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The paper examines the effect of the presence of small percentages (1-5%) by dry mass of the sand of
laponite — a synthetic nanoclay with plasticity index exceeding 1000% — on the cyclic response of sand
with relative density in the 15-25% range. The work is based on cyclic triaxial tests performed on spe-
cimens prepared pluviating sand and laponite under dry conditions and then permeated with water. 1%
laponite impacts all stages of the cyclic tests, from the response during the first loading cycle to lique-
faction, increasing the cyclic resistance. Further benefits are observed with a longer pre-shear aging
period or higher dosages (3-5%) of laponite.

The observed behavior is associated with reduced mobility of the sand particles during cyclic loading,
which can be ascribed to two mechanisms: (1) bonding/bridging at the particle contacts due to the
charged laponite fines which are attracted to the sand grains; and (2) formation of a pore fluid with solid
like properties. The first appears to control the behavior with 1% laponite, while it is proposed that the
second is responsible for the response with higher dosages of laponite.

The results presented provide new insight into the effects of high plastic fines on the cyclic response
of sands, the “extreme” effects of the plasticity of the fines, and are significant in light of the possible use

of laponite for liquefaction mitigation, an idea first put forth by the authors.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Pore pressures are fundamental to understand soil behavior, as
in saturated soils they define effective stresses, which ultimately
control the stress-strain-strength behavior of soils. In the context
of earthquake geotechnical engineering, of particular significance
is the generation of excess pore pressure that occurs in granular
deposits due to ground shaking, as the accumulation of excess
pore pressure and the decrease in effective stresses associated
with this process can eventually lead to liquefaction, a phenom-
enon characterized by large deformations and in some cases cat-
astrophic failure of structures on loose to medium granular de-
posits (e.g. [1-4]).

Cyclic behavior and pore pressure generation in granular soil
deposits have been the object of extensive research, with efforts
focused on the response of clean sands (e.g. [5-7]). However,
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natural sand deposits present different amounts of fines and levels
of cementation, encouraging the study of the effect of these vari-
ables on the cyclic behavior of sands (e.g. [8-11]).

Studies on the impact of non-plastic fines on the cyclic re-
sponse and pore pressure development of sands present a wide
variety of results (e.g. [12-16]). In contrast, it is fairly accepted that
the presence of plastic fines (e.g. [2,17-20]) and cementation (e.g.
[11,21]) increase the cyclic resistance of sands.

Recently, EI Mohtar et al. [22,23] examined the effect of small
percentages (3-5%) of bentonite on the cyclic resistance of sands.
These clay percentages are at the low end of those examined by
other researchers, and smaller than the threshold values that are
thought to impact liquefaction resistance (e.g., in Youd et al. [24],
the curve for fines content less than 5% is referred to as the “clean
sand base curve”). The work by El Mohtar et al. [22,23], which was
aimed at developing a method for improving the liquefaction re-
sistance of granular soils, highlighted how amounts of bentonite as
small as 3% by dry mass of the sand lead to an increase in the
number of cycles to liquefaction of sand of over an order of
magnitude. Moreover, the cyclic resistance continues to improve
with continuous aging of the soil.
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The work presented in this paper builds on this previous re-
search and examines the effect of the presence of small percen-
tages of laponite on the response of sands to cyclic shear. Laponite
is a synthetic clay with particle diameter approximately ten times
smaller than bentonite, and plasticity index of 1100%, significantly
greater than that of bentonite, justifying its designation as a “su-
per-plastic” clay.

Cyclic triaxial tests are conducted on specimens prepared
mixing sand and 1% laponite (by dry mass of the sand) under dry
conditions and subsequently saturated with water. Additional tests
are conducted with dosages of 3% and 5% laponite. The response of
these specimens is evaluated by comparison with clean sand
specimens tested under similar conditions (skeleton relative
density and cyclic stress ratio), with specific focus on the analysis
of the excess pore pressure response. The paper carefully examines
the generation of pore pressure during the various stages of cyclic
loading, starting from the first loading cycle to the triggering of
large strains, to the initiation of liquefaction.

As the presence of as little as 1% of laponite (by dry mass of the
sand) is found to impact the cyclic response of the granular
medium significantly, the tests on sand-laponite mixtures provide
the means to examine the “extreme” effects of the plasticity of the
fines.

Moreover, analysis of the results for different amounts of la-
ponite and comparison to the existing database for sand-bentonite
specimens [22,23] provide insight into the relative impact of the
testing parameters (percentage and plasticity of the fines, and
time). They also highlight how, depending on the nature and the
fines content, different mechanisms may be responsible for the
observed increase in cyclic strength.

Finally, the cyclic behavior of sand-laponite mixtures is also
relevant to the potential use of laponite as an alternative to ben-
tonite for treating liquefiable soils. This idea was first put forth by
the authors' research team at Purdue University [25-27]. While
bentonite is natural and safe, its application in the field presents
some challenges related to (1) the chemical treatment with so-
dium pyro-phosphate required to control the short-term viscosity
of bentonite dispersions to allow permeation in a porous medium
[27]; (2) the inherent variability of this natural material, which can
lead to inconsistent results; and (3) difficulties in permeating finer
deposits. Laponite potentially overcomes these challenges due to
its smaller size when fully dispersed, its consistent properties, and
the delayed gelation properties of laponite dispersions. In this
context, this research provides insight into the amount of laponite
that might be necessary to deliver in a porous medium for im-
proving its liquefaction resistance and the changes in engineering
properties that might be anticipated.

2. Materials, equipment, and experimental procedures
2.1. Materials

As discussed in more detail below, the experimental program
included undrained cyclic triaxial testing on cylindrical specimens
prepared with clean Ottawa sand (C778) and mixtures of Ottawa
sand and laponite.

Ottawa sand is a clean uniform (C,=1.48) silica sand with
particle size distribution in the fine-to-medium range (100-
600 pm), and less than 1% fines. Ottawa sand particles have a
rounded to sub-rounded shape, soft gray color and specific gravity
(Gs) of 2.65. The maximum and minimum void ratios are
emax=0.480 and e,;;=0.783 [28].

Laponite, Na+0.7[(SigMgs.sLio_3)Ozo(OH)4]_0.7, is a synthetic na-
noclay similar to natural hectorite, which is used as a rheology
modifier in a range of applications (e.g. cosmetics, inks, paints,
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Fig. 1. a) Structure of laponite and b) geometry of individual laponite particle.

surface coatings, glazes). It is a 2:1 clay formed by a magnesium
octahedral sheet sandwiched between two silica tetrahedral
sheets (Fig. 1a). Isomorphic substitution of magnesium by lithium
atoms generates negative charges on both faces, which are coun-
terbalanced by interlayer cations, generally sodium. The rims have
weaker pH dependent positive charge. Single laponite particles
have a disk-like shape approximately 25 nm in diameter and 1 nm
thickness (Fig. 1b) and specific gravity of 2.57; bentonite particles
also have a fundamental thickness of 1 nm but the diameter is
much greater than laponite (200-1000 nm). In dry form, laponite
crystals form silt size stacks by sharing the interlayer sodium ions.
When dispersed in water, laponite hydrates and swells, forming a
clear, primarily monodisperse suspension, with behavior con-
trolled by electrical interactions. Depending on the experimental
conditions (clay concentration, pH, ionic strength) repulsive or
attractive forces control the structure and the response of the
dispersion (e.g. [29-32]).

As a result of the small particle size and its affinity for water,
laponite has a plasticity index (PI) of approximately 1100% [25].
This PI is significantly greater than that of natural clays (e.g. for
bentonite PI~350, [23]).

