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ABSTRACT 

 

Response analysis that accounts for equipment structure interaction (ESI) calculates coupled 

dynamic response of a structure and specific equipment mounted to it.  Seismic response analysis often 

neglects ESI because past studies have shown uncoupled response is usually conservative.  Furthermore, 

ESI significantly affects only a limited range of equipment-structure systems.  Finally, methods of 

estimating ESI may have limited scope of applicability or be impractical to implement.  Two sensitivity 

studies were conducted to investigate the accuracy of approximations that could increase the applicability 

and practicality of accounting for ESI. 

Both sensitivity studies were conducted based on seismic response analysis of the Indian Point 

Energy Center Unit 2 (IP2) Intake Structure and the six service water pumps (SWPs) mounted to the top 

slab of the structure.  When dynamic coupling was neglected, unrealistic highly amplified vertical in-

structure response spectra (ISRS) were calculated near the IP2 SWPs.  ESI was incorporated into the 

analysis by adding the six SWPs into the structure model as single degree of freedom oscillators, and the 

unrealistic spectral peaks reduced.  Results from this detailed modelling of ESI were used as a benchmark 

comparison for the two sensitivity studies, which explored simplified analysis methods.  Furthermore, the 

benchmark results suggest that ESI can be important for components that do not themselves significantly 

contribute to plant seismic risk; ESI involving unimportant components may affect more important failure 

modes or components located nearby, even at frequencies away from those affecting coupled response. 

Most methods of estimating ESI have been developed based on coupled response analyses 

involving a structure and a single component, as has the ASCE/SEI 4-16 (2017) guidance for modelling 

dynamic coupling.  Therefore, complications arise when evaluating configurations where ESI is significant 

for multiple components.  A sensitivity study was conducted to assess the accuracy of estimating ESI when 

one equivalent single-degree of freedom oscillator is used to approximate the dynamic response of multiple 

identical components.  Results from the study suggest that this simplified modelling of multiple components 

does not realistically estimate ESI.  The results indicate that coupled response of multiple components 

should be carefully considered using ESI methods able to capture the cumulative interaction of more than 

one component. 

A second sensitivity study investigated the accuracy of using a simplified local response model to 

estimate ESI for vertical response of equipment mounted on a floor diaphragm.  Engineering intuition 

suggests interaction between equipment and local floor diaphragm modes should dominate ESI effects for 

this configuration, (i.e., vertical structure modes with higher mass participation are not expected to 

significantly influence ESI response).  The sensitivity study compared coupled and uncoupled response 

analyses of a simplified equipment and diaphragm model.  For the case evaluated, the approximation of 

ESI is reasonable at the frequency of the modelled equipment, but not at other frequencies.  Further research 

involving more diverse equipment-structure configurations are recommended before drawing stronger 

conclusions regarding ESI estimates from local response models. 
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INTRODUCTION AND BACKGROUND 

 

Seismic response analysis most often de-couples dynamic analysis of a structure from analysis of 

equipment within the structure.  ISRS calculated at equipment locations indicate the maximum response of 

a decoupled, effectively massless single-degree-of-freedom (SDOF) oscillator for a range of oscillator 

frequencies.  This approach to response analysis is referred to as the floor response method.  The floor 

response method is convenient and generally accurate provided the equipment is lightweight relative to the 

structure and does not have coinciding modal frequencies with the structure.  The de-coupled approach is 

advantageous because structure models need account for only equipment mass; the analyst need not know 

equipment frequencies to calculate structure response.  However, due to the idealization of the oscillator as 

massless, the floor response method predicts unrealistically amplified response at resonance between the 

equipment and structure.  By decoupling the dynamic analyses, the floor response method neglects the 

modification of structure response that occurs due to feedback from response of the equipment.  Phenomena 

associated with the realistic combined response of the two systems are referred to herein as ESI. 

