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ABSTRACT 

The shear modulus and equivalent viscous damping ratio are important parameters to assess the dynamic response of soil 
deposits. Cyclic simple shear triaxial tests were carried out to assess the normalized shear modulus reduction and damping 
curves of sensitive Eastern Canadian clays at cyclic shear strain of about 0.001%-3% using a new seismic simulator TxSS. The 
samples were consolidated under similar in-situ effective stress conditions and the cyclic loading was sinusoidal strain-
controlled mode. The TxSS tests provide accurate monitoring of confinement and pore pressure conditions. P-RAT tests were 
used to validate the shear modulus at very small shear strain. A comparison between the obtained curves and literature curves 
show some differences, especially on the equivalent viscous damping ratio curves. The differences may be attributed to the 
differences between TxSS conditions and other devices conditions (e.g., DSS, Triaxial, Resonance column, Bender element) in 
addition to the differences in geotechnical properties between sensitive eastern Canadian clays and other clays. The G/Gmax- 
and - curves were then used in a one-dimension numerical simulation to assess the dynamic response of natural clays deposits. 
The results show a significant difference in the maximum acceleration and spectral acceleration of the clay deposits. 
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INTRODUCTION 

In eastern Canada, sensitive clays cover a large part of the area where 90% of the population lives. Known also as Leda clay, 
sensitive clay of eastern Canada is characterized by a high sensitivity and its tendency to transform from stiff material to liquid 
when it is remoulded [1].To take account the particularity of this soil, the National Building Code of Canada in its recent version 
(2005, 2010) introduce a new class of soil named class F where is included quick and highly sensitive clays. Leroueil et al. [2] 
reported that the values of the sensitivity of Eastern Canada clays are rarely below 15. According to the NBCC [3], the deposits 
classified F required a specific geotechnical investigation and dynamic site response analysis. Such an analysis could assess 
the amplification motion of the deposits and its effect on the structures. Several authors pointed out that soft soil deposits could 
lead to high amplification of ground motions. Kramer [4] reported several historical cases where due to the presence of soft 
soil deposits, the ground motions were highly amplified and caused pronounced damage. According to Kramer [4], the reason 
of such amplification is the “double resonance condition: amplification of the bedrock motion by the soil and amplification of 
the soil motion by the structure”. On other hand, the seismic activity in eastern Canada is concentrated along the St. Lawrence 
Valley where the majority of sensitive clays deposits exists (Sea Champlain clays). Therefore, these sensitive clays are 
subjected to seismic loading. Thus, the assessment of the dynamic parameters of sensitive clays become necessary in order to 
accurately assess their dynamic response.  

Several efforts have been made in the last decades to understand the dynamic behavior of sensitive clays. For example, Lee [5] 
performed cyclic triaxial tests on sensitive Outarde clay and concluded that the failure occurs in a thin well-defined shear plane 
where the clay is reduced to liquid.  Javed [6] studied the cyclic behavior of Rigaud clay and reported that the increase of 
sensitivity increases the loss of strength of the sensitive clay under cyclic loading. Rahhal [7] investigated the modulus reduction 
and damping curves on Saint-Alban clay and concluded that sensitive Champlain clay behaves more linearly comparing to 
other clays. The same conclusion has been made by Chahde [8] and Warde [9]. On other hand, the previous studies of shear 
modulus reduction and damping curves on sensitive Champlain clays were based on resonant column test which limited the 
investigation of the G/Gmax- and - curves from small to medium shear strain (about 0.1%). Recently (in 2015) a new triaxial 
simple shear apparatus (TxSS) has been developed at Sherbrooke University and Research Institute of Hydro-Quebec (IREQ). 
The TxSS is able to investigate the stress-strain curve of the soils for a wide range of shear strain from 0.001% to about 3%. 
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The conception, Characteristics and the advantages of TxSS apparatus are fully described in Chekired et al. [10] and the 
procedure for the stress-strain curve used in this study is summarized in section of testing program.  

