with threedirectional seismic isolation effects is presented and investigated, in 

which the triple friction pendulum component (TFPC) and the viscous damping component (VDC) are combined 

in series into the hybrid seismic isolation system. Compared with other seismic isolation systems, the advantages 

of this hybrid seismic isolation system are that it can not only greatly lengthen the structural periods but also 

dissipate the seismic energy in all three directions. A numerical modeling method for this hybrid seismic isolation 

bearing is developed using OpenSees. The seismic performance of a welded super large-scale single-layer lattice 

dome with this hybrid seismic isolation system subjected to seven near-field ground motions is analyzed. The 

results show that the important dynamic demands (structural displacements and axial forces of members) in the 

dome are significantly suppressed compared with the base-fixed dome. The seismic isolation effects are also 

evaluated in all three directions, and the effectiveness of the hybrid isolation system is verified. Finally, a 

comparative study is performed, and the geometrical and mechanical parameters of this hybrid bearing are also 

discussed. The proposed seismic isolation system and its numerical modeling method provide an attractive and 

effective alternative for the design of long-span spatial structures with seismic isolation systems. 
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1. Introduction 

In the past 30 years, great efforts have been made to improve the structural performance of buildings 

subjected to earthquake ground motions, and significant achievements have been made. A base (or 

bearing) isolation system is one of the most popular means of protecting a structure 

against earthquake forces because it can considerably reduce the earthquake-induced forces in the 

superstructure [1]. Therefore, in the earthquake prone countries, the strategy of base (or bearing) 

isolation has been increasingly adopted to mitigate or reduce potential damage caused by earthquake 

ground motions. Meanwhile, the concept of base isolation has also received increasing academic and 

professional attention and is being applied to a wide range of civil engineering structures [2].  

Many kinds of isolation systems exist or have been proposed by researchers and engineers. The 

typical isolation system can be obtained by the use of various bearings [3-9] such as low damping 

rubber bearings (LDRBs), high damping rubber bearings (HDRBs), lead-rubber bearings (LRBs), 

friction pendulum bearings (FPBs), ball bearings (BBs), and spring bearings (SBs). Because these 

bearings or other systems provide flexibility at the base of the structure, most of the 

earthquake-induced dynamic demands are suppressed. In recent years, several new buildings with 



isolation devices have utilized rubber (or elastomeric) bearings [10] and friction pendulum bearings 

[11]. 

The existing research achievements [12] show that a large number of studies and applications have 

been conducted on horizontal isolation systems, and the effectiveness of horizontal isolation 

technologies has been shown. However, these technologies do not prevent vertical seismic forces from 

being transmitted directly into the superstructure, especially for long-span spatial structure, because of 

the spatial characteristics of earthquakes. Therefore, the above conventional isolation systems cannot 

provide effective vertical seismic isolation performance [13]. Furthermore, criticism has been raised by 

researchers against conventional horizontal isolation systems because of their vulnerability to 

long-period ground motions that might cause the large lateral displacements of the isolators [8, 9]. 

These drawbacks have motivated the development of alternative strategies to achieve the effects of 

threedirection seismic isolation. Therefore, there is considerable interest worldwide in 

threedirectional isolation systems. Some attempts [14-20] have been made to improve isolation 

performance by (1) using a complete threedimensional seismic isolation system and (2) combining 

vertical isolation system with horizontal isolation system into a hybrid seismic isolation system. More 

recently, Cesmeci and Gordaninejad et al. [21] experimentally investigated a threedimensional 

seismic isolation system, which combines the various damping mechanisms and liquid spring features 

in a single unit serving as the vertical component of the isolation system. However, it should be pointed 

out that it is impossible for a seismic isolation system to provide superior isolation performance under 

all earthquake ground motions. 

Large-scale single-layer lattice domes have been widely considered to be important buildings. Its 

superior seismic performance is conducive to the safety of people’s lives and economic property. 

Compared with conventional structures, a large-scale single-layer lattice dome is more complex due to 

its larger span, dense and complex modes, modal coupling effects, and vertical stability. To ensure 

structural safety, it is necessary to implement reliable seismic protection measures. In recent years, 

structural vibration control technology has been applied to large-scale single-layer lattice domes [5, 

22-26]. However, to the best of our knowledge, only several typical papers [27, 28, 29] have 

investigated the seismic performance of large-scale single-layer lattice domes (or large-scale space 

truss structures) with threedimensional isolation systems subjected to earthquake ground motions. The 

investigation and development of the threedimensional isolation systems for large-scale single-layer 

lattice domes have received more attention from researchers. 

On the other hand, near-field ground motions are different from ordinary ground motions. The 

research on structural damage during earthquakes and related events [30] shows that the near-field 

ground motions are characterized by intense velocity and long-period displacement pulses due to the 

directivity effects as well as hanging wall effects, and there is a destructive potential for structures with 

long periods. When large-scale single-layer lattice domes with flexible isolation systems are subjected 

to near-field ground motions, they could result in more serious consequences compared with far-field 

ground motions. Therefore, investigating the seismic performance of structures with flexible isolation 

systems subjected to near-field ground motions is necessary. 

