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ABSTRACT

Despite the large volume of experimental studies on the dynamic behavior of sands and silty sands, the dynamic
undrained characteristics of cohesionless silt and sandy silt soils are less understood. A comprehensive laboratory
testing program is conducted to characterize the dynamic properties of silt and sandy silt soils with 75% and 50% silt
contents. The elastic soil behavior at very small shear strains (y < 10'4%) is investigated through shear wave velocity
(Vs) measurements using bender elements at vertical stresses ranging from 50 to 300 kPa. In addition, strain-
controlled constant-volume cyclic ring shear tests are carried out to establish shear modulus (G) and damping ratio
(D) at larger shear strain amplitudes (y > 0.01%) and investigate the influence of silt content and y on these
parameters. The results demonstrate that Vs and the maximum shear modulus (G,) increase with increasing silt
content. Vs is also found to vary with the effective overburden stress to the power of 0.33 - 0.38 for all silt and sandy
silt mixes. The results further show that while undrained G decreases with increasing y, D increases with increasing y

only up to y < 1%, beyond which it exhibits a decreasing trend.

1 INTRODUCTION

Soil dynamic shear modulus and damping ratio are
important soil parameters in seismic ground response and
soil-structure analyses as well as determining earthquake
ground motions. The maximum (small-strain) shear
modulus (G,) of a soil is obtained from the measurement
of shear wave velocity (Vs) as below:

G,=pV;
(1)

where G is in Pa, Vs is in m/s, and p is the total soil
mass density in kg/m’. As a shear wave produces
negligible slippage at particle contacts, it propagates
primarily by the elastic deformation of particles at their
contacts. With increasing shear strain (> 0.01%), soil
particles start to slip at their contacts and even rearrange
in addition to their elastic deformation. This results in soil
stiffness degradation, which is determined by a secant
shear modulus (G) or a reduction of the normalized shear
modulus, G/G, (Matasovic and Vucetic, 1995). G is
obtained from the slope of the line connecting the tips of a
cyclic stress-strain loop as illustrated in Figure 1 and
using the following equation:

10
75% Silt T
8 max
© 6
&
= 4}
o
& L
w2
@
s 0
]
5 2f
2
w A
Tmin
6r |G
-8 1 1 L L
0.2 0.1 0.0 0.1 0.2

Shear Strain, y (%)

Figure 1: A cyclic stress-strain loop from a constant-
volume cyclic ring shear test on a specimen with 75% silt
content at y = 0.16% and o'\ = 100 kPa

The damping ratio (D) of soils represents the energy
dissipated in a soil element during a cycle of loading by
friction among soil particles, particle rearrangement, and
soil non-linear behavior. This is determined as below:

where Wp is energy dissipated in one cycle of loading,
calculated from the area of the hysteresis cyclic loop, and



Ws is the maximum strain energy stored during the
loading cycle, equal to the triangular area of OAB in
Figure 1.

Despite the wealth of data on the dynamic
characteristic of sand and clay soils (Hardin and Drnevich
1972; Ishibashi and Zhang 1993; Lo Presti et al. 1997,
Vucetic et al. 1998; Zhang et al. 2005), experimental
studies on the shear modulus and damping ratio of silt
and sandy silt soils which have gradations at the
borderline between sand and clay is rather limited. In this
study, a comprehensive laboratory testing program is
carried out using an advanced cyclic ring shear testing
apparatus to characterize the shear modulus and
damping ratio of silts and sandy silts (with fines contents
more than 50%). Other studies have often used cyclic
triaxial testing to determine G/G, and D of cohesionless
soils (El Mohtar, et al., 2013, Georgiannou, et al., 1991,
Wichtmann, et al., 2015). A soil specimen in a cyclic
triaxial test experiences: 1) typically isotropic
consolidation, 2) repeated 90° flipping of principal
stresses from compression to extension, 3) axisymmetric
boundary conditions, and 4) possible necking during
extension loading. These characteristics differ from field
stress conditions which are seldom isotropic and involve a
smooth rotation of principal stresses typically under plane-
strain boundary conditions. These discrepancies make it
difficult and complicated to directly apply cyclic triaxial test
results to field conditions. Cyclic ring shear testing
essentially resembles a direct simple shear test, in which
a soil specimen is consolidated under zero-lateral strain
(Ko) and then subjected to a plane-strain simple shearing
mode with smooth and continuous cyclic rotation of
principal stresses. These characteristics provide a closer
replicate of field boundary conditions and shearing mode
of in-situ soils.