Laponite dispersions have rheological properties — early New-
tonian behavior and delayed gelation process (e.g. [29,32,33]) —
that are very attractive from the standpoint of delivering this
nano-clay into the subsurface. This aspect of behavior is not ad-
dressed in this paper, as the focus is on the cyclic response of
specimens prepared mixing sand and laponite under dry condi-
tions, and subsequently permeated with water.

Laponite is manufactured and commercialized by BYK Ad-
ditives and Instruments (previously Rockwood Additives Inc.) in
different grades. The general purpose grade, laponite RD, referred
to as laponite, was used in this work. Laponite RD is the material
most extensively documented in the literature.

2.2. Specimen preparation and testing procedures

Two triaxial apparatuses were used to perform the cyclic tests
presented in this paper: the CKC system from Soil Testing Equip-
ment (San Francisco, CA) and the STX-050 system from GCTS
(Tempe, AZ).
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Cyclic tests were conducted on clean sand and sand-laponite
specimens prepared by dry pluviation. The composite material
was prepared by placing sand and laponite in the desired pro-
portions (e.g. 1% of laponite by-dry-mass of sand) in a sealed
plastic container. Afterward, the container with the mixed mate-
rial was manually shaken for 20 min. A valve on the container,
connecting to a copper pipe of 30 cm in length and 0.50 cm in
diameter, was used to air-pluviate the mixture inside the triaxial
split mold. A similar container was used for clean sand specimens.
Air pluviation procedures were calibrated to achieve skeleton re-
lative densities (D) around 20% for both types of specimens. The
skeleton relative density is calculated based on the skeleton void
ratio (which considers that only the sand contributes to the solid
phase) and the limiting void ratios (emax and en,) of the clean
sand.

The dry pluviation procedure outlined above was selected
based on previous experience [22,23] with sand-bentonite (3% and
5%) mixtures, which showed that it was effective in producing
homogeneous specimens with minimal spatial variability in ben-
tonite content (within 0.25% of the targeted bentonite percentage).

Following setup, the specimens were first flushed with carbon
dioxide (CO,) and de-ionized, de-aired water under an effective
stress of 25-50 kPa, and then backpressure saturated to 200-
300 kPa to reach a B-value of at least 0.95. All specimens were
then isotropically consolidated to an effective stress of 100 kPa.
Irrespective of the presence of laponite, the consolidation process
was found to occur in less than 10 s. Clean sand specimens were
sheared after one hour of secondary consolidation, or aging, while
for the majority of the sand-laponite specimens, the aging stage
was extended to 72 h (with the effect of the aging duration ex-
amined in a select number of tests). The aging period was based on
results of rheological tests, which showed that at 72 h the rheo-
logical properties of the laponite pore fluid expected to develop in
the pore space were similar to those of the bentonite dispersions
examined in [22,23].

Cyclic loading was conducted at the end of the aging phase

Table 1
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under undrained conditions with a vertical loading frequency of
1 Hz. Applied cyclic stress ratios (CSR) ranged between 0.1 and 0.15
for clean sand and between 0.12 and 0.25 for sand with laponite.
Test information was recorded with a rate of 33 samples per cycle.

2.3. Testing program

The testing program included 21 tests, L1 to L21, on dry-mixed
sand-laponite specimens. Table 1 summarizes the testing condi-
tions examined, including type and percentage of fines, skeleton
relative density at end of consolidation, duration of the pre-shear
aging stage, and the cyclic stress ratio (CSR) applied during the
undrained shear stage. Table 1 also presents a series of parameters
that are used to characterize the cyclic response of the specimens.

Also included in Table 1 are data for clean sand specimens
obtained as part of this research project and during a previous
research effort documented in [22,23]. These data (tests CS1-CS7)
pertain to specimens prepared at similar values of the skeleton
relative density.

3. Cyclic triaxial tests results
3.1. Undrained cyclic resistance

Figs. 2 and 3 show the response of clean sand (Test CS3 with
D;sk=18% and CSR=0.096) and sand-laponite specimens (Test L2
with D;g=15% and CSR=0.137) subjected to cyclic loading. The
figures report the applied deviatoric stress (Figs. 2a and 3a), the
axial strain (Figs. 2b and 3b), and the excess pore pressure ratio
(Figs. 2c and 3c) versus the number of cycles (N), as well as the
stress paths in the MIT p’-q space (Figs. 2d and 3d).

It is seen that 100% of excess pore pressure is developed in both
specimens, causing the soil to reach a state of zero effective stress,
and triggering large axial deformations. Despite the lower skeleton
relative density and higher CSR applied, the sand-laponite

Summary of testing program and select results from tests on sand-laponite specimens and clean sand specimens.

Test # Fines % Fines Dy (%) Aging (h) CSR Niiq (100%PP)  Auyqc (KPa) AUp=Au/cycle (kPa/cycle) Nrrigg  AUrrigg (KPa)  Niig - Nirigg
L1 Laponite 1 25 71 0.116  No Liq 4.2 0.01 NA NA NA
L2 Laponite 1 15 72 0137 542 6.2 0.09 535 79.8 7
L3 Laponite 1 18 72 0.137 567 5.9 0.08 559 76.9 8
L4 Laponite 1 20 69 0.143 39 51 1.02 36 63.0 3
L5 Laponite 1 15 72 0.146 68 6.0 0.73 61 64.0 7
L6 Laponite 1 30 72 0.147 52 NA 0.86 50 73.5 2
L7 Laponite 1 25 65 0149 27 7.3 172 26 74.0 1
L8 Laponite 1 19 72 0163 41 6.3 133 39 75.3 2
L9 Laponite 1 20 72 0165 85 79 0.65 82 82.7 3
L10 Laponite 1 24 72 0194 32 8.4 1.48 30 63.5 2
L11 Laponite 1 20 72 0194 16 9.6 3.60 14 72.0 2
L12 Laponite 1 20 72 0239 3 12.6 34.04 2 42.0 1
L13 Laponite 1 31 1 0150 5 11.8 3.52 5 64.7 <1
L14 Laponite 1 12 35 0146 15 7.2 3.28 15 70 <1
L15 Laponite 1 23 192 0.150 6370 5.1 0.01 6360 NA 10
L16 Laponite 3 10 70 0139 255 -0.8 0.30 234 82.0 21
L17 Laponite 3 8 61 0.146 310 7.8 0.18 290 80.5 20
L18 Laponite 3 11 68 0.148 801 6.0 0.06 788 82.0 13
L19 Laponite 3 25 96 0150 1345 8.6 0.03 1320 75.0 25
L20 Laponite 5 18 97 0.150 No Liq 103 0.00 NA NA NA
121 Laponite 5 22 96 0.150 No Liq 119 0.00 NA NA NA
CS1° - 0 13 1 0.089 220 5.0 0.24 218 85.0 2
CS2? - 0 19 1 0.090 27 5.4 211 26 65.0 1.5
CS3 - 0 18 1 0.096 118 6.1 0.49 115 95.6 3
Cs4 - 0 22 1 0106 22 5.6 2.78 22 72.5 <1
CS5 - 0 25 1 0118 17 3.9 3.60 17 81.2 <1
CS6* - 0 16 1 0125 4 111 1155 4 444 <1
CS7° - 0 18 1 0139 1 144 17.80 <1 19.3 <1

@ Tests previously reported in [22,23].
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Fig. 2. Undrained cyclic response of clean sand sheared with CSR=0.096 (Test CS3): (a) deviatoric stress, (b) axial strain and (c) excess pore pressure ratio versus number of

cycles; (d) stress path.

