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ABSTRACT 

 

Critical support structures for high-voltage substation equipment must be qualified for seismic loads in 

order to ensure power equipment safety and reliability during seismic events. Loss of such equipment can 

lead to loss of offsite power for a nuclear power plant. Seismic qualification by linear finite element (FE) 

analysis is insufficient to generate design loads for geometric nonlinear switchgear mounting support 

structures. This paper illustrates the significance of such nonlinearity in the seismic qualification of a gas-

insulated switchgear (GIS) ELK14 type circuit breaker. 

 

INTRODUCTION 

 

High-voltage substation switchyards are critical junctions in the power transmission sector of the electric 

power grid. Gas-insulated high-voltage switchgear (GIS) equipment are enclosed by metal ducts that house 

critical electrical components such as circuit breakers and disconnect switches. Sulfur hexafluoride gas 

insulates the electrical components. Figure 1 shows a picture of a typical GIS equipment assembly.  

 

Steel framing and anchored plates support heavy switchgear equipment. Critical support structures for high-

voltage substation equipment must be qualified for appropriate seismic loads in order to ensure power 

equipment safety and reliability during seismic events. Structural nonlinearities in the switchgear supports 

must be considered in a seismic response assessment of such systems.  

 

 
Figure 1: Typical Gas Insulated Switchgear (GIS)  
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SEISMIC QUALIFICATION METHODOLOGY BACKGROUND 

 
The current industry practice for seismic qualification of switchgear equipment follows the guidelines 

prescribed in IEEE-693 (2005). These guidelines mandate that high-voltage equipment above 169kV be 

qualified by time history shake table testing for strength and functionality criteria. Equipment under 169kV 

may be analytically qualified via finite element (FE) modal time history analysis or static coefficient 

analysis, both of which only satisfy strength criteria. Figure 2 shows the accepted qualification methods 

based on switchgear voltage classification. 

 

 
Figure 2. IEEE-693 (2005) Seismic Qualification Methods by Voltage Classification 

 

Seismic qualification by time history shake table testing can only be performed on switchgear sub-

assemblies or single units, as shown in Figure 5(a). Shake table tests cannot test entire bays of 

interconnected equipment, for reasons of practicality. Therefore, shake table qualification tests do not 

account for the interactions between multiple switchgear units nor the effect of differences in the mounting 

arrangement between the test set-up and field installation.  

 
Much of the available literature on the dynamic behavior of interconnected substation equipment has 

involved air-insulated switchgear (AIS) substations (Filiatrault et al. (2000); Ghalibafian et al., (2005)). 

However, in recent years, AIS equipment have been replaced by gas-insulated switchgear (GIS) for their 

compactness and cost effectiveness in regards to long-term maintenance. Understanding the dynamic 

behavior of these GIS units is critical for seismic qualification. Bargigia et al. (1993) compares and contrasts 

the various approaches for the qualification of standardized GIS units, and their work stresses the 

importance of inter-component interaction and soil foundation interaction for evaluation of switchgear 

dynamic behavior. 

 

Chatterjee (2013) recognizes the lack of a comprehensive qualification methodology for full-scale 

switchgear equipment assemblies within the existing literature and industry guidelines. Chatterjee (2013) 

develops a comprehensive qualification methodology for GIS substation equipment that incorporates shake 

table test data and finite element modal time history analysis, all in accordance with IEEE 693 (2005) 

principles and guidelines.   



 

25th Conference on Structural Mechanics in Reactor Technology 

Charlotte, NC, USA, August 4-9, 2019 

Division V 

CASE STUDY: 230KV GAS-INSULATED SWITCHGEAR SEISMIC QUALIFICATION 

 

The authors of this study adopt the methodology of Chatterjee (2013) for the full-scale seismic qualification 

of a 230kV ELK14 GIS switchyard. However, structural nonlinearities present in the GIS supports do not 

allow for the exclusive use of linear analysis methods as prescribed in IEEE 693 (2005) and implemented 

by Chatterjee (2013). A detailed model of the complete GIS-building including all switchgear equipment, 

supports, and enclosures together with nonlinearities at the GIS support is computationally impractical. 