In this study, based on the characteristics of threedimensional seismic isolation, a hybrid seismic 

isolation system with threedirectional isolation effects is proposed, in which the triple friction 

pendulum component (TFPC) and the viscous damping component (VDC) are combined in series into 

a hybrid seismic isolator. A numerical modeling method for this hybrid seismic isolator is developed in 

OpenSees (Open System for Earthquake Engineering Simulation), and the mechanical behaviors of the 



hybrid seismic isolator are analyzed. Then, the hybrid isolation system is applied to a welded super 

large-scale single-layer lattice dome. The seismic performance of this dome subjected to 7 near-field 

ground motions is investigated. The seismic isolation effect for the hybrid system is evaluated. Finally, 

the important design parameters of the hybrid seismic isolation bearing are discussed. 

2. A hybrid isolation system 

2.1 Description of the hybrid isolation bearing 

This hybrid isolation bearing is circular in shape and composed of the viscous damping component 

and the sliding component in series. It includes the upper viscous damper component (VDC) and the 

lower triple friction pendulum component (TFPC). The diagram of the circular hybrid isolation bearing 

is shown in Fig. 1(a). 

In the upper VDC, there is a cavity filled with oil. Connected to the superstructure is the piston rod 

system, which is supported by vertical springs (or helical springs) in the VDC. Therefore, the viscous 

damper and the springs form a parallel system. The VDC can horizontally move on the spherical 

concave surface; however, the VDC is considered to be stiff in shear in this paper. The piston rod 

system can only move vertically in oil, which leads to a vertical damping force due to the viscosity of 

the oil. 

The TFPC has four concave surfaces coated with synthetic materials. The inner slider can slide 

horizontally along the inner surfaces of the articulated sliders, while the articulated sliders can slide 

horizontally along the inner surfaces of the top and bottom plates. The TFPC is considered to be stiff in 

compression and has a very small stiffness in tension. 
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Fig. 1 A hybrid isolation system and its numerical model. 

2.2 Properties of the hybrid isolation bearing 

In this study, the friction coefficients depending on both the sliding rate and the normal force are 

considered. To avoid a large lateral sliding distance, the lower inner slider and articulated sliders will 

be hooked by the bottom and top plates with a very large lateral stiffness when a lateral limit distance 

   that depends on the slip distances   ,   , and    is reached. 

Compared with conventional isolation bearings, this hybrid seismic isolation bearing has the 

following properties and advantages: 

 The horizontal sliding behaviors in the TFPC can dissipate more seismic input energy and reduce 

the negative effects for the superstructure. Compared with the single friction pendulum bearing, the 

TFPC can produce relatively large displacements and rotations as well as better energy dissipation 



capacity. There is no obvious resonance region in the TFPC because of the friction mechanism; 

therefore, it can retain good energy dissipation ability in a wide frequency band. The smaller friction 

coefficients of the concave surfaces between the inner slider and the articulated sliders lead to the 

low horizontal stiffness, which can prolong the structural vibration periods in the horizontal 

directions and effectively avoid resonance during many earthquakes. In addition, the bearing has a 

certain degree of self-reset characteristics due to the existence of concave surfaces and boundary 

limits, which do not lead to a large lateral residual deformation. In the TFPC, large lateral 

displacements can be limited to avoid structural instability because of the large boundary stiffness. 

 In the vertical direction, the springs in the VDC are used for bearing gravity load. The VDC can 

dissipate the vertical seismic input energy by viscous damping. Compared with the conventional 

VDCs that can only bear dynamic axial force, the VDC in this paper can also bear the shear force, 

and its shear stiffness is very large to avoid shear failure horizontally; thus, the horizontal shear 

energy is dissipated by the TFPC. By choosing the appropriate supporting springs, a vertical flexible 

region rather than a rigid connection is formed in the VDC, which can lengthen the vertical vibration 

periods to avoid the vertical resonance. 

Because the two components are connected in series, their coupling behaviors can be considered 

horizontally and vertically together. Therefore, this hybrid isolation bearing is a threedimensional 

bearing that can not only prolong the natural vibration periods of a structure but also dissipate the 

seismic energy in all three directions. 

2.3 Modeling method for the hybrid isolation bearing 

2.3.1 Triple Friction Pendulum Model  

The TFPC is modeled using the Triple Friction Pendulum Model [31] in OpenSees. The model is a 

threedimensional model with variable friction coefficients [31, 32], and it can account for the 

vertical-horizontal coupling and the bidirectional coupling in horizontal behavior. In the model, the 

effects of both the velocity and vertical force on the friction coefficients can be accounted for. The 

friction coefficients at the slow and fast velocities are obtained based on the following equations [33, 

34]: 
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where   ,   ,   , and    are constants that determine the friction coefficients; m
 
 and m

 
 are the 

friction coefficients at the slow and fast velocity, respectively; m is the friction coefficient;   ,   , 

and    are the constants;    is the velocity at the sliding interface;   is the axial force of the bearing; 

and      is the constant at slow velocity or fast velocity. Herein, velocities less than 0.02 m/s are 

characterized as low, whereas velocities greater than 0.25 m/s are characterized as high. The friction 

characteristics of the triple friction pendulum can be modeled using the VelNormalFrcDep friction 

model in OpenSees. Generally, the sliding friction coefficients of the TFPC range between 0.005 and 

0.3 [35].  