Deviatoric Shear Stress, Ac [kPa]

Excess Pore Pressure Ratio,
Au/c

Fig. 3. Undrained cyclic response of sand-laponite specimen sheared with CSR=0.137 (Test L2): (a) deviatoric stress (b) axial strain (c) excess pore pressure ratio vs. number
of cycles and (d) stress path.
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specimen shows a significant increase in the number of cycles to
reach 100% of excess pore pressure compared to the clean sand
(from 125 to over 500 cycles). As shown below, under a CSR=0.137
the clean sand specimen would be able to resist only 1-2 loading
cycles. The specimen deformations, depicted by the axial strain
plots in Figs. 2b and 3b indicate small strains, almost negligible, for
most of the cycles applied. This condition is observed until very
close to the point of 100% of excess pore pressure development (or
liquefaction) when a rapid and significant increase in the mea-
sured axial strains is observed.

Despite the differences in the number of cycles to liquefaction
(NLig), the development of excess pore pressure shows a similar
trend in the two specimens: a first initial rapid increase, followed
by a “plateau,” where the rate of excess pore pressure generation is
approximately constant, and a final rapid acceleration in excess
pore pressure generation, reaching full development of excess
pore pressure after a few cycles of loading.

Comparison of Figs. 2c and 3c shows that the presence of 1%
laponite in the sand matrix affects all the stages of excess pore
pressure generation of the granular material, leading to an in-
crease in the cyclic resistance of the sand. This observation is
discussed in more detail below. The effective stress paths of the
specimens during testing shown in Figs. 2d and 3d, reflect the
increase in pore pressure with cyclic loading. As the number of
cycles increases, the effective stress paths move toward the left,
eventually intersecting the failure envelope of the material. At this
point, the deviatoric shear stress is bound by the critical state line,
and it can no longer be sustained by the specimen, eventually
decreasing, as shown in Figs. 2a and 3a.

The results from all cyclic triaxial tests performed on clean sand
and sand with 1% laponite specimens are summarized in Fig. 4.
They are plotted in terms of the cyclic stress ratio (CSR) versus the
number of cycles to liquefaction (on a logarithmic scale). As
summarized in Table 1, the majority of specimens were prepared
with end of consolidation values of the skeleton relative density,
Drgy,, between 15% and 25%. The symbol with the arrow in Fig. 4
indicates the number of cycles at which the test was terminated
after the specimen reached a plateau of constant pore pressure
generation, without reaching liquefaction.

Fig. 4 shows that, as expected, for both clean sand and sand-
laponite specimens, the number of cycles to liquefaction (Nyiq)
increases as the level of applied cyclic shear (CSR) decreases. The
plot shows the significant increase in the cyclic resistance due to
the presence of 1% laponite in the matrix of sand. At the same CSR,
the number of cycles needed to cause liquefaction of the sand-
laponite specimens is over one order of magnitude greater com-
pared to clean sand. Note that, while falling on two distinct bands,

0.40 e
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025 Fig
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0.00 i i L L

1 10 100 1000
Number of Cycles to Liquefaction, Ny,

10000

Fig. 4. Cyclic resistance of clean sand and sand-laponite specimens (1%)
(Drgg=15-25%).

the data show some scatter around the trend lines. This is not
uncommon (e.g. [34]) especially for low values of CSR.

As stated above, and summarized in Table 1, the clean sand and
sand-laponite specimens were tested after different durations of
the post-consolidation aging period (1 h and 72 h, respectively).
Aging is known to lead to an increase in the liquefaction resistance
of sands (e.g. [35-37]) and it is important to assess to what degree
the increase in cyclic resistance observed with the addition of 1%
laponite can be ascribed to the increased duration in aging. Based
on the analysis of extensive laboratory and field data, Hayati and
Andrus [37] propose two relationships for estimating Kpg, the
factor used to correct the cyclic resistance for the effects of age,
cementation and stress history.

The first relationship is based on the age of the sand, and uti-
lizes an average reference age of two days for the reconstituted
specimens. Given that the aging times considered in this study fall
below or very close to this reference time, use of this relationship
does not appear appropriate. The second relation linearly relates
the increase in cyclic resistance to the increase in shear wave ve-
locity observed over the same period. This relation can be used,
given the availability [38] of shear wave velocity data collected as a
function of time in resonant column tests performed on the same
soils examined in this paper. For clean sand, these data show no
detectable changes in the measured shear wave velocity between
1 h and 72 h, indicating that the difference in aging duration likely
plays a negligible role in determining the relative position of the
curves reported in Fig. 4.

The number of cycles to liquefaction (Nyiq) reported in Table 1
and Fig. 4 was identified for each test in correspondence to the
excess pore pressure reaching a value equal to the initial effective
confinement, i.e., 100% of excess pore pressure relative to the in-
itial effective stress, c'o. This liquefaction criterion is known as
‘Initial Liquefaction’ [39]. Another criterion employed in the lit-
erature identifies liquefaction based on the development of a
certain level of axial strain [2], since, as shown in Figs. 2b and 3b,
100% of excess pore pressure triggers significant axial deformation
of the specimens. In particular, the development of 5% double
amplitude (D.A.) axial strain has been widely used in the literature
to identify the number of cycles causing liquefaction.

Fig. 5 compares the number of cycles to liquefaction (Niiq)
determined using the initial liquefaction and the number of cycles
corresponding to a peak-to-peak axial strain of 5%. It is observed
that, as already reported by other authors (e.g. [40]), the two cri-
teria produce consistent results.

3.2. Pore pressure generation

The excess pore pressure generated during cyclic shearing has
been widely recognized as a key parameter to understand the
cyclic resistance of saturated sands [3,8,41]. Insight into the role
played by laponite can be gained by looking more closely at this
aspect of behavior. Fig. 6a shows the curves of excess pore pres-
sure normalized by the initial effective confining stress (c',) versus
the number of cycles for the two tests examined in Figs. 2 and 3.
Similar data for sand-laponite specimens sheared at different va-
lues of CSR are presented in Fig. 6b.

Fig. 6a shows that, as described above, the presence of 1% la-
ponite extends the number of cycles to reach liquefaction, in-
creasing the cyclic resistance relative to clean sands, despite the
higher values of the CSR. For all specimens, independent of the
presence of laponite and the CSR applied, the evolution of the
excess pore pressure follows the pattern described previously.
There is an initial rapid increase in the excess pore pressure, a
“plateau” where the excess pore pressure increases linearly, and a
final sharp acceleration of the excess pore pressure, with the
specimen reaching liquefaction (Au/c'o=100%) after a few
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Fig. 5. Comparison between number of cycles to liquefaction determined using
initial liquefaction criterion versus 5% axial strain double amplitude criterion.

additional cycles of loading. Fig. 6b illustrates the effect of in-
creasing CSR on the sand-laponite specimens. As expected, the
number of cycles to liquefaction reduces with increasing CSR. This
seems to be associated with a larger rate of increase of the pore
pressures in the “plateau” regime.

Given that the number of cycles to liquefaction depends on the
CSR, the data in Fig. 6 can be normalized plotting the excess pore
pressure ratio (Au/c'o) as a function of the normalized number of
cycles to liquefaction (N/Nyiq). Moreover, to separate the recover-
able component that is associated with each loading cycle and the
mean excess pore pressure accumulated from one cycle to the
next, the residual excess pore pressure ratio, r,, which is even-
tually responsible for liquefaction, is plotted on the ordinate.

