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Abstract 

The primary objective of the research is to understand the significance of the effects of the 

bedrock profile on seismic amplifications in soft soil deposits. Inclined soil-bedrock 

interfaces lead to simultaneous primary and secondary wave loading on soils, and a 

numerical study has been undertaken to assess whether ignoring them may lead to design 

deficiencies. The response of a site in Orleans with a deep Leda clay deposit at the center, 

but with a concaved bedrock profile, leading to a soft soil-deposit “valley”, is evaluated 

using 2-D numerical analysis.  

The seismic response of Leda clay on a hypothetical horizontal bedrock (representing 

conventional practice), and two different natural bedrock basins has been studied. The 

National building code of Canada (NBCC 2015) design spectra compatible earthquake 

shaking was considered. The comparisons between the conventional practice and the 

response of the 2-D basin demonstrate that assessment of the cyclic loading intensity is 

significantly affected by the basin shape.  Higher cyclic stress ratio (CSR) values are 

realized in the 2-D analysis due to basin geometry, and the magnitude of the CSR is 

dependent on the configuration of the basin. This indicates that ignoring basin geometry 

effects might lead to unsafe liquefaction susceptibility assessments. 
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CHAPTER 1 

INTRODUCTION 

1.1 BACKGROUND 

Earthquake shaking can cause various failures such as landslides, lateral spreading, and 

liquefaction in soils.  Geotechnical failures due to ground shaking, and associated soil 

liquefaction, are often responsible for most of the damage during seismic events. Seismic 

shaking events may consist of different types of wave forms, and various frequencies at 

different amplitudes. A combination of the various components of the waves represents the 

actual seismic loading, and it may trigger large deformations, or even structural failures. 

Both the dynamic properties of soils at the site and the characteristics of the incoming 

motion, which is mainly a function of the magnitude and distance of the earthquake, dictate 

the intensity of the seismic loading at a site.  

Earthquakes occur in many parts of the world, and the need to perform seismic analysis as 

a part of the design process has been progressively recognized over the years. Depending 

on the geology, earthquakes may occur at the interface of tectonic plates or within the plate. 

Inter-plate earthquakes occurring as a result of the accumulation of energy between 

tectonic plates tend to be larger but occur less frequently. The largest earthquakes in 

Canada are expected on the West coast where the North American plate and the Pacific 

plate interface to create a subduction zone (Mazzotti et al., 2008), and earthquakes as large 

as magnitude 9 may be possible in this region (NRC, 2022). Earthquakes in Eastern Canada 

are generally due to fault rupture. Ottawa is an earthquake-prone city located in the Western 
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Quebec seismic zone, and the 2010 Val-des-Bois earthquake with the magnitude of 5.0 

centered at 56 km north of Ottawa (Atkinson & Assatourians, 2010) caused the strongest 

shaking in this region in many years. The 1989 Saguenay earthquake, magnitude 5.9, was 

the largest earthquake located in Eastern Canada during the 20th century (Drysdale & 

Cajka, 1989).  

Seismic waves are classified into two major types; body waves that travel through the body 

of the earth, and surface waves, that are caused by the interaction of body waves with 

surficial soil layers, travel along the surface of the earth. Body waves are further 

categorized as primary waves (p-waves) and secondary waves (s-waves) depending on the 

nature of particle movement given the wave propagation direction. P-waves propagate by 

compression-dilation pulses, and s-waves by shear deformation. Among the surface waves, 

Rayleigh waves that include particle movement in both horizontal and vertical directions 

are commonly encountered due to large, distant earthquakes. Simultaneous loading due to 

p-waves and s-waves, or loading due to Rayleigh waves cause both normal and shear stress 

increments. The effects of such combined cyclic loading with incremental shear and normal 

stress components are not considered in current practice. The principal stress directions 

continuously rotate during cyclic loading, and this differs from the conventional 

characterization using the cyclic stress ratio, originally defined as 𝐶𝑆𝑅 = 0.65 ×

 (𝑎𝑚𝑎𝑥 𝑔⁄ ) × (𝜎 𝜎′⁄ ) × 𝑟𝑑 by Seed & Idriss (1971).  

Soil behavior during earthquakes is generally evaluated by considering the response of 

soils due to vertically propagating shear waves. This is because seismic waves approaching 

a soil deposit (at the bedrock interface) tend to travel vertically due to the natural variations 

in density and wave velocity with depth. P-wave intensity is typically less than s-wave 



 

 

3 

 

intensity (except in the case of shallow earthquakes with shorter epicentral distances), and 

since structures are already designed to withstand their weight (“1g” loading) in the vertical 

direction, the focus in practice is generally limited to shear wave loading, Thus, the 

occurrences of soil liquefaction are often linked to shear wave loading, and hence the 

𝑎𝑚𝑎𝑥 used in practice corresponds to the shear wave. Further, typical dynamic analysis 

considers 1D wave propagation through the soil layers in order to determine the cyclic 

stress ratio (CSR) to evaluate the factor of safety against soil liquefaction. 

The presumption of vertically propagating shear waves within the soil medium is valid 

only if the underlying bedrock is horizontal. Sites with inclined bedrock are very common 

in nature, and in such cases, the incoming p- or s-wave would refract into both p- and s-

waves. Such simultaneous loading by p- and s-waves, or loading by Rayleigh waves, would 

lead to a complex loading path within the soil deposits with particle movement in both 

horizontal and vertical directions.  In such cases, the principal stress direction with respect 

to the direction of deposition continuously rotates during cyclic loading. Proper 

consideration of this change in the loading paths may be critical given that soil behavior is 

stress path dependent. The current Cyclic Resistance Ratio (CRR) based design approach 

may have to be re-evaluated to account for stress path effects under such loading. Also, the 

maximum cyclic shear stress (used in determining the CSR, and hence liquefaction 

potential) under these loading conditions could be higher than that obtained by considering 

a vertically propagating shear wave alone.  

Local site conditions largely influence the amplification of seismic waves. In addition to 

the intensity and the frequency characteristics of the input motion, the mechanical 

properties of soil and rock, including the relative seismic impedance influence seismic 
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wave propagation, and the reflection and refraction at the interfaces. The basin shape may 

focus or spread the seismic energy towards upper layers (Frankel et al., 2002, 2009; Pratt 

et al., 2003).  

Normally dynamic analysis or the factor of safety assessment against liquefaction relies on 

1-D wave propagation to assess seismic amplification and CSR calculations.  This 

presumes soil-bedrock interface is horizontal, but it is normal to have irregularities in 

bedrock profiles and the soil-bedrock interface can be inclined or concave or convex 

shaped. So, the vertically propagating shear wave will reflect/ refract differently depending 

on the incidence angle. This could produce complex loading on soil deposits.  A simple 1D 

“SHAKE analysis”, which is common in practice, may not properly capture the effects of 

the interactions of different wave types within the soil deposit when the bedrock-soil 

interface is not horizontal.  

This research focus herein is on the effects of the basin geometry on the assessment of 

earthquake loading in soil deposits, and contrast the general loading cases with 

conventional cyclic resistant calculations considering 1-Dimensional wave propagation.  

For this purpose, a real site profile is selected from Orleans, Ottawa. The selected Orleans 

site contains a deep Leda clay deposit at the center with a concave shaped bedrock soil 

interface. It is modelled using the 2-D FLAC software to understand the significance of 

site geometry on the seismic response of soft clays. In addition, a horizontal rock profile is 

also modelled in FLAC in order to compare the effect of the bedrock shape and contrast it 

with conventional practice. Further, this horizontal rock profile is also modelled using 

“SHAKE analysis” to enable comparisons with the FLAC results.  
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Multiple earthquake motions, both from artificial time histories as well as from real 

earthquake histories, are used as input to assess the characteristics of wave propagation at 

the site. Accelerations and stresses obtained at different locations within the soil deposit 

have been used to compute cyclic stress ratio and were compared against the 1-dimensional 

analysis to address the significance of seismic response on local site geology.  

Real earthquakes data are obtained from the 2010 Val-des-Bois earthquake and were scaled 

by using a new procedure to match the expected loading intensity at the site at NBCC 2015 

design loads. Artificial earthquakes are generated to match the target design spectrum 

according to NBCC 2015 seismic provisions. Since the response of the site was assessed 

using 2D characterization, two cross sections of the valley (5.5km x 100m, and 4.0km x 

100m) are considered in the analysis to represent different basin shapes. The results were 

compared to current practice, which is either empirical or simple 1D wave propagation.     

1.2 SCOPE & OBJECTIVE 

This research study aims to understand the significance of the combined compression (P-

wave) and shear (S-wave) wave loading on soil deposits. A soft soil site in the Orleans 

suburb, located in the Eastern part of Ottawa, is selected for the analysis. The local geology 

has a concave bedrock-soil interface and has been well characterized by the Earth Scientists 

at the Geological Survey of Canada (Hunter et al., 2010). The response of the soils in this 

valley was considered in the seismic analysis to evaluate the actual cyclic stress ratio and 

compare it to the conventional analysis.   

Site response is assessed using both artificial earthquake records that are generated to 

match the design spectrum, and instrument recorded motions scaled to match the design 
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spectrum in order assess the suitability of using artificial motions for seismic analysis. A 

total of eight time-history records are used as input earthquake motions with three site 

profiles. The soil model used was limited to non-linear elastic, with no consideration of 

plasticity, since the intent was to compare the response with current practice, which is 

based on equivalent linear analysis.  

The wave propagation analysis is used to compute the stress increments, and calculate the 

cyclic stress ratio at different locations within the Leda clay deposit. These values are 

contrasted with the CSR computed using the “Simplified Approach” of Seed & Idriss 

(1971) that is widely used by practicing engineers.  Finally, the implications of 

simultaneous primary and secondary wave loading on soils due to the local geology and 

liquefaction potential are discussed based on the typical response of Leda clay under cyclic 

loading at different CSR values. This permits a conclusion of the significance of local 

geology on seismic design. 

1.3 ORGANIZATION OF THESIS 

The general behavior of soils under cyclic loading is presented in Chapter 2 which follows 

this introductory chapter. Concepts relating to seismic wave propagation, soil liquefaction, 

and geological influence on wave propagations are discussed in detail. The current 

approach to seismic analysis is discussed and its deficiencies, in light of the research is 

being carried out, are noted at the end of the chapter. 

Chapter 3 discusses the basics of numerical modelling using FLAC. The modelling 

concepts and steps involved in the analysis of cyclic nonlinear analysis of two-dimensional 

model are discussed in detail. Details about the methods used in artificial earthquake 
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generation and scaling of real earthquakes to use as input to the seismic analysis are 

discussed.  

Chapter 4 presents the analysis and interpretation of results from the output of numerical 

study. Stating from the validation of FLAC numerical model, a comparison of seismic 

effects on different geological profiles on different earthquake motions is discussed. Also, 

a comparison of the seismic response among artificial earthquakes and real earthquakes are 

presented. At the end, the spectral ratio method is used to visualize the amplification or 

attenuation of input earthquake at different elevations of both 2D profiles of Orleans valley.  

Chapter 5 presents the conclusions derived from the numerical analysis presented in the 

previous chapters, and summarizes the implications of this study to geotechnical 

engineering practice.  
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CHAPTER 2 

GENERAL SOIL BEHAVIOR UNDER CYCLIC LOADING 

2.1 INTRODUCTION 

Cyclic loading during an earthquake may lead to a reduction in the shear strength of soil. 

Soil liquefaction is the phenomenon associated with catastrophic failures during or 

following dynamic loading. The term liquefaction has been used to refer to both zero 

effective stress, and to excessive deformation in the literature. The strength reduction or 

excessive deformation becomes the reason for the failure of many structures on the ground 

surface as well as underground. As earthquakes are a short period events, the soil response 

in-situ is undrained. So, a knowledge of the undrained behavior of soil under cyclic loading 

is important in construction if the design has to have a seismic resistant structure.   

Various parameters influence the deformation characteristics of soil during cyclic loading; 

predominant factors are void ratio, effective confining stress, fabric structure, stress path, 

and stress-strain history (Castro, 1969; Vaid & Sivathayalan, 2000). In addition, the local 

site geology influences the cyclic stress ratio and amplification or attenuation of earthquake 

motion. Typical seismic analysis in current practice is based on one dimensional wave 

propagation where the bedrock is assumed to be horizontal and the incoming seismic shear 

wave approaches the interface at a normal incidence angle. This is commonly referred to 

as the vertically propagating shear wave in the literature and used for numerical analysis 

of soil deposit under seismic loadings. The current understanding of soil behaviour under 

earthquake loading conditions have been very much based on the response of soil under 

vertically propagating shear waves. 
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The nature of loading changes if the bedrock-soil interface is not horizontal. So, the level 

of amplification might differ within the same region due to the variation in bedrock/soil 

profile. Such observations are recorded in the past where the amplification of up to 10 was 

observed with reference to the bedrock motion (Gutenberg, 1957) among 25 different 

seismic stations. So, the geological properties particularly the geometry and the 

nonlinearity of soil/bedrock profile should also be taken into consideration together with 

the physical properties of soil deposit during the seismic analysis of a local site. 

2.1.1 Anisotropy of soils 

The anisotropic nature of soil has been discussed by many researchers in the literature 

(Philips & May, 1967; Arthur & Menzies, 1972; Arthur et al., 1977; Wong & Arthur, 1985; 

Mahmood & Mitchell, 1974; Lade & Kirkgard, 2000; Vaid et al., 2001) which is basically 

due to natural pedogenesis. The formation of particles in geo-materials plays an important 

role in its strength. Generally, the soil layers are formed by particles of sediments under 

gravity either in the marine environment or in the air. Due to this directionality in the 

formation, the physical property of soil layers is not the same in all directions. Cohesive 

materials like Leda clay are formed in the marine environment and exposed out to become 

land after several years.    

Casagrande & Carillo (1944) explains that the nature of anisotropy is formed in two stages. 

In the first stage, the anisotropy is due to the shape and directional deposition of particles. 

This has been called the inherent anisotropy. Subsequently, the soil layers experience 

additional loading due to geological changes such as overburden pressure accumulated by 

additional layers on top, infiltration and erosion, and other environmental changes that 
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influence the nature of anisotropy. This is referred to as induced anisotropy. Both inherent 

and induced anisotropy influence the soil structure and the properties of soil layers such as 

soil strength, permeability, swelling/shrinkage, and these effects become directionally 

dependent.   

2.1.2 Sensitive clay 

Most of the landmass in Ottawa and the surrounding areas were covered underneath the 

Champlain Sea several thousand years ago. As the area began to rebound due to retreating 

glaciers, the Seawater retreated leading to the landmass. Sedimentation of particles in such 

marine environment slowly formed these sensitive clays. Positively charged ions in 

minerals bind to the deposited particles and formed sediments. Such sensitive clays hold 

its strength due to its fabric arrangement. This fabric structure of clay material also due to 

the depositional environment, geological and stress history (Locat et al., 1984).  If the 

fabric is disturbed then the shear strength reduces rapidly (Skempton & Northey, 1952; 

Craig, 2004). Fabric structure can be disturbed by applying excessive stress or physical 

remolding of such clays and result in considerable loss of strength, which may lead to 

excessive deformation. This reduction in strength due to its loss of fabric/structure is 

referred to as sensitivity.   Mathematically, sensitivity is the measure that represents the 

loss of shear strength of a sensitive clay due to the loss of its fabric. Sensitivity of clay 

defined from the ratio of shear strength between in-situ condition and remolded condition.  

𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦, 𝑆𝑡 =
𝑈𝑛𝑑𝑖𝑠𝑡𝑢𝑟𝑏𝑒𝑑 𝑠ℎ𝑒𝑎𝑟 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ

𝑅𝑒𝑚𝑜𝑢𝑙𝑑𝑒𝑑 𝑠ℎ𝑒𝑎𝑟 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ
=

𝑆𝑢

𝑆𝑢(𝑟)
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Based on the sensitivity index 𝑆𝑡 soils are classified as insensitive, low sensitive, medium 

sensitive, sensitive, extra sensitive and quick clays (Skempton & Northey, 1952).  Current 

Canadian Engineering Manual CFEM (2006) 4th edition proposes five classifications of 

sensitivity, ranging from low sensitivity to quick clays. The reduction in strength happens 

regardless of water content (Skempton & Northey, 1952) and there is a significant 

reduction in shear strength between undisturbed/in-situ clay and remolded clay under 

identical water content conditions. This observation implies the loss of fabric structure 

causes the strength reduction.  Such loss of fabric may also be a major factor during cyclic 

loading. 

2.2 UNDRAINED CYCLIC BEHAVIOR OF SOIL 

Response of a saturated soil without volume change is classified as undrained. It occurs 

due to insufficient time to dissipate excess pore water pressure either on account of the 

fast-loading rate or low permeability. Shear strength reduction and deformation of such 

material under dynamic loading depends on various parameters such as frequency content 

of incoming seismic waves, duration of earthquake and distance from the epicenter (Ansal 

& Erken, 1989).  But the response of soil or the amplification or attenuation of incoming 

seismic waves is not the same even if the site is located at the same epicentral distance. 

There are many site-specific factors such as physical properties of soil, geological variation 

of soil/bedrock interface, stress path etc. that influence the amplification of incoming 

seismic motion. Various research works have been carried out to understand the undrained 

cyclic behavior of soil (Sangrey et al., 1969; Andersen et al.,1988; Malek el al., 1989; 

Zergoun & Vaid, 1994; Ishihara, 1996; Boulanger & Idriss, 2004). All the studies explicitly 
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state that cyclic loading increases the pore pressure and reduces the effective stress. As a 

result, the soil liquefies and deforms excessively. Also, shear modulus or the stiffness of 

the soil reduces as the effective stress decreases, and the stress vs strain hysteresis loop 

gets larger with every cycle of loading. The shear modulus of the liquefied soil is essentially 

zero (Sivathayalan and Mehrabi Yazdi, 2014).   

2.2.1 Liquefaction 

The term liquefaction has been used in different contexts in the literature over the years. 

Theoretically, liquefaction happens in granular soils when the soil reaches zero effective 

stress due to generation of excess pore water pressure that caused by external loading under 

undrained condition. Generally, the liquefaction phenomenon has been related to granular 

materials (Castro, 1969; Ishihara, 1996; Vaid & Chern, 1985).  Clayey materials are 

considered as non-liquefiable soil (Thiers & Seed, 1969; Seed et al., 1983) because zero 

effective stress state in clayey material does not necessarily lead to zero shear strength due 

to its interparticle cohesion. But, the zero-effective stress-based definition of liquefaction 

is not relied upon in current practice, and liquefaction is deemed to be a state where soil 

shows excessive deformation under cyclic loading in undrained condition. It is recognized 

that zero effective stress is not the only critical condition, but excessive deformation can 

also lead to major disasters. The term liquefaction is used in this research to refer to the 

phenomenon in both sandy and clayey materials with the concept of excessive deformation. 

Further, the soil response following liquefaction has been studied by many researchers, and 

it has been found that soil gains its strength at post liquefaction state (Vaid Thomas, 1995; 

Vaid & Sivathayalan, 1996). The studies on soil deformation under post liquefaction load 
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condition in Seed et al. (2003) and Sivathayalan & Ha (2011) indicates that deformation in 

that case it associated with dilation.  

In precise terms, it is hypothetical to define a soil layer as purely drained or undrained. In 

real cases, the drainage conditions cannot be easily classified to its extreme cases of truly 

drained vs undrained states. The actual state will be in between the two extreme states 

where it can be deemed partially drained or partially undrained in an element, and typically 

undrained response is considered to be weaker than the drained response. This may not 

necessarily be the case in dilative materials. Further, in-situ pore pressure variations during 

earthquake loading in boundary values problems can lead to more complex drainage 

conditions in soil elements, and scenarios weaker than undrained may be realized 

(Sivathayalan & Logeswaran, 2008).  In granular material (e.g., sands), if liquefaction 

occurred in shallow layers, it can be observed through sand boiling where the pore water 

migrates to the ground surface due to the generation of excess pore water pressure. But it 

will not be so evident at the ground level if the deep soil layer got liquefied. 

2.2.1.1 Liquefaction assessment in Fine grained soils 

The liquefaction potential in fine grained soils was originally assessed by Wang (1979) 

who reported that fine soils have to meet all the following criteria to be susceptible to 

liquefaction.  

1. Finer grains (less than 0.005mm) percentage is less than or equal 15% 

2. Liquid limit less than or equal 35% 

3. Natural water content greater than or equal 90% of liquid limit.  

4. Liquidity Index,  𝐿𝐼 = (𝑊𝐶 − 𝑃𝐼)/𝑃𝐼 is greater than 0.75.  
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The above criteria were commonly known as the “Chinese criteria” in the literature and 

were modified by Finn (1994) who proposed the following as the requirement for 

liquefaction in fine grained soil  

1. Finer grains (less than 0.005mm) percentage is less than or equal 20% 

2. Liquid limit less than or equal 36% 

3. Natural water content greater than or equal 90% of liquid limit.  

In recent years, it has been recognized these criteria are not necessarily accurate since 

deformation characteristics of fine-grained soils are also dependent on plasticity index. 

Seed et al. (2003) and Boulanger and Idriss (2005) among others have proposed alternated 

means to assess liquefaction potential of fine-grained soils. Figure 2-1 shows such a 

proposal as summarized by Prakash and Puri (2010).  

 

Figure 2-1: Chinese Criteria Adapted to ASTM Definitions of Soil Properties (Perlea et 

al., 1999) 
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It should be noted that when using the term liquefaction to represent large strains without 

regard to the strain development mechanisms or the development of large excess pore water 

pressure, soft soils that do not meet these criteria could also be deemed liquefied. 

 

2.2.1.2 Liquefaction assessment in granular soils 

Liquefaction assessment in sands is often based on empirical in-situ correlations in 

practice. Seed & Idriss (1971) originally proposed a chart to identify liquefiable sands 

based on SPT-N values. Commonly called the “Seed’s chart” (Figure 2-2), it was 

essentially a boundary curve that separates liquefied soils from non-liquefied soils during 

earthquakes. It is based on in-situ observations of soil liquefaction in California, and was 

limited to liquefaction at relatively shallow depths (5-15m) on level ground, and earthquake 

magnitudes of about 7.5. Liquefaction potential is assessed by comparing the cyclic stress 

ratio to the cyclic resistance ratio.  

Various improvements were made to this chart over the years to account for confining 

stress, initial static shear, fines content of the soil, and the earthquake magnitude. 

Dependency on confining stress level is accounted by the 𝐾𝜎 factor (Seed & Harder 1990; 

Vaid & Sivathayalan, 1996; Vaid et al., 2001) and a similar approach using 𝐾𝛼 factor has 

been proposed to account for initial static shear. 𝐾𝜎 has been shown to be dependent on 

stress level (Seed & Harder 1990), and relative density (Vaid & Sivathayalan 1996). It 

varies systematically with increasing density and stress levels, and the chart provided by 

Youd et al. (2001) is widely used in current practice.  

𝐾𝛼 has been shown to be dependent on many factors, including static shear stress ratio 𝛼 =

 𝜏𝑠𝑡 𝜎′⁄ , relative density and loading mode (Vaid et al., 2001; Sivathayalan & Ha, 2011), 
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but its variation is complex and thus it is often not properly considered in practice (Youd 

et al., 2001). Since the chart was based on magnitude 7.5 earthquakes it has to be corrected 

for use with other earthquake magnitudes. Seed and Idriss (1982) first introduced the 

magnitude scaling factor, 𝐾𝑀𝑆𝐹 to adjust the liquefaction assessment for different 

earthquake magnitudes.  

In addition to the SPT N-value based liquefaction chart discussed above, correlations-based 

CPT data and shear wave velocity are also available in the literature (Youd et al., 2001). 

