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Lay Abstract 

Earthquakes can pose a huge risk to nuclear facilities. Unanchored objects within 

the facility may collide and interact with safety-critical equipment. Previous 

research on sliding behaviour lacks information on the response of an object 

subjected to earthquake excitation in both the horizontal plane and vertical direction 

simultaneously. Several prediction equations and an approximate method have 

been developed to estimate the sliding response as it becomes computationally 

expensive to solve. This research investigates the influence of simulatenous multi-

component excitation on the sliding behaviour and evaluates the current 

standardized approximate method of estimating sliding displacement. 

Recommendations are given based on the friction coefficient between the object 

and the base. The research also explores which characteristics of earthquake ground 

motion (e.g. acceleration, velocity, energy) are most indicative of sliding 

behaviour.  
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Abstract 

During an earthquake, unanchored equipment within a nuclear power plant facility 

can slide and interact with safety-critical systems and components. Previous studies 

on sliding have largely focused on the response due to unidirectional excitation, as 

computing the response of unanchored components in three dimensions can be 

complex and computationally expensive. As such, several prediction equations and 

a standardized approximate method as outlined in ASCE 4-16 have been developed 

to estimate the peak sliding displacement. This study investigates the effect of 

bidirectional horizontal interaction and the influence of vertical excitation on the 

sliding response of an unanchored object when the x, y, and z, components of 

earthquake excitation are applied simultaneously. The study also evaluates the 

approximate method detailed in ASCE 4-16. A suite of 40 floor acceleration 

histories obtained from response history analysis of a representative nuclear power 

plant facility are used as input for the sliding model. A wide range of friction 

coefficients is selected for analysis and the nonlinear sliding response of 

components is determined through the use of a Bouc-Wen type hysteretic model. 

Computed responses under uni-, bi- and tri-directional excitation reveal that the 

effect of bidirectional interaction and vertical excitation is greatest for sites with 

high shaking intensity. It is also concluded that the ASCE 4-16 approximate method 

is significantly overconservative in all cases. Additionally, the study expands the 

concept of multi-component excitation to intensity measures. Twelve intensity 
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measures are selected and evaluated. It is found that most efficient intensity 

measures vary in efficiency depending on the coefficient of friction, and that the 

top intensity measures are not significantly affected by incorporating multiple 

components of excitation. 
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Chapter 1. Introduction 

1.1 Motivation 

Nuclear power generation is a key component of clean sustainable energy 

to meet the world’s growing energy demands. Large economies such as China and 

India have recently committed to accelerating their clean energy production, such 

as solar, wind and nuclear power generation [1]. Nuclear power was responsible for 

producing 15% of Canada’s energy needs in 2017 [2]. Currently, the United States 

has the largest output of nuclear energy and operates the most number of nuclear 

power plants (NPPs) in the world. Ninety-nine nuclear generators provide 20% of 

the country’s  energy needs [3]. In addition to power generation, nuclear reactors 

also produce isotopes with applications in medicine and industry.   

Following the Fukushima-Daichi disaster in 2011, many countries and 

governing agencies tightened their standards for nuclear safety and re-evaluated 

their existing nuclear generating facilities that were under risk from natural 

disasters. In the United States, the nuclear regulatory commission (NRC) required 

all NPPs to conduct a comprehensive flooding and earthquake hazard analysis [4]. 

Post-Fukushima, seismic walkdowns of U.S. power plant sites identified potential 

interactions of non-structural components during an earthquake and possible issues 

with temporary installations and portable equipment [5].  
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The impact and importance of non-structural components is well-

documented following the 1994 Northridge earthquake. After the earthquake, non-

structural damage from seismic events resulted in hospitals, businesses and 

industrial facilities to become inoperable even when there was little-to-no structural 

damage [6]. Figure 1.1.1 shows the aftermath inside an office at the University of 

Canterbury following the 2010 Christchurch Earthquake. The institution was closed 

for over a week to assess damage from nonstructural components [7].  Non-

structural failure routinely accounts for the majority of earthquake damage in the 

developed world, as buildings are increasingly employing new and expensive or 

fragile equipment that may be unrestrained [8]. FEMA E-74 [8] classifies non-

structural components into three groups: 1) architectural 2)  mechanical, electrical 

and plumbing, and 3) furniture, equipment or contents. The majority of 

architectural components such as partitions, glazing and cladding are often 

anchored or bonded to structural components.  

 
Figure 1.1.1 University of Canterbury in New Zealand following the 2010 

Christchurch Earthquake [7] 
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This study will focus specifically on equipment and contents (EC) which 

can be unanchored and free to slide and interact with other systems. While typically 

nuclear standards state that EC should be restrained in NPP facilities, unanchored 

EC are permitted provided that the ASCE 43-05 provisions are satisfied [9]. There 

is still a need for unanchored equipment within the plant for practicality or mobility 

reasons. Typical examples of unanchored EC in nuclear facilities are: computer 

equipment, tool cabinets, water tanks, storage vessels, rolling platforms/ 

scaffolding, transformers, hand carts and used fuel containers [10]. Equipment 

which can be classified as ‘stocky’ as opposed to slender is more likely to slide. 

This unanchored equipment can potentially slide and interact with safety-critical 

systems during a seismic event. Reports from the Fukushima disaster following the 

Tohoku Earthquake in 2011 indicate that there were instances of toppling of 

unanchored equipment within the nuclear facilities [11]. In one instance, a locking 

device was broken due to the sliding motion of a hatch on rails.  

In general, the damage inflicted on the structural and other non-structural 

components by the movement of unanchored equipment can pose a safety risk, as 

identified by the NRC seismic walkdowns. The main risks associated with damage 

to non-structural components are: life safety, property loss and interruption/loss of 

essential functions. For power-generation facilities, such as NPPs, the 

consequences of damage to non-structural components can be far-reaching. Extra 

care needs to be taken when restraining equipment, and accurate methods are 

important for modelling or predicting the movement of unrestrained equipment. 
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Often the sliding analysis of components due to multi-directional excitation can be 

complex or computationally expensive; hence the need for approximate procedures 

and analysis.  

1.2 Mechanics of Sliding 

The mechanics of sliding for a rigid block are dependent on the inertial forces acting 

on the block, ü, and the coefficient of friction between the rigid block and base, μ. 

In this study, it is assumed that Coulomb friction will represent the behaviour at the 

contact interface. The maximum value that that the force of friction can attain 

during the non-sliding phase is !" = $%&(( + *̈",). However, when the block is 

sliding the friction force is equal to:  

!" = $&(( + *̈".)       (1) 

Based on Figure 1.2.1, analyzing the horizontal forces and normalizing by mass 

results in the equation of motion (2).  

 

Figure 1.2.1 Unanchored rigid sliding block under horizontal and vertical excitation 
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Note that the direction of friction force is dependent on the direction of the block’s 

velocity, *̇,. This is represented using the signum function where a positive value 

for *̇, returns 1, and a negative value returns -1.  

*̈, + 0$1( + *̈".23sgn(*̇,) = −*̈",         (2) 

1.3 Background 

In 1996, Shenton [12] categorized the five major response modes for 

unanchored objects: rest, slide, rock, slide-rock, and lift off. The most common 

response mode for stockier objects is sliding. Stockiness is defined by the ratio of 

the object’s width to its height. Assuming that the unanchored objects can be 

modelled as blocks, the block’s first mode response is dependent on the width to 

height ratio (B/H), coefficient of static friction $%, and the peak ground acceleration 

Ag (g). Typically, the initial mode of response from rest predicts the subsequent 

behaviour of the block. Shenton categorized the criteria for the initiation of the 

sliding mode of a rigid block. Considering the case where Ag < B/H, the sliding 

mode will continue to govern until Ag < $%. At this point, the ground acceleration 

is not sufficient to surpass the frictional force and there is no sliding. For cases 

where B/H < Ag, the slide mode will continue to govern until $% = B/H. Increasing 

the friction coefficient beyond B/H will result in the slide-rock or rocking 

movement. The two response modes considered for the study in Chapter 2 are rest 

and sliding.  
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Under Coulomb friction, which assumes rigid-perfectly-plastic behaviour, 

the sliding response will be initiated for the block when the excitation surpasses the 

friction force, $&(.	This idealized behaviour is shown in Figure 1.3.1.  

The initiation criteria for sliding in the presence of vertical excitation was 

discussed by Lopez Garcia and Soong [15]. Simply, the sliding movement is 

initiated instead of rocking when the horizontal inertial forces acting on the block 

are larger than the restoring moment due to the weight of the block and vertical 

acceleration. This simplifies to the criteria: 

:
;
≥ 	 =>̈?@=

AB>̈?C
     (3) 

1.3.1 Sliding 

There has been some effort over the years to better understand sliding 

behaviour in both structural and non-structural components subjected to single or 

multi-directional excitation. Jangid [13] investigated the seismic response of a 

structure on a sliding base due to bidirectional earthquake excitation and 

determined that the sliding displacement is increased under bidirectional (x and y) 

Displacement

Force

μmg

UmaxUy

sliding

sticking

Figure 1.3.1 Hysteretic sliding behaviour of a rigid block under unidirectional excitation 
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excitation due to the interaction of friction forces. The study concluded that sliding 

displacement may be underestimated from analysis of only single-component 

excitation. Regarding nonstructural components, Choi and Tung [14] estimated the 

sliding displacement of unanchored bodies subjected to unidirectional earthquake 

excitation based on Newmark’s solution for the maximum sliding displacement of 

a rigid block subjected to a rectangular acceleration pulse. Regarding the effect of 

vertical excitation, Lopez Garcia and Soong [15], and Farzad and Konstantinidis 

[16] have both considered the effect of vertical excitation on the behaviour of 

sliding objects, but only within unidirectional sliding models.  

