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1. Introduction

The typical geological profiles of submarine slopes 
on the Brazilian continental margin consist of normally to 
slightly overconsolidated clays with depths ranging from a 
few meters to hundreds of meters (Kowsmann et al., 2015). 
These slopes are often subjected to different types of loading 
conditions, including dynamic loading, such as earthquakes.

Borges et al. (2020a) observed an important concentration 
of epicenters in Campos, Santos, and Pelotas basins in 
southeastern Brazil, along the continental slope. Additionally, 
topographic surveys have indicated a great concentration of 
steep seabed slopes in the same area. Due to these unfavorable 
local conditions, regional earthquakes pose significant risk 
when they trigger submarine landslides, what could cause 
major impacts to offshore structures (Mérindol et al., 2022).

Therefore, the evaluation of risk imposed by earthquakes 
on submarine slopes should include an understanding of 
local soil behavior under dynamic conditions. Local soil 
and topographic settings can strongly influence the nature of 

vibrations from seismic events, resulting in signal amplification 
at certain frequencies. The determination of dynamic soil 
properties, such as shear modulus and damping ratio, is 
necessary for predicting non-linear stress-strain behavior 
and for analyzing the stability of geostructures under cyclic 
loading. Some types of tests can be used to determine the 
shear wave velocity (VS) and the maximum shear modulus 
(Gmax) of the soil, such as the in situ seismic cone penetration 
test – SCPTu (Borges et al., 2020b) – and the laboratory 
tests with bender elements and resonant column techniques 
(Kondner, 1963; Hardin & Drnevich, 1972; Liu et al., 2021; 
Jafari et al., 2022).

Shear modulus (G) and damping ratio (D) can be 
obtained employing resonant column (RC) tests for a wide 
range of strains (Atkinson, 2007) with satisfactory control 
of the test conditions at low strain levels in a range of 10-4 to 
10-1% (Madhusudhan & Kumar, 2013; Lang et al., 2020).

Instead of RC tests, the Gmax determination corresponding 
to strains lower than 3 × 10-2% (Jia, 2018) can be done 
using bender element (BE) testing. The BE test enables 
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measurement of this parameter for strains below 10-3%, a 
range in which G is almost constant (Mair, 1993; Youn et al., 
2008; Wang et al., 2021).

The goal of this study is to present the dynamic geotechnical 
characterization of Speswhite kaolin which has been used in 
seismic response studies for submarine slopes (Tarazona et al., 
2020; Soriano et al., 2021; Soriano et al., 2022) especially for 
its high permeability - favorable to centrifuge tests - and for 
being commercially available. This research uses traditional 
resonant column tests and centrifuge tests of submerged canyon 
models instrumented with accelerometers and bender elements 
to obtain the dynamic parameters of Speswhite kaolin: the 
moduli, G and Gmax, and the damping ratio D.

2. Studied soil

Speswhite kaolin (SK), a clay of industrial origin, has long 
been used in geotechnical centrifuges for physical modeling 
by laboratories around the world (Almeida et al., 1985). 
The static properties of the SK used in this test program was 
characterized by means of monotonic loading tests (triaxial 
tests of the CIU and CAU type, and isotropic consolidation 
tests) and by index tests such as plastic limit and liquid limit 
tests. Table 1 presents a summary of the main static properties 
of the studied material – obtained from Fernandes (2018) – 
which are in agreement with the literature reports (Al-Tabbaa, 
1987; Phillips, 1988; Kutter & James, 1989), where wL is the 
liquid limit, IP the plasticity index, GS the specific gravity, cV 
the coefficient of consolidation, M the critical state friction 
ratio, λ the slope of the isotropic compression line and κ the 
slope of the isotropic unload-reload line.

3. Resonant column tests

The preparation of the material for RC tests started with 
the consolidation (to 80 kPa) of a slurry mixture at 1.5 times 
the liquidity limit to obtain a block of clay from which small 
samples were extracted. Prior to the RC tests, an isotropic 
consolidation was carried out in a triaxial chamber under a 
confining stress of 150 kPa, using 5 cm × 15 cm cylindrical 
samples, to reduce any disturbance due to the transfer of 
the samples and to guarantee a better consistency of the 
material for the final molding of the samples (Barros et al., 
2007). The final geometry of the samples for the RC tests 
was 3.5 cm in diameter by 8 cm in height.