Typical in-situ correlation based empirical liquefaction assessment process begins with the 

Seed’s chart, and the reference CRR obtained from the chart would be corrected for 

overburden stress, static shear and earthquake magnitude. This site-specific cyclic 

resistance would then be compared to the anticipated cyclic load at the site to determine 

the factor of safety against liquefaction as shown in the following equation.  (which is 

discussed in detail in the following pages)  

𝐹𝑆 =
𝐶𝑅𝑅𝐶ℎ𝑎𝑟𝑡 × 𝐾𝑀𝑆𝐹 × 𝐾𝜎 × 𝐾𝛼

𝐶𝑆𝑅
 

The soil liquefaction can happen at any depth, and if every other parameter remains 

constant deeper soils are more susceptible to liquefaction. However, the severity of the 

damage is higher if liquefaction occurs at shallow depths or near the ground level. In 

general, the damage potential is related to the thickness of un-liquified soil layers above 

the liquified soil layer (Ishihara, 1996). 

 



 

 

17 

 

 

Figure 2-2: SPT Clean-Sand Base Curve for Magnitude 7.5 Earthquakes with Data from 

Liquefaction Case Histories (Modified from Seed et al., 1985) 
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2.2.2 Cyclic Stress Ratio (CSR) 

The intensity of cyclic loading is generally represented by cyclic stress ratio (CSR) which 

is the ratio between the shear stress increment and the initial effective stress. It has been 

defined differently depending on the loading mode; in laboratory cyclic simple shear 

experiments it is customary to define 𝐶𝑆𝑅 =  𝜏𝑐𝑦 𝜎𝑣𝑐
′⁄  and under cyclic triaxial it is 

typically defined as 𝐶𝑆𝑅 = 𝜎𝑑,𝑐𝑦 2𝜎′3𝑐⁄  where 𝜎𝑑,𝑐𝑦 is the cyclic deviatoric stress and is 

equal to 2𝜏𝑐𝑦. In field problems, it has been defined as the ratio of shear stress induced by 

earthquake loading normalized by the vertical effective stress (Seed el al., 1983) and thus 

is identical to simple shear. The use of minor principal stress as the normalizing parameter 

has its origins in the early days when soil behaviour was characterized at isotropic 

consolidation states. Vaid et al. (2001) proposed a modified definition for CSR to account 

for non-hydrostatic initial stress states that is consistent with the simple shear definition. 

Their rationale was that the CSR be considered as a ratio between the maximum shear 

stress increment and the effective normal stress on the plane of maximum shear stress for 

the specimen under loading.  

For in-situ applications, CSR is often determined from the horizontal acceleration record, 

according to the Seed and Idriss (1971) simplified formulation. They proposed 𝐶𝑆𝑅 =

0.65 (
𝑎𝑚𝑎𝑥

𝑔
)

𝜎𝑣𝑜

𝜎′𝑣𝑜
𝑟𝑑.  where 𝑎𝑚𝑎𝑥- Peak horizontal acceleration at ground surface generated 

by the earthquake, g – acceleration of gravity, 𝜎𝑣𝑜 – total vertical overburden stress, 𝜎′𝑣𝑜 - 

effective overburden stress, 𝑟𝑑 stress reduction coefficient to account for the effects of 

increasing confining stress with depth.  
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While simple to use, the accuracy of this formulation is highly dependent on the chosen 

𝑟𝑑_value since the formulation is based on surficial acceleration. If proper numerical 

analysis is conducted, the variation of acceleration, and shear stress increment with depth 

can be directly obtained. So, CSR is defined as ratio of the shear stress increment in 𝑥 − 𝑧  

plane and the initial vertical effective stress and the formula re-arranged and formed as 

𝐶𝑆𝑅 = 𝐾
∆𝜏𝑥𝑧

𝜎′𝑣𝑜
 . Here ∆𝜏𝑥𝑧  is the shear stress increment in the horizontal plane,  𝜎′𝑣𝑜 is the 

initial effective vertical stress, and K is a reduction factor to account for the fact that the 

seismic shaking is transient, and the peak value of ∆𝜏𝑥𝑧 only happens momentarily and it 

will not cause any direct effect on the soil deposit. A factor of K = 0.65 has been originally 

proposed by Seed, but it has been suggested that it would be more appropriate to change 

the value of K depending on earthquake magnitude as 𝐾 =  (𝑀 − 1) 10⁄ .  

Under three-dimensional loading, the definition of CSR can be considered differently from 

the simpler definitions used in practice based on the shear stress increment on the 

horizontal plane. It would be logical to consider the maximum shear stress increment 

(which would eb consistent with the cyclic triaxial definition of CSR) since it would be the 

parameter that governs failure.  

2.2.3 Number of cycles from earthquake magnitude 

Earthquake motion can be represented as a combination of various frequencies of simple 

sinusoidal waves with different magnitude. The intensity of shaking at different 

frequencies are represented by a Fourier spectrum. Each of the waves involves in triggering 

the soil deposit or the structures depending its energy level. However, the overall 

earthquake motion can be simplified and represented with a single uniform sinusoidal wave 
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with a cyclic amplitude of (𝜏𝑐𝑦) and a certain number of cycles (𝑁) (Seed & Idriss, 1970; 

Seed & Idriss, 1982; Idriss I. , 1999). Even though many researchers proposed different 

way of representation of earthquake motion, the relationship shown in Figure 2-3 

(Boulanger & Idriss, 2004) is widely adopted.  

 

Figure 2-3: Relationship between earthquake magnitude and number of loading cycle (after 

Boulanger & Idriss, 2004) 

2.2.4 Cyclic Resistance Ratio (CRR)  

Cyclic resistance ratio (CRR) represents the capacity of the soil to resist liquefaction under 

dynamic loading condition for a given earthquake magnitude. It is derived from Cyclic 

Stress Ratio (CSR) after multiple laboratory experiments, or from Seed’s chart. As noted 

previously, CSR is the intensity of the imparted cyclic loading during the earthquake, and 

the duration of the event is characterized by the equivalent number of constant stress 

amplitude loading cycles. A series of experiments at different CSR are conducted in the 

laboratory to develop a “cyclic resistance curve” and CRR is derived based on the curve 
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given the equivalent uniform stress cycles expected for a specific earthquake magnitude.  

CRR is generally qualified by the earthquake magnitude as 𝐶𝑅𝑅𝑀=7.5 or the corresponding 

equivalent number of uniform loading cycles as 𝐶𝑅𝑅15 based on the data shown in Figure 

2-3.  Higher earthquake magnitude corresponds to larger number of equivalent cycles, and 

results in lower cyclic resistance. The value of CRR reduces with the increase in number 

of cycles or the magnitude of earthquake hyperbolically (Ansal & Erken, 1989; Kodaka el 

al., 2010; Wichtmann et al., 2013). 

2.2.5 Overburden stress 

As noted earlier, in addition to earthquake magnitude, the cyclic resistance ratio depends 

on many other factors including confining (overburden) stress and static shear. Increasing 

overburden stress makes the sands more contractive and thus plays an important role in 

soil liquefaction susceptibility under dynamic loading. While increasing overburden stress 

with depth leads to increasing density (void ratio reduces) which enhances the cyclic 

resistance of the soil deposit, the gradual change from dilative to contractive with 

increasing confining stress reduces cyclic resistance.  Proper comparisons of the effect of 

confining stress levels have to be made at fixed density levels. At fixed density the CRR 

reduces with increased confining stress. To address the effect of confining stress 𝜎𝑣
′ , that 

increases with respect to the depth of soil represented by a factor 𝐾𝜎 which is a ratio of the 

CRR at a certain confining stress and the CRR at a confining stress of 100kPa. If the factor 

𝐾𝜎 approaches 1 it implies the capacity of soil is almost same at different confining stresses.  
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To standardize the cyclic resistance ratio calculation with respect to the overburden 

pressure, 𝐾𝜎 factor is introduced. 𝐾𝜎 factor standardizes the measured cyclic resistant ratio 

(CRR) at a certain overburden pressure against the 100kPa effective overburden pressure.  

𝐾𝜎 =
𝐶𝑅𝑅 𝑎𝑡 𝑐𝑜𝑛𝑓𝑖𝑛𝑖𝑛𝑔 𝑠𝑡𝑟𝑒𝑠𝑠 𝜎′𝑣 = 𝜎′𝑣

𝐶𝑅𝑅 𝑎𝑡  𝜎′𝑣 = 100𝑘𝑃𝑎
 

𝐾𝜎 factor is less than 1 if the effective overburden pressure is greater than 100 kPa. If the 

effective overburden pressure is smaller than 100kPa, then 𝐾𝜎 will be greater than one, and 

typically it is capped at about 1.7.  So, by incorporating the 𝐾𝜎 factor, the cyclic resistance 

ratio will be,  

𝐶𝑅𝑅𝜎 = 𝐾𝜎 × 𝐶𝑅𝑅𝜎=100𝑘𝑃𝑎 

Followed by the case study on the Duncan dam (British Colombia) hydroelectricity project 

in early 90s, it was recognized that appropriate consideration should be taken not only of 

the effect of 𝐾𝜎 due to increased confining stress with depth, but also of the associated 

stress densification. Even though increment in confining stress with depth causes soil more 

susceptible to liquefaction, the density of the soil also increases with depth. In the case of 

Duncan Dam, it was found that both factors compensated each other and the CRR remained 

essentially the same throughout the depth (Pillai and Byrne, 1992). So, considering the 

overburden stress together with the physical properties of the soil deposit is crucial in 

seismic analysis.     

2.2.6 Static shear stress 

Similar to the overburden pressure, the static shear stress also influences the cyclic 

resistance ratio of the soil. Initial static shear present due to the sloping ground affects the 
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capacity of soil since the cyclic shear stress is now superimposed on shear stress already 

present on the material. The value of initial static shear is quantified by the static shear 

stress ratio, 𝛼 which is a ratio of the static shear stress, 𝜏𝑠𝑡 to the vertical effective confining 

stress, 𝜎𝑣𝑐
′ .  For loose sands, increasing 𝛼 reduces CRR and increases liquefaction potential. 

In contrast, for dense sand, increasing 𝛼 increases CRR and decreases liquefaction potential 

(Seed el al., 1983; Seed & Harder, 1990). 

  

The static shear correction is considered through 𝐾𝛼 factor which is a ratio of CRR with a 

static shear of a certain 𝛼 to CRR with no static shear.  

𝐾𝛼 =
𝐶𝑅𝑅 𝑤𝑖𝑡ℎ 𝑠𝑡𝑎𝑡𝑖𝑐 𝑠ℎ𝑒𝑎𝑟  

𝜏𝑠𝑡

𝜎′𝑣𝑐
= 𝛼

𝐶𝑅𝑅 𝑤𝑖𝑡ℎ 𝑛𝑜 𝑠𝑡𝑎𝑡𝑖𝑐 𝑠ℎ𝑒𝑎𝑟
 

The combination of overburden stress correction factor and static shear correction factor 

(Seed & Harder, 1990), the equation for cyclic resistant ratio (CRR) become to, 

𝐶𝑅𝑅𝜎,𝛼 = 𝐾𝜎 × 𝐾𝛼 × 𝐶𝑅𝑅 

2.2.7 Magnitude Scaling Factor 

As noted previously, the Seed’s chart was based on earthquakes with magnitude 7.5. Soil 

capacity will be higher for smaller magnitude of earthquakes since they produce smaller 

number of equivalent uniform cycles. Thus, if the design earthquake has a different 

magnitude, an appropriate correction has to be considered. Seed & Idriss (1982) first 

introduced magnitude scaling factor, 𝐾𝑀𝑆𝐹 to adjust the liquefaction assessment for 

different earthquake magnitudes. Improvements to the Seed and Idris 𝐾𝑀𝑆𝐹 factors have 
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been proposed in the literature (Youd et al., 2001). Figure 2-4 shows the variation of 𝐾𝑀𝑆𝐹 

with earthquake magnitude.  

 

 

Figure 2-4: Representative Relationship between CSR and Number of Cycles to Cause 

Liquefaction (Reproduced from Seed & Idriss 1982) 

 

Finally, the equation for site specific CRR becomes, 

𝐶𝑅𝑅𝑀,𝜎,𝛼 = 𝐾𝑀𝑆𝐹 × 𝐾𝜎 × 𝐾𝛼 × 𝐶𝑅𝑅𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 

The site-specific cyclic resistance ratio (CRR) includes the effect of overburden stress, 

static shear stress and the earthquake magnitude, and will determine whether there will be 

liquefaction at a site due to a given cyclic stress ratio imposed due to seismic shaking.  

2.3 SEISMIC WAVE PROPAGATION 

Earthquake waves are classified into two major types such as primary waves and shear 

waves. Transmission mechanism of primary waves is through compression and dilation 

where the direction of wave propagation is same direction as the particle motion. And the 
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secondary waves are transverse waves where the wave propagation is perpendicular to the 

particle motion. The Figure 2-5 illustrates the propagation of primary and secondary waves. 

Shear waves are further divided into two types, SH and SV waves depending on whether 

particles movement is in the horizontal plane or vertical plane. In a real scenario, the actual 

particle movement will be oriented in an oblique plane where it will have both vertical and 

horizontal components.  

 

Figure 2-5: Propagation of body waves: Compression wave (left) and Shear wave (right) 

(adopted from Bolt, 1999) 

The surface waves are formed due to trapping of body waves within surficial soil layers 

when the incident wave exceeds critical angle. Surface waves are again classified into two 

major types such as Love wave and Rayleigh wave as shown in Figure 2-6. Horizontal 

shear waves trapped within soft surficial soil layers result in Love wave and in these waves, 

there will not be any particle movement in the vertical direction. Interaction between p 

waves or SV waves and surficial layers result in a ground rolling wave called the Raleigh 

wave. In this case, there will be particles movement in both horizontal and vertical 

directions. 
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Figure 2-6: Propagation of shear waves: Love wave (left) and Rayleigh waves (right) 

(adapted from Bolt, 1999) 

The combined effect of compressional and shear wave imposes complex loading on soil 

deposits that is analogous to that of Rayleigh waves. The principal stress direction rotates 

continuously with respect to the direction of soil deposition during the duration of 

earthquake. However, current practice of seismic analysis mostly assumes the incoming 

waves as vertically propagating shear waves that excite the soil deposit in the horizontal 

plane only.  

The natural formation of soil is under gravity load leads to a transversely symmetric soil 

fabric that is axisymmetric about the vertical axis. This is typically called cross-anisotropy 

in geotechnical engineering. It is because the gravity force pulled each particle downwards 

during the formation. So, the soil strata will be more stable vertically compared to 

horizontal direction. So, the cyclic loading due to vertically propagating shear waves also 

acts horizontally that implies the cyclic loading shears the soil layers in the horizontal 

direction. 

2.3.1 Reflection and refraction of seismic waves 

Seismic wave propagation analysis is generally based on a presumed horizontal soil-

bedrock interface. But, the assumption of horizontal stratification is not always true. Such 
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inclined interfaces, whether planer or non-planar changes the nature of wave refraction and 

reflection. The incoming wave reflects and refracts in to both P and S waves (Kramer, 

1996) if it excites the particles at the interface both along and perpendicular to the interface. 

Figure 2-7 illustrates and compares the reflection and refraction of incoming wave at 

horizontal and non-linear interface. In addition to reflection and refraction, concave and 

convex interface focus or spread the earthquake energy towards the upper layer as 

illustrated in the Figure 2-7.  

 

 

Figure 2-7: Reflection and Refraction of incoming vertically propagating seismic wave on 

different types of interfaces 
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2.3.2 Incident angle of seismic waves 

Incident angle of seismic waves at the soil-bedrock interface influences the fundamental 

characteristics of wave propagation. In both planer and inclined interface, the wave 

reflection and refraction will take place. But the horizontal interface will have a normal 

incident wave where the reflected and refracted waves will have the same characteristic as 

the incoming wave. Here the assumption is that the incoming seismic waves approach to 

the local site bedrock soil interface vertically which is a widely accepted concept in seismic 

analysis. In contrast, the local geology may result in non-normal incident waves and leads 

to reflection and refraction of the incoming shear wave into both compressional and shear 

waves. Particle motion perpendicular to the interface causes the compressional wave, and 

that along the direction of the interfaces leads to the generation of shear wave. 

 

Figure 2-8: Wave reflection and refraction at horizontal and inclined soil-bedrock 

interfaces 

As a result, the seismic waves within the soil deposit would have both compressional and 

shear waves (even if the incoming wave is only a compression wave or only a shear wave) 

and this leads to the particle rolling effect as shown in Figure 2-8. The resulting stress 
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increments in the soil deposit will be complex and the loading path would involve principal 

stress rotation. 

The impacts of basin effect on the expected seismic amplifications in Seattle and the 

surrounding regions (Washington state, USA) have been studied by many researchers 

(Frankel et al., 2002, 2009; Pratt et al., 2003; Pratt & Brocher, 2006). Seismic Hazard 

Investigations of Puget Sound (SHIPS) experiments reported that basin effects in Seattle 

leads up to an amplification of ten or even more in the long period range from 1~5 seconds 

(Pratt et al., 2003). Recent studies on sedimentary basins in the Puget Lowland also show 

that the basin effect amplifies incoming shear waves and both the basin geometry and the 

impedance contrast between soil-bedrock interface results an increased shaking intensity 

and duration within the sedimentary basin (Thompson et al., 2020).  

2.3.3 Effect of impedance contrast   

Difference in seismic impedance ratio between two layers at the interface change the 

characteristic of the seismic waves and influence the amount of energy being refracted and 

reflected in-between those two layers. Seismic impedance is the product of density and 

shear wave velocity, 𝑧 = 𝜌𝑣. The impedance ratio between two layers is defined by 𝛼𝑧 =

𝜌2𝑣2

𝜌1𝑣1
 where 𝜌1, 𝜌2 and 𝑣1, 𝑣2 are the density and wave velocity of the layer 1 where the 

seismic wave approaches the interface and the layer 2 where the wave propagates through 

the interface. 

For a simple harmonic incident wave, the stress due to the incident, reflected and 

transmitted waves is written as follows (Kramer, 1996). 

𝜎𝐼(𝑥, 𝑡) = 𝜎𝑖𝑒
𝑖(𝜔𝑡−𝑘1𝑡)        (1) 
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𝜎𝑅(𝑥, 𝑡) = 𝜎𝑟𝑒𝑖(𝜔𝑡−𝑘1𝑡)        (2) 

𝜎𝑇(𝑥, 𝑡) = 𝜎𝑡𝑒𝑖(𝜔𝑡−𝑘1𝑡)        (3) 

Similarly, for the displacements of incident, reflected and transmitted waves are written as, 

𝑢𝐼(𝑥, 𝑡) = 𝑢𝑖𝑒𝑖(𝜔𝑡−𝑘1𝑡)        (3) 

𝑢𝑅(𝑥, 𝑡) = 𝑢𝑟𝑒𝑖(𝜔𝑡−𝑘1𝑡)        (4) 

𝑢𝑇(𝑥, 𝑡) = 𝑢𝑡𝑒𝑖(𝜔𝑡−𝑘1𝑡)        (5) 

For the compatibility of displacement at the interface due to the seismic wave reflection 

and refraction, the summation of displacement of incoming,  𝑢𝐼(𝑥, 𝑡) and reflected, 

𝑢𝑅(𝑥, 𝑡) wave in the layer 1 must be equal to the displacement of transmitted wave in the 

layer 2, 𝑢𝑇(𝑥, 𝑡). 

𝑢𝐼(𝑥, 𝑡) + 𝑢𝑅(𝑥, 𝑡) = 𝑢𝑇(𝑥, 𝑡)       (6) 

Similarly, the for the compatibility of stresses at the interface, the stress due to incident and 

reflected wave will be equal to the stress due to the refracted wave.  

𝜎𝐼(𝑥, 𝑡) + 𝜎𝑅(𝑥, 𝑡) = 𝜎𝑇(𝑥, 𝑡)       (7) 

From that the relationship between the amplitudes of the incident, reflected and refracted 

seismic waves can be written as follows.  

𝑥 = 0 at the interface where the wave reflection and refraction happen.  

𝐴𝐼(0, 𝑡) + 𝐴𝑅(0, 𝑡) = 𝐴𝑇(0, 𝑡)       (8) 

𝜎𝐼(0, 𝑡) + 𝜎𝑅(0, 𝑡) = 𝜎𝑇        (9) 

Here the incident (𝐴𝐼), reflected (𝐴𝑅) and transmitted (𝐴𝑇) wave amplitudes can be written 

in the form of the impedance of those two materials.  

𝐴𝑟 =
𝑧1−𝑧2

𝑧1+𝑧2
𝐴𝑖  𝑎𝑛𝑑 𝐴𝑡 =

2𝑧1

𝑧1+𝑧2
𝐴𝑖       (10) 
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It is also written in terms of impedance ratio 𝛼𝑧 =
𝑧2

𝑧1
, 

𝐴𝑟 =
1−𝛼𝑧

1+𝛼𝑧
𝐴𝑖 𝑎𝑛𝑑 𝐴𝑡 =

2

1+𝛼𝑧
𝐴𝑖       (11) 

Similarly, the stress amplitude as follows,  

𝜎𝑟 =
𝛼𝑧−1

1+𝛼𝑧
𝜎𝑖 𝑎𝑛𝑑 𝜎𝑡 =

2𝛼𝑧

1+𝛼𝑧
𝜎𝑖       (12) 

Depending on the properties of soil layers, the impedance ratio also varies from layer to 

layer, and in homogeneous soil deposits the impedance ratio between the soil-rock is 

critical in how wave propagation progresses. If the wave approaches to the softer layer, 

then the impedance ratio will be lesser than 1. Otherwise, if the wave entering the stiffer 

layer then the impedance ratio will be greater than 1. Large variation in material properties 

leads to high impedance contrast that changes the fundamental characteristic of wave. 

Large contrast in seismic impedance between adjacent layers leads large amplifications or 

attenuation depend on the direction of wave approach (Tucket & Kind 1984; King & 

Tucker 1984).  

Doubling effect of amplitude at the free surface also due to the impedance contrast. The 

impedance ratio of free surface is zero because the impedance of air is negligible compared 

to that of the soil layer. As a result, the transmitted displacement becomes two times the 

incident wave 𝐴𝑡 = 2𝐴𝑖 and the transmitted stress will be zero at the free surface. The 

reflected stress wave will be equal to the incident wave but with negative polarity, 𝜎𝑟 =

−𝜎𝑖. If the impedance ratio is infinite, then it is considered as fixed boundary. Fixed 

boundary will not have any displacement. So, by satisfying the compatibility of 

displacements, the incident wave is completely reflected with the same amplitude as 

incident wave and negative polarity, 𝐴𝑟 = −𝐴𝑖. Here the stress amplitude of the 
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transmitted wave is twice the stress of incident wave, 𝜎𝑡 = 2𝜎𝑖 If the impedance ratio 

equals to 1, then there will not be any reflection and completely the incident wave energy 

will get transmitted without a change in polarity and amplitude.  

As it is evident from the above discussion, impedance contrast plays a key role in seismic 

energy transmission across interfaces. Upon reaching the ground surface, the seismic wave 

will be fully reflected back downwards. At sites with high soil-bedrock impedance ratio, a 

significant portion of this downward travelling wave would be reflected back at the 

bedrock. This causes the “wave trapping” phenomenon where the soil deposited will 

subjected to elongated seismic motion due to repeated reflections of the earthquake waves 

between the ground surface and bedrock. If the soil-bedrock impedance is relatively small 

a large part of the energy of the downward propagating wave would be dissipated into the 

bedrock, which can be considered as an effective form of damping.  

2.4 CURRENT DESIGN APPROACH 

National Building Code of Canada (NBCC) proposed significant changes to its seismic 

design guidelines in its 2005 edition. These changes follow the National Earthquake 

Hazard Reduction Program (NEHRP) of United States but with some modifications (Finn 

and Whitman, 2003). The seismic provision in NBCC 2005 were then revised in 2010, and 

2015 which is the latest version currently being practiced. The release of the updated 2020 

edition of the building code has been delayed due to the covid pandemic. 