In the geometry model of the triple friction pendulum, the effective radius of each friction surface is 

obtained by the expression                  . The horizontal limit displacement of the bearing 

is given by the expression                               . By limiting the value of 

  , it is possible to ensure that there is no excessive slip in the structure as a whole. There is more 



information on this model in the Dao and Ryan et al. [31] study. 

2.3.2 Bilinear Oil Damper Model 

  The VDC is modeled using the Bilinear Oil Damper Model [36] in OpenSees. This model simulates 

the hysteretic response of bilinear oil dampers with relief valves. For the pure viscous component, the 

force produced by a bilinear oil damper can be computed as follows:  

       
                      

                                                  
             (2) 

where   ,      , and     are the damping coefficient, damping force, and relief force, respectively; 

       is the dashpot velocity;         is the relief velocity; and   is the post relief damping 

coefficient ratio. In addition to the above pure viscous component, a real viscous damper includes 

several other components, e.g., steel braces, clevises, brackets and gusset plates [36]. These 

components provide additional axial stiffness    to the damper. 

2.3.3 Mechanical behaviors of the hybrid isolation bearing 

A numerical model is developed for this hybrid seismic isolation bearing in OpenSees, as shown in 

Fig. 1(b). In the bearing, the springs are modeled using the Elastic Material Model. Here, the springs 

and the oil damper are in parallel, and the TFPC system and the VDC system are in series. The VDC is 

modeled using a twoNodeLink element, while the TFPC is modeled using the Triple Friction Pendulum 

bearing element. The mechanical behaviors of the hybrid seismic isolation bearing subjected to a 

threedimensional earthquake ground motion (Chi-Chi, CHY101, 1999) are investigated using the 

parameters listed in Tables 14. In Table 1,     ,     , and    are the assumed compression stiffness, 

tension stiffness, and stick distance of the friction surfaces, respectively. The parameter values in Table 

2 are obtained according to Eq. (1) and the previous study [31]. The results are shown in Fig. 2. 

Table 1 TFPC parameters.  

Geometry parameter  

   /m     /m    /m     /m     /m     /m 

0.26 1.1 1.1 0.05 0.1 0.1 

Table 2 Friction parameters of the TFPC. 

Friction parameters (depending on the velocity and normal force) 

 m
   
 m

   
   m

   
 m

   
)  m

   
 m

   
)       )          ) 

(0.02,0.02) (0.217,0.173) (0.217, 0.173) (0.7, 0.8) (25, 0, 0) 

Table 3 Property of the TFP bearings. 

Property of the bearings 

           /(N/m)    /m    /m   /N 

stiff 0 0.001  0.3 1e5 

 

Table 4 VDC parameters. 

Property    /(N/m)    /(N/(m/s))      /(N/m)     /N 

Value 2e7 1e6 0.2 1e7 2.0e4 
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Fig. 2 Mechanical behaviors of the hybrid isolation bearing system under an earthquake. 

  Fig. 2(a) shows the horizontal slip displacements of the bearing. It is observed that there is an 

impulse response with a maximum value of 0.3   in the y direction. The lateral limit displacement is 

0.3   according to Table 1, as shown in Fig. 2(b). After the limit displacement is reached, the lateral 

reaction force of the bearing increases sharply because of the sudden increase of the boundary stiffness, 

which limits the larger lateral displacement of the bearing. A large lateral displacement in a bearing 

often has an adverse effect on the stability of a structure. Fig. 2(b) shows that in the hysteresis loops, 

the shear stiffness is constantly changing during the earthquake, and the shapes of these hysteresis 

loops are irregular. This occurs because the vertical seismic force is constantly changing, and the shear 

stiffness and friction force vary with the vertical force in the friction bearing. During the earthquake, 

the concave surfaces of the friction pendulum slide in turn, and this changes the hysteretic performance 

of the bearing, showing different shear stiffness and damping characteristics with increasing lateral 

displacement. Through the reasonable design for the triple friction pendulum, the bearing can have 

reasonable shear stiffness and damping to meet multiple fortification objectives. Fig. 2(c) shows the 

hysteresis loops of the VDC. According to the hysteresis loops obtained under the very small vertical 

deformations, it is found that the VDC presents a good energy dissipation capacity. We define an index 

 
 
 to describe the equivalent damping characteristic of the VDC. Based on an energy analysis, the 

index can be approximately evaluated using Eq. (3) [5][37],  
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where   ,    , and       are the energy dissipation, the mean strain energy of the VDC, and the 

damping force, respectively;   is the number of half cycles; and    is the vertical displacement at the 

    time step. Here, it is assumed that the mean value of the strain energy peaks is 2 times the mean 



strain energy. According to Eq. (3), the damping index  
 
 is as high as 26.8%. Clearly, the VDC 

presents a good damping performance. 