When it comes to modelling sliding displacement, which is mainly 

dependent on the force of friction – numerous friction models exist in the area of 

tribology that can accurately model the friction force. Basic models include simple 

Coulomb, Coulomb + static, or Stribeck friction which considers the velocity 

dependence of friction. More detailed friction models, such as the Dahl model, can 

capture the slight deformation in the contact surfaces before sliding occurs, also 

known as pre-sliding motion or the break-away phenomenon. There are also more 

complex models such as the LuGre, Leuven and seven-parameter friction models 

which incorporate the Stribeck effect and viscous friction with the Dahl model [17]. 

However, these models require numerous parameters to calibrate effectively, and it 

can be difficult to accurately estimate these parameters. The type of data that these 

models require has not yet been aggregated for sliding objects, specifically 

regarding the nonstructural contact interfaces typically found in a NPP.  
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To identify these friction parameters would require significant work. 

Previously conducted experimental studies on pull tests of heavy equipment by 

Konstantinidis and Makris [18] assumed static + Coulomb or Coulomb friction. 

Testing of sliding bench-top equipment for performance characterization by 

Chaudhuri and Hutchinson [19] [20] also only reported the static and kinetic 

friction coefficients. With the exception of Nikfar and Konstantinidis [21] who 

modelled Stribeck friction, to capture the stick-slip phenomenon of sliding, many 

studies estimating the sliding response of building EC have employed a Coulomb 

friction model. These include: Choi and Tung [14], Lopez Garcia and Soong [15], 

Konstantinidis and Makris [18] [22], and Konstantinidis and Nikfar [23].   

Furthermore, the Dahl, LuGre, Leuven friction models are primarily for 

unidirectional movement and do not include the bidirectional interaction of friction 

forces. Therefore the use of these complex friction models is not ideal for the 

investigation in Chapter 2.   

Contrastingly, Bouc-Wen type models have been expanded to include 

bidirectional excitation. Bouc-Wen models are based on a differential equation 

which includes parameters that can be calibrated to modify the shape of the 

hysteresis and can be used to model a variety of behaviour, including friction. This 

class of models has been favoured when modelling the hysteretic behaviour of 

friction pendulum bearings, elastomeric bearings and other complex hysteretic 

devises such as magneto-rheological dampers. They rely on experimental hysteretic 
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data for accurate calibration of the parameters γ, β, and η to replicate realistic 

hysteresis.  

The first uniaxial model was originally developed by Bouc in 1967 and 

extended by Wen in 1976 [24]. The dimensionless hysteretic quantity, z, and the 

displacement, u, is determined by solving the following: 

 

 Ḋ =
1
F
[*̇ − H|*̇|	D	|D|JKL − M*̇|D|J] (1) 

 

where U is the yield displacement, β and γ are parameters that describe the shape 

of the hysteresis and η is the knee sharpness which controls how sharp the transition 

is from elastic to plastic behaviour [24]. The restoring force is a function of the 

displacement response and hysteretic quantity, z.  

The model was expanded upon in 1986 by Park et al. [25] to include biaxial 

interaction in order to model the response of reinforced concrete columns that were 

significantly affected by biaxial structural interaction in the plastic range. Park et 

al. expanded the model to be bidirectional by proposing two coupled differential 

equations; the hysteretic components, zx and zy in both orthogonal directions are 

determined by solving a pair of coupled differential equations. This model was also 

used by Nagarajaiah et al. [26] to model the non-linear behaviour of elastomeric 

and sliding isolation bearings supporting a six-story reinforced concrete structure. 

In 2000, Wang and Wen [27] further developed the Park-Wen model for 

biaxial hysteresis by extending the governing equations for any value of η. This 
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model has been used to analyze connection failure in steel buildings under 

multidirectional earthquake excitation. However, this generalization affected the 

rotational invariance of the model and it was no longer isotropic for values of η > 

2, such that the hysteretic behaviour varied along different directions. Following 

this investigation, Harvey and Gavin [28] proposed a model that was biaxial and 

also isotropic for all values of η. While these models have primarily been used to 

accurately model the hysteretic behaviour of different types of isolators through 

calibration of the γ, β, η parameters – they can also be used to model sliding 

behaviour of a rigid object under Coulomb friction by fixing the yield displacement 

to be near zero. In general, Bouc-Wen type models represent a black box approach 

to modelling frictional sliding behaviour in the sense that they can replicate realistic 

behaviour by calibrating the parameters to match experimental output data, given 

the same input. 

 Parallel to this, there has also been development of several prediction 

equations to estimate sliding displacement due to earthquake excitation. The first 

being Newmark’s [29] initial equation for the estimation of sliding behaviour of a 

block resting on the ground which is subjected to a rectangular acceleration pulse 

in 1965. Newmark theorized that the sliding displacement was a function of the 

peak ground velocity and acceleration. Kaneko et al. [30] proposed the first 

empirical equation for estimating sliding which was based on absolute floor 

velocity. Choi and Tung [14] modified Newmark’s original equation to include 

peak ground displacement instead of velocity. Following experimental tests, 
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Konstantinidis and Makris [18] proposed an equation where the sliding 

displacement is calculated as a function of peak floor acceleration and the angular 

frequency of the predominant pulse in the floor acceleration. Most recently, Yeow 

et al. [31] proposed a lengthy prediction equation dependent on absolute floor 

velocity and R a ratio of the coefficient of friction and absolute floor acceleration.  

Another popular method for predicting sliding displacement was introduced 

in ASCE 43-05 [9] as an allowable approximate method to estimate sliding 

behaviour in lieu of nonlinear analysis. By virtue of being codified, it is also the 

most commonly used method for approximating peak sliding displacement in 

engineering practice. The method requires the engineers to first calculate a reduced 

friction coefficient, which is dependent on the peak vertical acceleration. The 

method also requires the determination of the lowest natural frequency at which the 

horizontal spectral acceleration equals the sliding coefficient, which is a function 

of the reduced friction coefficient. This approximate method was also reiterated in 

ASCE 4-16 [32], making it the current standard for estimating peak sliding 

displacement.  

1.3.2 Intensity Measures 

Intensity measures (IMs) were introduced as a way to link the behaviour of 

the structure with seismic characteristics of the ground motion; examples of which 

include: magnitude, distance and fault-type. IMs should include sufficient 

information about the earthquake so that the structural (or in this case, 

nonstructural) response can be estimated efficiently. The identification of proper 
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IMs is also instrumental in the performance-based earthquake engineering 

framework where identifying the correct IMs is the first step to developing fragility 

curves. In this context, fragility curves can be used to determine the probability of 

EC exceeding a certain sliding displacement limit.  

The most common example of an IM is peak ground acceleration (PGA), 

which is used in United States Geological Survey (USGS) seismic maps as a 

measure of shaking intensity. PGA is also directly related to the inertial forces that 

buildings experience. There has been considerable work on identifying new and 

better IMs to better predict building response – including bivariate or vector 

intensity measures that are a combination of two or more individual IMs [33][34]. 

However, there has not been much investigation in including all three components 

of the ground motion excitation in the x, y and z directions and its effect on IM 

efficiency. There has been some initial investigation on IMs for sliding 

displacement by Konstantinidis and Nikfar [35], and Konstantinidis and Makris 

[18][22] who proposed a dimensionless IMs for predicting sliding displacement in 

base-isolated and fixed-base buildings, respectively. Nikfar and Konstantindis have 

also developed fragility curves for unanchored medical equipment on casters 

[36][37]. However, significantly more research has been done on the best IMs for 

rocking structures and rocking non-structural components as investigated by 

Giouvanidis and Dimitrakopoulos [34][38],  and Dimitrakopoulos and Paraskeva 

[33] . Currently, there has not been any investigation of multiple intensity measures 

with respect to sliding behaviour.  
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1.4 Research Objectives and Scope 

Based on the safety risk of unanchored EC in NPPs and lack of knowledge 

on the best intensity measures for sliding, this research will investigate the sliding 

behaviour of non-structural components within NPPs under seismic excitation, with 

specific consideration to: 

- The influence of bidirectional interaction of friction forces and the vertical 

component of acceleration on sliding displacement. 

- Accuracy of the ASCE 4-16 approximate method and spatial combination 

rules. 

- Comparison of various intensity measures with respect to sliding 

displacement and changes in their accuracy due to incorporating multi-

component excitation. 

The key assumptions in this research are:  

- The friction coefficient between the floor and EC in NPPs as well as the 

height to width ratio of EC are conducive to sliding.  

- The EC and floor are both rigid and do not deform under earthquake 

excitation.  

- The behaviour of the EC and internal structure of the NPP are uncoupled.    

