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1. Introduction 
 

Some friction devices were invented to achieve a more 

optimum seismic isolation performance than that of the 

traditional isolation devices (Ismail  et al. 2015, 

Siringoringo and Fujino 2015). Harvey and Gavin (2013) 

investigated a rolling friction platform formed by four pairs 

of recessed steel bowls to isolate objects under horizontal 

earthquakes, and found that a uni-axial model was not able 

to predict those seismic responses. Harvey, Wiebe and 

Gavin (2013) also found that very chaotic behavior 

including impacts happened for a similar rolling-pendulum 

during earthquakes. Harvey and Gavin (2014) identified 

that the little change of initial conditions would influence 

the seismic isolation performance when carrying out the 

numerical analysis and test of double rolling isolation 

systems (RISs). Based on the above influence factors, a 

simplified mathematical model was presented to 

successfully predict the maximum seismic response values 

by Harvey et al. (2014). Furthermore, a new mathematical 

model with more reduced order was proposed to calculate 

the seismic responses of RISs with different damping  
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components by Harvey and Gavin (2015). Ismail and Casas 

(2014) validated that a roll-n-cage device was an efficient 

solution in protecting cable-stayed bridges (Ismail et al., 

2014) and other structures (Ismail 2015) against near-fault 

earthquakes. Wang et al. (2014) achieved a perfect in-plane 

performance isolating earthquakes by using multi sloped 

friction devices. Ortiz, Magluta and Roitman (2015) used a 

mathematical model to predict the responses of roller-

bearing isolated buildings under earthquakes and validated 

it using an experiment. As to reduce the structural residual 

displacement after earthquakes, the elliptical rolling rods 

(Jangid and Londhe 1998) or spring-rolling devices (Jangid, 

2000) were used to support the building structures. 

Antonyuk and Plakhtienko (2004) joined the rolling and 

sliding devices together to isolate the building structures. A 

bearing using self-centering and supplemental energy 

dissipation friction devices was proposed to isolate the 

highway bridges under earthquakes (Ou et al. 2010, Lee et 

al. 2010). Cui (2012) carried out a concrete, rubber and 

polyurethane ball tests to support the building floor under 

earthquakes. Similarly, Luís Guerreiro (2007) performed a 

rolling ball test to reduce the seismic acceleration response 

of light structures. Tsai (2010) used an interchange between 

the steel balls under the long-term service time and the 

damping balls under the earthquake time to prolong the 

service time of seismic isolation devices. 

Kurita (2011) and Nanda (2012) found that the friction-

based isolation devices could reduce the structural 

acceleration response by 50-90%, and were the optimum 

devices to isolate the ground motion. However, many of the 

above researches ignored the influence of shear keys on the 

seismic isolation efficiency. 

Shear keys were always added to the seismic isolation 

device to resist the long-term service loads, and were cut off 
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to isolate the seismic energy under designed earthquakes 

(Wei et al. 2018d). However, many factors would disturb 

the cutting off of shear keys as follows: 

(1) The uneven distribution of friction coefficient in 

space (Wei et al. 2018a, Wang et al. 2010, Wei et al. 

2018b), due to the rough contact surface (Begley and Virgin 

1998, Flom and Bueche 1959), could cause uncertain 

seismic responses (Wei et al. 2019b, Yim et al. 1980), and 

the shear keys would be well although they were designed 

to fail under a certain earthquake. 

(2) As to decrease the structural relative and residual 

displacements of friction-based devices (Kosntantinidis and 

Makris 2009, Lewis and Murray 1995), the springs or 

viscous dampers were used to add the restoring or damping 

forces (Wei et al. 2019b). However, Chung et al. (2015) and 

Wei et al. (2019b) found that a too much damping or a too 

strong spring was inappropriate and would increase the 

structural acceleration response, and the constant spring 

stiffness would lead to a resonance during earthquakes. On 

the contrary, if the restoring devices were weak, the friction 

force would prevent the structure from returning to the 

initial position and a large residual displacement implied a 

huge repair cost after earthquakes. Although the shape 

memory alloy (SMA) devices could solve the above 

contradiction between the acceleration and displacement 

responses, they were too expensive to be widely used in the 

practical engineering (Ozbulut and Hurlebaus 2012, 

Abdulridha et al. 2013). 

It is necessary to investigate the details that the above 

factors, such as the friction action, the spring action and the 

viscous damping action, disturb the cutting off of shear 

keys, or how to avoid the disturbing factors and how the 

shear keys influence the seismic isolation efficiency. 