The RC test program was conducted in two phases: (1) 
the loading phase, or normally consolidated phase, where 

each confining stress is the maximum applied stress, and (2) 
the unloading or overconsolidated phase (overconsolidated 
ratio, OCR, of 2, 4, 7.85 and 15.7).

The RC test essentially consists of the application of 
sinusoidal torsion vibrations, which result in very small 
shear strains (on the order of 10-4 to 10-2%) in a cylindrical 
specimen, previously subjected to a confining stress in a 
triaxial chamber. The test apparatus presented in Figure 1 is 
composed of various electronic components (Fernandes, 2018).

A Hall type oscillator (Hall & Richart, 1963) was used 
in the test in “fixed-free” model, using a rigid mass on top 
of the specimen for better distribution of strains along the 
specimen (Richart et al., 1970). The scope of the present 
study only covers at hydrostatic state of stress.

The oscillator allows a certain stiffness added to one 
of the ends to add a polar moment of inertia (I0) at the top 

Table 1. Main properties of the studied soil (Fernandes, 2018).

Parameters of Speswhite kaolin
Parameter wL (%) IP (%) GS cV (10-8 m2/s) M λ κ

Fernandes (2018) 62 39 2.615 3.4−34.7 0.93 0.145−0.190 0.039−0.050

Figure 1. Resonant column test apparatus: a) overview (Adapted 
from Fernandes, 2018); b) test specimen torsion scheme and 
variables (adapted from Richart et al., 1970).
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of the specimen (Figure 1b). This procedure of applying a 
torsion (τ) to the “free” end provides an approximately linear 
variation of angular rotation (θ) along the specimen of radius 
(R), length (L) and specific weight (ρ), and parameters G and 
D, thus obtaining a more uniform distribution of the shear 
strain along the length of the sample (Richart et al., 1970).

The main feature of the Hall-type oscillator is that it 
does not have a damper system (longitudinal and torsional 
springs as used in other types of oscillators (Richart et al., 
1970)). As proposed by Hall & Richart (1963), the “fixed-free” 
system coupled to the Hall-type oscillator also enables the 
determination of the damping ratio (D) by the free-vibration 
decay method.

3.1 Measurements

The maximum shear modulus (Gmax) of the soil is 
measured after 1000 minutes of consolidation. Anderson & 
Stokoe (1978) disregarded the creep or secondary consolidation 
effects of consolidation in the sample. Due to a variation 
in the start time of the tests, sometimes the measurement 
was not carried out exactly at the instant of 1000 minutes 
after the beginning of the consolidation stage. Therefore, an 
interpolation was made based on previous measurements to 
infer the Gmax.

In order to determine the G modulus in the resonant 
condition (ASTM, 2007), measurements of the tangential 
acceleration of the specimen are performed during the 
application of vibration (measured by the voltmeter) and 
vibration frequency (measured directly by the frequency 
meter). The resonance condition of the system occurs when 
the signals of the vibration emission frequency and the ground 
response frequency are in phase. The phase between the 
torque application signals and the ground response is given 
by formation of the Lissajous ellipse (ASTM, 2007) on the 
oscilloscope screen, indicating a lag of 0.5π radians, and the 
occurrence of resonance in the ground-oscillator system.

In RC tests, the damping ratio can be calculated in 
more than one way. One of them, standardized by ASTM 
D4015-07 (ASTM, 2007), involves measuring free vibration 
decay. Free decay, as presented by Richart et al. (1970), 
occurs when the function generator is turned off while the 
amplitude of the accelerometer response is monitored as a 
function of time (Fernandes, 2018).

4. Centrifuge tests

A series of centrifuge tests were carried out to evaluate 
the seismic response of submarine slopes and/or canyons, 
determining the evolution of dynamic soil properties for different 
earthquake events (Tarazona, 2019; Tarazona et al., 2020, 
Souza, 2021; Soriano et al., 2021, 2022). The results of these 
centrifuge tests are useful for the dynamic characterization 
of the material, complementing the results of RC tests.

The centrifuge tests discussed here were carried out 
in a submerged clayey model, tested initially in the flat 
configuration and then as a canyon with a 30° angle. The model 
made with Speswhite kaolin was consolidated up to a stress 
of 250 kPa in an ESB (Equivalent Shear Beam) type test 
box in four successive layers. This level of consolidation 
stress was chosen to reproduce the undrained shear strength 
(Su) profiles observed in the seabed of southeastern Brazil 
(Soriano et al., 2021). Sensors (such as accelerometers and 
bender elements) were arranged along its entire depth and 
were positioned during the consolidation process.