Recommendations given by the National Building Code of Canada (2015) for earthquake 

analysis considers the shear wave velocity in the first 30m (𝑉𝑠,30) to the determine ground 

shaking level and ground response analysis. Peak ground acceleration (PGA), peak ground 
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velocity (PGV) and 5% damped spectral response acceleration values 𝑆𝑠(𝑇) are provided 

in NBCC for the reference site class C at different locations across the country. The seismic 

site class is determined according to the average shear wave velocity based 𝑉𝑠,30 and site-

specific design spectral acceleration is obtained by interpolating the intermediate values of 

T and peak ground acceleration (PGA) of the reference site class C. These seismic 

classification system and amplification factors are defined by considering the impedance 

contrast of underlaying geotechnical material of upper 30m. In addition to time weighted 

average shear wave velocity ( 𝑉𝑠,30), the site classification also correlates with the thickness 

weighted average standard penetration resistance or blow count (𝑁60) or thickness 

weighted average un-drained shear strength (𝑆𝑢) as shown in Figure 2-9.  

 

Figure 2-9: Site Classification for seismic site response defined in NBCC-2015 
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According to NBCC 2015, the primary consideration of seismic site classification is based 

on average shear wave velocity of upper 30m layer of soil. The nonlinear soil/bedrock 

profile or the type of the soil below 30m from the ground level are not taken into 

consideration in the classification and the calculation of design spectra. But, sites like 

Orleans valley area have deep soil deposits with varying properties, and particularly the 

bedrock basin is concave with a narrow valley type of soil deposit at the middle. Such sites 

require site specific assessment because the general guidelines of assuming flat bedrock 

profile is not sufficient enough to address the seismic effect. 

2.4.1 Numerical Site Response Analysis – Design Practice 

Current seismic analysis practice generally relies on empirical formulations. Site specific 

analysis may be undertaken in important projects or in class F soils. Such analysis is 

typically based on the equivalent linear “SHAKE” analysis. Shake analysis assumes that 

earthquake shaking is caused by vertically propagating shear waves that comes through the 

bedrock formation beneath the soil deposit. Non-linear behavior of soil is captured through 

equivalent linear analysis based on the dynamic properties of shear modulus and damping 

ratio of soil. Maximum acceleration, predominant period and effective duration are 

considered as most important influencing parameters for earthquake response in the Shake 

analysis.  

Shake is based on one dimensional equivalent linear analysis in frequency domain, and the 

soil stratifications are assumed to be horizontal regardless of the actual geology of the local 

site. Horizontal layers are assumed to extend infinitely in both horizontal directions and 
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the base is modeled as a semi-infinite half-space. This implies 1-D wave propagation in 

the vertical direction. 

2.5 SUMMARY 

Aspects related to seismic wave propagation and soil liquefaction are discussed in this 

chapter, and current design practice is summarized. The approximations made in the 

current design practice, whether design code based or numerical analysis based, may not 

be suitable in many sites. The research conducted in this study address some of the 

drawbacks in the current practice to assess whether those could lead to unsafe designs. In 

this research, a two-dimensional concave bedrock model of a soft clay basin will be created 

for the analysis of input earthquake motions to understand the dependence of seismic 

response on bedrock basin configurations, and whether the cyclic shear stresses induced 

under such conditions could be larger than those calculated using the conventional 

approach of horizontal stratification of soil and bedrock. The seismic shaking levels 

considered are compatible with the design spectral acceleration values proposed in the 

national building code of Canada (NBCC 2015). A 2-D finite difference code, FLAC, is 

used to run the analysis. This enables appropriate consideration of the basin geometry 

which is necessary to assess the effects of seismic wave refraction appropriately. Details 

of the modelling process with FLAC are discussed in the next chapter, followed by the 

results and discussion. 
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CHAPTER 3 

MODELLING AND SEISMIC ANALYSIS IN FLAC 

3.1 INTRODUCTION  

Current practice evaluates seismic load effects on soil by assuming horizontal stratification 

of different layers including the bedrock-soil interface subjected to vertically incoming 

seismic waves. This leads to horizontal excitation since the interest is generally limited to 

vertically propagating shear waves. Given this approximation, wave propagation analysis 

is generally conducted using a “SHAKE” analysis (Seed et al., 1971), which considers one-

dimensional wave propagation in soils using an equivalent linear model. While, two-

dimensional equivalent linear analysis tools, such as FLUSH (Lysmer et al., 1971), have 

been proposed and available. But they are not commonly used by practicing engineers. The 

simplicity, and widespread experience have made 1D equivalent linear analysis method for 

seismic analysis in practice.  The equivalent linear soil model and total stress analysis 

adopted in SHAKE are recognized as simplifying assumptions in SHAKE analysis. 

However, the effects of the implicit assumption of horizontal layering (inherent in the 1D 

model) have not received sufficient attention in the literature. Few researchers have 

considered the effects of basin-effects at a broader scale (Field E.H, 2000; Semblat et al., 

2002) and the potential impacts on soil liquefaction are not well understood.  

The main purpose of this research is to investigate the influence of the effects of local site 

geology in site specific analysis, and infer the implications of it on the potential for 

liquefaction in Leda clay sites. Excessive settlement or liquefaction potential is high for 

soft and loose soils, and the geology greatly influences the response of local sites during 
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earthquakes (Ohsaki, 1969; Seed, 1969). Liquefaction failure in the context of soft clayey 

soils is generally due to gradual softening and associated excessive deformation rather than 

the sudden deformation that is characteristic of loose sands on account of excess pore water 

pressure generation, and the associated effective stress reduction.  A Leda clay site in the 

Orleans suburb of the city of Ottawa is studied to assess the implications of two-

dimensional bedrock-soil interface on seismic amplification. The geology of the “Orleans 

valley” has been well characterized, and it is known to have a well-defined bedrock basin 

that consists of about 100m thick Leda clay at its center. The longest horizontal dimension 

of the valley is about 5km (“East-West”), and it is about 3km long “North-South” (Kaheshi 

Banab 2010). The bedrock is essentially outcropping at the edge of the valley. The soil 

deposit at the site has been classified into different layers, and approximated with soil 

parameters based on the data in the literature (Kaheshi Banab, 2010; Motazedian et al., 

2011). The finite difference code FLAC (2D) was used to conduct the two-dimensional 

numerical analysis, and understand the effects of bedrock topography.  

3.1.1 Site Model 

FLAC 2D v8.0 (Itasca) finite difference analysis package is used for the 2-dimensional 

model creation and analysis of the site subjected to vertically propagating shear waves. The 

curvature of the bedrock profile implies that the incoming shear waves make non-normal 

incidence at the bedrock-soil interface. As discussed previously, this leads to reflections 

and refractions of p- and s- waves. Hence the soil particles will undergo loading due to 

incremental shear and normal stresses, and will undergo complex loading paths depending 

on the relative magnitudes of the shear and normal stresses. For comparison purposes, the 
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analysis was also conducted for a similar hypothetical site with horizontally layered soil 

bedrock profile.   

Two perpendicular cross sections, one along the short axis (section A-B herein) and another 

along the long axis (labelled section C-D) were modelled.  The maximum depth of the soil 

deposit was 94m, and a 6m thick bedrock was included in the model (for a total depth of 

100m) to simplify the application of the incoming (vertically propagating) shear waves at 

the base. Thus, the actual 2D model was rectangular, and it captured the curvature of the 

bedrock-soil interface in each section. Section A-B stretches to about 4000m with the 

aspect ratio of 1:40, and section C-D stretches to 5550m with an aspect ratio of 1:50 

approximately. The soil deposit was divided in to 12 layers including the top fill layer and 

the bottom alluvial deposit.  A description of the methodology used by FLAC and details 

of the modelling approach are described in in the remainder of this chapter.   

3.2 THE FLAC (FAST LAGRANGIAN ANALYSIS OF CONTINUA) PROGRAM 

FLAC 2-dimensional finite difference program package is used for the modelling and 

analysis of geotechnical engineering problems. A 3-dimensional model would be more 

realistic and can be expected to capture all effects of the basin. However, it would 

significantly extend the run time1 and thus was not considered practical nor essential. 

Current design practice uses simple 1-D formulation, and a 2-dimensional analysis is 

                                                 

 
1 The time required for a FLAC run depends on the model size and complexity of the analysis, including the 

duration of the seismic shaking and frequency content of the input motion. The run-time for the FLAC 2D 

analysis conducted in this research varied from about six days to two weeks (depending on the cross section 

and input motion) using a 32-core 2.7GHz CPU with 512GB RAM running under Windows 2019.  Due to 

time constraints, no attempts were made to conduct a sensitivity analysis or to assess the effects of different 

soil profiles. 
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expected to sufficiently good insights on the geological. The explicit formulation used by 

FLAC allows for the modelling of materials that have plastic flow following elastic 

behavior. The soil-bedrock model is created by specifying predefined grid sizes and nodes 

in order to form the different parts of the elements and their shapes. Since the objective 

herein was to assess the effect of non-normal incidence of incoming seismic waves and 

compare the response to typical SHAKE analysis the approach adopted was to simulate 

SHAKE analysis techniques as much as possible, except for the presumed horizontal 

bedrock-soil interface. Any compatible set of units can be used in FLAC, and the metric 

system of units has been used in this study. 

3.2.1 2D Model Formulation 

Dynamic soil properties of the model, estimated based on field data in the literature were 

provided as input to the program. For static analysis, the density, bulk modulus, shear 

modulus and shear wave velocity of each element have to be specified. Modulus reduction 

and damping ratio relationships with shear strain are specified for the specific soil type in 

order to capture the change in modulus and damping during the static and dynamic analysis. 

Soil-bedrock interface is created as two different types of layers, but without any interface 

elements. Modelling the soil-bedrock boundary with interface elements might improve the 

material behavior at the interface, but introduces many uncertainties due to the interface 

model, and the properties needed to implement the model. It is difficult to ascertain/predict 

whether using interface elements will lead to more accurate results in spite of it being a 

more complex model (which would lead to further extended run-times). It is noted that the 

use of interface elements may be preferred if the soil-bedrock interface is very steep, or 
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approaches vertical. The basin model in this research has 94m thick soil deposit but in a 

4.0km (section A-B) or 5.5km (section C-D) wide site, and thus the soil-bedrock interface 

slopes are relatively mild (about 1V:5H or smaller. As a result, no interface elements are 

used in the model. 

As a first step of the analysis, the gravitational acceleration is specified and a static analysis 

is performed in order to get an equilibrium state under gravity load. During the static 

analysis, the base boundary is specified as rigid by fixing it in both vertical and horizontal 

directions. Both sides of the boundary were restrained in horizontal direction to allow for 

vertical settlement freely under gravity load.  

Following the initial static equilibrium, the water table is specified at the ground level to 

simulate the worst-case scenario in terms of effective stress, and the static equilibrium state 

was realized again to compute steady state ground water condition, and pore pressure 

distribution. The effective stresses within the soil mass are required to compute the cyclic 

stress ratio. 

 The objective of this study is to better understand the effects of basin geometry, and 

thus simplifying assumptions were made to avoid spending excessive time in coming up 

with exact soil properties as a function of depth. General trends due to the natural 

deposition process, and data from the literature were relied upon in estimating these 

parameters. The density and shear wave velocity of the soil and rock layers were obtained 

from the literature that specifically dealt with the same basin (Kaheshi Banab, 2010; 

Motazedian et al., 2011).  
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3.2.2 2-dimensional, plane strain, fully dynamic equivalent linear analysis.  

FLAC analysis can be run two ways; equivalent linear analysis, and nonlinear analysis. 

Equivalent linear analysis (Idriss & Seed, 1968; Seed & Idriss, 1970; Kramer, 1996) is 

commonly used in earthquake engineering because of the difficulty of dealing with non-

linear analysis as the material approaches failure. In the equivalent linear method, FLAC 

calculates the maximum shear stress in each zone using initial modulus, damping and 

applied stress history for each step. Dynamic parameters of shear modulus and damping 

ratios will be assumed at the beginning. At start, the strain values are low and the stress-

strain relationship is linear. By performing the linear analysis for the applied stress history, 

it records the maximum shear strain and the shear strain history. From the shear strain 

history, equivalent harmonic effective shear strain will be calculated. Shear modulus and 

damping values will then be adjusted according to the computed effective shear strain, and 

the calculation repeated to estimate the shear strain history again. This loop will be repeated 

until the solution converges where the shear modulus and damping values from the 

effective shear strain become same as the values used for the estimation of shear strain 

within the tolerance level. However, the equivalent harmonic effective shear strain 

conversion may lead to unrealistic resonance on the system that may not happen in reality. 

FLAC solution process is based on the explicit finite difference scheme to solve full 

equations of motions. The masses are lumped to grid points from surrounding zones rather 

than using fictitious masses. More importantly the dynamic loading, boundary condition, 

wave transmission and mechanical damping are the four factors to be focused on the 

dynamic analysis. However, the outcome of the result required to be validated to show the 

accuracy of the FLAC 2-D dynamic model. 
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3.2.2.1 Dynamic multi-stepping  

FLAC estimates the maximum time step required for convergence of the solution of a 

model in a given condition.  The maximum time step will vary depending on the zone size 

and material stiffness. Even though major portions of the zones in a model can be run at 

significantly large time steps, a small portion will determine the critical time step which 

will extend the computation time. To resolve it, the FLAC uses the dynamic multistep 

option which estimates the local time step for each class of zones depending on its material 

stiffness and zone size and then transfers the information at an appropriate time (FLAC 

Manual, 2016). 

3.2.2.2 Doubling effect of free surface 

Boundary condition at the top of the model is defined as free surface.  The free surface will 

double the amplitude of incoming waves and reflects them downwards. The doubling effect 

will influence up to a certain depth from the free surface. In order to have base grids vibrate 

freely to the applied stress field, the model has to have sufficient depth to avoid this effect 

has reaching the base of the model. The effect of increased amplitude of applied wave is 

observed within one-third to one-fourth (𝑘 factor) of the wave length associated with the 

dominant frequency. Although the real earthquake is made-up of many frequencies, the 

predominate range varies about 0.5~1Hz to about 15~20 Hz. The motion at frequencies 

less than 0.5 Hz and greater than 20Hz have little influence on earthquake shaking. The 

minimum frequency, 𝑓𝑚𝑖𝑛 dominates on model depth, 𝑑𝑚𝑖𝑛 = 𝑘
𝐶𝑠,𝑚𝑖𝑛

𝑓𝑚𝑖𝑛
 where 𝐶𝑠,𝑚𝑖𝑛 is the 

minimum shear wave velocity of the soil layer (FLAC Manual, 2016). For example, if the 
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shear wave velocity of top layer is 100 m/s and the frequency less than 0.5Hz considered 

as having no impact on response spectra, the minimum model depth should require at least 

1

4
~

1

3
 of  

𝐶𝑠,𝑚𝑖𝑛

𝑓𝑚𝑖𝑛
→

1

4
×

100𝑚/𝑠

0.5𝐻𝑧
𝑡𝑜

1

3
×

100𝑚/𝑠

0.5𝐻𝑧
→ 50𝑚~67𝑚. The analysis conducted in this 

research uses a total model depth of 100m. Thus, the above conditions are being satisfied 

in order to apply desired stress field at the base.  

3.2.2.3 Grid size determination 

The largest grid size is recommended to be smaller than about 10% of the smallest wave 

length (FLAC Manual, 2016). The process discussed below to remove higher frequency 

from the margin of cut-off frequency is called filtering. Typically, 10~15Hz (or a maximum 

of 20Hz~25Hz) is the margin normally recommended for filtering. Frequencies above 

those values will not solicit much response from the soil or structure, since their strength 

is generally small and the soil will not be able to react to such a high rate of vibration. In 

addition, in order to analyze the model for high frequency (i.e., small wavelength), the grid 

size should be even smaller (less than 10% of the smallest wavelength) which would make 

the analysis even slower. So, for a relatively accurate wave propagation or the response in 

model the maximum zone size 𝛥𝑙 is chosen to be 1 m. This satisfies the requirement that 

the grid size should be 10% of wave length associated with a higher frequency component 

of input wave (FLAC Manual, 2016). It should be noted that the 10% of wave length is a 

rough estimate. The intent of this is to allow the applied load to be properly felt by the 

zone. If the zone is bigger than the applied wave length, the zone will not get the complete 

effect due to applied stress wave. 
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3.2.2.4 Aspect ratio of zone 

The grid points that are defined initially will deform during the analysis leading to grid 

distortion.  Bad geometry error pops up if any of the grids overlap each other during the 

analysis. FLAC analysis will terminate if such overlap happens. FLAC manual 

recommends that the aspect ratio of each zone be 1:10 or less to improve the accuracy of 

the solution. In FLAC, zones are modelled as quadrilateral elements and divided into two 

triangular subzones.  The area of each quadrilateral zone must have a positive value 

throughout the analysis and both triangular pairs of subzone areas that make up the zone 

should not be less than 20% of the total quadrilateral area. However, during an earthquake 

loading, it is normal to have large deformations, and chances of overlapping zones or 

distortion of zones from its original aspect ratio are high. Figure 3-1 shows examples of 

acceptable and problematic deformations.  FLAC has an inbuilt automatic rezoning option 

in order to re-make the meshing by considering the deformed plastic boundary.  
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3.2.2.5 Automatic Rezoning  

Earthquake loading may cause excessive deformation in the soil. FLAC numerical analysis 

accommodates large deformation. However, the zones have to meet a certain aspect ratio 

through the analysis. Large deformation causes distortion of zones and creates runtime 

“bad geometry” errors before converging to the solution. Refining the density of zones or 

remeshing in order to capture the physical change in the model due to large deformations 

is crucial in such numerical analysis (Borouchaki et al., 2005, Erhart, 2006; Han et al., 

2008).  

 
Figure 3-1: Acceptable and unacceptable zone deformation (from FLAC manual, 2016) 
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Rezoning is performed in three stages. First, the excessive deformation is identified in order 

to trigger the remeshing region. Secondly a new mesh is formulated in order to 

accommodate the physical deformation on the model. Thirdly the properties and stress 

parameters of old grid will be transferred to the new grid system (Peterson, 1998).  

There are various methods of rezoning discussed in the literature such as mapping 

transformation, node insertion and connection and a regular grid overlay approach 

(Mackerle, 2001). In FLAC, zone mapping in volume and interpolation at a point 

remeshing method is used to reorganize the deformed zone and maintain the geometry 

within its aspect ratio. FLAC remeshing not only maintains the aspect ratio of the zone 

within limit, but also transfers the parameters of the old mesh such as stress, velocity and 

displacement to the new rezoned mesh with minimum loss in accuracy. It is performed by 

transferring those stress values to the overlaid subzone set in to the regular quadrilateral 

zone. The stresses corresponding to the new zones are calculated from the overlapping 

subzones against new subzones from the weighted average depends on the overlaps (FLAC 

Manual, 2016).  

 

In FLAC, there are two ways of applying and measuring the model quantities. Material 

properties or stress components are specified as zone quantities within the finite volume, 

and kinematic quantities such as acceleration, velocity or displacements are specified as 

grid point quantities at the nodes. 
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Figure 3-2: Zone quantity mapping (From FLAC Manual, 2016) 

 

 

Figure 3-3: Grid-point quantity interpolation (From FLAC Manual, 2016) 

 

Figure 3-2 and Figure 3-3 shows an example of mesh in solid line and re-meshed zones in 

dashed line. Upon distortion of zones due to excessive deformation, the zone quantities are 

averaged as follows,  

𝑧𝑁 =
∑ 𝐴𝑖𝑧𝑖

06
𝑖=1

∑ 𝐴𝑖
6
𝑖=1
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Where 𝑧𝑁 is the value of continuous zone quantity in the new grid; 𝑧𝑖
0 is the value of zone 

quantity in the old grid; 𝐴𝑖 is the overlapping area or the volume with unit thickness 

between old and new grid. Similarly, the grid point quantities are calculated with reference 

to the old grid points by interpolation from triangular subzones where the new grid points 

located among old grid points a follow.  

𝑔𝑁 =
𝐴1𝑔1

0 + 𝐴2𝑔2
0 + 𝐴3𝑔3

0

𝐴1 + 𝐴2 + 𝐴3
 

Where 𝑔𝑁 is the new grid point value; 𝑔𝑖
0 is the value of vertices of old grid point where 

the new grid points located in; 𝐴𝑖 is the weighted area of subzone triangle depends on the 

overlaps (FLAC Manual, 2016).  

3.2.3 Dynamic motion 

In order to perform dynamic analysis, seismic motion history for dynamic loading 

conditions is specified. Depending on the type of earthquake motion record either outcrop 

motion or ground motion, deconvolution and scaling process may be required in order to 

convert the given motion history to bedrock acceleration time history. The deconvolution 

process can be done from 1-dimensional Shake equivalent linear analysis in order to get 

rock motion history. Artificial time histories generated to match the design spectra of the 

seismic site class A corresponding to the specific site, shall be directly used as input rock 

motion to the FLAC 2-D model. In the analysis of the Orleans valley profile, the artificial 

time histories are developed from response spectra of the seismic site class A (rock) and 

applied directly as input base rock motion. 
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3.2.3.1 Cut-off frequency and Filtering  

The earthquake motion records are generally obtained in the form of acceleration history, 

and are typically sampled at 25 – 100 Hz. The input to FLAC is the velocity history which 

is obtained by integrating the acceleration time history. The process of converting the 

acceleration time history into the velocity history is preceded by filtering the frequency 

content and baseline correction. Filtering is done to remove those motion frequency 

components that have little to no influence on the seismic response. Typically, frequencies 

exceeding 10~15Hz do not affect the seismic response and the cut-off frequency is often 

set at 20 Hz. Including higher frequency motions do not improve the accuracy of the 

predictions but will significantly extend the run time. 

3.2.3.2 Baseline correction 

The baseline correction is the process to mitigate the systematic error caused by the fact 

that earthquake motion data will begin to record in the seismograph only upon triggering 

the threshold acceleration. Motions preceding the triggering stage will not be recorded and 

this may cause a compounding error in velocity and displacement increments. As a result, 

the displacement of the ground from the 2nd integration of acceleration history will not be 

zero which exhibits residual displacement in the model even after the motion being 

stopped. This effect remains as an error unless corrected through bassline correction 

(FLAC Manual, 2016).  Baseline correction is one of the important steps prior to applying 

the motion history to the model. Conceptually, at the end of an earthquake, the ground will 

rest at its original position and the displacement should be zero, unless there has been lateral 

movement. Residual displacement at the end of motion happens due to some other reasons 
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as well. Earthquake motion being recorded in a certain time interval ∆𝑡 (0.02 sec) with the 

recording frequency of 
1

∆𝑡
 (50Hz). Motion in-between the recording time interval will get 

lost from the recorded motion history and this may also lead to residual displacement at 

the end of motion. In addition, the earthquake motion can be represented by a combination 

of various simple harmonic motions with different frequencies and amplitudes. Fourier 

spectra is the plot between those frequencies and amplitude. In Fourier spectra, after a 

certain frequency which is called as cut-off frequency, the amplitude becomes relatively 

small to contribute damage to soil deposit. So, the cut off frequency is used for numerical 

efficiency, and motion at frequencies higher than the cut-off frequencies will be eliminated. 

To correct it, the Fourier spectra or the set of frequencies and amplitude formed the motion 

history will be re-adjusted by adding low frequency wave to the original motion history in 

order to bring the final displacement to zero. 

3.3 HYPERBOLIC MATERIAL MODEL 

The true stress-strain behavior of soil is complicated, and it depends on various factors. A 

hyperbolic model is a convenient, and sufficiently simple, approximation of the soil 

response. Duncan & Chang (1970) originally proposed the hyperbolic model to 

characterize soil behavior. Duncan-Chan model addresses the nonlinear mechanical 

behavior of soil and captures stress state dependency, and modulus degradation.  Duncan 

and Chang evaluated the stress-strain data in 𝛾 𝜏⁄  𝑣𝑠 𝛾 space (Figure 3-4) to demonstrate 

that soil behavior can be approximated as hyperbolic (hyperbolic stress-strain curve would 

transform as a linear relationship in the modified space). However, the model does not 

represent the exact field conditions and is an approximation. Field geometry is incorporated 
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into the numerical model, and the analysis assumes soil behavior can be represented by a 

hyperbolic relationship. Modulus reduction and damping characteristics control the 

response in such analysis. 

