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ABSTRACT 

 

Despite the recent advances in structural engineering made over the last century, 

earthquakes continue to pose a major risk to the lives and livelihoods of many communities. 

British Columbia is well known as a region at risk from seismic hazards, however, 

significant seismic risk extends to Canadians across the country as 70% of Quebec’s 

population lives in active seismic regions. Most single-family residential structures in 

Canada are built using Part 9, Housing and Small Buildings, of the National Building Code 

of Canada (NBCC). Part 9 provides conservative simplified design and analysis methods 

that facilitate design without engineering involvement. It is generally believed that Part 9 

single family wood frame residential structures are resistant to seismic effects, however, the 

aftermath of several earthquakes have demonstrated that, while life safety resilience is fairly 

good, the economic losses are unacceptably high. To protect against this danger to life and 

livelihood the NBCC provides several ways to design structures for seismic events. One of 

the most promising of these is an emerging technology known as base isolation.  

Base isolators are specially designed structural components that effectively act as a 

suspension system, isolating the structure from the ground motion effects. While this 

technology has proven effective at protecting structures and their occupants, the current 

design methodology often requires custom base isolator designs and comprehensive 

engineering. This creates a significant cost barrier that disincentivizes application of base 

isolation to common Part 9 designed single family residential structures that normally avoid 

engineering involvement. 

To eliminate this cost barrier to widespread adoption of base isolation, a program was 

developed to perform the engineering seismic design for a base isolated single family 

residential structure. Currently the NBCC does not provide a design methodology for base 

isolated structures, and so the program utilizes the ASCE design method adapted for NBCC 

requirements. The program performs the design of the base isolated structure using a 

catalogue of pre-certified isolators, and structural characteristics and seismic data available 

to non-engineer Part 9 designers. This makes the program usable by non-technical experts 

who will be aided through a series of recommendations and provisions. The program 

produces key design data and performance metrics such as base shear, maximum deflection, 

distribution of loads, and the number of isolators required and their placement.  

The program was validated by time history analysis of common single family 

residential structure designs. Elastomeric isolators were proposed for the case study 

structures, and discussions and recommendations for the design of elastomeric bearings for 

Part 9 structures are proposed. It was determined that the developed program provides a 

suitable representation of the design characteristics and seismic response of single-family 

residential structures. 

This research serves to address and remove many of the barriers which have 

prevented widespread adoption of base isolation in residential structures. Through the 

development of this design methodology base isolation will move towards becoming 

available for widespread use in Part 9 single family residential structures in vulnerable 

regions.  
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CHAPTER 1  

INTRODUCTION 

1.1 Earthquake Risk in Canada 

1.1.1 Earthquake Risk in Canada 

 

Despite the engineering achievements of the last century earthquakes continue to be a serious 

threat to the lives and livelihoods of many communities. Since 1970, approximately 360 damaging 

earthquakes have claimed over 1 million lives worldwide [1].  In Canada there are approximately 

4000 earthquakes annually, mainly concentrated in regions of high seismicity. British Columbia is 

well known as a region at risk from seismic hazards, however, significant seismic risk extends to 

Canadians across the country as on June 23, 2010, a 5.2 magnitude earthquake rocked a small 

Quebec town 60 km north of Ottawa [2]. The full extent of the hazard is illustrated in Figure 1.1. 

The threat posed to Canadians is further magnified due to the concentration of roughly 40% of the 

national population within areas of high seismicity [3]. In Quebec, 70% of the population lives in 

active seismic regions and three of the largest cities in eastern Canada – Montreal, Ottawa and 

Quebec City – are all located in earthquake-prone regions [4]. In British Columbia the hazard is 

even greater where over 80% of the population lives in active seismic regions [5]. Earthquakes tend 

to occur in specific geographical regions, but this in no way makes them predictable. For example, 

on August 16, 2019, there was a magnitude 4.1 earthquake 25 km east of Esterhazy, Saskatchewan, 

a low-risk area according to the Government of Canada [6].  

 
Figure 1.1: Seismic hazard map of Canada [7] 

 

Studies have been performed to evaluate the potential risk posed by earthquakes to the West 

and East coasts, with the finding suggesting that a significant seismic event near a sizable urban 

center on either coast could result in tens of billions of dollars of damages  [3]. This would make 

either of these potential events the costliest natural disaster in Canadian history. More importantly 

earthquakes of similar magnitude and proximity have resulted in deaths tolls ranging from hundreds 

to thousands, and the displacement of tens of thousands from their homes. To protect against this 

threat to the lives and livelihoods of local communities the National Building Code of Canada 
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(NBCC) has specified that structures be designed for a 2475 year return period rather than the 

typical 50 year return period prescribed for other load types [6]. This is partially due to the danger 

posed by seismic events and the difficulty in which they can be predicted.  

 

1.1.2 West Coast 

 

The West coast is commonly held as the region of Canada most prone to earthquakes and 

with good reason. The largest and most frequent of Canada’s earthquakes occur along the west 

coast and originate from a variety of sources. The sources of earthquakes along the coastal regions 

of British Columbia (BC) are dominated by (NW‐SE) strain built up due to the presence of the 

subduction zone known as the Queen Charlotte fault off the coast of BC, while approximately 

150km inland the strain build up responsible for many inland earthquakes is heavily influenced by 

the northern drift of Oregon Block plate causing significant N-S compressive stresses within the 

plate to form as shown in Figure 1.2 [8].  

 
Figure 1.2: Lateral compressive stress orientation [8] 

 

A subduction zone is the interface between two tectonic plates where the denser plate is 

forced under the less dense plate [9]. The plates may lock resulting in a buildup of stress until a slip 

occurs which results in a rapid realignment of the plates causing an earthquake. The Queen 

Charlotte fault is a result of the Pacific plate being forced beneath the North American plate which 

generates significant friction as the plates move past one another. This region makes up a small 

portion of the greater Pacific Ring of Fire; a term used for the areas in and around the Pacific Ocean 

where similar subduction induced earthquakes are frequent. The largest Canadian earthquake of the 

last century was the M8.1 (1949) Queen Charlotte earthquake which occurred just off the coast of 

the Queen Charlotte Islands [10]. Due to the sparse population of the island the quantity of damage 

was low, however, reports of collapsed chimneys and ground motions strong enough to throw 

people off their feet were reported. The largest known earthquake in Canada was the 1700 M9.0 

megathrust earthquake which occurred off the southern coast of Victoria Island near Victoria, BC 

[11]. Oral traditions of the native communities of Vancouver Island give descriptions of the 
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devastation and long duration shaking that occurred, while over 7000 km away Japanese sources 

document the tsunami that hit the east coast of Japan as a result of the event [10]. Geological 

evidence indicates that 13 of these large events have occurred over the last 6000 years with another 

similar event expected in the future. An analysis of the potential destruction a repeat of the M9.0 

1700 earthquake could result in an estimated $74.7 billion CAD in damages, with $58.6 billion 

originating directly from ground shaking [10]. To further compound the issue, less than a third of 

the loss would be insured meaning losses would be directly inflicted onto the property owners 

resulting in widespread destruction of people's livelihoods and savings. A bigger risk to the west 

coast might come from a smaller event located closer to a large urban center. In the last 130 years, 

four M7.0+ events have occurred inland in BC and northern Washington state [12]. In 1995 an 

inland M6.9 earthquake 20km from Kobe Japan, which has a similar population to the Vancouver 

Metro, resulted in over 6000 deaths, left over 300,000 people homeless, and caused 200 billion 

CAD in damages due to initial and long term losses [13]. An event of similar magnitude and 

proximity could result in a proportionally equivalent loss of life, and the destruction of tens of 

thousands of people’s homes and livelihoods.  

 

1.1.3 Eastern Canada 

 

The east coast is another area within Canada where significant seismic risk exists. Three 

main areas of seismicity exist within eastern Canada: Western Quebec along and North of the 

Ottawa river; the lower St Lawrence River Valley; North of the St Lawrence River in Charlevoix 

Quebec. Charlevoix, Quebec, has been a continuous source of many small earthquakes but is also 

responsible for some of the largest earthquakes in eastern Canada [14]. Most of the earthquakes in 

Eastern Canada are upper to mid crustal earthquakes resulting from thrust (reverse) faulting 

mechanisms from compressive stresses within the rock [15]. These types of earthquakes occur 

mostly around areas of crustal weakness which may be correlated with the St Lawrence River 

system and the Charlevoix impact crater. This potential impact zone of these events are amplified 

as the effects of seismic events are transmitted further through the Canadian shield such that an 

M6.0 earthquake could be felt up to 1000 km away [15]. This provides for a potential scenario 

where communities could be affected by events that occur sizable distances away. The risk in 

Eastern Canada is made more significant by the concentration of its population and large urban 

centers around areas of known seismicity, such as Montreal, Ottawa and Quebec City [16]. In 1663 

an M7.0 earthquake occurred in Charlevoix, Quebec, the effects of which were felt over the entirety 

of eastern North America. At the time most settlements were a significant distance from the 

estimated epicenter, as such most of the reported damage was fairly limited [17]. An analysis of 

the potential destruction caused by an M7.1 earthquake, similar to the 1663 earthquake, resulted in 

$60.6 billion CAD in damages of which 45.9 billion would be due to direct property damage, almost 

all directly from the ground shaking [10]. As earthquakes are typically not perceived as high risk 

in much of Eastern Canada, only about one sixth of the damage inflicted would be insured. Due to 

this gap in insurance coverage the total uninsured damage due to this event would be comparable 

to the uninsured damage due to the discussed M9.0 west coast scenario. In Quebec as of 2017 only 

about 3.4% of homeowners had earthquake insurance compared with 64% in Victoria and 
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Vancouver, BC, meaning that most uninsured losses would be directly inflicted on the average 

citizen leading to the destruction of potentially hundreds of thousands of livelihoods [16].  

 

1.1.4 The Risk to Single Family Residential Structures 

 

The National Building Code of Canada Part 9, Housing and Small Buildings, applies to 

structures with total areas of 600m2 or less and 3 storeys or less in height [6]. If a structure exceeds 

these parameters Part 4, Structural Design, of the NBCC must be followed and the approval of the 

design by a qualified professional engineer is required. Part 9 allows relatively small and simple 

structures to be designed without engineering involvement by providing simplified methods of 

design and analysis where acceptability of the design is evaluated based on the designer’s 

selections. 

For most common single-family dwellings typically referred to as a house, Part 9 prescriptive 

design methodologies are employed to ensure the structure will be resilient enough to withstand 

the applied load conditions, including seismic loads. For structures vulnerable to dynamic 

excitations, or with complex or irregular designs, a dynamic analysis utilizing time histories 

developed based on historical earthquake data must be conducted. Simpler structures can be 

evaluated using the equivalent static force procedure given in Part 4 of the NBCC utilizing regional 

seismic data. In Canada, and especially in eastern Canada, many residential structures were built 

prior to the current building code standards and are significantly more vulnerable to seismic 

hazards. Many modern single-family residential structures are composed primarily of wood 

members due to their relatively high strength to weight ratio. When subjected to seismic loads these 

structures typically perform well relative to masonry due to their low weight to high stiffness ratio; 

the flexibility of these structures; and the system redundancy of the members [18].  

In recent years the performance of single family wood frame residential structures has come 

under scrutiny due to the aftermath of several seismic events near urban centers. The traditional 

measure of disaster intensity is generally the casualty figures, which for many events in North 

America in recent years have been low compared to other events around the world, especially in 

developing countries. However, the economic losses and people left homeless remain shockingly 

high for moderate and strong events such as the 1994 Northridge earthquake [19]. The Northridge 

earthquake was a M6.7 event that occurred in the Los Angeles area of California. This event is 

notable due to the magnitude of the event as well as its proximity to an urban center which resulted 

in 57 fatalities and between $25 - 40 billion USD in losses [20, 21]. Of the 57 fatalities, 25 were a 

result of building damage and 24 of those occurred in wood frame residential structures, with half 

or more of the $40 billion in property damages being from wood frame structures [20]. Of the 

64,000 damaged homes inspected after the disaster over 10% were deemed unsafe for habitation, 

leaving many homeless. The portion of damaged homes in this case represents 25% of the total 

number of homes within a 20 km radius of the fault rupture plane. Over the following years $20.9 

billion USD (adjusted for inflation) would be provided to over 500,000 homeowners for mainly 

minor structural and nonstructural damages. 265,000 homeowners would receive an average of 

$50,000 USD in insurance payments; 74,000 homeowners would obtain low interest loans from 

the Small Business Administration, averaging $51,500 USD; and 288,000 homeowners received 

an average of $5,000 USD from other federal programs [19]. The inflicted losses, even for 
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superficial damage are quite high, usually averaging $50,000 USD or $64,500 CAD which is 

greater than the yearly median provincial household income of Canadians across all provinces [22]. 

The potential loss of over a year's worth of income, or the potential loss of their home, which is the 

largest single asset of many Canadians, would be a catastrophic loss for the affected individuals.  

The damage suffered by a structure does not need to be structurally debilitating to be 

economically significant as many structures can be structurally sound but suffer significant damage 

to nonstructural components. Damage to structures from an economic perspective can be 

categorized as either damage due to excessive interstorey drift, or damage due to excessive floor 

accelerations. Interstorey drift is the relative lateral displacement between floors due to the ground 

motion effects. Drift sensitive components such as drywall and wall studs can be compromised if 

the interstorey drift becomes too significant leading to cracking. Acceleration sensitive components 

are possessions that are not fixed to the structure such as ceiling tiles, small appliances or other 

furnishings, which may become damaged when exposed to strong accelerations. Superficial 

damage to drywall can occur at interstorey drifts as low as 0.1%-0.5%, with significant cracking 

and crushing occurring between 2%-5% drift. More concerningly permanent damage to the wall 

frame has been observed to occur for an interstorey drift of 1-2% which may result in a loss of 

structural integrity and leave the structure more vulnerable to additional seismic events [23]. Loss 

of structural integrity due to a previous event was a significant issue in the 2011 Christchurch 

earthquake when the CTV building that had been previously damaged during an earlier earthquake 

in 2010 collapsed resulting in the deaths of 119 people [24].  Drifts of around 2% damage to the 

wall may be extensive enough as to be a complete economic loss and necessitate the complete 

repair or reconstruction of the wall [25]. While structural collapse may be avoided due to the 

flexibility of wood frame structures, significant economic losses may be incurred as a result of that 

increased flexibility and deformation of the structure. Slight damage to acceleration sensitive 

objects begins to manifest when objects are subjected to around 0.25g - 0.50g, while complete 

damage often occurs around 2.00g [26]. Roughly 60-80% of a building's value is its non-structural 

components and contents [27]. During seismic events low-rise wood frame structures, typically for 

common Canadian homes, are usually structurally resilient. However, they may suffer significant 

damage to its contents and its nonstructural components resulting in significant economic losses. 

In addition to the direct economic losses the loss of property and the potential need to seek 

temporary accommodations while repairs are underway may result in a substantial disruption to 

affected people's lives.  

1.2 Seismic Isolation in Canada 

The potential for losses and disruptions to the livelihoods of owners of Part 9 designed low-

rise single-family residences are both serious and unacceptable. While fairly resilient from a life 

safety standpoint, the structures are often unable to prevent the contents and interior of the structure 

from experiencing significant damage during moderate to strong earthquakes, which can induce 

significant and potentially devastating losses to people’s livelihoods. There have been many 

methods employed to increase the seismic resilience of structures collectively known as anti-

seismic techniques. Currently over 20,000 structures across 30 countries utilize such techniques 

[28]. One of the most popular modern techniques is known as base isolation, which has shown great 

success in preventing damage to structures during a variety of earthquakes. Base isolation prevents 
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the structure from experiencing the effects of the strong ground motions by decoupling the structure 

from strong ground motions as illustrated in Figure 1.3 [29].  

 

 
Figure 1.3: Base isolation 

 

The decoupling significantly reduces the transfer of forces from the ground motion to the 

overlying structure, protecting the structure and its occupants from harm even during large 

earthquakes [30, 31]. The properties of base isolation make it a suitable candidate for single family 

residential structures as it has shown its ability to protect against structural damage as well as 

economic losses, a characteristic many residential structures have, as previously discussed, been 

shown to lack  [32, 33].  

While this technology has proven effective at protecting structures, its use has been mainly 

limited to large high importance structures. Currently no simplified method for the design of base 

isolated structures exists in the NBCC in Part 4 or Part 9 [7]. Low-rise residential structures are 

usually designed based on the prescriptive requirements outlined in Part 9 of the NBCC. A lack of 

prescriptive standards for the design of a base isolated residential structure means that inclusion of 

a base isolation system would require the involvement of an engineer familiar with base isolation. 

This verification is to ensure the system would operate as intended, and the requirements outlined 

in Part 4 and Part 9 of the NBCC have been met. The current requirements outlined in the NBCC 

require a rigorous series of tests to verify the properties of base isolators before they can be certified 

for use in a structure. The custom base isolator design process and comprehensive engineering 

requires a significant capital expenditure making the application of this technology cost prohibitive 

for Part 9 single family residential structures. While significant research has been done to improve 

the economics of base isolation, namely via the development of low-cost bearings, little research 

has been conducted to address the cost barriers created by testing, design, and analysis costs. 

1.3 Objectives  

The objectives of this research are to:  

• reduce or eliminate the cost barriers related to seismic isolation by developing a 

prescriptive Part 9 compatible design and analysis methodology, and,  

• facilitate the application of seismic isolation to Part 9 structures. 
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To achieve the objective, research is conducted to develop a program capable of performing 

the design of the base isolated structure using only the inputs that would be available to a Part 9 

designer and a catalogue of pre-certified isolators tailored for use in residential structures. This will 

remove the need to conduct a comprehensive engineering design of the structure, and eliminate the 

costly custom testing and design of the base isolators by designing based on existing and well 

understood isolators. The development of this approach will enable the widespread application of 

seismic isolation by significantly reducing the required capital investment.  
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CHAPTER 2  

LITERATURE REVIEW 

 

2.1 Base Isolation Theory 

Base isolation is a method of seismic protection which has proven effective at protecting 

structures and their contents from the damage caused by the strong ground motion generated by 

earthquakes. A base isolated structure is augmented by a flexible isolation layer usually located 

between the foundation and the ground floor. This layer decouples the structure from the strong 

ground motions experienced by the foundation, significantly reducing the transmission of ground 

accelerations to the structure. This is achieved by elongating the fundamental period of the 

structure. The advantage to elongating the structure's fundamental period is that the spectral 

acceleration experienced by the structure will decrease. A typical low-rise wood frame structure 

has a fundamental period of 0.2s [34], extending that period from 0.2s to 2.0s , which is very 

achievable for base isolated structures which often have much longer periods [35], would 

substantially reduce the forces the structure must endure to remain linear elastic and avoid damage. 

The decoupling of the structure from the ground motions causes large relative displacements 

between the structure and its foundation. The relation between structural displacement, D, period, 

T, and spectral acceleration, Sa, is given by:  

 

𝐷 = 
𝑆𝑎𝑔𝑇

2

4𝜋2
 

(2.1) 

The relation between period, spectral acceleration and displacement, and the effect of base isolation 

upon them are illustrated in Figure 2.1 a) and b).   

  

 
                                                a)                                                                        b) 

Figure 2.1: Effects of period elongation on a) spectral acceleration b) displacement 

 

The design methodology inherent to base isolation is the reduction of loads experienced by 

a structure, rather than reinforcing the structure to overcome them. The addition of a base isolation 

system to a traditionally designed single family residential structure would significantly reduce the 

lateral forces experienced by the structure and allow for better performance and reduction or 

elimination of the economic losses caused by ground shaking [35].  
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2.1.1 Characteristics of a Base Isolation System 

 

The three main characteristics of a base isolation system that determine its performance, are 

its lateral stiffness, vertical stiffness and damping characteristics [36]. The characteristic most 

relevant to the fundamental principles of base isolation is the lateral stiffness of the isolators. The 

lateral stiffness of the base isolators influences the fundamental period of the structure, and also 

indirectly influences other important dynamic characteristics such as transmissibility and the modal 

influences. A fixed base rigid structure would move rigidly with the ground motion and would in 

turn experience base total accelerations, �̈�, equivalent to the ground acceleration, �̈�𝑔, as shown in 

Figure 2.2 a). If the reduction of stiffness between a structures foundation and the ground is 

significant enough, theoretically the base of the structure would be isolated from the ground 

accelerations and would experience total accelerations near 0 g as shown in Figure 2.2 b). It is 

possible to create a region of low lateral stiffness between the foundation and superstructure using 

an isolation layer, substantially reducing the base accelerations as illustrated in Figure 2.2 c). 

Assuming vertical stability is maintained the superstructure would remain rigidly elastic and would 

experience relative displacements equivalent to the ground displacement.  

 

 
Figure 2.2: Base acceleration of a) perfectly fixed b) perfectly detached and c) base isolated 

structures 

2.1.2 Transmissibility 

 

The relation between reduced stiffness of the isolation layer and the forces experienced by 

the structure is due to the relation between the dynamic transmissibility of the fundamental mode 

and the stiffness and damping of the isolation layer. Transmissibility, TR, is the ability of a response 

characteristic to be transferred from a source of excitation to a structure and is defined as: 

𝑇𝑅 = {
1 + [2𝜁(𝜔 𝜔𝑛⁄ )]2

[1 − (𝜔 𝜔𝑛⁄ )2]2 + [2𝜉((𝜔 𝜔𝑛⁄ ))]
2}

1
2

 

(2.2) 

where ⍵ is the angular frequency of excitation, ⍵n is the natural frequency of the structure and ζ 

 is the damping ratio.  