Lim and Chouw (2015) compare several existing methods of estimating ESI, identifying 

advantages and limitations of each.  They attribute ESI effects to four sources that modify the equipment 

response:  1) tuning of structure and equipment modal frequencies, 2) feedback of forces at the equipment-

structure interface, 3) non-classical damping due to large differences in structure and equipment damping 

ratios, and 4) spatial coupling due to multiple equipment supports.  Various methods of estimating ESI are 

capable of capturing one or more of the aforementioned sources.  Some methods are suitable for certain 

configurations of structures and equipment, but not others.  Finally, the methods vary in ease of application 

and computational cost.  Several ESI methods and their limitations are discussed below. 

The effects of ESI may be explicitly incorporated into structure response analysis by modelling the 

equipment as one or more additional degrees of freedom (DOFs) in the structure model.  Lim and Chouw 

(2015) refer to this as the ‘combined system modelling’ method.  Accuracy of the ESI estimates depends 

on the fidelity of the models used, although this is a limitation shared by all response analysis methods.  

Depending on the modelling software used, it may not be feasible to account for differences in structure 

and equipment damping ratios when using a combined system method.  The combined system modelling 

method offers a robust solution for ESI problems, but has two significant disadvantages to workflow in a 

seismic probabilistic risk analysis (SPRA).  First, individual components must be modelled explicitly, 

which prior to structure model development requires the analyst to identify equipment dynamic properties 

and the components requiring coupled analysis.  Due to the iterative nature of fragility analysis for an 

SPRA, it would be more efficient to account for ESI as a post-processing step.  Second, the analyst must 

develop several models to rigorously account for variability in equipment properties.   

Other methods of estimating ESI use dynamic properties computed separately for the structure and 

equipment to calculate combined dynamic response.  Perturbation methods, such as developed by Der 

Kiureghian, Sackman, and Nour-Omid (1981) use separate modal properties and mass matrices of the 

structure and equipment to approximate the modal properties of combined structure-equipment systems; 

but due to the approximations, perturbation methods are only accurate for analysis of equipment that is 

lightweight relative to the structure.  Modal synthesis methods, such as developed by Suarez and Singh 

(1987) similarly develop combined system modal properties, improving accuracy by solving a reduced 

eigenvalue problem for structure modes affected by ESI.  Modal synthesis methods allow more accurate 

analysis of heavier equipment, which is an advantage compared to perturbation methods.  A more rigorous 

method developed by Asfura and Der Kiureghian (1984) involves computing so-called cross-oscillator, 

cross-floor spectra (CCFS), and using modal combination rules to calculate equipment response.  The CCFS 

method is accurate and can be applied to equipment with multiple supports.  However, it is computationally 

intensive and examines novel response characteristics (the CCFS) that may be unfamiliar to many structural 

engineering anlaysts. 

Two separate methods developed by Tseng (1989) and Gupta (1997) account for ESI using sub-

structuring methods originally developed for evaluating soil-structure interaction (SSI).  The method 

proposed by Tseng (1989) accounts for the dynamic force-displacement relationship between structure and 
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equipment by considering equipment support impedance functions.  The impedance functions and 

equipment dynamic properties are used to calculate frequency domain transfer functions for equipment 

response, which are in turn convolved with the floor acceleration time history (i.e. the response calculated 

neglecting ESI).  The result of the convolution is the equipment acceleration time history, including ESI 

effects, for a specific equipment mass, damping ratio, and frequency.  The maximum response can be 

selected, and the analysis iterated with different equipment properties to obtain ISRS that account for ESI.  

The method developed by Gupta (1997) is similar, but uses an approximate equipment acceleration transfer 

function expressed relative to the input ground motion’s power spectral density function.  The method is 

therefore relatively simple to implement, and requires only the mass, damping, and modal properties of the 

structure and equipment.   

The substructuring methods are well suited for post-processing un-coupled floor response spectra, 

and an example of this application is presented by Tseng (1989).  This makes the methods more practical 

for application in an SPRA relative to the combined system modelling method, because the structure model 

can be developed without first identifying equipment dynamic properties and the components requiring 

coupled analysis.  However, the substructuring methods calculate ESI for one SDOF oscillator at a time.  If 

ESI of multiple components may be significant, the components must be evaluated separately, or else 

equivalent SDOF properties must be developed for the set of components.  The dynamic coupling criteria 

presented in ASCE/SEI 4-16 (2017) suggest these two options may be reasonable approximations of ESI 

for multiple components.  Relevant criteria from ASCE/SEI 4-16 are discussed below. 

