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ABSTRACT 
The assessment of seismic performance for structures in Eastern Canada, particularly with respect to liquefaction and site 
response, is becoming increasingly important. This is especially relevant for facilities with normal to high importance 
categories located in regions of relatively elevated seismicity, making seismic assessment a demanding aspect of 
geotechnical engineering practice. Depending on project-specific requirements, structural complexity, and code-
compliance considerations, various seismic assessment strategies may be adopted. These may include the planning of 
site investigation programs, the selection of dynamic material behavior models, and the application of suitable numerical 
analysis methodologies. The selection and adaptation of the most suitable strategy may also involve aspects that fall within 
grey zones of existing guidelines, where explicit guidance remains limited. This article discusses the three key components 
influencing the selection of site-specific seismic assessment strategies and presents comparative analyses illustrating how 
different approaches may affect seismic evaluation outcomes and the resulting design recommendations. 
 
RÉSUMÉ 
L’évaluation de la performance sismique des structures dans l’Est du Canada, particulièrement en ce qui concerne la 
liquéfaction et la réponse sismique des sites, prend une importance croissante. Cela est particulièrement pertinent pour 
les infrastructures de catégories d’importance normale à élevée situées dans des régions de sismicité relativement élevée, 
faisant de l’évaluation sismique un aspect exigeant de la pratique de l’ingénierie géotechnique. Selon les exigences 
spécifiques du projet, la complexité structurale et les considérations liées à la conformité aux codes, différentes stratégies 
d’évaluation sismique peuvent être adoptées. Celles-ci peuvent inclure la planification de programmes d’investigation de 
site, la sélection de modèles de comportement dynamique des matériaux et l’application de méthodologies d’analyse 
numérique appropriées. La sélection et l’adaptation de la stratégie la plus appropriée peuvent également impliquer des 
aspects se situant dans des zones grises des lignes directrices existantes, pour lesquelles les orientations explicites 
demeurent limitées. Cet article présente les trois composantes clés influençant le choix des stratégies d’évaluation 
sismique spécifique au site et propose des analyses comparatives illustrant comment différentes approches peuvent 
affecter les résultats de l’évaluation sismique ainsi que les recommandations de conception qui en découlent. 
 
 
1 INTRODUCTION 
 
With the recent updates to the national and provincial 
codes, particularly regarding the seismic design of 
buildings and infrastructure, the demand for seismic 
performance assessments in Eastern Canada, especially 
in Québec, has increased significantly in recent years, with 
increasing requirements for liquefaction potential 
evaluations and site-specific seismic response analyses. 
Seismic assessment has become a critical component of 
project discussions, especially for critical facilities and 
essential infrastructure located in sites classified as having 
high to very high seismic hazard. 

For cases where the ground profile and seismic 
amplification characteristics differ from the generic 
assumptions adopted in standard design approaches, 
several recently published codes and guidelines provide 
clear and comprehensive guidance regarding the 
appropriate investigation approaches, analysis 
methodologies, and level of understanding required for 
seismic design assessments (e.g., CSA S6, CDA).  

However, some of these codes primarily emphasize the 
importance of the factors that may significantly influence 
seismic response, while the selection of the appropriate 

investigation strategy and analysis methodology remains 
less explicitly defined. (e.g., NBCC, AASHTO LRFD, and 
GISTM). In such cases, engineering judgment becomes 
essential and recommended. 

A thorough understanding of the governing seismic 
response mechanisms, together with the ability to 
appropriately represent these conditions within the 
analyses, is critical to ensure that the numerical simulations 
remain representative of the actual site response. 
Figure 1 illustrates that a comprehensive site-specific 
seismic assessment is fundamentally based on three core 
components: in-situ investigations, numerical modelling 
methodologies, and dynamic material behavior models. If 
any of these elements are not adequately characterized in 
accordance with the structural design objectives and site-
specific soil conditions, the reliability of the seismic 
assessment outcomes can be affected. This may increase 
the level of effort required for subsequent structural design 
and in some cases, lead to conclusions that could 
compromise public safety. 