Moreover, consideration of nonlinearities in such a detailed model do not add value in the context of GIS-

equipment qualification. The equipment qualification is based on the evaluation of maximum accelerations 

at different locations in the GIS and comparison of the maximum values with the corresponding values 

recorded in shake table testing. Nonlinearities at the base of GIS would only tend to result in lower values 

of the accelerations compared to the values evaluated from a linear analysis. On the contrary, consideration 

of nonlinearities at the base is important for assessment of appropriate design loads in the anchor bolts.  

Therefore, we use two different finite element (FE) models for the complete seismic qualification of the 

230kV GIS equipment.  

 

1) Linear analysis of the complete GIS-building FE model (includes all switchgear equipment, 

supports, and enclosures) 

2) Nonlinear analysis of only the decoupled circuit breaker (CB) support structure FE model 

 

The primary focus of this paper is to discuss the specialized nonlinear analysis methods implemented to 

qualify the nonlinear mounting structure of the CB equipment. The CB support structure requires a separate, 

specialized nonlinear finite element analysis in order to capture accurate anchor bolt design forces for 

seismic qualification. The separate nonlinear analysis of the CB supports supplements the broader linear 

time history analysis of the complete GIS-building FE model.  

 

Equipment Description 

 

The switchgear equipment is a gas insulated switchgear (GIS) type ELK14 with a nominal system voltage 

of 230kV. Galvanized steel supports anchored to an elevated concrete floor slab support nine bays of GIS 

equipment. Figure 3 shows a model of the 230kV GIS equipment assembly. 

 

 
Figure 3. Model of 230kV GIS Assembly  
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Nonlinear Circuit Breaker Mounting Structure 
 

Circuit breaker (CB) assemblages for the 230kV GIS are supported by stiffened I-beam steel sections with 

bottom flanges resting flat on the concrete floor slab and anchored by steel plates welded to the bottom 

flange, as shown in Figure 6. The CB mounting condition introduces a contact surface problem involving 

nonlinear support conditions; therefore, the CB support structure requires a separate nonlinear finite 

element model in order to capture accurate anchor bolt forces for seismic qualification.  

 

Building Description 
 

230kV GIS equipment is installed indoors on top of an elevated concrete floor slab supported by a concrete 

moment frame. The reinforced concrete frame consists of structural slab, beams, and columns with 4000 

psi strength. The elevated floor is enclosed by a climate-controlled pre-engineered metal building (PEMB) 

enclosure that houses the GIS equipment. The lateral load resistance system consists of a metal rigid frame 

in the transverse direction, metal cross bracing in the longitudinal direction, and reinforced concrete special 

moment frame in both the transverse and longitudinal directions. Refer to Figure 4(a) for an isometric view 

of the PEMB framing layout, and Figure 4(b) for a detailed section view of the GIS-building system.  

 

 
a) 230kV Switchgear Building Framing Isometric View 

 

 
b) 230kV Switchgear Metal Building Section View 

Figure 4. 230kV GIS Metal Building   
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LINEAR ANALYSIS OF COMPLETE GIS-BUILDING ASSEMBLY 

 

Seismic qualification for the 230kV ELK14 GIS switchyard utilizes the comprehensive seismic 

qualification methodology pioneered by Chatterjee (2013). The qualification process begins by considering 

a subassembly of GIS equipment previously tested on a shake table for both sine sweep input as well as 

IEEE-693 (2005) recommended time histories, as shown in Figure 5(a). Sine sweep tests identify the 

dynamic characteristics of the tested equipment. The shake table time history runs qualify the electrical 

functionality of the tested equipment for high seismic level input.  