Past studies have generally concluded that ESI occurs when equipment frequency is similar to the 

frequency of a structural mode.  The effects of ESI increase in significance as the equipment mass 

approaches some critical fraction of the structure modal mass.  Figure 3-2 of ASCE/SEI 4-16 (2017) defines 

ranges of criteria for decoupling equipment response from structure response based on ratios of modal 

frequency and modal mass.  For different combinations of the mass and frequency ratios, the figure allows 

a rough estimate of whether or not ESI should be examined more carefully.  ASCE/SEI 4-16 advises caution 

when applying Figure 3-2 in practical situations, as it was developed based on evaluating a single response 

quantity for a single piece of equipment with one dominant mode and a single attachment point.  

Complications arise when applying the Figure 3-2 criteria to coupled systems involving multiple 

components or structures with multiple significant modes.   

Section 3.7.1.c of ASCE/SEI 4-16 (2017) advises that coupling criteria can be evaluated separately 

for individual components, unless multiple components are located together and have similar uncoupled 

dominant frequencies.  The guidance does not clearly define limitations for components being ‘located 

together’, but suggests a limit of ±10% for assessing similar frequencies.  If these criteria are met, 

ASCE/SEI 4-16 recommends lumping the component masses together for use with Figure 3-2.  

 

SAMPLE STRUCTURE AND EQUIPMENT FOR STUDIES 

 

We conducted sensitivity studies to examine ESI based on seismic response analysis of the IP2 

Intake Structure and SWPs.  IP2, in Buchanan, New York, is a Westinghouse Pressurized Water Reactor 

(PWR) operated by Entergy Corporation.  Entergy has recently conducted a seismic probabilistic risk 

assessment for the plant’s updated seismic hazard.  Simpson Gumpertz & Heger Inc. (SGH) conducted 

seismic response analysis of the IP2 structures and calculated structure and component fragilities to support 

the SPRA. 

For the IP2 SPRA, SGH accounted for SSI in the response analysis, including ground motion 

incoherence (GMI), and used multiple time histories with structure property variations to estimate median 

response and variability.  To simplify the sensitivity studies of ESI with the median-centred Intake Structure 

model, we ran fixed-base analyses with a single ground motion time history input.  For both the SPRA and 

the additional studies, we accounted for ESI due to coupled vertical response of the SWPs by the combined 

system modelling approach, including SDOF oscillators in the Intake Structure model to represent dynamic 

behavior of the pumps. 
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The Intake Structure is a reinforced concrete structure with seven internal bays formed by shear 

walls in the E-W direction (Y-direction in Figure 1).  The central bay conducts water for the six SWPs 

located on the top slab above the bay.  The pump motors are mounted on the top slab of the Intake Structure, 

and the pump columns extend downward through openings in the slab.  The boundary conditions of the 

pump columns do not restrain vertical displacement except at the top slab.  The fixed base finite element 

model of the Intake Structure is shown in Figure 1. 

 

 

 
 

Figure 1. IP2 Intake Structure Finite Element Model 

 

This particular configuration of relatively heavy equipment mounted near the centre of a floor 

diaphragm is a typical situation for which ESI is expected to be significant for vertical direction seismic 

response.  Vertical response is typically dominated by the local modes of the floor slab, involving relatively 

low modal mass participation relative to other structure modes.  As the ratio of equipment mass to structure 

modal mass increases, the effects of ESI become more significant.  Furthermore, equipment such as vertical 

pumps tend to have high natural frequencies for vertical response that may be similar to the vertical 

frequencies of floor diaphragms. 

Shear walls continuously support the top slab on three sides, and at mid-span on the fourth side.  

Approximating the slab as simply supported, we estimated a fundamental frequency of about 43 Hz from 

equations for rectangular plates presented by Blevins (1979).  This frequency is based on the slab alone.  

