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INTRODUCTION 

 
Nuclear power plants (NPPs) require a high seismic capacity. It is obvious that the construction costs will 
be increased with the designed earthquake load. Recently, research on a base isolation system has been 
performed to ensure the seismic safety of NPPs under a high earthquake load. In Korea, a study on the 
application of the base isolation system to a sodium fast reactor (SFR) and pressurized-water reactor 
(PWR) has been actively performed. The behavior of base isolated NPPs is generally influenced by the 
behavior of the base isolators. According to ASCE-4 (2013), it is necessary that the long-term behavior of 
the base isolators be evaluated because the safety of base isolated NPPs should be assured during the 
operation period. Although a rubber material is used in base isolators to ensure the restoring force, the 
material properties changes with time. The long-term behavior of rubber bearings such as lead rubber 
bearings (LRBs), natural rubber bearings (NRBs), and high damping rubber bearings (HDRBs) is affected 
by the material property of the rubber due to age-related degradation. The seismic isolation bearings can 
be designed considering the allowable variation of mechanical properties of seismically isolators that is 
mentioned in ASCE-4 (2013) and AASHTO (1999). 
Rubber bearings installed in the base mat of NPPs expose to the atmosphere. Then the mechanical 
properties of rubber bearings are constantly changed by the oxidation and degradation of the rubber. The 
oxidation of rubber bearings occurs from the surface to the center. From the results of Itoh et al. (2006), it 
was presented that the long-term properties of base isolators is affected by the aging depth.  Nevertheless, 
the research on the long-term behaviour of base isolators has been performed using small-scale bearings. 
However, the size of the base isolators of the NPPs can be higher than the size of the base isolators used 
in the conventional buildings and structures (residential buildings, bridge etc.). Therefore, the long-term 
behaviour of the base isolators should be quantitatively evaluated considering the size. 
In this study, LRBs were selected as the bearings of seismically isolated nuclear power plants. An 
accelerated aging test was performed to evaluate the time dependent properties of the rubber 
material/LRBs and to identify the aging depth. Also the aging property modification factor of AASHTO 
(1999) and ASCE-4 (2013) was revaluated by calculating the variation of mechanical properties of 
seismically isolators due to aging. 

 
TIME DEPENDENT PROPERTIES OF RUBBER MATERIAL 

 
The LRBs installed in NPPs during operation time are exposed to adverse climatic impacts such as high 
temperature, low temperature, ozone, salt water, acid rain, etc. From the results of Itoh et al. (2006), the 
thermal oxidation reaction mainly affected the mechanical properties of rubber. As thermal aging 
progresses, the tensile strength and elongation at breaking decrease while the tensile stress corresponding 
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to defined strains increase. In other words, rubber material becomes harder and more brittle because the 
oxidation reaction of rubber material lead to chain scission or cross-linking action. 
According to the result of Itoh et al. (2006), it was represented that the horizontal stiffness of HDRB 
increased with temperature while the damping ratio of isolator showed a little change with temperature as 
shown in figure 1.  
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Figure 1. Change of property for HDRB in different temperature 
 

PROPERTY MODIFICATION FACTORS FOR SEISMICALLY ISOLATORS  
 

In the USA, a study was conducted on the behavior of contemporary seismic isolators (elastomeric, LRB 
and sliding bearings) and dampers under seismic loadings. Constantinou et al. (2007) reported that the 
effects of temperature, loading history, wear, corrosion, contamination, lubrication, and aging are 
considered to enable reliable predictions of the seismic response of seismically protected structures. 
Because the mechanical properties of seismic isolators was affected by aging, the system property 
modification factors were proposed to consider the variations of seismic isolators due to aging in the 
design state. Based on the results of Thompson et al. (2000) and Morgan et al. (2001), the system 
property modification factors considering the aging are presented in the 1999 AASHTO Guide 
Specifications for Seismic Isolation Design, as shown in table 1. Kd and Qd presented the post yield 
stiffness and characteristic load of seismic isolators, respectively. According to the NUREG draft (2011), 
it was reported that the isolation system must account for effects such as aging, creep, operating 
temperature, exposure to moisture, or damaging substances, and any other deleterious substances present 
in the immediate vicinity of the isolators in the design stage. The mechanical properties of the isolation 
system (i.e., the force-displacement relationship) should not vary over the lifespan of the structure by 
more than ± 20% from the best-estimate values from those assumed for analysis and design. ASCE 4 
(2013) also restricts the mechanical properties of seismic isolators over the lifespan of the NPPs by more 
than ±20%.  