3. Numerical example: A welded super large-scale single-layer lattice dome 

3.1 Model details 

The structure analyzed in this paper is a welded super large-scale single-layer dome, and its span 

length and height are 120   and 27.08  , respectively, as shown in Fig. 3(a). Its height to span ratio 

is approximately 1/4.4. The transverse, longitudinal and vertical directions are respectively denoted as 

axes X, Y and Z in Fig. 3(a). The steel pipes are used as the members of the dome. The internal pipes 

have an inner radius of 0.09   and an outer radius of 0.10  , and their wall thickness is 0.01  . The 

inner and outer radii of the outermost steel pipes in the circumferential direction are 0.44   and 0.5 

 , respectively. The elastic modulus, yield stress and mass density of steel material are equal to 

2.061011   , 250     and 7800      , respectively. The strain-hardening ratio of steel material 

is set to 0.02. The uniform roof load is 150      , and it is assumed to be concentrated at the joints 

as masses. Some typical positions for outputting dynamic demands are marked in Fig. 3(b). 

   

Fig. 3 Dome structure. 

3.2 Modeling details 

A threedimensional numerical model for the dome is developed in the OpenSees platform. The 

single steel member is modeled with a displacement-based nonlinear beam-column element with five 

integration points along the element length. To trace potential flexural yielding within the cross 

sections, a steel02 material model is assigned to the fiber-based cross sections that are assigned to the 

nonlinear beam-column elements. The fiber discretization of each cross section consists of 205 fibers 

along the circumferential and radial directions. The numerical model consists of 1345 nodes and 3392 

elements, including 128 hybrid isolation bearings at supports of the dome. The P-Delta transformation 

is assigned to the steel members of the dome to consider the secondorder effects. The viscous 

damping forces of the structure are modeled with the Rayleigh model (Hall model [38]), in which the 

current stiffness matrix of the structure and a damping ratio of 2% are adopted for the numerical model. 

The hybrid isolation bearing is modeled using the developed methods in Section 2.3 in this paper. 

Newmark's average acceleration method is used for the nonlinear response history analysis. 

3.3 Earthquake ground motions 

To consider the effectiveness of the hybrid seismic isolation system and the uncertainties of ground 

motions, 7 natural near-field seismic records are used for the structural dynamic analysis in this paper. 
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These seismic records are obtained from the database of the Pacific Earthquake Engineering Research 

Center (PEER, http://peer.berkeley.edu/). Table 5 summarizes the detailed information of 7 natural 

seismic records, and Fig. 4 plots the pseudo-acceleration spectra of these natural ground motions. In the 

spectra, the larger pseudo-acceleration values are mainly in the periods of 0.03  1.0  . The 

dominant-mode periods of the dome without seismic isolation system fall well within this interval 

according to an eigenvalue analysis (see Section 3.4).  

Table 5 Earthquake records for this study. 

Earthquake Year Recording station 
PGA /g 

Mw Duration /s 
x y z 

Imperial Valley 1979 Delta 0.06 0.118 0.021 6.5 18.13 

Kobe, Japan 1995 Nishi-Akashi 0.483 0.464 0.387 6.9 40.96 

Loma Prieta 1989 Capitola 0.511 0.439 0.556 6.9 40.0 

Chi-Chi, Taiwan 1999 CHY101 0.34 0.4 0.166 7.6 65.0 

Friuli, Italy 1976 Tolmezzo 0.357 0.315 0.277 6.5 36.39 

Northridge 1994 Beverly Hills-14145 Mulhol 0.443 0.488 0.325 6.7 29.99 

Manjil, Iran 1990 Abbar 0.514 0.497 0.538 7.4 46.0 
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   Fig. 4 Pseudo-acceleration spectra of 7 natural seismic records. 

3.4 Structural natural vibration properties 

After the gravity load is applied to the structure, the natural vibration periods of the dome are 

obtained based on an eigenvalue analysis. It should be noted that the structural modes associated with 

friction behaviors are nonlinear. Unlike the conventional linear eigenvalue analysis process, for the 

structures with the friction-type isolation systems, the gravity must be applied first (that is, the static 

analysis must be performed first), so that the lateral stiffness of the isolation system can be produced 

due to the static friction force, and then the eigenvalue analysis is performed. Otherwise, the rigid 

modes will be obtained. 

To avoid the structural periods of the dominant modes (the first several modes) being within the 

range of 0.03   to 1.0  , the parameters of the hybrid isolation bearings are first adjusted to ensure 

that these periods are greater than 1.0  . The adjusted important geometrical and mechanical 

parameters are listed in Table 6. Other parameters are selected from Tables 14. Using these 

parameters, the first 10 modal periods of the original structure (denoted as O.S) and the isolated 

structure (denoted as I.S) are listed in Table 7, in which the differences between the O.S and I.S are 

shown. 

 

 



Table 6 Some parameters of the hybrid isolation bearing. 

Parameters of two components 

 m
   
 m

   
   m

   
 m

   
)  m

   
 m

   
)   /N    /(N/m)    /(N/m)     /N 

(0.006,0.006) (0.199,0.161) (0.199,0.161) 1.2e5 5e6 2.5e5 3.0e4 

As expected, the natural vibration periods of the I.S are prolonged, and the periods of the first 

several modes of the I.S are 3 to 4 times those of the O.S. The first 6 nonlinear modes are shown in Fig. 