This paper analyzes the influence of shear keys on the 

structural acceleration and displacement responses of a 

vertical spring-viscous damper-concave Coulomb friction 

isolation system under earthquakes. The above isolation 

system has two merits at least: (1) the degree disturbing the 

cutting off process of shear keys is weakened, because the 

horizontal spring and friction forces are the smallest at the 

initial position; (2) after the cutting off of shear keys during 

an earthquake, the horizontal spring and friction forces 

gradually increase to reduce the displacement responses 

when the isolator moves from the initial position. 

 

 

2. A vertical spring-viscous damper-concave 
coulomb friction isolation system 

 

Fig. 1 schematically describes an idealized vertical 

spring-viscous damper-concave Coulomb friction isolation 

system with shear keys. 

 

2.1 Structure mass 
 

As to avoid the influence of high order vibration modes 

on the research topic of this paper, a single-degree-of-

freedom structure with a mass M of 300t was set as the 

isolated structure (Wei et al. 2018a). 
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Fig. 1 A vertical spring-viscous damper-concave Coulomb 

friction isolation system 

 

 

2.2 Shear keys 
 

The horizontal component of spring force was 0 and the 

friction force of concave friction contact surface was very 

small when the structural relative displacement dr = 0. 

Therefore, shear keys were added to the seismic isolation 

device to resist the long-term service loads, and were cut off 

to isolate the seismic energy under designed earthquakes. 

The spring constant Kk of shear keys in Fig. 1 adopted 

20000, 40000, 60000, 80000 and 100000 kN/m, 

respectively. As for each spring constant Kk, the cutting off 

force Fk  of shear keys adopted 10, 50, 100, 150 and 

200kN, respectively. Finally, there were 25 shear key cases. 

 

2.3 Spring 
 

The spring element remains elastic during earthquakes, 

and it is able to reduce the relative and residual 

displacements between the structure and the ground. The 

spring constant K of vertical spring adopted 100, 200, 300, 

400, 500 and 600 kN/m, respectively. The length of spring 

with zero stress is defined as h0 while the initial length in 

Fig. 1 is represented by h1. The values of h1 adopted 0.5 

and 1.0 m, respectively. As for the case of h1 = 0.5 m, the 

values of h0 respectively adopted 0.1, 0.2, 0.3, 0.4 and 0.5 

m, and the ratio h0/h1 was respectively 0.2, 0.4, 0.6, 0.8 

and 1.0. An increase of ratio implies that the spring 

becomes looser in the initial condition. In terms of the case 

of h1 = 1.0 m, the values of ℎ0 respectively adopted 0.1, 

0.2, 0.4, 0.6, 0.8 and 1.0m, and the ratio h0/h1  was 

respectively 0.1, 0.2, 0.4, 0.6, 0.8 and 1.0. 

When the structural relative displacement dr happens, 

the spring force Fs is 

𝐹𝑠 = 𝐾(√ℎ1
2 + 𝑑𝑟

2 − ℎ0) (1) 

The horizontal component Fsh  and the vertical 

component Fsv of the resultant force of spring and shear 

keys are respectively 

𝐹𝑠ℎ = 𝐾 (√ℎ1
2 + 𝑑𝑟

2 − ℎ0)
𝑑𝑟

√ℎ1
2 + 𝑑𝑟

2
+ 𝐾𝑘𝑑𝑟        

(𝐾𝑘𝑑𝑟 ≤ 𝐹𝑘)   

(2) 
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𝐹𝑠ℎ = 𝐾(√ℎ1
2 + 𝑑𝑟

2 − ℎ0)
𝑑𝑟

√ℎ1
2 + 𝑑𝑟

2
          (𝐾𝑘𝑑𝑟 > 𝐹𝑘) (3) 

𝐹𝑠𝑣 = 𝐾(√ℎ1
2 + 𝑑𝑟

2 − ℎ0)
ℎ1

√ℎ1
2 + 𝑑𝑟

2
 (4) 

When the structural relative displacement dr is 0, Fsh 

is 0. Simultaneously, both of the spring force and its vertical 

component are K(h1 − h0). And those values become 0 if 

h1 = h0, which means that the initial condition of spring in 

Fig. 1 has zero stress. 

The horizontal secant constant Ksh of spring and shear 

keys is 

𝐾𝑠ℎ = 𝐾 (√ℎ1
2 + 𝑑𝑟

2 − ℎ0)
1

√ℎ1
2 + 𝑑𝑟

2
+ 𝐾𝑘           

 (𝐾𝑘𝑑𝑟 ≤ 𝐹𝑘) 

(5) 

𝐾𝑠ℎ = 𝐾(√ℎ1
2 + 𝑑𝑟

2 − ℎ0)
1

√ℎ1
2 + 𝑑𝑟

2
          (𝐾𝑘𝑑𝑟 > 𝐹𝑘) (6) 

Eqs. (5) and (6) can also be expressed as 

𝐾𝑠ℎ = 𝐾(1 −
1

√(
ℎ1
ℎ0

)2 + (
𝑑𝑟
ℎ0

)2

) + 𝐾𝑘           (𝐾𝑘𝑑𝑟 ≤ 𝐹𝑘) 
(7) 

𝐾𝑠ℎ = 𝐾(1 −
1

√(
ℎ1
ℎ0

)2 + (
𝑑𝑟
ℎ0

)2

)          (𝐾𝑘𝑑𝑟 > 𝐹𝑘) 
(8) 

 

2.4 Viscous damper 
 

The viscous damper can produce a viscous damping 

force and dissipate earthquake energy during earthquakes. 