 
Table 1: System property modification factors (AASHTO (1999)) 

 

Seismic isolators 
λaging 

Kd Qd 

Low damping natural rubbers 1.1 1.1 

High damping rubbers 1.2 1.2 

Lead rubber bearings - 1.0 
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LONG-TERM BEHAVIOUR EVALUATION OF LRBS 
 

Material properties of rubber by accelerated aging test 
 

In this study, LRBs were selected as an example model. The aging depth test and mechanical property test 
of the rubber material were conducted to develop the time dependent material properties of the LRBs.  
The aging test of the rubber material was conducted to discover the mechanical properties on the tensile, 
shear, and adhesive properties of rubber by aging. 126 dumbbell specimens were prepared for the aging 
test of the rubber material. The property test of the rubber material was conducted according to ISO-
22767-1 (2010). 
The rubber dumbbell specimens were heated under three temperature conditions (70℃, 85℃, 100℃) to 
deduct the Arrhenius equation. The mechanical property test of the rubber material was then performed 
for each measurement time (initial time, and 1, 2, 4, 7, 14, 30, 45, 60, 75, 90, 120, 150, 180 days) as 
shown in figure 2. Table 2 shows the Arrhenius equation of the rubber material by the aging test. From 
the Arrhenius equation used in this test, the relationship between the real aging time and the accelerated 
aging time can be defined. The life time of rubber can be calculated by using the Arrhenius graph and a 
limited variation of properties. Because the life time of rubber mainly affected by hardness, the life time 
of rubber material was calculated based on the change of hardness.  

 

   

 
(a) Hardness                                   (b) Elongation                         (c) Tensile strength 

 

  

 
(d) Shear modulus             (e) Damping ratio 

 
Figure 2. Change of mechanical properties of rubber material by time 
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Table 2: Arrhenius equation of the rubber material by aging test 
 

Properties Variation Arrhenius equation 
Hardness 10% ln (t) = -17.706 + 9066/(273+T) 

Elongation -25% ln (t) = -29.070 + 12679/(273+T) 
Tensile strength -15% ln (t) = -33.156 + 14185/(273+T) 
Shear modulus 25% ln (t) = -11.861 + 6237/(273+T) 

Damping 25% ln (t) = -23.168 + 10295/(273+T) 

 
From the results of Itoh et al. (2006), it was reported that the behavior of aged rubber material is mainly 
affected by the temperature and oxidation. The material properties between the surface and inside can be 
different by the oxidation of rubber. It was necessary to consider the aging depth of LRB for accurately 
evaluating the long-term behavior of an isolation bearing. 
The aging depth of seismic bearings was affected by the type of cover material and environmental 
conditions. According to the results of Itoh et al. (2006), the aging depth of a high damping rubber 
bearing was from 6 to 11.5 mm.  
In this study, eleven rubber blocks of 385 mm x 190 mm x 95 mm were manufactured to perform the 
aging depth test, as shown in Figure 3. An accelerated aging test was performed under a temperature of 
70℃. The experiment duration was set as 11 stages. When the aging test was finished, the edge of the 
rubber block cut off and then the property change of rubber was only considered in the thickness direction, 
and the rubber blocks were sliced into pieces with an average thickness of 2 mm. Ten dumbbell 
specimens were produced in each layer.  

 

 

 
Figure 3. Details of aging depth test specimens 

 
A material properties of rubber generally changes over time. Therefore, the property tests of an 

aged rubber material were performed according to time. In this study, hardness and tensile tests were 
performed because hardness of rubber mainly affected the life time of rubber.  