5. The first three modes of the I.S involve deformations only in the isolation system, while the 

superstructure is almost rigid. The vertical deformation in the isolation system is predominant for the 

first mode, whereas the second and third modes are characterized by the horizontal deformations in the 

isolation system. The other modes involve coupling deformations in both the isolation system and the 

superstructure. Clearly, the use of the hybrid isolation bearings changes the dynamic characteristics of 

the original dome. Additionally, in structures with isolation bearings, it is difficult to excite the higher 

modes during an earthquake. 

The prolonging of the dominant-mode periods can lead to smaller spectrum acceleration values in 

the isolated structures than in the fixed-base structures, thus resulting in smaller structural dynamic 

demands. This is the most important reason that the isolated structures are protected from damage 

during an earthquake. 

Table 7 Modal periods of the O.S and I.S. 

Mode number 
Natural vibration period /s 

Difference  
O.S I.S 

1 0.402 1.52  278 % 

2 0.402 1.205  199 % 

3 0.365 1.205 230 % 

4 0.365 0.38 4.1 % 

5 0.362 0.38 5.0 % 

6 0.362 0.375 3.6 % 

7 0.3617 0.375 3.7 % 

8 0.3617 0.371 2.6 % 

9 0.36 0.371 3.1 % 

10 0.36 0.37 2.8 % 

 

 
Fig. 5 Nonlinear modes of the dome. 

4. Results 
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4.1 Structural displacement 

  Structural displacement is one of the most important dynamic demands for the dome that is subjected 

mainly to compressive stresses because a large structural displacement can lead to structural instability. 

Controlling structural displacement is an effective measure for improving structural stability. Using the 

developed method for the hybrid isolation bearing, the structural displacements are obtained by a 

dynamic time history analysis. The top of a dome is the typical position, which approximately 

represents the vibration state of the whole structure.  

For comparison, the dynamic time history displacements at P1 (at the top) in the O.S and I.S under 

threedirectional seismic loadings (Kobe, Japan) are shown in Fig. 6. It is observed that compared with 

the O.S, these dynamic displacements of the I.S are greatly suppressed in all three directions during the 

earthquake, and the vibrating periods of the responses in the I.S are longer than those in the O.S, 

indicating that the vibrating velocities decrease. The dynamic responses are well controlled because of 

the use of the hybrid isolation bearings. 
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Fig. 6 Dynamic displacements at P1 under an earthquake (Kobe, Japan). 

 In Fig. 6, the symbols   and   represent the maximum and minimum vibrating displacements at 

the top of the O.S, respectively; while    and    represent the maximum and minimum vibrating 

displacements at the top of the I.S, respectively. The following parameters are defined as the vibrating 

amplitudes and the index describing the difference between the O.S and I.S, 

 

          

        
    

  

   
      

  

                               (4) 

where   and    are the nodal vibrating amplitudes of displacements of the O.S and I.S, respectively; 

   is the isolation effect index. If     , it indicates that the isolation effect is effective; otherwise, it 

is ineffective, and a higher value means better seismic isolation effect. To further investigate the effect 



of isolation bearings on displacement, dynamic analyses under all of the above earthquake conditions 

are performed. Based on the above analysis method, the vibrating amplitudes and the indexes are listed 

in Table 8. 

Table 8 Dynamic displacements and isolation effect indexes at P1 in the O.S and I.S. 

Earthquake 

Displacement 

x /m y /m z /m 

                                 

Imperial Valley 0.0033 3.6e-4 0.89 0.0043 8.2e-4 0.81 0.002 4.2e-4 0.79 

Kobe 0.0896 0.009 0.90 0.0656 0.011 0.83 0.10 0.0176 0.82 

Loma Prieta 0.077 0.012 0.84 0.0612 0.007 0.89 0.127 0.0094 0.93 

Chi-Chi 0.0223 0.01 0.55 0.051 0.0183 0.64 0.0194 0.0066 0.66 

Friuli 0.03 0.0056 0.81 0.0358 0.0042 0.88 0.04 0.0054 0.87 

Northridge 0.0525 0.011 0.79 0.0505 0.0166 0.67 0.0817 0.0123 0.85 

Manjil 0.0472 0.0077 0.84 0.0435 0.0129 0.70 0.0834 0.0147 0.82 

  As seen from the data listed in Table 8, the use of isolation bearings can effectively suppress the 

dynamic displacements in all three directions of the dome. Generally, the isolation effect indexes are as 

high as 0.70.9. The isolation effect indexes are 0.50.7 only under the Chi-Chi earthquake ground 

motion; however, in this case, these hybrid bearings also greatly suppress the deformations and 

improve the stability of the structure. Since the isolation bearings are more flexible than those of the 

base-fixed structure, most of the lateral and vertical motions occur in the isolation bearings. As a result, 

the superstructure experiences less deformation. This could potentially lead to less damage in the 

superstructure. 

