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ABSTRACT: This paper presents an experimental study on the dynamic properties of
Ottawa Sand treated with Laponite, a synthetic material with a plasticity index larger than
1000%. Resonant column tests show that 1% of Laponite -by dry weight of sand- increases the
small strain dynamic properties, the shear modulus (G0) and damping (D0), compared to the
clean sand. The nanoparticle aggregate induces, with respect to clean sand under same testing
conditions, an extension of the linear strain threshold, causing a delay in the excess pore pres-
sure generation, shear modulus degradation, and damping increment as the cyclic shear strain
increases. Microscopy imaging of particle-interactions is presented to provide supporting evi-
dence of contact mechanics effects and complement the experimental results. Overall, the
results are attributed to the effect of the Laponite at the sand grain-to-grain contact level,
inducing a bridge effect in the granular system due to the presence of the nanomaterial.

1 INTRODUCTION

Dynamic properties such as shear modulus (G) and damping ratio (D) are crucial to estimat-
ing the dynamic behavior of sands (Assimaki et al. 2000). These two properties are an expres-
sion of the contact mechanics phenomena occurring at the grain-to-grain contact level due to
the shear wave traveling through sand grains (G) as well as the energy dissipation due to fric-
tional grain interactions (D) (Ham et al. 2012). These dynamic parameters depend on factors
such as the effective confinement, package density, as well as the presence of fines and their
associated plasticity index. These parameters present a linear and a non-linear behavior upon
the shear-strain magnitude induced in the sand. The linear behavior is observed in the small
strain regime of deformation, γs ≤ 10-4%, through the small strain shear modulus (G0), and the
small strain damping ratio (D0). The non-linear behavior is, generally, observed at shear
strains larger than 10-4%, and it is characterized by a decay of the shear modulus G with
respect to G0, and the increment of the damping ratio D with respect to D0. The linear and
non-linear behavior allow gaining insight into the deformational process of sand from very
small strains, medium strains, up to large strain phenomena such as liquefaction (Ochoa-Cor-
nejo 2015). In particular, there are studies on the small strain behavior of sands as well as the
effect of non-plastic and plastic fines on the dynamic properties, and how they could relate to,
for instance, the triggering of liquefaction phenomena (Carraro et al. 2009, El-Mohtar et al.
2013, Ochoa-Cornejo 2015).
In this context, this paper presents a study based on the performance of undrained resonant

column tests to address the dynamic properties of Ottawa Sand containing only 1% -by dry
weight of sand- of Laponite, an extremely high plasticity synthetic nanoparticle (PI>1000%).
The hypothesis is that Laponite improves the dynamic properties of the sand, by having an
effect at the grain to grain contact level of the granular material. Under this premise, the
objective of the experimental study is to address the behavior at the small strain regime of
deformation to provide further insight into the mechanisms that could explain the liquefaction
mitigation evidenced by the improvement of the cyclic response of Ottawa Sand with 1% of
Laponite (Ochoa-Cornejo 2015, Ochoa-Cornejo et al. 2016, 2017).
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The experimental results show the effects of the addition of Laponite on the response of
sands at small and larger strains. Optical microscopy and particle experiments offer insight
into the sand-to-sand, and sand-to-Laponite, interactions, providing supportive evidence for
the micro-mechanisms hypothesized to be responsible for the observations of this work, and
the improvement in liquefaction resistance. Scientifically, this work highlights the vital import-
ance between the linear and non-linear behavior of soils.

2 EXPERIMENTAL PROGRAM

The experimental program consists of undrained resonant column tests completed on clean
sand, and sand with 1% of Laponite (by dry mass of the sand), prepared by dry-mixing the
sand and the synthetic clay. Similar conditions of skeleton relative density [~20%] and effective
stress levels apply to the experimental program (Ochoa-Cornejo 2015).

2.1 Materials: Ottawa sand and Laponite

Ottawa sand is a clean uniform (Cu=1.5-1.9) silica sand with Gs=2.65, emin=0.48, and emax=0.78.
Particles are rounded to subrounded, with D10~0.2 mm, D30~0.26 mm, D50~0.33 mm,
and D60~0.38 mm (Ochoa-Cornejo 2015).
Laponite RD, with chemical formula Na+0.7[(Si8Mg5.5Li0.3)O20(OH)4]

-°.7 is a synthetic clay
powder manufactured by BYK Additives Ltd. A single Laponite particle presents ~25 nm in
diameter, a 1 nm in thickness, and a specific gravity close to 2.55 (Ruzicka et al. 2007). Its
powder form has a moisture content around 7%, with D50 = 46 μm; D90 = 128 μm; D10 = 5
μm. The theoretical specific surface area of Laponite exceeds 800 cm2/g, and experimental
values, with BET-technique, around 400 cm2/g (El Howayek 2011). Laponite has a 2:1 mineral
structure with a trioctahedral magnesium sheet, between two tetrahedral sheets. It presents
negatively charged surfaces, with a charge density of -0.014 e/A2 (Herrera et al. 2004). Precipi-
tated salts and sodium cations in the interlayer space electrically counterbalance the negative
surface charges. Therefore positive charges, ~ 0.9 e/nm, are on the rims (Joshi et al. 2008).
Dispersed in water, Laponite can swell, forming clear, viscous, dispersions, which can be
applied in industries like drilling, detergents, paints, and cosmetics.