In this article, several case studies involving the three 
key components of site-specific seismic assessments 
illustrated in Figure 1 are presented and discussed. 
Through these examples, the influence of engineering 



 

 
Figure 1. Key Components Influencing the Reliability of Site-Specific Seismic Assessment 

 
judgment associated with each of the three core 
components of a site-specific seismic assessment is 
evaluated and compared. The presented comparisons 
illustrate how different strategies associated with these 
components can significantly affect the seismic 
assessment outcomes and the resulting design 
recommendations. 
 
2 NUMERICAL MODEL DESCRIPTION 
 
This study begins with a series of dynamic analyses using 
the geometrical configuration of the soil column extending 
to a depth of 77 m, presented in Figure 2. 

In this study, the site is assumed to be located within 
the Greater Quebec City area, one of the moderate-to-high 
seismic hazard regions in Eastern Canada. Due to its 
proximity to the Charlevoix Seismic Zone, CSZ, the region 
is exposed to potentially damaging ground shaking 
associated with large seismic events, including moment 
magnitude (��) 7.0 earthquakes known to have occurred 
historically (Leblanc and Buchbinder, 1977). The seismic 
hazard parameters adopted in this study were defined 
based on the fifth-generation seismic hazard model 
corresponding to a probability of exceedance of 2% in 50 
years.  

For this study, two sets of eleven (11) ground motions 
matching the Uniform Hazard Spectrum at the bedrock 
level over short- and long-period ranges were selected and 
used in the analyses. 
 
3 IN-SITU INVESTIGATION PROGRAM – SHEAR 

WAVE VELOCITY PROFILE 
 
As mentioned in Figure 1, defining an appropriate in-situ 
investigation program is one of the key components 
influencing the outcomes of site-specific seismic 
assessments. Among all the parameters obtained during 
in-situ investigations, the shear wave velocity (��) profile of 
the soil deposit and the underlying rock represents the 
most critical input for seismic analyses, as it governs the 
dynamic stiffness and seismic wave propagation 
characteristics of the site. 

Several destructive and non-destructive methods are 
available for measuring shear wave velocity in the field. In 
addition, numerous empirical correlations have been 
developed to estimate the shear wave velocity of soil 

deposits using ���� or �� values obtained from borehole 
investigations and piezocone penetration tests (e.g., Wride 
et al. 2000, Hasancebi and Ulusay 2007, Andrus et al. 
2007, Karray et al. 2011, Robertson 2012, Hussien and 
Karray 2016, Karray and Hussein 2017). 

The selection of the most appropriate field 
measurement technique, considering the characteristics 
and stratigraphy of the soil deposit, together with the use of 
suitable empirical correlations where direct measurements 
are unavailable, plays a critical role in establishing a 
representative shear wave velocity profile for a specific 
project. 

To evaluate the effect of the shear wave velocity profile 
on the seismic response of the soil deposit presented in 
Figure 2, particularly in terms of liquefaction potential, two 
different shear wave velocity profiles shown in Figure 3 
were used in the analyses. 

 

 
 
Figure 2. Soil Column Configuration Used in This Study 

Layer 1: Sand with some silt and traces of gravel (5 m) 

Layer 2: Sand with traces to some silt and gravel (6 m) 

Layer 3: Clay and silt with traces of sand (5 m) 

Layer 4: Sand with traces to some silt (13 m) 

Layer 5: Gravelly sand with some silt (38 m) 

Layer 6: Sand with some silt and traces of clay (10 m) 

Bedrock 
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Figure 3. Comparison of the shear wave velocity (��) profiles used in the analyses 
 
The first profile (Figure 3a) was developed based on the 

interpretation of various direct and indirect in-situ 
measurements, including MASW measurements, seismic 
piezocone measurements associated with a certain level of 
uncertainty, and indirect estimations derived from general 
��-�� and ����-�� empirical correlations available in the 
literature. To account for these uncertainties, the average 
profile was adopted as the final �� profile. 
For the second shear wave velocity profile (Figure 3b), 
downhole and seismic piezocone penetration 
measurements were performed at the site, and the 
measured shear wave velocities were validated using the 
shear wave velocities of laboratory-tested soil samples 
obtained through the P-RAT (Piezoelectric Ring-Actuator 
Technique) (Karray et al. 2015). The results were further 
verified using empirical correlations considered more 
representative of the soil deposit characteristics and 
regional geological conditions (e.g., Karray et al. 2011, 
Perret et al. 2016, Hussien and Karray 2016, Karray and 
Hussein 2017). 