 

The results of the sine sweep shake table tests are used to develop a finite element (FE) model of the GIS 

test setup that reconciles well with the test data (Figure 5(b)). The FE model of the tested equipment 

provides an important basis for developing the FE model of the complete field assembly (Figure 5(c)). After 

accounting for the structural differences between the test set-up and field design, a FE model of the full 

230kV GIS field assembly and building structure is developed to represent field conditions (Figure 5(d)).  

 

Analysis of the 230kV GIS-building FE model is conducted by tri-axial time history analysis using IEEE-

693 (2005) compatible ground motions. Post-processing of support stresses produces acceptable design 

loads for all GIS equipment except for the CB support structure, which cannot be analyzed linearly. The 

CB support beam anchorage requires a separate, specialized nonlinear FE analysis for seismic qualification 

in order to capture accurate anchor bolt design forces.  

 

             
           a) Single GIS Unit – Shake Table Test                   b) FE Model of GIS Test Setup 

 

             
             c) FE Model of GIS Field Assembly             d) FE Model of complete GIS-building System 

Figure 5. Finite Element (FE) Model Development for 230kV GIS Linear Analysis  
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NONLINEAR ANALYSIS OF CIRCUIT BREAKER SUPPORTS 

 

The circuit breaker (CB) mounting structure exhibits nonlinear support conditions. The CB support beam 

anchorage requires a separate, specialized nonlinear finite element analysis for seismic qualification in 

order to capture accurate anchor bolt design forces.  

 

Circuit Breaker Mounting Structure Description 

 

Circuit breaker (CB) assemblages are supported by stiffened I-beam steel sections with bottom flanges 

resting flat on the concrete floor slab and anchored by steel plates welded to the bottom flange. See Figure 

6 below for computer-aided design (CAD) renderings of the CB support mounting arrangement. The CB 

mounting condition introduces a contact surface problem involving nonlinear support conditions. 

 

 
Figure 6. Circuit Breaker Support Structure 

 

Motivation for Decoupled Analysis 

 

In the complete GIS-building FE model, the bottom flanges of the circuit breaker 2D shell support beams 

are meshed continuously along the concrete floor slab elements, as shown in Figure 7 below. This modeling 

assumption simplifies the analysis for the overall GIS and steel support response to time history excitation. 

However, capturing accurate anchor bolt forces for the CB mounting structure and anchor bolts requires a 

closer examination of the physical nonlinear mounting conditions.  

 

The CB support beam anchorage is decoupled from the building model, nonlinear support elements are 

added to the CB support beams, and a nonlinear time history analysis is conducted for the sole purpose of 

capturing accurate forces acting on the CB support beam anchor bolts. The decoupled GIS CB support 

beam analysis procedure is outlined in the following section. 

 

 
Figure 7. CB Support Meshing for GIS-Building Linear Analysis  
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METHOD OF ANALYSIS FOR NONLINEAR CIRCUIT BREAKER SUPPORTS 

 

The circuit breaker (CB) support structure requires a separate, specialized nonlinear finite element time 

history analysis for seismic qualification in order to capture accurate anchor bolt design forces.  

 

Development of Decoupled FE Model of CB Support Structure 

 

The development of the decoupled finite element (FE) model of the CB support structure follows the 

procedure outlined below: 

 

1. Run linear modal time history analysis of complete GIS-building model using IEEE compatible 

ground motions, as graphically summarized in Figure 5. This analysis satisfies all other seismic 

qualification criteria aside from analyzing the nonlinear CB support beam anchor bolts. 

 

2. Identify most highly stressed CB support assembly. See Figure 8. 

 

3. Decouple CB support assembly from the complete GIS-building FE model.  

 

4. Add nonlinear compression-only gap-link elements to capture contact surface effects.  

 

Gap-link elements provide no resistance in tension. Only compressive forces activate elastic 

resistance in the element. The compressive stiffness is defined to be arbitrarily large in order to 

capture the semi-rigid stiffness of the concrete floor slab. Figure 9 shows a schematic of the gap-

link element from SAP2000. Gap-links are geometrically arranged in order to approximate 

continuous elastic foundation conditions without causing convergence problems during analysis. 

