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ABSTRACT  

Isolation systems are widely recognized as beneficial for protecting both acceleration- and displacement-sensitive operational 

and functional components. Furthermore, adaptive isolation systems enable engineers to achieve various performance goals 

under multiple hazard levels. These systems have been implemented for horizontal excitation, but there has been very limited 

research on isolation for vertical excitation. To this end, a vertical equipment isolation system is proposed which exhibits a 

stiff-flexible-stiff behavior to capture different performance goals at different levels. The large initial stiffness restricts the 

displacement under low hazard levels. The flexibility of the second stage limits the acceleration transmitted to the equipment. 

Finally, the stiffening in the third stage restrains excessive displacement which can result buckling, yielding and impact with 

the support. To investigate the effectiveness of the proposed system, a stiff piece of equipment is considered on a particular 

story of a power plant. The vertical design response spectrum is obtained by multiplying the horizontal response spectrum by 

appropriate period-dependent V/H ratios. A set of 30 triaxial ground motions are selected and scaled to match the design spectra 

over the period range of interest. Response history analysis of the structure is carried out to obtain floor motions, which are in 

turn used as the input to investigate the seismic response of the equipment. The maximum isolation displacement and 

acceleration response spectra at the floor level and atop the equipment isolation level are used to assess the effectiveness of 

two isolation systems: a linear spring with a linear viscous damper (LSLD) and a nonlinear spring with a linear viscous damper 

(NSLD). Both systems manage to significantly reduce the seismic accelerations on the equipment, but the multistage vertical 

system is shown to exhibit superior seismic performance compared to the conventional linear isolation system. 
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INTRODUCTION 

Despite the effectiveness of traditional isolation in reducing the horizontal seismic response of equipment, conventional seismic 

isolation systems are stiff in the vertical direction and thus do not reduce the vertical seismic response. To study the vertical 

response of base-isolated structures, Furukawa et al. [1] carried out an experimental full-scale test of a medical facility at E-

Defense showing that the isolation system effectively reduced the horizontal accelerations, but the vertical accelerations were 

amplified with height, causing notable nonstructural content damage. In a separate full-scale test at E-Defense, Guzman and 

Ryan [2] observed the vertical peak floor acceleration in an isolated structure was amplified from 2 g at the second floor to 7 g 

at the roof.  

In recent years, there have been a few attempts to provide effective 3D seismic isolation systems. In general, there are two 

approaches for 3D isolation. The first approach is to isolate both horizontally and vertically the whole structure at the base 

level. The second approach is to isolate the entire structure at the base level in the horizontal direction only and to vertically 

(only) isolate specific vulnerable equipment or floors in the structure. Medel-Vera and Ji [3] concluded that the second approach 

is more appealing because no rocking suppression system is required, there is no coupling between the horizontal and vertical 

isolation systems, and it may be more practical for maintenance purposes. Additionally, the weight of targeted equipment is 

very low compared to the entire superstructure, making the implementation of the vertical isolation practically more feasible. 

As such, the second approach is explored in this research.    

Nawrotzki and Siepe [4] investigated an integrated elastic 3D isolation system they labelled Base Control System (BCS), 

consisting of helical springs and viscous dampers, to protect emergency diesel generators. The springs were flexible in both the 

horizontal and vertical directions. They showed that the system improved significantly the seismic performance of the 

equipment. However, they recommended to check the vertical displacement to avoid any damage to the springs. Lee and 

Constantinou [5] proposed two 3D isolation systems designed for power transformers. The first system was a horizontal–

vertical integrated isolation system consisting of coil springs with an inclined linear viscous damper, and the second one was a 

system which consisted of a TFP system for horizontal isolation and coil springs with a viscous damper within a telescopic 
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system for the vertical direction. The study concluded that rocking was a concern for the first system, and that the performance 

of the second system was more effective in attenuating acceleration response. However, the study also cautioned that the second 

system may become ineffective for certain ground motions. Specifically, when the vertical frequency of the isolation system 

was 1.5-2.0 Hz, the seismic response remained unchanged or was amplified for ground motions with strong vertical and 

horizontal components in the 1.5-3.0 Hz range. 

Recently, adaptive behavior in horizontal base isolation systems has been proposed to meet multiple objectives under increasing 

levels of ground motion excitation. The adaptability of these systems is derived from the physical configuration of the systems. 