2 SPECIMEN PREPARATION

Reconstituted specimens of non-plastic silt and sandy
silts with 50% and 75% silt content (SC) were prepared
and tested in this study. The silt (MIN-U-SIL 40) was
obtained from US Silica Company (Berkeley Springs,
West Virginia), and it was mainly composed of white-
colored quartz particles. Scanning electron microscopic
images of the silt particles indicated angular and irregular
particle shapes. The added sand was a quartz Ottawa
sand with round to sub-rounded particle shapes. Table 1
presents the index properties of theses materials. The
coating of sand particles with finer silt particles is a natural
phenomenon for silty sands and sandy silts, which
produces a bulking effect in a moist-tamped soil structure.
Because of this bulking behavior, the ASTM (2006a,
2006b) standard methods were not applicable for the soils
of this study, and therefore we determined the maximum
(emax) and minimum (emin) void ratios using a slurry
deposition technique (Bradshaw and Baxter, 2007) and
the modified proctor procedure (ASTM, 2012),
respectively. We found that emax and emin and their
difference increased with increasing silt content as shown
in Table 1, which is consistent with those reported by

other investigators (Naeini and Baziar, 2004, Yamamuro
and Covert, 2001).

Table 1. Index properties of the soils used in this study

Soil Silt Sgndy Sandy Ottawa
silt silt sand
SC (%) 100 75 50 0
Dso (mm) 0.012 0.029 0.070 0.450
€max 2.09 1.48 1.15 0.74
€min 0.67 0.58 0.46 0.42
Cu 10.28 5.40 7.80 1.38
Cc 1.84 0.82 0.63 1.00

Note: C, and C; are coefficients of uniformity and
curvature, respectively.

The moist tamping method was used to prepare all
specimens of this study. Water and air pluviation methods
were avoided because of the potential segregation of silt
and sand particles leading to non-uniform samples
(Carraro and Prezzi, 2008; Kuerbis and Vaid, 1988;
Wang, et al., 2011). Due to low permeability, mechanical
vibration would be ineffective for densifying saturated silt
samples prepared by water pluviation or slurry deposition.

For preparing moist-tamped specimens, dry soil was
mixed at 5% moisture content and subsequently poured
and tamped in 3 layers into the specimen mold. The
under-compaction technique (Ladd, 1978) was also
followed in order to produce uniform specimens by
accounting for the increased density of the lower layers
induced by compacting the upper sand layers. This
technique has been demonstrated to provide cyclic shear
strength in silts comparable to that of undisturbed
samples recovered by in-situ ground freezing (Bradshaw
and Baxter, 2007). The method is also quick, easy, and
ensures that the compaction effort is distributed evenly
throughout a specimen.

3 EFFECT OF SOIL MOISTURE

Because of the low permeability of silt and sandy silt
specimens of this study, non-uniform pore pressure could
develop during shearing if the samples were saturated
(Zhou, et al.,, 1995). Therefore, in order to avoid
complexities associated with the effect and the
measurement of local pore water pressure, the ring shear
tests were carried out without sample saturation.
However, the small moisture content of 5% used for moist
tamping could develop suction among the silt and sand
particles and produce an increases in effective stress and
soil shear resistance (Lu, et al., 2007). The amount of soll
suction was thus examined using an auxiliary suction
control and measurement panel of the cyclic ring shear
apparatus. This panel included dual air pressure
regulators with fine and coarse gauges for the
measurement of matric suction. We measured matric
suctions of 100 — 120 kPa in the moist-tamped
specimens. Because of the very low saturation ratio (8 —
15%) of our moist-tamped specimens, the effective stress



parameter which describes the contribution of matric
suction to soil effective stress was about 0.05 (Lu and
Likos, 2004). Accordingly, soil suction among the moist
sand and silt particles merely added a maximum of about
5 to 6 kPa to the consolidation vertical stress (c'v). This
rather small increase in c'\c is accounted for in the results
and interpretations of shear modulus and damping ratio of
this study.