Plotting the relation between TR and ⍵/⍵n as shown in Figure 2.3 reveals that for a structure 

with a very high ⍵n relative to ⍵ would yield a TR of 1 for that mode. However, when ⍵n is low 
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relative to ⍵ the value of TR is substantially reduced. The region of concern is when ⍵n and ⍵ 

match closely as TR will be very large and can substantially amplify the loads.  

 

 
Figure 2.3: Comparison of TR and frequency ratio  

 

One of the main objectives of reducing the lateral stiffness is to reduce the fundamental 

natural frequency of the structure to a region well below the frequencies of greatest earthquake 

energy, with the goal of achieving a TR value substantially less than unity [36]. Each earthquake 

ground motion record can be expressed as the sum of an infinite number of sinusoidal functions in 

the form: 

 

�̈�𝑔(𝑡) = ∑ 𝐴𝑖𝑠𝑖𝑛(𝜔𝑖𝑡)
∞
𝑖=1   

(2.3) 

Each of these functions will have a different frequency of oscillation as well as a different 

amplitude. Certain functions will be more dominant than others in the overall seismic response, 

and in general the frequencies of highest energy content will be within the range of 0.2 – 0.3 s, 

which also tends to align with the fundamental frequency of many low-rise structures [37].  
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2.1.3 Dynamic Response 

 

The total response of a structure can be described by the summation of the response of 

individual modes of vibration. The modes of a structure are a product of the structure's mass and 

stiffness and correspond to a specific frequency of vibration. Depending on the dynamic 

characteristics of a structure some modes can dominate the overall response by contributing 

proportionally more than other modes. Each mode will have an independent transmissibility 

amplification factor, whose magnitude will be based on how closely the frequency profile of the 

exciting forces matches the modal frequency, as seen in Figure 2.3 when ⍵/⍵n approaches unity. 

Since the frequency excitation profile of an earthquake is composed of many frequencies, with the 

most significant being concentrated at the lower periods, an increase of the structures period results 

in the most influential modes having very high ⍵/⍵n ratios which result in very low modal 

transmissibility factors.  

Each mode excites a structure to vibrate in a specific manner. The relative motion of a 

structures degree of freedom can be described by a mode shape which describes the motion of a 

structure when excited at the modal frequency, as shown for a 5-storey structure in Figure 2.4 a). 

Typically for a fixed base structure, the first/fundamental mode will be dominant, however, the 

higher modes will have a significant influence on the response of the structure. The addition of an 

isolation layer causes the mode shapes of the structure to be altered such that the fundamental mode 

generates a substantial response at the isolation layer while the overlying structure behaves near-

rigidly. Significant interstorey drifts are present in the higher modes of the isolated structure, with 

the higher modes often referred to as its structural modes. The difference in mode shape between a 

fixed base and isolated structure are illustrated in Figure 2.4 a) and b) for a 5-storey building 

respectively.  

 
Figure 2.4: Mode shapes of a) fixed base and b) isolated 4-storey structures [38] 

 

One of the key concepts of seismic isolation is that if the fundamental period of the fixed-

based structure is much shorter than the fundamental period of the isolated structure, the higher 

modes will have small participation factors [38, 39]. This characteristic of a base isolated structure 

means that if the transmissibility of the fundamental mode is low then the overall response of the 

overlying structure will also be reduced. This is especially beneficial when considering that the 

main source of interstorey drift and floor accelerations of a base isolated structure originate from 

the response generated by the higher modes. This allows interstorey drifts and floor accelerations 

of base isolated structures to be substantially reduced, as the isolation mode will dominate the 

response. This is also the reason why base isolation is rarely used in structures with a fixed base 
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period similar to that of the desired isolation period, as isolation will have a reduced beneficial 

effect on the structure’s overall response [40].  

The vertical stiffness and damping of an isolation system are parameters that are instrumental 

to the performance of the complete system. During an earthquake the vertical component of ground 

motions is often disregarded [6]. This is due to the assumption that the vertical strength offered by 

the gravity resisting system of a structure provides sufficient stiffness and strength to resist serious 

damage. To avoid invalidating this assumption the vertical stiffness of the isolation system should 

be sufficiently high to allow the isolation layer to behave equivalently to that of a traditional fixed 

based structure. The damping of the isolator system is also crucial to ensuring the isolation system 

can dissipate sufficient energy to reduce displacements [39].  

2.2 Isolator Systems 

Base isolators are devices that are generally installed between the foundation and 

superstructure, with the goal of achieving the isolating effect as described in section 2.1. These 

devices are required to exhibit the desirable properties of low lateral stiffness, high damping, and 

high vertical stiffness to perform adequately. The two main types of isolators can broadly be 

classified as either sliding or elastomeric, although there are many other unique proprietary devices 

available. These two isolator types achieve desirable structural performance during seismic events 

but do so by differing means.  

2.2.1 Sliding Isolators  

Sliding isolators achieve the decoupling of a structure from strong ground motions by 

utilizing a low friction interface between the upper and lower faces of the sliding interface. A 

theoretical system with a coefficient of friction of zero at the interface would remain in its original 

position while the ground displaced laterally beneath it. This would theoretically eliminate the 

lateral forces experienced by a structure during seismic events [41]. However, such a system would 

require additional mechanisms to restrain the structure when subjected to wind loads and would 

have no means of rectifying relative displacements between the structure and its foundation after 

the seismic event. The issues of relative displacement between a structure and its foundation have 

led to code requirements such as in ASCE 7-16 [42], for isolator systems to generate a minimum 

restoring force to return a structure to its original position with respect to the foundation. Friction 

systems which utilizing a flat surface and Coulomb friction are known as pure friction systems and 

must be augmented with additional mechanisms to provide this restoring force, as the isolator alone 

has no means to restore the structure to its initial position [43]. Other systems such as friction 

pendulum (FP) systems, incorporate the restoring force into their design and rely on gravity to 

return the isolator to the initial position [44]. This is achieved by the sliding bearing resting inside 

a concave housing which allows the bearing to return to its initial position. A comparison between 

the design of a flat isolator and a friction pendulum isolator can be seen in Figure 2.5.  In all cases 

the damping properties of sliding isolators is dependent on the energy dissipated by the sliding 

friction and is equivalent to the area enclosed by the hysteresis curves of the displacement force 

relationship. 
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Figure 2.5: Flat sliding isolator and FP sliding isolator 

The design of friction pendulum isolators produces a fixed period of oscillation, which pure 

friction systems lack [45]. To avoid resonance with an earthquake's dominant excitation 

frequencies, a long period is desirable. This is achieved by increasing the housings radius of 

curvature which effectively reduces its lateral stiffness, altering the period of oscillation in the same 

manner as discussed in section 2.1.1. The stiffness of the system is constant and is dependent on 

the weight of the overlaying structure, W, and the FP’s radius of curvature, R: 

𝐾𝑟𝑒𝑠𝑡𝑜𝑟𝑒 = 
𝑊

𝑅
 

(2.4) 

The directional lateral strength of a FP is variable and increases as the structure is displaced 

in the relevant direction. This is not true for flat systems which provide lateral resistance equivalent 

to the friction force. A comparison of the lateral strength profiles of a flat and sliding isolator can 

be seen in Figure 2.6.  

 
Figure 2.6: Hysteresis of flat and friction pendulum sliding isolators [46] 

Another type of sliding isolators that further alter the stiffness properties are known as sliding 

multi-friction pendulum systems, with the triple friction pendulum isolator (TFP) being one of the 

most popular variants. These devices consist of multiple concave sliding interfaces and an 

articulating slider, as shown in Figure 2.7 which allow for larger structural displacements relative 

to the diameter of the bearing. In addition, the stiffness and displacement properties of these 
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bearings evolve nonlinearly over the course of the seismic event allowing the structure to avoid 

resonance and further improve its performance [47]. 

 
Figure 2.7: Triple friction pendulum isolator cross section [48] 

A TFP utilizes three pendulum mechanisms consisting of four sliding interfaces. To achieve 

advantageous adaptive characteristics each mechanism is designed with a progressively higher 

coefficient of friction, μi, such that it only activates at a specific force threshold, and a specially 

detailed pendulum length, Li, which alters its sliding stiffness. The effective pendulum length given 

by: 

𝐿𝑖 = 𝑅𝑖 − ℎ𝑖  

(2.5) 

where Ri is the radius of curvature of the dish, and hi is the slider height [48]. 

The properties of each pendulum mechanism are selected to target isolation system hysteretic 

properties that depend on the level of displacement response, and the corresponding level of seismic 

hazard. Isolation systems must have a sufficiently high initial stiffness to avoid undesirable motion 

due to wind excitation or small seismic events, the first layer of the sliding system is thus designed 

such that only sufficiently large seismic events will trigger the sliding mechanism. The first layer 

is designed with the shortest pendulum length as high initial stiffness to control motion during small 

and medium seismic events is desirable. For large events, a stiff isolation layer is not desirable as 

higher stiffness will increase the transmission of loads from the ground to the superstructure. At 

larger forces the second sliding interface will trigger as μ2 is overcome. This layer is designed with 

the largest pendulum length to provide the system with a softening effect. At even larger forces the 

3rd mechanism will be activated as μ3 is overcome. This regime's pendulum length is designed with 

a moderate length such that L1 < L3 < L2. This regime continues to soften the overall stiffness of the 

system until the 2nd mechanism reaches its displacement limit. When the 2nd mechanism reaches 

its displacement limit the stiffness of the system will sharply increase to constrain displacement. If 

even larger forces occur the 3rd mechanism will also reach its displacement limit and only 

mechanism 1 will remain causing stiffness to increase further. The total forces and displacements 

at which each of these transitions occur is a function of the dish diameter, and produces a stiffness 

displacement profile equivalent to that shown in Figure 2.8.  
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Figure 2.8: Stiffness displacement profile of TFP 

2.2.2 Elastomeric Isolators 

Elastomeric isolators are primarily large rubber bearings. The rubber has a relatively low 

lateral stiffness which elongates the fundamental period of the structure. The properties of the 

rubber allow it to experience large recoverable strains which allow it to withstand cyclical loading 

and deformation without lasting damage or residual displacement. However, unconstrained rubber 

bearings have a vertical stiffness similar to its lateral stiffness and will undergo large vertical 

deformations during seismic events due to the vertical component of the ground motion. This was 

a significant issue for the first building designed with such bearings, an elementary school in Skopje 

Macedonia, as during an earthquake the structure experienced significant rocking and bouncing 

which mitigated the usefulness of base isolation [29]. To mitigate this deficiency, reinforcement 

was added to the isolator to improve the vertical stiffness preventing large vertical displacements 

and rocking. The elastomer employed in the bearings is effectively incompressible, as such any 

vertical deformations result in lateral bulging of the bearing as shown in Figure 2.9 a). 

 
Figure 2.9: Lateral bulging: a) unreinforced b) with reinforcement 

Adding horizontal layers of reinforcement in the form of steel plates or fiber layers 

distributed through the bearing allows for layers of the elastomer to be bonded to the reinforcement 

which restricts the ability of the bearings to laterally bulge when a vertical load is applied, as shown 

in Figure 2.9 b). Steel is the most common reinforcement used and this type of elastomeric isolator 

is known as a steel-reinforced elastomeric isolator (SREI). Due to the incompressible nature of the 

elastomer the lateral bulging restraint provided by the reinforcement results in a vertical stiffness 

several orders of magnitude greater than the lateral stiffness [49]. The addition of reinforcement 

does not result in substantial increases in the lateral stiffness of the isolators. It was demonstrated 
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that the ratio of the plan area to the perimeter area of an elastomeric layer does not substantially 

influence the lateral stiffness of the bearing, while the ratio of the bearing width to the total 

thickness of elastomer layers proved much more influential [50]. In the simplest case, the lateral 

stiffness of elastomeric isolators, kH, is given by: 

𝑘𝐻 =
𝐺𝐴

𝑇𝑟
 

(2.6) 

where G is the shear modulus, A is the contact area and Tr is the total thickness of the elastomer 

layers. From equation (2.6), the lateral stiffness of an elastomeric bearing is directly proportional 

to its contact area and inversely proportional to the total thickness of the elastomeric 

layers. Additionally, the lateral stiffness is inversely influenced by the applied axial compressive 

load, where increases in the compressive load leads to reductions in lateral stiffness and in extreme 

cases may cause buckling to manifest [51].  

Another type of elastomeric isolator is the fiber-reinforced elastomeric isolator (FREI). This 

isolator was conceived as a method to reduce the weight of individual isolator units by replacing 

heavy steel reinforcement plates with much lighter fiber meshes capable of restraining lateral 

bulging to a similar degree. In addition, it was theorized the cost could also be substantially reduced 

by cutting large pads into smaller isolator units during fabrication [52]. A notable difference 

between SREIs and FREIs is the lack of flexural rigidity provided by the fiber reinforcement [53]. 

A variant of the FREI is known as the unbonded fiber-reinforced elastomeric isolator (UFREI) 

which is not fixed to the foundation or overlying superstructure. The friction between the bearing 

and its supports is generally sufficient to prevent slip, however, if the vertical compressive stress is 

low and lateral loads are sufficiently high slip may still occur under these conditions [54]. This 

particular design further improves the economic feasibility by eliminating the requirement for 

custom mechanically fastened connections between the bearing and its supports used in bonded 

elastomeric bearings.  

Due to the lack of fastened connections and flexibility of the fiber reinforcement, UFREIs 

develop adaptive stiffness characteristics. This means that depending on the intensity of shaking 

the lateral stiffness of the bearing will vary to achieve better structural performance. The initial 

stiffness of the bearing is sufficient to prevent unwanted motion due to wind loads and smaller 

seismic events. During a large seismic event the bearing will begin to displace following a linear 

stiffness profile as shown in Figure 2.10 a). If displacement continues a softening regime begins, 

which allows the structure to undergo large displacements while transmitting relatively low forces 

to the overlying structure during moderate to severe seismic events. The change in stiffness is 

caused by the bearing reducing its effective plan area as the initial contact surfaces lose contact 

with the supports as shown in Figure 2.10 b). This loss of contact area is a phenomenon known as 

rollover, which is a desirable characteristic of FREIs.  
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a)                                          b)                                             c) 

Figure 2.10: Rollover deformation: a) linear displacement b) partial rollover c) full rollover  

 

At higher displacements the stiffness of the bearing increases as the bearing completes its 

roll-over action and the initially vertical faces of the bearing contact the supports as shown in Figure 

2.10 c). This sharply increases the shear resistance of the isolator which constrains the maximum 

displacement of the structure and prevents dangerously large displacements from occurring during 

exceptionally large seismic events.  

The properties of elastomeric isolators will vary over time due to aging and exposure. Aging 

has a variety of sources such as light, temperature, ozone and other environmental effects [55]. 

Tests on the properties of aged elastomeric bearings indicate that the stiffness and damping 

properties of the bearing had increased while the vertical stiffness had decreased. As a result, the 

design of structures utilizing elastomeric bearings should consider the aged and unaged conditions 

of the bearings.  

2.3 Base Isolated Structures 

While the vast majority of structures in regions of high seismicity are constructed using 

traditional fixed foundations base isolation is gaining notoriety due to its demonstrated efficacy at 

preventing damage [28]. Several isolated structures have been subjected to earthquakes in the past 

decades and in each case if the system was properly detailed the structure performed very well. 

This however, was not the case for several nearby traditionally designed structures that were 

significantly damaged. While any sort of damage is unfortunate the contrast between the 

performance of isolated and fixed base structures provides engineers and designers with a proof of 

concept that may in the future result in isolation becoming a prominent or even dominant method 

of design in regions of high seismicity.  

 

2.3.1 Examples of Isolated Structure Performance 

In 1990 there were between 102-125 structures designed with a base isolation system [56]. 

20 years later it was estimated that the number of base isolated structures exceeded 10,000 with the 

vast majority being within Japan and China [28]. A sharp rise in the construction of isolated 

structures has occurred over the last decades as the response of real isolated structures has served 

to validate the theoretical benefits of isolation. The performance of isolated structures also extends 

to preventing nonstructural damage by substantially reducing interstorey drifts and floor 

accelerations [57]. The relative performance gap between isolated and fixed base structures was 

more significant for shorter than taller structures, which is in agreement with the theory presented 

in section 2.1.3. Examples of isolated structures performing well during seismic events include the 

1988 East Tokyo Earthquake [56], the 1994 Northridge earthquake [58, 59], the 1995 Kobe 

Earthquake [60] and the 2011 Christchurch earthquake [61]. The East Tokyo earthquake provides 

a case study of the performance of isolated structures during real seismic events. The isolated 
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structure experienced about 50% lower accelerations, and much lower interstorey drifts compared 

to fixed base models and nearby structures. Northridge, Kobe and Christchurch provided further 

examples where in each case significant damage causing billions in damage in each was inflicted 

upon the local area, however, in each case the isolated structures escaped without damage and were 

ready for operation immediately afterwards.  

 

2.3.2 Economics of Base Isolation 

 

Due to economic constraints base isolation is more readily used on larger structures than 

smaller residencies due to the lower proportional cost of the isolation system. Due to the superior 

performance of isolation of large structures research has been conducted to evaluate and increase 

the economic viability of isolating small and moderately sized structures. When the same level of 

seismic performance of a structure is required from a fixed base and an isolated structure, isolation 

generally offers a more economically design option in all cases [51]. This observation is due to the 

reality that the level of performance and damage prevention provided by base isolation is extremely 

costly to achieve through traditional fixed base design methods, as the reinforcement required to 

ensure an elastic structural response would be prohibitively costly [62]. Armenia, despite being a 

developing country, has been one of the most enthusiastic adopters of base isolation with the 2nd 

highest number of isolated structures per capita, only surpassed by Japan [28]. One of the 

explanations of this supposed anomaly is due to the cost savings that have been seen for structures 

adopting base isolation. Isolation allows the superstructure to remain elastic and thus the substantial 

material reinforcement and seismic detailly typically required for fixed base structures is 

substantially reduced, resulting in cost savings estimated between 30 - 40%, relative to 

conventional fixed base structures, without loss of performance [63]. 

Due to the gap in performance between isolated and fixed base structures, it is often the case 

that traditionally designed structures, and their contents, can be severely damaged during seismic 

events as discussed in section 1.1.4. In the case of a strong seismic event the economic loss 

difference between an isolated and non-isolated structure described in section 1.1.4, would be 

enough to justify the initial cost of including an isolation system. Methods to reduce the cost of 

isolation systems have also been investigated to decrease the initial cost and promote adoption. 

Traditional SREIs can be substituted by elastomeric bearings which can achieve the same level of 

seismic performance but at a fraction of the cost due to the reduced bearing weight and less 

expensive manufacturing requirements (e.g., FREIs) [53, 64]. This type of bearing is used in 

housing in seismically at-risk developing countries to provide structures with a proportionally less 

expensive system [65]. It is possible to apply the same design methodology to housing elsewhere 

to achieve cost effective isolation. Additionally, due to the performance of isolated structures, it 

has been suggested that earthquake insurance may become redundant as the cost of damages is 

unlike to exceed the deductible for a base isolated structure [61]. If earthquake insurance were 

forgone than the initial cost of the isolation system would be recovered within a decade. However, 

as insurance companies become more aware of base isolation it is likely more favourable premiums 

will be offered to acknowledge the effectiveness of seismic isolation.  
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2.3.3 Isolation of Single-Family Residential Structures 

 

The idea of seismically isolating low rise residential structures is not novel, as several single-

family homes were constructed using base isolation as far back as 1977 in France [56]. While 

general advances have been made to improve the viability of base isolation, special attention has 

also been given to smaller residential structures within the last decades. Shake table testing of a 

model 1-storey base isolated wood frame, and a 2-storey base isolated masonry building were 

conducted to evaluate the efficacy of isolation of single-family residential structures. The 

performance was compared to the linear response of fixed base models, and it was concluded that 

the isolated wood frame and masonry structures experienced a 66% and 74% reduction of peak 

acceleration, respectively [34]. These results are notable as the reduction of forces is generally 

larger than the reduction experienced by other larger structures due to the generally lower fixed 

base period, demonstrating that isolation is not only feasible for smaller structures but is particularly 

effective.  

The development of cost-effective systems has also been of primary interest. A cost-effective 

design methodology for isolated light frame structures was proposed in [46]. The proposed method 

involved tailoring the isolation systems to the unique structural characteristics of light frame 

structures mainly their high stiffness to weight ratio. It was proposed that isolators could be 

designed to transfer larger forces to the structure to reduce the design displacements of the isolators 

and thus their size and cost. This method however, also required changes to the design of the 

superstructures framing to keep interstorey drifts within the damage threshold. The structures were 

isolated using high friction low-cost bearings and the performance was evaluated for various 

ground motions. The isolated structures achieved base acceleration reductions as high as 2.7 times 

for the larger events and around 50% reductions for weaker events which is in alignment with 

performance of other systems discussed in section 2.3.1.  

Investigations were conducted in California to produce a cost effective base isolated single 

family residential structure. The cost of the structure was estimated at 400,000 USD while the 

isolation system would cost only 15,000 USD, less than 4% of the total construction cost [66, 67].  

This figure is in agreement with the cost estimates made for cost effective isolators, that were 

estimated as costing hundreds of dollars per unit [64, 46], and the number of isolators utilized in 

the designs of the isolated single family residential structures tested in other studies [34, 46]. The 

cost of isolation systems will vary depending on the design and local seismic hazard, but the cost 

of the isolation system relative to the structural value is of key interest. Insurance deductibles in 

British Columbia typically range between 5 – 20% of the value of the structure [68], meaning that 

only damage exceeding that proportional cost will be covered by earthquake insurance. It may be 

the case that the cost of the isolation system is lower than the deductible of earthquake insurance. 

