
Comparative analysis of Hydro-Station liquefaction 
potential: A case study 
 
Claudine Nackers & Noureddine Ghlamallah 
Englobe Corp., Laval, Quebec, Canada 
Mourad Karray & Mahmoud N. Hussien  
Département de génie civil – Université de Sherbrooke, Sherbrooke, Québec, Canada 
Chekired Mohamed 
Hydro-Québec, Montréal, Québec, Canada 
 
 
ABSTRACT 
The comprehensive geotechnical investigation conducted by Englobe Corp. in 2015, as part of the construction of an 
extension of a hydroelectric station located in the Sorel-Tracy region, indicated the potential presence of three layers of 
liquefiable soils at certain depths. An additional specialized subsurface investigation for the liquefaction issue was 
conducted mainly to determine the shear wave velocity, Vs profiles of the deposits with three different methods; namely, 
the seismic piezocone, Multi-Modal Analyses of Surface Waves, MMASW and P-RAT laboratory tests. A series of cyclic 
shear tests using the TxSS seismic simulator were then carried out to characterize the dynamic properties of soil samples 
extracted from the site and reconstituted at the same in-situ density to assess their liquefaction potential. Based on both 
the experimental and the numerical comparative results, the soil deposit at the site is judged to be safe against liquefaction 
with an adequate margin of safety. 
  
RÉSUMÉ 
L’étude géotechnique effectuée par Englobe Corp. en 2015 dans le cadre du projet d’agrandissement d’un poste 
hydroélectrique situé dans la région de Sorel-Tracy, a conclu qu’il y avait un risque de liquéfaction de trois couches situées 
à différentes profondeurs. Des investigations supplémentaires ont été menées pour déterminer les vitesses de 
cisaillements en utilisant trois méthodes, soit le sismocône, Multi Modal Analyses of Surface Waves, MMASW et des 
essais en laboratoires P-RAT Ensuite, une série d’essais de cisaillement cycliques, TxSS, ont été effectués en utilisant un 
simulateur sismique pour caractériser les propriétés dynamiques des sols et évaluer leur potentiel de liquéfaction. Baser 
sur les résultats expérimentaux et numériques comparatifs, les sols du Poste Carignan ont été jugés sécuritaires contre la 
liquéfaction avec une bonne marge de sécurité. 
 
 
1 INTRODUCTION 

 
The project consisted of the extension of an existing 
hydroelectric station located in the Sorel-Tracy region. The 
general stratigraphy present on site is composed of: 
 a very loose to compact sand deposit (SM) of a 

thickness varying between 7.0 and 9.3 m overlaying; 
 a very loose to loose silty sandy deposit with clayey 

layers (ML/CL) of a thickness of about 25 m 
overlaying; 

 a stiff to very stiff clay deposit (CL) overlaying; and 
 the bedrock is at a depth estimated at 77 m.  

Initially, a simplified liquefaction potential analysis 
based on the results of the Standard penetration Test 
(SPT) using Youd et al. (2001) approach and a dynamic 
analysis based on Cone Penetration Test (CPT) using 
Robertson et al. (1998) approach have concluded that 
most of the sand deposit and the silty sandy deposit have 
a high liquefaction potential.  

Considering that the options for piles and soil 
improvement were not possible because of the thickness 
of the liquefiable deposits for the first option and the 
proximity of the existing structures for the second option, a 
more precise evaluation of the liquefaction potential has 
become necessary.  

Although the dynamic approach is more accurate than 
the simplified approach, the full dynamic approach uses 

stiffness and damping degradation curves as well as soil 
cycling resistance (CRR) from tests on soils not from the 
Eastern Canada region. In order to consider local soil 
conditions and properties, it was concluded that additional 
samples and laboratory tests were needed to further 
analyze the liquefaction potential. 

In addition to presenting the specific study, this case 
study will present and compare three different methods to 
measure shear velocity.  

The seismic piezocone is a widely used in-situ test and 
has the advantage of collecting data on a wide range of 
geotechnical parameters of the soils and the seismic shear 
velocities, Vs, simultaneously (Campanella and Stewart, 
1992). However, in this case, the bedrock is located at 
about 77 m of depth and the system used could not reach 
that depth.  