The hardness and elongation of the rubber material were plotted in Figure 4. The horizontal axis 
is the depth of rubber block, while the vertical axis is the mechanical properties (hardness and elongation). 
Figure 4 shows the mean value of ten specimens in each layer. 

From the test results, it was found that the hardness at the surface was greatly changed and the 
variation of hardness was sharply decreased with an increase in depth. The hardness of the surface was 
increased because the surface of the rubber was exposed to atmospheric oxygen. While the hardness of 
the inside was similar to the initial state because the inside of the rubber was blocked from oxygen from 
the cover layer. The change in properties sharply decreased from surface of the rubber to the inner area, 
up to a certain depth, which called the “critical depth”. When the depth from the surface exceeded 15 mm, 
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it was shown that the change in property of the rubber material due to the aging does not exist. From the 
test results, it was found that the critical depth was about 15 mm.  

In this study, it was concluded that the property variation at the surface of the rubber block was 
increased with time, while the critical aging depth was not affected by time. 

 

  
 

(a) Hardness                                                      (b) Elongation 
 

Figure 4. Mechanical properties of rubber material 

 
Shear behaviour of LRB by accelerated aging test 
 
The accelerated aging test of the LRB was conducted to verify the analysis model. A nonlinear hardening 
factor was calibrated to compare between the analysis model and the test model. The aging test of the 
LRB was conducted to identify the shear and compression behaviors. 18 specimens were prepared for the 
aging test of the LRB. 
From the accelerated aging test of the LRB, it was shown that the tendency of the shear force at the same 
strain of the LRB was increased with time, as shown in Figure 5. Although the test results included the 
manufacturing variations of each LRB, the shear stiffness was increased with time. While the failure 
strain of the LRB was decreased with time because the LRB was hardened owing to the age-related 
degradation of the rubber material.  
 

 
 

Figure 5. Shear behavior of LRB with time by test 
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Shear behaviour of LRB by finite element analysis 
 

Figure 6 shows the 250ⅹ190ⅹ50 (D-250) LRB and 1500ⅹ360ⅹ320 (D-1500) LRB used in this 
study. The LRBs are formed using vulcanized rubber layers and steel shims  

The finite element code, ABAQUS Ver. 6.12-3 (1996), has been used for performing a nonlinear 
analysis of LRBs. LRBs are elastomeric isolators in a cylindrical shaped-core lead. The LRBs was fixed 
between the base mat and pedestal using an end plate of the steel material. For the LRBs, the loading 
conditions were the combined compression and shear. The boundary condition was fixed at the lower end 
plate and the horizontal translation to plate only permit at upper end plate. 

 

 

 
(a) D-250                                                                         (b) D-1500 

 
Figure 6. Detail of specimens 

 
The LRBs undergo a large deformation of about 400% before failure. The rubber material does not 

behave linearly and exhibits a hyperelastic behavior, as shown in Figure 7 (b). A typical elastomer such as 
a rubber material has a nonlinear stress-strain curve. A hyperelastic material definition requires a function. 
In particular, it requires a strain energy density function. In this study, Yeo’s (3rd) model was used as an 
incompressible hyperelasticity of the rubber material. The test data of rubber material (uniaxial tension, 
biaxial tension) are used to determine the material constants.  

Figure 7 shows the analysis model of LRBs, where the CAXA41 element was used to model the rubber 
and end plate. The analysis model consists of 2025 elements and 4256 nodes. 

In this study, it was assumed that the aging depth was 15mm based on the aging depth test results, and 
the aging depth was applied equally for the D-250 and D-1500 models.  

 

 
 

(a) Analysis model     (b) Stress-strain curve of rubber 
 

Figure 7. Analysis model and stress-strain curve of rubber material 
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To verify the analysis model, the analysis results were compared with the results of the cyclic test 
results. Figure 8 shows the hysteresis curve of the LRBs. The analysis was performed for different shear 
strains of 50%, 150%, 200%, 250%, 300%, 350%, and 400%. From the figure 8, it was found that the 
analysis results were similar to those of the test results.  

From the verification of the analysis model, it was decided that this model is appropriate to evaluate 
the long-term behavior of an LRBs. 