Additional mass from the SWPs and other miscellaneous equipment decreases the local response frequency 

to about 36 Hz.  The modal mass participating in the fundamental mode is about 65% of the total slab mass.  

Based on review of the pump configurations and test data for similar vertical pumps, we estimated the 

vertical frequency of the SWP columns to be about 45 Hz, whereas the vertical frequency of the pump 

motors exceeds 100 Hz, and may be considered rigid.  Following the guidance of ACE/SEI 4-16 (2017), 

Section 3.7.1.c, we lumped the mass of all six SWPs to calculate the modal mass ratio.  The modal mass 

and frequency ratios of 0.31 and 1.05 suggest that ESI will be significant, based on Figure 3-2 of ASCE/SEI 

4-16. 

To account for the effects of ESI, we modelled the six SWPs as SDOF oscillators at their 

approximate locations at the top slab of the Intake Structure.  We modelled the 45 Hz oscillators with the 

pump column mass only.  Since the pump motors respond in the rigid range vertically, we included the 

mass of each motor fixed to the floor diaphragm.  We considered response calculated from this combined 

system modelling as the most realistic estimate of ESI, and therefore used it as a benchmark that we 

compared to results from sensitivity studies.   
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COMPARISON OF COUPLED AND UNCOUPLED RESPONSE 

 

Before conducting sensitivity studies, we first examined the significance of ESI to seismic demand 

on the SWPs for the benchmark analysis case.  We compared fixed base analysis results using a single 

vertical time history input for two modelling conditions:  1) un-coupled response by the floor response 

method, in which the mass of the six SWPs and motors is evenly distributed as joint mass assignments on 

the central bay top slab and 2) coupled response by the combined system modelling method, in which the 

mass of each SWP is assigned to six 45 Hz SDOF oscillators at the SWP locations, with the motor masses 

assigned as joint masses on the floor slab at the SWP locations.  In both cases, we conducted modal 

superposition time history analysis with constant modal damping to calculate in-structure time histories at 

two locations:  1) the center of the slab and 2) near the perimeter corner of the slab.  From these time 

histories we computed ISRS to characterize the SWP seismic demand.  We measured the significance of 

the effect of ESI on the SWP seismic demand by comparing the ISRS from the two modelling cases.  The 

locations at which we calculated ISRS are shown in Figure 2, along with the locations of the six SWPs.   

 

 
 

Figure 2. Service Water Pump Oscillator and In-Structure Response Locations 

 

To simplify the study we used the same damping ratio for structure and equipment.  Per ASCE/SEI 

4-16 (2017), a realistic median damping ratio for vertical pumps is 3%.  However, we judge that structure 

response is dominated by the structure damping ratio.  ASCE/SEI 4-16 recommends 4% damping for 

uncracked concrete structures such as the Intake Structure.  Since the structure and equipment damping 

ratios are similar, we do not expect our studies would show appreciably different results if equipment 

damping were considered with increased fidelity.  In order to be more consistent with the traditional floor 

response spectrum approach, we calculated ISRS for spectral damping at the equipment damping ratio of 

3%.  All spectra plots included in this paper are therefore at 3% spectral damping. 

ISRS calculated for the benchmark study are shown in Figure 3.  The ISRS peaks for uncoupled 

response are unrealistically high, which motivated our investigation of ESI.  The ISRS indicate that ESI 

reduces response at the fundamental diaphragm mode, and shifts some of the participating mass to a lower 

frequency.  At the centre of the floor diaphragm, the spectral acceleration at the SWP vertical frequency of 

45 Hz is reduced by about 40%.  Near the diaphragm corner, the vertical spectral acceleration at 45 Hz 

remains nearly the same (a slight increase of about 5%) despite the dramatic reduction of response at the 

ISRS peak near 37 Hz.  For the SWPs, the ZPA is also significant to seismic demand, because the pump 

motors respond vertically in the rigid range.  The ZPAs are reduced by about 10% and 20% at the diaphragm 

centre and corner, respectively. 