The damping constants C adopted 0, 50, 100, 150, 200 and 

250 kN·s/m in this paper. 

 

2.5 Coulomb friction 
 

In this system, the friction device supports the 

superstructure and isolates the earthquake input motion. 

During a seismic event, it could induce friction force at the 

bottom of structure to balance the inertial force developed 

in the superstructure, and dissipate the earthquake energy. 

Despite the fact that both the friction device and the viscous 

damper are the energy dissipation components, the force of 

friction device is a function of friction coefficient and 

pressure force while the force of viscous damper is 

dependent on the damping constant and relative velocity. 

Furthermore, the friction device prevents the structure from 

returning to its initial center, however, the viscous damper 

doesn’t have such a negative effect. 

As to reduce this negative effect, Fig. 1 adopted a 

concave distribution of friction coefficient in space. The 

friction coefficient increased from the central friction 

coefficient µ0 = 0.005  to the larger values with an 

increment ratio R when the structure moved away from the 

central position under earthquakes. The increment ratio R 

was assumed to be 0.01, 0.02, 0.03, 0.04 and 0.1m
-1

, 

respectively. Therefore, the horizontal friction force Ffh is 

𝐹𝑓ℎ = (µ0 + 𝑅𝑑𝑟)[𝑚𝑔 + 𝐾 (√ℎ1
2 + 𝑑𝑟

2 − ℎ0)
ℎ1

√ℎ1
2 + 𝑑𝑟

2
] (9) 

When dr  increases during earthquakes, the friction 

force increases, due to the concave pattern of friction 

coefficient and the increased vertical component of spring 

force, to dissipate the earthquake energy more significantly 

to avoid a larger relative displacement. Simultaneously, the 

horizontal component of spring force also increases to 

reduce the relative and residual displacements. 

Theoretically, the system in Fig. 1 is reasonable to reduce 

the structural seismic responses. And it is necessary to carry 

out the parameter optimization analysis of the system. 

 

 

3. Ground motion 
 

An elastic response spectrum with Chinese soil type III 

(JTJ 004-89) and a peak ground acceleration (PGA) of 1 g 

was selected for the target spectrum as shown in Fig. 2 (Wei 

et al. 2018c). The relatively soft soil with a shear wave 

velocity between 140 and 250 m/s was assumed very thick 

for the structural site. 

20 ground motions, selected from the Pacific 

Earthquake Engineering Research Center database (PEER 

2015), were listed in Fig. 2. Their PGA were adjusted to 

make their mean spectrum be close to the target spectrum. 

And then the above scaled PGA of 20 ground motions were 

continuously scaled from 0.01 g to 1 g with an increment of 

0.01 g, and those ground motions were input into the 

isolation structure. 

 

 

4. Calculation method 
 

A computer program was compiled to calculate the 

seismic responses of the vertical spring-viscous damper-

concave Coulomb friction system, and its mathematical 

foundation was listed in the following content. 

As to describe the movement of ground and structure in 

mathematics, the coordinate system using the absolute 

displacement is defined in Fig. 1. The seismic response of 

ground is represented by the symbols ae, ve, de which 

represent the absolute acceleration, velocity and 

displacement of ground. And the symbols as , vs , ds 

represent the corresponding absolute responses of structure, 

respectively. 

The relationship between ve  and vs could lead to 2 

different scenarios as follows: 

(1) ve⧧vs. It implies that the structure moves slower or 

faster than the ground, which produces the structural motion 

relative to the ground in the coordinate system of Fig. 1. 

The horizontal force of isolated structure should be the sum 

of the horizontal forces of spring, friction, shear key and 

viscous damper which can be expressed as [±Ffh + Fsh +
C(ve − vs)] . The sigh of Ffh  should be positive when 

ve > vs and be negative when ve < vs. 
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At a certain time step of case (1), if |[(vs − ve) +
Fsh∆ti/m + C(ve − vs)∆ti/m]| ≤ Ffh∆ti/m  and 

|[ae − Fsh/m − C(ve − vs)/m]| ≤ Ffh/m, the system will 

move to case (2), i.e., ve = vs, where ∆ti = ti − ti−1 and 

ti is the ith time of the ground motion input. 