1.5 Thesis Outline 

Chapter 1 of this thesis presents the motivation, background information and 

literature review of previous study on sliding behaviour due to earthquake 
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excitation. Chapter 2 focuses on meeting the research objectives outlined in Section 

1.4 and has been prepared as a manuscript to be submitted to the Journal of 

Earthquake Engineering and Structural Dynamics. Chapter 3 summarizes the 

results and recommendations from the research conducted in Chapter 2 and also 

provides suggestions for future investigation.  
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on the Sliding Response of Unanchored Components in Nuclear Facilities”, 

prepared for submission to the Journal of Earthquake Engineering and Structural 

Dynamics 

 

Abstract 

During an earthquake, equipment left unanchored in a nuclear facility can slide and 

interact with safety-critical systems and components, posing a safety risk to the 

facility. However, computing the response of unanchored components, especially 

in three dimensions, can be computationally expensive during the preliminary 

design stages. Nuclear standards acknowledge this by providing an alternate, 

approximate method for estimating sliding displacement. This paper investigates 

the effect of bidirectional horizontal interaction and the influence of the vertical 

component of excitation on the sliding response of unanchored components. It also 

evaluates the approximate method in ASCE 4-16 and explores multi-component 

intensity measures for predicting sliding displacement. A cascading analysis 

approach is taken where a suite of 40 floor acceleration histories obtained from 

response history analysis of a representative nuclear power plant facility are used 
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as input to analyze the response of the sliding components. A Bouc-Wen type 

model is used to determine the nonlinear sliding response of the unanchored 

components. The computed responses for the sliding components under uni-, bi-, 

and tridirectional floor excitation are examined, along with the approximate method 

and it is concluded that the approximate method is significantly overconservative 

in all cases. The influence of the bidirectional interaction and vertical component 

of acceleration is greatest for sites with high shaking intensity and at higher friction 

coefficients. The intensity measures are also dependent on the coefficient of 

friction; it is found that the most efficient intensity measures, peak floor 

acceleration and velocity, are not significantly affected by incorporating multiple 

components of acceleration. 

2.1 Introduction 

During an earthquake, significant economic losses and disruption are 

attributed to damage incurred by or caused to the surrounding environment by 

nonstructural components. For instance, after the 1971 San Fernando Earthquake, 

the property damage breakdown for a survey of 25 buildings reported that only 3% 

of the total damage was structural damage, with the rest being attributed to 

nonstructural components, namely interior finishes [1]. Additionally, during the 

1994 Northridge earthquake, the primary costs were associated with the damage 

caused by nonstructural components, emphasizing that even if there is little-to-no 
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structural damage, the nonstructural damage can cause hospitals, businesses, and 

industrial facilities to become inoperable [2].  

In nuclear power plants, various components (e.g. cabinets, portable 

standby generators, electrical transformers) left unanchored due to the need for 

mobility can interact with safety-critical systems during a seismic event. A report 

from the International Atomic Energy Agency [3] on the Fukushima disaster 

following the 2011 Tohoku Earthquake indicates that there were instances of 

toppling of unanchored equipment within the nuclear power plant facilities. In one 

instance, a locking device was broken due to the sliding motion of a hatch on rails 

[3]. Therefore, it is important to be able to adequately predict and design for the 

movement of unanchored components to reduce the safety risk to the facility.  

Shenton [4] identified the five response modes for unanchored rigid objects 

in two-dimensions: rest, slide, rock, slide-rock, and liftoff (or free flight). The 

response mode for stockier objects is sliding. The initial response mode is 

dependent on the width-to-height ratio (O/Q) of the object, coefficient of static 

friction $%, and the peak ground acceleration Ag. Typically, the initial mode of 

response from rest predicts the subsequent behaviour of the block. Shenton 

categorized the criteria for the initiation of the sliding mode of a rigid block. For 

low levels of static friction, when B/H > Ag  > μs, the slide mode governs [4]. In this 

paper, it is assumed that the height-to-width ratio of each object, in relation to the 

friction coefficient and base excitation, is conducive to sliding behaviour only. 

Rock, slide-rock and liftoff modes are beyond the scope of this study. 
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Estimation of the sliding response under seismic excitation was first 

considered by Newmark [5], in an effort to estimate the earthquake-induced 

slippage of dams. Newmark [5] developed a prediction equation for the sliding 

displacement of a rigid mass subjected to a rectangular acceleration pulse. The 

sliding displacement of nonstructural components has also been explored by Choi 

and Tung [6], Kaneko [7], Konstantinidis and Makris [8] [9], Yeow et al. [10], and 

Konstantinidis and Nikfar [11], among others. A study by Lopez Garcia and Soong 

[12] concluded that excluding vertical excitation would lead to underestimating 

sliding displacement, and the extent of this underestimation was highly dependent 

on the friction coefficient. However, in their study it was assumed that the vertical 

excitation was equivalent to the horizontal excitation multiplied by a factor. 

Chaudhuri and Hutchinson [13] investigated the sliding behaviour of laboratory 

equipment under horizontal unidirectional excitation to develop seismic fragility 

curves for estimating the vulnerability of small sliding objects. Konstantinidis and 

Makris [8] also developed fragility curves based on analytical and experimental 

response of large unanchored laboratory equipment subjected to unidirectional 

earthquake excitation. More recently, Nikfar and Konstantinidis [14] considered 

the effect of vertical excitation on the behaviour of sliding objects subjected to 

unidirectional horizontal excitation with the use of the Stribeck friction model 

which captures the velocity-dependence of friction.  

Bidirectional sliding has not received much attention in the literature. 

Jangid [15] investigated the seismic response of a structure on a sliding base due to 
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bidirectional earthquake excitation and determined that the sliding is influenced 

significantly by the bidirectional interaction of friction forces. In short, the effect 

of bidirectional and vertical excitation applied to nonstructural components 

simultaneously has not yet been explored. 

Most studies on the seismic response of sliding components have 

represented the component as a rigid mass resting on a horizontal base moving in 

one direction. The behaviour of the contract interface between the component and 

its base has typically been described by Coulomb friction. Although there have been 

a few studies that considered different static and kinetic friction coefficient values, 

(e.g. Konstantinidis and Makris [9], and Chaudhuri and Hutchinson [16]) the vast 

majority have used a common value, $. Numerically, this type of behavior can be 

handled using an event-based approach with stick and slip phases, a rate-

independent perfectly plastic model with extremely small yield displacement, or a 

Bouc-Wen hysteretic model [17]. The uniaxial Bouc-Wen hysteresis model is 

described by a dimensionless hysteretic parameter, z, which obeys the following 

differential equation: 

Ḋ = L
R
[*̇ − H|*̇|	D	|D|JKL − M*̇|D|J]   (1) 

where *̇ is the velocity, U is the yield displacement, β and γ are parameters that 

describe the shape of the hysteresis, and η is the knee sharpness that controls how 

sharp the transition is from elastic to plastic behaviour [17]. The restoring force is 

a function of the displacement and hysteretic parameter, z.  
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The model was expanded upon by Park et al. [18] to include biaxial 

interaction, in order to model the response of reinforced concrete columns that were 

significantly affected by biaxial structural interaction in the plastic range. The 

hysteretic components in both orthogonal directions are determined by solving a 

pair of coupled differential equations. Wang and Wen [19] generalized the model 

by Park et al. by extending the governing equation for any value of η. However, 

this generalization affected the rotational invariance of the model, making it no 

longer isotropic for values of η > 2. Harvey and Gavin [20] further extended the 

Bouc-Wen model making it isotropic for all values of η.  

Practically, the modelling of sliding behaviour under multi-component 

excitation using a Bouc-Wen type model or other approaches can be too complex 

or computationally expensive for engineers to consider during the initial design 

stages or routine seismic evaluations. Consequently, the ASCE 43-05 [21] and 4-

16 [22] standards allow for the use of an approximate method to determine the peak 

sliding displacement of unanchored rigid objects. However, the accuracy of this 

method has not been evaluated in published literature against experimental results 

or realistic analytical models incorporating multi-component excitation.    

With the exception of Konstantinidis and Nikfar [11] [14], who considered 

the effect of vertical excitation and Jangid [15], who studied bidirectional 

interaction, the response of an object to multi-component excitation has not been 

explored in depth, especially with all three components applied simultaneously. 

This study aims to investigate the influence of bidirectional interaction and the 
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vertical acceleration on sliding displacement when multi-directional excitation is 

applied. The paper also compares the accuracy of the approximate method in the 

ASCE nuclear standards against results from multi-directional sliding models. In 

addition, it evaluates the SRSS and 100-40-40 spatial combination rules 

recommended by the ASCE standards for combining independent response 

components. While intensity measures for sliding displacement have been proposed 

in [8], [9] and [11], there has not been any investigation into evaluating different 

intensity measures in relation to sliding displacement. This paper examines twelve 

intensity measures across a wide range of μ values to determine the most efficient 

measure. Furthermore, the application of multi-component excitation is extended 

to intensity measures which are evaluated under bi-, and tri-directional excitation.  

2.2 Model Description   

Unanchored, stocky nonstructural components, which are prone to sliding, 

can often be idealized as rigid blocks. The sliding block model considered here 

consists of a rigid block on a hard surface with a friction coefficient to represent 

interface roughness. According to Nikfar and Konstantinidis [23], within the range 

of friction coefficients for sliding equipment, the peak sliding response is mainly 

influenced by kinetic friction $S and not static friction $%. Therefore, a simplified 

Coulomb friction model where $ = $S = $% is used for the contact interface 

between the rigid block and floor. Figure 2.2.1 shows a rigid block supported on a 

rigid base with prescribed acceleration history *̈",, *̈"T, *̈".. As mentioned above, 
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it is assumed that the only response modes are sticking and sliding, and the block 

does not lose contact with the base. The block will start sliding when 

1*̈",U + *̈"TU 2
V.W > $1( + *̈".2. The equations of motion for a sliding block 

subjected to bidirectional excitation are: 

*̈, + $S1*̈". + (2
>̇@
‖Ż‖

= −*̈",   (2a) 

*̈T + $S1*̈". + (2
>̇[
‖Ż‖

= −*̈"T   (2b) 

where *̇, and *̇T are the components of the sliding velocity, Ż, along the x and y 

directions, g is the acceleration of gravity, and ‖Ż‖ = \*̇,U + *̇TU  .  