 

 
 

(a) Initial                                                        (b) 30 years 
 

Figure 8. Comparison between test model and analysis model 
 

 
 

(a) D-250                                     (b) D-1500 
 

Figure 9. Shear behavior of LRB with time by analysis 
 

ANALYSIS RESULTS BY THE SIZE OF LRB 
 
The shear behavior of the LRB by size was shown in Figure 9. From the analysis results, it was 

shown that the aging has little influence on the shear behavior of LRBs under a 100% shear strain. The 
aging effect of the LRB increases with the shear strain.  

For the D-250 model, a change in shear behavior of the LRBs due to the aging was distinctly shown 
up to 20 years. After 20 years, it was shown that the aging has little effect on the shear behavior of the 
LRB. The effective stiffness increases rapidly because the chemical reaction due to the temperature 
reaches equilibrium. Because the shear modulus of rubber increases with thermal aging, the shear force 
was increased with a stiffness of the rubber material as time passes. For the D-1500 model, the aging did 
not have a significant effect on the shear behavior of the LRBs. It was concluded that the change in the D-
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1500 model was negligible in the design phase because the response change was lower than the variation 
of the LRB related to the manufacturing procedure, temperature, and input ground motion. From the 
results of Itoh et al. (2006), it was found that the bearings have a similar tendency of stiffness variation. 

It was assumed that two LRB models were located under the same environmental conditions and thus 
the aged area of the LRB was decreased with an increase in the size of the LRB because the aging depth 
was irrelevant to the size of LRB. Therefore, the shear behavior of the LRB was different based on the 
size.  

Figure 10 shows a variation of effective stiffness of the LRB as a function of aging time according to 
the size of bearings.  

When the shear strain of the LRB was 100%, for the D-250 model, the effective stiffness was 
increased by 15% with time, and for D-1500, the effective stiffness was increased by 4.5% with time. 
When the shear strain of the LRB was 400%, for the D-250 model, the effective stiffness was increased 
by 22% with time, and for D-1500, the effective stiffness was increased by 9% with time. 

Aging property modification factors of LRB at 60 years were presented in table 3. The properties of 
LRB were calculated based on the 100% strain. Because K1 and Qd were mainly defined by the lead 
material of LRB, K1 and Qd of aged LRB were similar to that of aged LRB. Therefore K1 and Qd in 
property modification factor were to unity. While K2 and Keff highly were closely related to the aging of 
rubber material. For D-250 model, K2 and Keff were increased to be 13% and 15% than initial model. For 
D-1500 model, K2 and Keff were increased to be 5% than initial model.  The property modification factors 
in the previous codes and guidelines does not consider the size of seismically isolators.  

 

 
 

Figure 10. Effective stiffness of LRB by the size 

 

Table 3: Aging property modification factors by size of LRB (60 years) 

 

Size of LRB K1 K2 Qd Keff 

D-250 1.0 1.13 1.0 1.15 

D-1500 1.0 1.05 1.0 1.05 
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SUMMARY AND CONCLUSION 
 

It is not easy to normalize the long-term behavior of the LRBs because the rubber material used in the 
LRBs was produced by using a different compounding ratio according to the manufacturer. Therefore, it 
is necessary to develop a method for considering the aging of seismic isolators in the design phase. The 
method proposed in this study will help researchers or manufacturers predict the aging behavior of rubber 
bearings with various sizes in a real environment.  
Although a system property modification factor of elastomeric bearings was proposed by AASHTO 
(1999), the factor for the LRBs was unity. In other words, the LRBs did not consider the aging in the 
design phase. In addition, the existing factors were applied regardless the size of the rubber bearings. 
From the analysis results, it was found that the long-term behaviour of LRBs was significantly affected by 
the size. A variation of properties in small LRBs was higher than that of large LRBs. According to the 
results in this study, it was concluded that the present aging property modification factor presented by 
AASHTO (1999) should be modified by the size of LRBs. Also it is needed to identify the reasonableness 
of allowable variation of ASCE-4 (2013) because the value includes the variation of manufacture and 
creep as well as aging. 
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