A Multi-Modal Analysis of Surface Wave, MMASW, line 
(Lefebvre and Karray 1998) was used to complete the Vs 
profile and determine the bedrock depth.  

A P-RAT system was used (Karray et al. 2015a) in an 
oedometer cell to measure the Vs at different densities to 
reconstitute the remoulded samples in the laboratory at the 
same in-situ conditions.  

The site-specific study to determine the liquefaction 
potential was done using the energy concept (Berril et 
Davis 1985, Karray et al. 2015b, and Polito et al. 2013).  

To determine the dynamic parameters of the site’s 
soils, cyclic triaxial simple shear tests, TxSS, (Chekired et 



 

al. 2015, Karray et al. 2015b) were done on the 
reconstituted samples and intact clay sample enclosed in 
an unreinforced rubber membrane The test consists of a 
simple shear test at strain control in a drained triaxial cell. 
The cyclic stress ratio, the strain and the pore pressure are 
measured in real time during the test. The apparatus can 
apply cyclic or irregular strains to the sample.  

 
2 GEOTECHNICAL PROPERTIES OF SOILS 
 
The following tables and figures present an overview of the 
geotechnical properties of the tested soil samples. The soil 
samples were chosen based on the Standard Penetration 
Test N value NSPT and Tip Resistance qc (CPT) measured 
onsite.  

 

 
Figure 1. sCPT results. Circled in red are the targeted 
layers with the lowest NSPT, and qc measurements for the 
laboratory testing.  

From a depth of 12.5 m, layered sandy silty soils was 
intercepted and thin clay layers can clearly be observed on 
the CPT results with precision of less than 10 mm. The clay 
layer was intercepted at a depth of 32.0 m and Shelby 
tubes were sampled. The plasticity index of the clayey soil 
varies between 8 and 11%, which indicates a low plasticity 
soil, the limit liquid varies between 0.85 to 1.5, which 
indicates high sensitivity of the clay. The layers with low 
strength and compactness are identified in Table 1. 
Table 1. Density of tested soils 
 

Sample Depth (m) qtmean (kPa) N1(60) 

CF-9 4.6 – 5.2 6300 4 

CF-18 10.1 – 10.7 6200 4 

CF-31 18.0 – 18.6 2850 3 

 
Figure 2 presents the sieve analysis for the selected 

layers. The sample CF-9, obtained at a depth of 4.6 to 
5.2 m, consists of a silty sand (SM). The samples CF-18 
and CF-31, sampled at depths of 10.1 to 10.7 m and 18.0 
to 18.6 m, respectively are very similar and consist of silty 
sand (SM) as well, but with a higher content in silt and fine 
sands. Table 2 presents the soil classification and physical 
parameters of the tested soils.  

Table 3 presents the geotechnical parameters of the 
thin clay layers (CF-28) intercepted from 12.0 m and clay 
layer (CF-18 and CF-31) intercepted at 32.0 m.  

 

 
Figure 2. Sieve analysis of sand and silt soils. All three 
samples consist of silty sand (SM) with variable fine 
content. 

 
Table 2. Physical properties of non-plastic tested soils 
 

Sample Depth (m) Fines (%) D50 (%) Cu USCS 

CF-9 4.6 – 5.2 14 0.15 2.45 SM 

CF-18 10.1 – 10.7 69 0.061 28 SM 

CF-31 18.0 – 18.6 76 0.056 56 SM 

 
Table 3. Physical properties of clayey soils (CL) 
 

Sample Depth (m) Wn 
(%) 

WL 

(%) 
WP 
(%) 

IP (%) IL 

CF-28 16.2 – 16.8 31.0 27.0 19.0 8 1.5 

CF-53 32.0 – 32.6 34.0 30.0 20.0 10 1.4 

TM-56 34.0 – 34.6 29.7 31.3 20.3 11 0.85 

 
Figure 3. Grain shape of tested soils 

 
Figure 3 presents the grain shape of the tested soils. 