(2) ve = vs. It implies that the structure moves with the 

same velocity as the ground. The equation of motion can be 

expressed as mae = ±Ffriction + Fsh + C(ve − vs), where 

Ffriction ≤ Ffh. And the equation is further simplified as 

mae = ±Ffriction + Fsh  since ve = vs , or |[ae −
Fsh/m]| = Ffriction/m ≤ Ffh/m. In order to estimate the 

structural response at the next time step, it is necessary to 

compare |[ae − Fsh/m]| with Ffh/m: 

①when |[ae − Fsh/m]| ≤ Ffh/m , the inertia force 

developed in the structure is not able to trigger the relative 

movement between the structure and the ground. Therefore, 

the structure has the same acceleration as the ground. 

②when |[ae − Fsh/m]| > Ffh/m , the instantaneous 

ground motion is intense enough to develop the structural 

new movement relative to the ground. Therefore, the force 

of isolated structure could be mathematically expressed as 

[±Ffh + Fsh + C(ve − vs)]. And the system will move to 

case (1), i.e. ve⧧vs, at the next time step. 

 

 

5. Performance-based assessment process 
 

To evaluate the structural seismic responses and 

vulnerabilities, the performance-based earthquake 

engineering (PBEE) method of PEER is simplified to only 

include the response analysis and the damage analysis. 

An incremental dynamic analysis (IDA), using the 

above ground motion records and the above calculation 

method, can obtain the structural response distributions 

under the earthquakes with different PGA. Before the 

cutting off of shear keys, the natural periods of isolation 

system are 0.344~0.769s. Temporary resonance trend may 

happen for the isolation system, when comparing the 

natural periods with the predominant period 0.45s of ground  

 

 

 

 

motions in Fig. 2. However, the large force, due to the 

temporary resonance trend, cuts off the shear keys. And 

then the natural periods of isolation system become much 

longer than 0.769s, and the temporary resonance trend and 

large force suddenly disappear. Therefore, the cutting off 

force of shear keys controls the structural peak acceleration 

response. After the cutting off of shear keys, the structural 

displacement responses become much larger. 

The damage states (DS) of structural system are defined 

in Table 1. The structural peak acceleration response 

reflects the structural inertia force, and is the most 

important index of seismic isolation efficiency. The 

structural relative displacement is another index of seismic 

isolation efficiency, because it determines the size of 

structural foundation and the gap value from the adjacent 

structure. The index of structural residual displacement 

should be paid more attention, because it determines the 

repair cost after earthquakes. 

 

 

6. Performance-based assessment results 
 

The combination of 1 structural mass, 6 damping 

constants, 5 friction cases, 66 spring cases and 25 shear key 

cases produced 49500 cases. Those cases would be 

subjected to the earthquakes with different PGA. 

 

 

Table 1 Damage states of structural systems 

Index DS1 DS2 DS3 DS4 

Acceleration 

(m/s2) 
0.25 0.50 0.75 1.00 

Relative 

Displacement 

(m) 

0.20 0.40 0.80 1.60 

Residual 

Displacement 

(m) 

0.02 0.04 0.08 0.16 

 

 

 

Fig. 2 Target spectrum, mean spectrum and individual earthquake spectra 
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Finally, the seismic response demands of 99000000 cases 

were obtained and compared with the seismic capacities in 

Table 1. Only the general results are discussed in this 

section, although a lot of seismic responses and 

vulnerability curves are obtained. 

 

 

6.1 Cases without a viscous damper 
 
The seismic responses of the case with µ0=0.005, 

R=0.01 m
-1

, C=0 kN·s/m, K=100 kN/m, h1 = 1.0 m and 

h0 = 0.8 are shown in Fig. 3, including the results without  

  
(a) Structural acceleration, PGA=0.05 g (b) Structural acceleration within 3s, PGA=0.05 g 

  
(c) Structural relative displacement, PGA=0.05 g (d) Structural relative displacement within 3s, PGA=0.05 g 

 
 

(e) Structural acceleration, PGA=0.8 g (f) Structural acceleration within 3s, PGA=0.8 g 

  
(g) Structural relative displacement, PGA=0.8 g (h) Structural relative displacement within 3s, PGA=0.8 g 

Fig. 3 Seismic responses for the case with µ0=0.005, R=0.01 m
-1

, C=0 kN·s/m, K=100 kN/m, ℎ1 = 1.0 m, ℎ0 = 0.8 m, 

𝐹𝑘=20000 kN/m, 𝐹𝑘=10 kN under the first ground motion 
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(a) Structural acceleration, PGA=0.05 g (b) Structural acceleration within 7s, PGA=0.05g 

  
(c) Structural relative displacement, PGA=0.05 g (d) Structural relative displacement within 7s, PGA=0.05 g 