The focus of this paper is to investigate the potential benefits of adaptive vertical isolation systems for equipment. To this end, 

two systems are studied: a linear spring with a linear viscous damper (LSLD) and a nonlinear spring with a linear viscous 

damper (NSLD). The systems’ ability to reduce the acceleration response of equipment in a nuclear power plant (NPP) is 

evaluated. 

STRUCTURE AND ISOLATED EQUIPMENT 

The internal structure of an archetype NPP is represented by a simplified 3D lumped-mass stick model [6] which is adapted in 

OpenSees [7] and SAP2000 [8] for the purposes of this study, as  shown in Figure 1. The total mass of internal structure is 

50,000 ton. The height of internal structure is 39 m. The model analysis results show that the natural frequencies of the first 

and second modes are 7.14 Hz (0.14 s) and 7.69 Hz (0.13s), respectively. The tenth mode of the superstructure is 21.14 Hz 

(0.0473 s) which is the first mode in the vertical direction. Rayleigh damping is used with 5% damping for the first and tenth 

modes. Further information about the internal structure can be found in [9], who also used the same representative internal 

structure design and model configuration but adapted it in SAP2000. 

The location is assumed to be at the Diablo Canyon NPP site. The prosses outlined in ASCE 43-05 [10] was used to determine 

the horizontal and vertical uniform hazard curves for a return period of 10,000 years as the design basis earthquake (DBE) for 

the NPP. Thirty ground motions were selected and scaled in the range from 0.2Tfixed-base to Tbase-isolated. The scale factors for 

horizontal and vertical direction were considerably different. Figure 2 shows the target spectra and the mean spectra of ground 

motions in horizontal and vertical direction, respectively. A motor control center (MCC) (Figure 3), which is described as a 

“very important electrical equipment with low seismic capacity [11],” was selected to be isolated. The mass of the MCC is 360 

kg, so it is negligible in comparison to the total mass of superstructure; hence, a decoupled analysis is used to compute the 

seismic response. It is assumed that the MCC is attached at the location shown in Figure 1. The fundamental frequencies of the 

MCC in the two horizontal directions and the vertical direction of the equipment are 5.8, 4.8, and 20 Hz, respectively [12]. 

Bandyopadhyay and Hofmayer [11] carried out experimental tests on MCC and found three failure modes: contact chatter 

voltage drop-out, change of state of starter auxiliary contact, and change of state of starter main contact. The fragility curve of 

the form [13] 

𝑓 = Φ(
ln

𝑎
𝑎̂

+ Φ−1(𝑄)𝛽𝑢

𝛽𝑟

) (1)

was derived from experimental data, where 𝑎 is the peak floor vertical acceleration; Φ is the standard normal cumulative 

distribution function; 𝑄 is the confidence level; 𝑎̂ is the median capacity; 𝛽𝑢 is the uncertainty factor, and 𝛽𝑟 is the randomness 

factor. The recommended parameters of the fragility function for these failure modes are presented Table 1. Figure 4 shows the 

fragility curves of the three failure modes of the MCC. Although these fragility curves are based on a test protocol input motion 

that is different from the motion the MCC would experience atop the isolation system in this study, they are used herein in the 

absence of more appropriate fragility information.  
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Figure 1: 3D stick model and location of the motor control center 
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Figure 2: Target and mean response spectra in horizontal (Left) and vertical (right) directions 

 

 

 

 

Figure 3: Schematic view of motor control center [12] 

 

 

 

 

Table 1: MCC failure modes and corresponding fragility parameters   

No Failure Mode 𝒂̂ 𝜷𝒖 𝜷𝒓 

1 Contact chatter voltage drop-out 1.3 0.20 0.10 

2 Change of state of starter auxiliary contact 1.7 0.17 0.15 

3 Change of state of starter main contact 2.1 0.33 0.07 
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Figure 4: The fragility curves of failure modes of MCC 

3D ISOLATION SYSTEMS 

A lead rubber bearing (LRB) system was designed for the horizontal isolation at the base of the NPP with effective period and 

damping ratio of 2.5 s and 0.20, respectively. For the sake of simplicity, the vertical flexibility of the horizontal isolation system 

was ignored. For the vertical equipment isolation system at the location shown in Figure 1, two systems are explored. The main 

objective of adaptive isolation systems is to provide protection over a range of seismic hazard levels. To this end, different 

performance goals are defined under design basis earthquake (DBE) and beyond design basis earthquake (BDBE).  