 

 

3.3.1 Modulus reduction 

The nature of the stress-strain curve can be represented by the initial shear modulus (𝐺𝑚𝑎𝑥) 

and the degradation of the modulus with strain. Shear modulus is the ratio between shear 

stress and shear strain, and may be defined at an instant (tangent modulus, 𝐺𝑡) or with 

respect to the initial state (secant modulus 𝐺𝑠). The secant modulus is used in numerical 

analysis to minimize numerical instabilities as soil reaches failure or when it strains softens.   

Given by 𝜏 = 𝐺𝑠𝛾 by considering the limits of the relationship in the transformed space of 

𝛾 𝜏⁄  𝑣𝑠 𝛾, the following relationship can be derived.  

Shear modulus is the ratio of between shear stress and shear strain and it is given by 𝜏 =

𝐺𝑠𝛾. From the relationship of  
𝛾

𝜏
 𝑎𝑛𝑑 𝛾, the following relationship is derived.  

b 

𝛾 

𝜏𝑢𝑙𝑡 
𝜏𝑓 

𝜏 

𝛾 

𝛾

𝜏
 

a 

Figure 3-4: Relationship of shear stress vs shear strain (left); Relationship of shear 

strain/shear stress vs shear strain. 
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𝐺

𝐺𝑚𝑎𝑥
=

1

1 +
𝐺𝑚𝑎𝑥

𝜏𝑢𝑙𝑡
𝛾

=
1

1 + 𝐾𝛾
 

 

Where K is the ratio between the maximum shear modulus and ultimate shear strength 

which is a constant for a selected soil type at a given initial state under ideal conditions. 

Modulus reduction ratio varies depending on the type of soil and its environmental loading 

conditions as shown in Table 3-1 (Kramer, 1996) is that modified from Dobry & Vucetic, 

1987.  

Table 3-1 : Variation of Modulus reduction ratio depends on type of soil and its 

environmental loading conditions (Kramer, 1996; modified after Dobry and Vucetic, 1987) 

Increasing Factor 𝐺 𝐺𝑚𝑎𝑥⁄  

Confining Pressure, 𝜎′𝑚 Increase with 𝜎′𝑚; effect decrease with increasing PI 

Void ratio, 𝑒 Increase with 𝑒 

Geologic age, 𝑡𝑔 May increase with 𝑡𝑔 

Cementation, 𝑐 May increase with 𝑐 

Over consolidation ratio, 𝑂𝐶𝑅 Not affected 

Plasticity Index, PI Increase with PI 

Cyclic Strain, 𝛾𝑐 Decrease with 𝛾𝑐 

Strain rate, �̇� G increases with �̇� but 𝐺 𝐺𝑚𝑎𝑥⁄ probably not affected 

if G and 𝐺𝑚𝑎𝑥 are measure at same �̇�. 

Number of Loading Cycles, 𝑁 Decrease after 𝑁 cycles of large 𝛾𝑐(𝐺𝑚𝑎𝑥 measured 

before 𝑁 cycles) for clays; for sands, can increase 

(under drained conditions) or decrease (under 

undrained conditions) 
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3.3.2 Damping 

The shape of the modulus reduction curve alone captures the monotonic loading response. 

However, the damping characteristics are an important consideration under cyclic loading. 

Damping may be expressed in different forms, the simplest being the viscous damping 

where the damping force 𝐹𝐷 = 𝐶. �̇� leading to the commonly recognized Newton’s second 

law equation [𝑀]{𝑥}̈ + [𝐶]{ 𝑥}̇ + [𝐾]{𝑥} = {𝐹(𝑡)} . Damping characteristics are highly 

material dependent, and to some extent loading frequency dependent. Two forms of 

damping may be considered in numerical analysis. 

3.3.2.1 Rayleigh Damping  

Rayleigh damping is formulated with mass and frequency proportional parts and it is given 

by  𝐶 = 𝛼𝑀 + 𝛽𝐾. Here α and β are mass proportional and stiffness proportional damping 

constants. Stiffness proportional damping influences the time step in FLAC calculation. 

Mass proportional damping reduces the time step in the calculation. For geological models, 

damping is in the range of 2% to 5 % of critical damping at small to moderate strains.  

The critical damping ratio at any angular frequency of the system 𝜔 is expressed as  𝜉 =

(𝛼 𝜔⁄ + 𝛽𝜔) 2⁄ .  In this formulation, 𝜉𝑚𝑖𝑛 = (𝛼𝛽)
1

2 and 𝜔𝑚𝑖𝑛 = (𝛼/𝛽)
1

2.  𝛽 = 0 leads to 

𝜉 =
𝛼

2𝜔
 (exponential relationship) and 𝛼 = 0 leads to 𝜉 =

𝛽𝜔

2
 (linear relationship). Figure 

3-5 shows normalized critical damping ratio vs angular frequency variations.  
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Figure 3-5: Variation of normalized critical damping ratio with angular frequency (FLAC 

Manual, 2016) 

 

As shown in the Figure 3-5, cumulative damping from mass and frequency components is 

essentially a constant within the angular frequency range from 𝜔1𝑡𝑜  𝜔2 where 3𝜔1 = 𝜔2. 

For example, if 𝜔𝑚𝑖𝑛 = 10 𝑟𝑎𝑑/𝑠, then 𝜔1 =
10

2
= 5 𝑟𝑎𝑑/𝑠 and 𝜔2 = 3 ×

10

2
= 15 rad/

s. So, the damping ratio is constant within the frequency range of 5 𝑟𝑎𝑑/𝑠 𝑡𝑜 15 𝑟𝑎𝑑/𝑠 .  

As mentioned above, the Rayleigh damping is frequency independent for a range of 

frequencies. If the highest predominant frequency (𝜔2) is three times greater than lowest 

predominant frequency (𝜔1) then, it will be within that 3:1 “frequency independent range” 

of spectrum. Rayleigh damping is defined in FLAC by specifying the minimum frequency 

𝑓𝑚𝑖𝑛 = 𝜔𝑚𝑖𝑛/2𝜋 and will capture most of the important frequencies.   
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Predominant frequencies can be found to be the combined effort of input frequencies and 

the natural mode/frequency of the system. Minimum frequency can be found in a way that 

the maximum and minimum frequencies lie within the 3:1 range to get frequency 

independent damping ratio. To determine the predominant frequency, a preliminary run 

can be performed under undamped conditions and the predominant frequency can be found 

from the history of velocity or displacement (FLAC Manual, 2016).  

However, defining the model with Raleigh damping may not be suitable for dynamic 

problems if the range of input frequency varies widely. Due to the frequency dependency 

and influence of time step in FLAC Rayleigh damping is not suitable for dynamic analysis 

because earthquake loading contains a wide range of frequency content. a hysteretic 

damping model is recommended for dynamic analysis in FLAC. 

3.3.2.2 Hysteretic damping 

Hysteretic damping is the strain dependent damping ratio and secant modulus function. In 

hysteretic damping, damping force is independent of frequency. So, the time step is not 

affected by hysteretic damping. Hysteretic damping is derived from S-shaped shear 

modulus reduction factor (𝐺/𝐺max ) vs logarithm of cyclic strain curve represented by a 

cubic equation with zero slope at both low strain and high strain, and has the form,         

𝑀𝑠 = 𝑠2(3 − 2𝑠). Here 𝑠 =
𝐿2−𝐿

𝐿2−𝐿1
 and 𝐿 = 𝑙𝑜𝑔10(𝛾). 𝐿1 and 𝐿2 are the extreme values of 

logarithmic strain where tangent slope becomes zero. Hysteretic damping parameters 𝐿1=-

3 and 𝐿2=1 means that the S-shaped curve will extend from a lower cyclic strain of 0.001% 

to and upper cyclic strain of 10%. Default values of 𝐿1=-3.156 and 𝐿2=1.904 produces a 
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curve that provide a reasonable match to the shear modulus reduction curve and damping 

ratio curve for clay material and values of 𝐿1=-3.325 and 𝐿2=0.823 match to the sand. For 

the rock, the values of 𝐿1=-3 and 𝐿2=3 gives a better matching as same as defined by Idriss, 

1992.   

 

The use of hysteretic damping is intended to account for the various ways of energy loss 

such as friction, heat generation, plastic yielding etc. All these are lumped together and 

represented by hysteretic damping to simplify the analysis.   Integrating the force-

displacement hysteresis loop (Figure 3-6) will give total energy dissipation of                 

𝑊𝐷 = ∫ 𝐹.
𝑑𝑢

𝑑𝑡

𝑡0+2𝜋
𝜔⁄

𝑡0
𝑑𝑡 = 𝜋𝑐𝜔𝑢2 and strain energy of 𝑊𝑠 =

1

2
𝑘𝑢2. From there the 

damping ratio 𝜉 =
𝑊𝐷

4𝜋𝑊𝑠
.  

 

 
Figure 3-6: Force displacement hysteretic loop 
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Damping is calculated from the area of the loop from cyclic shear stress vs cyclic shear 

strain graph shown in Figure 3-7.  

𝜉 =  
1

2𝜋
.
(𝐴𝑙𝑜𝑜𝑝)

𝐺𝑠𝛾𝑐
2

 

 

According to this equation for damping ratio, damping increases with increase in the area 

of the 𝜏 − 𝛾   loop (𝐴𝑙𝑜𝑜𝑝).  In the other words, damping ratio increases with increasing 

shear strain. Variation of damping ratio depending on the type of soil and its environmental 

loading conditions as tabulated below (Kramer, 1996, modified from Dobry & Vucetic, 

1987).  

𝐺𝑠 

𝜏𝑐 

O 

A 

B 

Shear Strain 𝛾 

Shear Stress, 𝜏 

𝛾𝑐 

Figure 3-7: Shear stress vs Shear strain hysteretic loop 
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Table 3-2: Variation of damping ratio depends on type of soil and its environmental loading 

conditions (Kramer, 1996; modified after Dobry & Vucetic, 1987) 

Increasing Factor Damping ratio, 𝜉 

Confining Pressure, 𝜎′𝑚 Decreases with 𝜎′𝑚; effect decrease with increasing PI 

Void ratio, 𝑒 Decrease with 𝑒 

Geologic age, 𝑡𝑔 Decrease with 𝑡𝑔 

Cementation, 𝑐 May decrease with 𝑐 

Over consolidation ratio, 𝑂𝐶𝑅 Not affected 

Plasticity Index, PI Decrease with PI 

Cyclic Strain, 𝛾𝑐 Increase with 𝛾𝑐 

Strain rate, �̇� Stay constant or may increase with �̇�. 

Number of Loading Cycles, 𝑁 Not significant for moderate  𝛾𝑐 and 𝑁.  

 

3.3.3 Boundary conditions 

It is critical to define appropriate boundary conditions in dynamic analysis to ensure the 

results are relevant to the real site. In reality, the site is located in an infinitely large soil 

medium. Defining the boundary as fixed may cause reflection of outward propagating 

waves back into the model. In reality, the boundary will not bounce back the entire wave 

in to the model unless the wave hits on a rigid surface or the soil layer have a higher 

impedance ratio. If the boundary is defined as rigid, then the outgoing waves bounce back 

and energy dissipation will not happen. Defining a large model may reduce the issue of 
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outgoing waves bouncing back in to the model back. But this will make the analysis more 

time consuming and complicated.   

In addition, the predefined rigid base motion controls the motion of the base grids as a 

constant displacement boundary (FLAC Manual, 2016).  So, the reflected waves reach at 

the base completely bouncing back into the model. Even though the impedance contrast 

between soil and rock is large in most cases, it’s not infinitely large to define the boundary 

as rigid base. The rigid boundary condition in dynamic analysis will not represent the actual 

field conditions.  

So, FLAC defines a compliant base (or quiet boundary) where the half of the energy is 

absorbed and radiates the other half energy back in to the model for equilibrium. It is a 

viscous boundary scheme developed by Lysmer & Kuhlemeyer (1969) where two sets of 

dashpots are attached independently to the mesh in the normal and shear directions to 

absorb energy. The stress absorbed by the dashpot is given by 𝜎𝑠 = 𝜌𝐶𝑠𝑣𝑠𝑢 where 𝜌-

density, 𝐶𝑠 − shear wave velocity of the base material and 𝑣𝑠𝑢 − particle velocity of 

upward propagating motion in the shear direction. These viscous dashpots of the quiet 

boundary are defined at the base of the model to absorb the energy and prevent the 

downward propagating waves to reflect back in to the model.  

In order to allow the base boundary to move freely, the acceleration history is converted 

into velocity history and applied as stress waves at the base with the factor of two in order 

to compensate for the absorbing viscous dashpots at the quiet boundary. So, the stress 

conversion from velocity history formed according to  𝜎𝑠 = 2𝜌𝐶𝑠𝑣𝑠𝑢. This is the reason 
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the recorded acceleration history which is the superposition of upward and downward 

reflected motion will not match with the input acceleration record (Mejia & Dawson, 

2016).  

Sides of the model defined as a free field boundary. The side boundary grid motion should 

be independently moving during the wave propagation vertically. Free field condition 

ensures the independent motion of side boundary grids as well as non-reflecting behavior. 

To achieve this, viscous dashpots are attached (same as quiet boundary) and the unbalance 

forces transferred to the main grids. Also, these dashpots absorb energy only if the side 

boundary grid motion is different from the free field condition. This difference of side 

boundary motion may cause due to the presence of any structures or due to the radiation of 

waves from the surface. In addition, the free field condition ensures no distortion of wave 

energy in the side boundary and simulate the actual site condition in the model.  

 

Figure 3-8: Schematic diagram of FLAC model showing boundary condition for dynamic 

analysis 
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Finally, the top surface is defined as free surface with no other boundary conditions 

attached. The upward propagating shear waves reflect completely back to the model with 

the 180° phase transformation (and doubled amplitude) in the real case. Figure 3-8 shows 

an illustration of the boundary conditions adopted to the FLAC 2-D model for seismic 

analysis. 

3.4 EARTHQUAKE WAVES 

Epicentral distance and the depth to the focal point of the earthquake are far away from the 

local site. So, the generated earthquake waves travel a long distance before reaching the 

local site, and as result will reach the local site bedrock soil interface vertically. This is due 

to the natural variation of soil properties and wave refraction through it. The incoming 

seismic wave approaches the local site vertically with an amplitude of 𝐸𝑛 on rock as shown 

in Figure 3-9. 

 

Figure 3-9: Amplitude of motions in different segments of model - image from Equivalent-

linear Earthquake site Response Analysis, EERA manual of layered soil deposit (Bardet et 

al., 2000) 
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Earthquake motions may be recorded either on soil (ground surface) or rock outcrop.  Free 

surface motion is the motion recorded at the ground surface after the wave passing through 

multiple layers. Soil layers naturally formed with various static and dynamic parameters 

and geological shapes where the incoming seismic wave amplitude 𝐸𝑛 get modified as 𝐸1 

when it reaches to the ground surface. For the compatibility requirement of zero shear stress 

condition at the free surface, the amplitude doubles (2𝐸1)  due to the complete reflection 

and 180° phase shift at the ground surface.  

Similarly, the amplitude will double at rock to comply with the zero-shear stress condition 

at free surface. So, the amplitude of the outcrop motion will have double of the amplitude 

of incident wave 2𝐸𝑛.  

However, the bedrock motion below the soil not necessarily same as the incoming motion, 

𝐸𝑛 because the actual bedrock motion is going to be a result of superposition of both 

incoming (𝐸𝑛) and reflected waves (𝐹𝑛) that transmitted from above top layers. So, the 

amplitude of the bedrock motion becomes (𝐸𝑛 + 𝐹𝑛).  

In numerical analysis, the base model is limited with a certain depth. So, the reflected wave 

𝐹𝑛 gets doubled as at the top free surface. Also, the applied motion also doubles in order to 

comply with the zero-shear stress condition. So, the resultant amplitude becomes as 2(𝐸𝑛 +

𝐹𝑛) which is not same as the real case. This issue has been resolved by defining the base 

model as quiet boundary (also named as viscous boundary) where two viscous dashpots 

independently attached to absorb the half of the energy.   
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3.4.1 Artificial time history  

Time history of earthquake shaking is a critical input in seismic analysis. Seismic analysis 

using artificially generated earthquake time histories are common (Atkinson & Beresner, 

1998; Gangsig & Ohseop, 2016) because the real earthquake records are not always 

available for the selected site under the required seismic conditions. It is difficult to obtain 

real records at the base level corresponding to the target earthquake magnitude and 

epicentral distance.  Even though deconvolution techniques are used to convert the ground 

motion in to bedrock motion, still there are uncertainty because of the static and dynamic 

properties used for each layer, and the magnitude and epicentral distance of the 

earthquakes. 

However, National Building Code of Canada (NBCC) provisions on the seismic analysis 

provides a set of recommendations on the response spectrum with 2475-year return period 

for sites in Canada. These spectral acceleration values can be determined with respect to 

the seismic site classification of local site. Even though it is a complicated process, multiple 

combination of artificial time histories may be generated from the response spectra for the 

seismic analysis. In this numerical analysis, artificial time histories are generated from the 

design spectrum that follows the frequency range from 0.1Hz up to 20Hz (0.05s to 10s) as 

specified in NBCC2015.   
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Deriving a response spectrum from time history is simple and straightforward. The 

theoretical maximum response of a series of a single degree of freedom (SDOF) system 

with different natural frequencies, plotted against the frequency of the SDOF system is 

defined as response spectra. But the backward calculation of obtaining a time history from 

a response spectrum is a complicated process. Unlike the single response spectra for a given 

time history, there are many time histories can be generated from a response spectrum. 

Software tools from the literature are used to generate spectrum compatible time histories 

that are input to the numerical analysis. 

 
Figure 3-10: Basic concept of formulating response spectrum (Gangsig and Ohseop, 

2016) 
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3.4.2 Seismic input to FLAC 

Dynamic input motion can be given in one of four ways to the model: acceleration history, 

velocity history, stress (pressure) history or force history. Also, the input motion can be 

applied in the x-z direction to the model or normal-shear direction to the model boundary. 

In this model, the acceleration history is transformed to velocity history and converted as 

a stress field and applied at the base model. Directly applying the acceleration time history 

as input motion to the model will restrict the model boundary to vibrate according to the 

pre-defined way. But the quiet boundary must be able to move freely to absorb incoming 

waves in order to represent the actual field condition. This requires the acceleration-time 

history be transformed in to stress-time history and given as input stress field at the base 

model. The input stress-time history specifies the upward propagating wave motion into 

the FLAC model. 

Lysmer and Kuhlemeyer (1969) expressed various possibilities to express an appropriate 

boundary condition analytically and came up with the expressions of normal and shear 

stresses.  

𝜎𝑠 = 𝑏𝜎𝐶𝑠𝑣𝑠 

𝜎𝑛 = 𝑎𝜌𝐶𝑛𝑣𝑛 

Here 𝜎𝑠and 𝜎𝑛 are shear and normal stress, 𝜌 is mass density, 𝐶𝑠 and 𝐶𝑛 are s and p wave 

propagation velocity through medium, 𝑣𝑠 and 𝑣𝑛 are input shear and normal particle 

velocity that comes from the earthquake motion by integrating the acceleration history, 

shear wave (S) velocity and primary (P) wave velocity of a medium can be calculated from 

its material properties of shear modulus G and bulk modulus K using the formula of 𝐶𝑠 =
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√𝐺
𝜌⁄  and 𝐶𝑝 = √

𝐾+4𝐺/3

𝜌
.  a and b are the dimensionless parameters that depend on the 

wave absorption or reflection at the boundary. For perfect absorbing or non-reflecting 

condition, a=b=1 (Georges et al., 2011).  In this study, only vertically propagating shear 

wave is considered. There will not be any incident primary waves will be applied as input 

motion to the model. So, rest of the chapter only focus on the input shear stress on the 

model.  

If the boundary condition where the stress history being applied (usually at the base of the 

model) is not defined as absorbing boundary, then the reflecting wave will get amplified 

due to doubling of its amplitude. In order to represent actual site response, the bottom 

boundary is modelled as a quiet (absorbing) boundary.  

3.4.3  NBCC 2015 Classification of the site 

Design spectrum 𝑆(𝑇) corresponding to local site classes are specified in the National 

building code of Canada (NBCC 2015). Volume 1 section B 4.1.8.4, classifies sites based 

on the average shear wave velocity (�̅�𝑠,30)  in the top 30m below the foundation level.  

𝑉𝑠,30 =
∑ ℎ𝑖

∑
ℎ𝑖

𝑣𝑖

 

In addition to shear wave velocity, corresponding average standard penetration resistance 

(�̅�60)  and soil undrained shear strength (𝑆�̅�)   may be used if shear wave velocity data are 

not available. The peak ground acceleration (PGA), peak ground Velocity (PGV) and the 

5% damped spectral response acceleration values 𝑆𝑎(𝑇) are specified for the reference site 

class (Class C). Design spectral acceleration values 𝑆(𝑇) corresponding to periods 𝑇 of 0.2 
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s, 0.5s, 1.0s, 2.0s, 5.0s and 10.0s will be determined as 𝐹(𝑇)𝑆𝑎(𝑇) based on the pre-defined 

peak ground acceleration (PGA) values and spectral acceleration for the selected site will 

determined through interpolation with respect to the peak ground accelerations (PGA). 

These recommendations are given based on a 2% probability of exceedance in 50-year 

period (2475-year return period).   

For the Orleans Site, according to NBCC- 2015 Vo 1 Seismic Provision Division B 4.1.8.4,  

𝑉𝑠,30 =
∑ ℎ𝑖

∑
ℎ𝑖

𝑣𝑖

=
30

2
130 +

1
100 +

7
103 +

10
110 +

10
118

= 112 𝑚/𝑠 

From NBCC 2015 seismic provisions, table 4.1.8.4-A, the site classification for seismic 

site response for 𝑉𝑠,30 < 180 𝑚/𝑠 is site class E. Corresponding spectral values are 

estimated by interpolating those PGA values and reference site class spectral values as 

shown in Table 3-3 and Table 3-4 for both site class E and site class A respectively.  
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Table 3-3 : Estimated spectral amplitudes corresponding to site class E with reference to 

the site class C 

Site: Ottawa (Orleans) 

Spectral 

Acceleration 
𝑆𝑎 for Site Class C F(T) for Site Class E 𝑆𝑎 for Site Class E 

𝑆𝑎(0.2) 0.474 1.045 0.495 

𝑆𝑎(0.5) 0.252 1.473 0.371 

𝑆𝑎(1.0) 0.124 1.732 0.215 

𝑆𝑎(2.0) 0.058 1.912 0.111 

𝑆𝑎(5.0) 0.015 2.133 0.032 

𝑆𝑎(10.0) 0.0056 1.995 0.011 

𝑃𝐺𝐴 0.304 0.974 0.296 

PGV 0.208 1.473 0.306 

 

Table 3-4: Estimated spectral amplitudes corresponding to site class A 

Site: Ottawa (Orleans) 

Spectral 

Acceleration 
𝑆𝑎 for Site Class C F(T) for Site Class A 𝑆𝑎 for Site Class A 

𝑆𝑎(0.2) 0.474 0.69 0.327 

𝑆𝑎(0.5) 0.252 0.57 0.144 

𝑆𝑎(1.0) 0.124 0.57 0.071 

𝑆𝑎(2.0) 0.058 0.58 0.034 

𝑆𝑎(5.0) 0.015 0.61 0.0092 

𝑆𝑎(10.0) 0.0056 0.67 0.0038 

𝑃𝐺𝐴 0.304 0.9 0.274 

PGV 0.208 0.62 0.129 
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3.4.4 Selection of Ground Motion 

In addition to using artificial earthquake history generated from the design spectra 

prescribed by the building code, analysis using actual earthquake motions would add 

confidence in the assessment. Real earthquakes will contain actual variations of shaking 

intensities at different frequencies expected in the seismic motions at the site during an 

earthquake. But it is not always possible to get an appropriate recorded motion matching 

the magnitude and distance of the earthquake. So, the recorded earthquake motions also 

have to be scaled in order to match the expected spectra at the site; There are various 

methods of scaling an earthquake to match local sites, such as frequency domain methods 

and time domain methods (Farzad et al., 2004) in the literature. Both frequency domain 

and time domain spectral matching produce realistic acceleration records (Atik & 

Abrahamson, 2010) that enables the response spectra of input acceleration to match with 

the target response spectra generated from the seismic code of practice. Target response 

spectra formulated based on the probabilistic hazard analysis for a certain return period. 