4.2 Bearing responses 

The typical hysteretic curves of the TFPCs under threedirectional seismic loadings (Northridge, 

1994) are shown in Fig. 7. These hysteresis loops lead to energy dissipation. It is observed that the 

hysteretic curves of bearings B1 and B2 are almost the same in two different directions. This means 

that the superstructure has an approximate rigid body motion because of the flexible isolation 

bearings. The friction coefficient    in this study is set to 0.006, which is a small value, to reduce the 

structural lateral stiffness in order to prolong the structural periods in the horizontal directions. When 

the limit displacement in y-direction is reached, the lateral stiffness increases, and the lateral reaction 

force of the bearing sharply increases to prevent larger horizontal deformation. Fig. 8 shows the 

motional loci of TFPCs. It is observed that the motional loci of bearings B1 and B2 have only a slight 

difference. Because there is a horizontal displacement limit, the deformations of bearings are limited to 

a circular area with a radius of 0.3  . Clearly, the horizontal sliding displacements of the bearings can 

be well controlled in the TFPCs.  

Fig. 9 shows the hysteretic behaviors of the VDCs in bearings B1 and B2. The energy dissipation 

values of the VDCs are nearly identical, which are approximately equal to 3500     according to 

Eq. (3). The damping parameter  
 
 is as high as 265%. The reason that this value is far greater than 

that of the VDC in Section 2.3.3 is that the great reduction in stiffness values of    and    leads to a 

significant reduction in strain energy, and the damping index is inversely proportional to the strain 

energy parameter according to Eq. (3). 

Usually, viscous dampers are typically installed inside structures to increase the structural damping 

and energy dissipation capacity. However, in this study, the VDCs are installed at the support positions 

of the dome because they can provide additional vertical flexibility under dynamic loads and provide 



additional energy dissipation. 

The dome with the hybrid isolation system, which behaves more flexibly, has smaller dynamic 

demands than the fixed-base structure primarily because the natural vibration periods of the isolation 

modes, providing most of the response, are much longer than the vibration periods of the fixed-base 

structure, avoiding coming into the resonance zone with large spectrum acceleration values.  
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Fig. 7 Hysteretic curves of the TFPCs of bearings (Northridge, 1994). 
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   Fig. 8 Motional loci of the TFPCs (Northridge, 1994).    Fig. 9 Hysteretic curves of the VDCs (Northridge, 1994).   

4.3 Axial force of typical members 

  For the dynamic demands of domes, another index that can describe the structural performance is the 

axial force of a member. The time histories of axial force for member M1 in the O.S and I.S under the 

Manjil earthquake ground motion are shown in Fig. 10. The axial force of the member is significantly 

suppressed throughout the earthquake. The vibrating amplitude of the axial force is 1008    in the 

O.S; however, the force is only 201    in the I.S, and it decreases by 80%. A significant reduction in 

the axial force of the member is observed. 

The vibrating amplitudes of the axial force for typical members M1 to M6 under 7 near-field ground 

motions and the isolation effect indexes are listed in Table 9. It is observed that the isolation effect 

indexes for axial force are within the range of 0.30.9; generally, the hybrid isolation system has an 

excellent isolation effect in axial force; however, for a single earthquake, the isolation effect is not 

always the same for each member, and the discreteness of the indexes is large. 
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Fig. 10 Time histories of axial force of the member M1 (Manjil, Iran). 

Table 9 Vibration amplitudes of the axial force of the O.S and I.S and isolation effect indexes. 

Earthquake 

Vibration amplitude /kN 

M1 M2 M3 M4 M5 M6 

                                                                  

Imperial Valley 138 80 0.42 168 103 0.39 128 81 0.37 111 62 0.44 201 138 0.31 156 105 0.33 

Kobe 790 187 0.76 321 198 0.38 536 152 0.72 609 120 0.80 1242 227 0.82 443 184 0.58 

Loma Prieta 923 134 0.85 689 173 0.75 817 141 0.82 1009 128 0.87 1497 211 0.86 717 162 0.77 

Chi-Chi 656 258 0.61 251 161 0.36 428 222 0.48 242 125 0.48 721 202 0.72 243 156 0.36 

Friuli 805 117 0.85 329 162 0.51 469 121 0.74 416 108 0.74 583 188 0.68 245 158 0.36 

Northridge 848 281 0.67 333 185 0.44 509 196 0.61 452 121 0.73 871 208 0.76 319 172 0.46 

Manjil 1008 201 0.80 401 203 0.49 584 173 0.70 631 135 0.79 1157 254 0.78 471 204 0.57 
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Fig. 11 Mean vibration amplitude of axial force. 

The following parameter is defined to compare the differences between the O.S and I.S, 

    
     
 
   

                                 (5) 

where     represents the mean amplitude of the axial force of the selected members;      represents 

the amplitude of the axial force under the     ground motion; and   is the number of ground motions 

(   ). According to Eq. (5), the mean amplitudes of 6 typical members are shown in Fig. 11. They 

are efficiently reduced. For members M1 and M5, the amplitudes even decrease by approximately 

75%80%, and the hybrid bearings present a better seismic isolation effect for members with high 

axial force values. Generally, the mean values of the isolation effect indexes in axial force reach 

approximately 0.40.8. This can result in the yielding of fewer members in the isolated structure. The 



reduction of the axial force in members can also improve the local stability to avoid the instability of 

the whole structure. This significantly improves the structural seismic performance. Therefore, the 

hybrid isolation bearings present superior isolation performance for the dome. 