ASCE 43-05 [10] specifies two criteria for structures, systems, and components: (1) They must have less than 1% probability 

of unacceptable performance for a DBE, and (2) They must have less than 10% probability of unacceptable performance for a 

BDBE. In addition to the acceleration criteria, there is a maximum possible displacement under BDBE level for the vertical 

isolation system coming from the  displacement capacity of the steel helical springs in compression [14, 15] which is found 

from 

𝑢𝑚𝑎𝑥 = min {𝑢𝑦 =
𝜏𝜋𝐷2𝑛𝑎

𝐺𝑑
, 𝑢𝑏 = 0.812𝑙 (1 − √1 − 6.87 (

2𝐷

𝑙
)

2

) 𝑤ℎ𝑒𝑛 
𝑙

𝐷
> 5.24, 𝑢𝑙 = 𝑙 − 𝑛𝑑} (2) 

where 𝑢𝑦, 𝑢𝑏, and 𝑢𝑙 are the yield displacement, buckling displacement, and free length minus solid length of the spring; 𝜏 is 

the permissible shear stress (500~600 Mpa) ; 𝐷 is the diameter of the spring; 𝑛 is the  total number of coils; 𝑛𝑎 is the number 

of active coils (𝑛 − 2);  𝐺 is the shear modulus; 𝑑 is the diameter of the wire; and 𝑙 is the free length of the spring. The maximum 

possible displacement in tension can be defined by using 𝑢𝑦. 

The equivalent stiffness and damping for the isolation systems are defined by using the response spectra at the NPP level at 

which the MCC is attached in conjunction with the fragility curve values given in Table 1. Figure 5 and Figure 6 show the 

ground response spectra and floor response spectra and displacement spectra under DBE and BDBE level, respectively.  

LSLD system 

The performance goals for the vertical isolation system are for the probability of contact chatter voltage drop-out (failure mode 

1) to remain below 1.02% at the DBE and 10% at the BDBE. Based on the fragility curves in Figure 4, the corresponding 

accelerations at the base of the equipment are 1.02 g and 1.2 g, respectively. Using the floor spectra corresponding to the 

location of the MCC (Figure 5, left), an effective frequency of 2.2 Hz and damping of 10% were selected at the DBE level. The  
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Figure 5: (Left) Acceleration GRS and FRS, and (Right) displacement spectra (all at DBE level) 

 

Figure 6:(Left) GRS and FRS and (Right) displacement spectra (all at BDBE level) 

corresponding spectral displacement is 0.05 m; and 0.075 m at BDBE. An effective frequency of 1.75 Hz and damping of 10% 

were selected to meet the goal under the BDBE level. The corresponding displacement demands are 0.07 m and 0.1 m at the 

DBE and BDBE levels, respectively. The goal under the BDBE level controls the acceleration demands. Consequently, a system 

with effective frequency of 1.75 Hz and damping of 10% was selected as the accepted LSLD design.  

The total displacement demand is the summation of static displacement and dynamic displacement. The static displacement of 

is dependent on the stiffness of the vertical isolation system and can be computed by: 

𝑢𝑠 =
𝑔

4𝜋2𝑓2
 (3) 

Figure 7 and 8 show the mean acceleration response spectra, together with the floor response spectra, and the box plots of the 

maximum displacement of the two LSLD isolation systems at the DBE and BDBE levels. In these figures, the static deflection 

is shown by a red circle. These figures show that the LSLD system with the frequency 1.75 Hz meets the performance goals 

under both hazard levels. Table 2 shows four specifications of spring, where N is the number of springs. Except for the first 

specification, the displacement capacity of springs exceeds the displacement demand in all cases.   

NSLD system 

An effective horizontal seismic isolation system possesses the following characteristics: low mobility during service level 

conditions, the ability to reduce floor accelerations and interstorey drifts during moderate to strong earthquakes, and the ability 

to control displacements in extreme earthquakes. These characteristics are achieved by designing an adaptive system that is 

very stiff at small displacements, yields at low force and becomes flexible for moderate shaking, and stiffens up at large 

displacements [16, 17]. This strategy is followed for the vertical isolation of the equipment in this research. This behavior is  
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Figure 7: (Left) The mean spectral acceleration and (Right) the boxplot of maximum displacement of isolation system under 

DBE for the LSLD system. The red circle shows the static displacement. 

 

Figure 8:  (Left) The mean spectral acceleration and (Right) the boxplot of maximum displacement of isolation system under 

BDBE for the LSLD system. The red circle shows the static displacement. 