This paper presents a series of cyclic TxSS and P-RAT results carried out on very sensitive Beauharnois clay to assess: the (i) 
maximum shear modulus (ii) modulus reduction curve (iii) damping curve. The results were examined and compared to the 
literature models. Finally, a numerical simulation was carried out to investigate the effect of the difference in the modulus 
reduction and damping curve between experimental data and literature models.  

DESCRIPTION OF THE SITE AND SOIL CONDITIONS 

The soil used in this study is a post-glacial sensitive clay from Beauharnois. Beauharnois is a municipality in the southeast of 
Montreal. The clay was sampled using Shelby tube. Table 1 present the geotechnical properties of Beauharnois clay. 
Beauharnois clay is characterized by liquid limit 57%, plastic limit 30%, and liquid index 1.7.  The undisturbed shear strength 
measured on TxSS test is 35 kPa and the sensitivity measured by fall cone test is higher than 500. 

Table 1: Geotechnical properties of investigated clay 

Clay Depth (m) wN (%) Ip (%) IL (%) ’p (kPa) Su (kPa) St Clay content (%) 
Beauharnois 12.4 76 27 1.7 160 35 >500 75 

TESTING PROGRAM 

After sampling, the soil was extruded from the tube sampler and sealed using household plastic wrap and a wax compound 
prepared from a mixture of paraffin and Vaseline. The samples were then subjected to the standard characterization tests 
(Swedish fall cone, sedimentation, specific density Gs, Atterberg limits). The oedometer test was carried out following the 
standard [11]. In parallel to the oedometer test, measurements of the shear wave velocity of the clay were taken by using P-
RAT technique. The procedure for the P-RAT measurement is described in [12] and [13]. The maximum shear modulus was 
then calculated using the following Eq (1): 

𝐺௠௔௫ = 
்
. 𝑉௦

ଶ                                                                                  (1) 

The triaxial simple shear apparatus was used to study the cyclic stress-strain curve of Beauharnois clay. The use of the TxSS 
apparatus in such measurements has two principal advantages: first, the continuity between the small and large shear strain 
measurements and therefore the scattering is reduced. The second advantage is that the TxSS can provide a direct measurement 
of the pore pressure build-up during the tests which is more accurate than using the constant volume principle ([15], [16]). The 
preparation of the TxSS test follows the almost same procedure for the standard triaxial test [14]. The clay was carefully cutted 
to obtain specimens with 62 mm diameter and 25 mm height. The specimens were then put in the triaxial cell, saturated and 
consolidated to the in-situ effective mean stress. The cyclic tests were carried out with a frequency of 1 Hz which is compatible 
with the seismicity of eastern Canada. The cyclic TxSS tests were used to calculate the secant shear modulus and an equivalent 
damping ratio. These two parameters were calculated from the hysteresis loop obtained by applying a horizontal displacement 
on the top of the specimen. Six cycles of a sinusoidal signal of shear strain were applied to the specimen. A friction test was 
carried out after each TxSS test and the final stress-strain curve is calculated by removing the friction stress of the apparatus 
from the initial test. The secant shear modulus is obtained by taking the average of secant shear modulus of the six cycles. The 
equivalent damping ratio was calculated from the area inside the loop for each cycle following Eq (2): 

 = ஺

ଶீ೎
మ                                                                                          (2) 

Where G is the secant shear modulus, A is the area inside the loop, and c is the shear strain applied for the cycle.  