4  SHEAR WAVE VELOCITY MEASUREMENT

Constant-volume cyclic ring shear tests and shear
wave velocity readings were conducted at the soil
mechanics laboratory of Western University using an
advanced ring shear testing apparatus (SRS-150)
manufactured by GCTS (Arizona, United States). In this
apparatus, an annular specimen of up to 30 mm high is
confined between inner and outer solid confining rings
with inner (Ri) and outer (Ro,) radii of 48.3 mm and 76.1
mm, respectively. This provides an effective specimen
area of 108.8 cm®. The ratio of the inner to outer radii is
0.63, which conforms to the ASTM (2006c)
recommendations for ring shear testing. In this study, Vs
was measured on specimens consolidated to wide ranges
of void ratios from e; = 1.74 — 1.13 (for silt), 1.36 — 0.93
(for 75% silt content), and 1.22 — 0.78 (for 50% silt
content) at consolidation vertical stresses (c'.c) ranging
from 50 to 300 kPa (in 50 kPa increments) using a pair of
piezoelectric bender elements embedded in the upper
and lower platens of the ring shear specimen chamber. Vs
was calculated from the travel time (t) of an electrical
pulse and the tip-to-tip distance (ds) between the
transmitter and receiver bender elements. The bender
elements were made of delicate piezoelectric films that
could break by shearing. Cyclic shearing was thus carried
out in separate series of experiments without the bender
elements to avoid damaging the bender element tips.
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Figure 2: Typical electrical signal received by a bender
element and the interpretation of shear wave arrival time
in this study for a pure silt specimen at D, = 35% and o'\¢
=100 kPa

Earlier studies (e.g., Sanchez-Salinero, et al., 1986)
have often recommended a distance between bender
element tips (Ly) of at least twice the wavelength (1) to
reduce near-field effects and allow for the development
and propagation of shear waves. Besides preparing taller
specimens (= 30 mm), a high frequency (25 kHz) signal
was also used to produce short wave lengths and
generate at least 2 wavelengths between the bender
elements (Lw/A > 2). For the specimens of this study, we
observed that most of the signal received by the bender
element was transmitted at frequencies less than 75 kHz.
Accordingly, a low-pass filter with a cut-off frequency of
75 kHz was applied to the received signals to eliminate
electrical noise. As shown in Figure 2, a consistent and
clear shear wave response was obtained.

Although the measurement of ds; was relatively
straightforward and precise, detecting the arrival time of
the first shear wave could be challenging and uncertain.
Several studies suggest that the initial zero-crossing time
of the first major signal provides a reasonable estimate of
Vs for silts and sands (Baxter, et al., 2008; Kawaguchi, et
al.,, 2001; Lee and Santamarina, 2005). Accordingly, as
illustrated in Figure 2, the time of the initial zero-crossing
of the first major electrical signal captured by the receiving
bender element was selected here for determining the
propagation time. Figure 3 presents the variation of Vg
with c'y¢ for the specimens of this study.
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Figure 3: Shear wave velocity versus o'\ (= 50 - 300 kPa)
for pure silt and sandy silt specimens

5  CYCLIC RING SHEAR TESTING AND RESULTS

In order to investigate the cyclic behaviour of silts and
sandy silts at large strains (y > 0.01%), series of strain-
controlled constant-volume cyclic ring shear tests were
carried out. In these experiments, a shearing force was
applied through a ring-shaped platen at the specimen’s
top, while the solid confining rings and the bottom platen
remained stationary. The surfaces of the top and bottom
platens in contact with the soil were indented with radial
grooves to prevent slippage and effectively transfer the
shearing load to the specimen. An advanced computer-
controlled electro-pneumatic servo motor applies vertical



(ov) and shear (t) stresses of up to 1,000 kPa and 1,300
kPa, respectively at a rate of 0.001°/min to 360°/min on
the specimen. The normal force (N) and the shearing
torque (T) applied on the specimen were measured with a
combined force-torque transducer. The average shear
and vertical stresses on a horizontal failure plane within
the specimen were calculated using the following
relationships (ASTM, 2006c; La Gatta, 1970):