Curves of r, versus N/Nyjq for tests on the clean sand with CSR
ranging between 0.089 and 0.118 are presented in Fig. 7a. From
Fig. 4 it is seen that over this range of values of the CSR, the
number of cycles to liquefaction increases from about 20 to over
200. This same normalized representation is used in Fig. 7b to
report data obtained from sand-laponite specimens, sheared with
CSR ranging between 0.137 and 0.239. This range of CSR values
corresponds to a broad range of cycles to liquefaction (from less
than 5 to over 500). Both figures include the band of excess pore
pressure generation curves proposed by Lee and Albaisa [42] and
complemented by De Alba et al. [1], based on an extensive testing
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program conducted on Monterrey and Sacramento sands. In these
works, the relative density varied between 30% and 90%, and the
CSR ranged between 0.10 and 0.28. In general, the upper boundary
corresponds to sands sheared at lower CSR values (and/or higher
relative density). The lower boundary is, instead, associated with
the behavior of specimens sheared with higher CSR.

Fig. 7a shows that the behavior of clean Ottawa sand falls
within the range established for clean sands by Lee an Albaisa [42]
and De Alba et al. [1]. As previously shown in these studies, as the
CSR increases, the curves shift downwards, approaching the lower
bound of the envelope. This observation indicates that, with in-
creasing CSR, the same loss in effective stress occurs at a higher
fraction of the number of cycles to liquefaction (for instance, with
CSR=0.089, 50% of the effective stress loss occurs before the
specimen has undergone about 60% of the cycles required to reach
liquefaction, versus 80% of the cycles to liquefaction in the case of
CSR=0.118). This does not imply that the rate of generation of
excess pore pressure increases with decreasing CSR - the opposite
is true as shown in Fig. 6 - but is a result of the significant rise in
the number of cycles to liquefaction with decreasing CSR.

Fig. 7b shows that the normalized pore pressure generation of
sand-laponite specimens follows a similar trend, i.e. the normalized
curves shift downwards with an increase in CSR. However, for CSR
values higher than 0.194 the normalized curves plot below the
boundary established for clean sands, indicating that the presence of
laponite in the sand matrix modifies the patterns usually observed in
the excess pore pressure generation of sands. Note that, as discussed
in more detail below, this is different than what was previously re-
ported for sand bentonite mixtures by El Mohtar et al. [23].

Further insight into the impact of the presence of 1% laponite
can be gained by looking at specific features of the behavior of the
specimens during cyclic loading, as done by El Mohtar et al. [23].
Fig. 8 shows a plot of excess pore pressure normalized by the pre-
shear effective stress (c'g) and axial strain versus the number of
cycles for a test conducted on clean sand. The response in Fig. 8 is
qualitatively representative of what is observed in all the tests on
clean sand and sand-laponite specimens that reached liquefaction.
The figure identifies several parameters that can be extracted from
the cyclic shear stage of each test. In particular, the following five
parameters are used in this paper to compare the behavior of clean
sand and sand-laponite specimens:

1. AU, the rate of mean excess pore pressure generation in the
plateau region;

2. Nrrigg, the number of cycles at which the axial strain exceeds
0.1% (this strain threshold is chosen here as it is considered to
represent the transition from small to large strains);

3. Auryigg, the excess pore pressure measured at Nryigg;

4. Nyiq, the number of cycles to liquefaction, based on the initial
liquefaction criterion;

CSR=0.165

CSR=0.137

CSR=0.194

Excess Pore Pressure Ratio, Au
]
/c',
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Fig. 6. Excess pore pressure during cyclic loading: (a) clean sand versus sand-laponite specimens; (b) sand-laponite specimens sheared at different CSR.
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Fig. 8. Stages of excess pore pressure generation and axial strain development
during undrained cyclic triaxial loading.

5. (NLig — Nrrigg) the number of cycles between triggering of axial
strains and liquefaction.

Table 1 summarizes these parameters for all tests conducted on
dry-mixed specimens of sand and laponite. A similar approach was
taken by El Mohtar et al. [23] to compare differences in the pore
pressure development behavior of clean sand and sand-bentonite
specimens (see more below). In place of Nryge these authors em-
ployed Nac, the number of cycles at the end of the plateau region
in correspondence to which the excess pore pressure development
accelerates. Accordingly, they utilized Auac, in place of Auryigg,
and (Nyiq - Nacc) in place of (Nijq — Nryigg). Nrigg is preferred here as
its identification is more straightforward than Nacc.

The effect of CSR and the presence of 1% laponite on the

number of cycles to liquefaction (Nyq) was examined in Fig. 4.
Fig. 9a-d illustrate the differences between the response of clean
sand and sand-laponite specimens prior to reaching liquefaction
by plotting the CSR versus AUp, Nryigg AUrrige and (Npig-Nryigg)-

Fig. 9a shows that for both clean sand and sand-laponite speci-
mens, the rate of excess pore pressure generation in the “plateau”
increases as the CSR increases. More interestingly, it is observed that
sand-laponite specimens require a greater CSR to produce the same
rate of excess pore pressure generation compared to clean sand.
Given that the rise in excess pore pressure is ultimately related to the
tendency of sand particles to displace relative to each other, this
suggests that the presence of laponite reduces the mobility of the
sand grains. This reduction of particle mobility delays the excess pore
pressure generation, decreasing the rate of generation and the cor-
responding loss of effective confinement, compared to clean sands.

Fig. 9b and c show that - for both clean sand and sand-laponite
specimens — the number of cycles at which the axial strains are
triggered, and the excess pore pressure that the specimen can
withstand before the occurrence of large deformations, decrease
with increasing CSR. Also, in this case, the presence of laponite
affects the response of the specimen: for the same CSR, sand-la-
ponite specimens can withstand a larger number of cycles before
the triggering of large axial strains. Moreover, as indicated in
Fig. 9¢, in presence of laponite the specimens can sustain a higher
excess pore pressure, and thus a greater effective stress loss, when
the axial strains are triggered.

Consistent with the previous observations are the data shown
in Fig. 9d. They illustrate how, once the axial strains are triggered,
the presence of laponite allows the sand to resist more cycles of
loading before reaching liquefaction, extending what can be
thought of as the “grace” period of the specimen. Overall, the above
effects contribute to increasing the liquefaction resistance of the
sand-laponite specimens observed in Fig. 4.
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3.3. Response during first loading cycle

The data discussed so far pertain to specimens prepared in
loose conditions, which would be expected to exhibit contractive
behavior as a result of shear. Moreover, the results presented
above focused on the behavior of the specimens after the appli-
cation of a significant number of cycles. However, laponite is ob-
served to impact the response of the specimen from the very early
stages of cyclic loading. Fig. 10a shows an example of the variation
of the deviator stress and the excess pore pressure during this very
early stage of the cyclic loading phase. It is observed that there is a
slight time lag in the generation of the excess pore pressure, which
translates into an offset between the curve of the deviator stress
and that of the excess pore pressure of about 0.07 s for the test
shown. This delay is not unexpected given the very rapid loading.
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A similar time lag is observed in all the tests, with the tests on
clean sand showing marginally lower values than the tests with
laponite. Note also that the values of the time lag are generally
consistent with predictions made with the method suggested in
Bishop and Henkel [43] for deriving the time required for excess
pore pressure equalization within a soil specimen (the predictions
were made using values of k, ¢, and m, derived from tests on
clean sand and sand-laponite specimens [25,26]). The above sug-
gests that the clean sand and sand-laponite excess pore pressure
data measured during the first quarter cycle may be compared, i.e.
are valid on a relative basis, if not in absolute terms.