EXPERIMENTAL RESULTS 

The results of one-dimensional consolidation and piezoelectric ring actuator test are presented in figure 1. Figure 1-a present 
the ’v-e curve and figure 1-b present the Vs-1/ocr-e curve. The ’v-e curve shows that the preconsolidation pressure is clearly 
defined at effective vertical stress of 160 kPa. The measurements of the shear wave velocity were used to construct the e-Vs1-
ocr correlation. The curve e- Vs-1/ocr-e show that the normalized shear wave velocity increase with the decrease of the void 
ratio and increase with the increase of the over-consolidation ratio. The following correlation can be proposed for sensitive 
Beauharnois clay: 

 𝑉௦ଵ = 125𝑂𝐶𝑅଴.ଵହ𝑒ି଴.ସହ                                                                            (3) 
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Figure 1 : a) One-dimensional consolidation curve b) normalized Shear wave velocity-void ratio relationship  

The experimental results of the triaxial simple shear tests are presented in figure 2 and figure 3. Several strain-controlled tests 
were carried out with maximum shear strain amplitude ranging between 0.003% and 1.4%. Figure 2 presents the modulus 
reduction and damping curves of Beauharnois clay. Figure 3 presents the stress-strain curves of different tests. As it can be 
seen for the test with small maximum shear strain, the hysteresis curve shows small energy dissipated until c=0.2% where the 
hysteresis curve changes the form and the energy dissipated increase significantly. The G/Gmax- curve show that until c=0.01% 
the secant shear modulus is almost equal to Gmax. After c=0.01, the secant shear modulus starts to decrease and reach 68 % at 
c=0.1 % and 34 % at c=1 %. The - curve shows that at c=0.1% the damping ratio is equal to 2.1%. At 0.01% < c < 0.2% 
the damping ratio increase slightly and reach around 5% at c=0.2%. At 0.2% < c < 0.5% the damping ratio increase rapidly 
and reach around 9% at c=0.5%. For c > 0.5% it was observed that the damping ratio remain approximately constant with an 
average value of 9 %. 

Figure 2: a) Relation between G/Gmax and c, b) relation between    and c 

For the comparison purpose, several models of modulus reduction and damping curves were plotted in figure 2. Vucetic and 
Dobry [17], Darendeli [18], Zhang [19] and Okur and Ansal [20] models were chosen due to the fact that they are the most 
used models in geotechnical earthquake engineering. For Vucetic and Dobry [17] which is based only on the plastic index, the 
curves of PI=30% and PI=50% was chosen. For Darendeli [18] model, the following parameters were chosen: ’v=70 kPa, 
frequency=1Hz, PI=27%, OCR=2. Zhang [19] model was drawn by using:  ’v=70 kPa, PI=27% and Quaternary soil were 
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chosen as geological age. For Okur and Ansal [20], the curves of PI=27% and PI=40% were chosen. The comparison of the 
G/Gmax- curve obtained experimentally in the TxSS with the literature models show clearly that the Beauharnois clay curve is 
higher than the literature models curves. The same observation was made for the damping ratio - curve of Beauharnois clay 
where it was observed that the damping obtained in TxSS with Beauharnois clay is lower than the damping ratio curve of the 
literature models. 

 

Figure 3: Cyclic stress-strain curve at a different shear strain 
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More particularly, the comparison with Vucetic and Dobry [17] model shows that the experimental results match well with the 
reference curve of clay with PI=100%. For Darendeli [18] model, the experimental curve can match with the curve of PI=200%. 
The same observation can be made for Zhang [19] model. However, as the last two models are based on several parameters 
(effective vertical stress, OCR, frequency...etc.), other curves can match by changing the other parameters than PI. It should be 
noted that Okur and Ansal [20] results show the same shape of the damping ratio curve at large deformation as the Beauharnois 
clay where the damping remains constant contrary to other models (e.g., [17]; [19]). According to Chehat et al. [21], the 
observed behavior of the damping ratio at large deformation is related to the pore pressure generation. Moreover, the 
measurements of the pore pressure indicate that the pore pressure starts build up at c=0.2%. Thus, as Okur and Ansal [20] 
results were obtained on the triaxial apparatus, the generation of pore pressure may explain this observed behavior. 