2.2 Equipment

A resonant column apparatus of the Drnevich type (Drnevich et al. 1978) was used to address
the mechanical response of clean sand, and sand with Laponite, at very small shear strains
[10-4%-10-1%]. This apparatus houses cylindrical specimens of 7 cm in diameter and 15 cm in
height. The top cap has four magnets inside electrical coils to apply torsion at the top of the
specimen. The system has a pressure panel to apply cell and back pressure, and measure
volume; sensors to measure cell pressure, pore pressure, axial deformation, and angular accel-
erations of the top cap are included. The system has a data acquisition hardware, including a
variable frequency sine-wave oscillator, an oscilloscope to measure frequencies, and reading
units for the sensors.

2.3 Specimen preparation and testing procedure

Undrained resonant column tests were conducted on dry pluviated specimens. The material
–sand, and sand with Laponite- were first poured in a container and mixed by mechanical
shaking for 20 minutes. The skeleton relative densities (Drsk) were close to 20% for all the
specimens. The skeleton relative density calculation considers only the sand is contributing
to the solid phase, using the emax and emin of the clean sand. After setup, specimens were
flushed with carbon dioxide (CO2) and deionized deaired water at σ´c= 25 kPa, backpressure
saturated (BBischop≥0.95), isotropically consolidated, and aged, at 100 kPa. A few specimens
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were tested at 300 kPa. Maximum ageing periods were of 74 hours for clean sand and
almost a week for sand-Laponite specimens. A minimum of three-days aging duration for
sand-Laponite was based on results of rheological tests indicating that at three days the
rheological properties of the Laponite fluid, in the pore space, were similar to those of ben-
tonite dispersions (El Howayek 2011). After the aging phase, cyclic loading at resonance
was applied to the specimens, with shear strains ranging between 10-4% and 10-2%, in
undrained conditions, also measuring excess pore pressures.

3 EXPERIMENTAL RESULTS

3.1 Stress dependence of the dynamic properties at very small strains

Experimental studies and theoretical work based on contact mechanics indicates that G0 cor-
relates with the effective stress confinement, the void ratio, and the overconsolidation ratio.
(e.g., Drnevich et al. 1978, Santagata et al. 2005). Figure 1(a) shows the log-log plots of the
small strain shear modulus G0, versus the isotropic effective confinement for specimens of
clean sand, and sand with Laponite. All measurements in this plot were conducted following
the end of primary consolidation, with no ageing.
Figure 1(a) shows that regardless of the confining stress, the specimens with 1% Laponite

exhibit a shear modulus 10% to 20% higher than the one measured on clean sands. From this
plot, a power-law relationship could be deduced between G0 and confining stress for both
clean sands and sand-Laponite. In this context, the Hardin Equation (Hardin, 1978) is used to
describe the dependence of G0 on effective confining stress, void ratio, and overconsolidation
ratio:

G0 ¼ Cg �OCRk � F eð Þ � P1�n
a � σ00n ð1Þ

F eð Þ ¼
1

0:3þ 0:7 � e2
ð2Þ

In equation 1, Cg is an intrinsic soil constant that depends on particle nature and fabric; OCR
is the overconsolidation ratio (OCR=1 for all tests); F(e) is a void ratio function valid for
void ratios between 0.4 and 1.2. Pa is the atmospheric pressure as reference stress; the coeffi-
cients k and n depend on soil characteristics (e.g., plasticity) and particle contacts nature
(Sawangsuriya 2012). Therefore, the normalization of the shear modulus by the void ratio
function (equation 2) is presented in Figure 1(b), showing that despite the differences in void
ratio (e) are accounted for in the analysis, the relative position of the curves remain regarding
those presented in Figure 1(a).
Similarly, the shear modulus G0 is related to the velocity of the shear wave propagating

through the interparticle contacts of the soil, Vs, through the following equation:

G0 ¼ ρ � V2
s ð3Þ

In equation 3, ρ is the soil density. Figure 1(c) shows the relationship between the shear
wave velocity Vs. and effective confinement. The figure illustrates that, as for G0, there
is a power law between Vs and the effective confining stress which could be fitted, in
agreement with previous studies (Fratta & Santamarina 2002). As for the shear modulus,
specimens of sand with Laponite have higher shear wave velocity, by ~15%, with respect
to clean sands.
Figure 1(d) presents the values of the small strain damping ratio, D0, as a function of the

effective confinement. Dry mixed specimens of sand with Laponite have a higher small strain
damping ratio than clean sand. The differences are small but consistent, considering the strain
range in which D0 was measured on the sand-Laponite specimens is higher than clean sand.
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The higher damping values for sand-Laponite specimens suggest the effect of a viscous damp-
ing contribution from the presence of Laponite at the sand grain contacts. With regard to the
effect of confining stress on damping ratio, the data in Figure 1(d) do not show a clear trend.
However, limiting the analysis to individual tests, it appears there is no significant variation in
D0 with stress level for clean sand, in the stress range examined, indicating no change in the
nature of the inter-particle contacts. For most of the tests conducted on specimens with 1%
Laponite, D0 shows limited variation between 50 and 100 kPa. However, in the single test at
300 kPa, the data indicate a decrease of D0.

3.2 Variation of the dynamic properties with shear strain

Extensive work on the dynamic properties of soils show that for shear strain levels beyond
~10-3% there is a reduction of the shear modulus and an increment of the damping ratio with
cyclic shear strain, due to the transition from the linear to non-linear regime of deformation
(e.g., Chung et al. 1984, Khan & Cascante 2008). In this context, cyclic shearing could provide
further insight to understand the effects of Laponite on the strain non-linearity. This last stage
of the tests was performed after completion of the aging stage, which for specimens with
Laponite, extended at least 72 hours after the end of primary consolidation. Shear strains
ranged between 10-4 % and ~ 3x10-2 %.

Figure 1. Initial (a) shear modulus, (b) normalized shear modulus, (c) shear wave velocity, and (d)

damping ratio of clean sand and sand with Laponite, versus effective stress. Adapted from Ochoa-Cor-

nejo et al. 2019.
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Figure 2 shows the results of the undrained tests performed on clean sand, and sand with
1% Laponite at 100 kPa. Specifically, Figures 2(a)-(d) display on semi-logarithmic curves of
shear modulus, damping ratio, shear modulus normalized by G0, and normalized excess pore
pressure (Δu/σ’0), with shear strain. Figure 2(a) shows that the shear modulus of sand with 1%
Laponite is higher than that of clean sand in the entire shear strain range of the tests. Note
that due to aging, the values of G0 measured on the sand-Laponite specimens exceed the
values shown in Figure 1.
It is useful to plot these same data with the shear modulus normalized by G0, measured at

the start of the shearing stage at very small strains, as in Figure 2(c). This representation
better highlights how the specimen types have all similar response, with a substantially con-
stant value of the shear modulus up to approximately 10-3%. Beyond this threshold, the
curves show a similar reduction in the modulus up to a shear strain of 4x10-3 %, in corres-
pondence to which G/G0 is approximately 90%. For shear strains higher than 4x10-3%, the
curves diverge, with the clean sand having a significant degradation, followed by specimens
with 1% Laponite (at γs=10

-2%, G/G0 =0.6-0.7 for clean sand, and 0.75-0.85 for the sand-
Laponite specimens).
Resonant column tests were undrained; therefore, excess pore pressure generated. The

effective stress reduction, in part, explains the modulus degradation with shear strain. As
shown in Figure 2(d), the normalized excess pore pressures (Δu/σ’0) are zero in the small strain
regime of deformation, rising rapidly beyond a threshold shear strain. The presence of

Figure 2. Variation of (a) shear modulus, (b) normalized shear modulus, (c) normalized excess pore

pressure and (d) damping of clean sand and sand with Laponite, with the shear strain (tests at σ’0=100

kPa). Adapted from Ochoa-Cornejo et al. 2019.
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Laponite increases this threshold (~3x10-3% in clean sand to 5-7x10-3% for sand –Laponite),
and reduces excess pore pressures at any shear strain (Δu/σ’0 ~ 0.35-0.5 in clean sand, and Δu/
σ’0 ~0.05-0.15 for sand with Laponite, at shear strains of 10-2%).