5. Evaluation of seismic isolation effect for the hybrid isolation system 

In this section, a more comprehensive index is used to evaluate the seismic isolation effect for the 

whole structure. The following parameter is defined as the deformation level   of the structure by 

using the displacement amplitudes: 

   
   

  
   

 
                                  (6) 

where   is the number of nodes,    represents the vibration amplitude of the dynamic displacement 

of     node in the  ,  , or   direction. Here, 17 nodes (from P1 to P17) in the dome are selected to 

evaluate the structural dynamic deformation levels. According to Eq. (6), the deformation levels of the 

whole structure under 7 natural near-field ground motions are listed in Table 10. Clearly, the 

deformations are greatly suppressed due to the use of the proposed hybrid isolation bearings. The mean 

values of the isolation effect indexes are as high as 0.81, 0.78, and 0.83 in the  ,  , and   directions, 

respectively, except that the mean values are only 0.50.7 under Chi-Chi earthquake ground motion. 

For a given earthquake ground motion, there is only a small difference in the seismic isolation effect 

for three directions. Generally, the hybrid isolation system has good isolation performance in 

displacement for the whole structure. 

Table 10 Deformation levels of the whole structure and isolation effect indexes.  

Earthquake 

Displacement 

x /m y /m z /m 

                                 

Imperial Valley 0.0045 6.23e-4 0.86 0.006 8.028e-4 0.86 0.0072 7.22e-4 0.90 

Kobe 0.1113 0.0125 0.88 0.0733 0.012 0.84 0.12 0.015 0.88 

Loma Prieta 0.08 0.012 0.85 0.057 0.008 0.86 0.1288 0.018 0.86 

Chi-Chi 0.0232 0.011 0.53 0.0454 0.015 0.67 0.0338 0.0122 0.64 

Friuli 0.0336 0.0089 0.74 0.0347 0.0057 0.84 0.0582 0.011 0.81 

Northridge 0.0549 0.0128 0.77 0.0452 0.0134 0.70 0.0796 0.0159 0.80 

Manjil 0.0518 0.009 0.83 0.0374 0.0104 0.72 0.0894 0.015 0.83 

Mean 0.0513 0.0095 0.81 0.0427 0.0093 0.78 0.0739 0.0125 0.83 

6. A comparative study 

In this paper, the effectiveness of the proposed isolation bearing has been verified by a large-scale 

single-layer lattice dome subjected to a limited number of ground motions. Further studies are also 

needed when applying the proposed hybrid isolation bearing system to engineering practice, especially 

for the design parameters of the hybrid isolation bearing system and the understanding for the reasons 

why isolation bearing is effective in reducing dynamic demands for some ground motions and may be 

ineffective for others, which are discussed in the following sections. 

6.1 A comparison in isolation effect between hybrid isolation bearing and the elastic 

threespring bearing model 

In this study, the parameters of the hybrid isolation bearing system are designed to ensure that the 

periods of the dominant modes are greater than 1.0   according to the acceleration spectra. This is 

realized by shifting the stiffness values of the structural system in three directions. The question, 



however, is whether the dynamic demands of the dome can be reduced as long as the flexible bearings 

are used without considering the energy dissipation capacity of the bearings. For this purpose, the 

seismic isolation effect of the elastic threespring bearing (ETSB) model with a lateral limit 

displacement of 0.3   is compared with that of the hybrid isolation bearing system in this paper. Here, 

the dome with the ETSBs is denoted as I.Sts. To make the initial stiffness values of the two structures 

equal, the stiffness values of the ETSB in the I.Sts are set to 4.28e5     in the horizontal directions 

and 2.56e5     in the vertical direction. The natural vibration periods of the two structures are listed 

in Table 11. It can be seen that the two periods are almost the same for each mode, which means that 

the dynamic characteristics of the two structures are the same. Based on the above 7 natural near-field 

ground motions, the overall deformations of the structures are evaluated according to Eq. (6) and 

shown in Fig. 12. 

Table 11 Periods of two cases. 

Mode Mode 1 Mode 2 Mode 3 Mode 4 Mode 5 

Period /s 
I.S 1.52 1.205 1.205 0.38 0.38 

I.Sts 1.52 1.204 1.204 0.38 0.38 

Mode Mode 6 Mode 7 Mode 8 Mode 9 Mode 10 

Period /s 
I.S 0.375 0.375 0.371 0.371 0.37 

I.Sts 0.375 0.375 0.371 0.371 0.37 
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Fig. 12 Difference of displacements in the O.S, I.S, and I.Sts. 