The ESB box was placed on the shaking table and 
embarked on the centrifuge. The model was then accelerated 
to 40 times the Earth’s gravity (g) and subjected to two 
different types of seismic loads, one sinusoidal and the other 
based on an earthquake that occurred in Italy in 2012 (Emilia 
Earthquake), applied alternately and with increasing peak 
ground accelerations (PGA) (Table 2). Additional information 
on the centrifuge experiments used here can be obtained in 
Tarazona (2019), Tarazona et al. (2020) and Souza (2021).

Figure 2 shows the final configuration of the centrifuge 
model with accelerometer sensors A and pairs of bender 
elements BE and Figure 3 shows one of the inputs applied, 
the Emilia earthquake, with an amplitude of 0.05g.

The accelerometers enabled the determination of the 
shear modulus and damping parameters as a function of the 
strains using the sinusoidal input motion data. The bender 
elements, in turn, were used to calculate the maximum shear 
modulus at each excitation stage.

For each configuration of the model, flat F and canyon 
C, a penetration test was performed using a T-bar (Randolph 
& Houlsby, 1984) at the beginning of the 40g tests to obtain 
the profiles of undrained strength Su and shear wave velocity 
VS (Figure 4).

The theoretical Su profiles were obtained from Equation 
1 (Wroth, 1984), also shown in Figure 4a, where K is the 
normalized strength parameter, σ›vo the effective vertical 
stress, and m the exponent. The K and m values adopted are 
shown in Table 3.

. . m
u voS K OCRσ=  (1)

Table 2. Input motions applied to the model.
Sequence Type PGA

1 Emilia
0.05g2 Sinusoidal

3 Emilia
0.075g4 Sinusoidal

5 Emilia
0.10g6 Sinusoidal

7 Emilia
0.15g8 Sinusoidal
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Figure 4a shows a clear decrease in strength between 
the canyon and the flat model up to 4 m depth, showing the 
effect of the degradation that occurred during the excitation 

of the flat model. For greater depths, this effect is not clearly 
observed.

The OCR profile obtained with Equation 1 from the Su 
profile measured by the T-bar was used for the calculation of 
Gmax as a function of depth according to Equation 2 (Viggiani 
& Atkinson, 1995), where pr is the reference stress (equal 
to 1 kPa), p’ is the mean effective stress and A, n and k are 
parameters used according to Viggiani & Atkinson (1995).

. .
n

kmax

r r

G pA OCR
p p

 
=  

 

′
 (2)

The VS profile (Figure 4b) is obtained from Equation 
3 using the correlation with the density (ρ) of the model, 
ρ = 1.74 g/cm3 being the average model value used here.

max
S

G
V

ρ
=  (3)

There was good agreement between the Su data and the 
theoretical prediction, especially for the parameters reported 
by Fernandes (2018). Some humps are present due to the 
disturbance of the T-bar drive actuator system (Garala & 
Madabhushi, 2019; Tarazona, 2019 and Zhang et al., 2016). 
However, discontinuity between layers is not observed. 
The top of the clay model, up to approximately 1 m, prototype 
scale, exhibited Su values higher than expected, possibly due 
to drying of the surface during model preparation, although 
care was taken to mitigate this problem such as covering the 
soil with wet geotextile and plastic.

4.1 Shear modulus and damping through 
accelerometers

The accelerometers installed in the centrifuge models by 
Tarazona et al. (2020) were used to obtain the shear modulus 
and the damping ratio based on the solution proposed by 
Brennan et al. (2005). In order to determine a value of G 
and D under a given shear strain (γ), three accelerometers 
were jointly analyzed at time and the accelerometers at the 
ends were used to measure the boundary conditions. For this 
purpose, a filter band of 0.75 Hz to 8.5 Hz was applied to the 
recorded accelerograms inside in a prototype scale.

Thus, for shear stress and strain histories calculated 
with the Brennan et al. (2005) formulation, the first 10 stress-
strain cycles were individualized – including the first cycle 
of irregular behavior in blue –, and 10 values of G and D 
were obtained (Figure 5). Figure 5a shows the 10 hysteresis 
loops measured with the accelerometer A10 in the 0.15g sine 
signal and Figure 5b contains only one of the loops with 
an illustrative scheme for obtaining G (inclination of the 
highlighted secant line) and D (relative to the demarcated 
areas) with this method.