Since it is well established that isolated structures will experience minimal, if any damage during 

seismic events, earthquake insurance could feasibly be abandoned in favour of more cost-effective 

isolation systems. This would protect the structure and save the owner the cost of the deductible 

payment, as well as annual premium costs. Base isolation also has the advantage of insulating 

owners from more moderate damages caused by smaller but more common events that could cause 

damage below the deductible threshold. Designing structures with isolation systems could thus be 

a more economically sound option than traditional earthquake insurance, especially in areas with 

high deductibles and premium rates.    
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CHAPTER 3  

REVIEW OF EXISTING BASE ISOLATION STANDARDS 

 

3.1 NBCC 

The National Building Code of Canada provides a general standard regarding the 

requirements for seismic design in Canada [6]. The NBCC contains two sections of interest when 

investigating the stability of structures under seismic loads: Part 9 Housing and Small Buildings, 

and Part 4 Structural Design. Part 9 applies exclusively to buildings with total areas of 600m2 or 

less and 3 storeys or less in height, while Part 4 requires engineering analysis but can be used for 

all buildings. Part 9 relies on a prescriptive design methodology to ensure sufficient structural 

resistance is provided to maintain stability. While this is sufficient for the design of the 

superstructure it fails to provide any clear instruction regarding the use of base isolation systems 

for structures that Part 9 applies to. It is thus necessary to utilize the requirements presented in Part 

4 when designing low rise residential structures with base isolation systems.  

 

3.1.1 Fixed Base Structures 

 

Fixed base structures constitute the overwhelming majority of the structures detailed for 

seismic resistance, thus many of the standards regarding base isolation are either adapted from, or 

used to augment, existing fixed base standards. Part 4 offers two main methods of analysis, the 

dynamic analysis procedure (DAP) and the equivalent static force (ESF) procedure. The DAP 

involves the use of modelling software to investigate the dynamic response of the structure by 

subjecting the structure to earthquake time history records. This method is complicated and time 

intensive, thus the 2015 NBCC also provides the simplified ESF procedure which can be used for 

certain types of structures in regions of low seismic hazard. Clause 4.1.8.7 describes the conditions 

that must be met for application of the ESF procedure. The conditions are as follows: 

 

 

1. The design spectral acceleration, Sa(T), at a period of 0.2s is constrained such that: 

IEFaSa(0.2) < 0.35 

IE: Importance factor 

Fa: Site coefficient 

 

2. Or, the structure is classified as regular as per clause 4.1.8.6 and is less than 60 m in height 

with a fundamental lateral period, Ta, less than 2 s in each of two orthogonal directions as 

defined in clause 4.1.8.8 

 

3. Or, the structure contains an irregularity of Type 1, 2, 3, 4, 5, 6 or 8 as defined in Table 

4.1.8.6, and is less than 20 m in height with a fundamental lateral period, Ta, less than 0.5 

s in each of two orthogonal directions as defined in clause 4.1.8.8 
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Requirement 1 is a restriction of the level of ground motion a structure may experience, as 

the approximations inherent in the ESFP are unlikely to have serious consequences for the 

relatively low ground motions. Requirements 2 and 3 ensure that the structure's response is 

dominated by the 1st mode and can thus be analyzed more easily by static methods. The shorter 

period required for structures with irregularities is to reflect that those irregularities have a minimal 

effect on the dynamic response of short-period structures. However, torsional irregularities are still 

restricted in all cases as large rotations can occur regardless of the fundamental period.  

Both the dynamic and simplified analysis methods can be used to determine important design 

parameters such as the force and moment distributions, and the maximum displacements and 

interstorey drifts. The site-specific response spectrum required by the NBCC presents the ground 

motion accelerations that a structure will experience. The spectral response acceleration is based 

on the fundamental period of the structure, and the probable seismic hazard at the site.  

 
Figure 3.1: Acceleration response spectrum 

 

The NBCC provides values of Sa(T) at periods of 0.2 s, 0.5 s, 1.0 s, 2.0 s, 5.0 s and 10.0 s. 

For intermediate periods interpolation is employed to determine the design spectral acceleration. 

The ground motions are then scaled based on the local site soil conditions. The values of Sa(T) 

provided by the NBCC are derived using seismic hazard analysis techniques which investigate the 

probability that a structure at a specific site will experience a specific level of ground shaking. The 

NBCC utilizes a uniform probability of exceedance for all regions across Canada, which allows for 

each location to be designed for the same level of hazard. The design probability of experiencing a 

certain level of ground motion is a 2% chance of exceedance in 50 years. The design response 

spectrum can be used to determine the design response acceleration in the ELF procedure to select 

earthquake time history records for use in a detailed dynamic analysis.  

 

3.1.2 Seismic Force Resisting Systems and Capacity Based Design  

 

Regardless of the method of analysis a structure must be designed with a dedicated seismic 

force resisting system (SFRS) specifically designed to resist and dissipate seismic forces while 

maintaining the overall structural stability. Generally, it is uneconomical to design fixed base 

structures to remain undamaged, as the cost of reinforcing a structure to resist seismic forces 

elastically would make most structures prohibitively expensive to construct. To control costs and 

ensure adequate seismic performance SFRSs are detailed to allow for a level of ductile action to 

occur within a structure. This ductile action is controlled by detailing certain sections of the 
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structure to remain undamaged while others deform and dissipate energy in a controlled manner 

such that overall stability is maintained. To account for the ductility the NBCC ascribes a ductility 

factor, Rd, and an overstrength factor, Ro, to a SFRS, such that the forces the system is designed to 

withstand are reduced by a factor of RdRo [69]. This method of design is known as capacity-based 

design, and it allows structures to undergo substantial plastic deformation and dissipate much of 

the energy imparted to the structure during seismic excitation. This method, while able to control 

the response by ensuring plastic deformation occurs under control, leads to substantial plastic 

deformation within the structure requiring extensive repairs after experiencing large seismic forces.  

 

3.1.3 NBCC Base Isolation Provisions 

 

Part 4 of the NBCC, unlike for fixed base structures, does not present a simplified method 

of analysis for base isolated structures and instead requires that a detailed non-linear dynamic 

analysis be conducted to investigate the structural response. Clause 4.1.8.20 of the NBCC also 

provides several prescriptive requirements to ensure the base isolated structure performs as 

intended. The main requirements of note are [6]: 

 

1. The period of the isolated structure shall be greater than three times the fixed base period. 

 

2. The isolation system shall produce a restoring force to prevent residual displacements.  

 

3. The stiffness and damping characteristics of the isolation system must be validated by 

testing at least two full-size specimens of each predominant type and size of isolator, and 

a representative sample of the isolator units to be installed shall be validated by tests prior 

to their installation. 

 

4. A lateral load carrying diaphragm, or lateral structural elements located above the isolation 

interface shall transmit forces due to non-uniform ground motions from one part of the 

structure to another. 

 

5. The isolation system shall limit lateral displacement due to wind loads across the isolation 

interface to a value equal to 1/500 the least storey height. 

 

6. All structural framing elements shall be designed for the forces where RdRo= 1.0, such that 

they will remain elastic, and the SFRSs shall be detailed to meet Rd ≥ 1.5. 

 

The requirement of an elongated isolated period is to promote a first mode dominant response 

of the seismically isolated structure. Unlike the items 1 - 5, item 6 applies specifically to the analysis 

and design of the superstructure. The superstructure of a base isolated structure is expected to 

remain undamaged during a seismic event, this is reflected by the requirement that the 

superstructure be designed without force reduction allowed through ductile action. While the frame 

is designed to resist elastic loads pertaining to RdRo= 1.0, the structure must still be detailed for a 

level of ductile behaviour to prevent collapse in the event of inelastic deformation.  
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The requirements the NBCC provides for base isolated structures require significant testing 

and validation of the finished isolator units, and the expertise of an engineer with knowledge of 

both dynamic modelling and base isolation design. The detailed testing and analysis requirements 

provided are reasonable for large dynamically complex structures, as the performance of such 

structures cannot be simplified adequately, however, they may prove unnecessary for structures 

whose behavior is more easily predicted.  

3.2 ASCE Base Isolation Provisions 

While the NBCC does not currently provide significant guidance on the design of base 

isolated structures, ASCE standards contain a suite of potential analysis and design methods for 

both fixed base and isolated structures. ASCE 7-16 Minimum Design Loads and Associated 

Criteria for Buildings and Other Structures [42] contains several chapters with similar provisions 

to those outlined in Part 4 of the NBCC. ASCE 7-16 provides both a detailed dynamic analysis 

method and a simplified method for both fixed-base, and base isolated structures. As the NBCC 

does not provide a simplified method of analysis, it is possible to adapt the simplified base isolation 

analysis methods provided in ASCE 7-16 Chapter 17 to be compliant with the requirements given 

in the NBCC. While the NBCC and ASCE standards use similar methods to calculate the seismic 

response of structures there are several notable key differences that must be considered to adapt 

ASCE methods for use in Canada. 

3.2.1 Response Spectrum  

 

To evaluate the loads experienced by a structure from a seismic event, ASCE 7-16 utilizes a 

response spectrum similar to that constructed in the NBCC. ASCE develops the response spectrum 

by employing a piecewise function to describe the spectral acceleration for different period ranges 

such that: 

 

𝑆𝑎 = 

{
 
 
 

 
 
 𝑆𝐷𝑆 (0.4 + 0.6

𝑇

𝑇0
) 0 ≤ 𝑇 ≤  𝑇0

𝑆𝐷𝑆 𝑇0 ≤ 𝑇 ≤  𝑇𝑠
𝑆𝐷1
𝑇

𝑇𝑠 ≤ 𝑇 ≤  𝑇𝐿

𝑠𝐷1𝑇𝐿
𝑇2

𝑇𝐿 ≤ 𝑇 

 

(3.1) 

SDS: Design earthquake spectral response at short periods 

SD1: Design earthquake spectral response at 1s periods 

T0: 0.2SD1/SDS 

TS: SD1/SDS 

TL: Long period translation period 
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Figure 3.2: ASCE 7-16 design response spectrum [42] 

 

While the ground motions for a specific site are obtained by similar hazard analysis 

techniques the construction of the response spectrum is significantly different than that presented 

in the NBCC. The period range between T0 and Ts represents the constant acceleration range, while 

the range between Ts and TL represents the constant velocity range. For periods longer than TL, Sa(T) 

is a function of assumed constant displacement.  

 

3.2.2 Analysis Methods 

 

The fixed base and base isolated methods presented in ASCE are designed to calculate the 

same key performance parameters (e.g., the distribution of forces and maximum displacements) as 

the methods presented in the NBCC. The equivalent lateral force procedure is the simplest method 

presented in Chapter 12 as it does not require detailed modelling. The Chapter 12 ELF procedure 

can be utilized for fixed base structures similar to the NBCCs ESF procedure. This method was 

further adapted in Chapter 17 to analyze base isolated structures as well.  To ensure the results 

produced by this procedure will be representative of the real seismic base isolated response the 

following criteria are imposed: 

 

 

1. The structure is located on a Site class A, B, C, or D  

 

2. The effective period of the isolated structure at the maximum displacement is less than or 

equal to 5.0 s. 

 

3. The structure above the isolator interface is less than or equal to 19.8 m in height 

 

4. The effective damping of the isolation system at the maximum displacement is less than or 

equal to 30% 
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5. The effective period of the isolated structure is greater than three times the elastic fixed 

base structure above the isolation system 

 

6. The structure above the isolation system does not have any structural irregularities as 

defined in section 17.2.2 

 

7. The isolation system meets the following requirements: 

 

a. The effective stiffness of the isolation system at the maximum displacement is 

greater than ⅓ of the effective stiffness at 20% of the maximum displacement 

 

b. The isolation system is capable of producing a restoring force 

 

c. The isolation system does not limit the maximum displacement to less than the 

total maximum displacement DTM 

 

The ELF procedure is based on the assumption that the structure will be dominated by the 

isolation mode (i.e., displacements concentrated at the isolation layer). The conditions of 

applicability listed above are to ensure that the dynamic performance of the structure matches the 

assumptions of the ELF procedure, as the equations used in the ELF procedure determine the 

loadings independent of the dynamic influence of higher modes. The maximum period and 

damping restrictions not found in the NBCC ensure conservative estimates, as some formulas are 

unconservative at high levels of damping and long isolation periods [70].  

 

3.3 Base Isolation Standards Overview 

The NBCC contains two main areas of interest in regards to the seismic design of an isolated 

structure: Part 9, which details the prescriptive requirements used to ensure the strength of typical 

low rise residential structures, and Part 4 which contains provisions regarding more detailed seismic 

analysis. Part 9, while sufficient to ensure adequate life safety performance of low rise residential 

structures, does not provide direction regarding base isolation or more detailed seismic design. Part 

4 provides several methods of analysis including the simplified equivalent static force procedure 

for fixed base structures. Part 4 provides design requirements for base isolated structures, but due 

to the lack of a simplified method of analysis and expense of the mandated dynamic analysis and 

testing, research is required to develop an economical base isolation design methodology for low 

rise residential structures. ASCE 7-16 contains several sections regarding seismic design of 

structures, with Chapter 17 being entirely dedicated to the analysis and design of base isolated 

structures. Chapter 17 includes the equivalent lateral force procedure which is a simplified method 

of analysis for base isolated structures.  

Notable commonalities include the analysis of the structure based on a 1st mode dominated 

response, and the provisions included to ensure 1st mode dominance. While the theory behind the 

NBCC and ASCEs methodologies and requirements are the same, some component of the analysis 

differ. Most of the differences between the NBCC and ASCE requirements are prescriptive, 
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however, the most prominent variation is the construction of the response spectrum. The NBCCs 

response spectrum is developed via uniform hazard points with linear interpolation, while ASCE 

constructs its response spectrum based on a piecewise equation with assumed trends.  It is thus 

proposed that the simplified ASCE procedure be adapted to comply with the NBCCs standards for 

inclusion in Part 9.   
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CHAPTER 4                                                                                            

ADAPTION OF ASCE ELF PROCEDURE TO NBCC PART 9 

4.1 Method of Analysis 

The NBCC currently does not provide a simplified method of analyzing base isolated 

structures. Additionally, the design of isolated structures requires a costly and complex dynamic 

analysis to be employed to analyze the performance of the base isolated structure regardless of the 

dimensions and properties of the superstructure. The ASCE provides a simplified method of 

analyzing base isolated structures which recognizes that certain structures can be analyzed by 

simpler means. The ELF procedure provided in ASCE 7-16 is in agreement with current structural 

dynamics theory and can thus be adapted to comply with the NBCC and used to analyze certain 

types of base isolated low rise residential structures in Canada.  

 

4.1.1 Key Parameters 

 

The analysis of a structure requires several parameters to be extracted to ensure the 

performance of the structure is desirable. These parameters of interest are: 

 

DM: Maximum translational displacement of the center of rigidity of the isolator system 

DTM: Total maximum displacement of isolator units, including torsional amplification 

TM: The fundamental period of the isolated structure at DM 

Vb: Lateral forces below the isolation layer (foundation) 

Vst: Total seismic shear within the elements above the isolator layer (ground level)  

Fx: Vertical distribution of forces in the superstructure at the xth level 

n: Number of isolators used in the isolation layer design 

Xi Yi: Plan coordinates of the ith isolator unit 

Δk: Interstorey drift of storey k 

ax: Floor acceleration of the xth floor 

4.1.2 Inputs  

 

The ELF procedure is a simplified analysis method, and thus the required inputs are also 

deliberately minimized to promote accessibility. The required parameters for analysis are: 

 

 

1. The height distribution 

2. The vertical mass distribution of the structure 

3. The damping, 𝜁 M(DM), and stiffness, kM(DM), as a function of isolator displacement 

4. The fundamental period of the fixed base structure, Tfb 
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4.2 Equivalent Lateral Force Procedure Equations and Adaption 

The equations derived for the ELF procedure are generally based on the dynamic concepts 

of the performance of base isolated structures. While the requirements and code provisions for the 

ELF procedure have been discussed in sections 3.1.1 and 3.2.2 it is important to discuss additional 

concepts that are more appropriately discussed alongside the equations.  

4.2.1 Maximum Displacement 

 

To calculate DM an expression is given in the ELF procedure such that: 

 

𝐷𝑀 = 
𝑆𝑀1𝑔𝑇𝑀
4𝜋2𝐵𝑀

 

(4.1) 

 

where: 

g: The acceleration caused by gravity,  

𝑇𝑀: The effective period of the seismically isolated structure at the maximum displacement 

𝑆𝑀1: The 5% damping spectral acceleration parameter at a 1.0 s period 

𝐵𝑀: The numerical coefficient correcting for the effective damping of the isolation system 

 

Equation (4.1) is developed for the ELF procedure by modifying the fundamental dynamic 

equation which relates the seismic displacement response of a structure to the pseudo acceleration. 

The factor BM accounts for higher or lower levels of damping provided by the isolator system 

relative to the commonly assumed 5%. To adapt equation (4.1) to the requirements of the NBCC 

the input from ASCE’s response spectrum must be replaced by the equivalent inputs of the NBCCs 

response spectrum. The variable SM from the ASCE response spectrum will be replaced by Sa(TM) 

as determined by the NBCC response spectrum producing: 

 

𝐷𝑀 = 
𝑆𝑎(𝑇𝑀)𝑔𝑇𝑀

2

4𝜋2𝐵𝑀𝑗
 

(4.2) 

4.2.2 Effective Isolated Period  

 

The effective period of an isolated structure is a product of the instantaneous properties of 

the isolated structure. Since the stiffness of isolators varies nonlinearly with displacement the 

period at the maximum structural displacement, TM is of particular interest. To determine TM the 

ELF procedure uses: 

𝑇𝑀 = 2𝜋√
𝑊

𝑘𝑀𝑛𝑔
 

(4.3) 

where W is the effective seismic weight of the superstructure above the isolation layer, and kM is 

the effective isolator stiffness at DM. As previously mentioned, DM must be determined by an 
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iterative process, and the same process is required to determine TM. As shown in equation (4.2) DM 

is dependent on TM, and TM is dependent on kM which is a function of DM.  

 

4.2.3 Total Maximum Displacement of Isolator Units 

 

DTM is a combination of DM and the amplifying effect of actual and accidental torsion. DTM 

refers to the maximum displacement of an individual component of the isolator system and thus 

can be used to evaluate the most extreme displacement of any component of the system at the 

isolation layer. The equation to determine DTM is given as:  

 

𝐷𝑇𝑀 = 𝐷𝑀 [1 + (
1

𝑃𝑇
2)
𝑦𝑒

𝑟2
] > 1.15𝐷𝑀 

(4.4) 

where:  

y: the distance between the centers of rigidity of the isolation system and the element of  

    interest measured perpendicular to direction of loading;  

e: the structural eccentricity including accidental eccentricity  

 

𝑒 = [(𝐶𝑅𝑥 − 𝐶𝑀𝑥)
2 + (𝐶𝑅𝑦 − 𝐶𝑀𝑦)

2
]

1
2
+ 0.1𝐷𝑛 

(4.5) 

CRx,y: the center of rigidity X and Y coordinates; 

CMx,y: the center of mass X and Y coordinates; 

Dp: the longest plan dimension of the structure perpendicular to the direction of loading; 

r: the radius of gyration; 

PT: the ratio of the effective translational period of the isolation system to the effective  

      torsional period of the isolation system.  

 

Accidental eccentricity accounts for the likelihood that CM and CR will deviate from the 

calculated values due to unintended irregularities in the mass or rigidity of the structure [71]. 

Equation (4.4) is the result of modifications to the approximation of DTM which was derived from 

the modal analysis of a simplified base isolated structure with 3 degrees of freedom, 2 lateral and 

1 rotational at the isolation layer [51]. For equation (4.4) to be conservative the rotational and 

translational modes must be well separated [51]. 

The PT term in equation (4.4) accounts for torsional stiffness and torsional damping by 

applying a factor of 1/PT
2, where PT is given as:  

𝑃𝑇 =
1

𝑟1
√
∑ (𝑥𝑖

2+𝑦𝑖
2)𝑛

𝑖=1

𝑛
  [72] 

(4.6) 

Xi , Yi = lateral distance from the center of mass to the ith isolator unit;                               

n = number of isolator units; 

 

For ⍵θ > ⍵0 PT will be greater than 1 and the torsional component of displacement will be 

suppressed due to the relatively torsional higher stiffness and damping compared to the translational 
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stiffness and damping. Equation (4.6) is based on an approximation that has an error that 

approaches zero as the eccentricity between the center of mass and center of rigidity diminishes, 

thus it is required that the eccentricity of the isolation system be minimized [72]. The ASCE ELF 

procedure does not consider torsion caused by local stiffness variations as it is assumed that the 

lateral stiffness of bearings will be homogenous regardless of direction of loading.  

 

4.2.4 Vertical Distribution of Forces 

 

The maximum shear force within an isolated structure will occur at the foundation. The same 

is generally true for fixed base structures as the forces generated by inertia are transferred through 

the superstructure to the foundation. The ELF procedure provides the equation to determine the 

base shear, Vb as:  

𝑉𝑏 = 𝑘𝑀𝐷𝑀 

(4.7) 

The ELF procedure recognizes that the sum of the lateral forces within the superstructure 

will be transferred to the foundation through the isolation layer. The total lateral forces to be 

distributed over the height of the superstructure, Vs is given as:  

 

𝑉𝑠 =
𝑉𝑠𝑡
𝑅1

 

(4.8) 

  𝑉𝑠𝑡 = 𝑉𝑏 (
𝑊𝑠

𝑊
)
(1−2.5𝜁 𝑀)

 

(4.9) 

where:  

R1: the numerical coefficient related to the type of SFRS 

W: the effective seismic weight of the structure above the isolation interface 

Ws: the effective seismic weight of the structure above the isolation interface excluding the  

        base level 

𝜁 M: the effective damping of the isolation system at the displacement DM. 