 

This study adopts an isotropic biaxial hysteresis model with arbitrary knee 

sharpness. The *̇,/‖Ż‖	and *̇T/‖Ż‖ terms in Equation 2 are replaced by the 

hysteretic parameters zx and zy, which obey the system of coupled differential 

equations presented by Harvey and Gavin [20] and referred to herein as the HGBW 

model:  

 

üfx

μ = μk

Fx

üfy

üfz

Fy

Figure 2.2.1 Unanchored sliding component idealized as a rigid block on a rigid base 
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Ḋ, =
L
R@
]^*̇, − D,1H|*̇,D,| + M*̇,D, + H=*̇TDT= + M*̇TDT2(D,U	+	DTU)

_`a
a b   (3a) 

			ḊT =
L
R[
]^*̇T − DT1H|*̇,D,| + M*̇,D, + H=*̇TDT= + M*̇TDT2(D,U	+	DTU)

_`a
a b     (3b) 

 

where Ux and Uy are the yield displacement values in the x and y directions. There 

is a redundancy with the parameters in the model, which can be eliminated by fixing 

the value of A as unity [23].  

A wide range of friction coefficient values were selected for analysis based 

on values reported in studies on experimental testing of equipment in medical and 

other lab facilities. Starting from μ = 0.05 for items on casters [24] to μ = 0.8, which 

was found to be the upper value for small equipment and contents from a laboratory 

UC Berkeley [25]. The coupled differential equations are transformed into state-

space and solved numerically using MATLAB’s ode45 solver. The state vector and 

its derivative are: 

	

c = 	 0*,		*T	*̇,	*̇T	D,		DT3
d             (4a) 

 

ċ = 	

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎡

hi
hj

−*̈", − $((1 +
>̈?C
A
)hW

−*̈"T − $((1 +
>̈?C
A
)hk

L
R@
]hi − hW(H|hihW| + MhihW + H|hjhk| + Myjhk)(hWU	+	hkU)

_`a
a b

L
R[
]hj − hk(H|hihW| + MyihW + H|hjhk| + Myjhk)(hWU	+	hkU)

_`a
a b⎦
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎤

						 (4b)   								 
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A very low value for the yield displacement values, i.e. Ux = Uy = 0.0001 m 

is selected to simulate rigid perfectly-plastic behaviour. Sensitivity analysis 

conducted for parameters η, β, and γ concluded that variation in the parameters did 

not result in a significant change for the hysteresis, which is attributed to the very 

small value for yield displacement. Thus, β and γ were taken as 0.5, and 2 was 

selected for η. It should be noted that the HGBW model is reduced down to the 

Park-Wen model for η = 2.  

2.3 Sliding Model Verification 

The HGBW model is first verified for prescribed displacement orbits against the 

bidirectional Coulomb friction model. Figure 2.3.1 shows the results for a circular 

orbit (top) and an astroid orbit (bottom). The displacements ux and uy are normalized 

by the amplitude of the prescribed displacement amplitude, uo , while the forces Fx 

and Fy are normalized by the frictional strength of the interface, μmg, where m is 

the mass of the object. For the Coulomb model, !, $&(⁄ = 	 *̇,/‖Ż‖ and  

!T $&(⁄ = 	 *̇T/‖Ż‖ while for the HGBW model, !, $&(⁄ = D, and !T $&(⁄ =

DT. As shown in Figure 2.3.1, the results from the two models nearly overlap. 
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In order to further verify the model, the output from the HGBW model was 

compared against experimental results. While there are currently no results 

available in the literature for bidirectional sliding of nonstructural components, 

experimental tests were conducted by Mokha et al. [27] on Teflon sliding bearings 

under compression and bidirectional excitation. At the bearing sliding interface, the 

experimental models showed interaction between the x and y components of the 

friction force. A controlled displacement orbit in the shape of a figure-8 was applied 

to the bearings with the excitation in the x and y directions as described: 

 

*, = *,qsin	(ωt)    (6a) 

*T = *Tqsin	(2ωt)    (6b) 
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Figure 2.3.1 Comparison of bidirectional Coulomb and HGBW model responses for 

controlled displacement orbits. Top: circle. Bottom: astroid. (μ = 0.2, uo = 1 m) 
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where uxo = 45.5 mm, uyo = 43.9 mm and ω = 0.5 rad/s, with a bearing pressure of 

3.61 MPa. The coefficient of friction is a function of velocity and other parameters 

determined to fit experimental data in Mokha et al. [27] Equations (6a, 6b) are used 

as input for the sliding model and the parameters are calibrated as β = 0.1 and γ = 

0.9, the yield displacement Ux and Uy is set as 0.0001 m. The experimental results 

are reproduced using the HGBW model with good agreement as shown in Figure 

2.3.2. 

2.4 Analysis Approach 

In this study, a decoupled dynamic analysis is followed to investigate the 

sliding response of unanchored nonstructural components in a nuclear power plant. 

The horizontal and vertical components of the absolute floor acceleration were used 

as the excitation components in the equations of motion of the sliding block. The 

floor acceleration histories were obtained from response history analysis of the 

F y  
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Figure 2.3.2 Comparison of HGBW model (black) with experimental results (gray) 

from Mokha et. al [27] 
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internal structure of a representative nuclear power plant. The internal structure has 

a total height of 39 m and a mass of 50,000 tons, and was represented by a 3D 

lumped-mass linear elastic stick model. An original STARDYNE model (courtesy 

of Ayman Saudy, Kinectrics) was adapted in OpenSees [see Acknowledgements]. 

The fundamental period of the structure is 0.13 s and 0.14 s in the orthogonal 

horizontal directions and 0.047 s in the vertical direction. More detailed information 

about the structural model may be found in Huang et al [28], who used the same 

internal structure. Linear response history analysis of the stick model was 

conducted with the suites of ground motions discussed in the next section, with the 

three ground motion components applied simultaneously. Absolute floor 

acceleration histories to be subsequently used for the sliding analysis were recorded 

at an elevation of 18 m.  

2.5 Ground Motion Selection and Scaling 

Two sites were selected for analysis to cover a wider range of seismic 

hazard. This is consistent with previous seismic analysis for nuclear power plants 

where two sites of different seismic intensity are selected for analysis [28], [29]. 

The two specific locations were selected by overlaying a map of the current 

operating nuclear power plants in the United States with the 2014 National Seismic 

Hazard Maps [30]. The majority of nuclear power plants are on the East coast where 

the seismic hazard is low to moderate with the exception of the Diablo Canyon 

Power Plant in California, which has the highest seismic hazard. To represent low 
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to moderate seismic hazard, the Robinson Nuclear Generating Station in South 

Carolina was selected. 

The horizontal target design response spectra were created following the 

procedure from ASCE 43-05 [21]. Seismic Design Category 5, and Limit State D 

(essentially elastic behavior) were used, consistent with NRC regulations [31]. The 

uniform hazard response spectra were obtained from the USGS unified hazard tool 

using the Conterminous U.S. 2014 v4.1.1 maps [32]. Linear interpolation was used 

to get the response spectra at a mean annual frequency of exceedance of 1/10,000. 

Following ASCE 43-05, the uniform hazard response spectra were scaled by a 

design factor to obtain risk-consistent design response spectra, as shown in Figure 

2.5.1 (left).  

The vertical target spectra were generated by applying frequency-dependent 

strike-slip V/H ratios to the horizontal design response spectra. The ratios presented 

by Gülerce and Abrahamson [33] are applied. The first mode period in the vertical 

direction is 0.047 seconds resulting in a V/H ratio of 0.65. This is consistent with 

the general guidelines provided in ASCE 43-05 that impose a 2/3 reduction factor 

for the entire frequency range for distant earthquakes. The vertical design spectra 

are shown in Figure 2.5.1 (right).  

The 0.2 s period deagraggation for both sites revealed that the main seismic 

hazard is from near-field earthquakes of magnitude 6-8 for the Diablo Canyon 

location. For the Robinson site, the main hazard is from distant earthquakes with 

magnitude 7-8 with some contribution from magnitude 4.5-5.5 earthquakes. The 
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Diablo site has soil type B according to an analysis of seismic hazard at the power 

plant by the US Nuclear Regulatory Commission [34]. The soil type at the 

Robinson location is assumed to be type B, based on a report by the South Carolina 

Department of Transportation [34] on the area surrounding the plant. The selected 

ground motions for the Diablo and Robinson sites are listed in Table 2.1 and Table 

2.2, respectively. 