  
(e) Structural acceleration, PGA=0.8 g (f) Structural acceleration within 7s, PGA=0.8 g 

  
(g) Structural relative displacement, PGA=0.8 g (h) Structural relative displacement within 7s, PGA=0.8 g 

Fig. 4 Seismic responses for the case with µ0=0.005, R=0.01 m
-1

, C=0 kN·s/m, K=100 kN/m, ℎ1 = 1.0 m, ℎ0 = 0.8 m, 

𝐾𝑘=20000 kN/m, 𝐹𝑘=200 kN under the first ground motion 
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any shear key and the results with the shear keys adopting 

Kk=20000 kN/m and Fk=10 kN. Those shear keys can be 

easily destroyed by a small structural acceleration of 

10/300=0.0333 m/s
2
 when ignoring the disturbances of  

 

 

friction and spring actions. And in theory, the structural 

seismic responses with such feeble shear keys would be 

almost the same as those without any shear key.  

 

  
(a) Structural acceleration, PGA=0.05 g (b) Structural acceleration within 7s, PGA=0.05 g 

  

(c) Structural relative displacement, PGA=0.05 g (d) Structural relative displacement within 7s, PGA=0.05 g 

  
(e) Structural acceleration, PGA=0.8 g (f) Structural acceleration within 7s, PGA=0.8 g 

  
(g) Structural relative displacement, PGA=0.8 g (h) Structural relative displacement within 7s, PGA=0.8 g 

Fig. 5 Seismic responses for the case with µ0=0.005, R=0.01 m
-1

, C=0 kN·s/m, K=100 kN/m, ℎ1 = 1.0 m, ℎ0 = 0.8 m, 

𝐾𝑘=100000 kN/m, 𝐹𝑘=200 kN under the first ground motion 
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Figs. 3(a)-3(d) validate that those shear keys are cut off 

at the time of 1.8s and there is a little difference between 

the results with and without such feeble shear keys when 

subjected to an earthquake with PGA=0.05 g. This little 

difference is further reduced when PGA is increased from 

0.05 g to 0.8 g as shown in Figs. 3(e)-3(h), and the cutting 

off time of shear keys is shortened from 1.8s to 1.1s. 

When the cutting off force of shear keys increases from 

Fk=10 kN in Fig. 3 to Fk=200kN in Fig. 4, the structural 

seismic responses with shear keys become more different 

from those without shear keys. When subjected to an 

earthquake with PGA=0.05 g in Figs. 4(a)-4(d), the 

structural peak acceleration is less than 0.1m/s
2
 since PGA  

 

 

 

is so small for the case without any shear key, while this 

peak value is increased to be more than 200/300=0.666 m/s
2
 

for the case with such strong shear keys. The cutting off 

time of shear keys is lengthened from 1.8s in Fig. 3(b) to 

5.8s in Fig. 4(b), and it causes more difference between the 

displacement responses of the cases with and without shear 

keys before the failure of shear keys in Figs.4(c) and 4(d). It 

further causes the more different starting points of 

subsequent displacement responses, and leads to the more 

different residual displacements between the cases with and 

without shear keys. Overall, the peak relative displacement 

of the case with shear keys is less than that without any 

shear key, while the residual displacements are on the  

  

(a) Structural acceleration with 𝐾𝑘=20000 kN/m   (b) Structural acceleration with 𝐾𝑘=100000 kN/m 

 
 

(c) Structural relative displacement with 𝐾𝑘=20000 kN/m (d) Structural relative displacement with 𝐾𝑘=100000 kN/m 

  
(e) Structural residual displacement with 𝐾𝑘=20000 kN/m (f) Structural residual displacement with 𝐾𝑘=100000 kN/m 

Fig. 6 The probabilities exceeding each damage state in Table 1 for the cases with µ0=0.005, R=0.01 m
-1

, C=0 kN·s/m, 

K=100 kN/m, ℎ1 = 1.0 m, ℎ0 = 0.8 m and PGA=0.8 g by changing the cutting off force of shear keys 
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contrary. When PGA increases to PGA=0.8 g in Figs. 4(e)-

4(h), the cutting off time of shear keys is moved forward to 

1.6s. It reduces the difference between the displacement 

responses of the cases with and without shear keys before  

 

 

the failure of shear keys and the difference of subsequent 

displacement responses. In this condition, however, the 

displacement responses of the case with shear keys are 

much larger than those without any shear key. 