 

The sum of lateral forces distributed over the superstructure above the isolation layer are not 

equivalent to Vb. The reduction of Vb to Vst presented in equation (4.9) is to account for the often-

significant inertial forces caused by a concentration of mass at the base level. The base inertial 

forces significantly influence Vb but have a reduced effect on the overall force distribution. The 

factor R1 presented in equation (4.8) fulfils a similar purpose to the RdRo factor within the NBCC, 

however, the NBCC does not allow any reduction due to ductility to occur to ensure elastic behavior 

of the superstructure and thus equation (4.8) can be simplified to: 

 

𝑉𝑠 = 𝑉𝑏 (
𝑊𝑠
𝑊
)
(1−2.5𝜁 𝑀)

 

(4.10) 

The force distribution method proposed by the ELF procedure is referred to as a k distribution 

(not to be confused with the variable k used to represent the storey) such that: 
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𝐹𝑥 = 𝐶𝑣𝑥𝑉𝑠 
(4.11) 

𝐶𝑣𝑥 =
𝑤𝑥ℎ𝑥

𝑘

∑ 𝑤𝑖ℎ𝑖
𝑘𝑛

𝑖=2

 

(4.12) 

𝑘 = 14𝜁 𝑀𝑇𝑓𝑏 

(4.13) 

where: 

Fx: lateral seismic force at level x, x > 1; 

Cvx: vertical distribution factor; 

wi wx: portion of Ws located at level i or x; 

hi hx: height above the isolation interface of level i or x; 

Tfb: fundamental period of the structure above the isolation interface. 

 

The lateral seismic force at the base level/ground floor, F1, is determined separately as:  

 

𝐹1 = 𝑉𝑏 − 𝑉𝑠 
(4.14) 

The k parameter represents the curvature of the force distribution with k = 0 representing a 

uniform distribution and k = 1 representing a linear distribution. For substantially long periods and 

high values of damping the k values will become large and will result in unconservative results 

[70]. As mentioned in section 3.2.2, the maximum values of Tfb and effective damping are restricted 

to prevent this. The linear distribution represented by k = 1 is in line with the response expected of 

a 1st mode dominated fixed base structure, while the uniform distribution represented by k = 0 

conforms to the response expected of a 1st mode dominated isolated structure. The assumption of 

perfectly uniform behavior is only valid for structures when the isolation system responds linearly 

and the isolation period is well separated from the superstructure period [70, 51]. High damping 

systems tend to exhibit nonlinear behavior which has been shown to excite higher modes of 

response which can increase the forces in higher stories relative to the base shear [73]. To avoid 

conservatively applying a linear distribution to the structure above the isolation layer the k 

distribution applies a nonlinear force distribution to account for higher mode contributions that are 

expected for various levels of damping and the fundamental period length.   
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CHAPTER 5                                                                                      

ONLINE RESOURCE METHODOLOGY 

5.1 The Online Resource 

The ASCE equations presented and adapted for use with the NBCC require an iterative 

design process to determine several key structural characteristics such as TM, DM, kM and 𝜁 M. To 

accommodate an iterative design process, it was proposed by [74] to develop a program to use the 

input parameters described in section 4.1.2, to produce the key outputs outlined in section 4.1.1. 

The Government of Canada provides an online tool to generate the design response spectrum for 

any given location in Canada [75], and it was proposed that the developed program could be made 

available in a similar method for ease of use.  

The online resource methodology is similar to the prescriptive design methodology utilized 

in Part 9 of the NBCC, as both methods eliminate the need for in-depth engineering. It is desirable 

to align the online resource closely with Part 9 as base isolation is intended to augment the 

performance of structures already designed to achieve sufficient life safety performance. The 

combination of a superstructure designed according to Part 9 of the NBCC and an isolation system 

designed by the online program will remove the need for custom seismic engineering. To further 

reduce costs and improve ease of use, it was proposed that the properties of the isolator used in the 

design program be from pre-approved and tested isolators designed for Part 9 structures. The 

program method was developed using MATLab [76]. The full program is available upon request 

to the author or primary supervisor 

 

5.1.1 Existing Capabilities  

 

The program described by [74] has seen development mainly around establishing a baseline 

program capable of analyzing rudimentary base isolated structures by adapting the ELF procedure 

to NBCC requirements. The baseline program was developed with only the simplest structures and 

responses in mind to validate the process.  Substantial additions to the existing program were 

required to expand its capabilities and enable the analysis of more complex structures. Before 

discussing the expanded capabilities of the new program, the capabilities and limitations of the 

baseline program developed by [74] are discussed. The baseline program produces several of the 

parameters listed in section 4.1.1, such as: 

 

1. The determination the number of isolators required to support the gravity loads 

2. The ability to solve through iteration the design values of DM, kM, 𝜁 M and TM 

3. The design response spectrum acceleration Sa(TM) 

4. The vertical force distribution  

 

In addition, the design is checked for compliance with the ASCE and NBCC requirements, and a 

comparison between the expected performance of the isolated structure and the fixed base structure 

is provided. The full details of the existing baseline program are discussed in more detail in 

Appendix A.  
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5.2 Deficiencies Requiring Further Development  

5.2.1 Structural Geometry 

 

The structural geometry currently considered by the existing program is limited to structures 

with rectangular plan areas for each storey, where storey heights and plan areas are uniform across 

the structure. Many Canadian structures have geometries that cannot be idealized as rectangular or 

uniform across their height. Work must therefor be done to expand the applicability of the program 

to a wider range of structures. 

 

5.2.2 Structural Properties 

 

The current program only considers structures where the mass and stiffness of each storey 

are equal. This assumption is somewhat acceptable for the idealized structures currently considered 

by the baseline program, but for structures that are asymmetric in plan area, and contain nonuniform 

floor plans the assumption is invalid. A more accurate estimation of storey mass and stiffness would 

allow the vertical force distribution and displacement response of each storey to be determined 

more accurately.  

 

5.2.3 Torsional Effects 

 

Torsional effects are not considered by the baseline program. Even for idealized structures 

where the center of mass and center of rigidity overlap, accidental torsion will still result in 

eccentricity within the structure and cause additional displacements to occur. The effects of torsion 

can substantially increase the displacement of components of the isolation system by as much as 

30% depending on the relative difference in plan dimension lengths [42].  

 

5.2.4 Isolation System Layout 

 

A major output requirement is to provide the user with a design of the isolation system layout 

capable of both good seismic performance and capable of carrying the gravity loads of the system. 

The isolation layout must be placed to interface with the existing structural load path conventions, 

such that a continuous transfer of gravity loads is facilitated. The baseline program analyzes each 

isolator as supporting an equal axial load within the system, which will not be the case for most 

structures, and so a means of approximating the axial loads on individual bearings is required.  

 

5.2.5 Site Specific Conditions 

 

Site conditions such as soil and wind loading are currently not evaluated by the baseline 

program. The program currently assumes site class C soil conditions, however, the effect of soil 
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conditions on the magnitude of ground shaking can be quite substantial. Both ASCE and the NBCC 

specify that the isolation system should possess an initial stiffness sufficient to resist the design 

wind loads which also need to be incorporated. 

 

5.3 Improvements to the Baseline Program 

To remedy the deficiencies highlighted in section 5.2 several subprograms were created to 

improve the applicability of the program, reduce simplifying assumptions, and produce more 

complete designs. The subprograms are designed to balance accessibility and performance such 

that the user inputs are restricted to only information that would be readily available to a non-

specialist designer. The required information is used to generate approximations of performance 

close to the structural reality, with minimal simplification or assumptions. The user enters the input 

variables via spreadsheet which highlights all required data in green. The sequence in which 

subprograms run is illustrated in Figure 5.1. The function of each subprogram, the required user 

inputs, and the design choices for each step are discussed.  
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Figure 5.1: Program flow chart 
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5.3.1 Geometry Inputs and Analysis 

 

The first input by the user is the number of floors of the structure, N. The user then inputs 

X1, X2 and Y1, Y2 which correspond to the dimensions as shown in Figure 5.2 a). For rectangular 

structures the user inputs X2 and Y2 as equal to zero. The L-shaped structure is analyzed as oriented 

in Figure 5.2 a). The user selects values of X1, X2 and Y1, Y2 for each storey of the structure. If the 

perimeter walls of a storey do not overlap fully the user can insert Xref and Yref to define the geometry 

of the upper floor with respect to the bottom left corner of the ground floor as shown in Figure 5.2 

b). The user is not constrained to one type of floor plan for each storey in the structure. While 

uncommon, the overlying storey of a rectangular floor plan may be L-shaped as shown in Figure 

5.3 a). The reverse is also possible as shown in Figure 5.3 b). A check is performed to ensure the 

selected plan dimensions do not produce overhangs.  

 

  
                                                    a)                                                                       b) 

Figure 5.2: Dimensions of floor plan a) with no offset and b) with upper storey offset 

   
a)                                                          b) 

Figure 5.3: Variable floor plan types with a) a rectangular base and b) a L-shaped base 
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5.3.2 Isolation Layout 

 

One of the challenges with developing a method of design and analysis for base isolated 

single-family residential structures, is ensuring that the isolator layout is detailed to carry the 

gravity loads of the structure. In addition, the design should not require substantial changes to the 

traditional design of the superstructure. Part 9 of the NBCC directs designers to design housing and 

small buildings in accordance with the practices outlined in the Canadian Wood Council 

Engineering Design Guide, henceforth referred to as the CWC guide [77]. It is therefor set as a 

requirement that the isolation system designed by the program should conform with the practices 

outlined in the CWC guide to ensure load paths are preserved [77]. 

Requiring the user to define the locations of all gravity walls was deemed too complicated 

and to require too much input from the user. A more efficient design method is proposed to design 

the isolator layer based on the design of the ground floor system. The CWC guide outlines that the 

floor system must be tailored to act as a load path to enable the transfer of gravity loads to the 

supports of the joist floor system, which must either be structural walls, lintels or beams. In the 

case of a ground floor system that does not rest directly upon the foundation, such as a structure 

with a crawl space, the floor system will rest upon floor beams which transfer the loads to piers or 

posts, typically located at the end nodes of the beams. In the case of an isolated structure a void 

will be present between the ground floor system and the foundation and the piers or posts that 

would support a fixed base structure will be replaced by the isolator bearings. The program designs 

the isolation system with this in mind, where the user highlights the location of the floor beams that 

support the floor joist spans and the program places bearings at the end nodes to ensure load paths 

are maintained.  

The main concepts are summarized regarding the designation of beam locations for 

rectangular and L-shaped structures, for a more detailed description see Appendix B.  

 

1. Isolators are placed at the corners of the exterior walls by default. 

 

2. The user defines the location of longitudinal and lateral beams by selecting an X 

and Y coordinate respectively. 

 

3. The number of beams is limited in either direction due to the realistic number of 

joist spans expected. 

 

4. For L-shaped structures the user can further alter the beam layout to account for 

several relevant configurations that may be applicable.  

 

5. The layout of isolators is then produced by assigning coordinates based on the 

intersection of floor beams.  
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5.3.3 Determine Tributary Areas 

 

The previous subprograms estimate the placement of isolators such that they interface with 

the existing gravity loads carrying system of the superstructure. An array of elements for each floor 

of the structure is generated, such that each element will have a known centroid and a know 

tributary area assigned to it. The element arrays for each level are produced in descending order 

from the roof down. The number and size of elements for each level is dependent on the area of 

each floor plan, and the element size defined by the user. Element size is determined by U, a 

variable which represents the side length of the square elements the area will be divided into.  

For rectangular structures the number of elements is determined by dividing the X1 and Y1 

floor dimensions by U and rounding up to determine nx1 and ny1, the number of elements in the X 

and Y directions. Thus the total number of required elements is nx1∙ny1. If rounding was required 

then special rounded elements will be generated at the extreme X and Y ends of the array as shown 

in Figure 5.4. These rounded elements will have reduced surface areas and side lengths compared 

to standard U by U elements. The purpose of these elements is to avoid potentially large 

approximations of the structure’s total tributary surface area through excessive rounding.  

 

 
Figure 5.4: Division of structural plan in elements 

 

L-shaped structures are more complicated to analyze as L-shaped structures effectively have 

3 sub areas to analyze which correspond to areas A, B and C as defined in Appendix B. The total 

number of elements required to represent each of the 3 sub areas is determined, and if rounding 

occurred for the sub areas the rounded elements will be produced at the extreme extents of X and Y 

for that sub area as illustrated in Figure 5.5. 
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Figure 5.5: L-shaped structure rounded elements for areas A, B and C 

 

The coordinates of the element’s centroid and surface area of the generated element are 

determined. Based on the location of the centroid of each element tributary areas are assigned. 

There are 3 types of tributary area that can be assign: internal slab area, wall area, and roof area. 

The three area types exist to account for the different distributed load each area type will receive 

depending on the studied load case. Elements are assigned tributary areas based on the position of 

the centroid relative to the layout of the structure. The assignment of each element as internal or 

external is done by comparing the coordinates of its centroid to the perimeter bounds of the k+1th 

storey. If the centroid of an element is within the bounds of the overlying storey, then its surface 

area of the element will be designated as internal, otherwise it is defined as a roof element. This 

has the potential to cause minor errors as it is possible that an element is divided unevenly by the 

bounds of the upper storey, meaning that some of the element will be assigned to the incorrect area 

type. This however, does not produce significant errors as elements are small and the case loads 

between external and internal are often not vastly different. To improve accuracy the user may 

select a smaller U size which will reduce the approximation error by producing a finer mesh of 

elements.  

All elements within the roof level analyzed are assigned as roof elements as none will be 

internal. Wall loads are assigned to the elements that form the perimeter of the level. This means 

that for the floor level analyzed, k, the perimeter elements of that floor will be assigned the surface 

area of the entire wall segment that spans between floors k and k-1.  This division of tributary areas 

between floors is illustrated for an N = 3 structure in Figure 5.6. The wall area assignment 

convention of assigning the entire wall area to the upper storey does not affect the accuracy of the 

analysis. Normally the wall’s mass would be divided between the two bounding storeys. However, 

since the following subprogram eventually transfers all tributary area values to the ground splitting 

the wall area between the two storeys would be redundant. Storey masses are calculated 

independently of the element assignment convention, and wall masses are distributed 

conventionally when determining the storey masses. 
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Figure 5.6: Element array generation of floors k+1:1 for k = 3 

 

Once the element array generation of each floor is complete a record containing the sum of 

the internal, wall and roof tributary area of each floor is produced. The element arrays of each floor 

level are combined into a single array which defines the elements of all k+1 levels. After the total 

number of elements required to represent the floor is determined, the location, surface area, and 

tributary areas assigned to element i is determined independently before progressing to the 

generation of element i+1.  

 

5.3.4 Distribute Loads 

 

The load path distribution is intended to approximate the real structural load paths and allow 

the development of a more accurate estimate of the loads applied to each individual isolator unit. 

The tributary areas from each element within the structure are distributed along designated load 

transfer systems and onto the bearings composing the isolation system. This allows the tributary 

area carried by each isolator to be approximated and the axial load under each load case to be 

determined for each isolator unit. For light-frame wooden structures this would follow the load path 

as shown in Figure 5.7. Loads are transferred from the plan surface area, along the joists, to the 

beams and finally towards internal or external structural wall elements in the case of the upper 

storeys, or to the underlying isolator units in the case of the ground level.  

 
Figure 5.7: Structure load paths 
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The finite element approach distributes the tributary areas on floor k from individual 

elements to the elements whose coordinates match with the coordinates of known structural 

loadbearing elements. In practice this means distributing tributary areas to the elements that align 

with the coordinates of the perimeter walls. In this way the program allocates the distributed 

tributary areas along known load paths to approximate the real distribution of loads more accurately 

than by simply distributing tributary areas by proximity. To achieve this the tributary areas assigned 

to element i are added to the nearest loadbearing element before setting element i’s tributary loads 

to 0, thus transferring the tributary load along the approximated load path. This allows the finalized 

distributed array of elements of floor k to be added to the elements of floor k-1 by proximity, as the 

elements of floor k will have been distributed to the elements that would transfer load directly onto 

the underlying level.  

However, a situation may arise where the distance from the ith element to the closest known 

loadbearing/perimeter wall element is significant, and in such cases, it is unreasonable to 

approximate the load path by transferring tributary area from that element to the closest wall 

element. The limiting distance selected is half the maximum joist span on floor k. If an element is 

further than half the joist span to a wall element it will be distributed to the lower levels by an 

undefined structural element as the interior configuration is not a required input. To account for the 

internal distribution the tributary load from these elements will be added directly to the underlying 

elements of k-1 by proximity. This approximation is less accurate than transferring to a known 

structural element, but achieves the load distribution without requiring substantial and complex 

design inputs from the user. 

This distribution and transfer process is continued for each floor until tributary loads are 

distributed to the ground floor. The tributary areas from ground floor elements will then be 

distributed to the isolators by proximity to determine the total internal, area and wall area supported 

by each isolator. A check is performed where the total internal, wall and roof areas supported by 

each isolator unit are calculated and the sums are compared to the total tributary areas for each 

category previously determined to ensure the totals are correct. 

  

5.3.5 Calculate Axial Loads 

 

Once the approximate tributary interior wall and roof areas are known for each isolator the 

axial load on each isolator can be determined. The gravity loads that the isolation layer must carry 

are found by analyzing the 4 relevant load cases from the NBCC [6]: 

 

Case 1: 1.4Dead  

Case 2: 1.25Dead + 1.5Live + 1.0Snow  

Case 3: 1.25Dead + 1.0Live + 1.5Snow  

Case 4: 1.0Dead + 0.25Snow + 0.6Storage 

 

Cases 1-3 are the static cases while case 4 is the dynamic case due to the inclusion of lateral seismic 

excitation. For the design to be acceptable the stability of the bearing must be assured under static 

and seismic axial load conditions. The dead loads for the 3 area types of the structure can be 
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determined based on the weight class selected by the designer. The CWC guide utilizes a metric 

known as weight class to provide the expected unfactored distributed loads for different structural 

areas. The distributed loads for various area types are shown for normal and heavy structures in 

Table 5.1. This metric is useful as it requires minimal input from the user and produces all the 

relevant dead load data for a single-family home.  

 

Table 5.1: CWC Normal and Heavy weight classification 

Structural 

Component 

Normal Weight 

Construction 

Heavy Weight 

Construction 

Floor 0.5 kPa 0.5 – 1.5 kPa 

Roof 0.5 kPa 0.5 – 1.0 kPa 

Exterior Wall 0.32 kPa 0.32 – 1.2 kPa 

Partition Wall 0.5 kPa 0.5 kPa 

 

The live loads for the interior and roof areas are selected based on the NBCC prescribed 

residential loads; the unfactored live loading of the interior and roof areas is 1.9 kPa and 1.0 kPa, 

respectively. The snow loads are site specific and must be inputted by the user after being calculated 

using the methods within the CWC guide [77]. Storage loads are not considered as the low-rise 

residential structures the program is designed for do not typically contain substantial storage areas.  

For each load case the three distributed loads are determined: Load areas, Load roofs and 

Load walls. These distributed loads represent the factored combination of loads for internal, wall 

and roof areas respectively. The distributed loads are determined for each load case by a subsidiary 

subprogram Mass Calculation. For the seismic case, case 4, the floor mass of each level, and the 

coordinates, CMx and CMy, of the structural center of mass are calculated. These variables are only 

determined for the seismic case as only the mass and center of mass for the seismic case will be 

used to determine the response of the structure during seismic excitation.  

The loads carried by the individual isolators are determined by applying the distributed loads 

for each case. The maximum load on an isolator from the static cases is the critical static axial load 

and governs the acceptability of the static axial capacity of the bearing. The maximum and 

minimum dynamic axial loads determined from case 4 are used to verify the stability of the bearing 

under lateral seismic excitation. The subprogram checks these design axial loads against the 

bearings acceptable limits to ensure gravity load stability is obtained. If the capacity is insufficient 

the designer will be alerted and they can either make modification to the isolation layer layout, or 

restart the analysis using a different isolator. The axial loads calculated by the program will vary 

based on overturning moment leading to load concentrations on one side of the structure. These 

effects are not currently considered by the program.  

 

5.3.6 Torsional Amplification Evaluation 

 

After both the layout of the isolation system and the structural center of mass have been 

determined it is possible to determine the torsional amplification of displacement each isolator will 

experience. First the center of rigidity of the isolation layer is calculated. This calculation is 

simplified by assuming each isolator will have identical stiffness, and the properties are 

independent of the direction of loading. The assumption regarding uniform properties reflects that 
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most isolated structures use symmetric bearings which are either square or circular. It is also 

desirable to limit the type of allowable bearings to bearings of uniform lateral stiffness properties 

to both reduce the required design inputs and, as discussed in section 4.2.3, it allows the 

approximated response to ignore torsional effects caused by significant differences of lateral 

stiffness. 

Once the coordinates of the center of rigidity, CRx and CRy, are known the eccentricity of the 

structure can be calculated using equation (4.5). The parameter PT is also calculated and is used to 

account for the effects of torsional stiffness and damping as previously stated in section 4.2.3. The 

local eccentricity of each isolator, as described in section 4.2.3 is calculated. The torsional 

amplification of each isolator is calculated using equation (4.4) for both directions of loading, and 

the worst case is selected. If the amplification effect of an isolator is less than a 15% increase a 

minimum amplification factor of 1.15 is applied to ensure conservatism [42].  