The grains are very angular and micas minerals were 

3.2 m 



 

observed which indicates that the soils were not 
transported during their deposition.  It is worth mentioning 
that particle shape as an inherent soil characteristic plays 
a significant role in liquefaction susceptibility of soils (Vaid 
et al. 1985; Hird and Hassona, 1990; Ashour and Norris 
1999, Ashmawy et al. 2003). 

 
3 COMPARING SHEAR WAVE VELOCITY 

METHODS 
 
Three methods were used to measure shear wave velocity: 
 Seismic piezocone, sCPT; 
 Multi-Modal Analyses of Surface Wave, MMASW; 

and 
 P-RAT laboratory measured Vs. 

The measured in-situ velocities were compared to 
calculated velocities from Standard Penetration, NSPT, 
values and corrected static cone tip resistance, qt to 
validate the in-situ measurements (Figure 4).  

For the Standard Penetration values, Wride et al. 
(2000) recommends using Eq. 1:  
 
𝑉௦ଵ ൌ 105𝑁ଵሺ଺଴ሻ

଴.ଶହ      [1] 
 
Where Vs1 is the shear wave velocity normalized with the 
vertical effective stress [SA1]and N1(60) is the Standard 
Penetration values corrected for 60% of the energy. The 
measured NSPT values were corrected using the 
Skempton (1986) corrections and the energy transfer 
ratio, ETR, measured from a SPT-Analyzer.  

To convert the normalized shear wave velocity, Vs1, to 
standard shear wave velocity, Eq. 2 below was used: 

 

𝑉௦ ൌ ቀ
ఙᇱೡబ

ଵ଴଴
ቁ

଴.ଶହ
𝑉௦ଵ       [2] 

 
Where σ’v0 is the effective overburden pressure.  
For the cone resistance, qt, the relation from Perret et 

al. (2016) was used (Eq. 3):  
 

𝑉௦ ൌ 39 ∗ 𝑞௧
଴.ଵ଺ସ ∗ 𝑧଴.ଵଷ଻      [3] 

 
To calculate the Vs with the cone resistance, qt, the 

mean of the measured data of the layers were used. 
The aberrant data at 2 m of depth for the seismic 

piezocone was not considered in the analysis.  
The relation of Wride et al. (2000) is used to compare 

in-situ measured Vs values with those calculated from the 
measured N1(60). Similarly, the Perret et al., (2016) relation 
is used to compare in-situ measured Vs values with those 
calculated from measured qt values. 

The calculated Vs with the N1(60) largely underestimates 
the shear wave velocity. This is common in saturated silty 
deposit as the Nspt values underestimate the rigidity of the 
soils. This indicates that using the Nspt values for the 
liquefaction analysis might be conservative. Furthermore, 
the relations developed are for sand deposits with D50 
varying between 0.16 and 0.25.  

The calculated Vs with the cone resistance data, qt, fits 
the measured data very well. 

 The Vs is a function of several geotechnical 
parameters such as the void ratio, density, granulometry, 

overconsolidation ratio, age, cementation, etc. (Hussien 
and Karray, 2015), which makes it an useful parameter to 
recreate, with high accuracy, the in-situ conditions of 
reconstituted samples tested under laboratory conditionsIn 
addition, unlike penetration tests, which cannot be 
performed conveniently in laboratory and in field  at all 
depths or in all soils, shear wave velocity offers to 
geotechnical engineers a promising alternative to 
penetration indexes to evaluate liquefaction resistance of 
sandy soils (Tokimatsu and Uchida 1990, Dobry and 
Abdoun 2011). 

TheP-RAT system was used in an odeometer cell to 
measure the Vs at different densities.  

 
 

 
Figure 4. Comparison of in-situ measured shear velocity 
and theoretical velocities 
 

The clay soil (TM-56) was retrieved from a Shelby tube. 
P-RAT tests were done on the intact samples (Figure 5).  