NBCC recommends the target design spectra depending on the location and seismic soil 

class with 2% exceedance in 50 year which means the probability of occurring an 

earthquake is one in 2475 years. 

3.4.4.1 Val-des-Bois Earthquake 

Val des Bois earthquake is the strongest earthquake to hit the Ottawa region in almost 200 

years.   This earthquake occurred on June 23rd 2010 at 13:41 EDT and the magnitude was 

recorded as 5.0. The epicentre was located near the town of Val-des-Bois, about 55 km 

North-East of Ottawa. The earthquake was at 10km depth and the vibration traveled far 
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and felt by some cities near US border, and even in Kentucky. It lasted for 10 to 30 seconds 

depending on the site conditions, and caused damage to some properties, including the 

collapse of a Quebec Road, a bridge collapse on highway 307 near Bowman, another bridge 

collapse in highway 105 in Gracefield, two landslides, residential and commercial property 

damages. Power failure in the areas around the epicenter and an emergency call center in 

Gracefield for three days are some of the impacts that reflect the severity of the Val-des-

Bois earthquake.  

Ground shaking during Val-des-Bois earthquake has been recorded at many stations within 

Quebec, Eastern Ontario and beyond the US border. The bedrock motion (site class A) 

recorded at station code ST012 (Lat: 45.3942 and Lon: -75.7167), which is located at 

distance of 13.5 miles from Orleans Valley is the closest recording to the site considered 

in this analysis. Two components of this motion were selected and scaled to match the 

design response spectrum of the local site according to NBCC-2015. The scaled Val-des-

Bois earthquake in both north-south and east-west motions applied to the model 

individually to see the response and compare against the artificial earthquake responses.    

3.4.4.2 Scaling and Spectral Mapping  

In the past, recorded time histories were scaled to match the peak ground acceleration alone 

without regard to the individual frequency components. Such scaling, while numerically 

simpler may not be a proper representation of the motions expected at the site. Generating 

the input acceleration from a real earthquake is performed in two steps in this study; 

amplitude scaling and spectral matching. Amplitude scaling is a time domain scaling 

method that is performed by factoring the actual earthquake motion data in order to match 
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the highest spectral amplitude (typically in the period range of 0.1s to 1s) of the input 

motion to the highest spectral value in the target design spectrum. This gives a spectrum 

with similar maximum amplitude, but without any correspondence to frequency content. 

The next stage of the spectral matching is done in the frequency domain by adjusting the 

frequency content of the motion history in order to align with target spectrum for a range 

of spectral periods with minimum variance. But the spectral mapping involves 

modification in the original frequency content in order to produce a perfect match of 

ground motion spectrum and design spectrum. However, the intensity of earthquake and 

its characteristics will be still retained as it is even after it scaled in frequency domain.  

Each of these components represent a drawback in the recorded motions. Amplitude of 

acceleration varies with distance to the epicenter where the earthquake is originated. The 

scaling of amplitude in order to match with the target design spectra of the local site will 

represent an earthquake with a certain epicentral distance.  Similarly, the frequency scaling 

of earthquake record can be justified in the basis of magnitude of earthquake. Larger 

magnitudes earthquakes contain relatively long period motions. The correction of the 

frequency content can thus be considered an accounting of the magnitude of the 

earthquake. Thus, the combination of both amplitude and frequency scaling of real 

earthquake in order to match with the target spectrum represent an earthquake with a certain 

epicentral distance and magnitude. The use of scaled real earthquakes by complying to 

target design spectrum through scaling enables the seismic analysis to expected to represent 

a more realistic loading scenario that captures the details of real earthquakes with inbuilt 

with natural variations.  
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Originally the spectral matching method was proposed by Lilhandand & Tseng (1987, 

1988) where the time domain modifications made in time history to match the 

corresponding spectrum with the design spectrum. Further, it is developed by many 

researchers with computerized algorithm as optimization problem (Abrahamson, 1992; 

Hancock et al., 2006; Atik & Abrahamson [2010]. 

3.4.4.3 Period range of target spectra 

The target spectrum of the real earthquake required to be satisfied the design spectrum over 

the range of period from 𝑇𝑚𝑖𝑛 to 𝑇𝑚𝑎𝑥 that result inelastic response of the structure 

(Tremblay et al., 2015). Lower limit of the period (𝑇𝑚𝑖𝑛) represents the highest vibration 

mode that accommodates 90% of the structural mass in vibration or 20% of the 

fundamental period (0.2𝑇1) of the structure whichever is smaller.  Upper limit of the period 

(𝑇𝑚𝑎𝑥) defined as two times the fundamental period (2𝑇1)  of the structure. But the upper 

limit should not be less than 1.5 sec period as the major part of the energy of any earthquake 

falls within that period.  This range of upper and lower limit applicable for structures with 

natural period within 3~5 sec (Tremblay et al., 2015). Larger frequency ranges are covered 

in the analysis in the research conducted which satisfy the above requirements. 

3.5 ANALYSIS AND INTERPRETATION OF SEISMIC RESPONSE 

FLAC analysis is validated by comparing the response acceleration recorded at the ground 

surface in both FLAC 2D and the widely used equivalent linear “SHAKE” analysis. A 

model with a horizontal layer is created and its response under in FLAC and SHAKE are 
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compared. The SHAKE implementation used in the study is the commercially available 

software ProSHAKE. 

Response spectrum is the widely used plot to compare the earthquake motions in frequency 

domain. Response spectrum directly illustrates not only the amount of amplification but 

also the dominant frequencies of the soil deposit.  Upon validating the FLAC model, the 

results obtained from nonlinear profile will be analyzed based on the response stresses and 

accelerations. Cyclic stress ratio (CSR) simply represents the severity of earthquake and 

the potential for liquefaction or large deformations.  

3.5.1 Spectral ratio method  

The intensity of earthquake shaking at different locations within the soil deposit is obtained 

from the analysis. This is an indicator of the acceleration, and the resulting stress 

increments at the specific location. The relative magnitude of this “load” with respect to 

the “capacity” of the soil at that location will determine whether there will be failure. Even 

if there will be no failure, it is of interest to identify the influence of motions at different 

frequencies and how much they amplified (or attenuated).  

Amplification of motion at specific periods is evaluated using the spectral ratio method. 

It’s a frequency dependent method of evaluating the amplification of seismic motion in soil 

layers, and is defined as the ratio of the spectral ordinate at a given period to that on the 

input motion at the same period. Soft sites have larger amplification with respect to the 

bedrock motion at long periods, and stiff sites at short periods. Spectral amplification 

method also illustrates the dominant frequency that corresponds to the largest 

amplification.  
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Soil deposit undergoes complex loading path because of the wide range of frequency 

contents in the incoming seismic waves. These various combinations of frequencies with 

corresponding amplitudes composes the seismic wave in the time domain. The response of 

soil layers is sensitive to input frequency since larger motions are triggered when the 

frequency of the incoming wave matches the natural frequency of the soil. Considering the 

soil deposit as a whole structure, the dominant frequency in the earthquake motion results 

higher amplification when the seismic wave approaches to ground surface. So, rather than 

analyzing the earthquake in the time domain, the frequency domain analysis is a simplest 

way of representing the seismic amplification corresponds to the frequency content. 

Spectral characteristics are the best and preferred method of analyzing the response of 

seismic amplification and the intensity of shaking rather than considering accelerations 

(Housner, 1965).  

3.5.1.1 Dominant Ground Period  

Dominant ground period associated with the particular site is defined in the spectral 

amplification plot. Dominant ground period is the component of the earthquake motion 

that is amplified the most at the particular site. The response spectrum is a combination of 

responses of a set of single degree of freedom systems with a wide set of frequencies. 

Natural frequency of a single degree of system that matches with the dominant frequency 

will get higher resonance for the given earthquake motion. The dominant frequency 

component not only depends on the natural frequency of the soil deposit but also the 

amplitude of incoming seismic wave on that particular frequency. Combined effect of both 

frequency component and amplitudes triggers the soil deposit in different levels depending 
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on its properties. Mostly the dominant frequency or the period will be very close to the 

natural frequency of the entire soil deposit. So, the predominant frequencies are the 

associated with the individual subsoil structure (Kanai et al., 1966) and thus the geology 

of the subsoil will significantly change not only the amplification but also the predominant 

frequency corresponds to the higher amplification.   

3.5.1.2 Natural frequency of soil deposit 

Homogeneous planer soil layer with depth of 𝐻 and shear wave velocity of 𝑣𝑠 will have 

the nth frequency of  𝜔𝑛 =
𝑣𝑠(𝜋

2⁄ +𝑛𝜋)

𝐻
 and the nth period of 𝑇𝑛 = (

1

1+2𝑛
) 

4𝐻

𝑣𝑠
 (Kramer, 

1996).  The fundamental period will be at 𝑛 = 0  and its value will be  𝑇0 =
4𝐻

𝑣𝑠
. The highest 

amplification of an incoming earthquake motion will happen towards the fundamental 

period. This fundamental period can be approximated from the representative shear wave 

velocity of entire soil deposit.  However, the amplitude of other higher order frequency 

components may also play an important role in amplification. Mostly, relatively higher 

amplitude frequency component adjacent to the fundamental period of the soil deposit will 

get amplified during the earthquake motion. 

3.5.2 Shake Analysis 

Shake analysis is a widely used one dimensional seismic analysis tool (Schnabel et al., 

1972) to evaluate the local site effects. The 1-D analysis model implies that soil layers are 

horizontal and seismic waves propagate vertically. Non-linear soil behavior is incorporated 

using a modulus reduction curve, and there is an abundance of information in the literature 
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about this method. Shake has implemented the wave propagation solutions proposed by 

Kanai (1951), Roesset & Whitman (1969) and Tsai & Housner (1970) and modified it for 

use in personal computers. A Microsoft windows version, commercially available under 

the name ProShake, which is widely used by geotechnical designers and researchers around 

the world, is used in this study.  

Shake analysis requires the earthquake motion (time history) as an input. The local site is 

represented as layers of soil, and the unit weight, the initial shear modulus and damping, 

and modulus reduction and damping curves as function of strains are prescribed for each 

layer. The values of density (𝜌),  maximum shear modulus (𝐺𝑚𝑎𝑥),  modulus reduction  

𝐺/𝐺𝑚𝑎𝑥 and damping ratio  (𝜉) for each layer for the selected site are obtained from the 

literature.   Generated artificial time histories from the design spectra for the Orleans site 

region is given as input and the results are analysed in the frequency domain.   
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CHAPTER 4 

ANALYSIS AND RESULTS OF NUMERICAL WORKS 

4.1 INTRODUCTION 

A numerical study was carried out to assess the effects of 2-dimensional soil profile on 

seismic amplification. Two cross sections of a site in the Orleans suburb of Ottawa were 

considered in the modelling process. FLAC 8.0 finite difference code (Itasca, 2019) was 

used and the effects of geology and bedrock inclination on seismic amplification, and 

maximum ground motions due to incoming NBCC 2015 compatible bedrock motions were 

evaluated.  

The concave shaped rock profiles are modelled using regional bedrock type, and the soil 

deposit is divided in to several layers. The soil properties of the layers were modelled with 

a gradual variation with depth as reported in the literature (Motazedian & Hunter, 2014). 

Both recorded bedrock motions and artificially generated earthquake records were used to 

simulate input ground shaking.  Recorded time histories were scaled to roughly match the 

anticipated target spectrum at the site, and the artificial ground shaking records were 

generated based on the NBCC 2015 design spectra. Artificial earthquake records were 

produced for site class A of rock and used directly as incoming motion at the base of the 

model.   

The recorded motion was obtained from the earthquake record of the 2010 Val-des-Bois 

event in the same seismic zone, but adjusted for shaking intensity. The real earthquake 

records in two horizontal orthogonal directions (North-South and East-West) were 

collected from station OT012 which was the nearest station to the Orleans site at 13.5 miles. 
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The raw records were scaled in order to roughly match the design spectrum of the Orleans 

site. As the OT012 station is located on rock, the scaled motion can directly be used as 

input to the model. The response of the model due to artificially generated spectra matching 

motions (NBCC 2015) is compared to scaled Val-des-Bois motions representing the design 

earthquake.  

The characteristics of the seismic site response were evaluated and compared using the 

maximum horizontal acceleration, maximum shear stress and the cyclic stress ratio (CSR) 

of selected elements at different depths. The cyclic stress ratio (CSR), in geotechnical 

practice, is defined as the ratio of maximum shear stress to the initial effective vertical 

stress if the loading is constant stress amplitude harmonic wave. The shear stresses vary 

with time during an earthquake, and a factor of 0.65 proposed by Seed & Idriss (1971) has 

been used to compute the CSR values from the time history. The proper value of the 

reduction factor is somewhat dependent on the earthquake, and varies between about 0.55 

to 0.75. The value chosen is appropriate for the region, and since the purpose of this 

analysis is the comparison of bedrock geology it technically has no influence on the 

conclusions.  

4.2 GEOLOGY OF THE ORLEANS VALLEY 

The seismicity of Ottawa is influenced by the Western Quebec Seismic Zone. In terms of 

seismic risk, Ottawa is considered to be the third largest earthquake risk prone city in 

Canada following Vancouver and Montreal. This is based on earthquake hazard level and 

the population which would be affected due to an earthquake (Adams et al., 2002). Ottawa 
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area contains soft soil sediments underlain by Paleozoic sedimentary rock formation 

(Harrison & MacDonald, 1980).  

The selected basin in the Orleans neighbourhood of Ottawa is approximately 5km long and 

3.5km wide and its geographical location is shown in Figure 4-1 and Figure 4-2 shows a 

contour map of elevation in this region. It is a narrow valley with about 100m thick deposit 

of Leda clay. The entire valley is underlain by bedrock and the top 2m is assumed to be 

weather soils or backfill, and the bottom 4m, just above the bedrock, an alluvial deposit 

consistent with the typical geological profile of Ottawa. The Leda clay in between these 

two layers has been divided into 10 layers to properly represent the density and shear wave 

velocity changes. Both density and shear modulus gradually increase with depth in this 

material. Soil layering and soil parameters are assigned to match the regional soil properties 

typical of the Orleans region. The cross-sectional details of the 2-D profile of the valley 

along sections A-B and C-D, shown in Figure 4-3 (Khaheshi Banab 2010), were modelled 

in FLAC. As seen in Figure 4-3, section A-B has a fairly steep soil-bedrock interface slope, 

compared to section C-D.  

 

 

 

 

 

 

 

 

Figure 4-1: Location of Orleans, Ottawa (Google Image) 
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Figure 4-2: Plan view of the Orleans region showing the location of section 

A-B and C-D (after Kaheshi 2010) 

Figure 4-3: Transverse and longitudinal cross section of the Orleans valley with a vertical 

exaggeration of ~10:1 (after Kaheshi 2010) 
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4.2.1 Influence of geometry of rock during dynamic motion 

Typically, site response analysis in practice is conducted by assuming a horizontal soil – 

bedrock interface subjected to vertically propagating seismic waves (which implies normal 

incidence). The geometry of the soil and rock layers influences wave reflection and 

refraction characteristics. Concave bedrock, such as the one in the Orléans profile, implies 

non-normal incidence at the soil-rock interface, and will focus wave refraction towards the 

center of the basin which may cause high amplifications at the center. In contrast, if the 

bedrock is convex shaped, then the refracted waves will spread over a wider range and the 

intensity of the shaking at the site will be relatively smaller.  

4.2.2 Simultaneous propagation of compression and shear waves due to 

nonlinear profile 

Prasanna & Sivathayalan (2021) demonstrated through numerical analysis that even a small 

deviation in the soil bedrock interface from the horizontal plane may lead to significant 

changes in the seismic shaking in the soil deposit. As explained in Chapter 2, this generally 

leads to non-normal incidence and the resulting particle motions along and perpendicular 

to the interface are responsible for this complexity (as opposed to particle movement along 

the interface only when the interface is horizontal and the wave propagation is vertical). 

The incoming seismic waves, and those reflected on the ground surface, or on the bedrock 

cause complex loading on the soil elements in both vertical and horizontal directions. 

Applied stress field would include both shear and normal stresses unlike the typically 

assumed scenario of shear loading only. The net increment of shear stresses is due to both 
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the effects of shear wave (changing the shear stress) as well as compressional waves 

(changing the normal stresses), and the maximum shear stress can be determined from a 

Mohr circle.  

Initially the entire system is in static equilibrium under gravitational forces. The relative 

values of the horizontal and vertical stresses (𝜎𝑥 = 𝜎ℎ;  𝜎𝑧 = 𝜎𝑣) depend on material 

properties, primarily the Poisson’s ratio, which determines Ko. Under the initial 

equilibrium state, there will be zero shear stress on the horizontal x-y plane if the ground 

surface is horizontal. The maximum shear stress is half of the difference between the 

vertical and horizontal stresses in this case. If the ground surface is inclined and not 

horizontal, there will be an initial static shear stress on the horizontal plane. Similarly, static 

shear stresses can be present on the horizontal plane if the soil layers are inclined and have 

different material properties (unit weight, 𝐾𝑜). Stresses due to compressional and shear 

waves are superimposed onto this initial condition during an earthquake. As a result, the 

particles may start rolling.  

This rolling or Raleigh wave effect can increase the normal and shear stresses in two ways 

with components Δ𝜏𝑥𝑧,𝑆 (s-wave induced) and  Δ𝜏𝑥𝑧,𝑃  (p-wave induced). Similarly, the 

normal stress increments due to P and S waves on the vertical and horizontal normal 

stresses can be represented by (Δ𝜎𝑧, Δ𝜎𝑥), where   Δ𝜎𝑧 = (Δ𝜎𝑧,𝑆 + Δ𝜎𝑧,𝑃) and Δ𝜎𝑥 =

(Δ𝜎𝑥,𝑆 + Δ𝜎𝑥,𝑃).  Since seismic shaking is time dependent, the principal stress and its 

direction will continuously rotate depending on the initial stresses and the magnitude of 

vertical and horizontal normal and shear stress increments.  

The variation of local site geology highly impacts the horizontal motion compared to the 

vertical motion (Borchert, 1970). Horizontal motions cause extensive damage to both soil 
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deposit as well as structures above.  This research study focusses on the actual shear stress 

increment in the horizontal x-z plane caused by the wave reflection and refraction due to 

the non-linearity in the soil bedrock profile. So, the increase in shear stress  Δ𝜏𝑥𝑧 due to the 

excitation of particles in the x-z plane which due to both shear waves Δ𝜏𝑥𝑧,𝑆  and 

compressional wave  Δ𝜏𝑥𝑧,𝑃 in the x-z plane will be considered for the analysis.  This 

combined effect of shear and compressional wave on the shear stress magnitude in x-z 

plane is expected to vary considerably compared to the simpler horizontally layered soil 

model. 

Considering the Mohr circle at static equilibrium  

 

𝜎1,3 = (
𝜎𝑥 + 𝜎𝑧

2
) ± √(

𝜎𝑥 − 𝜎𝑧

2
)

2

+ 𝜏𝑥𝑧
2 

𝜏𝑚𝑎𝑥 = √(
𝜎𝑥 − 𝜎𝑧

2
)

2

+ 𝜏𝑥𝑧
2 

If the soil layers are assumed to be perfectly horizontal, then 𝜏𝑥𝑦 = 0, 𝜎1 = 𝜎𝑧 and 𝜎3 =

𝜎𝑥 and 𝜏𝑚𝑎𝑥 = (𝜎𝑣 − 𝜎ℎ)/2. 

 As shown in Figure 4-4 Mohr circle, additional stresses are superimposed during cyclic 

loading, and due to shear waves, 𝜏𝑥𝑧→  𝜏𝑥𝑧 ±  Δ𝜏𝑥𝑧 and due to compressional waves 

𝜎𝑥→𝜎𝑥 ± Δ𝜎𝑥 and 𝜎𝑧→𝜎𝑧 ± Δ𝜎𝑧.  
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Figure 4-4: Representation of stress increment on Mohr circle 
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4.2.3 Site amplification 

Site amplification of seismic motion depends on many factors: the mechanical properties 

of soil and rock and the intensity and frequency components of input motion. Impedance 

contrast between two layers cause to amplification or attenuation of the incoming waves. 

Density and shear wave velocity of the rock/soil influences the amount of shear wave 

reflection or refraction depending on the impedance ratio, 𝑧 = (𝜌𝑣)𝑟𝑜𝑐𝑘/(𝜌𝑣)𝑠𝑜𝑖𝑙, which 
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is often called the impedance contrast. Generally, the factor 𝜌𝑣 is higher for rock compared 

to soil. So, most of the incoming earthquake shaking will refract into the soil layers. But 

the waves reflected at a hard soil layer or the ground surface will travel through soil 

downwards and reach the soil-rock interface. If the impedance ratio between rock and soil 

is high, then the reflection of the downward propagating wave at the soil-rock also will be 

high. This is normally referred to as the wave trapping phenomenon within soil layers. If 

the impedance contrast is not high, the rock will also absorb the energy due to wave 

refraction into the rock, which helps to attenuate the motion. If the peak acceleration of the 

rock motions is higher than a saturation point then the soil will not amplify or respond to 

the motion in proportion. This may cause peak soil acceleration to be lesser than the rock.  

If the seismic wave travels through a stiff layer to a soft layer, the wave gets amplified and 

the amount of amplification is proportional to the impedance contrast. The potential for 

resonance depending on the natural frequency of the soil layer with respect to the 

frequencies present in the earthquake wave will also decide on how the soil deposit would 

respond. Further, the characteristics of the material, such as non-linearity, elasto-plasticity, 

soil-rock interfaces would also influence the amplification (Bard & Bouchon 1980a, 1980b, 

1985). Given these, the Orleans valley area is identified as a suitable location to study the 

effects of amplification. The impedance contrast in this region is quite high and the bedrock 

is shaped like a narrow valley with about 94m thick soft-clay at the middle.    

4.3 MODEL INFORMATION 

The Orleans Valley model is created as 2-dimensional concaved bedrock with soil deposit. 

The site characteristics are obtained from the literature. Previous site survey outcomes 
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indicate that the Orleans valley contains a fairly deep soft Leda clay deposit. The top two 

meters of the soil is fill materials with the shear wave velocity around 130 m/s and density 

1500kg/m3. Leda clay underlies the top soils, and has a shear wave velocity of 100m/s and 

density 1600 kg/m3 at shallow layers; but both density and modulus increase, somewhat 

linearly, up to the bedrock level. Assuming a linear increment of both shear wave velocity 

(Motazedian & Hunter 2010) and density is justifiable because of the increased overburden 

pressure along with the depth. The shear wave velocity and density of bedrock are taken to 

be 2400 m/s and 2200 kg/m3 respectively A thin layer of alluvial deposit is typical just 

above the bedrock layer, and its properties have been assumed to be Vs = 220 m/s and 

density 1800 kg/m3. These values, summarized in Table 4-1, are consistent with the 

characteristics of reported for the Ottawa region. As the soil behavior would be undrained 

during earthquakes because of the rapid loading condition within a short duration due to 

seismic motion, the ground water table assumed to be at ground level to simulate the critical 

loading condition. 

 Table 4-1: Model properties: Variation of density and shear wave velocity 

 

Depth Soil Material Shear wave 

velocity (m/s) 

Density (kg/m3) 

0~2 Top Soil: Fill 

Material 

130 1500 

2~3 Clay: Leda Clay 1 100 1600 

3~90 Clay: Leda Clay 2 100 + 0.8(z-3) 1600+
[1800−1600]

[90−3]
(z-3) 

90~Rock Alluvial-Material: 

Dense 

220 1800 

Rock Rock 2400 2200 
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In this study, 2-dimensional bedrock profile of two sections; section A-B and section C-D 

have been analyzed under the seismic loading condition. In addition to the actual site 

profile of both sections, a 2-dimensional model with a horizontal bedrock was also created. 