 

5.3.7 Calculation of Floor Stiffness 

 

Interstorey drifts can be used to determine if significant non-structural or structural damage 

will occur to low rise residential structures as previously discussed in section 1.1.4. To determine 

the interstorey drifts the program must be capable of estimating both the vertical force distribution 

and the stiffness of each floor level. A modal analysis of the structure is used to determine the 

stiffness of each storey based on the following fundamental equation: 

 

𝑑𝑒𝑡([𝐾] − ω1[𝑀]) = 0 

(5.1) 

where ω1 is the fundamental fixed base angular frequency, [M] is the mass matrix and [K] is the 

stiffness matrix of the structure. The mass and stiffness matrices of an N = 3 structure are given in 

(5.2) where mk and kk are the kth storey mass and stiffness respectively. 

 

[𝑀] = [

𝑚1 0 0
0 𝑚2 0
0 0 𝑚3

]   [𝐾] = [

𝑘1 + 𝑘2 −𝑘2 0
−𝑘2 𝑘2 + 𝑘3 −𝑘3
0 −𝑘3 𝑘3

] 

(5.2) 

For low rise residential structures, the values of fundamental period will typically be bounded 

by 0.1s and 0.3s [34]. The stiffness for each floor is determined for each assumed fundamental 

period, but an assumed value of 0.3s will result in a significantly softer structure producing larger 

interstorey drifts. For multistorey structures (N > 1) the solution to the equation is not unique as 

there will be three unknown variables in the in the characteristic polynomial. In the case of an N = 

3 the characteristic equation is:  

 

(𝑘1 + 𝑘2 −𝜔1𝑚1)(𝑘2 + 𝑘3 −𝜔1𝑚2)(𝑘3 −𝜔1𝑚3) − (𝑘1𝑘3
2 + 𝑘2𝑘3

2 −𝜔1𝑚1𝑘3
2)

− (𝑘3𝑘2
2 −𝜔1𝑚3𝑘2

2) = 0 

(5.3) 

This situation necessitates that the storey stiffnesses must be related to one another to obtain a non-

trivial solution by solving the roots of the N degree polynomial.  
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A relationship between storey stiffnesses was developed by relating the relative lateral load 

resisting capacity of each level to their relative stiffness. This relationship assumes that the stiffness 

of a storey scales linearly with its strength, and that the superstructure will be designed based on 

fixed base loads. The relative stiffness of the upper floor, x, to the ground floor stiffness, k1, is 

determined by calculating the relative fixed base load distribution using the following formula: 

 

𝑘1:𝑥 = 
∑ 𝑊𝑖ℎ𝑖
𝑁
𝑖=1

∑ 𝑊𝑥ℎ𝑥
𝑁
𝑥

 

(5.4) 

The stiffness ratio can then be used to define the stiffness of the upper storeys in terms of k1. The 

storey stiffnesses produced for Tfb = 0.1s and 0.3s will be used in later subprograms to evaluate the 

interstorey drifts of the structure.  

 

5.3.8 Placement Results and Plot Results 

 

The reality of single-family homes is that they often do not conform perfectly to the generic 

layout generated by the previous subprograms. While most of the structure can be accurately 

modelled where the program generates similar recommendations for the placement of isolators to 

traditional footing layout of a single-family home, some nuance must be allowed to enable the user 

to make edits to the layout of isolators to better conform to the realities of a structure’s layout not 

accounted for in the program. 

To enable users to evaluate the placement of isolators and make the required adjustments to 

the existing layout, if any, the Placement Results subprogram generates a log of the existing isolator 

layout, their approximated tributary internal, wall and roof areas, as well as the total load. This log 

is then exported as a spreadsheet, Isolator_data, which can be reviewed by the user.  This user 

review is supported by the layout figure produced by a separate but related subprogram Plot 

Results. The plot highlights the selected floor beam locations (red dashes), perimeter of the 

structure (solid black), and the placement of each individual isolator unit (red crosses) as shown in 

Figure 5.8 a) and b) for a rectangular and L-shaped structure. The results produced enable the user 

to make necessary changes to the isolation layer to provide a system better suited to facilitate the 

load paths of the structure.  

 
       a)                                                                       b) 

Figure 5.8: Isolator placement for a) a rectangular and b) a L-shaped structures 
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5.3.9 Move Existing Add New Isolators 

 

As previously stated, it is not possible for the program to accurately estimate the optimal 

configuration of the isolated system for every structure. This is due primarily to the deliberate 

choice to minimize user input. This provides the user with an intuitive and relatively expedient 

means to generate a design, but at the cost of losing some the benefits or requirements that can be 

found when the entire structural layout is known. For instance, some structures will have 

discontinuities between the structural system and floor beam layouts of the foundation system such 

that an offset is required as shown in Figure 5.9. This creates a situation where it is not possible to 

select two parallel floor beams, while simultaneously it is not reasonable to select a single 

continuous floor beam to represent the foundation layout. This necessitates the ability for the user 

to manually alter the placement of bearings to apply an offset such that the isolators can more 

accurately be place along the true floor beam layout of the structure.  

 

 
Figure 5.9: Floor beams with offsets  

 

There may also be cases where it is necessary, or simply more expedient to manually place 

the isolators rather than trying to align the floor beam input selection to align with the structural 

plan. This may be the case where isolator units are placed to support load concentrations such as 

stairwells or other load concentrations are not accounted for by the program. Openings such as 

doors may also require custom placement. 
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Figure 5.10: Custom placement of isolators 

 

The interactive process between the user and the subprogram whereby edits to the placement 

may occur is illustrated in Figure 5.1. To make edits the user alters the previously produced 

Isolator_data spreadsheet. The user alters the coordinates of existing isolators by applying the 

desired ΔX and ΔY, or adds a new isolator by entering the X, Y coordinates of the new unit into the 

spreadsheet. All placement alterations made by the user must conform to CWC design requirements 

to ensure load paths and stability are maintained.  

The changes made by the user are evaluated to ensure that the moved or added isolators are 

within the perimeter of the structure. If the changes in placement are acceptable a new list of 

isolators and their coordinates are produced. The loads and torsional amplifications are recalculated 

and a new placement graphic is produced. This is achieved by re-running several subprograms 

using the new isolator coordinates as illustrated by Figure 5.1. This process repeats until the layout 

and loading is acceptable. It is currently not possible to remove an isolator once added to the 

program, so the user must rerun the Import Sheet subprogram if they wish to remove an isolator or 

floor beam that was added erroneously.  

 

5.3.10 Determine Period and Design Displacement 

 

The purpose of the previous subprograms was to develop an isolation system that would be 

integrated into the load paths of the superstructure. In addition, several parameters of interest were 

also generated to determine the seismic response of the isolated and fixed base structures more 

accurately. These parameters are: 

 

• The weight of each storey 

• The maximum, minimum, and average loads on the isolators 

• The number of isolators 

• The torsional amplification to the displacement of each isolator 

• The structural stiffness of each storey 

• The isolator critical static axial load 

• The isolator maximum and minimum dynamic axial loads 
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This program determines the dynamic properties of the isolated structure by iterative 

methods to determine the maximum lateral displacement, DM, and the isolated period of the 

structure at the maximum displacement, TM. As discussed in section 4.2.1, the maximum 

displacement of the structure is of primary interest to the designer as this will be the displacement 

at which the structural response will be maximized. To begin the response spectrum is produced 

based on the site-specific data input by the user, and the fixed base site specific spectral acceleration 

is determined. The acceleration will be the same regardless of if the fixed base period, Tfb, is 

assumed as 0.1s or 0.3s, as both values fall within the uniform acceleration segment of the design 

response spectrum [78]. The iterative calculations to determine DM and TM then begin.  

 

Step 1: Initial values of TM, the period at the maximum displacement, and BM, the effective 

damping at the maximum displacement, are assumed as TMj = 1.0 s and BMj = 1.0, where j represents 

the iteration count.  

 

Step 2: The location-specific spectral accelerations for the base isolated structure, Sa(TMj) is 

determined using linear interpolation. The upper and lower period bounds, 𝑇𝑖+1, and 𝑇𝑖 are found 

that encompass 𝑇𝑀𝑗 along with the corresponding values of 𝑆𝑖+1 and 𝑆𝑖 as shown in Figure 5.11.  

 

 
Figure 5.11: Response spectrum interpolation 

 

Step 3: The maximum displacement, DMj is calculated by:  

 

𝐷𝑀𝑗 = 
𝑆𝑎(𝑇𝑀𝑗)𝑔𝑇𝑀

2

4𝜋2𝐵𝑀𝑗
 

(5.5) 

Step 4:  The instantaneous isolator stiffness 𝑘𝑀𝑗, and isolator damping, 𝜁Mj are determined 

for DMj using the stiffness and damping regimes of the isolators provided by the designer for 

isolators with seismic case (case 4) axial loads between Wmax and Wmin. 

 

Step 5: The damping coefficient BMj is determined for 𝜁 = 𝜁Mj using Table 5.2: 
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Table 5.2 Damping Factor [42] 

𝜁 (%) BM 

≤ 2 0.8 

5 1.0 

10 1.2 

20 1.5 

30 1.7 

40 1.9 

≥ 50 2.0 

 

Step 6: Using the instantaneous stiffness kMj determined in step 6 a new TMj+1 is determined 

using: 

𝑇𝑀𝑗+1 = 2𝜋√
𝑊

𝑘𝑀𝑗𝑔
 

(5.6) 

Steps 2-6 are repeated and the iteration j increases, such that j = j + 1, until the iterative 

variables converge. The convergence criteria are satisfied when the absolute difference 𝑇𝑀𝑗 and 

𝑇𝑀𝑗+1 is less than 0.001 s.  

However, it may be the case that multiple solutions to TM exist for the range of period around 

the solved TM. This is due to the nonlinear characteristics of the isolation system, which can produce 

multiple possible convergence solutions depending on the initial period assumptions. To ensure 

that the found solution is unique a factor is applied to the period determined in step 6, and the 

iterations detailed in steps 1-6 are repeated. This factor is either 1.25 or 0.75 to investigate 

convergence in the period range around TM. This ensures that for the displacement range of the 

isolation system only one solution exists. If the solution is not unique then an error message is 

displayed. A comparison between the fixed base spectral acceleration and the isolated spectral 

acceleration is then plotted as shown in Figure 5.12.  

 
Figure 5.12: Comparison of fixed base and isolated spectral accelerations 

 

After solving the maximum translational displacement, DM, it is possible to determine the 

total maximum displacement DTM of each isolator unit. DM is multiplied by the torsional 

amplification factors for each isolator producing DTM for each isolator unit.  
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The program then performs several checks to ensure the results comply with the provisions 

of both the ASCE and the NBCC. These checks include: 

1. Ensuring that the isolated period is at least 3 times the fixed base period 

• TM ≥ 3⸱Tfb 

2. Ensuring that the isolated period does not exceed 5s 

• TM ≤ 5s 

3. Ensuring that the percent damping of the isolation system does not exceed 30% 

• 𝜁 M ≤ 30% 

4. The effective stiffness of the isolation system at DM is greater than ⅓ of the effective 

stiffness at 20% of the maximum displacement 

• kM ≥  
1

3
k(0.2DM) 

5. The lateral displacement across the isolation layer due to wind loads shall be less than 

1/500 of the least storey height 

• Dwind < 1/500∙hmin 

If the provisions are satisfied the performance of the structure will be acceptable by ASCE and 

NBCC requirements and further analysis of the response can proceed.  

 

5.3.11 Determine Forces and Response 

 

This program generates the response of the structure and the isolation system. The responses 

generated include: 

• Vertical force distribution 

• The displacement of each storey with respect to the foundation 

• Interstorey drifts 

 

The vertical force distribution of the fixed base and isolated structures are calculated using the 

equivalent lateral force procedure from the NBCC such that: 

 

𝐹𝑥 = 𝑉𝑊𝑥ℎ𝑥 ∑𝑊𝑗ℎ𝑗

𝑁

𝑗=1

⁄  

(5.7) 

While the isolated vertical force distribution is calculated using equation (4.11) described in section 

4.2.4.   

𝐹𝑥 = 𝐶𝑣𝑥𝑉𝑠  

(5.8) 

The cumulative shear force for each storey, Vx, is then determined. A plot of the vertical 

force distribution is produced, comparing the fixed base and isolated storey forces over the height 

of the structure as shown in Figure 5.13. The efficiency of the isolation system is determined by 

comparing the base shear of the isolated and fixed base structures.  
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Figure 5.13: Example of a vertical force distribution comparison  

 

The other main response parameters are the displacements of the structure, in particular the 

displacement of the isolation layer, the interstorey drifts and the floor accelerations. The lateral 

displacement of each level, dx, can be determined by solving the stiffness matrix, as shown in 

equation (5.9). The interstorey drifts are determined for the kth storey using equation (5.10) where 

dx and dx-1 are the floor displacements above and below storey k. The variable hk is the height of 

storey k. The difference between the displacements of the isolated and fixed base structures are 

then compared by a plot as shown in Figure 5.14.  

 

[𝐹] = [𝐾][𝑑] 
(5.9) 

𝛥𝑘 = 
𝑑𝑥 − 𝑑𝑥−1

ℎ𝑘
 

(5.10) 

 
Figure 5.14: Displacement comparison 
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5.3.12 Analysis Results 

 

The final subprogram within the main program generates the Analysis_Results output sheet 

which contains the following data: 

1. A record of each isolator unit, its coordinates, axial load, and maximum displacement 

2. The fixed and isolated structural periods 

3. The fixed and isolated spectral accelerations 

4. A comparison of storey shear between the isolated and fixed base structure 

5. A comparison between the interstorey drifts of the isolated and fixed base structures 

 

This data is exported as a spreadsheet to provide the user with an intuitive means of evaluating the 

results of the seismic analysis. This data is also supported by the figure generated to illustrate the 

layout of the isolation system, and plots comparing the fixed base and isolated spectral 

accelerations, the vertical distribution of forces, and the storey displacements. The produced data 

enables the user to evaluate the efficacy of the isolation system design for the structure. The results 

generated also form the basis for the design of the isolation system, without requiring the user to 

perform any specialist engineering design themselves.  
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CHAPTER 6 ISOLATOR DESIGN 

6.1 Introduction 

The program methodology described in the previous sections can design and analyze the 

structure, but this function only reduces the engineering costs. As previously discussed in section 

1.2 the other major cost barrier for application of seismic isolation to Part 9 structure is the design 

and testing cost for the isolator units, which would be mitigated through the development of a 

catalogue of pretested and certified isolators. While the experimental testing and development of a 

catalogue of isolators is beyond the scope of this research, it is useful to investigate the feasibility 

of designing potential isolators specifically tailored for the dynamic and economic realities of Part 

9 structures. This section will discuss the design requirements, and proposed criteria for the design 

of FREIs due to their potentially superior economic characteristics for application in Part 9 

structures [52].   

 

6.2 Isolator Stability 

 

The design of FREIs has two main areas of relevance, bearing stability and structural 

performance. As seismic performance of the superstructure is not directly addressed by the 

standards for the design of elastomeric bearings, which generally focus on stability and safety, the 

designer must ensure the characteristics produce a stable bearing regardless of economic 

performance concerns. To ensure stability of the isolator under the design load-displacement 

combinations three failure conditions must be investigated and prevented. These failure conditions 

are buckling, rupture, and rollout. To form a coherent design methodology around these concerns 

it is important to review the stability requirements in detail, with primary emphasis on those 

presented in ISO 22762-3 [79] and CSA S6:19 the Canadian Highway Bridge Design Code 

(CHBDC) [80]. 

6.2.1 Buckling Stability 

 

As discussed in section 2.2.2 increases in axial load will cause the lateral stiffness of an 

elastomeric bearing to decrease and, under extreme loading, it may approach zero causing buckling 

to manifest. Buckling of elastomeric bearings is discussed in ISO 22762-3 [79] and equations (6.1) 

and (6.2) are provided to determine the critical buckling load under static loading, Pcr, and dynamic 

loading, 𝑃𝑐𝑟𝐷𝑀 , respectively, as: 

 

𝑃𝑐𝑟 =
𝑎3

𝑇𝑟

𝜋

4
𝜉√𝐸𝑏𝐺 

(6.1) 

𝑃𝑐𝑟𝐷𝑀  ≤  𝑃𝑐𝑟 (1 −
𝐷𝑀
𝑎
) 

(6.2) 
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G: Shear modulus 

a: Square bearing side length 

Tr: Total elastomer thickness 

ξ: 1 for circular bearings, or 
2

√3
 for rectangular bearings 

Eb: Bending modulus 

DM: Design maximum lateral displacement 

 

These equations, however, are tailored specifically for SREIs who’s reinforcement is rigid 

in flexure, making them potentially unsuited for the analysis of FREIs. Alternative equations have 

been derived to investigate the buckling capacity of FREIs by accounting for the fiber 

reinforcements lack of flexural rigidity [81]. The critical buckling load under static and dynamic 

loading are thus given by equations (6.3) and (6.4), respectively, as:  

 

𝑃𝑐𝑟 =
𝜋𝐺𝑎4

2√15𝑛𝑒𝑡𝑟
2
 

(6.3) 

𝑃𝑐𝑟(𝐷) = 𝑃𝑐𝑟 (1 −
𝐷𝑀
𝑎
)
3

 

(6.4) 

tr: Elastomeric layer thickness 

ne: Number of elastomeric layers 

 

These equations allow the designer to investigate the critical buckling capacity of the FREI under 

static loads at a shear displacement, DM. However, these equations generally provide very 

conservative estimates of the critical buckling load under shear displacement due to key simplifying 

assumptions. For example, a bearing with G = 0.4 MPa, shape factor of S = 11 and length to height 

aspect ratio, R = 2.9 was found to have a seismic buckling capacity of 12 MPa under D = 2Tr which 

is substantially higher than the theoretical capacity of the bearing which is only 2.5MPa [82].  

 

6.2.2 Rollout Stability 

 

Rollout instability is a concern for bearings whose contact surfaces are connected to the 

surface or foundation through shear connections only, such as shear keys, dowelled connections or 

simply relying on friction. These connections are unable to resist tension and thus leave the bearing 

vulnerable to instability at large displacements. Rollout occurs when the overturning moment 

induced by the lateral seismic force cannot be sufficiently resisted by the axial load applied by the 

overlying structure. The equilibrium condition can be investigated to determine the maximum 

allowable shear displacement using: 

𝑃(𝑎 − 𝐷𝑀) = 𝐻𝑉 

(6.5) 

P: Axial load 

H: Total bearing height 

V: Shear force 
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Since the shear connections cannot provide a tensile restraint to the shear displacement, 

displacements past the equilibrium configuration leads to a negative lateral stiffness and thus 

instability. The factors affecting the rollout of an unbonded elastomeric bearing are shown in Figure 

6.1. 

 
Figure 6.1: Rollout instability  

 

To determine the maximum displacement before rollout occurs a relationship between the 

applied axial stress and the maximum allowable displacement is produced in equation (6.6) [51]. 

This relationship is a function of the bearing’s geometry, and thus it is not necessary to know the 

applied shear force to investigate the relationship between axial load and acceptable displacement. 

 

𝐷𝑚𝑎𝑥 ≤
𝑎𝜎

𝐻
𝑇𝑟
𝐺 + 𝜎

 

(6.6) 

Rollout of FREIs can be prevented by ensuring stable rollover occurs. As discussed in section 2.2.2 

unbonded FREIs can undergo rollover under large displacements rather than rollout. This is 

possible for bearings with a length to total height aspect ratio in excess of 2.5, as the larger aspect 

ratios promote favourable deformation patterns [83].  