Fig. 12 shows that the use of the ETSBs can also significantly suppress the dynamic deformations in 

all three directions. This is because the flexibility of these bearings prolongs the structural periods, 

making them correspond to smaller spectrum acceleration values. However, the hybrid isolation 

bearing has a better seismic isolation effect than the ETSB model; clearly, compared with the ETSB 

model, this difference is mainly caused by the additional energy dissipation in the hybrid isolation 



bearing. The added damping in the hybrid bearing allows part of the earthquake energy to be absorbed, 

and it reduces the displacement amplitudes to some extent. Therefore, the primary reason for the 

effectiveness of bearing isolation in reducing earthquake-induced dynamic demands is the prolonging 

of the dominant-mode periods, while the added damping in the isolation system and associated energy 

dissipation may only be a secondary factor in reducing dynamic demands. In addition, whether the 

dynamic demands in the structure are reduced also depends on the spectrum shape and other factors. 

6.2 Vertical stiffness of the hybrid isolation bearing 

The vertical stiffness in the hybrid isolation bearing has a significant effect on the structural periods 

in the vertical direction. A reasonable design for this vertical stiffness parameter can shift the structural 

periods to effectively avoid large spectrum acceleration values. In the proposed hybrid isolation system, 

the vertical stiffness can be adjusted flexibly by changing the spring stiffness   . However, not all the 

stiffness values can make the hybrid isolation bearing system effective in reducing dynamic demands. 

Here, three different vertical stiffness values that are set to 5e6     (Stiffness 1), 1e7     

(Stiffness 2), and 5e7     (Stiffness 3) are compared in seismic isolation effect. The Northridge 

ground motion is used for the dynamic analysis. The displacement amplitudes at the top and the 

amplitudes of axial forces for members M1, M3, and M5 are shown in Fig. 13. 
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Fig. 13 Effect of the structural vertical stiffness on the isolation effect. 

Fig. 13 shows that the ETSBs with the above different stiffness values have a good seismic isolation 

effect in horizontal displacements, but the displacement amplitudes increase as the stiffness increases, 

and the seismic isolation performance becomes poor, especially for the stiffness value           , 

its use in the dome may be detrimental because the displacement at the top is larger than that of the O.S. 

In axial force, it can be seen that although the ETSBs with these stiffness values also have a good 

seismic isolation effect, it becomes poor as the stiffness increases, because a large vertical stiffness 

reduces the periods and increases the spectrum acceleration values. For this reason, base isolation is 

rarely used for structure systems with natural periods well into the region with large spectrum 

acceleration values. 

6.3 Horizontal stiffness of the hybrid isolation bearing 

In the hybrid isolation bearing, the horizontal stiffness can be controlled by the geometrical 

parameter    and the stick-slip behaviors in the bearing. Compared with the geometrical parameter, 

the effect of the friction coefficient on the horizontal stiffness is more direct. The smaller friction 

coefficient can result in longer periods in horizontal directions. In the bearing, the friction coefficient 

   in the inner pendulum is low so that sliding occurs under small earthquakes, while the friction 

coefficients    and    are high enough that sliding occurs during moderate and large earthquakes. 

Therefore, the initial structural horizontal stiffness depends on the friction coefficient   . In this paper, 



the friction coefficients   =0.01 (Coefficient 1), 0.02 (Coefficient 2), and 0.03 (Coefficient 3) are 

considered to discuss the effect of the friction coefficient on the isolation effect. Here, the Kobe 

earthquake ground motion is used for the dynamic analysis. The displacement amplitudes at the top and 

the amplitudes of axial forces of members M1, M3, and M5 under different friction coefficients are 

shown in Fig. 14. 
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Fig. 14 Effect of the structural horizontal stiffness on the isolation effect. 

Fig. 14 shows that all the bearings with these friction coefficients can suppress the dynamic demands 

of the dome. However, the seismic isolation effect reduces as the friction coefficient increases. 

Therefore, when using the hybrid bearings, their geometrical and mechanical parameters should be 

designed carefully according to the acceleration spectra and spectrum shapes. In addition, the 

horizontal displacements of the bearing should also be considered to avoid large lateral deformations of 

the structure. 

7. Conclusions 

In this paper, a hybrid isolation bearing combining a viscous damper component with a triple friction 

pendulum component and its numerical modeling method are proposed. They are applied to the 

investigation of a large-scale single-layer lattice dome subjected to earthquake ground motions for 

threedimensional seismic isolation purposes. Based on 7 natural near-field ground motions, the good 

seismic isolation effect for the dome with the hybrid isolation bearings is observed in all three 

directions. The hybrid isolation bearings can significantly suppress the dynamic displacements of the 

structure and axial forces of members. For the hybrid bearings, the values of the isolation effect 

indexes can reach approximately 0.8 in displacement and approximately 0.40.8 in axial force, and 

they present superior performance for seismic isolation. A comparative study shows that the main 

reason that the base isolation can reduce the structural dynamic demands is the prolonging of the modal 

periods of the structure, and the damping energy dissipation of the seismic isolation bearings may only 

be a secondary factor in reducing structural dynamic demands. In the aspect of prolonging the 

structural periods, two mechanical parameters in this hybrid bearing are discussed for the design 

purposes in this paper. 
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