There is no specific guidance in ASCE 4-16 or ASCE 43-05 on the 

orientation of the near-field ground motions as applied to the structure. For near-

fault sites, such as Diablo Canyon, the FEMA P-1050 [36] standard states that 

horizontal ground motion components should be rotated and applied in the fault 

normal and parallel directions to the building [36]. The ground motions obtained 

from the PEER database were rotated to the fault normal/parallel directions. While 

this does not always guarantee that the maximum response will be obtained, 

rotating to fault normal/parallel is recommended over unrotated ground motions 

[37]. 
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Table 2.1 Selected ground motions for the Diablo Canyon site 

 

 

 

 

 

 

# Earthquake Name Year Station Name Magnitude Dist. (km) Vs30 (m/sec) 

1 Parkfield 1966 Temblor pre-1969 6.2 16.0 528 

2 San Fernando 1971 Castaic - Old Ridge Route 6.6 22.6 450 

3 San Fernando 1971 LA - Hollywood Store FF 6.6 22.7 316 

4 Tabas Iran 1978 Tabas 7.4 2.1 767 

5 Morgan Hill 1984 Coyote Lake Dam - Southwest  6.2 0.5 561 

6 Nahanni Canada 1985 Site 1 6.8 9.6 605 

7 Loma Prieta 1989 Gilroy - Gavilan Coll. 6.9 10.0 730 

8 Loma Prieta 1989 UCSC 6.9 18.5 714 

9 Loma Prieta 1989 UCSC Lick Observatory 6.9 18.4 714 

10 Northridge-01 1994 LA Dam 6.7 5.9 629 

11 Kocaeli Turkey 1999 Gebze 7.5 10.9 792 

12 Chi-Chi Taiwan 1999 TCU045 7.6 26.0 705 

13 Chi-Chi Taiwan 1999 TCU076 7.6 2.7 615 

14 Manjil Iran 1990 Abbar 7.4 12.6 724 

15 Tottori Japan 2000 SMN015 6.6 9.1 617 

16 Parkfield-02 CA 2004 PARKFIELD - DONNA LEE 6.0 4.9 657 

17 Parkfield-02 CA 2004 PARKFIELD - TURKEY FLAT #1 6.0 5.3 907 

18 L'Aquila Italy 2009 L'Aquila - V. Aterno -Colle Grilli 6.3 6.8 685 

19 L'Aquila Italy 2009 L'Aquila – Parking 6.3 5.4 717 

20 Christchurch  2011 LPCC 6.2 6.1 650 
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Table 2.2 Selected ground motions for the Robinson site 

# Earthquake Name Year Station Name Magnitude Dist. (km) Vs30 (m/sec) 

21 San Francisco 1957 Golden Gate Park 5.3 11.0 875 

22 San Fernando 1971 Cedar Springs Allen Ranch 6.6 89.7 813 

23 San Fernando 1971 Tehachapi Pump 6.6 63.8 669 

24 Whittier Narrows 1987 Vasquez Rocks Park 6.0 50.4 996 

25 Loma Prieta 1989 SF - Rincon Hill 6.9 74.1 873 

26 Loma Prieta 1989 So. San Francisco Sierra Pt. 6.9 63.2 1021 

27 Landers 1992 Silent Valley - Poppet Flat 7.3 50.9 659 

28 Chi-Chi Taiwan 1999 HWA057 7.6 50.6 672 

29 Chi-Chi Taiwan 1999 ILA050 7.6 66.9 621 

30 Chi-Chi Taiwan 1999 ILA063 7.6 61.1 997 

31 Chi-Chi Taiwan 1999 TAP046 7.6 118.3 817 

32 Hector Mine 1999 Heart Bar State Park 7.1 61.2 625 

33 Tottori Japan 2000 HYGH12 6.6 101.8 677 

34 Niigata Japan 2004 FKSH05 6.6 81.0 596 

35 Umbria-03 Italy 1984 Gubbio 5.6 15.7 922 

36 L'Aquila Italy 2009 L'Aquila – Parking 5.6 11.2 717 

37 Iwate Japan 2008 MYG011 6.9 82.9 1424 

38 Niigata Japan 2004 SITH05 6.6 118.2 670 

39 El Mayor Mexico 2010 Barrett 7.2 85.4 511 

40 40204628 2007 Lick Observatory Mt. Hamilton  5.5 13.5 710 

 

The US seismic design maps are based on the maximum direction spectra, 

which inherently assume that the maximum-direction of ground shaking 

corresponds with the principal response axes of the structure. While ASCE 43-05 

and 4-16 are not specific in their requirements for the type of spectra that should be 

used in scaling, ASCE 7-16 requires the use of the maximum direction spectra, so 

these were used for scaling in order to be consistent with the seismic hazard maps. 
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The frequency range for scaling is referenced in both ASCE 43-05 and 4-

16 but not explicitly defined. In ASCE 7-16, the recommended period range for 

scaling is 0.2T – 2T where T is the fundamental period of the structure. The first 

period for this NPP model in the x and y directions is 0.13s and 0.14s. It was not 

possible to amplitude-scale the ground motions to fall between 90% - 130% of the 

target spectrum for the 0.2T – 2T range as required by ASCE 43-05 for both ground 

motion suites. The FEMA P-1050 [35] standard permits for some flexibility on the 

scaling period range: it is allowed to use a smaller upper bound if the structure does 

not yield – which is acceptable in this case as the seismic design basis and building 

model are both limited to ‘essentially elastic’ behaviour and there is no risk of 

period elongation due to yielding. The lower-bound requirement is primarily due 

to higher mode effects, which is less significant because the structural model is very 

stiff. With this in mind, the authors decided to scale the ground motions to be as 

close to the target spectrum as possible within a reduced period range of 0.37T – 

2T for the horizontal Robinson suite. For scaling of vertical excitation, the period 

ranges were 0.85T – 2T and 0.64T – 1.9T for the Robinson and Diablo ground 

motion suites, respectively.  The scaled ground motions are plotted in Figure 2.5.1.  
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The response history analysis of the NPP model subjected to the Diablo and 

Robinson site ground motion suite resulted in absolute floor acceleration histories 

at the floor level of interest. The floor spectra are shown in Figure 2.5.2.  
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Figure 2.5.1 Target design response spectra (red), scaled ground motions (gray), and 

mean of the scaled motions (black)  
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Figure 2.5.2 Floor spectra (2% damping) at the location of the unanchored sliding 

component in the Diablo (top) and Robinson (bottom) nuclear power plants 

2.6 Effect of the Bidirectional Excitation 

This section focuses on the effect of bidirectional excitation. Using the floor 

acceleration histories as input to the HGBW model, the seismic response is 

analyzed in two ways. Unidirectional (1D) refers to the application of the floor 

motion in one horizontal directional only, and then independently applied in the 

second horizontal direction. Bidirectional (2D) refers to the application of the x and 

y component of the floor motion simultaneously. The vertical component of the 

floor acceleration is not applied at this time. Figure 2.6.1 shows the displacement 

response from the application of three randomly selected floor accelerations. Floor 

acceleration #1 and #17 from the Diablo location show significantly more 
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displacement due to higher shaking intensity compared to #26 which is from the 

Robinson site. The bidirectional orbits also show greater displacement in the y 

direction and x directions for #1 and #17, respectively    

 

 
Figure 2.6.1 Sliding displacement orbits in the x-y plane for selected floor motions 

(#1, 17, 26) 

The responses are analyzed in two ways. For each floor motion, the 

maximum displacement of the component along the x and y axes are compared 

individually from the 1D and 2D cases. The responses are also analyzed by 

calculating the displacement of the component from the origin, which is the 

maximum of the Euclidean distance:  *	 ≡ \[*,(t)]U +	[*T(t)]U. Figure 2.6.2 

plots the average results from this analysis at different values of friction. The ‘2D’ 

line refers to the application of the x and y-direction floor acceleration histories 

simultaneously, whereas ‘1D’ refers to the x and y-direction horizontal floor 

motions separately.  
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The effect of the bidirectional interaction is more prominent at the Diablo 

site which has higher intensity floor motions. The bidirectional excitation results in 

a higher peak displacement compared to the 1D case in both the x and y directions. 

Figure 2.6.2 (top-right) shows a consistent increase in the displacement response 

by the 2D excitation for all values of friction. When the displacement response is 

combined, the 1D analysis predicts displacements that are 0.8 times the 2D 

displacements for μ ≤ 0.2, and between 0.65 – 0.8 for μ > 0.2. At the low shaking 

intensity (Robinson) site the difference between bidirectional excitation and 

unidirectional excitation is less significant, particularly for low and high friction 
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Figure 2.6.2 Effect of the bidirectional excitation on the peak displacement of 

unanchored sliding components in the Diablo (top) and Robinson  (bottom) locations 
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coefficient values as shown in Figure 2.6.2 (c). Overall, the observations from the 

Diablo site agree with those from Jangid’s [15] [38] investigation on the response 

of sliding structures under bidirectional ground motion, where it was also shown 

that the effects of bidirectional interaction significantly increase the sliding 

displacement.   

2.7 Effect of the Vertical Component of Excitation 

In this section, the vertical component of the floor acceleration is applied 

simultaneously with the horizontal components to determine the effect of the 

vertical component of excitation on the response of the sliding components. The 

peak displacement in the x and y directions as well as the total sliding distance from 

the origin are plotted in Figure 2.7.1 for the Diablo and Robinson sites. The notation 

2D+V refers to the application of the x, y and z components of the excitation 

simultaneously. Similarly, the 1D+V case denotes the application of the x or y 

components of excitation in combination with the vertical (z) component. The 

displacement responses have been averaged across all floor motions.  
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Figure 2.7.1 Effect of the vertical component of excitation on the displacement for 

Diablo (top) and Robinson (bottom) locations 
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The application of the vertical components changes the normal force acting 

on the nonstructural component from mg to m(g + üz), thereby affecting the 

frictional force. A vertical acceleration exceeding g would cause the nonstructural 

component to lose contact with the base; however, none of the floor acceleration 

histories surpassed g. 

At the diablo site (b) and (c) in Figure 2.7.1, it is observed that for μ > 0.2, 

the vertical excitation significantly increases the sliding displacement along the x 

and y directions. From the total sliding distance plotted in Figure 2.7.1 (a) and (d), 

it is clear that at high shaking intensity, the 1D case underestimates the sliding 

displacement for all ranges of μ.  

From Figure 2.7.1 parts (d), (e), (f) it is apparent that at low shaking 

intensity including the vertical excitation does not alter the sliding displacement 

response significantly. However, the ratio of sliding displacements between the 1D 

and 1D+V analysis and from the 2D to 2D+V analysis cases remain similar for both 

sites. Estimates for sliding displacement from the 1D and 2D cases start at 0.95 

times the displacements given by the 1D+V and 2D+V analysis and decrease 

linearly to 0.7 at μ = 0.4. Beyond μ = 0.4, at the Robinson site, the effect of the 

vertical excitation is larger in the presence of bidirectional interaction. However, it 

should be noted that the ratios are less meaningful since the magnitude of the 

displacements is too low (less than 1mm) to be considered significant. The ground 

motions which are scaled to a lower seismic hazard have a lower intensity and do 

not induce sufficient movement of the components at the floor level when the 
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friction coefficient is higher. For this reason, it is considered acceptable to use the 

simpler 2D and 1D analysis cases for μ > 0.4 at low seismic intensity site, Robinson.  