 

6.2.3 Rupture Stability Check 

 

Rupture stability is investigated by determining the total internal strain caused by combined 

shear, and compressive and rotational strains. The allowable internal strain varies between codes 

and ranges from 5.0 in [84] to 5.5 in [80] and to 7.0 in [85], while ISO limits strain as a function of 

the type of elastomer [86]. The variability in codes is also present in the equations they present to 

calculate the strain components. Many of these equations also produce significant errors when 

compared to the theoretical equations [87]. While simplified equations are desirable to facilitate 

ease of use the theoretical equations accounting for compressibility of the elastomer and 

extensibility of the reinforcement are better suited to providing an accurate analysis of the internal 

strain as well as other relevant physical properties. 
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The total strain within the bearing, γ, is given by equation (6.7), where γd is the shear strain 

due to shear displacement, γc is the shear strain due to compressive strain and γr is the shear strain 

due to rotation. A limit of 5.5 is selected based on the conservative CSA S6 requirements [80]: 

𝛾 =  𝛾𝑑 + 𝛾𝑐 + 𝛾𝑟 ≤ 5.5 

(6.7) 

The laterally induced shear strain is given by equation (6.8): 

𝛾𝑑 =  
𝐷𝑀
𝑇𝑟

 

(6.8) 

The compressive strain and the compression modulus of rectangular bearings are calculated using 

equation (6.9) and (6.10) [88]. The variable Ke represents the combined effects of bulk 

compressibility and extensibility, while λ represents the sensitivity of the pad to compressibility 

and extensibility where λ = 0 represents an incompressible elastomer and inextensible 

reinforcement [87]: 

𝛾𝑐 = 24𝑆 (
1 + 𝜌

𝜌
) ∑

1

𝜁𝑐𝑛𝑛𝜋

∞

𝑛=1,3,5…

𝑡𝑎𝑛ℎ(𝜁𝑐𝑛)𝑠𝑖𝑛 (
𝑛𝜋

2
)
𝜎

𝐸𝑐
 

(6.9) 

𝐸𝑐 = 8𝜆
2𝐾𝑒

(1 + 𝜌)2

𝜌2
∑

1

𝜁𝑐𝑛
2𝑛2𝜋2

∞

𝑛=1,3,5…

(1 −
𝑡𝑎𝑛ℎ(𝜁𝑐𝑛)

𝜁𝑐𝑛
) 

 (6.10) 

1

𝐾𝑒
=

1

𝐾
+ 𝑒

𝑡𝑟

𝐸𝑓𝑡𝑓
  𝜁𝑐𝑛 = 𝜆

2 (1+𝜌)
2

𝜌2
+
𝑛2𝜋2

4𝜌2
  𝜆 = 𝑐𝐺𝑆2 (

1

𝐾𝑒
) 

(6.11 a b c) 

K: Bulk modulus of the elastomer 

Ef: Effective elastic modulus of reinforcement  

ρ: Bearing plan area aspect ratio (equal to 1 for square bearings) 

tf: Thickness of a reinforcement layer 

S: Shape factor 

σ: Compressive axial stress 

c and e: geometry and load dependent coefficients; c = 12, e = 2 for rectangular bearings 

 

The rotational strain of a rectangular bearing is given by equation (6.12) [89], where θ is the design 

rotation of a single elastomeric layer: 

 

𝛾𝑟 = 12𝑆
2
(𝜌 + 1)2

𝜌2
∑

1

𝜁𝑟𝑛
2

∞

𝑛=1

(1 −
1

𝑐𝑜𝑠ℎ(𝜁𝑟𝑛)
)𝜃 

(6.12) 

𝜁𝑐𝑛 = 𝜆
2
(1 + 𝜌)2

𝜌2
+
𝑛2𝜋2

𝜌2
 

(6.13) 
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6.3 Testing Requirements  

While the equations presented in section 6.2 provide the designer with a method of 

estimating the stability of the bearing under various loading conditions, testing is still required to 

ensure the compressive and shear performance matches the theoretical properties. While codes vary 

on the exact nature and requirements of tests the main properties of interest remain the same. These 

properties are: 

• Compressive properties 

• The compressive properties dependance on compressive load and shear 

displacement 

• Shear properties 

• The shear properties dependance on compressive load and shear displacement 

• Shear displacement capacity 

The purpose of testing is fundamentally to provide the designer with a detailed understanding of 

the properties and performance of the elastomeric bearing that are relevant to seismic isolation. 

This section will discuss the relevant testing requirements and the data produced by the various 

tests to provide a detailed view of the properties and loading conditions that must be considered by 

the designer. 

 

6.3.1 Compressive Properties 

 

ISO 22762-3 Cl. 6.5.2 [79] and ISO 22762-1 Cl. 6.2.1.5.2 [90] provides the designer with 

the compressive properties of the isolator under the design compressive stress, σ0. The test is carried 

out by applying the design stress, σ 0, and then subjecting the bearing to 3 cycles of loading with 

amplitude σ 0 ± 30% and measuring the vertical deformation of the bearing. After the 3rd cycle the 

vertical stiffness, kv, is determined using equation (6.14). For the test results to be accepted the 

vertical stiffness must be within ± 30% of the design value. 

 

𝑘𝑣 =
𝑃2 − 𝑃1
𝑌2 − 𝑌1

 

(6.14) 

P1 = (𝜎0 –  0.3 𝜎0)𝐴 

P2 = (𝜎0 +  0.3 𝜎0)𝐴 

A: Contact surface area 

Y1: Vertical deformation due to P1 

Y2: Vertical deformation due to P2 
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6.3.2 Compressive Property Dependance 

 

After the compressive properties have been investigated under the design loading it is 

important to investigate how the compressive stiffness will vary when subjected to a combined 

compressive and shear displacement loading. To determine the dependance of kv on the 

compressive load, and on the shear displacement two tests are conducted. 

The first test investigates the dependance of kv on the shear displacement of the bearing. This 

test is identical to the compressive property test described in 6.3.1, however, the test is conducted 

at a constant shear displacement. The shear displacements to be investigated are given in Table 6.1, 

where γ0 is the design shear strain. The vertical stiffness is otherwise determined by the same 

methods as in section  6.3.1.  

 

Table 6.1: Compressive strain dependance test strains 

Shear strain % 0 0.5γ0 1.0γ0 1.5γ0 

 

The second test investigates the dependance of kv on the applied compressive force and shear 

displacement. This is done by repeating the test described in section 6.3.1 but with modified loading 

and shear displacement conditions. The modified loading conditions are presented in Table 6.2. 

The bearing is additionally subjected to a shear displacement γ = γ0. The vertical stiffness is 

otherwise determined by the same methods as in section  6.3.1.  

 

Table 6.2: Compressive stress dependance test stresses 

Compressive stress σ 0 ± 0.3 σ 0 σ 0 ± 0.7 σ 0 σ 0 ± 1.0 σ 0 

 

The results from the dependency tests allows the designer to predict the compressive 

performance of the bearing under conditions that differ from the design seismic loading conditions 

of σ = σ0, and γ = γ0. This is important when the loading conditions of individual isolators within a 

structure differ from the average conditions significantly. While variable vertical deformation is 

undesirable, substantial changes to vertical stiffness may have significant implications when 

investigating the buckling and rupture capacity of the bearing.  

6.3.3 Shear Properties 

 

The purpose of the shear property tests as outlined in ISO 22762-3 6.5.3 [79] is to provide 

the designer with the shear and damping properties of the isolator under the design compressive 

stress, σ0, and at the design shear strain γ0. The test is carried out by applying the design stress, σ0, 

and then subjecting the bearing to 3 cycles of shear loading at an amplitude of γ0 at a period of 

oscillation equal to the design isolation period. The force displacement hysteresis loop is recorded 

for each cycle and the effective shear stiffness, kH, and the equivalent viscous damping ratio, 𝜁, are 

determined using the data from the 3rd cycle using equations (6.15) and (6.16) respectively. 

 

𝑘𝐻 =
𝑄1 −𝑄2
𝑋1 − 𝑋2

 

(6.15) 
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𝜁 =
2(∆𝑊)

𝜋𝑘𝐻(𝑋1 − 𝑋1)
2
 

(6.16) 

Q1: Maximum shear force 

Q2: Minimum shear force 

X1 = γ0∙Tr 

X2 = -γ0∙Tr 

ΔW: Area enclosed by the hysteresis loop 

 

6.3.4 Shear Displacement Capacity 

 

It is expected that the general performance of isolators within an isolation system will 

conform roughly to γ =γ0 and σ = σ0. However, it is important to investigate the ultimate capacity 

of the bearing to provide the designer with the maximum allowable combined shear and axial 

loading a bearing can withstand. This ensures that the loading conditions are below the ultimate 

limits and will not result in stability concerns or failures.  The limits of stable performance can be 

estimated by the equations presented in section 6.2, however, testing is required to ensure that 

stability is verified.  

To evaluate the stability of the bearing the maximum shear capacity, γmax, is established under 

the maximum load σmax, and, when rollout is a concern, σmin as well. The bearing is loaded with 

either σmax or σmin and a unidirectional shear deformation is applied at a constant rate until buckling, 

rupture or rollout occurs, or the test is stopped once the design maximum displacement is reached. 

If no failure occurs then the maximum displacement reached is designated as γmax, provided that the 

force-displacement curve has been increasing monotonically.  

To provide a relationship between the compressive load and the maximum shear 

displacement testing can be performed to develop an ultimate property diagram (UPD). This is 

achieved by applying various stress levels and subjecting the bearing to static monotonic shear 

loading until stability failure occurs. The stress levels are given in Table 6.3. The results are then 

used to provide designers with a method of estimating the ultimate capacity of the bearing under 

variable load conditions such that γ ≠ γmax and σ ≠ σmax,min. 

 

Table 6.3: UPD compressive stress loads 

Compressive stress 0.5 σ0 1.0 σ0 1.5 σ0 2.5 σ0 

 

6.3.5 Shear Property Dependance 

 

The variation of shear properties with the axial load conditions has significant implications 

for Part 9 structures and the development of the isolator catalogue. Variability of properties within 

the structure can cause additional torsional effects to manifest, however, assuming the average 

loading conforms roughly to the design conditions of γ = γ0 and σ = σ0 the overall structural response 

should conform generally to the expected design response.  

Since custom designs of isolators for each structure are undesirable due to economic 

concerns it is important to be able to predict how a structure whose average load conditions do not 
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match the design loading conditions of the isolator will perform. Tests are conducted investigating 

the dependance of shear and damping properties on shear strain and compressive stress. This 

investigation allows for the suitability of the bearing to be assessed for a range of structures. 

The shear dependency test repeats the experiment described in section 6.3.3 for a range of 

shear strains to investigate the change of kH and 𝜁 with respect to the design shear properties. The 

shear properties are determined between 0.5 γ0 and γmax at intervals of 0.5γ0, where the interval 

between γmax and the proceeding test strain is at least 0.5 γ0. Additionally, it is recommended that 

the designer investigate γ = 0.1 γ0 or 0.2 γ0 to provide a more accurate understanding of the shear 

properties at small displacements, which is important for accurately investigating the wind induced 

displacement and required restoring force discussed in section 3.1.3. The compression dependency 

test repeats the test described in section 6.3.3 for a range of compressive stresses to investigate the 

change of kH and 𝜁 with respect to the design shear properties. The test compressive stresses are σ 

= 0.5 σ0, 1.0 σ0, 1.5 σ0 and 2.0 σ0.  

The class of the isolator, as defined by ISO 22762-2 [86], is determined by the allowable 

tolerance of shear properties. S-A allows an individual and global variability of ± 15% and 10% 

respectively, while S-B allows an individual and global variability of ±15% and 25%. Individual 

variability refers to the properties of each bearing in the system, while global variability refers to 

the average properties. Individual properties are important when torsion or unequal axial loading 

may cause significant differences in shear and compressive loading. Deviation of shear properties 

beyond these limits is prohibited to ensure that the overall system performance will be relatively 

homogenous regardless of the loading of individual bearings. In Part 9 structures analyzed by the 

program method, class S-A isolators are preferable as the response of individual bearings will be 

more homogeneous and ensure that the approximated response does not deviate substantially from 

the dynamic reality.  

 

6.4 Design Considerations for Part 9 Structures  

The fundamental stability considerations and the relevant properties discussed in sections 

6.2 and 6.3 are universal to FREI’s regardless of the structure augmented with seismic isolation. 

However, the design of a catalogue of FREIs for Part 9 structures necessitates a design that 

considers the economic and structural realities of augmenting a Part 9 structure with seismic 

isolation. This section will discuss several areas of consideration important for the design of 

isolators for Part 9 structures.  

 

6.4.1 Isolator Shape 

 

The program method described in Chapter 5 approximates the torsional response by 

assuming the lateral stiffness of the bearings will be homogenous. Additionally employing bearings 

whose lateral stiffness properties are identical along both primary axes such as square or circular 

bearings prevents the designer from needing to further detail the isolation system layout by 

specifying the orientation of individual bearings. Square bearings may have additional potential, as 

they can be cut from the same large pad, which, while similarly possible for circular bearings, 

would produce substantially less material waste and may therefor be more economically efficient 
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to produce in larger quantities. Circular bearings however, have the added benefit of requiring no 

orientation during construction unlike square bearings which should be oriented to align with the 

primary structural plan axes. Additionally, it is required that the bearings length to height aspect 

ratio exceeds 2.5 to prevent the rollout failure condition from manifesting at large displacements 

as discussed in section 6.2.2.  

 

6.4.2 Superstructure Performance and Shear Displacement 

 

The design of the bearing must be able to provide a sufficient level of protection to the 

superstructure when applied in the design isolation system. If the isolated period is sufficiently 

elongated the various response parameters linked to damage (i.e., interstorey drift and floor 

accelerations), will be suppressed to below the values at which damage is expected to manifest as 

discussed in section 1.1.4. Elongation of the fundamental period is achieved by ensuring that the 

collective lateral stiffness of the isolators that compose the isolation layer will be low enough to 

produce 𝑇 ≥  𝑇𝑚𝑖𝑛, where Tmin is the isolated period where interstorey drift and floor accelerations 

are below the damage thresholds of 0.1% and 0.25g, respectively [23, 26].  

While 𝑇 ≥  𝑇𝑚𝑖𝑛 is a desirable level of performance to achieve it is undesirable to produce 

a fundamental period significantly longer than Tmin. The undesirability of longer periods is due to 

the increase in the design displacement of the isolation system which can lead to increased costs as 

the designer must accommodate for larger base displacements [46]. Costs that will increase with 

displacement include the required size of footings below the isolators, the size of the moat and or 

the required clearance around the isolation system, and the flexibility of utilities connections. It is 

thus desirable to control the displacements while preventing damage. Isolated periods shorter than 

but close to Tmin may still reduce damage to superficial levels. Thus, it is not always necessary to 

always ensure T > Tmin if the expected damage is only superficial and this is deemed acceptable by 

the designer.  

 

6.4.3 Applicability of Designs  

 

The purpose of the isolator catalogue is to reduce testing and fabrication costs by introducing 

an element of universality into the design of the bearings. While designing a bearing suitable for 

all Part 9 structures is unrealistic there are characteristics that make structures more suited to the 

same bearing design. The period Tmin is a key parameter when evaluating if a bearing can provide 

complete seismic protection. If Tmin of two structures is not close the deviant structures other 

characteristics such as total weight, W, or number of isolators, n, would need to differ in such a way 

that the isolator can achieve sufficient performance. By review of the ASCE and NBCC simplified 

equations discussed in section 5.3.11 the structural characteristics that most strongly predicts Tmin 

is the number of storeys and the vertical mass distribution, which play a significant role in 

determining how the seismic base forces are distributed throughout the structure. The peak 

interstorey drifts of Part 9 structures with a fixed base period assumed between 0.1 - 0.3 s are mostly 

independent of the total W, as proportional changes in W throughout the structure will result in 

proportional increases in both kk and mk so that dx calculated by equation (5.9) remains unchanged. 

This however, assumes that the fixed base period of the structure remains between 0.1 - 0.3s, which 
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may not be the case for massive yet relatively slender structures. Additionally, changes in local 

storey mass that are not reflected proportionally in the other storeys will also lead to alterations in 

the force distribution, and thus Tmin. 

While Tmin is theoretically independent of W, the isolated response is not. From equation 

(4.3) structures with similar 
𝑊

𝑛
 ratios subjected to comparable local seismic conditions will achieve 

a similar period elongation if both structures utilized identical isolators. Under similar conditions 

the isolated period determined by the methods discussed in sections 4.2 and 5.3 will converge to a 

similar solution. However, if the  
𝑊

𝑛
 ratio or the local seismic conditions deviate significantly 

between structures using the same isolators the response may converge to different solutions. This 

can be tolerated so long as the isolation period remains sufficiently elongated and base lateral 

displacements are not significantly increased. Larger deviations that negatively affect performance 

would indicate that the isolator is not suitable for the structure. The 
𝑊

𝑛
 ratio thus constitutes an 

important parameter for evaluating if two structures with similar Tmin requirements can achieve the 

same isolated period using the same bearing design. Therefor if two structures have similar 
𝑊

𝑛
 ratios 

and have similar design period lengths, then they can likely utilize the same, or similar bearings.  

  



 

62 

 

 

CHAPTER 7 CASE STUDIES  

7.1 Program Methodology Validation 

To validate the program methodology two base isolated residential structures are simulated 

and the number and properties of elastomeric bearings required to provide seismic protection for 

each structure are proposed. The isolated structures are modelled and subjected to time history 

analysis with west coast ground motions using OpenSees [91]. The theoretical fixed base and base 

isolated responses are compared to the time history analysis responses. The site conditions and 

loading are selected to be representative of Vancouver, BC. 

 

7.2 Model Structures 

Two structural designs are analyzed to verify the efficacy of the program’s analysis for 

structures typical of British Columbia. Design 1 considers a two storey rectangular structure with 

a plan area of 255m2. Design 1 conforms to contemporary design practices in BC. where single 

family homes typically have a plan area of 250m2 and generally have two storeys [92]. Design 2 

considers a single storey rectangular structure with a plan area of 124m2 which was chosen to 

represent the average existing single-family home in BC. which typically have an average plan area 

around 133m2 [93]. Both structures have storey heights of 3m. The floor plans of designs 1 and 2 

are shown in Figure 7.1 and Figure 7.2, respectively. A breakdown of the geometric inputs of each 

design is presented in Table 7.1.   

 
Figure 7.1: Design 1 Ground floor plan and 2nd storey plan 
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Figure 7.2 Design 2 ground floor plan 

 

Table 7.1: Geometric data 

Design Storey X1 (m) X2 (m) Y1 (m) Y2 (m) 

1 1 15 0 8.5 0 

2 15 0 8.5 0 

2 1 11 0 11 0 

 

The dead, snow and live loads applied to the structural areas are given in tables Table 7.2, 

Table 7.3 and Table 7.4 respectively. All three designs are assumed to be of normal construction 

for the purposes of determining dead loads in concurrence with the methods described in section 

5.3.5. These loads are used to evaluate the structures gravity load and the axial loads of isolators 

for NBCC load cases 1-4, and the dynamic mass distribution of the structure is determined using 

load case 4. The two storey OpenSees model was modelled with two different stiffness profiles. 

Design 1a was modelled with shear proportional stiffness, as assumed by the program method, 

while design 1b was modelled with a uniform stiffness distribution. This is done to investigate if 

the assumptions made by the program have a significant impact on response estimation, and to 

check if the assumption of shear proportional stiffness is conservative. Each design has a fixed base 

period of 0.3s, the high end of realistic fixed base periods for residential structures [34]. This is due 

to longer fixed base periods producing a less uniform, and more linear response distribution of the 

isolated superstructure which leads to response concentrations at the top of the superstructure, in 

addition to the substantially larger storey displacements and interstorey drifts [70].  The mass 

distribution of design 1 and 2 is in Table 7.5. The stiffness distribution approximated by the 

program is determined according to section 5.3.7, and is presented in Table 7.6 while the uniform 

stiffness distribution of the model is presented in Table 7.7.  

 

Table 7.2: CWC weight class distributed dead loads  

Structural Component Dead Load  

Floor 0.5 kPa 

Roof 0.5 kPa 

Exterior Wall 0.32 kPa 

Partition Wall 0.5 kPa 
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Table 7.3: Snow load values Vancouver  

Variable Value 

Cb 0.55 

Sr 1.8 kPa 

Ss 0.2 kPa 

S (snow load) 1.2 kPa 

 

Table 7.4: Distributed live loads  

Structural Component Live Load  

Floor 1.9 kPa 

Roof 1.0 kPa 

 

Table 7.5: Mass and weight distribution  

 Design 1 Design 2 

Level Mass (kg) Weight (kN) Mass (kg) Weight (kN) 

1 (Ground) 15,297 150.1 14,487 142.1 

2 17,596 172.6 11,712 114.9 

3 (Roof) 12,372 121.4   

Total 45,265 444.1 26,199 257.0 

 

 

Table 7.6: Program stiffness distribution 

 Design 1 Design 2 

Storey Stiffness (kN/mm) Stiffness (kN/mm) 

1 18.5 5.1 

2 10.9  

 

Table 7.7: Model stiffness distribution 

 Design 1a Design 1b  Design 2 

Storey Stiffness (kN/mm) Stiffness (kN/mm) Stiffness (kN/mm) 

1 18.5 16.0 5.1 

2 10.9 16.0  

 

The structural floor beams of design 1 trace the ground floor perimeter and divide the internal 

area laterally into three 5.0 m spans, and longitudinally into two 4.25m spans as shown in Figure 

7.3 a). The floor beams of design 2 similarly trace the structural perimeter while dividing the 

internal area via two 5.5m lateral spans and two 5.5m longitudinal spans as shown in Figure 7.3 b). 