The methodology used for calibrating and validating the 
shear wave velocity profiles is beyond the scope of this 
study. Rather, the objective of this section is to 
demonstrate how a more representative and better-
constrained �� profile, compared to a less precise profile 
associated with higher uncertainties, can significantly 
influence the seismic response of the site in terms of 
liquefaction potential. 

The liquefaction potential results, expressed in terms of 
the factor of safety against liquefaction ( ���/��� < 1 ), 
obtained from the total-stress nonlinear analyses (Seed 
and Idriss. 1967, NCEER 1997, Idriss and Boulanger 2014) 
performed using RSSeismic software for the two different 
�� profiles, are presented in Figure 4. 

As shown in Figure 4, the thickness of the liquefiable 
layer is more significant when using Vₛ profile (a), 
particularly within the first 10 m. The resulting liquefaction 
susceptibility, together with the more significant 
liquefaction-induced settlements, can significantly affect 
foundation design decisions, including the feasibility of 
shallow foundations, the increase in seismic pile demand, 
and the potential requirement for soil improvement 
measures. 
 

 
 

Figure 4. Liquefaction potential results from nonlinear 
total stress analyses using �� profiles (a) and (b). 

(a) (b) 



 

4 DYNAMIC SOIL BEHAVIOR MODELS – BASED ON 
LITERATURE AND LABORATORY TESTING  

 
The second key component influencing the outcomes of 
site-specific seismic assessments is the selection of 
appropriate dynamic models to represent stiffness 
degradation, damping, seismic energy dissipation, and 
excess pore pressure generation, depending on the 
dynamic analysis approach adopted for assessing the 
seismic performance of a site. 

A wide range of empirical and constitutive models are 
available in the literature for this purpose. However, when 
high-quality laboratory testing equipment and advanced 
geotechnical expertise are available, it becomes possible 
to develop calibrated soil dynamic models’ representative 
of the site-specific soil behavior. This approach is 
particularly important for critical structures, where the 
results of the seismic assessment can significantly 
influence the future design and mitigation strategies of the 
infrastructure. 

As presented in Figure 5, a series of laboratory tests, 
including Resonant Column, RC, cyclic triaxial simple 
shear, TxSS, and cyclic direct simple shear, DSS, tests 
were performed on samples collected from Layers 1 to 6 of 
the soil deposit presented in Figure 2. These tests were 
conducted to develop the stiffness degradation and 
damping curves for the representative soil layers over a 
wide range of shear strain levels for the purpose of 
performing a series of total-stress dynamic analyses. The 
tests were performed at the Soil Mechanics and Soil 
Dynamics Laboratory of the Université de Sherbrooke. The 
methodology used for the calibration and validation of 
these laboratory-based correlations is beyond the scope of 
this article. 

Two sets of nonlinear total-stress analyses were 
performed using Vₛ profile (b). For the first series, the 
literature-based correlations presented in Figure 5 were 
adopted (Seed and Idriss 1970, Vucetic and Dobry 1991), 
while for the second series, the laboratory-based dynamic 
correlations were used. A comparison of the liquefaction 
assessment results, as well as the ground surface 
response spectra obtained from both analysis series, is 
presented in Figure 6. 

Figure 6 shows that the potential liquefiable horizons 
are eliminated for the series using the laboratory-based 
models, which are considered more representative of the 
actual in-situ material behavior. In addition, regardless of 
the liquefaction potential comparison between the two 

series, the acceleration values of the ground surface 
response spectrum are lower than those observed in the 
first series, resulting in reduced seismic demand on the 
structure and a more optimized structural and foundation 
design. 
 