APPLICATION OF MODULUS REDUCTION AND DAMPING CURVES 

One-dimensional numerical analysis using two different G/Gmax- and - curves on clayey deposit was carried out to 
investigate the effect of the difference between the curves on the dynamic response of the soil deposit. For the purpose of 
simplifying the simulation, a simple deposit was chosen composed of a uniform clay layer of about 10 m, overlie a till layer of 
about 3 m which continues till the bedrock. This stratigraphy is typical for eastern Canada clayey deposits [22]. Figure 4 
presents the geotechnical profile used in this simulation. The clay layer has a plastic index of 30 % and a density of 1600 kg/m. 
The shear wave velocity has a uniform profile on clay layer with Vs1 of about 100 m/s on the clay layer and 150 m/s on the till 
layer.  Vs of 1500 m/s were taken for the bedrock. The geotechnical profile was divided into several layers of 1 meter. A linear 
equivalent method implemented in the software Deepsoil version 6.1 was used in this study [23].  Two seismic signals were 
used in this study: the first signal (accelerogram A) was recorded signal of Saguenay earthquake 1988 at Baie-Saint-Paul station, 
the second signal (accelerogram B) was a synthetic signal. It should be noted that such signals are compatible with the seismic 
activity of eastern Canada. The spectral acceleration of the two signals were scaled on the National Building Code of Canada 
[3] design spectra of the Beauharnois area for site class A [24]. Two models of G/Gmax- and - curves were used in the 
simulation: Vucetic and Dobry [17] and experimental curves determined in this study. The G/Gmax- and - curves of the till 
layer were modelized by using Seed and Idriss [25] mean curves for cohesionless soils. The accelerograms were applied at the 
bottom of the profile and elastic half-space properties were used for the bedrock. 

 

Figure 4: Geotechnical profile used for numerical simulation 

The results of the numerical simulation are presented in figure 5. Figure 5b-1 and 5b-2 present the obtained peak ground 
acceleration profiles. The four PGA profile shows that there is an amplification at the surface. For accelerogram A, the PGA is 
0.16 g at 13 m depth and it increases to reach 0.26 g for the simulation with Vucetic and Dobry [17] and 0.32 g for the simulation 
with experimental data. For accelerogram B, the PGA is 0.18 g at 13 m depth and it increases to reach 0.19 g for the simulation 
with Vucetic and Dobry [17] and 0.27 g for the simulation with experimental data. 
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Figure 5: a) Applied accelerograms at the rock b) PGA profiles c) spectral accelerations at the surface 
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Except for some points, the profiles obtained using the experimental data show almost higher PGA than the profile obtained 
using Vucetic and Dobry [17] model. Figure 5c-1 and 5c-2 present the obtained spectral acceleration at the surface. For both 
accelerograms A and B, the spectral acceleration obtained using experimental data is higher than the spectral acceleration 
obtained using Vucetic and Dobry [17] model. These differences are more important for a period ranging from 0.01 s to about 
0.8 s. These results indicate that the use of the real dynamic properties of eastern Canada clay may produce higher amplification 
of the ground motion than the use of the literature models. 

CONCLUSION 

The shear modulus reduction and damping curves of very sensitive Beauharnois clay were investigated in the laboratory by 
using the TxSS apparatus. The maximum shear modulus was also determined and validated in the laboratory by means of the 
P-RAT measurements. The comparison with the literature models indicates that the obtained G/Gmax-c and -c curves exhibit 
different trend: G/Gmax exhibit higher values and  exhibit lower values with respect to c. The determined curves show also 
that beyond 0.2 % of c, the damping ratio become approximately constant which is different from some literature results. Such 
behavior needs more investigations in order to determine its causes. A numerical simulation of soil column was carried out to 
investigate the effect of the difference between the curves on the dynamic response of the soil deposit. The results show that 
the application of the real G/Gmax-c and -c curves may lead to a higher spectral acceleration of the ground motion at the 
surface than the use of the standards literature models. 
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