This comparison is presented in Fig. 10b, which shows plots of
the CSR as a function of the excess pore pressure generated in the
first quarter of the first loading cycle, Auq, i.e. during the first
0.25 s of the shear stage. Fig. 10b shows that, as expected, for both

Au,y, (kPa)

Fig. 10. (a) Example of variation of deviator stress and pore pressure during first half cycle of cyclic shear phase, and (b) CSR versus excess pore pressure generated in the first

quarter of the first loading cycle (Aujqc).
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Fig. 11. Increase in cycles to liquefaction with post-consolidation aging time of
sand-laponite (1%) specimens (Tests L5, L6, L7, L13, L14, L15).

clean sand and sand-laponite specimens the higher the applied
CSR, the higher the excess pore pressure generated in this early
stage of undrained cyclic loading. More interestingly, the data
show that the CSR required to produce the same excess pore
pressure is higher in sand-laponite specimens compared to clean
sand. The difference is observed to increase with increasing CSR
values, overall indicating that the presence of laponite induces a
less contractive response. This observation is consistent with re-
cent results from monotonic triaxial tests [44].

3.4. Effect of duration or pre-shear aging and percentage of laponite
As indicated in Table 1, a limited number of tests on sand-

Table 2
Select results for clean sand and sand-bentonite specimens (data from 22,23,28).
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laponite specimens were conducted with shorter (1 and 35 h) and
longer (192 h~8 days) duration of the post-consolidation aging
stage (tests L13 through L15). As shown in Fig. 11, for similar values
of CSR (0.146-0.150), the number of cycles to liquefaction increases
with aging duration, with the relationship between number of
cycles to liquefaction and aging duration well described by an
exponential relationship. It should be noted from Table 1 that only
one test (L13) was performed following 1 h of aging. Unfortunately
the skeleton relative density for specimen L13 falls above the va-
lues for the other tests considered in Fig. 11. This, however, does
not undermine the conclusion drawn on the effects of aging as, if
anything, the results for test L13 overpredict the number of cycles
to liquefaction that would be sustained by a specimen with lower
Disk. It should also be noted that the number of cycles to lique-
faction (5) measured in test L13 is very close to the values mea-
sured on clean sand specimens tested at the same relative density
and cyclic stress ratio (e.g. see tests C14 and C15 in Table 2). This
indicates that aging is critical for laponite to improve the cyclic
resistance of sand.

Closer examination of the data presented in Table 1 for the tests
with different aging times indicates a consistent effect of the
duration of aging on the parameters used to describe the stages of
excess pore pressure generation. For example, it is seen that the
rate of pore pressure generation in the plateau region measured by
AU, consistently decreases with increasing aging, while Nryigg
increases with aging. Due to problems encountered in measuring
the excess pore pressure during the last portion of the cyclic test
on the specimen aged 8 days, Aurygg is not available for this test.
For the remaining tests (aging of 1-72 h), the Auryge data fall in a
tight range with no clear trend with aging duration.

The excess pore pressure measured during the first quarter
cycle for the aged specimens shows a consistent trend of

Test # Fines % Fines D (%) Aging (h) CSR Niig (100%PP)  Auqqc (kPa)  AUp,=Au/cycle(kPa/cycle) Nrrigg  AUtrigg (KPa)  Niig - Niyigg
B1 Bentonite 3 45 24 0.100 1270 5.6 0.10 825 89.5 445
B2 Bentonite 3 36 24 0.100 1493 6.5 0.07 1432 85.0 61
B3 Bentonite 3 35 24 0125 88 6.9 0.61 70 56.0 18
B4 Bentonite 3 41 24 0.150 50 7.2 138 43 64.3 7
B5 Bentonite 3 35 24 0.150 46 10.9 134 21 47.0 25
B6 Bentonite 3 45 24 0.160 36 9.1 1.60 20 454 16
B7 Bentonite 3 43 24 0.180 13 11.6 6.80 6 57.0 7
B8 Bentonite 3 40 24 0200 8 143 10.00 3 50.0 5
B9 Bentonite 3 34 24 0200 6 113 16.00 4 50.0 2
B10 Bentonite 3 31 96 0.200 5000 10.8 NA NA NA NA
B11 Bentonite 3 31 96 0.200 185 9.2 0.21 160 80.0 25
B12 Bentonite 3 35 96 0225 40 8.7 2.20 25 61.0 15
B13 Bentonite 3 37 96 0250 8 13.0 13.40 2 45.0 6
B14 Bentonite 5 33 24 0.120 5000 8.4 0.02 600 NA 4400
B15 Bentonite 5 33 24 0.150 5000 13.6 0.02 5000 60.0 NA
B16 Bentonite 5 42 24 0.150 180 49 0.54 110 72.5 70
B17 Bentonite 5 40 24 0.150 100 8.7 0.36 87 70.0 13
B18 Bentonite 5 37 24 0.150 400 133 0.24 350 78.2 50
B19 Bentonite 5 40 24 0175 30 12.8 217 20 78.5 10
B20 Bentonite 5 43 24 0.175 20 124 497 11 74.6 9
B21 Bentonite 5 39 24 0.200 12 14.8 9.63 4 61.2 8
B22 Bentonite 5 37 24 0200 15 7.5 713 4 46.0 11
B23 Bentonite 5 38 24 0200 10 15.1 9.71 5 70.5 5
B24 Bentonite 5 37 24 0250 5 18.4 20.00 2 30.0 3
CS8* - 0 35 1 0.060 NA 2.9 0.02 NA NA NA
CS9 - 0 41 1 0.100 154 3.8 0.36 147 80.6 7
CS10 - 0 35 1 0.100 85 4.3 0.58 75 64.3 10
CS11 - 0 33 1 0110 57 5.6 1.06 51 794 6
Cs12° 0 35 1 0115 52 7.0 118 50 84.5 2
CS13 - 0 35 1 0125 15 6.0 5.64 12 84.9 3
CS14 - 0 32 1 0150 12 5.8 2.52 9 56.5 3
CS15 - 0 37 1 0150 8 6.1 9.26 5 47.0 3

@ Test suspended after 5000 cycles with constant DU,,.
P Test from this research program.
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decreased contractive behavior with increasing aging. Specifically,
for similar values of CSR, Auyqc goes from ~ 12, to 6-7, to 5 kPa as
the aging increases from 1 (Test L13) to 65-72 (Tests L5 and L7) to
192 h (Test L15).

As summarized in Table 1, six tests were performed on speci-
mens prepared with 3% (L16-L19) and 5% (L20 and L21) laponite
by dry mass of the sand. The test conditions varied slightly from
those existing in the 1% laponite tests, in that for these tests the
average D;sx was ~17% (with three of the tests having D, in the
8-11% range) compared to D ~21% for the 1% laponite speci-
mens. Moreover, for 5% laponite, both tests were conducted at a
higher aging time (96 h versus the average 71 h used for reference
tests with 1% laponite). Despite these differences, based on the
summary of the results shown in Table 1, conclusions can be
drawn on the effect of the laponite percentage content on the li-
quefaction resistance, making two distinct comparisons. To start,
focusing only on the 1% and 3% laponite specimens, one can
compare tests L5 (1% laponite, CSR=0.146, D,sc=15%) and L18 (3%
laponite, CSR=0.148, D,=11%); despite the slightly higher CSR
and slightly lower D, test L18 resisted 801 loading cycles before
liquefying, compared to 68 for test L5. Examination of the re-
maining data reported in Table 1 for these two tests also shows
that the increase in laponite dosage is associated with: a reduction
in AUy, (from 0.73 to 0.06 kPa/cycle) and an increase in Nrygg
(from 62 to 788), Auryigg (from 64 to 82 kPa), and Niiq-Nryigg (from
7 to 13). Second, one can compare the results for three tests per-
formed with CSR=0.15 and 96 h of post-consolidation aging: one
(L19) performed on sand with 3% laponite, the other two (L20 and
L21) on sand with 5% laponite: test L19 (3% laponite, Dys=25%)
liquefied after 1345 cycles, while neither L20 nor L21 (both with
5% laponite and D;sc=18% and 22%) reached liquefaction. This
indicates that the trend of increasing liquefaction resistance with
increasing laponite content extends to at least 5% laponite. Col-
lectively, the data above indicate that for the same CSR and aging
duration, an increase in the percentage of laponite translates into
an increased number of cycles to liquefaction.