Figure 6 presents the results of the P-RAT tests on the 
reconstituted sample CF-9 (4.6 – 5.2 m) at different 
densities. 
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Figure 5. P-RAT test results for clay soil (TM-56) 
 

 
Figure 6. P-RAT test results for sand soil (CF-9) 
 

For each of three sample, two densities were chosen to 
proceedthe TxSS tests in accordance with Vs values 
obtained in the site: 1400 kg/m3 and 1500 kg/m3; which 
corresponds to a density index of 20-30% and 40-45% 
respectively.  

Table 4 compares the shear wave velocities measured 
in-situ and in the lab at different densities.  
 
Table 4. Dynamic properties of tested soils 
 

Sample Depth (m) Vs1-in-
situ 

Vs1-Lab 
1400 
kg/m3 

Vs1-Lab 
1500 
kg/m3 

CF-9 4.6 – 5.2 227 110 125 

CF-18 10.1 – 10.7 203 110 130 

CF-31 18.0 – 18.6 212 115 130 

TM-56 34.0 – 34.6 183 105 

 
 

4 ENERGY-BASED CONCEPT 
 

This section presents the key concepts for the 
energy-based liquefaction analysis.  

When using the conventional approach in total stress 
from Seed and Idriss (1970) implemented in software like 

SHAKE2000, the dynamic properties are defined by the 
G/Gmax degradation curve and the damping curve   

When using the energy-based concept, the dynamic 
properties are defined by the pore pressure ratio, Ru, and 
the stress-shear soil behavior.  

Unlike the standard cyclic shear tests, DSS, the TxSS 
can measure the pore pressure ratio, Ru, directly instead 
of calculating it through empirical equations (Karray et al. 
2015). 

The pore pressure ratio, Ru, is a function of the 
normalized unit energy, Ws, the cyclic strain, γ, and the 
cyclic stress ratio, CSR (Polito et al. 2013).  

The normalized unit energy, Ws, is the area of the 
hysteresis loop formed by the stress-strain relation during 
the cyclic shear test. The Ws can be calculated by 
integrating the area of the hysteresis loop as demonstrated 
in Figure 7. At each cycle, the soil degrades, the energy 
dissipates, and the Ru and CSR increaseas shown in 
Figure 8.  

 
Figure 7. Normalized unit energy, W, determined from the 
hysteresis loop of degrading soils under seismic loading 
(taken from Karray et al. 2015b) 

 
By using Berrill and Davis (1985) empirical equation 

modified by Karray et al (2015b), we can determine the Ru 
in function of the normalized Ws by using equation 4 for 
each soil sample tested.  

𝑅௨ ൌ 𝛼ଵ ቀ
ௐೞ

బ.ఱ

௔
ቁ

ఉଵ
       [4] 

 
where a, α1 and β1 are constants.   
The constants a, α1 and β1 are determined by 

calibrating equation 4 to the TxSS results to determine a 
specific Ru equation for each soil sample.  

To model the stress-strain behavior, the software FLAC 
(Itasca, www.itascacg.com/software/flac) was used by 
building numerical hysteresis loops calibrated on the TxSS 
results.  

Once the curves were calibrated, the numerical model 
was used to calculate the subsurface response to a design 
spectrum - compatible time history  [SA2]Atkinson 2009).  

 



 

 

 
Figure 8. TxSS results for sand soils (CF-9) at a density of 
1400 kg/m3 

 
 
5 CYCLIC TRIAXIAL SIMPLE SHEAR TEST, TXSS 

AND VALIDATION OF NUMERICAL MODELS 
 
The cyclic triaxial simple shear test, TxSS, consist of a 
simple shear test incorporated in a triaxial cell. The simple 
shear can be a cyclic strain or recreate a seismic strain 
based on real time histories. Since the cell is drained, the 
pore pressure ratio, Ru, can be measured directly. The 
pressure ratio is determined using equation 5:  
 

𝑅௨ ൌ
∆௨

ఙᇱ௖
        [5] 

 
where Ru is the pressure ratio, Δu is the pore pressure 

variation during the test, and σ’c is the confinement 
pressure which is equivalent to the in-situ effective stress 
constraint, σ’v0, of the sample.  