In the horizontal layer model, the bedrock assumed to be at same level as the lowest level 

of the valley deposit, and these results were used as the baseline representing current 

practice. Section C-D was modelled with a 5.5km wide grid, and A-B modelled with a 4km 

wide grid. The horizontal bed-rock model extended to the width of the section C-D model. 

In the all three cases, the same soil properties were assigned as a function of depth in order 

to visualize the influence of geological variation in soil rock interface. Table 4-2 

summarizes the properties of the soil layers and the bedrock.  
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Table 4-2: Dimensional model layers and corresponding model input parameters of static and dynamic Properties of Orleans Valley 

Table in 

FLAC 
Material 

Depth 

(m) 
Density (kg/ m3) 

Shear Wave 

Velocity (m/s)  

Shear Modulus 

(MPa) 

Bulk Modulus  

(MPa) 

Layer-1 Fill 0-2 _ 1500 _ 130 25 66 

Layer-2 Leda Clay-1 2-3 _ 1600 _ 100 16 42 

Layer-3 Leda Clay-2 3-10 

1
6
0
0
+

([
1
8
0
0
-1

6
0
0

])
/ 

([
9

0
-3

])
 (

z-
3
) 

1608 

1
0
0
 +

 0
.8

(z
-3

) 

103 17 44 

Layer-4 Leda Clay-3 10-20 1628 110 20 51 

Layer-5 Leda Clay-4 20-30 1651 118 23 60 

Layer-6 Leda Clay-5 30-40 1674 126 26 69 

Layer-7 Leda Clay-6 40-50 1697 134 30 79 

Layer-8 Leda Clay-7 50-60 1720 142 34 90 

Layer-9 Leda Clay-8 60-70 1743 150 39 102 

Layer-10 Leda Clay-9 70-80 1766 158 44 114 

Layer-11 Leda Clay-10 80-90 1789 166 49 128 

Layer-12 Alluvial Deposit 90-100 _ 1800 _ 220 87 227 

Layer-13 Rock >100 _ 2200 _ 2400 12,672 33,047 
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4.3.1 Section C-D model profile 

Section C-D of the ground profile was characterized by 5550 meters long × 100 meters 

deep domain as shown in Figure 4-5. Further, extending the model boundaries laterally 

would normally be preferred to avoid boundary transition effects, but it would have 

increased the run time significantly, and required extrapolation of the bedrock profile data. 

Given the time constraints, a decision was made not to extend the boundaries any further. 

As noted previously, a damping boundary condition was used along the vertical edges to 

absorb the energy and avoid reflections, and it is considered an appropriate optimization. 

The soil rock interface is shaped concave down towards middle of the section where there 

is a narrow roughly flat bottom for a short span of about 500 meters. The slope of the 

concave profile has a fairly smooth boundary that gradually reaches the low point and again 

reach back to the ground surface.  The rock outcrops on the right side of the model. 
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Figure 4-5: Model profile - Section C-D 
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4.3.2 Section A-B model profile 

Similar to Section C-D, section A-B also has a concave profile, but with much steeped 

slopes (Figure 4-6). The lowest point has a short roughly flat section at the middle of the 

profile, but unlike in Section C-D, there is about 1000m long essentially flat section at 

about 20m depth on the right side. The entire section is 4000-meter-long and the middle of 

the section reach to the lowest point at 94m depth as same as section C-D. 

 

 

 

 

 

 

 

 

 

 

Both sides of the section A-B contain the rock outcropped to the ground surface, and due 

to the flat profile at about 20m depth, and the overall shorter width, the inclination of the 

soil-rock interface is much steeper at certain depths. In order to avoid numerical 

instabilities, the maximum inclination of the soil-rock interface was limited to about 1V: 

5H maximum. As a result, the model width is slightly wider than the actual width of Section 
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A-B in-situ which has inclination as steep as 1V:3H on the right side. The primary 

difference between the model sections A-B and C-D is thus the steeply sloping soil-bedrock 

interface in A-B, as high as 1V: 5H in A-B compared to 1V: 25H in C-D. 

4.4 ARTIFICIAL EARTHQUAKES  

Seismic analysis with the aid of artificial earthquakes generated from design spectrum for 

the specific site is commonly used by many researchers (Strenk & Wartman, 2011). It is 

due to the lack of sufficient real earthquake records for the selected site at the required 

shaking intensities.  Generation of artificial earthquakes provides an opportunity to have 

multiple earthquake time history records with desired overall characteristics. The actual 

ground motions, shaking intensities and peak ground acceleration may vary somewhat 

among these records, that are used as input for the site-specific analysis.  

Artificial earthquake records are generally generated to match a specified response 

spectrum. Even though there is only one response spectrum for an acceleration time history, 

the reverse is not a single solution. Multiple acceleration time histories may be produced 

from a given response spectrum. The response spectra of generated time histories are only 

an approximate match to the initial design spectrum. This permits the generation of a 

number of time history records that have similar characteristics on the frequency domain. 

4.4.1 Input motion - Earthquake Time History #1 to #6 

Six artificial time history records that are compatible with the NBCC 2015 target design 

spectrum for the Orleans location were generated using the SSQuake software at Carleton 
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University. Given the latitude and longitude of the site, the software retrieves the NBCC 

design spectrum for the site and generates motions that match the NBCC2015 seismic 

provisions. These spectral values correspond to a 2475-year shaking event (i.e., an event 

with a 2% chance of exceedance in 50-years).  The algorithm originally developed by 

Vanmarke et al. (1976) is used by the software to generate the spectrum compatible time 

histories. The duration of the earthquake shaking was limited to 20 seconds and data points 

were produced at 0.02 second interval, which means the frequency of up to 50Hz is 

captured in the motion. The design spectrum is produced for seismic site class A (“Hard 

rock”) and the artificial earthquakes is thus considered to be representative of the incoming 

bedrock motion, and applied at the base of the model without any scaling or deconvolution 

process.  

4.4.1.1 Spectral accelerations & time history 

The design spectrum for the Orleans site is compared with the computed response spectra 

(5% damping) in Figure 4-6. A relatively close overall match is noted, even though the 

larger difference exists at certain periods. Earthquake shaking is uncertain by nature, and 

these variations are not a concern. The time histories of motion of the six artificially 

generated earthquakes are shown in Figure 4-8 to Figure 4-13.  The peak ground 

acceleration in all six earthquakes is 0.280g even though the actual shaking record is 

different among the motions.  
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Figure 4-7: Response spectrum of six artificial earthquakes and target design spectrum 

 

 

 
Figure 4-8: Acceleration vs time history of artificial earthquake #1 
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Figure 4-9: Acceleration vs time history of artificial earthquake #2 

 

 
Figure 4-10: Acceleration vs time history of artificial earthquake #3 

 

 

-0.15

-0.10

-0.05

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0 5 10 15 20

A
cc

el
e

ra
ti

o
n

, g

Axis Title

-0.30

-0.25

-0.20

-0.15

-0.10

-0.05

0.00

0.05

0.10

0.15

0 5 10 15 20

A
cc

el
e

ra
ti

o
n

, g

Time, sec



 

 

 

 

95 

 

 
Figure 4-11: Acceleration vs time history of artificial earthquake #4 

 

 

 

 
Figure 4-12: Acceleration vs time history of artificial earthquake #5 
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Figure 4-13: Acceleration vs time history of artificial earthquake #6 

4.5 REAL EARTHQUAKE TIME HISTORY 

The use of recorded earthquake records in the same seismic environment is preferable since 

it would represent both the variation of intensity and frequency content which are functions 

of the regional geology. The artificial earthquakes are produced to match the design 

spectrum specified by the code of practice, but no single real earthquake would follow the 

design spectrum. Thus, while artificial records match the intensity of shaking in terms of 

peak ground acceleration and spectral ordinates at specific periods, overall, they would 

represent a higher energy content than natural earthquakes. But it is difficult, if not almost 

impossible, to get earthquake shaking records that match both the epicentral distance and 

the earthquake magnitude. The earthquake records with characteristics that are closest to 

the desired target are selected and then scaled to match the anticipated loading prior to 

being used as input in geotechnical analysis.  
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4.5.1 The Val-De-Bois Earthquake 

The June 23, 2010 Val-des-Bois earthquake in the Western Quebec Seismic zone caused 

the strongest ground shaking in the Ottawa region in the past 200 years. Yet the shaking 

intensity is well below the design shaking levels prescribed in NBCC 2015. The earthquake 

occurred at a depth of 22km, and the epicentre at latitude 45.88 °𝑁 and longitude 75.48 °𝑊 

is about 55km North East of Ottawa.  Even though the earthquake was felt across the region 

and in parts of North Eastern United states, there was very little damage in Ottawa (NRC 

Geofacts, 2010). The ground shaking was recorded at many sites (Seismotoolbox 

database), and Station ST012 located at 45.3942 °𝑁 and longitude 75.7167 °𝑊 is the 

closest location to the Orleans Valley at a distance of about 20km.   

 

The earthquake shaking may be recorded on ground or rock outcrops, and both on-soil and 

on-rock motions were available at stations around the site for the Val-des-Bois earthquake. 

The advantage of outcrop motions is that they will closely match with the incoming base 

motion in terms of frequency content compared to ground motions recorded on soil sites. 

On that basis, the selected recording station is located on the rock outcrop and it is expected 

that the incoming motion would have with similar characteristics.  

 

Val-des-Bois earthquake motion is recorded along three orthogonal directions, two 

horizontal (North-South & East-West) and the Vertical direction. However, in this study, 

the vertically propagating shear wave is focused on the concaved geology of Orleans 
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Valley. So, the East-West and North-South motions of Val-des-Bois earthquake at Station 

ST012 are used as two separate input motions in the analysis (Figure 4-14 and Figure 4-

15).  The actual peak ground acceleration recorded at Station ST012 during the earthquake 

was 0.032g N-S and 0.033g E-W, and the highest response spectral acceleration about 

0.10g at a period value of 0.1s for E-W, and 0.12s for N-S as shown in Figure 4-16. These 

shaking intensities are well below the target shaking during the design event corresponding 

to NBCC 2015 (which has PGA of about 0.28g, and Sa (0.1) at 0.40g. Thus, the 

downloaded time history records have to be “scaled” prior to use in the analysis if the 

objective is to assess the response under design motions matching NBCC 2015. 

 

Time history of recorded motions from the Val-des-Bois, both E-W and N-S are 60s long 

in duration and sampled at 100Hz. Relatively strong shaking occurs only for a much shorter 

duration; the bracketed duration of acceleration exceeding 0.01g is less than 10 seconds in 

both N-S and E-W motions. However, the entire recorded motion was used in the analysis 

for consistency. 
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4.5.1.1 Summary of acceleration history  

 

Figure 4-14: ST012 East-West directional motion time history (from SeismoToolbox, 

2021) 

 
Figure 4-15: ST012 North-South directional motion time history (from SeismoToolbox, 

2021) 
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4.5.1.2 Summary of spectral accelerations 

 

Figure 4-16: Spectral acceleration of the recorded motions at Station ST012 

4.5.1.3 Amplitude scaled motion 

Typical geotechnical practice is to scale to match the peak acceleration. Such an approach 

is very elementary and misses the fact that peak acceleration corresponds to very high 

frequencies (e.g., 100 Hz) but the behaviour to a larger extent is controlled by the strength 

of the motions at typically in the 1 – 10 Hz (or 0.2 to 20 Hz if a more accurate representation 

is preferred) range. An improved scaling method that considers the overall response 

spectral ordinates is used in this research. 

First, the design spectrum according to NBCC2015 code of practice is taken as the target 

spectrum. Then a scaling factor is evaluated in order to match the selected earthquake 

spectrum with the target design spectrum.  Both N-S and E-W motions of Val-des-Bois 

earthquake treated separately and from the mean value, a scaling factor, 𝑆𝐹 is selected. The 
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selection of a scaling factor is crucial as it regulates the entire spectral plot of the real 

earthquake to match with the target design spectrum. Two methods can be used to compare 

the appropriate scaling factor such as peak spectral ratio method and average spectral ratio 

method: (1) Scaling factor based on the ratio of peak spectral ordinate in the design 

spectrum, (2) Scaling factor based on an average of the spectral ordinates in a 

representative period range.   

Ratio of peak spectral accelerations, (
𝑆(𝑇),𝑝𝑒𝑎𝑘

𝑆𝑏𝑟(𝑇),𝑝𝑒𝑎𝑘
) for both motions is about 3.8. If using 

this scaling, it leads to lower spectral accelerations compared to the target design spectral 

accelerations at other periods. But the scaling factor based on the ratio of average spectral 

accelerations showed reasonable match of most of the spectral data. As a result, scaling 

factor calculated by considering average spectral ratio of actual motion and target design 

motion, 𝑎𝑣𝑔 (
𝑆(𝑇)

𝑆𝑏𝑟(𝑇)
) within the selected period range. A period range of 0.05 to 0.5s 

selected for the E-W motion as the spectral plot is widely spread within this range. But, 

only a short period range of 0.1 to 0.2 s is selected for the scaling factor of N-S motion as 

the spectral plot shows sudden drops outside this period range. The average spectral ratio 

for E-W motion is  (
𝑆(𝑇)

𝑆𝑏𝑟(𝑇)
) = 5.02 and the amplitude scaling factor of 𝑆𝐹 = 5 is selected. 

The average spectral ratio for N-S motion is (
𝑆(𝑇)

𝑆𝑏𝑟(𝑇)
) = 4.30 and the amplitude scaling 

factor of 𝑆𝐹 = 4.5 is selected.  Figure 4.17 and Figure 4.18 shows the spectral amplitude 

scaled motions. 
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Figure 4-17: Comparison of original and amplitude scaled response Spectrum of ST012 

East-West motion against target design spectral amplitudes. 

 

 

 
Figure 4-18: Comparison of original and amplitude scaled response Spectrum of Val-des-

Bois North-South motion against target design spectral amplitudes 
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4.5.1.4 Both amplitude and frequency scaled motion 

The spectral amplitude scaled E-W motion showed a good match within the period range 

of interest (from 0.1sec to 1sec). But for the N-S motion, there was a shift in the spectral 

shape in the period axis direction. In order to enhance the match, frequency scaling factor 

is introduced based on the ratio of predominant periods where the time step changed from 

0.01sec to 0.012 in order to scale the frequency content. The time step between data points 

was multiplied by 1.2 so that the spectrum shifts towards long period.  After this scaling, 

the spectral ordinates of the motion matched better with the design spectrum at the period 

range of interest, and yielded the time history. The response of the scaled motions used as 

input to the analysis are shown in Figure 4.17 and Figure 4.19.  

 

 

 
Figure 4-19: Amplitude and frequency scaled spectral accelerations of Val-des-Bois North-

South motion 
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4.6 DYNAMIC PROPERTIES - MODULUS REDUCTION & DAMPING  

Technically, soil behavior is elastic at very small strains, and subsequently elasto-plastic. 

But, a proper elasto-plastic dynamic analysis is complex, and beyond the scope of this 

research. Further, it does not necessarily imply improved results since the uncertainty in 

the models, and the required input parameters increase significantly. As a result, the typical 

practice is to model the soil behavior as nonlinear elastic.   

The nonlinear behavior of soils is captured using modulus reduction and damping curves 

in practice.  This is referred as the equivalent linear dynamic analysis, and a hysteric 

damping model is used in FLAC to capture this response. A family of curves that are 

dependent on strain for a given material have been proposed in the literature for various 

types of soils, such as gravels, sands, and clays. The clay curves are based on the plasticity 

index, but concerns have been expressed that the values in the literature for clay are not 

appropriate for Leda clay due to its high sensitivity.  Therefore, it is appropriate to use Leda 

clay specific modulus reduction and damping curves (Theenathayarl, 2015, Thavakumaran 

2017). 
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Figure 4-20: Assumed modulus reduction and damping properties of Leda clay and rock 

material in Orleans region 

 

Figure 4.20 shows the modulus reduction curves used to represent the soil and bedrock in 

the analysis. FLAC controls the shape of the modulus reduction curve by using two 

parameters, L1 and L2. The values of 𝐿1 = −3 and 𝐿2 = 3 in the hysteretic damping model 

yielded a curve that closely matches the modulus reduction curve defined for rock by Idriss 

(1992).  For the Leda clay, the modulus reduction curve proposed by Theenathayal (2015) 

is taken as the reference, it is approximated in the hysteretic damping model with 𝐿1 =

−3,156 and 𝐿2 = 1.904.  
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The modulus remains constant at its initial value, 𝐺𝑚𝑎𝑥 within the linear elastic range 

(𝛾 <  𝛾𝐿).  There is no reduction in modulus during this range (i.e., modulus reduction 

curve is flat). The magnitude of 𝛾𝐿 depends on the material, and is typically between 

0.001% and 0.01%. Technically the bedrock response is also nonlinear, but due to the high 

stiffness of the rock the loading causes fairly small strains in the bedrock. Therefore, the 

modulus of the bedrock may not undergo much reduction in the modulus in these problems. 

This has been assessed by comparing the response of a model with constant shear modulus 

in the bedrock with another model with nonlinear bedrock. In both cases the soil model 

was kept the same (nonlinear, and characterized by modulus reduction and damping). The 

site response was then assessed by applying the time history of the six artificial earthquakes 

at the base of the model, and comparing the response in terms of the average responses 

between the two cases. Figure 4-21 compares the horizontal acceleration response, and 

Figure 4-22 the horizontal displacement response. It was noted that both elastic rock and 

the hysterically damped nonlinear rock gave essentially similar results. Further, the shear 

strains calculated from the horizontal displacements are shown in Figure 4-23. The strain 

values are noticed to be very small within the region of rock, generally between 

1 × 10−5%  to 1 × 10−4%. This indicates that both models gave the same response since 

the deformation within the bedrock is limited to the elastic range.  An elastic model is less 

complex, and results in faster runtimes. Therefore, the bedrock was modelled as elastic, 

and without any hysteric damping, in the subsequent analysis to minimize the runtime. 
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Figure 4-21: Comparison of average maximum horizontal acceleration response for the six 

artificial earthquakes on the mild steep section of Orleans Valley with and without modulus 

reduction and damping for rock (Left figure - no modulus reduction/ damping assigned for 

rock) 

 

Figure 4-22: Comparison of average maximum horizontal displacement response for the six 

artificial earthquakes on the mild steep section of Orleans Valley with and without modulus 

reduction and damping for rock (Left figure - no modulus reduction/ damping assigned for 

rock) 
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4.7 VALIDATION OF THE FLAC MODEL 

A “SHAKE” analysis (Schnabel et al., 1972; Idriss & Sun, 1992) is typically used in 

research and engineering practice to quantify the response of a local site subjected to 

seismic loading. SHAKE analysis is a simple one-dimensional equivalent linear 

consideration whereas a two-dimensional FLAC analysis is the consideration in this 

research to understand the basin effects. However, a FLAC model with horizontal bedrock 

(and soil layering) represents a configuration similar to SHAKE.   

The results obtained from a 2-dimensional horizontal bedrock model in FLAC was 

compared with 1-dimensional equivalent linear shake in order to validate the FLAC model 

and to establish trust in the numerical solutions obtained from FLAC.  

Figure 4-23: Comparison of average shear strain for the six artificial earthquakes on the mild 

steep section of Orleans Valley with and without modulus reduction and damping for rock 

(Left figure - no modulus reduction/ damping assigned for rock) 
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Even though both analyses are considering the response of vertically propagating shear 

waves in a horizontally layered soil deposit, differences exist between these two 

applications. The shake analysis is conducted in frequency domain and FLAC analysis in 

time domain. Shake analysis determines amplification transfer functions produced in 

frequency domain and the results are then converted in to time domain. The finite different 

method in FLAC directly considers the motion in time domain and converges to solution 

through multiple iterations in time domain.   

4.7.1 FLAC 2D horizontal bedrock Profile 

A 2D horizontal bedrock profile is created and analyzed with artificial earthquake as input 

in order to validate the model outcomes against the 1-dimensional shake analysis. Bedrock 

is assumed to be flat at the same level as the lowest elevation of concave bedrock profile 

(94m below GL). The results from the FLAC analysis are shown in Figure 4-24 and Figure 

4-25. Essentially constant response across the horizontal layers is observed. Minor 

fluctuations noted are a result of the numerical approximations, and overall, these results 

are representative of 1-D wave propagation. Even though only plots of the determined 

maximum horizontal acceleration and the induced cyclic stress ratio are shown for brevity, 

the variation in other parameters showed similar characteristics.   
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Figure 4-24: Variation of Average CSR of six artificial earthquake records on the 2-D 

Horizontal Bedrock Model 

From the analysis, the cyclic stress ratio shows larger values at shallow layers and reduces 

with depth. The maximum CSR was about 0.23 and occurred in the top clay layer at a depth 

of about 4m from the ground surface. It reduced to 0.1 at about 40m from GL.  The cyclic 

stress ratio values are computed from the measured maximum cyclic stress (88kPa at 5m 

from GL to 42kPa at 40m from GL) using the Seed & Idriss (1971) formulation as noted 

earlier.  
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Figure 4-25: Variation of Average Horizontal Acceleration (Max) of six artificial 

earthquake records on the 2-D Horizontal Bedrock Model 

 

 
 

Figure 4-26: Response Spectrum of acceleration at different elevations recorded from 

FLAC Analysis - Average response of 6 artificial earthquakes 
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The peak ground acceleration of all artificial earthquakes is equal to 0.274𝑔. Figure 4-25 

shows the average of peak accelerations recorded in the six analyses, and Figure 4-26 a 

comparison of the average response spectra of the acceleration at select depth. As seen in 

Figure 4-25, the peak acceleration response was higher at the bedrock region; The values 

recorded within this region varied from a high 0.291𝑔  and starts to reduce from 94m 

onwards where the soil layer begins. The acceleration values dropped to 0.226𝑔 at 70m 

depth and there was some attenuation subsequently to about 30m which was followed by 

a small level of amplification. Even though the value of acceleration increases and reduces 

in the middle layers, the earthquake gets attenuated within the top 70m up to the ground 

surface and the average value of the maximum acceleration observed near the ground 

surface is close to 0.2𝑔 . It is noted that these comments are with reference to the peak 

ground acceleration, which is characteristic of high frequencies. The spectral acceleration 

might amplify at some particular range of periods, and those aspects will be discussed in 

the latter sections.  

 

4.7.2 ProShake 1D profile 

The commercially available ProSHAKE software was used to conduct the ‘SHAKE’ 

analysis. A 1-dimensional shake model is created where the bedrock is kept at 94m from 

GL which matches the bedrock location in the FLAC 2D horizontal bedrock model. The 

FLAC model includes a 6m thick bedrock in the grid, but bedrock was indicated as a semi-

infinite interface in SHAKE analysis to be consistent with typical practice. The response 
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was analyzed with the same six earthquakes motions as in FLAC.  An illustration of the   

1-D ProSHAKE model is shown in Figure 4-27. 

Model parameters used are the same as in the FLAC model for each corresponding layer. 

Consistent with the FLAC hysteretic damping model, the modulus reduction and damping 

ratio of the Leda Clay used as the input parameter of the soil model. The outcome from the 

Shake analysis compared with FLAC 2D correctional bedrock model in order to validate 

the results. Spectral accelerations recorded at elevations of 25m, 50m, 75m and 100m from 

the ground level in ProSHAKE analysis shown in Figure 4-28. 