3T

= (4)
N
S o (5)

The average shear displacement (8) and shear strain
(y) at the mid-radius of the specimen were also calculated
as below:

y=>1 ™)

In which 6 is the magnitude of the rotational twist (in
degrees) applied in the ring shear tests. The ring shear
specimens of this study were consolidated to o'.c = 100
kPa and e; = 1.60, 1.45, & 1.31 (for 100% silt), 1.36, 1.20,
& 1.15 (for 75% silt) and 1.06, 0.98, & 0.89 (for 50% silt).
They were subsequently subjected to 120 sinusoidal
shear stress cycles (with t/c'vc = 0.100 - 0.225) at a
frequency of 0.1 Hz with shear stress reversal. As the
dynamic shearing response (e.g., fast earthquake
excitation) of saturated cohesionless soils is generally
regarded as undrained, several studies have investigated
shear modulus reduction and damping ratio using either
element-scale laboratory tests carried out under
undrained or constant-volume cyclic shearing conditions
(Alarcon-Guzman, et al., 1989; El Mohtar, et al., 2013;
Lanzo, et al.,, 1997; Sitharam, et al., 2015) or dynamic
centrifuge modeling (EI Gamal, et al., 2005; Stevens,
2001) experiments. Undrained shearing is also
recommended by the ASTM (2011) standard procedure
for determining modulus and damping properties of soils.
Undrained shearing was thus replicated in the cyclic ring
shear tests by a constant-volume condition. The variation
of vertical stress during constant-volume cyclic shearing is
regarded as an equivalent pore-water pressure change
that would develop in a truly undrained test (ASTM, 2007;
Dyvik, et al., 1987; Sadrekarimi and Olson, 2009).

A constant volume was maintained during shearing by
continuously adjusting the vertical stress applied on the
soil specimen. This was carried out by a precise LVDT
feedback and vertical stress control system in the ring
shear apparatus. Figure 4 shows a typical example of the

stress-strain loops at different strain levels after 49, 68,
and 107 number of stress cycles (N¢) for a silt specimen.
As illustrated in Figure 4, the stress-strain loops became
slenderer and formed an S-shape with increasing y. This
change in the shape of the cyclic stress-strain loops
reflects significant changes in stiffness and damping
behavior of the silt and sandy silt specimens which are
discussed in the following paragraphs.
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Figure 4: Cyclic stress-strain response of a silt specimen
in a constant-volume cyclic ring shear test at y = 0.7% (Nc
=49), 0.9% (Nc = 68), and 1.4% (N. = 107)

6  DISCUSSION

The results of the bender element measurements and
cyclic ring shear tests are subsequently combined in order
to characterize soil behavior at a wider range of shear
strain (y). The former is used to determine soil elastic
behavior at very small shear strains (y < 10“%) and the
latter is employed to characterize the plastic soil behavior
at larger shear strains (y > 0.01%).

6.1 Elastlc soil behavior at very small shear strains (y
< 10™%)

Small strain behavior of the specimens s
characterized by Vs measured using bender elements and
G, calculated from Equation (1). In simplified liquefaction
analysis based on shear wave velocity, the effect of
overburden stress is accounted for by normalizing Vs at
o've = 100 kPa (Vs1). The measured V; at different
magnitudes of c'c are employed here to examine stress
normalization of Vs for the silt and sandy silt soils of this
study.

As illustrated in Figure 5, the variation of Vs1/Vs with c'vc
can be described by the following power function:

Vo1 _ (P_a)a
Vs B Ohc ®)



In which, the stress exponent (o) varies from 0.33 to

0.38 for the silt and sandy silt specimens of this study.
This (o = 0.33 — 0.38) is greater than o = 0.25 suggested
by Robertson et al. (1992).
Figure 6 presents the variation of G, with consolidation
void ratio (ec). According to this figure, G, sharply
decreases with increasing e for all specimens, indicating
the significant effect of ec on G, (Alarcon-Guzman, et al.,
1989). At a certain e, G, also increases with increasing
silt content from silty sand to pure silt specimens. Both
phenomena can be associated with the increasing
number of particle contacts (as e; decreases or silt
content increases), which transmit shear wave through a
larger number of particles resulting in higher Vs and Go.