Figure 2. Model configuration and instrumentation.

Figure 3. Emilia input of 0.05g amplitude: a) accelerogram; b) 
Fourier amplitude.

Table 3. Parameters to calculate theoretical Su.
Parameter K m

Fernandes (2018) 0.234 0.528
Garnier (2001) 0.19 0.59
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The G results were obtained from the accelerometers 
with sine input motions in the flat and 30° canyon models. 
Results from Tarazona et al. (2020) data are also plotted 
for comparison.

4.2 Maximum shear modulus from bender element 
tests

The determination of the maximum shear modulus 
(Gmax) was carried out using three pairs of bender elements 
(BE1, BE2 and BE3 shown in Figure 2). In each pair, one 
is the transmitter of the wave and the other, the receiver, 
depending on the arrangement of the cables and the applied 
polarization (Ingale et al., 2017).

The distance between transmitter and receiver benders 
(d) and the time interval (t) elapsed between the outgoing 
and incoming signals are needed for calculating the shear 
wave velocity VS. The distance (d) was easily obtained by 
direct measurement when the sensors were installed in the 
model, namely: pair BE1 is positioned 100 mm apart, BE2 is 
102 mm and BE3 is 108 mm. Ingale et al. (2017) and Lee 
& Santamarina (2005) present three methodologies for 
determining time t: in the time domain, in the frequency 
domain, and by cross-correlation.

In the present study, two methodologies were used to 
determine the travel time (t) of the shear wave, both in the 
time domain (TD). The time (t) is the average between two-
time intervals used: the first and second peak between the 
input and output waves, resulting in time intervals t1 and t2, 
respectively. In the output signal, the points of interest are first 
observed, and then the first low-amplitude inflection wave is 
disregarded (Lee & Santamarina, 2005). Figure 6 schematically 

summarizes the methodology used to obtain the intervals 
t1 and t2 for a sample of waves observed in pair BE3 after 
the 0.15g sinusoidal input motion (flat model).

Figure 4. Profiles of a) Su compared with theoretical predictions and of b) VS for flat and canyon models.

Figure 5. Linear equivalent solution of G and D: a) ten hysteresis 
loops for the 0.15g sine input motion (at A10); b) scheme for 
obtaining G and D.
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After determining the VS using the relationship of VS = 
d/t, finally, the maximum shear modulus can be calculated 
using Equation 3.

Gmax measurements were performed immediately 
before each input motion was applied to the base of the 
box, in order to track the results and map the variation of 
Gmax to each input, allowing for a more accurate prediction 
of model degradation.

5. Shear modulus and damping ratio results

5.1 Shear modulus obtained from resonant column 
tests

Figure 7 shows the variation of shear modulus over 
time for the application of each confining stress in the RC 
tests for the normally consolidated test series. The results of 
the overconsolidated tests are not shown in this paper as they 
did not vary much over time, but this issue can be verified 
in Fernandes (2018).

Gmax values were obtained by interpolating the last 
shear modulus measurements to find the modulus relative to 
1000 minutes. The Gmax values for each submitted confining stress 
are summarized in Table 4, where NC refers to the normally 
consolidated samples and OC to the overconsolidated ones.

5.2 Shear modulus obtained from centrifuge tests

Figure 8 presents the G modulus for the centrifuge tests, 
obtained from the accelerometers for model configurations 
F and C with the respective sinusoidal input amplitudes. 

The data points obtained are limited to a strain γ equal to 
0.5% but with strains mostly between 0.016% and 0.32%.

Larger values of strains γ are related to larger amplitudes 
of earthquakes, which are further accentuated in the canyon 

Figure 6. Schematic illustration for determining intervals t1 e t2 
for the BE3 pair.

Figure 7. Shear modulus with advancing confined hydrostatic 
consolidation for the normally consolidated test series (adapted 
from Fernandes et al., 2020).

Figure 8. Shear modulus obtained from centrifuge tests.

Table 4. Summary of Gmax results obtained from RC tests.
Consolidation 

condition
Confining 

stress (kPa) OCR Gmax (MPa)

NC

280 1 87
350 1 108
420 1 121
560 1 160

OC

280 2 168
140 4 120
70 8 97
35 16 87
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model. Furthermore, when F and C models are compared 
for the same γ, the canyon model produced lower G values, 
even under lower amplitude loading than the flat model. 
This is consistent with the fact that the C model suffers from 
the cumulative effects of excitations as compared to the F 
model and, therefore, it degrades more. The data points in 
Figure 8 show the reduction in stiffness and consequent 
degradation of the shear modulus as seismic loads are applied 
during the tests.