Table 2: Four specifications for the springs of the LSLD system with the frequency 1.75 Hz 

 N 𝑫(𝐦𝐦) 𝒅(𝐦𝐦) 𝒍(𝐦𝐦) 𝒏 𝒖𝒚(𝐦𝐦) l/D 𝒖𝒃(mm) 𝒖𝒍(𝐦𝐦) 𝒖𝒎𝒂𝒙(𝐦𝐦) 𝒖𝒅(𝐦𝐦) 

1 4 105.6 8.6 228 6 141 2.16 - 174 141 150 

2 4 107.9 11.1 406 13 259 3.76 - 258 258 150 

3 16 33.9 4.1 304 27 153 8.96 259 193 153 150 

4 16 49.7 4.5 225 14 168 4.53 - 164 164 150 

beneficial to meet the multiple performance objective in different hazard levels. In the case of the NSLD system, the same 

damping coefficient as that of the LSLD system is used, but the spring is a nonlinear elastic, with three phases up to the BDBE 

displacement, as shown in Figure 9. 𝐹𝑦 is the activation force; 𝐾1, 𝐾2 and 𝐾3 are the stiffness of three phases; 𝑑𝑦 is the activation 

displacement. To achieve an effective stiffnesses of 𝑓𝑒𝑓𝑓(𝐷𝐵𝐸) at DBE and 𝑓𝑒𝑓𝑓(𝐵𝐷𝐵𝐸) at BDBE, 𝐾2 and 𝐾3 can be determined 

from: 

𝐾2 =
4𝜋2𝑚𝑑𝐷𝐵𝐸𝑓𝑒𝑓𝑓(𝐷𝐵𝐸)

2 − 𝐹𝑦

𝑑𝐷𝐵𝐸 − 𝑑𝑦

(4) 

𝐾3 =
4𝜋2𝑚[𝑑𝐵𝐷𝐵𝐸𝑓𝑒𝑓𝑓(𝐵𝐷𝐵𝐸)

2 − 𝑑𝐷𝐵𝐸𝑓𝑒𝑓𝑓(𝐷𝐵𝐸)
2 ]

𝑑𝐵𝐷𝐵𝐸 − 𝑑𝐷𝐵𝐸

 (5) 
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Figure 9: Force-displacement relationship of the elastic nonlinear spring in the NSLD system 

 

Figure 10: (Left) The mean spectral acceleration and (Right) the boxplot of maximum displacement of isolation system under 

DBE for the LSLD and NSLD systems. The red circle shows the static displacement. 

 

Figure 11: (Left) The mean spectral acceleration and (Right) the boxplot of maximum displacement of isolation system under 

BDBE for the LSLD and NSLD systems. The red circle shows the static displacement. 

where 𝑚 is the mass of the equipment. The initial stiffness avoids the activation of isolation system for low shaking which may 

be generated by any type of environmental vibration. The values of 𝐹𝑦 and 𝑑𝑦 are assumed to be 0.1𝑚𝑔 and 0.001 m, 

respectively. The effective frequencies were selected 2.2 Hz and 1.75 Hz under the DBE and BDBE levels. The stiffening at 
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the large displacement was reserved for large displacement when approaching the capacity of isolation system. This capacity 

can be considered in nonlinear springs as free length minus the solid length of spring. In opposition to the LSLD system which 

has a sudden stiffening at capacity displacement, the NSLD system has a smooth stiffening after 𝑑𝐵𝐷𝐵𝐸 . However, impact was 

not studied in this research. Figure 10 and 11 compares the spectral acceleration and box plot of displacement of isolation 

system for the LSLD and NSLD systems. These figures show that the NSLD system can achieve the goals under two hazard 

levels. 

DISCUSSION AND CONCLUSION 

This paper investigated the seismic response of two potential vertical isolation systems for acceleration-sensitive equipment in 

NPPs: a linear spring with a linear viscous damper (LSLD) and a nonlinear spring with a linear viscous damper (NSLD). The 

study focused on the multiple performance goals under different hazard levels and the capability of adaptive systems to achieve 

these goals. The fragility function of a motor control center (MCC) was used to identify the performance goals under the DBE 

and BDBE hazard levels. The performance goal under the BDBE level was used to design the LSLD system. In the case of the 

NSLD system, the goals under DBE and BDBE levels were used to design the isolation system with different effective 

characteristics. The result showed that both systems could meet the goals under both hazard levels. However, the effect of 

initial stiffness and the stiffening for large displacement of the NSLD system was not studied in this research which can be 

potential advantage of the NSLD system. It is recommended to explore the effect of the stiffening regime in future research. 
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