The observations agree with the study conducted by Lopez Garcia and 

Soong [12] where it was found that vertical base excitation contributes significantly 

to the displacement of nonstructural components, particularly for higher values of 

the coefficient of friction. The study developed vertical excitation histories by 

multiplying the horizontal excitation by a factor, k.  Investigation of sliding 

displacements under vertical excitation by Konstantinidis and Nikfar [11] found the 

opposite, where it was concluded that the vertical excitation did not contribute 

significantly to sliding displacement. This discrepancy may be due to the 

differences in the structures examined. While this paper and the study by Lopez 

Garcia and Soong uses the response from fixed-based structures, the result from 

Konstantinidis and Nikfar is from base-isolated buildings.  

Overall the bidirectional interaction and vertical component of acceleration 

have a significant impact on the peak sliding displacement in some cases. This is 

especially evident for the Diablo site which has higher shaking intensity, and the 

effect is more pronounced for larger values of μ. Practically, it is not advisable to 

estimate sliding displacement from unidirectional excitation at sites with high 

seismicity. 
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2.8 Evaluation of the ASCE 43-05 and 4-16 Approximate Method for 

Sliding  

The ASCE 43-05 [21] and 4-16 [22] standards include the same approximate 

method for estimating peak sliding displacement which is acceptable to use for a 

symmetric unanchored rigid body. The standards consider a range of friction 

coefficient values from 0.3-0.7 to be reasonable for the sliding of a rigid object on 

concrete or steel. This section will focus on comparing the total displacement 

response obtained using the approximate method against the results from the 

HGBW model in order to evaluate the accuracy of the ASCE approximate method.  

The approximate method detailed in the standard specifies an effective 

friction coefficient, $w computed from:  

$w = $ x1 − 0.4 {|
A
}    (7) 

where ^~ is the peak vertical acceleration and g is the acceleration due to gravity. 

While the standard does not explicitly state the origin for this equation, a similar 

equation was proposed by Taniguchi and Miwa [39], where the coefficient of 

friction was reduced by a factor related to the standard deviation of the ratio of the 

vertical ground acceleration to the peak vertical ground acceleration at the time of 

peak horizontal shaking. The equation was originally proposed to provide a safety 

margin for estimating the sliding displacement for a given base motion without 

considering the vertical acceleration history. Taniguchi and Miwa assumed a 

uniform reduction in the friction coefficient (that would result in increased 
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displacement) when vertical earthquake accelerations were present. The ASCE 

standard assumes that this ratio is 0.4. 

The validity of this estimate is investigated by comparing the displacement, 

u, of the unanchored object when subjected to all three floor motion components 

applied simultaneously against the assumption of using an effective friction 

coefficient in place of applying the vertical acceleration. The results are plotted in 

Figure 2.8.1. 

As shown from the comparison in Figure 2.8.1, the effective friction 

coefficient is excessively conservative for the Diablo and Robinson ground motion 

sets. The displacement estimates using the effective friction coefficient range from 

1.1 to 1.5 times the displacement results from the 2D+V analysis: with estimates 

becoming more overconservative as the friction coefficient increases. The ASCE 

standard acknowledges that reducing the friction coefficient by 0.4^~/( is 

probably very conservative but does not offer any other options at this time.  
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The approximate method is based on approximating the hysteretic nonlinear 

sliding behaviour by an equivalent linear system. The method proceeds by defining 

a sliding coefficient as: 

�% = 2$w(      (8) 

The next step is to determine the lowest natural frequency, ÄwÅ at which the 

horizontal 10% damped vector spectral acceleration is equal to the sliding 

coefficient. 10% damping is based on equating the hysteretic energy dissipated by 

sliding to the energy dissipated by viscous damping in an equivalent linear system. 

This results in 32% damping, which is reduced to 10% based on data from response 

history analysis tests [22]. The 10% damped vector spectral acceleration is 

calculated from: 

Ç^É; = [Ç^;LU + 0.16Ç^;UU ]L/U     (9) 

where SAH1 and SAH2 are the 10% damped spectral acceleration for the horizontal 

components, and SAH1 > SAH2. Then, the best estimate for the sliding distance is 

determined using: 

Ö% =
Üá

(Uà"âä)a
             (10) 
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The results from using the approximate method are compared against the 2D+V 

model results and plotted in Figure 2.8.2.  

In both cases, the approximate method significantly overestimates the sliding 

displacement, particularly for lower friction coefficient values and more so for 

higher shaking intensity. At high shaking intensity, the approximate method 

consistently overestimates the displacement by a factor of approximately 1.5 to 1.9 

until μ = 0.6, and up to 2.9 for higher friction coefficient values. This may be 

attributed to the effective friction coefficient which is greatly reduced due to the 

vertical excitation. For sites with low shaking intensity, the approximate method is 

especially inaccurate at high friction coefficients, overestimating the displacement 

response by a factor of up to 45 for μ > 0.5. The ASCE 43-05 standard prescribes a 

safety factor of 3 for any nonlinear sliding analysis and a safety factor of 2 for the 

approximate method, to acknowledge its conservativeness. When these factors are 

applied, the overconservativeness of the approximate method in comparison to the 
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2D+V model is reduced, but not eliminated. However, the ASCE 4-16 standard 

prescribes a safety factor of 1.5 for both methods which does not compensate for 

the overconservativeness of the approximate method.   

2.9 Spatial Combination Rules 

The ASCE 4-16 and 43-05 standards also allow for combining component 

responses for each axis of excitation. The standards allow for the use of either the 

square-root of the sum of the squares (SRSS) method and the 100-40-40 rule. The 

spatial SRSS rule is described by: 

ã = \ã,U + ãTU + ã.U                 (11) 

where Rx, Ry, Rz are the maximum responses of the object in the three orthogonal 

directions due to application of the corresponding components of floor excitation. 

In this case, since the object is sliding on the x-y plane, the response is limited to Rx 

and Ry only. From a time history analysis perspective, these responses do not 

necessarily occur at the same time step. While these methods are typically meant 

to be used for response spectrum analyses, past standards (namely ASCE 4-98 and 

NRC RG 1.92) allow for the use of the 100-40-40 rules and SRSS method for the 

time history method [40]. 

For comparing the displacement response, the process can be generalized 

as taking the maximum displacements in the x and y directions  and combining 

those responses using either ã, + 0.4ãT or  0.4ã, + ãT, whichever yields the 
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maximum result. The rule was first proposed by Newmark and Hall [40] as a 

conservative alternative to the SRSS method for the design of nuclear power plants.   

Both of these spatial combination rules are compared against the ‘exact 

solution,’ considered here to be the maximum of *	 ≡ \[*,(t)]U +	[*T(t)]U from 

the 2D+V analysis. The maximum value from all the time steps is retained and 

averaged over the suite of 20 floor motions. Figure 2.9.1 plots the comparison of 

the SRSS and 100-40-40 spatial combination rules along with the exact 

displacement. 

Note that the 100-40-40 rule is slightly more conservative than the SRSS 

method. The difference is more pronounced for lower friction coefficients, and 

generally for higher shaking intensity. This result agrees with Nie et. al [40] where 

it was found that the 100-40-40 rule is almost always more conservative compared 

to the SRSS method. 
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2.10 Intensity Measures 

This study aims to identify good intensity measures (IMs) for better 

predicting the displacement of sliding objects in nuclear power plants. In 

performance-based earthquake engineering, an intensity measure (IM) is a 

parameter that characterizes earthquake shaking. Unlike structural demand 

parameters, which are linked to IMs related to the ground motion, demands on 

nonstructural components are linked to the response of the structure. Therefore, in 

this context of sliding components resting on the floor, the IMs were evaluated 

based on floor excitation.  

The demand parameter of interest in this investigation is the peak sliding 

displacement, Umax which varies according to the coefficient of friction for each 

floor motion.  

Since the datasets only contain positive values it is commonly assumed that 

the Umax is lognormally distributed [8], [9]. Another typical assumption is that the 

relationship between the mean of Umax and the IM is described by the scale law: 

Fåç, = é(èê)ë, which can be transformed into the equation of a straight line in 

the log-log plane [42], [43]:  

ln(Fåç,) = ln(é) + ì	ln	(èê)                     (12) 

where a and b are regression coefficients describing the y-intercept and slope of the 

line which best fits the data. 

Regression analysis is conducted to determine the correlation between the 

Umax and various IMs. The coefficient of determination R2, is used to calculate the 
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goodness of fit and estimate how closely the data can be approximated by the linear 

model. An adjusted R2 [44] value is calculated for each regression. This accounts 

for the bias in the number of variables used to fit a regression model. While it is not 

a large adjustment for a linear model with 2 regression coefficients, an adjusted R2 

value is typically lower than an ordinary R2 value. Henceforth, reference to R2 from 

this point on will be referring to the adjusted R2 value. The IMs are evaluated 

primarily on their efficiency which is judged based on the R2 value. Since Umax 

varies with μ, R2 is also dependent on friction. 