It is important to note that the depth of the sensor played 
an important role in the response to shear strain. The deeper 
accelerometers presented greater shear modulus values for 
the same strain level, showing the impact of the effective 
confining stress on the stiffness results.

Table 5 presents the summary of the results of the 
Gmax modulus. There is a clear influence of the confinement 
stress on the velocity results, as the deeper the sensor 
is, the higher results of VS and, consequently, of Gmax. 
Additionally, for the shallowest sensors (2.6 m and 6.1 m) 
there is a reduction in the Gmax values caused by the 
strength degradation, a degradation that is even greater 
when comparing the flat and canyon models. As for the 
deepest sensor (9 m), there was a tendency for Gmax to 
increase, caused by the process of consolidation of the 
model still in progress at this depth.

5.3 Degradation curve by resonant column and 
centrifuge tests

Several studies have proposed curve models to represent 
the dynamic behavior of materials (Vucetic & Dobry, 1991; 
Ishibashi & Zhang, 1993; Darendeli, 2001), but each of these 
models can reproduce a limited number of behaviors and, 
therefore, may only considered as estimates of actual field 
soil performance (Amir-Faryar et al., 2016).

Darendeli (2001) developed a database of soil samples for 
the elaboration of empirical curves of normalized shear modulus 
and damping of materials, which allow the characterization of 
their dynamic behavior. The data comes from a combination 
of resonant column and cyclic torsional shear (RCTS) tests 
on undisturbed samples. Statistical analysis was carried out to 
be able to calibrate the requested parameters, with a structure 
composed of equations that incorporate the parameters that control 
the non-linear behavior of the soil, such as overconsolidation 
ratio, soil plasticity index, mean effective confining stress, type 
of soil and loading conditions (such as number of cycles and 
frequency). This model seems to best capture all effects over 
a wider stress range (Guerreiro et al., 2012).

Figure 9 presents the normalized curve of the modulus 
G for both phases of confinement of the specimen in the RC 
tests (NC and OC tests). In addition, it shows the centrifuge 
results for the F and C models, the data from Tarazona et al. 
(2020) as well as the empirical curve (EC) from Darendeli 
(2001) for a material with a plasticity index equal to 39% 
and considering the average OCR of the model.

As shown in Figure 9, there is low dispersion in the 
resonant column data associated with strains below 0.01%. 
It is also observed that the greater the strain, the greater the 
difference between the G/Gmax data obtained in the laboratory 
and the empirical curve. The combined curve formed by RC 
and centrifuge tests shows a similar trend to the EC, although 
they deviate significantly from the EC in the strain range 
between 0.01%−0.1%.

Considering both centrifuge results, those from 
Tarazona et al. (2020) better adhered to the empirical curve of 
Darendeli (2001) and are very similar to those of the present 
study in the range of strains between 0.08% and 0.3%, in 
which both approach the empirical prediction.

The low adhesion between the laboratory tests and 
the EC by Darendeli (2001) in some strain ranges can be 

Table 5. Summary of Gmax results obtained through centrifuge tests (in MPa).
Pair of BE Model Depth (m) 0.05g 0.75g 0.10g 0.15g

BE3
Flat

2.6 23.62 23.07 22.89 22.41
BE2 6.1 45.47 44.21 43.72 43
BE1 9 65.17 65.33 66.24 66.55
BE3

Canyon
2.6 14.7 14.48 14.54 13.35

BE2 6.1 31.58 31.29 31.34 28.89
BE1 9 - 60.89 - 63.27

Figure 9. Normalized shear modulus from RC tests, present 
centrifuge tests, data from Tarazona et al. (2020) and empirical 
curve of Darendeli (2001).
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explained by the limitation of the model for materials of high 
plasticity, as is the case of Speswhite kaolin. According to 
Guerreiro et al. (2012), the model proposed by Darendeli 
(2001) is quite suitable for materials of medium plasticity, 
which is not the case of the tested material.

The evolution of the damping ratio results relative to 
increasing shear strain for all previously analyzed experimental 
results are shown in Figure 10, along with the Darendeli 
(2001) curve. The RC data shows good agreement with 
the EC from Darendeli (2001). As the strain increases, the 
average damping data points tend to increase regardless of 
the method.