These designs conform to the joist span length limits of the NBCC [6], which limit the maximum 

allowable unsupported span length. The program designs the isolation system layout by placing 

isolators at the beam intersection nodes as shown in Figure 7.4 a) and b) for designs 1 and 2 

respectively.  
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 a)                                                                             b) 

Figure 7.3: a) Design 1 floor beam layout and b) design 2 floor beam layout 

  

 
a)                                                                             b) 

Figure 7.4: a) Design 1 isolator layout and b) design 2 isolator layout 

 

The vertical load on each bearing is determined for each load case using the methods 

described in sections 5.3.3 - 5.3.5. The approximate axial loads for load cases 1:4 on each isolator 

of the design 1 and 2 layouts are presented in Table 7.8 and Table 7.9, respectively. The maximum 

axial load from cases 1-3 is the static axial load and is used to evaluate the rupture and buckling 

capacity of the bearings under static conditions. The maximum load from case 4 is used to evaluate 

rupture and buckling under dynamic conditions, and the minimum load of case 4 is used to evaluate 

rollout instability. The design axial loads for each design are presented in Table 7.10. 
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Table 7.8: Isolator axial loading of design 1 structure (kN) 

Isolator Load case 1 Load case 2 Load case 3 Load case 4 

1 29.9 68.1 60.2 22.9 

2 58.7 159.7 141.3 46.4 

3 58.7 159.7 141.3 46.4 

4 29.9 68.1 60.3 22.9 

5 54.1 146.6 128.4 42.4 

6 55.1 173.0 144.8 42.8 

7 55.1 173.0 144.8 42.8 

8 54.1 146.6 128.4 42.4 

9 29.9 68.1 60.2 22.9 

10 58.7 159.7 141.3 46.4 

11 58.7 159.7 141.3 46.4 

12 29.9 68.1 60.2 22.9 

Average 47.7 129.2 112.7 37.3 

 

Table 7.9: Isolator axial loading of design 2 structure (kN) 

Isolator Load case 1 Load case 2 Load case 3 Load case 4 

1 23.3 61.1 56.5 18.9 

2 40.0 119.0 110.3 33.5 

3 23.3 61.1 56.5 18.9 

4 40.0 119.0 110.3 33.5 

5 59.9 200.9 180.9 50.3 

6 40.0 119.0 110.3 33.5 

7 23.3 61.1 56.5 18.9 

8 40.0 119.0 110.3 33.5 

9 23.3 61.1 56.5 18.9 

Average 34.8 102.3 94.3 28.9 

 

Table 7.10: Design axial loads for bearings (kN) 

Axial Load Type Design 1 Design 2 

Static Maximum 173.0 200.9 

Dynamic Maximum  46.4 50.3 

Dynamic Minimum  22.9 18.9 

 

7.3 Isolator Properties 

The properties of the bearing used to augment each structure are based on the theoretical 

dynamic response of the isolated structure, such that the isolated response is kept below theoretical 

acceleration and drift damage thresholds. This is done by analyzing the theoretical response of the 

isolated structure for various isolated periods and determining the shortest period capable of 

providing a design that limits damage to superficial levels, or eliminates it entirely as outlined in 

section 6.4.2. The number of isolators is determined in accordance with the stability principles 
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discussed in section 5.3.2, from which the individual maximum stiffness of isolators at the design 

displacement may be found using equation (7.1). The minimum required isolation period for 

designs 1 and 2 are 1.35s and 1.0s. The maximum allowable shear stiffness at the design 

displacement for the designs 1 and 2 are 82.3 kN/m and 74.4 kN/m, respectively: 

 

𝑘𝐻 𝑚𝑎𝑥 = 
𝑊

𝑛𝑔
(
2𝜋

𝑇𝑚𝑖𝑛
)
2

 

(7.1) 

Using the design axial loads shown in Table 7.10 and the required stiffnesses the design of 

the bearing can be completed and the physical characteristics selected. The isolator’s physical 

characteristics and performance properties are shown in Table 7.11 and Table 7.12 for both design 

1 and 2. The theoretical performance characteristics shown in Table 7.12 and the nonlinear shear 

properties should be verified via testing and the design be completed using the test data. The 

theoretic performance would normally serve as a starting point for design and testing, however, 

due to the scope of the research conducted, performance is approximated using the theoretical 

design data in lieu of experimental testing.  

 

Table 7.11: Isolator characteristics 

Characteristic Design 1 Design 2 

G (shear modulus) (MPa) 0.3 0.3 

K (bulk modulus) (MPa) 2000 2000 

𝜁 (damping) (%) 10 10 

a (side length) (mm) 251 232 

tr (layer thickness) (mm) 11 10.3 

n (number of layers) 9 9 

Tr (total thickness) (mm) 99 92.7 

R (length to height aspect ratio) 2.54 2.50 

S (shape factor) 5.70 5.63 

 

Table 7.12: Isolator properties 

Property Design 1 Design 2 

kHi (initial stiffness) (kN/m) 190.9 174.2 

kV (vertical stiffness) (kN/m) 9873.0 8208.0 

Dmax (Maximum allowable displacement) (mm) 300.0 200.0 

Pmin (design minimum seismic axial load) (kN) N/A N/A 

Pcr(D) (design maximum seismic axial load) (kN) 60.0 47.0 

Pcr (design maximum static axial load) (kN) 440.0 369.0 

 

 

Design 1 has a static axial load of 173.0 kN and a dynamic maximum axial load of 46.4 kN, 

while the design static, and design dynamic axial capacities are 440.0 kN and 60.0 kN respectively. 

The seismic and static axial loads are substantially less than the isolator’s design static and seismic 

axial loads. The possibility of rollout is suppressed by ensuring a length to total height ratio of 2.5. 

Thus, rollout does not govern the maximum allowable displacement. Additionally, no minimum 
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load limit is assigned to these theoretical design bearings as they would be governed by friction, a 

quality not investigated in this study. The theoretical dynamic buckling capacity is also discounted 

when establishing Dmax due to the overly conservative estimation of the equations presented in 

section 6.2.1. The program assumes the damping of the bearing is constant at 10% while the 

nonlinear lateral stiffness is approximated as a function of displacement using equation (7.2).  

 

kH =

{
 

 
Ga(a-d)

Tr

𝑑 ≤ 
𝑎

2
𝐹𝑚𝑎𝑥
𝑑

𝑑 > 
𝑎

2

 

(7.2) 

𝐹𝑚𝑎𝑥 = 
G𝑎3

4Tr

 

(7.3) 

A piecewise function is used to provide an approximation of the nonlinear stiffness of the 

bearing while ensuring the theoretical tangential stiffness remains positive at larger displacements. 

This is important as equation (7.2) is used to fit a theoretical Bouc-Wen hysteresis profile for the 

bearings used in the OpenSees models [94]. The design displacements do not exceed 
𝑎

2
 and thus the 

𝑑 > 
𝑎

2
 approximations are limited to aiding the fit of the hysteresis models, and are not directly 

used to evaluate the response. The force-displacement Bouc-Wen equation is defined as: 

𝐹𝐻 = 𝑞𝑑�̇� + 𝛼1𝑘1𝑢 + 𝛼1𝑘1𝑠𝑔𝑛(𝑢)|𝑢| 
𝑢 

(7.4) 

�̇� =
�̇�

𝑢𝑦
{1 − |𝑧|𝜂(𝛾 + 𝛽𝑠𝑔𝑛(𝑧�̇�)}

̇
 

(7.5) 

𝑢𝑦 =
𝑞𝑑

(1 − 𝛼1)𝑘1
 

(7.6) 

FH: Lateral force 

u: Lateral displacement 

qd: Characteristic strength,  

k1: Initial elastic stiffness,  

α1: Post-yield stiffness ratio of the linear hardening component,  

α2: Post-yield stiffness ratio of the non-linear hardening component,  

μ: exponent of the non-linear hardening component,  

η, β, and γ: hysteretic shape parameters,  

uy: yield displacement  

 

The variables used in the Bouc-Wen equations for the bearings proposed for design 1 and 2 are 

shown in Table 7.13 and the hysteretic profile of the Bouc-Wen isolators for design 1 and 2 are 

illustrated in Figure 7.5. 
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Table 7.13: Model Bouc-Wen Variables 

Variable Design 1 Design 2 

k1 (N/m) 401∙103 392∙103 

qd (N) 752 737 

α1 0.295 0.285 

α2 -0.525 -0.526 

μ 1.74 1.71 

η 0.120 0.122 

β 0.438 0.450 

γ 0.431 0.435 

 

 
                                        a)                                                                           b) 

Figure 7.5: a) Force displacement hysteresis of design 1 and b) design 2 

 

7.4 Time History Analysis  

The modelled structures are subjected to west coast ground motion records in accordance 

with the selection and scaling requirements of the NBCC Commentary Appendix J Method A [95]. 

A minimum of 11 records are required by Method A, with 7 records required per ground motion 

hazard contribution mechanism (scenario). A total of 21 ground motion records were selected to 

represent the various hazard source mechanism contributions. The various source mechanisms for 

Vancouver are a M 6.5 crustal, M 7.5 sub-crustal, and M 9.0 subduction events. Using hazard de-

aggregation these scenarios contribute to period domains of 0 - 0.5 s, 0.5 – 2.0 s and 1.0 – 5.0s 

respectively [96]. The target spectrum domain is selected using equations (7.7) and (7.8) where T1 

is the fundamental period of the structure and T90% is the lowest period that captures 90% of the 

mass participation. For the records selected the value of T1 was chosen as 0.3s and a range of 0 – 

1.5s was chosen for the design. For the isolated structures a value of T1 = 1.1 or 1.2 s should have 

been chosen (with different required period ranges) as this would be the fundamental period for the 

isolated structures. This was deemed unnecessary as the required period range and subsequent fit 

did not change significantly. Using the same records also simplifies the comparison between the 

fixed and base isolated structures.  

𝑇𝑚𝑖𝑛 = 𝑚𝑖𝑛[0.2𝑇1, 𝑇90%] 
(7.7) 

𝑇𝑚𝑎𝑥 = 𝑚𝑎𝑥[2.0𝑇1, 1.5 𝑠] 
(7.8) 
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The ground motion records were obtained from the Engineering Seismology Toolbox online 

resource [96] which provides crustal, sub-crustal and subduction earthquake records representative 

of west coast ground motions. These records are synthetically produced; however, their 

characteristics are tailored to represent realistic west coast records. The selected ground motion 

records and scale factors are shown in Table 7.14.  

 

Table 7.14: Ground motion records 

Magnitude Record  Distance (km) Scale factor Global Scale factor 

 1 8.8 0.757  

 2 10.8 0.904  

 3 8.4 0.772  

6.5 4 8.4 0.830 1.03 

 5 9.5 1.111  

 6 8.6 0.932  

 7 11.2 1.147  

 8 18.1 0.902  

 9 10.2 0.629  

 10 17.8 1.374  

7.5 11 18.1 1.095 1.03 

 12 15.2 0.738  

 13 15.2 0.667  

 14 30.2 1.3705  

 15 112.4 1.6562  

 16 112.4 1.6696  

 17 112.4 1.5022  

9.0 18 156.7 1.8740 1.0 

 19 112.4 1.9520  

 20 112.4 1.6607  

 21 112.4 1.6227  

 

The models developed in OpenSees to validate the program methodology was a dynamically 

equivalent wireframe model with concentrated mass at nodes, which for the ground level align with 

the X, Y coordinates of the isolators, and align with the 4 corners of the structure for upper levels 

of the design structures. The mass of each node is determined based on the supported tributary area, 

such that the vertical mass distribution and the isolator axial loads between the model and program 

are identical. Additionally, an eccentricity of 10% of the perpendicular plan direction to loading 

was applied by biasing the mass towards the negative x-direction to investigate torsional sensitivity. 

The storey nodes are constrained to act as a rigid diaphragm in alignment with the assumed rigid 

elastic performance of the floor system. The lateral storey stiffness of the design 1a and design 2 

models was assigned as shear proportional, while design 1b was assigned a uniform stiffness 

distribution. All designs have equal stiffness in both X and Y directions. Lateral stiffness is 

developed by four massless elastic beam columns located at the corners of each storey. The model 

structures achieved a period of 0.3s by assigning the design masses to the structure and assigning 

column stiffnesses that produced a fixed base period of the desired length. The superstructure 

damping is assumed at 2% for the isolated structure and 5% for the fixed base structure as it is 

expected that the isolated structure will remain undamaged while the fixed structure will experience 
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damage [97]. The damping matrix of the fixed and isolated superstructures are approximated using 

Rayleigh damping. The damping matrix, [C], is constructed using: 

 

[𝐶] =  𝑎0[𝑚] + 𝑎1[𝑘] 
(7.9) 

𝑎0 = 𝜁
2𝜔𝑖𝜔𝑗

𝜔𝑖 +𝜔𝑗
 

(7.10) 

𝑎1 = 𝜁
2

𝜔𝑖 +𝜔𝑗
 

(7.11) 

Equation (7.9) relates the approximated damping matrix to the stiffness and mass matrices of the 

structure. The variables ωi and ωj represent the lower and upper bound angular natural frequency 

of the modes of the structure, usually selected as the 1st mode and a higher mode. This allows the 

damping to be approximated for a structure when the primarily contributing modes of vibration fall 

within the ωi to ωj mode bounds. Only the stiffness proportional damping for the base isolated 

OpenSees models is considered, as the mass proportional damping of isolated structures tends to 

overestimate the damping and produce consistently lower estimates of the 1st mode’s response [97]. 

For the isolated model  𝜔𝑗 = 
2𝜋

𝑇𝑓𝑏
 , where Tfb = 0.3 s, to ensure that the structural modes are included 

in the damping response. The damping of the isolators is dependant upon the hysteretic 

characteristics discussed in 7.3.  

 

7.5 Results 

The designs are analyzed first as fixed base and then as isolated structures. The selected key 

performance indicators are the base shear, base displacement, interstorey drift ratios (IDRs) and 

floor accelerations. The design seismic demand from the time history analysis is determined 

according to the NBCC Commentary Appendix J [95] . Although 21 records were used for the time 

history analysis the response is taken as the mean of the 7 highest values of the response parameter. 

All time history analysis (THA) models were excited in the y-direction due to the torsional response 

being greatest in this direction. Additionally records 8-21 (see Table 7.14) were not used to evaluate 

the response of the fixed base structure, as the source mechanism that produced those records does 

not significantly contribute to the hazard at period ranges shorter than 0.5 s making it inappropriate 

to include them. The results of the fixed base design’s analysis are presented first to act as a 

benchmark for performance. The results of the isolated structures are then presented and the change 

in performance is discussed. Lastly the program and time history analysis responses are compared 

to validate the program method.  
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7.5.1 Fixed Base Responses 

 

To establish a baseline comparison between the isolated and fixed base structures the base 

shear determined by the program and by THA are presented in Table 7.15. The base shear response 

determined by the program is substantially less than the response determined by the THA, however, 

the program’s response is based on capacity-based design which assumes inelastic action and 

energy dissipation as discussed in section 3.1.2. This method, while able to reduce the global forces 

experienced by the structure, causes large plastic deformations which result in economic losses. 

Therefor, it is not reasonable to directly compare the global responses of the program’s capacity-

based design response and the model’s elastic response. If the model structures were designed to 

perform inelastically the force responses would decrease by a factor of RdRo which is taken as 

(2.0)(1.7) = 3.4. This inelastic response is substantially lower and is in line with the expected 

response. However, the RdRo reduction factor is not applied to the other THA recorded responses 

such as storey displacements as capacity-based design assumes inelastic and elastic displacements 

are equivalent.  

 

Table 7.15: Fixed base structure base shear 

 Program THA THA/RdRo 

Design  Vb (kN) 

1a 71.3 203  59.7 

1b  215  63.2 

2 28.3 92.7 27.3 

  

The superstructure displacement and acceleration responses of the model are displayed in 

Table 7.16. The displacements of the structure increase with height which shows that the 

assumption of first mode dominance is correct. To evaluate the assumption of storey stiffness being 

proportional to the shear force, the 2 storey model, design 1, was modelled with both shear 

proportional storey stiffness, design 1a, and uniform storey stiffness, design 1b. For the program 

response the ratio between the local 2nd level displacement and local 3rd level (i.e., roof) 

displacement is 1.04. For the shear proportional stiffness model, the ratio is 0.98, while the model 

with uniform stiffness has a ratio of 1.94.  

This indicates that for structures with shear proportional stiffness the level displacements 

will be relatively uniform while for structures with uniform stiffness the interstorey drifts will be 

largest at the 1st storey. Additionally, the program’s predicted displacement response matched 

closely with the response of the model when the model was constructed with shear proportional 

stiffness. Reviewing the interstorey drifts presented in Table 7.17, the interstorey drifts predicted 

by the program and the shear proportional stiffness model are relatively uniform, whereas the drifts 

of the uniform stiffness structure are concentrated at the 1st storey. The uniform stiffness model 

leads to a larger absolute interstory drift at the 1st storey and proportionally lower drifts at the upper 

storeys. The floor accelerations (determined based on the elastic response) generally follow a trend 

of increasing with height with the peak floor accelerations of design 1 occurring when the stiffness 

was shear proportional rather than uniform. This is expected as the relatively lower stiffness at the 

top of the structure concentrates the dynamic response at this location. If the true stiffness 

distribution of the structure is unknown it may be conservative to assume a uniform distribution 

when evaluating drifts, and a shear proportional stiffness when evaluating peak accelerations 
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Table 7.16: Fixed base lateral storey displacement and floor accelerations 

 Program THA 

 Displacement Displacement Floor acceleration 

Design 1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd 

 (mm) (mm) (mm) (mm) (mm) (mm) (g) (g) (g) 

1a 0 13.3 26.1 0 10.4 21.0  0.44 0.60 1.03 

1b1    0 13.0 19.7 0.44 0.66 0.82 

2 0 18.7  0 18.0  0.44 0.86  
1No program analysis was conducted for a uniform stiffness assumption (design 1b). 

 

Table 7.17: Fixed base interstorey drifts 

 Program  THA 

 

Design 

IDR (%) IDR (%) 

1st 2nd 1st 2nd 

1a 0.44 0.43 0.35 0.35 

1b   0.43 0.22 

2 0.62  0.60  

 

The ratio between the program and THA response (THA/Program) are illustrated in Table 

7.18. The base shear responses predicted by the program are generally conservative. The drifts 

predicted by the program were conservatively overestimated to a similar proportion as the base 

shears suggesting that the assumed correlation between Vb and superstructure response is valid. 

Additionally, the drifts of design 1b were not underestimated. However, if the program were 

modified to assume a uniform stiffness profile the overestimation would likely approach a similar 

degree of conservativism. Overall, the program was able to predict the magnitude and profile of 

the response closely to the reality especially when accounting for variability in ground motion as 

well as the inclusion of torsion. 

 

Table 7.18: Difference factor between the program and THA (THA/program) 

Design Vb Peak IDR 

1a 0.84 0.80 

1b 0.89 1.0 

2 0.96 0.97 

 

7.5.2 Base Isolated Responses 

 

A comparison between the total base displacement, lateral base displacement and base shear 

of the program and THA responses are shown in Table 7.19. The isolated base shear values of 

design 1 are roughly 10% lower in the model then those determined by the program, which is a 

similar trend for the fixed base structure. The program lateral base displacement, DM, of design 1 

is 7% higher than the THA DM while the program Vb of design 1 is 10% higher. It is expected that 

as DM decreases Vb decreases at a slower rate due to the stiffening of the bearing, and so a minimum 

of a 3% discrepancy in expected base shear is present. This 3% discrepancy in the data is accounted 

for by the fact that the fitted stiffness of the bearing used for the model is about 10% softer than the 
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theoretical bearing used by the program, so even at equal displacements Vb will be proportionally 

less for the model due to the reduced stiffness. A similar issue appears in design 2, however, the fit 

for that bearing was within a 5% difference, and the discrepancy is also proportionally less. This 

resulted in the THA displacements of design 2 exceeding the values determined by the program. 

The torsional response of design 1 and 2 were 5% and 1%, respectively, which are both 

substantially less than the 15% minimum required by the ASCE standards. The low torsional 

response of design 2 is due to the square plan area producing a more torsional resistant design. This 

is due to the proportionally shorter eccentricity length as both eccentricities are based on 0.1Dp, 

where Dp is the plan length perpendicular to the direction of loading.  

 

Table 7.19: Base isolated displacement and base shear 

 Program THA 

Design DM DTM Vb TM DM DTM Vb TM 

 (mm) (mm) (kN) (s) (mm) (mm) (kN) (s) 

1a 122 140 144 1.23 113 119 130 1.17 

1b     113 119 130 1.17 

2 99.4 114 89.1 1.08 106 106 82.9 1.12 

 

The superstructure displacement and acceleration responses of the model are displayed in 

Table 7.20. The displacements of the structure are concentrated overwhelmingly at the base and 

then increase slowly with height, confirming that the assumption of first mode dominance is 

correct. For design 1 the ratio between the roof and 2nd level displacement determined by the 

program is 1.2, while design 1a and design 1b models both have ratios of 1.5. Interestingly, the 

ratio of 2nd level to roof displacement is identical between design 1a and design 1b implying that 

the relative force distribution profile within the superstructure was not significantly affected by 

storey stiffness assumptions. Both models exhibit a more uniform force distribution which is 

expected for isolated structures. Floor accelerations generally increase with height, with little 

notable difference between the shear proportional and uniform stiffness models. The interstorey 

drifts shown in Table 7.21 indicate that the program was able to accurately predict the peak drifts, 

however, the program did overestimate the 2nd storey drift suggesting that the program 

overestimated the linearity of the force response. 

 

Table 7.20: Base isolated lateral storey displacement and floor accelerations 

 Program THA 

 Displacement Displacement Floor acceleration 

Design 1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd 

 (mm) (mm) (mm) (mm) (mm) (mm) (g) (g) (g) 

1a 122 128 133 113 119 123 0.39 0.34 0.41 

1b    113 119 123 0.39 0.34 0.40 

2 99.4 109  106 113  0.36 0.37  
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Table 7.21: Base isolated interstorey drifts 

 Program THA 

 

Design 

IDR (%) IDR (%) 

1st 2nd 1st 2nd 

1a 0.20 0.17 0.20 0.13 

1b   0.20 0.13 

2 0.32  0.24  

 

The ratio between the program and THA responses are illustrated in Table 7.22. The program 

responses were moderately conservative with the predictions of base shear and lateral displacement 

being within 10% of the THA responses. The mandated 15% minimum torsional amplification 

proved to be very conservative compared to the THA results as design 1 exhibited a maximum of 

5% amplification while design 2 exhibited only 1% amplification. The peak interstorey drifts were 

closely estimated by the program, with the 1 storey (design 2) structure being conservatively 

overestimated.  

 

Table 7.22: Difference factor between program and THA (THA/program) 

Design TM DM DTM Vb Peak IDR 

1a 0.95 0.930 0.849 0.903 1.0 

1b 0.95 0.930 0.849 0.903 1.0 

2 1.04 1.07 0.930 0.930 0.75 

 

7.5.3 Evaluation of Isolated Performance 

 

A comparison between the fixed base and isolated spectral accelerations determined by the 

program are shown in Figure 7.6 for designs 1 and 2. For both designs the period is extended to a 

length in excess of 1s and the spectral acceleration is reduced to approximately half of their fixed 

base values. The responses of the fixed and isolated structures determined by the program and from 

the THA are shown in Table 7.23 and Table 7.24.  