 
Figure 6. Liquefaction Assessment Results and Ground 

Surface Response Spectra 
Literature- vs. Laboratory-Based Models 

 

  
Figure 5. Laboratory- and Literature-Based Stiffness Reduction and Damping Curves for Total-Stress Dynamic Analyses 



 

5 NUMERICAL MODELLING METHODOLOGY - 1D 
TOTAL STRESS VS. 2D EFFECTIVE STRESS 
DYNAMIC ANALYSES 

 
The selection of the appropriate dynamic numerical 
approach, as the third key component of soil dynamic 
analysis, becomes essential when topographic or basin 
effects require specific decisions regarding the 
dimensionality of the numerical modeling approach, (one, 
two, or even three-dimensional analyses). In addition, 
conditions such as a high impedance contrast between the 
bedrock and the overlying soil deposit represent another 
important aspect requiring careful consideration in the 
selection of the appropriate numerical methodology and 
soil dynamic material models to properly capture the 
governing seismic response mechanisms during the 
seismic assessment. 

To evaluate the influence of different numerical 
modelling approaches on the predicted seismic response, 
the results of the one-dimensional total-stress analyses 
presented in the previous sections were compared with 
those obtained from a two-dimensional condition in which 
the soil deposit is influenced by basin effects. The 
geometry of the numerical model is presented in Figure 7. 
In this series of analyses, in addition to the soil deposit 
presented in Figure 2, represented as Column A, an 
additional soil deposit with the same stratigraphy extending 
to a depth of 26 m is presented as Column B. The two-
dimensional analyses were performed under effective-
stress conditions, and the coupled energy-based model 
combined with Sigmoidal-model in FLAC 2D was adopted 
to capture the evolution of excess pore pressures within the 
soil deposit. 
 

 
 

Figure 7. 2D Numerical Model Geometry Including Basin 
Effect Conditions 

 
The experimental stress-strain hysteresis relationships 

obtained from various cyclic tests performed on 
representative samples from Layers 1 to 6 were fitted to 
their corresponding numerical shear modulus degradation 

and damping behaviors using the sigmoid function 
available in the FLAC library, as presented in Equation (1). 

� = �� ���+ �
����� ��(�����)/��

�   [1] 

�� = log ��(�%), and �, �, ��, and �� are curve-fitting 
parameters. 
 

The calibrated Sigmoidal-4 model parameters for the 
representative soil layers from Layers 1 to 6 are presented 
in Table 1. 

The energy-based pore pressure models typically 
establish a relationship between the excess pore pressure 
ratio, ��, generated during cyclic shearing and the 
normalized unit energy, ��. The normalized unit energy is 
defined as the dissipated energy per unit volume of soil 
divided by the initial effective confining pressure. The 
dissipated energy per unit volume is determined by 
integrating the area enclosed by each stress–strain 
hysteresis loop (Nemat-Nasser and Shokooh 1979, Green 
et al. 2000, Karray et al. 2015, Amirpour et al. 2017). 

For each representative layer of the soil profile, this 
relationship can be expressed using the following general 
polynomial function, denoted as Equation (2), based on the 
results of cyclic laboratory tests: 
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The fitting parameters presented in Table 1 were 
adopted in the numerical simulations to represent the 
excess pore pressure generation behavior of the 
representative soil layers from Layers 1 to 6. 

Assessing the excess pore pressure generation within 
each hysteresis loop allows the gradual adjustment of the 
effective stress, thereby reducing the small-strain shear 
modulus. 

The results of the two-dimensional effective stress 
analyses performed using the 2008 Iwate, Japan ground 
motion are presented in Figure 8(a). The regions where the 
excess pore pressure ratio, ��, exceeded 0.9, considered 
representative of potentially liquefiable horizons, are 
highlighted in red in the figure. In this figure, similar to the 
one-dimensional total stress analyses performed using the 
laboratory-based dynamic correlations, no liquefiable 
horizons are observed along Soil Column A, despite 
considering three different distances from the inclined 
bedrock surface. 

 
Table 1. Sigmoidal-4 and Energy-Based Model Fitting Parameters 
 

Layer 
SIG-4 Fitting Parameters Energy-Based Fitting Parameters 

� � �� �� � �� �� �� �� 

1 
1.0 -0.70 -2.20 0.020 0.60����

��.�� 0.5191 0.910 -0.542 --- 
2 
3 0.92 -0.56 -0.8 0.100 0.40����

��.�� 0.3380 -0.0107 0.00016 -0.000001 
4 

1.0 -0.65 -2.15 0.015 0.80����
��.�� 0.6547 0.868 -0.587 --- 

5 
6 1.0 -0.80 -2.8 0.015 1.5 0.4778 0.977 -0.565 --- 

Soil Column A - 77 m 
Soil Column B - 26 m 

200 m 

Location 
1              2             3 



 

However, comparison of the laboratory-based total-
stress results presented in Figure 8(b) with the two-
dimensional effective stress analyses incorporating basin 
effects indicates the development of more significant 
liquefiable horizons along Soil Column B. In this figure, the 
factor of safety against liquefaction was evaluated using 
the ratio of the computed ��value to the threshold value of 
0.9 adopted for liquefaction triggering. 
 