After compacting and saturating the samples, they 
were sheared under a cyclic strain at 1 Hz. The number of 
cycles needed to liquefy a sample, Nliq, is when Ru reaches 

0.9. At this ratio, the sample usually collapses or shows a 
well-defined shear band.  

The tests were done on the same sample at two 
different densities, ρd=1400 kg/m3 and 1500 kg/m3 and at 
different shear strain, γcyc, varying between 0.27 and 
0.80%. 
 
3.1 Pore Pressure Ratio Equations 
 
Figure 9 presents the pore pressure ratio, Ru, in function 
of Ws

0.5/a. These plots were used to calculate the constants 
α and β and determine the samples’ pore pressure ratio 
functions. Equations 6, 7, and 8, present the equations for 
samples CF-9, CF-18, and CF-31, respectively.  

 

𝑅௨ ൌ 0.26 ቀ
ௐೞ

బ.ఱ

௔
ቁ ൅ 1.09 ቀ

ௐೞ
బ.ఱ

௔
ቁ

ଶ
െ 0.478 ቀ

ௐೞ
బ.ఱ

௔
ቁ

ଷ
      [6] 

 

𝑅௨ ൌ 0.216 ቀ
ௐೞ

బ.ఱ

௔
ቁ ൅ 1.325 ቀ

ௐೞ
బ.ఱ

௔
ቁ

ଶ
െ 0.65 ቀ

ௐೞ
బ.ఱ

௔
ቁ

ଷ
   [7] 

 

𝑅௨ ൌ 0.248 ቀ
ௐೞ

బ.ఱ

௔
ቁ ൅ 1.44 ቀ

ௐೞ
బ.ఱ

௔
ቁ

ଶ
െ 0.806 ቀ

ௐೞ
బ.ఱ

௔
ቁ

ଷ
   [8] 

 
The constant ‘a’ is a function of the shear strain, γcyc, 

and it depends on the compaction density, ρd. Figure 10 
presents the plots of the constant in function of the shear 
strain for samples CF-9 and how the equation of the 
constant ‘a’ is determined from the TxSS results. Equations 
9, 10, and 11 present the constant ‘a’ in function of the 
shear strain, for the samples CF-9, CF-18, and CF-31, 
respectively for compaction density, ρd=1400 kg/m3.  

𝑎 ൌ 0.40𝛾௖௬௖
ି଴.ଽ଼       [9] 

 
𝑎 ൌ 0.85𝛾௖௬௖

ି଴.ଷଶ       [10] 
 

𝑎 ൌ 0.46𝛾௖௬௖
ି଴.ଽଶ       [11] 

 

The same was done for the samples compacted to a 
density, ρd=1500 kg/m3. 

 
Figure 9. Pore pressure ratio, Ru, in function of the 
normalized unit energy, Ws0.5/a for sample CF9 densified 
at ρd=1400 kg/m3 
 



 

 
Figure 10. The constant ‘a’ is function of the shear strain, 
γcyc for the sample CF9 densified at ρd=1400 kg/m3 and 
1500 kg/m3. 

 
Using the pore pressure ratio, Ru, equations 6 to 8 and 

the constant ‘a’ equations, the test results could be 
simulated in FLAC. Figure 11 presents a comparison 
between the numerical model and the test results. The 
numerical data matches the test results indicating that the 
numerical model is well calibrated.  

 
Figure 11. Comparison between the numerical data 
simulated in FLAC to the TxSS results using the Ru and 
constant ‘a’ equations.  
 
3.2 Stress-Strain Hysteresis loops 
 
The stress-strain hysteresis loops can be modeled in FLAC 
using the SIG4 function. Table 5 presents the constants 
used for the function.  
    Table 5. Constants used for the function SIG4 in FLAC 
to model the stress-strain hysteresis loops measured 
during the TxSS tests 
 

Sample a b x0 y0 

CF-9 1.0 -0.50 -1.45 0.030 

CF-18 1.0 -0.45 -1.45 0.045 

CF-31 1.0 -0.45 -1.50 0.065 

TM-56 1.0 -0.46 -1.50 0.065 

 
Figure 12 compares the test results with the simulated 
hysteresis loops for sample CF9. This comparison was 
done for all the different strain tested and both of the 
density. There is a good match between the tested sample 
and numerical model results. 
 