While the data presented above suggest a consistent picture of
the effect of increasing the percentage of laponite on excess pore
pressure development during cyclic loading, the data sets for the
different percentages of laponite differ in some regards. First, it is
observed that, unlike what was found for 1% laponite (Fig. 7b), for
the 3% laponite specimens, the curves of r,, the residual excess
pore pressure ratio versus N/Nyq, fall in the upper range of the
clean sand band (see Fig. 7c). Comparison of Fig. 7b and c indicates
that the three curves for 3% laponite with CSR=0.146-0.150 are
shifted upwards relative to the curves for 1% laponite specimens
with comparable CSR (0.137 and 0.163). This is due to the higher
rate of excess pore pressure generation in the first part of the test.
This result is consistent with previous observations on the effect of
the presence of fines on the excess pore pressure generation be-
havior reported in the literature (e.g. [23,45,46]). As indicated in
Table 1, on average, the specimens with 3% laponite are char-
acterized by skeleton relative density lower than that of the 1%
laponite specimens (with three of them having values lower than
any of the 1% laponite specimens). The upward shift in the curves
of ry versus N/Niq with 3% laponite cannot be ascribed to this
difference, as a reduction in relative density is actually known to
have the opposite effect, i.e. to shift the curve downward (e.g.
[45]). This is somewhat counterintuitive. While it is true that a
larger excess pore pressure is generated at any given cycle N as the
relative density decreases (causing a looser specimen to liquefy
earlier), the trend observed in Fig. 7c is a by-product of the nor-
malization of N by Ny, as the latter parameter increases with
increasing relative density.

Note that given that the 5% laponite specimens did not reach
liquefaction, the curves for these specimens were not included in

Fig. 7.

An additional aspect that differentiates the 1% laponite results
from those with higher laponite % is the response during the first
loading cycle. The Aujqc data for 3% laponite fall in the band
formed by the 1% laponite results (see values in Table 1). However,
for 5% laponite the values of Au;q. exceed those measured on the
1% laponite specimens tested at the same CSR (i.e. for CSR = 0.15
Aujge = 10-12kPa in tests L20-L21, compared to the average
value of 8 kPa obtained from the regression line through the 1%
laponite data in Fig. 10a). This indicates a more contractive beha-
vior at least during this very early portion of the cyclic shear stage
relative to the 1% laponite specimens. Moreover, while all other
data show a trend of decreasing Au;qc with increasing cyclic re-
sistance, the data for 3% and 5% laponite do not follow this trend
(e.g. tests L20 and L21, which did not reach liquefaction display
amongst the highest measured values of Auyq).

The above observations suggest that the mechanism
(s) responsible for the improved resistance to liquefaction may be
different in these specimens relative to those with 1% laponite.
This aspect is examined further below.

4. Comparison to sand-bentonite specimens

Recently, El Mohtar et al. [22,23] studied the effect of the
presence of small percentages of bentonite on the cyclic behavior
of Ottawa sand. Comparison of the data collected for the sand-
laponite specimens to the published results for bentonite provides
insight into the role played by the type and dosage of fines.

The testing conditions examined by El Mohtar et al. [22,23] are
similar to those considered in this work with regard to the fol-
lowing: dry pluviation method for specimen formation, back-
pressure saturation, consolidation to 100 kPa, sinusoidal cyclic
waveform, cyclic frequency ~1 Hz. The work by El Mohtar et al.
[22,23] differs, however, in the following aspects: i) the “dosages”
of bentonite examined were larger (3% and 5% by dry mass of the
sand, compared to 1% for laponite); ii) the targeted value of the
skeleton relative density was higher than that considered in this
work (Dysx~35% versus D;g~20%); iii) the sand-bentonite speci-
mens were allowed to “rest” for 72 h prior to the application of
backpressure to allow full swelling of the clay; and iv) in the
majority of the tests the cyclic shear stage followed a 24 h post-
consolidation period (with additional tests performed extending
this aging period). Table 2 summarizes key results from the cyclic
tests conducted on sand bentonite specimens, as well as from tests
on clean sand specimens of similar skeleton relative density. These
data include information presented by El Mohtar et al. [22,23], as
well as additional data extracted from the test results.

Fig. 12 shows curves describing the relationship between CSR
and number of cycles to liquefaction for specimens of: clean sand
(D;~20% and ~35%), sand with 1% laponite (average D,g~21%),
sand with 3% bentonite (average Ds~38%, with 24 and 96 h
aging), and sand with 5% bentonite (average D;s~39%, 24 h
aging). The continuous curves through the bentonite and clean
sand (D,~35%) data are the best fit lines provided by El Mohtar
et al. [22] (see data in Table 2). The circular gray symbols are the
results for sand-laponite specimens (same as data presented in
Fig. 4). For clarity, the best fit line shown in Fig. 4 for the sand-
laponite results is not shown here. Only limited data for higher
dosages of laponite are included in this figure (they pertain to tests
L19-L21; see larger circular gray symbols). For clarity, the re-
maining data are omitted as they pertain to significantly lower
values of skeletal relative density (see Table 1). As in Fig. 4, the
symbols with an arrow indicate that the test was terminated after
the specimen reached a plateau of constant pore pressure gen-
eration, without reaching liquefaction.
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Fig. 12. CSR versus number of cycles to liquefaction: comparison between clean
sand, sand-laponite and sand-bentonite specimens (sand-bentonite data from
[22]).

The data presented in Fig. 12 clearly show the well documented
(e.g. [24,40,47]) effect of relative density on the cyclic resistance of
clean sand (compare clean sand data for Dr~35% and Dr~20%);
and the various data sets — clean sand, sand-laponite (1%) and
sand-bentonite (3% and 5%) — show the expected trends of de-
creasing number of cycles to liquefaction with increasing CSR.
More importantly, Fig. 12 shows that relative to the clean sand
specimens, the addition of the bentonite or laponite fines trans-
lates into an increase in the number of cycles to liquefaction of at
least one order of magnitude at any CSR, and an increase in the
threshold CSR in correspondence to which liquefaction is never
reached. Despite the lower skeleton relative density, and the
smaller clay percentage, the data for 1% laponite fall on the band
formed by the 3% and 5% bentonite 24-hour aging results.

The plots presented in Fig. 13 provide additional insight into
the role played by the fines, and the relative “performance” of
bentonite and laponite fines. As done earlier in Fig. 9, Fig. 13a-d
plot the mean excess pore pressure generation rate in the plateau
region (AUp,), the number of cycles when an axial strain greater
than 0.1% is triggered (Nrgg), the excess pore pressure at Nryigg
(Auryigg), and the “grace period” (Nyig-Nryigg). The continuous lines
represent regression fits through the various data sets while the
sand-laponite results are presented with gray circular symbols
(again no best fit line shown here for this data set).