  
(a) Structural acceleration with 𝐾𝑘=20000 kN/m   (b) Structural acceleration with 𝐾𝑘=100000 kN/m 

  
(c) Structural relative displacement with 𝐾𝑘=20000 kN/m (d) Structural relative displacement with 𝐾𝑘=100000 kN/m 

  
(e) Structural residual displacement with 𝐾𝑘=20000 kN/m (f) Structural residual displacement with 𝐾𝑘=100000 kN/m 

  

(g) Structural relative displacement, PGA=0.8 g (h) Structural relative displacement within 7s, PGA=0.8 g 

Fig. 7 Seismic responses for the case with µ0=0.005, R=0.01 m
-1

, C=100 kN·s/m, K=100 kN/m, ℎ1 = 1.0 m, ℎ0 =

0.1 m, 𝐾𝑘=20000 kN/m, 𝐹𝑘=200 kN under the first ground motion 
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When the spring constant of shear keys increases from 

Kk=20000 kN/m in Fig. 4 to Kk=100000 kN/m in Fig. 5, 

the difference between the seismic responses of the cases  

 

 

with and without shear keys in Fig. 5 is similar with that in 

Fig. 4, however, the different degree is reduced. For 

example, the cutting off time of shear keys is shortened  

  
(a) Structural acceleration, PGA=0.05 g (b) Structural acceleration within 7s, PGA=0.05 g 

  
(c) Structural relative displacement, PGA=0.05 g (d) Structural relative displacement within 7s, PGA=0.05 g 

  
(e) Structural acceleration, PGA=0.8 g (f) Structural acceleration within 7s, PGA=0.8 g 

  
(g) Structural relative displacement, PGA=0.8 g (h) Structural relative displacement within 7s, PGA=0.8 g 

Fig. 8 Seismic responses for the case with µ0=0.005, R=0.01 m
-1

, C=100 kN·s/m, K=100 kN/m, ℎ1 = 1.0 m, ℎ0 =

0.1 m, 𝐾𝑘=100000 kN/m, 𝐹𝑘=200 kN under the first ground motion 
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from 5.8s in Fig. 4(b) to 2.3s in Fig. 5(b) when PGA=0.05g 

and from 1.6s in Fig. 4(f) to 1.4s in Fig. 5(f) when PGA=0.8 

g. It further reduces the difference between the 

displacement responses of the cases with and without shear 

keys before the failure of shear keys and the difference of 

subsequent displacement responses. When both the spring 

constant of shear keys and PGA are large enough, the 

displacement responses are almost the same between the 

cases with and without shear keys in Fig. 5(g). 

As to further validate the above discussions, the 

probabilities, exceeding each damage state in Table 1, for 

the cases with µ0=0.005, R=0.01 m
-1

, C=0 kN·s/m, K=100 

kN/m, h1 = 1.0 m, h0 = 0.8 m and PGA=0.8 g are 

shown in Fig. 6. This figure validates that all of the seismic  

 

 

responses increase with the cutting off force of shear keys. 

This rule is much more significant for the structural 

acceleration rather than for the structural relative and 

residual displacements. And this rule is more significant for 

the cases with Kk=20000 kN/m than for the cases with 

Kk=100000 kN/m. Fig. 6 also implies that all of the seismic 

responses decrease with the spring constant of shear keys, 

however, this rule is insignificant. Furthermore, this rule is 

more significant for the cases with Fk= 200 kN than for the 

cases with Fk=10 kN. 

 

6.2 Cases with a viscous damper 
 

When the damping constant increases from C=0 kN·s/m 

  
(a) Structural acceleration with 𝐹𝑘=10 kN (b) Structural acceleration with 𝐹𝑘=200 kN 

  
(c) Structural relative displacement with 𝐹𝑘=10 kN (d) Structural relative displacement with 𝐹𝑘=200 kN 

  
(e) Structural residual displacement with 𝐹𝑘=10 kN (f) Structural residual displacement with 𝐹𝑘=200 kN 

Fig. 9 The probabilities exceeding each damage state in Table 1 for the cases with µ0=0.005, R=0.01 m
-1

, C=100 kN·s/m, 

K=100 kN/m, ℎ1 = 1.0 m,ℎ0 = 0.1 m and PGA=0.8 g by changing the spring constant of shear keys 
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in Fig. 4 to C=100 kN·s/m in Fig. 7 and the length of spring 

with zero stress decreases from h0 = 0.8 m in Fig. 4 to 

h0 = 0.1 m in Fig. 7, the viscous damping action will 

disturb the cutting off of shear keys. When subjected to an 

earthquake with PGA=0.05 g in Figs. 7(a)-7(d), the 

structural peak acceleration is less than 0.1m/s
2
 since PGA 

is so small for the case without any shear key. However, the 

structural peak acceleration 0.68m/s
2
 in Figs. 7(a) and 7(b) 

is not able to cut off the shear keys since the shearing force 

of shear keys is less than the cutting off force of 200 kN due 

to the co-working of viscous damper. The structure with the 

shear keys is un-isolated in essence, and its acceleration 

response is much larger than that without the shear keys in 

Figs. 7(a) and 7(b) while its relative and residual 

displacement responses are much less than those without 

the shear keys in Figs. 7(c) and 7(d). When PGA increases 

to PGA=0.8 g in Figs. 7(e)-7(h), a structural peak 

acceleration 0.8 m/s
2
, being larger than 200/300=0.666 m/s

2
, 

cuts off the shear keys at the time of 1.6s. It reduces the 

difference between the seismic responses of the cases with 

and without shear keys. However, the acceleration and 

displacement responses of the case with shear keys are still 

larger than those without any shear key. 