 

Figure 4-27: One dimensional ProShake Model 
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Figure 4-28: Response Spectrum of acceleration at different elevations recorded from 

ProShake Analysis - Average response of 6 artificial earthquakes 

4.7.3 Comparison of the effect of Artificial earthquake on both FLAC and 

ProShake 

In spite of the different techniques used in shake and FLAC analysis the results obtained 

are relatively consistent. The match was much better at lower layers compared to near the 

ground surface. The spectral acceleration taken at elevations of 100m, 75m, 50m, 25m and 

at the ground level were directly compared, and Table 4.3 shows the peak ground 

acceleration at each depth. A close match is observed in peaks and low points of the spectral 

acceleration plot at depth, but the FLAC values are about 30% ~35% higher than the Shake 
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analysis in the upper layers -in the top 50m. Fig. 4.29(a) shows a comparison of the average 

response at ground level, and 4.29(b) at 100m depth. 

Table 4-3: Comparison of peak ground acceleration between Shake 1-D analysis and FLAC 

2-D flat model analysis. 

Elevation Peak Ground Acceleration 

– Shake 1-D Analysis 

(𝑔) 

Peak Ground Acceleration 

– FLAC 2-D Analysis 

(𝑔) 

100m 0.284 0.254 

75m 0.187 0.190 

50m 0.103 0.138 

25m 0.086 0.125 

GL(0m) 0.112 0.175 

 

 

  

 
Figure 4-29: Response Spectrum of acceleration at bedrock & GL from ProShake 1-D and 

FLAC 

As seen in the Figure 4-29 (a & b), the spectral acceleration of both ProShake and FLAC 

for the horizontal bedrock and soil layering profile shows a similar pattern but with an 

offset of about 0.05g on average. The differences are much smaller at a depth of 100m. 

a b 
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These types of differences have been observed in the literature by other researchers who 

used FLAC for the numerical analysis (Strenk & Wartman, 2011; Prasanna, 2020). The 

differences on account of the time domain analysis in FLAC and frequency domain 

analysis in ProShake, and the different implementations of the damping characteristics are 

citied as contributors for the variation between the two analyses.  However, the similar 

peaks and relatively low variation in the spectral plot given the confidence on the FLAC 

model.  

4.8 INTERPRETATION OF 2D FLAC ANALYSIS 

Seismic response of a 2-dimensional profile such as Orleans profile shows various 

responses in different location. This is expected given the vast domain considered in the 

analysis (up to 5.5km long, and 100 m deep profile). Further, the bedrock profile changes 

continuously, and thus the depth of soil layer which is related to the natural frequency of 

the model also varies from location to location. In addition, the wave reflection and 

refraction also play an important role in amplification or attenuation.  
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Figure 4-30: Locations of zones selected in section C-D and section A-B for the 

comparison of seismic responses 

In order to manage the volume of data, and the runtime for each analysis, the output from 

the FLAC numerical analysis was considered at five different elevations, and at each 

elevation at three locations which were equally spaced within that layer as shown in Figure 

4-30 (a & b). The first location selected within first quarter (“left”), second is in the middle 

(“middle”) and the third section lies within the third quarter (“right”). The five different 

elevations taken into consideration are 100m, 75m, 50m, 25m and the ground level.  

 

The results obtained for sections A-B and C-D are discussed below in terms of the response 

spectral ratio of the recorded horizontal acceleration to the applied ground motion among 

various zones. It is noted that there is not much amplification or attenuation observed 

within 0.1s to 1.1s period range particularly below 40m layers to rock surface. At period 

values less than 0.1s and greater than 1.1s the response spectrum shows attenuation of the 

incoming motion. This effect can be caused due to two major factors. First the confined 

boundary of rock at both sides of the soil deposit may restrain the excessive movement of 

the soil deposit. Second is the overburden pressure coming from the top soil layers provide 
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additional confinement below soil layers from large amplification. The large amplification 

observed at the top layers of 20 to 40m soil deposit that shows about 2~3 times the applied 

motion within 5 to 1Hz and 4~8 times the applied motion observed within 1Hz to 0.1Hz 

range. 

4.8.1 Spectral Acceleration - Section C-D 

As noted previously, the response was considered at three locations at each elevation. The 

left section in first quarter of the section C-D has the bedrock at 85m from GL and inclined 

at slope of about 1:100. The middle section has the bedrock at 94m from GL and the 

bedrock is concaved down and become horizontal for a short span before it concaves 

upwards. The right section location selected in the third quarter have the bedrock at 50m 

from GL inclined at slope of about 1:20.   

The averages of the spectral acceleration values at the left, middle and right sections are 

shown in Figure 4-31, Figure 4-32 and Figure 4-33 respectively. As illustrated the figures, 

the spectral amplitudes are the highest in the period range of 0.2s~3s. The figures 

representing the left, middle and the right zones shows the peak ground acceleration as 

amplified from the base of the model towards middle of the model (at 50m from GL) and 

then attenuated towards 25m and again amplified to the same spectral value as observed at 

75m when it reached GL. Comparing to the base input motion, the peak ground 

accelerations got attenuated. 
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Figure 4-31: Average Spectral Acceleration - Left zone of section C-D 

 

 

 

Figure 4-32: Average Spectral Acceleration- Middle zone of section C-D 
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Figure 4-33: Average Spectral Acceleration- right zone of section C-D 

 

 

Spectral amplification corresponding to its frequency content can be well represented 

through the spectral ratio parameter, which is the ratio of the spectral ordinate at the target 

location to the spectral ordinate of the input motion. 

4.8.2 Spectral Ratio - Section C-D 

Spectral ratio plots clearly show the amplification or attenuation of response spectrum at 

each period level with respect to the response spectra of the input motion. The calculated 

spectra ratio of the three zones discussed in the previous section are shown in Figure 4-34, 

Figure 4-35 and Figure 4-36. As illustrated in these figures of spectral ratio, the peak 

ground acceleration observed in the base of the model is 50~60% of the peak acceleration 

of the incoming motion. As explained in the previous chapter, the input acceleration history 

is converted as stress field and applied at the base of the model as shear stress to represent 
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the vertically propagating shear wave condition. By doing this, the motion of the zones and 

grid points of the model is allowed to vibrate freely to represent the actual field condition. 

As a result, the recorded base acceleration histories are not required to match exactly as the 

input acceleration because the recorded base acceleration will be the superposition of 

resultant input and reflected earthquake wave.  This difference is clearly observed in the 

peak acceleration observed in spectral ratio plot where the base model has the ratio less 

than 1. However, the spectral amplitude in the range of 1s~10s shows higher spectral ratio 

and particularly the peak of up to 8 time the input spectral acceleration values are recorded 

at period values in the range of 2.5 to 3.5s range.  

The ratio of peak acceleration was essentially one or less than one at all locations indicating 

there was no amplification in terms of the peak ground acceleration. This is anticipated 

since the layer is fairly deep and thus would have a relatively large fundamental period. 

Using the 4𝐻/𝑉𝑠 approximation the fundamental period of this would be about 2 seconds. 

This also explains the large amplifications noted at the long period range values, especially 

around 2 to 4s period range.  
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Figure 4-34: Spectral Ratio, Sg(T)/S(T) – Left zone of section C-D 
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Figure 4-35: Spectral Ratio, Sg(T)/S(T) – Middle zone of section C-D 
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4.8.3 Spectral Acceleration - Section A-B 

Similar to section C-D, three locations along the longitudinal span are selected for the 

spectral analysis to assess the response within section A-B. Response spectra are generated 

from the response acceleration time history recorded in each of these three locations at five 

different elevations as discussed earlier (100m -base of the model, 75m, 50m, 25m and 0m 

-ground level) are shown in Figure 4-37, Figure 4-38 and Figure 4-39.  

The bedrock location of the left zone is at 20m concave downwards with a slope of 1:200, 

for the middle zone the rock at 80m fairly flat and for the right zone the rock is at 50m 

from the ground level with the slope of 1:5.   

The amplitudes of higher spectral accelerations observed in this case are similar to the 

observations in the section C-D in that the strongest spectral amplitudes are observed in 
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Figure 4-36: Spectral Ratio, Sg(T)/S(T) – Right zone of section C-D 
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the period range of 0.2s~3s. However, the peak ground acceleration in all three locations 

shows amplification compared to the base spectral values. It is also observed that the 

amplification increases when the wave reaches towards ground surface, and higher spectral 

values are recorded at the ground level. This observation stands different from the one 

observed in section C-D where the wave in the first quarter and third quarter amplified and 

attenuated, and again amplified when it reaches ground surface. However, the middle zone 

of section C-D attenuated compared to the base acceleration.  

Again, the spectral ratios of each of these spectral plots against the input motion will 

represent the actual frequency of motion where the amplification or attenuation happens 

within the model and permits an assessment of the site characteristics.  

 

 

Figure 4-37: Spectral Acceleration – Left zone of section A-B 
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Figure 4-38: Spectral Acceleration - Middle zone of section A-B 

 
Figure 4-39: Spectral Acceleration – Right zone of section A-B 
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4.8.4 Spectral Ratio – Section A-B 

Similar to the section C-D, the peak accelerations of each section at the base are not same 

as the input acceleration. Peak accelerations observed at the base is about 45~55% of the 

input peak acceleration. As explained, this might be due to the superposition of input 

motion and reflected motions. The calculated spectra ratio of the three zones with five 

different elevations are shown in Figure 4-40, Figure 4-41 and Figure 4-42. Again, the 

spectral ratios are about or less than one up to a period of about 0.3s, and then they increase 

rapidly to reach a peak at a period of about 1s. Following some reduction in amplification 

ratio beyond one second (in some case) the ratios again increase significantly towards 10s 

period. Section AB shows that quite a long range of frequencies get amplified where 

spectral amplification observed from 0.3s onwards up to 10s. The first peak spectral 

amplification of up to 18 observed around the period of 1s and second peak amplification 

observed up to 22 around the period 10s. The strong amplification of the 10s motion is not 

typically observed in simple one-dimensional analysis. It was not present in the 2-D 

analysis of section C-D either. The highest value of the spectral ratio, i.e., the amplification, 

is quite large in section A-B compared to the peak spectral ratio observed in section C-D. 

Also, the amplification gets reduced after the period of 1s in section C-D where the section 

C-D shows another peak even more amplification than the first at 10s. These observations 

might be due to the geological effect of section A-B and section C-D where the section C-

D is a fairly smooth concave shape compared to the section A-B which has a very steep 
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rock-soil interface. As a result, more focusing the earthquake energy towards the soil 

deposit at the center of the valley, and large number of reflections on the soil-rock interface.  
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Figure 4-40: Spectral Ratio, Sg(T)/S(T) – Left zone of section A-B 
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Figure 4-41: Spectral Ratio, Sg(T)/S(T) – Middle zone of section A-B 
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4.8.5 Maximum Horizontal Acceleration  

The maximum horizontal acceleration within the soil deposit throughout the motion of 

earthquake is filtered for each zone and illustrated in the images below. Variation is section 

C-D is shown in Figure 4-43, and that in section A-B in Figure 4-44. The zones representing 

the rock are excluded as the primary interest is on the soil deposit. In both sections there is 

a possibly a small portion of numerical inaccuracies that can be observed at a small region 

where the accelerations show sudden high amplitudes compared to the adjacent zones.  
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Figure 4-42: Spectral Ratio, Sg(T)/S(T) – Right zone of section A-B 
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Figure 4-43: Variation of Peak horizontal acceleration of six artificial earthquake records 

on the Orleans profile of Section C-D 

Those unrealistic spikes are deemed numerical artifact, and have not been considered in 

assessing the implications of the results. This would give a better picture of variations of 

the peak horizontal accelerations, and it is noted that the magnitudes range from about 

0.11g to 0.275g for the section C-D, but the range varies from 0.22g to 1.22g for section 

AB. The high values in section A-B, the peak horizontal accelerations exceeding about 

0.6g are at the zones located near the rock soil interface. The peak horizontal acceleration 

and it reduces towards the center of the valley deposit. For section C-D, the soil-rock 

interface acceleration varies from 0.219g to 0.275g and it reduces towards the center to 

0.11g. For section A-B, the soil-rock interface acceleration values range from 0.64g to 

1.22g and it reduces to 0.22g at the center.  
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Figure 4-44: Variation of Peak horizontal acceleration of six artificial earthquake records 

on the Orleans profile of Section A-B 

Generally, the peak horizontal accelerations recorded in in the section C-D are lesser than 

the input peak horizontal acceleration of 0.274g except the boundaries of soil-rock 

interface. However, the boundary elements showed almost similar amplitude of 

acceleration of 0.275g compared to the input peak acceleration.  

But, in contrast to this section A-B shows larger amplification on the maximum peak 

acceleration except at the center of the valley and few zones near ground level.  A possible 

reason for such drastic differences is postulated to be the shape of the valley. In analysis 

with horizontal profiles the reflected waves would go back to the base at 100m depth before 

reflecting back. In the case of section C-D some of the reflected waves would hit the rock 

at shallower depths, and in the case of section A-B, most of the reflections are not going 

down to the base. They reflect within the valley deposit, back and forth, and get stagnant 
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there. This is a worst-case scenario of the wave trapping phenomena, and as a result, higher 

amplifications obtained in section A-B are realistic. 

4.8.6 Absolute value of Shear Stress Increment  

In typical seismic analysis, the maximum shear stress increment corresponds to the 

maximum horizontal acceleration, since the seismic loading is presumed to only apply 

shear stresses on the horizontal plane. But, in the 2-D analysis undertaken in this study, the 

soil elements are subjected to both normal stress changes, and a shear stress changes on the 

horizontal plane. Thus, the maximum shear stress increment will not correspond to the 

shear stress increment on the horizontal plane. 

 

Figure 4-45: Variation of Average Shear Stress Increment (abs value) of six artificial 

earthquake records on the Orleans profile of Section C-D 
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Figure 4-46: Variation of Average Shear Stress Increment (abs value) of six artificial 

earthquake records on the Orleans profile of Section A-B 

 

The maximum shear stress increment is calculated in each zone using the concepts 

illustrated earlier using Mohr circle, and are illustrated in Figure 4-45 and Figure 4-46 for 

the soil deposit. Maximum shear stress increment observed at the base of the section C-D 

model is up to 84 kPa and it reduces in the shallow layers and reach to zero stress at the 

ground surface. The zero-stress obtained at the ground surface is consistent with the 

compatibility requirements of stress relationship at the free surface.  

Similar observations are recorded in section A-B but the shear stress increment at the 

bottom of the soil deposit shows the maximum of 135kPa and it reduces in the shallow 

layers and become zero at the free surface. Even though both sections show similar pattern 

in the variation of shear stress increment, the magnitude is 75% more in section A-B 
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compared to the magnitude recorded in section C-D. Again, this variation is attributed to 

the narrow valley profile of A-B comparing section C-D. 

4.8.7 Average CSR of 6 artificial earthquakes 

Cyclic stress ratio (CSR) is a parameter that is used to understand the severity of the shear 

stress increment on soil deposit due to an earthquake motion, and to assess the potential for 

soil liquefaction. It is defined in different ways depending on the engineering application, 

and the characterization method used. In triaxial condition, the CSR is defined as half the 

cyclic the deviatoric stress divided typically by the minor principal stress, or by the average 

effective stress (Vaid et al., 2001) if an attempt is made to be consistent with the simple 

shear definition to the extent possible (i.e., 𝐶𝑆𝑅 =  (𝜎1 − 𝜎3) (𝜎1𝑐
′ + 𝜎3𝑐

′ ) ⁄ 𝑜𝑟 𝐶𝑆𝑅 =

 (𝜎1 − 𝜎3) 2𝜎′3𝑐⁄  under triaxial loading). But in simple shear condition, the CSR is defined 

as the cyclic shear stress on the horizontal plane divided by the vertical consolidation stress. 

Prasanna (2020) proposed the use of Horizontal stress ration (HSR) to refer to the ratio of 

shear stress on the horizontal plane to the effective stress, and cyclic stress ratio (CSR) to 

refer to the ratio of maximum shear stress (i.e., half the deviatoric stress) by the mean 

effective stress.  Technically the cyclic stress ratio computed under simple shear loading 

represents the HSR and that under triaxial loading represents the CSR. The CSR is 

calculated from the maximum shear stress increment divided by the initial vertical effective 

stress. Because during dynamic shaking the maximum value of shear stress happens only 
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at one instant, and thus it is factorized to obtained an average value that represents the 

entire duration of the loading.  

 

Figure 4-47: Variation of Average CSR of six artificial earthquake records on the Orleans 

profile of Section C-D 

Similar to the Seed’s simplified method of finding equivalent shear stress from peak ground 

acceleration, a factor of 0.65 is used to get the representative shear stress increment from 

the actual maximum shear stress recorded during the duration of applied earthquake 

motion. 

The value of CSR is computed as per the recommendation of Prasanna (2020), and shown 

in Figure 4-47 and Figure 4-48 for section C-D and A-B respectively. It is fairly small at 

depth, and the highest just below the ground surface. It is generally less than 0.5. CSR is 

0.5 means that the increment in shear stress is equal to half of the initial vertical effective 

stress.  
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According to the shear stress results observed from the FLAC 2-D analysis of section A-B 

and C-D of Orleans profile, section A-B shows CSR values for all the applied earthquakes.  

Figure 4-47showing the distribution of CSR for the section C-D. Each artificial earthquake 

applied individually to the model and analyzed to get the variations and got the average 

plot as shown. Here the CSR values varies from 0.05 to 0.38 and it is high near ground 

surface. The peak value range of 0.29 to 0.38 is only observed at the interface of soil and 

bedrock near the ground level. Next higher values of 0.16 to 0.29 observed are from 5 to 

15m elevation from the ground surface. Below 15m up to 30m depth, the values vary 

between 0.12 to 0.16.  

 

 

Figure 4-48: Variation of Average CSR of six artificial earthquake records on the Orleans 

profile of Section A-B 
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In general, the CSR values reduce with depth but near the rock soil interface the values are 

slightly higher compare to the values observed in the middle of the soil layer. Reduction 

of CSR with depth is due to the increase in overburden confining stress coming from the 

top soil layers where the overburden pressure getting larger with depth. However, the soil 

bedrock interface shows an increased value compare to the middle soil layers at the same 

elevation is may cause due to the influence of rock motion. 

Although section A-B shows the similar variation as section C-D in terms of reduction in 

CSR with depth, the values are higher in each layer in section A-B due to the narrow valley 

deposit. As shown in Figure 4-48, the largest CSR in section A-B is about 0.44 and it occurs 

at a depth of about 5m (CSR larger than 0.44 is also noted but it is not taken into 

consideration because it is limited to very few zones). Overall, most portions of the 5m to 

15m layer are subject to CSR of at least 0.27. The high value of CSR in section C-D is 

about 0.29, and the comparable range of CSR in the 5-15m layers in C-D is in the range of 

0.27 to 0.16. In the horizontal bedrock model, the CSR in the 5-15m layer varies from 0.15 

to 0.23. Table 4-4 summarizes the variation of CSR values from the analysis using artificial 

earthquakes in same layers of section A-B and C-D against horizontal bedrock model and 

confirm the importance of the geological change on seismic analysis.  
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Table 4-4: Comparison of average CSR values observed for all size artificial earthquakes 

in among section A-B and section C-D s of Orleans profile 

Depth of Layer 

from GL 

CSR in Horizontal 

bedrock Model 

CSR in Section C-D CSR in Section A-B 

5~15 0.23~0.15 0.29~0.16 0.44~0.27 

15~30 0.15~0.1 0.16~0.12 0.27~0.21 

30~45 0.1~0.08 0.12~0.09 0.21~0.17 

45~60 0.08~0.07 0.09~0.07 0.17~0.13 

>60 <0.07 <0.07 <0.13 

  

4.8.8 Comparison of artificial and real earthquake effects 

The results presented previously considered the response due to spectra matching input 

time histories, or ‘artificial’ earthquakes. As discussed earlier these were generated 

according to the design spectrum for the local site. While their use is widespread in seismic 

analysis for geotechnical purposes, it is preferable to analyses the response of the sites to 

real earthquake motions since such motion capture the anticipated frequency content better. 

Two components of the Val-des-Bois earthquake motion were used as two separate time 

histories to assess the response of the soil profiles along sections A-B and C-D. The E-W 

motion is called motion R1 and the N-S record motion R2. The CSR computed from the 

response of section C-D is shown in Figure 4-49 and Figure 4-50 for input motions R1 and 
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R2 respectively. The CSR values reach about 0.3 for motion R1, and about 0.24 for R2. It 

should be noted that the scaling used to obtain the motions was not the simpler PGA scaling 

and thus R1 and R2 have different peak accelerations. The PGA of R1 is 0.032g and R2 is 

0.033g, and that plays a key role on the resulting CSR. The scaling considering the spectral 

periods, as computed in this research, is considered to yield better and more representative 

deformation characteristics of the soil deposit.   The nature of the CSR variation is similar 

in both earthquake time histories, and the trends are very comparable to those obtained 

using the artificial records in the previous sections.  This similarity in the variation of 

observed CSR for the Val-des-Bois Earthquake recorded at station OT012 for both North-

South (R2) motion and East-West (R1) motion is shown in Table 4-5 and compared to the 

average values obtained from the artificial motions.  

 

Figure 4-49: Variation of CSR for the Val-des-Bois E-W motion records on the Orleans 

profile of Section C-D 
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Figure 4-50: Variation of CSR for the Val-des-Bois N-S motion records on the Orleans 

profile of Section C-D 

 

Table 4-5: Comparison of average CSR values observed from artificial earthquake and E-

W motion and N-S motion of Val-des-Bois in section C-D of Orleans Profile 

Depth of Layer 

from GL 

CSR due to Artificial 

Earthquake 

CSR due to Val-des-

Bois E-W 

CSR due to Val-

des-Bois N-S 

5~15 0.29~0.16 0.30~0.14 0.24~0.12 

15~30 0.16~0.12 0.14~0.09 0.12~0.08 

30~45 0.12~0.09 0.09~0.08 0.08~0.06 

>45 <0.09 <0.08 <0.06 
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However, the East-West motion had comparatively severe effects than North-South 

directional motion and the distribution of artificial earthquake records being in the middle 

of both motions if we compare the maximum values.  However, it’s a small portion of top 

layers showing higher CSR values in red band may be due to higher shear stress 

development at some localized regions or it may be numerical latent. As the region is small 

compare to other regions, it can be ignored. Except to that, the variation of CSR from the 

artificial earthquake slightly higher than the values observed from the real earthquake.  

The response of section A-B is shown in Figure 4-51 and Figure 4-52. There were 

difficulties running the analysis with section A-B subjected to the N-S motion (motion R2). 