By considering ESI using the combined system method, it is apparent that realistic seismic demand 

for the SWPs is less than predicted by the traditional floor response method.  The results of this study also 

show that ISRS are not reduced at all frequencies as a result of ESI.  Realistic seismic demand may be 

greater than predicted by the floor response method for equipment sensitive to excitation at frequencies 

somewhat below the floor diaphragm frequency (20-30 Hz for this example).  This suggests it may be 

prudent to account for ESI of some components, even if they are not themselves expected to be significant 
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to plant risk or if a fragility is not required for the component.  An important failure mode could be affected 

by response at or nearby the component for which ESI is significant.  Depending on the response frequency 

dominating the important failure mode, the corresponding spectral acceleration may be conservative or 

unconservative when it is calculated by the floor response method (i.e., uncoupled response). 

 

 
 

Figure 3. Comparison of ISRS calculated by the Floor Response Method and Combined System Method 

with Six Oscillators 

 

STUDY OF SIMPLIFIED EQUIPMENT MODELLING 

 

The criteria in Table 3-2 and Section 3.7.1.c of ASCE/SEI 4-16 (2017) are tools for deciding 

whether ESI should be considered more carefully, rather than guides for how to model ESI of multiple 

components.  We investigated the validity of extending these criteria to serve as modelling guidance, 

conducting a sensitivity study for simplified approximate ESI analysis of multiple components.  This 

sensitivity study is relevant to several methods of estimating ESI that account for interaction between a 

structure and a single component.  As examples, Tseng (1989) and Gupta (1997) present theoretically 

rigorous and relatively efficient methods of calculating equipment seismic demand including the effects of 

ESI.  They offer potential workflow advantages for response analyses as part of an SPRA.  However, these 

two methods calculate ESI for one SDOF oscillator at a time.  If ESI of multiple components may be 

significant, the components must be evaluated separately, or else equivalent SDOF properties must be 

developed for the set of components. 

The limitation of ESI methods that account for only one component is illustrated by the 

configuration of the IP2 SWPs and their interaction with the Intake Structure.  The combined system 

modelling approach allowed us to capture ESI effects for all six pumps by using multiple SDOF oscillators.  

Using a different method to estimate ESI would require approximating response of the six pumps with only 

one SDOF oscillator; our sensitivity study examines the accuracy of doing so. 

The modelling simplification made in the sensitivity study attempts to capture the net effect of the 

floor diaphragm interaction with all six SWPs by lumping the masses of the pumps and motors at the center 

of the floor diaphragm.  The total mass of the six pumps is assigned to an oscillator with a vertical response 

frequency of 45 Hz, while the total mass of the six motors is distributed to joints across the entire floor 

diaphragm.  ISRS for this modelling simplification are shown in Figure 4 along with ISRS from the analysis 

with six oscillators.  At the centre of the floor diaphragm, the simplified method under-predicts both the 

spectral acceleration at 45 Hz and the ZPA by about 40%.  Conversely, the simplified model over-predicts 

the spectral acceleration at 45 Hz near the corner of the diaphragm by about 15%, while the ZPA is only 

about 5% lower than calculated by the more accurate model with six oscillators. 
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Figure 4. Comparison of ISRS Calculated for Six Oscillators and One Central Oscillator with the Mass of 

Six Pumps 

 

Overall, the results of this sensitivity study indicate that combining the mass of all components 

with the same response frequency as a single oscillator will likely result in unconservative equipment 

seismic demands.  Demands would likely be unconservative both for the components modelled as 

oscillators and for any other equipment mounted to the same floor diaphragm.  The discrepancy in response 

relative to the more rigorous modelling of ESI suggests that interaction between multiple components and 

their shared diaphragm significantly affects response, and cannot be reasonably neglected.  Due to this 

significance, we speculate there is a cumulative effect from each pump interacting with the diaphragm, and 

it is unlikely ESI would be sufficiently captured by separately accounting for ESI of a single pump at a 

time.  Further research may validate this speculation. 

Other than the combined system method, most methods of estimating ESI cannot capture the 

interaction effects of more than one component.  Therefore, these methods may not calculate realistic ESI 

response if dynamic coupling is significant for more than one component. 