When the spring constant of shear keys increases from 

Kk=20000 kN/m in Fig. 7 to Kk=100000 kN/m in Fig. 8, 

the difference between the seismic responses of the cases 

with and without shear keys in Fig. 8 is reduced when 

compared with that in Fig. 7. For example, the shear keys 

are cut off at the time of 2.3s in Figs. 8(a) and 8(b) instead 

of being well in Figs. 7(a) and 7(b) when PGA=0.05 g, 

because the increase of the spring constant of shear keys 

increases the ratio of shear key force to the viscous damping 

force. It reduces the difference between the displacement 

responses of the cases with and without shear keys before 

the failure of shear keys and the difference of subsequent 

displacement responses. When both the spring constant of 

shear keys and PGA are large enough in Figs. 8(e) and 8(f), 

the displacement responses with shear keys are almost the 

same as those without any shear key in Fig. 8(g). 

As to further validate the above discussions, the 

probabilities, exceeding each damage state in Table 1, for 

the cases with µ0 =0.005, R=0.01 m
-1

, C=100 kN·s/m, 

K=100 kN/m, h1 = 1.0 m, h0 = 0.1 m and PGA=0.8 g are 

shown in Fig. 9. Fig. 9 shows that all of the seismic 

responses increase with the cutting off force of shear keys. 

This rule is much more significant for the structural 

acceleration rather than for the structural relative 

displacement and residual displacement. Fig. 9 also implies 

that all of the seismic responses decrease with the spring 

constant of shear keys. This rule is more significant for the 

cases with Fk= 200 kN than for the cases with Fk=10 kN, 

especially for the structural residual displacement responses. 

 

 

7. Further optimization of isolation system 
 

Based on the above parameter analysis and discussion, 

the vertical spring-viscous damper-Coulomb friction 

isolation system has a lot of merits during earthquakes (Wei 

et al. 2019a), however, they can be further improved by 

using the advanced technique in the friction region. 

When the structural relative displacement dr = 0, the 

horizontal component of spring force is 0 and the central 

friction force of concave friction distribution is so small that 

they only insignificantly disturb the cutting off of shear 

keys used for service loadings. As to further reduce the 

residual displacement response and the disturbance degree 

of the cutting off of shear keys, the central friction 

coefficient µ0 of contact surface can be further reduced 

from µ0=0.005 to µ0=0.001 by using the superlubrication 

friction technique. 

After the shear keys are cut off during earthquakes, the 

loose spring instead of the strong spring can be used to 

reduce the structural acceleration response. The increasing 

horizontal component of spring stiffness along with the 

structural relative displacement can avoid resonance and 

reduce the displacement response. Simultaneously, the 

friction force on the concave friction surface increases 

along with the structural relative displacement to increase 

the energy dissipation capacity, and thus to reduce the 

relative displacement response. Furthermore, the vertical 

force of spring can be controlled to avoid the structural 

interfacial detachment from the ground (Wei et al. 2018e), 

and is increased to increase the friction force when the 

relative displacement increases. 

If the increment ratio R of concave friction distribution 

adopts a constant value such as R=0.01 m
-1

, the friction 

force will be larger than the horizontal component of spring 

force within a certain relative displacement in Fig. 10(a), 

and thus the structural residual displacement is always large 

after earthquakes. If R is changed from a constant value to a 

variable value, the friction force can be controlled to be 

always less than the horizontal component of spring force 

within any relative displacement in Fig.10(b). Based on 

Fsh = Ffh in Eqs. (3) and (9), such a variable R can be 

obtained as follows 

𝑅 =
𝐾 (√ℎ1

2 + 𝑑𝑟
2 − ℎ0) (𝑑𝑟 − µ0ℎ1) − µ0𝑚𝑔√ℎ1

2 + 𝑑𝑟
2

𝑑𝑟[𝑚𝑔√ℎ1
2 + 𝑑𝑟

2 + 𝐾 (√ℎ1
2 + 𝑑𝑟

2 − ℎ0) ℎ1]
 (10) 

As to achieve Fsh > Ffh, the variable R can be obtained 

by 

𝑅 =
𝐾 (√ℎ1

2 + 𝑑𝑟
2 − ℎ0) (𝑑𝑟 − µ0ℎ1) − µ0𝑚𝑔√ℎ1

2 + 𝑑𝑟
2

𝑑𝑟[𝑚𝑔√ℎ1
2 + 𝑑𝑟

2 + 𝐾 (√ℎ1
2 + 𝑑𝑟

2 − ℎ0) ℎ1]
− 𝑉𝑑 (11) 

The constant parameter Vd can adopt a small value, 

such as 0.001, 0.002 and 0.003 m
-1

, to cause the difference 

between Fsh and Ffh. 