For all types of specimens examined (clean sand, sand bento-
nite and sand laponite) the same trends of increasing AUm, and
decreasing Nrrigg, AUrrigg and (Niiq-Nrrigg) With increasing CSR are
observed. Comparison of the two data sets for clean sand also
highlights the effect of changes in relative density on these same
excess pore pressure generation parameters.

The figures illustrate the impact of the presence of bentonite
fines on the pore pressure generation behavior during cyclic
loading previously in part highlighted by El Mohtar et al. [23]. In
brief, as already summarized above for laponite, relative to the
behavior observed for clean sand specimens of equal D, the
presence of bentonite fines reduces the generation of excess pore
pressure in the plateau region (Fig. 13a), increases the number of
cycles (Nrigg) required to trigger axial strains greater than 0.1%
(Fig. 13b), allows the specimen to tolerate a greater effective stress
loss before Nrygg is reached (Fig. 13c), and extends the number of
cycles that the specimen can sustain after Nrige and before li-
quefaction is reached (Niig-Nrrigg) (Fig. 13d). Moreover, as seen
above for laponite, increases in bentonite percentage or aging
duration are associated with a further improvement in response.

It is of interest to examine the position of the laponite data
relative to the results for bentonite. Fig. 13a—c show that, in the

case of 1% laponite, the results for AUm, Nryigg, and Auryigg fall
within the band formed by the bentonite data, and around the
regression line for the 5% bentonite specimens aged 24 h. Given
the lower skeleton relative density and smaller percentage of ad-
ded plastic fines, the similar performance of these specimens in
reducing the generation of excess pore pressure during cyclic
loading, suggests that plasticity of the fines and aging duration,
rather than fines percentage are the controlling factors.

Comparison of the laponite and bentonite results also high-
lights some important differences between these two data sets.
First, Fig. 13d shows that in terms of Nyjq-Nryige, the performance of
the sand-laponite (1%) specimens is consistently inferior to that of
all the specimens with bentonite, although still better than that of
clean sand with D; as high as 35%. This means that once axial
strains are triggered, sand-laponite specimens have a more limited
capability relative to sand-bentonite specimens to withstand ad-
ditional loading cycles.

A second difference between the two data sets is observed in
the values of excess pore pressure measured during the first
loading cycle (Auyqc). Auqqc data derived from the cyclic tests on
sand-bentonite mixtures reported in [22,23] are summarized in
Table 2 and plotted in Fig. 14 alongside data for clean sand with
similar skeleton relative density. Also shown is the regression line
through the data for clean sand with lower relative density pre-
viously shown in Fig. 10. Fig. 14 shows that, as expected, for all
specimen types there is a general trend of increasing Au;qc with
CSR, and that specimens of the same kind (e.g. clean sand) exhibit
decreasing Au;qc with increasing D, at the same CSR (e.g. com-
pare clean sand with D.5=20% and 35%). More importantly, it is
observed that the data for the specimens with 3% and 5% bentonite
(24 h of aging) generally plot to the right of the data for clean sand
with similar D (~35%), with the 5% bentonite specimens for the
most part showing larger Au;qc than the 3% bentonite specimens
at the same CSR. These results indicate that, in contrast to what
was shown above for specimens with 1% laponite, the presence of
3% and 5% bentonite induces a slightly more contractive tendency
during the very early stages of shearing. This is in agreement with
results from undrained monotonic triaxial tests performed on
these same materials by El Mohtar et al. [22], which showed an
initial more contractive tendency (Note that, as shown in Table 2,
this behavior is reversed with extended aging, again consistent
with the monotonic data reported in [22]).

Consistent with this observation are the curves of residual ex-
cess pore pressure ratio versus N/Nyjq reported for specimens with
3% and 5% bentonite in [22]. These data show that the addition of
bentonite causes an upward shift of the curves relative to the clean
sand, an indication of the higher rate of excess pore pressure
generation in the earlier cycles. This observation is in contrast to
what is shown in Fig. 7a-b for 1% laponite, but similar to the be-
havior of the specimens with 3% laponite (Fig. 7c).

Finally, the data presented in Fig. 11 and Tables 1 and 2 suggest
that the specimens with 3% bentonite may be more affected by
aging than those with 1% laponite (e.g. compare increase in cycles
to liquefaction as aging increases from 24 h to 3-4 days).

Overall, these differences are, likely, a reflection of differences
between the specimens at the microstructure level.

5. Hypothesized mechanisms that enable observed behavior

The sections above presented the results of cyclic tests per-
formed on sand-laponite specimens and highlighted the impact of
the presence of these super plastic fines on the pore pressure
generation behavior and the resistance to liquefaction measured in
cyclic tests. Additionally, these data were compared to an ex-
tensive database collected for sand-bentonite specimens. Table 3
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summarizes the main observations made on the response of these

Table 3

materials. The response can be explained based on the fabric
formed as a result of the nature and dimension of the clay fines
and the specimen preparation procedure.

Because of their highly charged surface, laponite and bentonite
particles are electrostatically attracted to the sand surface, and,
when mixed dry, tend to coat the topography of the grains. This
means that even with very small amounts of clay (and, in the case
of laponite, despite the silt size of stacks formed by the laponite
crystals in dry conditions), the fines are not hosted in the pore
space between the particles, i.e. the fabric formed is not perfectly
non-floating. This is supported by measurements of the limiting
void ratios in presence of laponite, which show an increase in the
skeletal void ratios with as little as 1% laponite [38].

This observation is in contrast to what occurs in mixtures of
sand and “coarser” fines, such as silt, which do not have a tendency
to attach to the sand grains. For these materials the upper
threshold fines content to prevent a floating fabric has been found
to be as high as 20-30% (e.g. [16]). Note also that the laponite
contents (1-3%) found to interfere with direct interparticle contact
between the sand grains are significantly lower than the threshold
values that would be predicted using the relationship proposed by

Summary of observations on cyclic behavior of sand-Laponite and sand-bentonite specimens.

1% LAPONITE 3 & 5% LAPONITE

3 & 5% BENTONITE

Relative to clean sand
- increase in Nyq (Fig. 4)

Relative to 1% Laponite

Nrrigg, AUTrigg, NLiq-Nrrigg) (Fig. 9)
- reduced contractive behavior during first loading

(Fig. 10) (Table 1)

- increase in Nijq (Table 1)

- improvement in all pore pressure parameters (AUn, - improvement in pore pressure parameters (AUm,Nrrigg,
Auryigg, Niiq-Nrrigg) (Table 1)

- more contractive behavior during first

Relative to sand-Laponite
— higher dosage required for equal increase in Nyq
(Fig. 12)
— longer grace period (Npig-Nrrigg) (Fig. 13d)
loading - more contractive behavior during first loading
(Fig. 14)

- downwards shift in ryvs. N/Niq curve (lower rate of - upwards shift in ryvs. N/Nyq curve (higher rate of ex- - r, vs. N/Nyq curve similar to 3% laponite (lower

excess pore pressure generation) (Fig. 7b)
— further improvement with extended aging

cess pore pressure generation) (Fig. 7c)

rate of excess pore pressure generation)
— greater sensitivity to extended aging
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Mitchell and Soga [48].

In light of this, it is hypothesized that the following two me-
chanisms are responsible for the behavior observed in the cyclic
tests:

(1) bonding/bridging at the particle contacts due to the fines;

(2) formation in the pore space of a pore fluid with solid-like
properties as a result of the hydration of the clay particles
present in the pore space.