A variety of IMs were selected for evaluation. The simplest of which 

include peak floor acceleration (PFA), peak floor velocity (PFV) and peak floor 

displacement (PFD). The definitions for the following IMs are based on the study 

of rocking amplification and strong motion duration by Giouvanidis and 

Dimitrakopoulos [45] but adapted for sliding motion instead of rocking. The IMs 

include uniform duration, tuni, which is the total duration of time that the horizontal 

acceleration history exceeds the minimum threshold to initiate sliding, which is μg 

for the 1D case. The bracketed duration, tbrc, is calculated as the time difference 

between the first and last time that the floor acceleration exceeds the minimum 

threshold for sliding. The cumulative absolute velocity (CAV) was first introduced 

with a minimum threshold value above which the acceleration history would be 

counted to reduce the influence of (low intensity) ground motion duration from 

introducing bias to the results [46]. The CAV has been used with a modified 

threshold value in other cases when evaluated as an IM for liquefaction and rocking 
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behaviour [47][45]. The present study defines CAVexc is as the time integral of the 

acceleration history for the period in which it exceeds a threshold, which will be set 

as the minimum sliding threshold, μg.  

For IMs such as tuni, tbrc and CAVexc, where the threshold is defined as μg, 

the analysis was conducted for all friction coefficients ranging from 0.05 to 0.8. 

The average duration of the IM across all friction coefficients was used for each 

ground motion.  

Other IMs include Arias Intensity, IA, which is a measure of the total energy 

per unit weight for the total duration of earthquake shaking [48]. The root mean 

square acceleration, ARMS, is the sum of the energy at all frequencies divided by the 

total duration, thus it represents the average rate of energy from the earthquake. The 

Fajfar index, IF, combines PFV with the significant duration tsig  and was introduced 

by Fajfar et. al [49] as a way to measure the damage capacity of ground motions. 

The significant duration, tsig, is the interval of time between 5% and 95% of Arias 

Intensity for the earthquake acceleration history. The characteristic intensity, IC, 

was proposed by Park et. al [50] and is calculated as a combination of ARMS and tsig.  

 
Lastly, an IM based on the spectral ground acceleration proposed by Nikfar 

and Konstantindis [11] as a dimensionless IM for sliding equipment in base-

isolated buildings is also evaluated. The dimensionless IM factors into account the 

spectral ground acceleration and the friction coefficient. The period chosen for the 

IM in order to determine the spectral acceleration was 0.14s which is the first-mode 

period for the structure and damping was assumed to be 5%. All the evaluated IMs 
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are summarized in Table 2.3. The input for analyzing one-component IMs was the 

horizontal excitation in the x direction. 

 

Table 2.3 Summary of selected intensity measures 

IM Name Calculation 

1 Peak Floor Acceleration î!^ = max1=*̈"(t)=2 

2 Peak Floor Velocity î!ò = max1=*̇"(t)=2 

3 Peak Floor Displacement î!ô = max	1=*"(t)=2 

4 Uniform Duration t>öõ = ú 〈û〉	†t
°/ö¢°%

£°§V

,where	〈û〉 = 	™
0	Ä´¨	=*̈"(t)= < $(	
1	Ä´¨	=*̈"=(t) ≥ $(

 

5 Bracketed Duration tëÆÜ = max(t>öõ) −min	(t>öõ) 

6 Cumulative Absolute Velocity 
of Exceedance 

Ø^òw,Ü = ∞ 〈û〉
°

V
*̈"(t)	†t,where	〈û〉 = ™

0	Ä´¨	=*̈"(t)= < $(	
1	Ä´¨	=*̈"(t)= ≥ $(

 

7 Significant Duration t%õA = t±W%	≥¥ − tW%	≥¥	  

8 Arias Intensity è{ =
µ
2(∞ *̈"(t)U

°

V
†t 

9 Root Mean Square 
Acceleration 

^∂∑Å = ∏
1
t ∞ *̈"(t)U

°

V
†t 

10 Fajfar Index èπ = î!ò ∙ 1t%õA2
V.UW 

11 Characteristic Intensity èÜ = ^∂∑ÅL.Wt%õAV.W 

12 Normalized Excitation 
Strength 

èêLU =
Å{(d,ª)
ºA

 -1 

 

For brevity, the comparison of IMs against the 1D, 2D and 1D+V models is 

not shown here. The IMs are compared against the most realistic displacements 

which are obtained from the 2D+V sliding model. These displacements vary based 

on which friction coefficient was used in the analysis. Figure 2.10.1 and Figure 



M.A.Sc. Thesis – A. Arshad; McMaster University – Civil Engineering 

 54 

2.10.2 show the regression analysis for all IMs at specific friction coefficients of 

0.15 and 0.55, respectively.  
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Figure 2.10.1 Regression analysis of peak displacement (at μ = 0.15) for 

one-component intensity measures 
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Figure 2.10.2 Regression analysis of peak displacement (at μ = 0.55) for 

one-component intensity measures 
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For a lower friction coefficient (μ = 0.15), the most efficient IM is PFV, 

followed by IF which is a combination of the floor velocity and duration of the 

ground motion. Figure 2.10.1 also reveals that IMs which factor acceleration into 

their calculations show a significant grouping of the data at the low and high 

displacement ranges. This is due to the nature of the 40 ground motions selected: 

20 ground motions are scaled based on high ground acceleration intensity and 20 

are applicable to low ground acceleration intensity. This clustering phenomenon 

due to ground acceleration intensity was also observed by Giouvanidis and 

Dimitrakopoulos [44] for the evaluation of rocking intensity measures. This 

grouping is less apparent for IMs which incorporate velocity into their calculation.  

At a higher friction coefficient (μ = 0.55), Figure 2.10.2 also shows this 

grouping of data, and the clustering becomes tighter for IMs such as PFA and IA, 

which results in a better goodness of fit for the regression line. The significant 

duration, tsig, showed a negative correlation indicating that floor motions where the 

intensity is concentrated over a shorter duration result in more sliding displacement. 

It should also be noted that results for higher friction coefficients may be biased 

due to the lack of displacement at higher friction for ground motions at the 

Robinson site. It is also apparent that the best intensity measure at a higher friction 

coefficient is PFA, closely followed by IA.   

When the ground motion sets for the two sites are separated for the 

regression analysis, the relative correlations observed for velocity-based IMs at μ 

= 0.15 and μ = 0.55 still hold true, albeit with lower R2 values. For instance, at μ = 
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0.55, R2 related to PFV is reduced from 0.730 to 0.533 at the Robinson site. A 

summary of the results from separating the analysis is given in Table 2.4. PFA and 

other intensity measures which utilize acceleration in their calculations are 

significantly affected by separating the analysis. This is likely due to the close 

correlation between larger sliding displacements observed from the Diablo ground 

motion set, which were scaled based on spectral acceleration. When the analysis is 

separated there is less variation in the data for acceleration-based IMs resulting in 

lower correlations.   

Table 2.4 Comparison of R2 for IMs at Diablo and Robinson Sites 

IM 
R2   
All 

R2 
Diablo 

R2 
Robinson 

 R2 
All 

R2 
Diablo 

R2 
Robinson 

μ = 0.15  μ = 0.55 
PFA 0.639 0.055 0.676  0.921 0.035 0.341 
PFV 0.827 0.840 0.533  0.730 0.621 0.262 
IA 0.713 0.311 0.451  0.874 0.228 0.149 
IF 0.830 0.896 0.556  0.657 0.602 0.237 
ARMS 0.603 0.001 0.206  0.790 0.002 0.056 
IM12 0.625 0.055 0.073  0.760 0.020 0.286 
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The coefficient of determination, R2 is calculated for all intensity measures at 

each friction coefficient. Figure 2.10.3 plots the R2 value across all μ for the top six 

IMs. When considering just one-component (1D) IMs, it becomes apparent that the 

IMs are not consistently efficient across the entire range of friction. For μ < 0.3 IMs 

which are primarily velocity-based such as PFV and IF have the highest coefficient 

of determination. At mid to high friction coefficients (μ > 0.3), IMs which include 

acceleration in their calculations, such as PFA and IA are the most efficient.  

2.11 Intensity Measures for Multi-Component Excitation 

Typically, analysis of IMs includes only one component of the input motion. 

Of interest here is to determine if the IMs can be more efficient by including the 

orthogonal horizontal acceleration component in the definitions of the IMs. The 12 

IMs from Table 2.3 were adjusted to include both horizontal components of the 

floor motion. The input for the IMs was modified from just the horizontal x 

R2
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Figure 2.10.3 Comparison of one-component IM efficiency with respect to the 

coefficient of friction 
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component to Ω(t) = 1[p,(t)]U + [pT(t)]U2
L/U, where p is the floor excitation (i.e. 

displacement, velocity, or acceleration). For IM12, the input was changed to 

1[SA,]U + [SAT]U2
L/U to incorporate the x and y floor excitation. IMs which 

incorporate both horizontal components are referred to as ‘2D’ in this discussion.   

The vertical component of acceleration was also incorporated into the 

intensity measures to see if their efficiency could be further improved. The vertical 

component of acceleration was included into the intensity measures in three 

different ways, depending on the type of the IM. For PFA, PFV and PFD the 

vertical component was incorporated by taking the Euclidean norm of the excitation 

vector with all three components:	Ω(t) = 1[p,(t)]U + [pT(t)]U + [p.(t)]U2
L/U. 

IMs which incorporate all three components are referred to as ‘3D’. 

Similarly, for intensity measures such as ARMS the term within the integral 

is changed to the norm of the 3-component acceleration vector. Interestingly, Arias 

[47] intended for IA to be calculated for each orthogonal component of horizontal 

acceleration and for the total intensity to be represented as the sum of IA for the x 

and y directions, since IA is a scalar measure of intensity [51]. In recent literature, 

most calculations of IA are based on a single component of ground motion 

acceleration [42], [47], [52]. Thus, to include all components of the acceleration 

vector, Arias intensity was calculated as IA,x + IA,y + IA,z.    