(a) 

 
 
(b) 

 
 

Figure 8. Comparison of Liquefiable Horizons from 1D 
Total Stress and 2D Effective Stress Analyses 

Considering Basin Effects for Soil Columns A and B 
 

These results demonstrate that the selection of the 
most appropriate and representative numerical modelling 
approach, accounting for the site topographical and 
geological conditions, does not necessarily lead to less 
conservative results. For example, in cases where basin 
effects are significant, more advanced two-dimensional 
effective stress analyses may predict higher liquefaction 
potential and increased seismic demand due to localized 
amplification and concentration of seismic energy within 
the soil deposit. 

In addition to the liquefaction susceptibility results, 
Figure 9(a) compares the ground surface response spectra 
obtained for Soil Column A at Location 1 from the two-

dimensional effective stress analyses with those derived 
from the one-dimensional total-stress analyses performed 
using literature-based and laboratory-based dynamic soil 
models.  

Figure 9(b) also presents a comparison of the ground 
surface response spectra derived from the two-
dimensional effective stress analyses for Soil Column A at 
three different assumed locations, as well as for Soil 
Column B. These results demonstrate how site-specific 
ground response spectra can be significantly affected by 
complex soil and geological conditions. In this case, the 
basin effects not only resulted in different response spectra 
for Soil Column B but also influenced the response spectra 
obtained for Soil Column A depending on its relative 
distance from the inclined bedrock surface. 
 
(a) 

 
(b) 

 
 

These results demonstrate how the selection of 
different analysis methodologies and dynamic soil behavior 
models can significantly influence the computed design 
spectrum and, consequently, the seismic demand adopted 
for structural and foundation design. Therefore, depending 
on the structural design approach and project 
requirements, the selection of the most appropriate and 
representative analysis methodology should be based on 
sound engineering judgment and a comprehensive 
understanding of the site conditions and governing seismic 
response mechanisms. 



 

6 CONCLUSION 
 
In this article, the three key components influencing site-
specific seismic assessment were evaluated in terms of 
liquefaction susceptibility and ground surface response 
spectra using several case studies involving a 77 m soil 
deposit. For the first component, project-specific in-situ 
investigation programs, the results of one-dimensional 
nonlinear total-stress analyses were compared using two 
different shear wave velocity profiles. For the second 
component, adapted dynamic material behavior models, 
the one-dimensional nonlinear total-stress analysis results 
were compared using literature-based and laboratory-
based dynamic models. These results showed how more 
representative dynamic models can improve the 
assessment results by eliminating the predicted liquefiable 
horizons and leading to different ground surface response 
spectra. 

As the third component, representative numerical 
modelling Methodologies, the results of two-dimensional 
effective stress analyses performed on the 77 m and 26 m 
soil columns affected by basin effects were compared with 
the one-dimensional total-stress analysis results. These 
results demonstrate the importance of selecting 
appropriate numerical methodologies for sites presenting 
conditions that differ from the generic assumptions 
commonly adopted in engineering practice. In addition, the 
comparisons show that more sophisticated analyses do not 
necessarily lead to less conservative results. 

This study was performed using fifth-generation 
seismic hazard parameters. It should also be noted that the 
introduction of more recent seismic hazard models 
associated with higher seismic hazard parameters has 
increased the demand for more comprehensive and 
sophisticated site-specific seismic assessments that satisfy 
national and regional guideline requirements. 

Overall, this study demonstrates that appropriate 
decisions regarding each of the three core components of 
seismic assessment should be made carefully based on 
sound engineering judgment and a thorough 
understanding of the site conditions and governing seismic 
response mechanisms. The selected methodology should 
also remain consistent with the level of detail and reliability 
required for the structural design calculations. 
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