 

STUDY OF ISOLATING THE FLOOR DIAPHRAGM FROM THE STRUCTURE 

 

Calculating ESI effects using a floor diaphragm model (with mounted equipment) independent 

from the rest of the structure is simpler than including oscillators in a full structural model.  If ESI estimates 

from an independent floor slab model are sufficiently accurate, realistic seismic demands could be 

efficiently developed by applying the estimated ESI effects to spectra calculated for uncoupled dynamic 

response.  This simplified modelling approach may be reasonable if ESI is dominated by interaction 

between modal responses of the equipment and local floor slab deformation.  The equipment response is 

not expected to interact as significantly with structure modes having greater modal mass, and therefore a 

model that includes only the diaphragm and equipment should adequately capture the dynamic coupling 

effects.  To test this simplified method of estimating ESI, we conducted a sensitivity study to investigate 

the accuracy of ESI effects calculated from an independent model of the IP2 SWPs and the floor diaphragm 

to which they are mounted. 

We calculated ISRS for a concrete floor diaphragm matching the dimensions of the slab supporting 

the SWPs, assigning simple supports at all edges.  We calculated response for two cases:  1) the mass of 

the pumps and motors is evenly distributed across the floor slab, and 2) the pump motors are assigned as 

lumped masses and the pumps as 45 Hz SDOF vertical oscillators at their approximate locations.  We used 

the same time history as input in both cases.  These analyses are similar to the benchmark study, in which 
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we examined the significance of ESI as realistically as possible.  We used the same foundation motion input 

for both the benchmark study and this sensitivity study.  The filtering effect of the structure on the 

foundation input is removed from the analysis, which isolates interaction of the floor diaphragm and SWPs.  

The ISRS from the benchmark study, which includes the Intake Structure in the response model, are 

compared in Figure 5 to ISRS from the response analyses that include only the floor diaphragm and the 

pumps.   

 

 
 

Figure 5. Comparison of ISRS for Structure and Diaphragm Response with and without ESI 

 

The ISRS in Figure 5 show significant de-amplification of response at all frequencies when the 

floor diaphragm is analysed independently of the structure.  This is expected because the input motion is 

not amplified by the Intake Structure, resulting in overall lower spectra.  However, the trend of response 

amplification and de-amplification due to ESI is consistent across frequencies compared to the benchmark 

results.  To normalize results between the benchmark and sensitivity analyses, ESI effects for both are 

expressed in Figure 6 as amplification factors (i.e., the ratio of response when the pumps are modelled as 

oscillators over response when the pump mass is evenly distributed). 

At the pump frequency of 45 Hz, de-amplification of response due to interaction of the pumps and 

floor diaphragm is approximately the same whether or not the Intake Structure is included in the model.  

However, amplification factors at other frequencies do not match up as closely.  A few things may 

contribute to these differences.  Seismic response of the Intake Structure modifies the motion exciting the 

floor diaphragm, and the major effect is overall amplification of the diaphragm ISRS.  The structure 

response also modifies the frequency distribution of energy, which could result in different ESI 

amplification for the detailed and simple models.  The simply supported diaphragm boundary condition is 

an approximation that may also influence the sensitivity study results.  Furthermore, we speculate that 

dynamic coupling between local diaphragm and global structure modes may slightly contribute to the 

differences.  Finally, ESI may occur between the service water pumps and other vertical Intake Structure 

modes near 45 Hz.  We expect the contribution of this last phenomenon is relatively minor, since the 

independent floor slab model fairly accurately predicts the ESI de-amplification at 45 Hz.  Further 

sensitivity studies with refinements to the diaphragm model could potentially identify relative significances 

for each of the above noted phenomena. 
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Figure 6. Comparison of ESI Effects for Structure and Diaphragm Response 

 

The model with just the floor diaphragm and pumps significantly over-predicts ESI amplification 

of response at the centre of the diaphragm in the 20 to 30 Hz range.  The simplified model is also less 

accurate at higher frequencies.  The simplified model over-predicts de-amplification of the ZPA at the 

centre of the diaphragm and under-predicts it near the diaphragm corner.  The ZPA is important for the 

SWPs, since the pump motors respond in the rigid range.  When only failure modes sensitive to the oscillator 

frequency are important, results from this study suggest it may be possible to reasonably estimate ESI by 

first calculating response without ESI and then applying an amplification factor developed from a simplified 

model.  However, further research to support this insight is recommended; the research should evaluate ESI 

for a greater diversity of equipment-structure systems. 