For all materials examined, the threshold strain level is higher than the shear strain corres-
ponding to the onset of non-linearity. This implies that a mechanism, other than the reduction
in effective stress from excess pore pressure generation, contributes to the shear modulus deg-
radation, influencing the modulus reduction at very small strains.
Figure 2(b) presents the damping measurements. For all specimens, the damping ratio is

relatively constant for shear strains, in the linear regime, ranging between 10-4% and 10-3%.
The damping ratio values measured are in the 0.2%-1% range depending on the material. For
sand Laponite specimens, the damping ratios are smaller than the values reported in Figure 1
(d), due to aging. In the non-linear range, the damping is observed to increase with shear
strain for all specimens. The increase in damping with shear strain reflects the increased fric-
tional energy is dissipating due to the relative motion of particles and the grinding of the
asperities (Richart et al. 1970, Santamarina et al. 2001). In sand-Laponites specimens, add-
itional contributions from damping may come from the fines interacting with the sand grains,
as well as from the viscous fluid in the pore space, as suggested by previous studies (Ellis et al.
2000, Qiu 2010). The existence of other mechanisms potentially responsible for energy dissipa-
tion suggests that larger damping should be expected in the specimens with clay, as it appears
to be the case up to shear strains of 0.07%-0.01%. At larger strains, a larger damping ratio is
measured in clean sand relative to sand-Laponite, which may reflect a lubricating action of
the clay at the contacts, reducing the contribution to the overall damping coming from fric-
tional interactions.

3.3 Observations of Sand-Laponite interactions using optical microscopy

Fabric observations and micromechanical experiments provide supporting evidence for some
of the results presented earlier. The following observations were conducted under dry
conditions.
A single clean sand particle (glued to the tip of a push pin) was lowered onto a surface

covered with dry Laponite powder. Figure 3-left shows that, when lifted, the sand particle was
covered by some Laponite aggregates, proving adhesion between the sand surface and Lapo-
nite powder, suggesting that Laponite adheres to the sand surface and could be trapped at the
particle contacts in the granular media. Figure 3-center shows how the same sand particle
with Laponite on its surface can lift two sand grains, highlighting that the adhesion between
sand and Laponite is large enough to lift other sand particles. Figure 3-right shows particles

Figure 3. Left: sand grain with Laponite particles. Center: Sand with Laponite lifting two sand grains.

Right: post-mortem evidence of Laponite bridges.
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of an air dried sample after testing, to provide further evidence of the presence of Laponite in
between the sand grains. These images show that particles can be bonded/bridged together by
Laponite, affecting, for instance, in the increase in initial stiffness relative to the clean sand,
and other effects observed.

4 CONCLUSIONS

This work focused on the dynamic properties of Ottawa Sand with Laponite, a highly plastic
(PI>1000%) synthetic clay. Undrained resonant column tests were conducted on clean sands
specimens and specimens of sand with 1% of Laponite, by dry mass of the sand air dry mixed.
Specimens were flushed with water, back-pressure saturated and isotropically consolidated to
effective consolidation stresses of 100 or 300 kPa. Measurements of the small strain shear
modulus (G0) and small strain damping (D0) were performed to address changes of these
properties with stress level and strain.
With 1% Laponite, significant changes relative to the behavior of the clean sand are

observed in both G0 and D0, and in the behavior at higher shear strains. A significant increase
in G0 relative to the clean sand, under similar experimental conditions, is observed at all con-
fining stresses, with reduced stress dependence of the shear modulus compared to clean sand.
It was observed, also, that the small strain damping ratio, D0, increases relative to clean sand.
For the stress range of interest, while the small strain damping ratio of clean sand is rather
insensitive to changes in confining stress, D0 decreases with it in sand-Laponite specimens.
Regarding the behavior with the increment of shear strain, and relative to the behavior of

clean sand, the presence of Laponite induces an extension of the linear threshold, a delay in
the excess pore pressure generation, and reduced modulus degradation at any shear strain.
The impact of the presence of Laponite on the small strain behavior reflects how Laponite
affects the fabric and interactions at the grain-to-grain contact level. Particularly, the delay in
the generation of the excess pore pressure is in agreement with the liquefaction mitigation evi-
denced in previous studies (Ochoa-Cornejo et al. 2016).
Microscopy observations suggest that Laponite could be positioned at and around the con-

tacts between the sand grains. The strong interaction between the sand surface and the Lapo-
nite is depicted with micro-mechanical experiments conducted on single sand particles, even in
post-mortem specimens after testing.
The presence of Laponite at the contacts could explain the increase in the small strain

damping ratio, D0, observed relative to clean sand, which is consistent with the presence of
the Laponite at the contacts providing a viscous damping contribution which is absent in
clean sand. The presence of Laponite lower the values of damping measured at larger strains
in the sand with Laponite, relative to clean sand, as Laponite could be reducing energy dissi-
pation from frictional interactions of the sand particles, the primary mechanism of damping
at higher strains.
Overall, the mechanical observations in the sand with 1% Laponite are attributed to the dis-

tribution of the nanoclay at the grain contacts, inducing a bridge-effect between sand particles.
Further details and results can be found in Ochoa-Cornejo et al. (2019).
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