 
To include vertical acceleration for certain intensity measures with a 

threshold, the threshold value was modified from $(	to $(( + *̈A.), where *̈A. is 
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the instantaneous vertical floor acceleration. For the dimensionless IM12, the 

vertical component was incorporated by replacing μ with the effective friction 

coefficient, μe as defined by ASCE 4-16 and 43-05. Recall that μe is used in the 

approximate method to simulate the influence of the vertical component of 

acceleration. Figure 2.11.1 plots the R2 value for all friction coefficients for 1, 2, 

and 3-componenet IMs.   

While most of the intensity measures were improved slightly with the 

addition of the second horizontal component, IMs that showed significant 

improvement in efficiency were: PFD, tuni, CAVexc, and IM12. The efficiency of the 

IMs did not improve substantially when the vertical component of acceleration was 

also factored into the calculations. This was regardless of how it was implemented 

either as the threshold value $(( + *̈A.), as the Euclidean norm of the 3-component 

excitation vector, or as μe. Since the maximum sliding response, Umax occurs on the 

x-y plane it might be why the vertical excitation did not increase the correlation 

between the IMs and Umax. 

Interestingly, PFA, PFV, tbrc, IF, ARMS did not show a significant difference 

between 1D, 2D, and 3D cases. Additionally, IMs such as tuni and tbrc maintain their 

efficiency for all values of friction. It is recommended that for μ < 0.3, PFV and IF 

should be used, for μ > 0.3, PFA and IA are the most efficient for 1D excitation. 

When considering 2D excitation, IM12 becomes a good choice for μ > 0.55.  
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The top IMs such as PFA, PFV, IF, are largely unaffected by introducing 

multiple components. IA does benefit slightly with the addition of the second 

horizontal component but still performs well under 1D excitation.  
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Figure 2.11.1 Efficiency of intensity measures for multi-component excitation: 1D 

(blue), 2D (red), and 3D (black) with respect to the friction coefficient 
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2.12 Conclusions 

This study investigated the seismic response of rigid nonstructural 

components within a NPP. The displacement response was analyzed under 

multicomponent 1D, 1D+V, 2D, and 2D+V excitation. From this analysis, the 

effect of bidirectional interaction and vertical component of excitation is 

summarized below. Recommendations are given based on two potential sites with 

high and low shaking intensities. Evaluation of the ASCE approximate method and 

its spatial combination rules are also summarized. The concept of multi-component 

excitation is expanded to IMs. A variety of IMs were investigated to determine the 

best IM for predicting sliding displacement. 

At the lower seismic intensity site (Robinson) and for µ	>	0.4 it is acceptable 

to use any model, as they all converge to a very low displacement for higher friction 

coefficients. For µ	≤	0.4 the 1D analysis case can predict displacements that are 

approximately 0.7 times the displacements from the 2D+V analysis. Overall, for 

low seismic hazard sites such as the Robinson nuclear power plant, the influence of 

the vertical component of acceleration and bidirectional interaction is less of a 

concern.  

At the high seismic intensity site (Diablo), it is not advisable to use the 1D 

model since, at best, it underestimates the response by a ratio of 0.87 for low friction 

coefficients; and up to 0.66 for high friction. The ratios can translate to significant 

differences in the sliding displacement since the high shaking intensity of the site 

leads to a larger displacement response. The differences between the four analysis 
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cases are also more pronounced for the Diablo Canyon nuclear power plant site 

due, in part, to larger sliding displacements from higher-intensity floor motions. It 

is found that excluding the vertical excitation in the analysis significantly 

underestimates the sliding displacement, particularly for higher friction 

coefficients. 

The ASCE 43-05 and 4-16 approximate method is significantly 

overconservative for all ranges of μ and for both high and low shaking intensity. 

The conservativeness may be attributed to the effective friction coefficient which 

is significantly reduced due to the vertical floor accelerations. While less 

significant, it is recommended to use the SRSS spatial combination method instead 

of the 100-40-40 rule to avoid additional conservatism. 

The best intensity measure for predicting peak sliding behaviour is dependent 

on the coefficient of sliding friction. For μ < 0.3, it is advisable to use PFV or other 

velocity-based measures such as the Fajfar Index. For μ > 0.4, PFA is the most 

efficient IM. Arias Intensity is also a very efficient measure for mid-range friction 

coefficients between 0.3 to 0.4. None of these three IMs benefit significantly from 

including the second horizontal or vertical component of acceleration. Another IM 

that is comparable in terms of efficiency to Arias Intensity in the high friction range 

(μ > 0.55) is the dimensionless IM12, but only for the multi-component 2D or 3D 

cases.   

It should be noted that these recommendations are limited in their 

application due to the specific ground motions and NPP structure used in this paper. 
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Additional analysis of the sliding response under different earthquake excitation 

and for different structural periods would give a more complete understanding of 

the results observed here.   
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Chapter 3. Conclusions and Recommendations 

3.1 Summary 

There is concern that the movement of nonstructural equipment and 

contents (EC) within nuclear power plants (NPPs) may interact with other systems 

and components, posing a safety-risk to the facility. In order to better understand 

and predict this behaviour different analysis cases and intensity measures were 

studied. First, 20 ground motions histories were selected and scaled to target spectra 

for locations that experience both low and high seismicity and based on the sites of 

two currently operating NPPs within the United States. Next, the ground motions 

were applied to the structural model of a representative nuclear facility to obtain 

floor acceleration histories which were used as input for the sliding model. The 

sliding model was based on a biaxial Bouc-Wen type model and the equation of 

motion for a rigid sliding block. The cases examined were unidirectional (1D), 

bidirectional (2D), unidirectional and vertical (1D+V), and bidirectional and 

vertical (2D+V) excitation. For each case, the name implies which acceleration 

components were applied simultaneously. The peak sliding displacements 

calculated from the ASCE approximate method as well as the accuracy of the 

spatial combination rules allowed within the standard were examined in 

comparison to the 2D+V case from the sliding model. Furthermore, the concept of 

multi-directional excitation was expanded to intensity measures (IMs). A list of 12 

IMs were identified from existing literature and modified to include the x and y 
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(2D) or x, y and z (3D) components of acceleration. The IMs are compared against 

the 2D+V peak sliding displacement, which is identified as the engineering demand 

parameter for all 40 ground motions. Linear regression analysis is conducted, and 

the coefficient of determination is used to evaluate the efficiency of each intensity 

measure.  

3.2 Recommendations 

In Conclusion, the analysis shows that the influence of the bidirectional 

interaction and vertical component of acceleration is largest for sites with high 

seismic hazard and more apparent at higher values of μ. The differences between 

the 1D, 1D+V, 2D, and 2D+V models is more pronounced for sites with high 

seismic hazard due, in part, to larger sliding displacements from higher-intensity 

ground motions.  The ASCE approximate method is found to be significantly over-

conservative. The best intensity measures for predicting sliding displacement are 

not significantly changed by including multi-component excitation. Detailed 

conclusions and recommendations for specific friction ranges and seismic hazard 

levels are given below. It should be noted that these recommendations are limited 

in their application due to the locations and specific ground motions used in this 

paper.  

At low seismic hazard and for µ	>	0.4 it is acceptable to use any model, as 

they all converge to the same displacement for higher friction coefficients and the 

difference between displacements for higher friction coefficient is very minimal 
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(<1mm). For µ	≤	0.4 the 1D analysis case can underestimate the response by a 

factor of 0.7, which may or may not be a concern depending on the magnitude of 

displacement observed. Overall, for low shaking intensity sites such as Robinson, 

the influence of the bidirectional interaction and vertical component of excitation 

is lower.  

At high shaking intensity and for μ < 0.2, the effect of the vertical 

component is not significant. For µ	≥	0.2 both the 2D and 1D+Vertical follow the 

same response curve, indicating that the effect of bidirectional interaction and 

vertical acceleration are similarly unconservative when compared to the 2D+V 

model. In all cases it is not recommended to use the 1D model since it can 

underestimate the displacement response by a ratio of 0.87 to 0.66 as the friction 

coefficient increases.  

The approximate method is significantly overconservative regardless of 

friction and seismic hazard. For lower shaking intensity the method is especially 

inaccurate for high friction coefficients, overestimating the displacement response 

by a factor of up to 45 for μ > 0.5.  

The best intensity measure for μ < 0.3, is peak floor velocity or the Fajfar 

Index. For μ > 0.3, peak floor acceleration and Arias intensity are the most efficient 

IMs, with peak floor acceleration being most efficient at higher friction. None of 

these IMs benefit significantly from incorporating the second horizontal or vertical 

component of acceleration.  



M.A.Sc. Thesis – A. Arshad; McMaster University – Civil Engineering 

 74 

3.3 Future Research  

Additional research may include more detailed investigation of the sliding 

displacement following the development of a more complex bidirectional frictional 

model that can capture the Stribeck effect or pre-sliding behaviour, which is 

verified through experimental validation. The sliding behaviour of the block can be 

analyzed for other buildings to see if the conclusions from this study can be 

generalized for any scenario or if they are only valid for stiff (short-period) 

structures and these specific floor acceleration histories. Following the additional 

analysis, recommendations for a less over-conservative approximate method or 

more accurate prediction equations for sliding displacement can be established. 

Also, the evaluation of intensity measures (IMs) is currently based solely on 

efficiency but can be expanded to consider other factors. These include practicality 

(level of correlation between demand parameter and IM based on the slope of the 

regression line), proficiency (a function of efficiency and practicality) and hazard 

computability (level of difficulty to compute). The research on IMs can also be 

furthered to develop fragility curves for sliding displacement of equipment in NPPs.  

 