 

CONCLUSIONS 

 

We observed that ESI significantly affects vertical seismic response of the IP2 Intake Structure 

floor diaphragm that supports the SWPs.  As a benchmark for our sensitivity studies, we compared ISRS 

from uncoupled response of the Intake Structure to ISRS that account for ESI by the combined system 

modelling approach.  The benchmark results show reduction in peak response at the SWP and diaphragm 

frequencies.  However, the shift in energy content to lower frequencies amplifies a lower frequency peak 

relative to the uncoupled response analysis.  Uncoupled response analysis is generally considered 

conservative, but the ESI effects observed for the IP2 Intake Structure suggest the conservatism does not 

extend to all frequencies.  We conclude that uncoupled response analysis is potentially unconservative for 

failure modes affected by dynamic response at frequencies below the structure mode that participates in 

ESI.  In the context of an SPRA, this suggests that accounting for ESI is potentially important for 

components that do not themselves significantly contribute to plant seismic risk; ESI involving unimportant 

components may affect more important failure modes or components located nearby. 

In cases where multiple components contribute to ESI effects, a simplification must be made to 

estimate ESI by some methods.  For example, methods developed by Tseng (1989) and Gupta (1997) use 

approaches based on the mathematical addition of one additional degree of freedom to the structure model.  

The additional degree of freedom represents dynamic response of the component being evaluated for ESI.  

To account for ESI of more than one component, these methods must approximate the total response of 

multiple components using only one degree of freedom.  Results from our first sensitivity study suggest 

that interaction between multiple components and their shared diaphragm significantly affects response and 

cannot be reasonably neglected.  Therefore, many existing methods of estimating ESI are not expected to 

calculate realistic coupled dynamic response when multiple components interact with the same structural 
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mode.  We conclude that caution should be exercised when estimating ESI using methods other than the 

combined system modelling approach.   

While lumping mass of multiple components may be an inaccurate approximation for quantifying 

ESI, our sensitivity study does not indicate any issue with the recommendation in Section 3.7.1.c of 

ASCE/SEI 4-16 (2017).  The guidance in Section 3.7.1.c pertains to using ASCE/SEI 4-16 Figure 3-2 to 

qualitatively identify equipment-structure configurations that require detailed investigation of ESI.  The 

guidance correctly identifies that ESI significantly affects vertical seismic response of the IP2 SWPs and 

Intake Structure.  Our sensitivity study shows that the guidance does not extend to accurate quantification 

of ESI, but does not suggest it is inadequate for its intended purpose. 

Our second sensitivity study investigated the accuracy of using a simplified model to estimate ESI 

for vertical response of equipment mounted on a floor diaphragm.  Engineering intuition suggests 

interaction between equipment and local floor diaphragm modes should dominate ESI effects for this 

configuration, (i.e., vertical structure modes with higher mass participation are not expected to significantly 

influence ESI response).  To test this hypothesis, we calculated vertical seismic response for the IP2 Intake 

Structure and SWPs when the floor diaphragm and pumps are isolated from the structure.  We compared 

the observed ESI effects to the benchmark results.  Amplification factors comparing ESI spectral 

accelerations to traditional floor response spectral accelerations are nearly the same for both modelling 

cases at the SWP vertical frequency of 45 Hz.  This suggests it may be possible to reasonably estimate ESI 

by first calculating decoupled response and then applying an amplification factor developed from a 

simplified model with coupled response.  However, amplification factors developed at other frequencies 

(i.e., not the frequency of the modelled oscillator) may not be as accurate, and therefore this type of 

simplified ESI analysis may not be effective for calculating demands affecting other components mounted 

to the same floor diaphragm.  Furthermore, our sensitivity study examined only one specific equipment-

structure system, and additional research is recommended to investigate the applicability of our findings to 

a broader set of systems. 
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