FLAC grids had to be re-generated due to large deformations which were not present in 

the prior analysis. Very large CSR values, as high as 5, which are quite unrealistic were 

obtained from the analysis for large portions of the soil deposit.  Similar to Table 4-5, the 

variation observed from the seismic analysis using Val-des-Bois N-S component at station 

OTT 12 as earthquake input motion as shown in the Table 4-6.  The reasons for the drastic 

departure of the response for this combination of soil profile (A-B) and the time history 

(N-S) are unknown at this time. It is speculated that it may be due to issues with the 

incompatibility of the numerical routines in FLAC that implement the hysteretic damping 

and the re-meshing algorithms.  
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Figure 4-51: Variation of CSR for the Val-des-Bois E-W motion records on the Orleans 

profile of Section A-B 

 

Figure 4-52: Variation of CSR for the Val-des-Bois N-S motion records on the Orleans 

profile of Section A-B 
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Table 4-6: Comparison of average CSR values observed from artificial earthquake and E-

W motion and N-S motion of Val-des-Bois in section A-B of Orleans Profile 

Depth of Layer 

from GL 

CSR due to Artificial 

Earthquake 

CSR due to Val-des-

Bois E-W motion 

CSR due to Val-des-

Bois N-S motion 

5~15 0.44~0.27 0.54~0.24 >5 

15~30 0.27~0.21 0.24~0.16 5~2.81 

30~45 0.21~0.17 0.16~0.10 2.81~1.58 

>45 <0.17 <0.1 <1.58 

 

 

Table 4-7: Comparison of maximum horizontal acceleration due to E-W and N-S motion 

of Val-des-Bois in sections C-D and A-B of Orleans Profile 

 

Location 

Section C-D Section A-B 

Val-des-Bois 

EW motion 

Val-des-Bois 

NS motion 

Val-des-Bois 

EW motion 

Val-des-Bois 

NS motion 

GL (at 0m) 0.18g~0.13g 0.13g~0.11g 25.8g~4.36g >17.78g 

Shallow layers 

up to 30m 

0.18g~0.07g 0.13g~0.08g 8.88g~3.05g >17.78g 

Rock-soil 

interface 

0.82g~0.24g 0.19g~0.11g 25.8g~8.88g >17.78g 
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Table 4-8: Comparison of maximum shear stress due to E-W and N-S motion of Val-des-

Bois in sections C-D and A-B of Orleans Profile (in MPa) 

 

Location 

Section C-D Section A-B 

Val-des-Bois 

EW motion 

Val-des-Bois 

NS motion 

Val-des-Bois 

EW motion 

Val-des-Bois 

NS motion 

5~15 8~24 4~22 10~72 >564 

15~30 24~32 15~30 33~72 >564 

30~45 24~42 22~42 33~107 >564 

>45 32~72 30~59 33~235 >564 

 

In summary, the results presented above show reasonable response in all cases (except the 

case of Val-de-Bois N-S motion applied to cross section A-B). The cyclic shear stress 

variation among both sections of A-B and C-D clearly shows the effect of geology on 

seismic analysis. Also, the results obtained from both real and artificial earthquake gives 

the confidence on the analysis using the artificial earthquakes that are generated from the 

design spectra for the local site.   
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Figure 4-53: Variation of Maximum Horizontal Acceleration for the Val-des-Bois E-W 

motion records on the Orleans profile of Section C-D 

 

Figure 4-54: Variation of Maximum shear stress increment for the Val-des-Bois E-W 

motion records on the Orleans profile of Section C-D 
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Figure 4-55: Variation of Maximum Horizontal acceleration for the Val-des-Bois N-S 

motion records on the Orleans profile of Section C-D 

 
Figure 4-56: Variation of Maximum shear stress increment for the Val-des-Bois N-S 

motion records on the Orleans profile of Section C-D 
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Figure 4-57: Variation of Maximum Horizontal acceleration for the Val-des-Bois E-W 

motion records on the Orleans profile of Section A-B 

 
Figure 4-58: Variation of Maximum shear stress increment for the Val-des-Bois E-W 

motion records on the Orleans profile of Section A-B 
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Figure 4-59: Variation of Maximum Horizontal Acceleration for the Val-des-Bois N-S 

motion records on the Orleans profile of Section A-B 

 

 
Figure 4-60: Variation of Maximum shear stress increment for the Val-des-Bois N-S 

motion records on the Orleans profile of Section A-B 
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CHAPTER 5 

SUMMARY AND CONCLUSION 

5.1 SUMMARY 

The influence of basin geometry on seismic amplifications in Leda clay is studied in this 

research to assess the implications of the simplifying assumptions made in current design 

practice. The seismic response of a site is complicated and depends on both material 

properties and input motion characteristics. A local site with about 94m thick soft Leda 

clay deposit at the centre was modelled. Two perpendicular cross sections at the site, one 

with moderate inclinations of soil-bedrock interface (Section C-D), and another with 

somewhat steeper soil-bedrock interface inclinations (Section A-B), were considered in the 

2-D analysis. 

The bedrock at the Orleans valley site is concave shaped with a basin that is roughly 5.5km 

× 4.0km at ground surface, and 94m deep. A 100m deep rectangular model was considered 

in the analysis to facilitate the application of vertically propagating shear waves at the 

bottom bed-rock boundary. These configurations represent bed rock inclinations in the 

range of 3° to 12° which are often considered rather minor, and approximated as horizontal. 

Wave reflection and refraction effects due to non-normal incidence at the sloping soil-

bedrock interface leads to behaviour different than the one typically considered in practice 

(which assumes a horizontal bedrock and normal incidence).  The non-normal incidence 

leads to simultaneous shear and compression wave loading in soils whereas current practice 
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only considers the shear loading. The properties of the clay were considered to be a function 

of depth at the site and obtained from the literature. The relatively low impedance of the 

soft Leda clay and the high impedance of the bedrock lead to a large impedance contrast at 

the site, which leads to the wave trapping phenomenon.  

The response of the Orleans valley is modelled with its 2-dimensional soil bedrock 

interface due to a number of input motions, both artificially generated and recorded during 

the 2010 Val-des-Bois earthquake, was assessed and analyzed. Also, a horizontal bedrock 

model was created to validate the FLAC output against the 1-dimensional analysis from 

ProShake, and also to compare the response of geological basin effects. The response of 

the two sections compared to the horizontal bedrock model highlight the effects of basin 

geometry on seismic amplifications.  

Analysis and comparison of seismic response focussed on peak values of shear stress 

increment, horizontal accelerations and cyclic stress ratio at various locations within the 

soil deposit. Also, response spectra are used to compare the acceleration response, and 

spectral ratio method is used to compare the amplification or attenuation of earthquakes.   

 

5.2 CONCLUSIONS  

Bedrock geometry effects lead to cyclic changes in both the shear stress on the horizontal 

plane, and the vertical and horizontal normal stresses. The changes in normal stresses are 

caused by p-waves, and in shear stresses by s-waves. The Rayleigh wave effect of the 

incoming motion in the surface layers due to reflection and refraction on nonlinear soil 
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bedrock interface showed more prominent variation in seismic response compared to 1-

dimensional analysis. The differences were a function of the bedrock-soil interface 

inclination and basin geometry. Following conclusions are derived from the observed 

outputs of the numerical analysis.   

 

1. The numerical 2-D model developed in FLAC yields results that are somewhat 

different at specific periods but overall comparable to those obtained in 1-D equivalent 

linear analysis in ProShake. Observations showed a close match of peak acceleration 

and spectral amplitudes at short period values. However, the FLAC analysis showed 

30%~35% increased values compare to ProShake spectral accelerations at moderate to 

long period. These differences are due to the fundamental difference of analysis 

between these two packages where FLAC is time domain analysis and ProShake is 

frequency domain analysis. The observations of higher spectral amplitudes in FLAC 

compared to SHAKE are in alignment with the findings of other researchers in the 

literature assessing different soils.   

 

2. Effects of geology on the seismic analysis appears to be an important factor. 

Amplification of peak ground motion, shear stress increment and cyclic stress ratio 

(CSR) vary considerably between 1-D and 2-D analysis, and with the basin geometry 

in 2-D analysis. The maximum values of these quantities recorded within the soil 

deposit are shown in Table 5-1 considering the response to the artificial time histories, 

and the recorded East-West motion during the Val-des-Bois earthquake.  The table 
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shows that the 2D bedrock profile results in larger peak horizontal accelerations and 

larger cyclic stress ratio values.  

Table 5-1: Summary of seismic response between 1-dimensional horizontal bedrock 

model and 2-dimensional concave bedrock model 

Parameters Section A-B Section C-D Flat 

CSR 0.44 0.29 0.23 

PHA 0.917g 0.275g 0.227g 

∆𝜏𝑥𝑦 135kPa 84kPa 70kPa 

 

The higher amplitudes of acceleration and CSR in 2D model compared to the flat model 

is a reflection of the basin geometry which focusses the earthquake energy towards the 

centre of the valley. Such effects cannot be captured by the simple 1-D, horizontal 

bedrock models. 

3. Strong spectral amplitudes observed in the long period range is consistent with the deep 

thickness of the soft Leda clay deposit at the centre of the site. The natural site periods,  

𝑇𝑛 = 1 (2𝑛 + 1⁄ ). (4𝐻 𝑉𝑆⁄ ), will be higher in such cases on account of both the depth 

of the soil deposit, and the stiffness of the soft soils.   

4. Peak horizontal acceleration, shear stress increment and cyclic stress ratio shows up to 

1.3 times, 1.2 times and 1.2 times respectively in section C-D compared to the flat soil 

bedrock interface model. These observations of higher amplitudes in these parameters 

confirm the influence of the geological basin on seismic response. Comparison between 

the broad valley of section C-D and narrow valley of AB illustrates how critical is the 
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steepness of the slope in seismic analysis, and points to the need for establishing the 

basic shape as accurately as possible.   

5. Steepness of the concave profiles varies between section A-B and section C-D, and 

clearly the soil-rock interface inclination has an effect on the response. The soil-

bedrock interface in Section A-B has up to 12° inclination (1V:5H) whereas it the 

maximum inclination in section C-D is about 3°. The peak ground acceleration, shear 

stress increment and cyclic stress ratios in section A-B shows 4 times, 1.9 times and 

1.9 times of the horizontally stratified model output where the values are higher 

compare to section C-D response. This comparison again confirms the significant 

impact of geology on seismic response. Particularly the steepness of the concave profile 

increases the vulnerability of the site against an earthquake.   

6. The average response obtained from the analysis using the six artificial earthquakes, 

that are mathematically formulated by matching target response spectra, are relatively 

comparable to the of the scaled real earthquakes, except in the case of the N-S time 

history applied to the steep A-B section. This specific combination resulted in very 

large loads and deformations, and required dynamic re-meshing in the program. The 

results in this case were very different from all the other analysis (about 20 of them) 

and the reasons are unknown. It is suggested this possibly due to issues with the 

implementation of hysteretic damping at large strains in the program. The results of 

that specific case are not considered when drawing conclusions. 
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The response shows fairly same or slightly higher output compare to the seismic 

records observed from artificial earthquakes. Cyclic stress ratio observed maximum of 

up to 0.54 in section A-B and 0.30 at section C-D for the input motion R1. Both of 

these CSR values are 1~1.2 times the values obtained from the artificial earthquake 

records. This gives a confidence and reliability of output result analysed with the 

artificial earthquakes.  

The differences in CSR values are a special concern since it suggests that current 

practice might calculate a factor of safety against liquefaction to be larger than one 

(based on “Flat” bedrock model), whereas in fact the true factor of safety might be less 

than one due to basin effects. A slight deviation from presumed horizontal bedrock 

profile may change the nature of wave reflection and refraction in both p- and s- waves, 

and could lead to different seismic response. This behavior become more evident from 

the response of nonlinear concave soil-bedrock interface of Orleans results in CSR as 

high as 0.44 at some locations but 1-D FLAC analysis would only have produced a 

CSR of 0.23. Again, the steepness of the basin and its depth significantly influence on 

the amplification of the seismic response. plays and important role in the seismic 

effects. 

7. Typically, Leda clay does not undergo large deformations until CSR exceeds about 0.3 

to 0.35 for the earthquake magnitudes expected in this region. If the CRR data in the 

literature for Leda clay is representative of the clays at the Orleans site then there would 
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be “liquefaction” is certain parts of the soil deposit which would not be detected by the 

conventional analysis.  

8. Table 5-2 shows experimental data (Theenathayarl, 2015) on Leda clay as a function 

of CSR vs number of cycles to liquefaction, and lists the CSR obtained from different 

analysis techniques.  Theenathayarl (2015) determined the behaviours at initial 

confining stresses of 100kPa, 200kPa and 400kPa, which would roughly translate to 

about 10m, 20m and 40m depth given that water table was presumed to be near the 

ground surface.  

Table 5-2: Comparison of CSR in both 1D and 2D analysis at different stress levels 

against the Experimental Study done by Theenathayarl, 2015 

Depth 

Experimental Data CSR from Numerical analysis 

CSR 

No of 

Cycles for 

liquefaction  

FLAC 1D  
FLAC 2D  

Section C-D 

FLAC 2D  

Section A-B 

10m 0.35 3~4 

0.20 0.25 0.30 
0.3 10 

0.25 40 

0.2 >100 

20m 0.3 <1 

0.15 0.15 0.20 

0.25 2~3 

0.2 10 

0.15 40 

0.1 >100 

40m 0.25 <1 

0.10 0.10 0.15 
0.2 1~2 

0.15 40 

0.1 >100 
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A comparison of the CSR values obtained from both 1D and 2D FLAC analysis with 

the experimental data provides insights into the issues that could be encountered in 

liquefaction susceptibility assessment. There is considerable variation in the cycle 

stress ratio values obtained in the shallow layers depending on the numerical model 

(Table 5-2).  

At 10m from the ground level (GL), the 1D analysis gives a CSR of 0.20, whereas the 

2D analysis in section C-D results in a CSR of 0.25. Based on the experimental study 

done by Theenathayarl (2015), a CSR of 0.20 will not fail the Leda clay even after 

100 cycles. But, a CSR of 0.25 causes liquefaction in 40 cycles.  The difference is 

even more prominent in the 2D analysis of section A-B where the CSR is 0.30 at 10m 

from GL. The experimental data shows that Leda clay at 10m depth will liquefy in 10 

cycles at a CSR of 0.3.  

At 20m, the CSR obtained from the numerical analysis varies from 0.15 to 0.20. At 

this depth, a CSR of 0.2 will liquefy the soil in 10 cycles, but the soil would not liquefy 

until 40 cycles at a CSR of 0.15. At 40m, a CSR of 0.15 fails the soil in 40 cycles, but 

the soil would not liquefy at a CSR of 0.10 even after 100 cycles. As the steepness of 

the concave soil bedrock interface is narrower in section A-B, it shows more 

prominent variation in CSR values compared to the 1D analysis which assumes 

horizontal bedrock soil interface.  
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These data again emphasize that the basin geometry should be incorporated in to the 

numerical seismic analysis to understand the behavior of local site under an 

earthquake loading.  

5.3  RECOMMENDATION FOR FUTURE WORK 

This research study focussed on the effects of basin geometry on seismic amplification in 

Leda clay, and compared the results of the 2-D site response analysis with the current 

practice, which generally is a 1-D analysis (with presumed horizontal layering and 

bedrock). The 2-D analysis was conducted using a relatively simple, non-linear elastic 

model to facilitate comparisons with the design practice. The comparisons were assessed 

using horizontal acceleration, shear stress and cyclic stress ratio. However, additional 

factors that could be considered to enhance the understanding further could be studied in 

future research.  The recommendations below could improve the quality of the numerical 

model, as well as the understanding of the basin effects.  

➢ FLAC 2-D package is used for this numerical study as the focus was on comparing 

the effects of 2D bedrock profile to the typical assumption of horizontal bedrock. 

But, 2-dimensional modelling not sufficient to fully represent the variations of the 

actual field profile. A 3-dimensional analysis might be more appropriate to capture 

the seismic response as close as to the field response.  

➢ FLAC analysis provides a wide range of information, and only the magnitude of 

the horizontal shear stress was considered in calculating the CSR this study. A more 

comprehensive evaluation of the stress state changes due to cyclic changes in shear 
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and normal stresses would provide more insights into the effects of 3-D loading 

conditions, and the implications of the current definition of CSR and CRR.  

➢ Real earthquake motions are recorded in two horizontal directions (E-W and N-S) 

and in vertical direction. In this study, both the E-W and N-S motions of Val-des-

Bois earthquake were used independently for the analysis as two different 

earthquakes.  But the real earthquake is the combination of all three motions. A 

FLAC 3D model will be more suitable tool to analyse the actual earthquake effect 

which is the combined effect of horizontal (E-W and N-S) and vertical motions. So 

that the particle motion corresponding to the vertically propagating shear waves 

will be captured more accurately with respect to the appropriate orientation of the 

site. 

➢ The soil behaviour was modelled using a non linear, total stress model in the 

analysis to facilitate comparisons with SHAKE. A proper elasto-plastic model 

under undrained condition will yield more realistic results. Such an analysis can 

also assess the effects of pore pressure boundary conditions in-situ (Sivathayalan 

& Logeswaran, 2007, 2008), and the potential for void redistribution during, or 

following, the earthquake and its effects on the overall stability. 
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APPENDIX A 

COMPARISON OF THE EFFECTS OF AMPLITUDE SCALING VS 

AMPLITUDE AND FREQUENCY SCALING 

Scaling of a real earthquake to match the target design spectrum of the specific site is a 

critical step. As the amplitude varies with the epicentral distance, the amplitude scaling is 

often considered appropriate for a selected site to match with its target design spectrum if 

the motion was recorded at a different epicentral distance. However, the frequency content 

of seismic shaking depends on the magnitude of the earthquakes. Larger earthquakes are 

known to have relatively stronger long period motions. Thus, scaling of a recorded 

earthquake motion by adjusting the recorded time interval can be an effective way to 

simulate a shaking record due to a different magnitude earthquake. Again, the purpose of 

analyzing an earthquake is to incorporate natural variations of earthquake motion in to the 

model. So, both frequency and amplitude scaling enable the selected motion history to 

match with the target design spectrum while representing the natural variations of 

earthquake motions in the analysis.  

The scaling of Val-des-Bois earthquake is done in two stages. First, the amplitude is scaled 

to get a closest possible match with the target design spectrum. In this case, the scaling was 

done such that the spectral ordinate at 0.1s approximately matches the design spectral 

ordinate at 0.1s. After this scaling, the overall frequency content of the East-West motion 

was reasonably similar to the design spectrum. However, the North-South motion was 
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shifted towards the higher frequency side from the target design spectrum. In order to get 

a better match, the frequency content of the scaled N-S motion was shifted toward long 

period by adjusting the data interval in the time history file.  

Initially, the history was recorded with the frequency of 100Hz where the time interval 

between data points is 10ms. The time interval was changed to 12ms in order to get a good 

match with the design spectrum. The effect of this change on the resulting soil response 

has been relatively minor. 

Contours of acceleration, maximum shear stress and CSR within the soil deposits are 

shown in Figures A1-A5 and Table A-1 compares the recorded maximum soil response 

values when the analyses were run with amplitude scaled motion and amplitude and 

frequency scaled motion. There is a slight increase observed in terms of maximum 

acceleration, maximum shear stress increments and CSR values. However, the differences 

are not considerably high. This is a reflection of the fact that the frequency scaling was 

rather small in this case since the recorded motions had frequency content fairly close to 

the design spectrum  
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Table A 1: Comparison between the soil response of amplitude scaled motion vs amplitude 

and frequency scaled of N-S motion of Val-des-Bois Earthquake on Section C-D Model 

Parameters 

Amplitude and Frequency 

scaled N-S Motion of  

Val-des-Bois 

Amplitude scaled N-S 

Motion of  

Val-des-Bois 

Maximum Horizontal 

Acceleration 

0.34g 0.31g 

Maximum Shear Stress 

Increment 

59kPa 50kPa 

CSR 
0.34 0.31 

 

Figure A 1: Variation of CSR in section C-D for the N-S motion of Val-des-Bois 

(frequency scaled) 
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Figure A 2:Variation of CSR in section C-D for the N-S motion of Val-des-Bois 

(frequency not scaled) 

 
Figure A 3: Variation of maximum shear stress increment in section C-D for the N-S 

motion of Val-des-Bois (frequency not scaled) 
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Figure A 4: Variation of maximum horizontal acceleration in section C-D for the N-S 

motion of Val-des-Bois (frequency not scaled) 

 

 
Figure A 5: Variation of maximum horizontal acceleration in section C-D for the N-S 

motion of Val-des-Bois (frequency scaled) 
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APPENDIX B 

DIFFERENT DEFINITIONS OF CYCLIC STRESS RATIO (CSR) 

 

Cyclic stress ratio is defined differently depending on the context as explained in Chapter 

2. In typical design practice, and in the analysis presented in Chapter 4, the cyclic stress 

ratio is defined based on the cyclic shear stress increment on the horizontal plane. Under 

3D loading conditions this definition may not represent the effect of the maximum shear 

stress, since the shear stress on the horizontal plane need not be the largest shear stress 

acting on the soil element. This is especially the case if the soil is subjected to the effects 

of both p- and s- waves simultaneously. 

One of the approaches under such circumstances can be by defining the CSR as the ratio 

between the maximum shear stress increment and the initial vertical effective stress, or the 

effective normal stress on the plane of maximum shear stress. An assessment is considered 

in this appendix by defining the cyclic stress ratio as 𝐶𝑆𝑅 = 𝐾
∆𝜏𝑚𝑎𝑥

𝜎′𝑣𝑜
. Here the ∆𝜏𝑚𝑎𝑥 is 

defined as the difference between the maximum shear stress during the dynamic condition 

and the static shear stress on the same plane of the maximum dynamic shear stress, and K 

is a constant to account for the transient nature of earthquake loading. This is computed 

from the magnitude of the maximum shear stress  𝜏𝑚𝑎𝑥 during dynamic loading, which is 

calculated from horizontal stress 𝜎𝑥,𝑑𝑦𝑛 ,vertical stress 𝜎𝑧,𝑑𝑦𝑛 and the shear stress 𝜏𝑥𝑧,𝑑𝑦𝑛.  

|𝜏𝑚𝑎𝑥| = √(
𝜎𝑥,𝑑𝑦𝑛 − 𝜎𝑧,𝑑𝑦𝑛

2
)

2

+ 𝜏𝑥𝑧,𝑑𝑦𝑛
2  
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Then the angle 𝜙𝑠 to the maximum shear stress is calculated from the horizontal, vertical 

and shear stress components that corresponds to the maximum shear stress as,   

tan(2𝜙𝑠) = −
(

𝜎𝑥,𝑑𝑦𝑛−𝜎𝑧,𝑑𝑦𝑛

2
)

𝜏𝑥𝑧,𝑑𝑦𝑛
  

Then the maximum dynamic shear stress is calculated as,  

𝜏𝑚𝑎𝑥,𝑑𝑦𝑛 = − (
𝜎𝑥,𝑑𝑦𝑛 − 𝜎𝑧,𝑑𝑦𝑛

2
) sin(2𝜙𝑠) + 𝜏𝑥𝑧,𝑑𝑦𝑛cos (2𝜙𝑠) 

And the static shear stress at the same plane of dynamic maximum shear stress is calculated 

as,  

𝜏𝑠𝑡 = − (
𝜎𝑥,𝑠𝑡 − 𝜎𝑧,𝑠𝑡

2
) sin(2𝜙𝑠) + 𝜏𝑥𝑧,𝑠𝑡cos (2𝜙𝑠) 

Finally, CSR is calculated as,  

𝐶𝑆𝑅 = 0.65 ×
𝜏𝑚𝑎𝑥,𝑑𝑦𝑛 − 𝜏𝑠𝑡

𝜎′𝑣,𝑠𝑡
 

As the CSR is defined by considering the maximum shear stress on the principal plane, the 

previously calculated values are termed here as horizontal stress ratio (HSR) since they 

were calculated from the shear stress increment on the horizontal plane. Based on the 

dynamic analysis of six artificial earthquakes, the cyclic stress ratio (CSR) values were 

computed by considering the maximum shear stress increment, and these CSR values were 

compared to the HSR. in Figure B-1 and Figure B-2. The general characteristics are similar, 

but, the CSR maximum is found to be higher (about 0.44) whereas the maximum HSR is 

only about 0.29 (in section C-D) in those zones located in the shallow depth. For section 

A-B, the maximum CSR was recorded as 0.71 where the HSR is only up to 0.44. However, 
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the CSR is smaller compared to HSR in the deeper layers. The magnitude of the CSR and 

HSR both decrease as the depth increases (Table B-1).  

 

Table B 1: Comparison of average CSR values observed for all size artificial earthquakes 

in among section A-B and section C-D s of Orleans profile 

Depth from 

GL 

CSR in 

Horizontal 

bedrock Model 

Section C-D Section A-B 

HSR CSR HSR CSR 

5~15 0.23~0.15 0.29~0.16 0.44~0.06 0.44~0.27 0. 71~0.2 

15~30 0.15~0.1 0.16~0.12 0.06~0.04 0.27~0.21 0.2~0.1 

30~45 0.1~0.08 0.12~0.09 0.04~0.02 0.21~0.17 0.1~0.08 

45~60 0.08~0.07 0.09~0.07 0.02~0.01 0.17~0.13 0.08~0.05 

>60 <0.07 <0.07 <0.02 <0.13 <0.05 
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Figure B 1: Variation of Average CSR of six artificial earthquake records on the Orleans 

profile of Section C-D 

 

 

Figure B 2: Variation of Average CSR of six artificial earthquake records on the Orleans 

profile of Section A-B 

 

 