Too many or too closely spaced nonlinear elements cause instability in the analysis solution, unless 

a sufficiently small integration time step is used.  

 

Figure 10(a) shows the decoupled model with gap-links attached to the bottom flange shell 

elements. Figure 10(b) shows only the bottom flange with gap-links attached.  

 

5. Assign time history joint loads from the post-processing of the previous GIS-building analysis to 

the nodes disconnected from the GIS-building model. See Figure 10(b) for the nodes that are 

assigned the time history joint loads.  

 

The disconnected nodes previously joined the horizontal circuit breaker elements to the vertical 

current transformer elements. In the complete linear GIS-Building analysis, the current 

transformers acted as beam-columns transferring force to the circuit breakers below. The forces 

transferred to the circuit breakers take the form of time-varying loads in all six degrees of freedom. 

Six vertical current transformers transferred time-varying loads to six nodes in the circuit breakers. 

Therefore, thirty-six individual time-varying loads are assigned to the load-receiving nodes in the 

decoupled nonlinear model. 

 

The purpose of the aforementioned process is to accurately capture the forces applied to the circuit breaker 

assembly resulting from the previous time-history qualification analysis of the complete GIS-Building FE 

model. 
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Figure 8. Governing CB Support Assembly from GIS-building Analysis 

 

 
Figure 9. Gap-Link Element Schematic 

 

        
      a) Decoupled model nodal time history loads            b) Selection view of bottom flanges and gap-links 

Figure 10. Decoupled Nonlinear Model of CB Supports 

 

  

Governing CB 

Support Assembly 

from TH Analysis 
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NONLINEAR TIME HISTORY ANALYSIS RESULTS  

 

Anchor bolt shear and pull-out design forces for the circuit breaker (CB) support structure are determined 

from nonlinear time history finite element (FE) analysis of the decoupled model and IEEE-693 (2005) 

LRFD load combinations. Design loads are checked according to standard ACI 318-14 using Hilti 

PROFIS Anchor 2.7.8 software. Figure 11 shows the typical CB support anchor bolt locations as 

displayed in both the computer-aided design (CAD) rendering of the design and the pinned support of the 

decoupled FE model.  

 

The following LRFD load combinations are used to determine the design loads for the anchor bolts.  

 

1.2𝐷 + 1.4𝐸      (2a) 

0.9𝐷 + 1.4𝐸      (2b) 

 

 
Figure 11. Circuit Breaker Anchor Bolt Locations 

 

Circuit Breaker Anchor Bolt Design Loads 

 

Circuit breaker anchor bolt design loads for both shear and pull-out forces are listed in Table 1. In order to 

illustrate the effect of the nonlinear gap-link elements, design loads are determined for two cases: bottom 

flange support without gap and with gap-links. The presence of gap-links help to simulate the effect of the 

semi-rigid elastic foundation provided by the physical concrete floor slab. Note that the use of gap-link 

elements reduces anchor bolt pull-out and shear forces by about 20% and 40%, respectively.  

 

Table 1: CB Anchor Bolt Forces (Maximum Envelope Forces) 

 

 Vx (kN) Vy (kN) N (kN) 

w/out gap-links 38.8 13.9 50.2 

with gap-links 31.2 14.5 32.7 

 

Circuit breaker anchor bolt design loads as determined by nonlinear time history analysis satisfy ACI-318 

design criteria and pass strength checks.  

 

CONCLUSIONS 

 

Seismic qualification of switchgear equipment by linear finite element time history analysis is insufficient 

to model and generate design loads for switchgear mounting supports exhibiting geometric nonlinearities. 

This paper explores the case study of seismic qualification of an actual 230kV ELK14 GIS circuit breaker 
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support anchor bolt arrangement exhibiting geometric nonlinear behavior. The procedure outlined in this 

paper shows the necessity and practicality of performing nonlinear analysis on critical nonlinear support 

elements within the broader framework of seismic qualification of the full equipment assembly.  
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