 

 
Figure 12. Comparison between simulated hysteresis loop 
in FLAC with the SIG4 function and test results for sample 
CF9 compacted at a density of 1400 kg/m3 and a shear 
strain of 0.27%. 
 
 SITE SPECIFIC STUDY 

 
The TxSS results were used to analyze the liquefaction 
potential of the soils of the hydroelectical station using the 
energy-based concept. FLAC, was used to model the 
dynamic response of the soil column based on the TxSS 
results with the equations and constants presented in 
Section 5.  

The selection of time histories was done using the 
approach described by Atkinson (2009). Three ground 
motions mentioned in figure 13 were scaled to approximate 



 

the  design hazard spectrum of the site, UHS, of uniform 
hazard spectrum of a good quality bedrock based on the 
National Building Code of Canada NBCC 2010. Two time 
histories are synthetics taken from Atkinson’s data base 
(https://www.seismotoolbox.ca/). One is the 1985 Nahanni 
earthquake. Figure 13 presents the scaled spectral 
acceleration of the time histories used for this study.  

 
Figure 13. Response spectra of 3 different ground motions 
compatible with the design spectrum. 
 

The factored time histories were applied at the bedrock 
to simulate the earthquake through the soil column and 
determine the soil degradation through time at different 
depth in the soil column.  

With the TxSS results, the analysis is done in effective 
stress, since the pore pressure ratio, Ru, is calculated 
directly in the dynamic curves. Therefore, the shear 
modulus, G, can be adjusted during the simulation with 
equation 12 (Karray et al 2015b).  

 
𝐺 ൌ 𝐺௜௡௜ሺ1 െ 𝑅𝑢ሻఈ     [12] 
 

The constant ‘α’ is calibrated with the TxSS test results. 
Figure 14, 15, and 16 present the results from the 
simulation at the depth of the soil samples CF-9 (4.6 - 5.2 
m), CF-18 (10.1 – 10.7 m), and CF-31 (18.0 – 18.6 m).  

The pore pressure ratio, Ru, for the three samples does 
not reach 0.9. Therefore, there is no liquefaction potential 
at these depths and with a good margin of safety. As 
mentioned in Section 2, these samples were chosen 
because they presented the lowest NSPT and point 
resistance, qc, measured in-situ for each soil layer 
encountered during the investigation campaign. We can 
conclude that the site does not present any liquefaction 
potential. 

 
Figure 14. CSR and Ru results from FLAC simulation at 
CF-9 between depth 4.6 and 5.2 m for the three time 
histories 
 

 
Figure 15. CSR and Ru results from FLAC simulation at 
CF-18 between depth 10.1 and 10.7 m for the three time 
histories 

 

 
Figure 16. CSR and Ru results from FLAC simulation at 
CF-31 between depth 18.0 and 18.6 m  
 
 DISCUSSION AND CONCLUSION 

 
The studied site presented a high liquefaction potential 
based on simplified and dynamic analysis approaches. A 



 

complementary geotechnical investigation was done to 
measure the bedrock depth and a complete shear wave, 
Vs, profile.  

The shear wave profile was validated using two in-situ 
methods, theoretical equations, and laboratory tests. It was 
observed that the theoretical shear wave using the NSPT 

gave significantly lower shear waves than in-situ. The NSPT 
were probably under-estimated due to pore pressure build 
up in the saturated silts. This was often observed with silty 
soils and therefore, the cone penetration test, CPT, is 
highly recommended for liquefaction analysis in these type 
of soils. 

The in-situ shear wave velocities were used to 
re-constitute and compact the remoulded samples to the 
same densities as the measured in-situ.   

A site specific dynamic analysis based on the energy 
concept using the TxSS results was performed on selected 
samples. The samples were selected in the very loose 
layers that present a liquefaction potential. The specific 
dynamic analysis concluded that the site presents no 
liquefaction potential.  

To validate the numerical model, the test results were 
numerically modelled and compared to the laboratory test 
results. High correlation was observed between the 
numerical models and real test results for all samples.  
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