Both these mechanisms can contribute to restraining the mo-
bility of the sand particles during cyclic loading, and thus can
account for the improved resistance to liquefaction observed when
testing specimens with laponite (and bentonite). The existence of
these mechanisms explains not only the increase in cyclic re-
sistance (as measured by a greater Ny;q at any CSR) relative to clean
sand, as well as the changes in the pore pressure parameters
(AU, Nrigg, Auryigg) examined in this work, but also the observed
differences between the different sets of data reported above.

It is proposed that in the specimens with 1% laponite, the first
is the primary mechanism. In this case, even after water is per-
meated through the specimen, and the clay hydrates, due to the
small amount of clay present, the pore space cannot be fully oc-
cupied by the clay-based pore fluid. Instead, there is a high con-
centration of clay in close proximity to the particles, whereas part
of the void space continues to be occupied by water. This hy-
pothesis is supported by cryo-SEM observations conducted on
sand-laponite (1%) specimens [49], which show higher con-
centrations of the clay gel in proximity to the particles and the
presence of water “pockets.” Moreover, hydraulic conductivity
measurements on specimens with 1% laponite [25] suggest partial
connectivity between these water filled areas. Under these cir-
cumstances the restraint to particle movement during cyclic
loading cannot be ascribed to the formation in the sand pore space
of a continuous clay gel with solid (elastic) like properties, as
suggested for sand-bentonite mixtures [22,23]. It is instead due to
a form of interparticle bonding/bridging (mechanism (1) above).
This hypothesis can explain also the reduction in contractive
tendency observed during the first loading cycle (Fig. 10). More-
over, it is consistent with the results of resonant column tests on
specimens with 1% laponite [38], which show an increase in Guax
relative to clean sand specimens with the same skeleton relative
density.

Higher dosages of either laponite or bentonite lead to two
differences in the fabric of the specimen: greater trapping of fines
between the sand grains and extension of the clay gel throughout
the pore space.

The larger amounts of clay trapped between the sand grains
limit bridging between the particles. Following flushing of the
specimen with water, this leads to the formation of what has been
referred to in [28] as a “quasi-floating” fabric, with a soft clay layer
between the sand grains. This fabric has been shown to explain the
reduction in peak friction angle [22] and in shear stiffness (Gmyax)
[22,50] measured in sand-bentonite specimens relative to clean
sand. It can also explain the increase in contractive tendency
compared to clean sand measured in sand-bentonite specimens
during the first loading cycle (Fig. 14).

The hypothesis of the formation of a thin softer layer between
the sand particles in presence of bentonite can be extended to
specimens with 3% and 5% laponite. It is supported by observed
similarities between these sets of data. These include: (i) the po-
sition of the residual excess pore pressure ratio curves (Fig. 7c); (ii)
the excess pore pressure values measured during the first loading
cycle (Table 1) which equal or exceed the values observed for 1%
laponite; and (iii) the reported [38] reduction in G,,x measured on
specimens with 3% laponite at the same confining stress used in

this study compared to specimens with 1% laponite.

Overall, the above suggests that mechanism (1) likely plays a
small, if any, role in the increase in liquefaction resistance ob-
served in the specimens with 3% and 5% laponite or bentonite. For
these specimens the second mechanism outlined above appears to
be, instead, responsible for this behavior. It is enabled by the
second difference that arises in the specimen fabric due to the
presence of higher dosages of laponite or bentonite, i.e. the ex-
tension throughout the pore space of the clay gel formed following
permeation of the specimens by water. Phase relations calcula-
tions and swelling measurements [28,38] show that for the values
of relative density examined, approximately 3% of bentonite or
laponite is required for the pore space to be fully occupied by the
clay after swelling. Evidence of the more complete extension of
the gel in the pore space is, for example, the ten-fold decrease in
hydraulic conductivity (k,) measured in specimens with 5% ben-
tonite [28] relative to specimens with 1% laponite [25].

Analysis of the mechanical behavior of the laponite and ben-
tonite gels formed in the sand pore space [27,51] shows that these
materials exhibit essentially solid-like behavior up to shear strains
of 10% or greater. This has led to propose [27] that up to these
magnitudes of shear strain, the clay gel is able to restrain any
movement of the sand grains during cyclic loading. This suggests
that through mechanism (2) the specimens can sustain greater
deformation before reaching failure, compared to mechanism (1).
This would explain the fact that specimens with 1% laponite
consistently exhibit shorter “grace periods,” as measured by the
number Nyjg-Nrrige, compared to the specimens with higher do-
sages of clay (Fig. 13d).

6. Conclusions

This paper presents the results of a cyclic triaxial testing pro-
gram conducted on loose specimens of clean sand and sand con-
taining small amounts (1-5% by dry mass of the sand) of laponite.
The objectives of the work were to quantify the impact of this
highly plastic nano-clay on the cyclic behavior of the sand, and
compare the results to those for clean sand as well as to data from
a previous study using bentonite.

The tests show that specimens with 1% laponite present a cyclic
resistance, as measured by the number of cycles to reach 100% of
excess pore pressure development, more than one order of mag-
nitude larger relative to the clean sand tested under similar testing
conditions (cyclic stress ratio and skeleton relative density).

Sand-laponite (1%) and clean sand specimens present similar
patterns in the excess pore pressure generation and axial strain
response during cyclic shear. However, the presence of 1% laponite
is observed to impact the pore pressure development throughout
the entire cyclic loading stage: it decreases the rate of excess pore
pressure development (AU,,) in the early portion of the test
(plateau region); it increases the number of cycles (Nrgg) and pore
pressure (Aurygs) measured when large axial strains are initiated;
and extends the specimen's “grace period,” i.e. the number of cy-
cles that it can sustain after large strains are triggered and before
liquefaction occurs (Niig-Nrrigg)-

The presence of 1% laponite also produces a change in the re-
sponse of sands at early stages of cyclic loading, inducing lower
excess pore pressure during the first loading cycle, evidence of the
reduced contractiveness of the material. This small addition of
laponite also has a profound effect on the residual excess pore
pressure ratio curves (ry vs. N/Niq), which fall outside of the limits
proposed in the literature for clean sands.

The effectiveness of laponite in improving the cyclic resistance
hinges on allowing it to age, and further improvements in beha-
vior are observed as the specimen's pre-shear aging period is
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extended.

Higher dosages (3-5%) of laponite cause further increase in
cyclic resistance, and have a consistent impact on the parameters
used to describe the excess pore pressure generation behavior, in
particular reducing AUy, and increasing Nryigg and Npiq-Nrigg.

There are similarities in the behavior of sand-bentonite and
sand-laponite specimens. Collective analysis of the sand-laponite
and sand-bentonite results suggests that plasticity of the fines and
aging duration, rather than fines percentage, are the controlling
factors.

Two mechanisms are proposed to explain the behaviors ob-
served in sand-laponite and sand-bentonite specimens: (1) bond-
ing/bridging at the particle contacts due to the laponite/bentonite
fines; and (2) formation in the pore space of a pore fluid with solid
like properties, as a result of the hydration of the clay present in
the pore space. These mechanisms can both account for the re-
duced mobility of the sand particles during cyclic loading relative
to clean sands.

Analysis of the results of the experimental program docu-
mented in this paper suggests that the first mechanism controls
the behavior of specimens with 1% laponite, while the second is
responsible for the increase in cyclic resistance observed with
higher dosages of either laponite or bentonite.
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