The cutting off force of shear keys should be as small as 

possible to reduce the structural acceleration response, 

however, it should satisfy service loadings. Simultaneously, 

the spring constant of shear keys should be as large as 

possible to reduce the disturbance of spring, friction and 

viscous damping actions. The cutting off force and spring 

constant of shear keys temporarily adopt Fk=50 kN and 

Kk=100000 kN/m in this section. When those parameters of 

shear keys and the parameters in Fig. 10(b) are used, the 

probabilities of the structural peak acceleration and peak 

relative displacement, exceeding different damage states in 

Table 1, are shown in Figures 11 and 12, respectively. If a  
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viscous damper with a small damping constant 

C=10kN·s/m is added to the case with µ0=0.001, Vd=0.003 

m
-1

, K=100 kN/m, h1 = 1.0 m and h0 = 0.8 m, the 

corresponding results are shown in Figs. 11(d) and 12(d). 

Furthermore, the exceedance probabilities of structural 

residual displacement are almost 0 due to Fsh > Ffh, and 

are not listed here. 

The exceedance probabilities of the structural peak 

acceleration and peak relative displacement increase with 

PGA in Figs. 11 and 12. When Vd=0.001, 0.002, 0.003 m
-1

, 

C=0 kN·s/m and Vd=0.003 m
-1

, C=10 kN·s/m under the 

earthquakes with PGA=0.8 g, the probabilities of the  

 

 

 

 

structural peak acceleration, exceeding DS1 in Table 1, are 

45.6%, 45.9%, 46.2% and 44.2%, respectively. The 

corresponding probabilities of the structural peak relative 

displacement, exceeding DS3 in Table 1, are 39.5%, 40.5%, 

41.4% and 38.2%, respectively. All of those exceedance 

probabilities increase when Vd increases, which indicates 

that a decrease of friction force reduces the dissipation 

efficiency of earthquake energy. The adding of the viscous 

damper with a small damping constant C=10 kN·s/m can 

decrease the structural peak relative displacement, and peak 

acceleration, which implies that the viscous damping action 

can dissipate the earthquake energy as well as the friction  

 
 

(a) µ
0
=0.005 and R=0.01 m

-1
 (b) µ

0
=0.001 and R is variable 

Fig. 10 Force-displacement relationship when K=100 kN/m, ℎ1 = 1.0 m and ℎ0 = 0.8 m 

 
 

(a) 𝑉𝑑=0.001 m
-1

 and C=0 kN·s/m (b) 𝑉𝑑=0.002 m
-1

 and C=0 kN·s/m 

  

𝑉𝑑=0.003 m
-1

 and C=0 kN·s/m (d) 𝑉𝑑=0.003 m
-1

 and C=10 kN·s/m 

Fig. 11 Structural peak acceleration when µ
0
=0.001, K=100 kN/m, ℎ1 = 1.0 m and ℎ0 = 0.8 m 
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action, however, the installation and maintenance of viscous 

damper increases the cost of isolation system. All of the 

above exceedance probabilities are much less than the 

results of the similar cases in the previous sections. 

Importantly, the isolation system in this section doesn’t 

need repair except the installation of new shear keys after 

earthquakes since the structural residual displacement is 

almost 0. 

 

 

8. Conclusions 
 

This paper investigates the influence of shear keys on 

the seismic performance of a vertical spring-viscous 

damper-concave Coulomb friction isolation system. The 

main conclusions are drawn as follows: 

(1) The shear keys are set in a seismic isolation system 

to resist the long-term service loadings, and are cut off to 

isolate the earthquakes. The cutting off process of shear 

keys should be simulated in a numerical analysis to 

accurately predict the seismic responses of isolation system. 

(2) Ignoring the cutting off process of shear keys usually 

leads to untrue seismic responses in a numerical analysis, 

and many of them are unsafe to design an isolated structure. 

And those errors will be increased by increasing the cutting 

off force of shear keys and decreasing the spring constant of 

shear keys, especially under a feeble earthquake. 

(3) The friction action, the spring action and the viscous 

damping action will disturb the cutting off process of shear  

 

 

keys. For example, the viscous damping action postpones 

the cutting off time of shear keys during earthquakes, and 

reduces the seismic isolation efficiency. However, this point 

can be improved by increasing the spring constant of shear 

keys. 
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