For the centrifuge data, the scatter is considerable. This 
behavior has also been reported by other authors, such as 
Afacan et al. (2013), Brennan et al. (2005) and Tarazona et al. 
(2020). Data dispersion is associated with the difficulty in 
modeling the damping dissipation mechanisms in the context 
of the centrifuge testing, diverging significantly from the 
actual damping conditions of the material. Despite this, the 
data from the C model consistently shows greater damping 
than the data from the F model, when subjected to the same 
strain. This reveals the cumulative effect of the application 
of dynamic load in reducing the stiffness in the C model.

The centrifuge data from the present study and those 
of Tarazona et al. (2020) present good agreement. Although 
they are close to Darendeli’s (2001) curve, they present data 
dispersion caused by the centrifuge environment.

6. Conclusions

The present study employed two different methodologies 
to determine the dynamic parameters of Speswhite kaolin, a 
material widely used in geotechnical tests. Resonant column 
and centrifuge tests with BE and accelerometers were 
carried out in parallel to determine the degradation of the 
shear modulus G and the damping curve. These results are 
presented together with Darendeli’s widely used empirical 
model for the analysis of the non-linear behavior of the soil.

The resonant column and centrifuge tests showed 
relatively good agreement with those of the empirical curves, 
both for the degradation of the shear modulus and for the 
damping ratio at low strains.

Centrifuge tests were effective in evaluating the lower 
part of the shear modulus degradation curve. For strains above 
0.03%, a dispersion of the damping data and its distance from 
the empirical prediction is noted. This behavior has been 
reported in the literature and corroborates the difficulty of 
obtaining this parameter in centrifuge tests. In addition, the 
poor adherence of the data to the empirical curves in some 
strain ranges is possibly due to the high plasticity of Speswhite 
kaolin, an obstacle to the use of the Darendeli curve.

The resonant column tests yielded low dispersion for 
the shear modulus results and acceptable dispersion for the 
damping ratio results. The methodology used to carry out 
the resonant column tests showed yielded low dispersion 
between the results in the determination of the shear modulus 
and an acceptable dispersion regarding the damping ratio.

For future studies on this matter, the authors suggest 
to complement the curves with more data from new RC 
tests with increased consolidation time and new centrifuge 
tests with strength variation between layers reaching a wider 
range of strain. Regarding the BE results, it is suggested 
calculation of wave travel time in the frequency domain 
and the development of numerical studies to validate the 
presented data.
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List of symbols

cV Coefficient of consolidation
d Distance between BE of the same pair
m Exponent to calculate Su according to Wroth (1984)
n Parameter to calculate Gmax/pr according to Viggiani  
 & Atkinson (1995)
p’ Mean effective stress
pr Reference stress (1 kPa)
t1 Time interval between first peaks of the transmitter  
 and receiver BE
t2 Time interval between second peaks of the transmitter  
 and receiver BE
t Average between t1 and t2
wL Liquid limit
A Parameter to calculate Gmax/pr according to Viggiani  
 & Atkinson (1995)
Ax Accelerometers with x = 1, 2, …, 22
BE Bender elements
C Canyon (referring to the model configuration)
CR Resonant column
CAU Consolidated Anisotropic Undrained
CIU Consolidated Isotropic Undrained
D Damping ratio
EC Empirical curve
ESB Equivalent shear beam (type of container test)
F Flat (referring to the model configuration)
G Shear modulus
Gmax Maximum shear modulus
Gs Specific gravity
Io Top inertia + oscillator
IP Plasticity index
k Parameter to calculate Gmax/pr according to Viggiani  
 & Atkinson (1995)
K Normalized strength parameter to calculate Su  
 according to Wroth (1984)
L Sample length
NC Normally consolidated samples

OC Overconsolidated samples
OCR Overconsolidation ratio
PGA Peak ground acceleration
R Specimen radius
RCTS Cyclic torsional shear
SCPTu Seismic cone penetration test
SK Speswhite kaolin
Su Undrained strength
TD Time domain
VS Shear wave velocity
γ Shear strain
θ Angular rotation
κ Slope of the isotropic unload-reload line
λ Slope of the isotropic compression line
M Critical state friction ratio
ρ Specific weight
σ’vo Effective vertical stress
τ Torsion
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