Generally, the isolated base shears are 2-3 times greater than the inelastic fixed base 

responses. However, the base shear of the isolated response includes the excitation of the 

foundation masses which contributes to the base shear but does not contribute to the superstructure 

response. A more useful comparison is to compare the ground level shears of fixed and isolated 

structures by comparing Vb of the fixed structures to Vs of the isolated structures, as these 

parameters represents the peak shear within the fixed and isolated superstructures respectively. The 

increase in the peak superstructure shear is still 1.49-1.74 times greater within the isolated 

structures, however this is substantially less than the increase in base shear. While the shear forces 

may have increased the elastic performance of the isolated structures is still significantly superior 

to the fixed structures. This is illustrated by the reduction of peak THA drifts by 50% in line with 

the reduction of the spectral acceleration. In addition, the peak elastic floor accelerations were 

reduced by 50 - 60% from the elastic fixed base response. The increase in storey shears is somewhat 

counter intuitive as generally forces correlate directly with response. However, due to the nature of 

capacity-based design lower forces are achieved which preserve life safety but at the cost of 

inflicting significant damage upon the structure. Therefor even though the isolated structure 
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experiences greater forces the economic performance is substantially greater. The isolated 

responses did, in some cases, not reduce the drift to below the 0.1% and 0.25g thresholds where no 

damage is expected. However, it did succeed in limiting drifts to levels where the interstorey drift 

causes only superficial and easily repairable damage, whereas before drifts were approaching the 

range consistent with moderate levels of damage. Additionally, the peak floor accelerations (PFAs) 

were also kept within the superficial damage range with the internal floor accelerations kept at 

levels below the peak acceleration. In contrast the fixed based structure elastic floor accelerations 

reached levels where extensive damage is expected, leading to significant property damage to the 

household’s contents. This is due to the relatively short isolation periods which were significantly 

shorter than in other existing designs. This suggests that superior levels of performance could be 

achieved by employing softer bearings than those employed in this testing regime.  

 

 
                                        a)                                                                           b) 

Figure 7.6: a) Design 1 response spectrum comparison and b) design 2 response spectrum 

comparison 

 

Table 7.23: Program responses 

Design Vb  Vb  Vs Peak drift Peak drift 

 Fixed (RdRo) Isolated Isolated Fixed Isolated 

1a 71.3 144 106 0.44 0.19 

1b    0.44 0.19 

2 28.3 89.1 49.2 0.62 0.32 

 

Table 7.24: THA responses 

Design Vb  Vb  Vs Peak drift Peak drift PFA  PFA  

 Fixed  Isolated Isolated Fixed Isolated Fixed Isolated 

1a 59.7 130 111 0.35 0.18 1.03 0.41 

1b 63.2 130 111 0.43 0.21 0.82 0.40 

2 27.3 82.9 43.3 0.60 0.24 0.86 0.37 

 

  



 

77 

 

CHAPTER 8 CONCLUSIONS AND RECOMMENDATIONS 

 

8.1 Introduction 

To address economic barriers to the adoption of seismic isolation for Part 9 structures a 

program methodology has been developed to design the isolation system of a Part 9 structure and 

analyze its performance. To validate the program, numerical analysis of two numerical models 

were conducted in OpenSees and subjected to time history analysis under west coast ground 

motions. This chapter provides a summary of the conclusions of each chapter and provides 

recommendations for future improvements and study.  

8.2 Conclusions 

Despite recent advances in life safety design single family Part 9 structures continue to 

remain vulnerable to large economic losses from moderate to large seismic events. Seismic 

isolation is an anti-seismic design method that has proven to be effective at reducing or eliminating 

damage to the superstructure and its contents. However, due to the high cost of testing and specialist 

design this technique is generally rarely applied, often only to higher importance structures. To 

address the seismic risk and enable adoption of seismic isolation for Part 9 structures methods to 

eliminate cost barriers are required.  

The economic vulnerability of Part 9 structures is discussed extensively in Chapter 1, while 

Chapter 2 provides a comprehensive review of the seismic protection capabilities of seismic 

isolation in addition to discussing the economic viability of seismically isolated Part 9 structures. 

By reviewing existing research on low-cost seismic isolation, it is shown that substantial work has 

gone into developing economically viable bearings for use in Part 9 structures. Due to economic 

considerations FREIs are suggested as a preferable design bearing. However, substantial cost 

barriers remain, especially regarding testing and engineering design costs which have yet to be fully 

addressed. Therefor further research on removing these cost barriers was required to further 

improve economic viability.  

Chapters 3 and 4 review the existing ASCE and NBCC requirements of seismic isolation and 

the adaption of the ASCE simplified methods to be in compliance with NBCC requirements for 

analyzing Part 9 structures. Chapter 5 discusses the proposed program methodology, its 

assumptions, and its limitations. The program determines the dynamic response of the isolated 

structure using the ELF procedure. The design of the isolation system, structural characteristics, 

and bearing characteristics are required designer inputs. To simplify the number and detail of the 

required inputs to quantities known by a Part 9 designer. The location and number of isolator 

bearings, the axial load on the bearings, and storey stiffnesses are approximated. Bearing placement 

and numbers are determined based on the existing Part 9 floor support system requirements. These 

simplifications allow the isolation system to be designed in compliance with existing gravity Part 

9 load path requirements. The storey stiffnesses are represented as proportional to the fixed base 

shear force at each storey allowing the storey stiffnesses to be solved from the structure’s 

characteristic equation and an assumed first mode period. Some assumptions are also required to 

enable ease of design and compliance with requirements. For example, the connection between the 
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isolation layer and isolation system is a rigid diaphragm. The elastomeric bearings, regardless of 

axial loading or displacement differences within the isolation system are assumed to possess the 

same shear properties. This significantly simplifies the analysis by assuming a uniform response 

based on average load conditions.  

Chapter 6 discusses the design of elastomeric bearings and the associated standards and 

requirements. The three main stability characteristics are the buckling, rupture and rollout of the 

bearings, however, different standards present variable criteria and requirements complicating 

design. It was concluded that square bearings would be the preferred shape due to the symmetry of 

properties in both X and Y directions as well as the ease of mass fabrication. It was also concluded 

that Tmin, the isolated period at which damage is prevented, is a preferable target when designing 

Part 9 bearings. Additionally, it was found that Tmin of a structure is directly related to the structure’s 

geometry and local seismic hazard and that if two structures had a similar Tmin and 
𝑊

𝑛
 ratio then they 

could achieve similar levels of performance with the same bearing design.  

Chapter 7 presented the validation of the program by comparing the responses determined 

by the program to the THA responses. Two structures were considered. The first was analyzed with 

shear proportional and uniform stiffness to investigate the assumption of shear proportional 

stiffness. The shear proportional model’s response profile matched closely with the program’s 

analysis response. However, it was noted that the interstorey drifts were largest when a uniform 

stiffness model was used while floor accelerations were largest when the stiffness was shear 

proportional. The program conservatively estimated the structures responses for both fixed and 

isolated scenarios and generated response profiles like the response of the models. Isolation was 

able to successfully reduce the damage states from potential serious levels of economic loss to 

superficial levels, suggesting that the designed theoretical bearings proved suitable for the 

considered structures. The levels of torsional excitation of the models were substantially less than 

the 15% minimum required by ASCE.  

 

8.3 Recommendations for Future Research 

While the program methodology showed promise in the program’s capacity for predicting 

the response of isolated structures, significant research is still required to further develop the 

program methodology of analyzing isolated Part 9 structures. Areas of future research include: 

 

8.3.1 Rigid Floor Diaphragm  

 

The interface between the isolation system is assumed to behave as a rigid diaphragm. 

However, it is possible that the wooden floor systems common in Part 9 structures may be 

sufficiently flexible to invalidate this assumption. Isolation systems that are relatively lightly loaded 

uniformly, or do not have significant torsional excitation may behave as a rigid diaphragm. The 

assumption of rigidity should be investigated for common wood diaphragms systems to confirm 

the validity and extent of differential displacements between isolators.  

 



 

79 

 

8.3.2 Isolation Layer Design and Axial Loading 

 

The program currently designs the isolation system layout based on the user’s input of the 

location of lateral and longitudinal floor beams and places the bearings at the intersection of these 

members. An investigation of real Part 9 structure floor beam systems should be undertaken to 

validate the efficacy of this approach in locating isolators at load bearing points. Additionally, the 

axial loads on the bearings are approximated via finite element methods and do not account for the 

occurrence of overturning moments that will alter the axial loads. An investigation of the true 

loading distribution within real Part 9 structures should be undertaken to assess the efficacy of the 

program’s approximate method, and the effects of overturning accounted for in the program 

methodology. 

 

8.3.3 Structural Geometry Considerations 

 

Currently the program methodology is limited to rectangular and L-shaped structures. While 

these plan types compose most Part 9 structures built, other structural variations such as garages 

and basements are not currently accounted for. Additionally, while it is assumed that the internal 

load paths are too complicated to include in the program method this has not been fully investigated. 

Further developments should be made to account for the unique geometry and loading of garages, 

and the feasibility of analyzing Part 9 structures with basements should be assessed.  

 

8.3.4 Storey Stiffnesses 

 

The program currently assumes that the structure’s storey stiffnesses are proportional to the 

storey shears. The program was able to determine storey displacements close to the shear 

proportional model, however, it should be verified that storey stiffnesses of Part 9 structures do 

indeed conform to the shear proportional assumption. If it is an unknown quantity, it may be 

necessary to assume either shear proportional stiffness or uniform stiffness and determine the 

response based on which scenario produces more conservative estimates. This, however, would 

lead to potentially excessively conservative results. Alternatively, due to the apparent similarity of 

performance between the shear proportional and uniform stiffness models it may be that the true 

stiffness distribution is not relevant to the performance of the isolated structure. Thus, further 

research is required to investigate the storey stiffness distributions. 

 

8.3.5 Superstructure Performance 

 

Currently it is assumed that the superstructure design of the Part 9 isolated structure will not 

differ significantly from the fixed base structure. As seen in Chapter 7 the isolated superstructure 

may have larger forces than the inelastic fixed base structure. However, damage is expected to be 

less due to the structure remaining elastic. This may not be the case if the superstructure is still 

designed within the framework of capacity-based design as plastic hinges may still form due to the 

relatively higher forces experienced by the isolated structure. To ensure this does not occur the 
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isolation system should be designed such that the isolated structure’s forces are below the fixed 

base forces. In addition, it is also recommended that Tmin be set as a preferable target to ensure that 

damage is prevented. It may not be feasible to achieve this level of performance with a system 

composing purely elastomeric bearings and research should be conducted on creating systems 

capable of achieving the desired levels of performance. 
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APPENDIX A BASELINE PROGRAM PROCESS 

 

For ease of explanation the existing design methodology can be separated into 14 steps 

which across 2 main phases. The 1st phase consists of steps 1-9 and calculates of initial variables 

and performs the iterations required to determine the properties of the system at its maximum 

expected displacement. The second phase consists of steps 10-14 and investigates if the system is 

code compliant and determines the remaining response parameters based on the properties 

determined in steps 1-9.  

 

Step 1: Step 1 is where the known input parameters are added into the analysis. The inputs 

can be grouped into several different subtypes such as structural inputs, location inputs and isolator 

inputs. The structural inputs include: 

 

x: the structural width;  

y: the structural length; 

z1: the uniform height of the storeys; 

N : the number of storeys; 

ST: the weight class of the structure; 

Tfb: The fixed base period of the structure. 

 

The structural inputs describe the fundamental dimensions of the structure which can be used 

to determine the structural mass distribution. These inputs are restricted to simple rectangular 

structure with uniform floor plans and masses and storey stiffnesses. The weight class of a structure 

can either be normal or heavy as classified by the Canadian Wood Council (CWC) [77]. The 

classification of structures as either normal or heavy weight was intended to augment Part 9 of the 

NBCC by providing a designer with the expected dead loads associated with different construction 

methods. Each classification has a prescribed range of distributed dead loads for the floors, exterior 

walls, the roof, and partitions as shown in Table 5.1. 

While the heavy weight construction loads have a range of values the program currently 

selects the upper bound to remain conservative by default. It should also be noted that while the 

total floor, roof and partition wall loads are based on the plan area of the structure the exterior wall 

loads are based on the total surface area of the exterior walls. The estimates of structural weight 

provided by the CWC classification are used to determine the total dead loads of each storey. The 

fixed base period of the structure is also included to enable the program to generate a profile of the 

isolated force distribution in later steps and to provide the user with a comparison between the 

isolated and fixed base performance of the structure. The value of 𝑇𝑓, is assumed based on the 

typical period range of 0.1-0.3 s for low rise wood frame, and masonry structures [34]. It is possible 

for the user to determine and input the fixed base period of the structure, but if no value is inputted 

0.3 s is selected as the fixed base period. This is considered as the worst-case scenario because the 

force at the top level is larger, leading to a generally less desirable response.  

The location inputs consist of factors that affect the loading of the structure due to the site-

specific hazard. Ideally the site location would be what was inputted into the code, however, since 

it is currently unfeasible to incorporate an accurate catalogue of local hazards for each site location 

parameters are inputted directly. The location inputs include:  
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Ss: The 1-in-50 year ground snow load; 

Sr: The 1-in-50 year associated rain load; 

Cb: The basic roof snow load factor; 

Sa(T): The design response spectrum data. 

 

The snow and rain hazard data are used to determine the roof snow loads, 25% of which is 

then added to the total structural load. The design response spectrum values for various periods is 

also required by to calculate the instantaneous design spectral acceleration can be determined, Sa(Ti) 

for each iteration.  

The isolator inputs are the properties of the isolator being considered. Currently the 

properties of 5 different isolators are incorporated into the program directly. The inputs related to 

each isolator are: 

 

k(Di): The isolator stiffness as a function of displacement; 

𝜁 (Di): The isolator damping as a function of displacement;  

Lmin , Lmax: The range of vertical pressure that an individual isolator can carry without  

                   changing the isolator properties; 

bi di : The plan dimensions of the rectangular isolator unit; 

dmax: The maximum displacement isolators can undergo. 

 

The isolator properties given in the inputs allow the instantaneous response of the structure 

to be determined during each iteration. The range of compressive pressure that can be applied to 

the isolators, and the maximum allowable displacement of isolators are required to ensure that the 

stresses and strains applied to the isolator will not substantially alter its performance or cause 

damage. It should be noted that only the case 4 load case provided by the NBCC is considered. 

This means that the maximum load on the isolators, and the potential for buckling is currently 

ignored.  

 

Step 2: Initial Variables are calculated such as: 

 

W: the effective seismic weight of the structure above the isolation interface 

 

Wmin , Wmax: The minimum and maximum weight that an individual isolator can carry  

                    without changing the isolator properties 

 

Nmin , Nmax: The range of the number of isolators 

 

The ranges of weight per isolator and number of isolators are given by: 

 

𝑊𝑚𝑖𝑛 = 
𝐿𝑚𝑖𝑛

𝑥𝑖𝑦𝑖
  𝑊𝑚𝑎𝑥 = 

𝐿𝑚𝑞𝑥

𝑥𝑖𝑦𝑖
 

 

𝑁𝑚𝑖𝑛 = 
𝑊

𝑊𝑚𝑎𝑥
 𝑁𝑚𝑎𝑥 = 

𝑊

𝑊𝑚𝑖𝑛
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The maximum load limit per isolator is used to determine the minimum number of isolators 

required, while the minimum vertical load required constrains the maximum number of isolators 

that can be used. The upper and lower limits provide the program with upper and lower bounds of 

analysis to consider, which result in two design scenarios to be generated during the design of the 

system. Initially the program selects Nmin for initial analysis while later steps will select Nmax and 

the two boundary designs may be compared. This approach assumes that the load will be evenly 

distributed between all isolator units, and no attention is given by the program to the design of the 

isolator layout itself.  

 

Step 3: Initial guesses of the design period TM and the design damping coefficient BM are  

assumed such that TMj = 1.0 s and BMj = 1.0 , where j represents the iteration count.  

 

Step 4: The location-specific spectral accelerations for the base isolated structure, Sa(TMj) is  

determined using linear interpolation.  

 

Step 5: The maximum displacement, DMj is calculated by:  

 

𝐷𝑀𝑗 = 
𝑆𝑎(𝑇𝑀𝑗)𝑔𝑇𝑀

2

4𝜋2𝐵𝑀𝑗
 

 

Step 6:  The instantaneous isolator stiffness 𝑘𝑀𝑗, and isolator damping, 𝜁Mj are determined  

for DMj using the stiffness and damping regimes of the isolators. 

 

Step 7: The damping coefficient BMj is determined for 𝜁 = 𝜁Mj using Table 5.2. 

 

Step 8: Using the instantaneous stiffness kMj determined in step 6 a new TMj is determined 

using: 

𝑇𝑀𝑗 = 2√
𝑊

𝑘𝑀𝑗𝑔
 

 

Step 9: Steps 4-8 are repeated and the iteration j increases such that j = j + 1 , until the 

iterative variables converge. The convergence criteria is satisfied when the absolute difference 𝑇𝑀𝑗 

and 𝑇𝑀(𝑗+1) is less than 0.001 s. It should be noted that using TM as the convergence metric did not 

result in substantial errors or convergence issues for the other iterative parameters. 

 

Step 10: Since the stiffness and damping regime functions of the isolators are nonlinear it is 

possible for multiple solutions to exist, and there exists the possibility that the solution converged 

to in step 9 is not unique. To ensure the solution found is unique a factor of 1.25 and 0.75 are 

applied to TM and the program performs the iterations of steps 4-8 again. If the new solution found 

from the offset starting conditions is the same as that found in part 9 the solution is unique. If the 

solutions do not converge the nonlinearity of the isolators makes simplified analysis impossible 

and either a new isolator should be selected or an expert consulted.  
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Step 11: The program evaluates the key parameters for compliance with the code 

requirements. The period is checked against the fixed base period to ensure TM ≥ 3Tfb and the 

maximum design displacement DM is checked to ensure it does not exceed the maximum allowable 

isolator displacement such that DM ≤ dmax. 

 

Step 12: The foundation base shear, superstructure base shear above the isolation interface, 

and the force distribution are calculated using equations (4.7), (4.8) and (4.11) respectively. The 

force distribution is not strictly necessary for the design of an isolated structure whose 

superstructure is built according to Part 9 of the NBCC. However, the force distribution is a useful 

metric to compare the performance of the fixed base and isolated structures and to evaluate if the 

response is reasonable.  

 

Step 13: Steps 3-12 are repeated using the maximum number of isolators.  

 

Step 14: The results of the analysis are summarized as 2 graphs. The first graph displaces the 

efficiency of the system   
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APPENDIX B BEAM LAYOUT 

 

The Isolator layout program places isolators at the corners of the exterior walls as a default. 

Addition isolators required to carry gravity loads are placed at the intersections between floor 

beams. The longitudinal and lateral floor beams and are defined by a X and Y coordinate 

respectively. From this data the intersections of the lateral and longitudinal floor beams are used to 

determine the coordinates of isolator units. The program constrains the number of lateral and 

longitudinal floor beams to 4 in each direction for a rectangular structure and 1 in each direction 

for areas A, B and C for L-shaped structures as illustrated in Figure B.1 a) and b) respectively. 

 

   
                                                          a)                                                             b) 

Figure B.1 Floor beams for a) Rectangular and b) L-shaped structures 

 

This constraint is due to the realistic expected size of structures. The NBCC allows 

traditional joist lengths of up to 5.6m, but a more common span length is roughly 3-4 m based on 

common practices. With those average span lengths, it is unreasonable to expect a structure that’s 

maximum plan area is limited to 600m2 between all storeys, and usually generally conforming to 

much less, to have substantially more internal spans. Larger structures that would be exempt from 

this assumption would not be applicable to Part 9 and would require custom detailing outside the 

scope of this project.  

The ground floor plan type is identified as rectangular or L-shaped. Depending on the plan 

type the program will interpret the inputs to determine the positions of isolator units. For structures 

with rectangular ground floor plans the user can enter the X coordinates of the longitudinal floor 

beams by selecting values for Xbearing1 up to Xbearing4, while the Y coordinates are entered by selecting 

values for Ybearing1 up to Ybearing4. For structures with less lateral or longitudinal floor beams then 4, 

the user should leave the inputs on the input sheet blank. From these inputs the intersection of the 

lateral and longitudinal floor beams is used to determine the coordinates of isolator units. Figure 

B.2 illustrates the layout of foundation floor beams of an arbitrary rectangular structure in red dotted 

lines.  
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Figure B.2 Floor beams and isolator layout of example structure 

 

For L-shaped structures the method of selecting floor beams is more constricted. An L-

shaped structure is divided into 3 primary areas: A, B and C, which correspond to the areas as 

shown in Figure B.3. 

 
Figure B.3 Division of a L-shaped structure 

 

As previously mentioned, floor beams for this type of structure are limited to one longitudinal and 

one lateral beam per primary area. Such that the user may input XA, XB, XC and YA, YB, YC for the 

longitudinal and lateral beams respectively, as illustrated in Figure B.4. 
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Figure B.4 L-shaped structure floor beam layout 

 

In addition to these floor beams the user may also opt to include beams along the borders between 

AB and AC to produce a layout as shown in Figure B.5. 

.  

 
Figure B.5 L-shaped structure floor beam layout with AB and AC borders 

 

The user may also wish to further expand the floor beams by extending XA YA and XB and YC such 

that they intersect with the bordering floor beams between AB and AC to produce a layout as shown 

in B.6. 
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Figure B.6 L-shaped structure with AB and AC borders connected 

 

In the 3 cases presented the user may select their preferred layout by inputting variables ClearAB 

ClearAC as 2, 1 and 0 for the cases shown in figures Figure B.4, Figure B.5, and B.6 

respectively. The program then generates a record of the number of isolators required, and their 

individual coordinates for further use in later subprograms.   
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