Vs1Ns
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
0.0 T
[ | ®100% Silt )
05 5
| | ©@75% Silt
1.0 L | ©50% Silt
&«11.5 H
.S [
<) L
20 VilV = (Py/o'o)0%
25
30
Robertson et al. (1992)
35

Figure 5: Relationships between normalized shear wave

velocity (Vs1) and o'\ for the silt and sandy silt specimens
of this study
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Figure 6: Effect of ec and silt content on G,

Irrespective of stress level, the following relationships are
curve fitted to G, data in Figure 6 with high coefficients of
determination (R2) for each silt content:

o Go _ 254
For pure silt (R = 0.95): — = —— 9)
Pq ec’
. , G, _ 382
For 75% silt content (R* = 0.97): — = —4 (10)
P, e
. ) G, 1146
For 50% silt content (R* = 0.96): — = —5¢ (11)
Pq ec’

6.2 Soil Cyclic Behavior at Large Shear Strains (y >

0.01%)

Constant-volume cyclic ring shear tests were carried out
to determine secant shear modulus (G) and damping ratio
(D) of the soil samples at large strains (y > 0.01%). The
variations of G and D with y are described below.

6.2.1  Shear modulus at large strains (y > 0.01%)

As illustrated in Figure 4, the slope of the stress-strain
loops and thus G progressively decrease with increasing
the number of loading cycles and y. The degradation of

soil stiffness with y is represented by the shear modulus
reduction curves (G/G,) in Figure 7 for N; = 1 to 120.
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Figure 7: Shear modulus reduction curves for pure silt and
sandy silt specimens at o'.c= 100 kPa for Nc = 1 to 120

Besides increasing soil non-linear behavior at large
strains, G/G, reduction may have also resulted from the
decrease in effective vertical stress (c'y) during constant-
volume shearing. To examine the effect of &'y reduction,
the modulus reduction data obtained from the cyclic ring
shear tests are corrected based on the following
relationship suggested by El Mohtar et al. (2013):

(12)



In which, G¢ is the undrained shear modulus corrected for
the effect of o'y reduction and n (= 2a) is a stress
exponent.

Note that o'y reduction occurs beyond some threshold of
shear strain (e.g. 0.1%) which is significantly greater than
that imposed by bender elements (= 0.001%) and thus G,
was not affected by the decreasing of 'y at large strains
(y > 0.1%).

As demonstrated in Figure 7, the corrected modulus
reduction data (G¢/G,) are very close to the original G/G.

Previous experimental studies using resonant column and
torsional shear tests (Assimaki, et al., 2000; Laird and
Stokoe, 1993) also indicate the negligible effect of o',
changes at o'y < 110 kPa on modulus reduction and
damping ratio of cohesionless soils. These evidences
support the ftrivial effect of 'y reduction on the dynamic
characteristics of the silt and sandy silt specimens
determined from the constant-volume cyclic ring shear
tests of this study. Furthermore, according to Figure 7 at
any given cyclic strain level the amount of stiffness
reduction is greater for specimens with 50% silt content,
while those for the higher silt contents are practically the
same. It is possible that the sand particles created greater
disparity in the sandy silt fabric at 50% silt content which
enhanced its compressibility and resulted in a larger
modulus reduction.

6.2.2  Cyclic damping ratio at large strains (y > 0.01%)
Figure 8 presents the damping ratio (calculated using Eq.
3) versus v for the specimens of this study. All specimens
initially exhibit a small-strain (y < 0.1%) damping ratio of
about 0.8 — 1.2%. With increasing shear strain, the
amount of energy dissipated in each loading cycle rises
as friction among soil particles is mobilized. This is
manifested in the cyclic ring shear test results as an
increase of the area of the cyclic stress-strain loop (Wp) in
Figure 4 (from y = 0.7% to 0.9%) and hence soil damping
ratio in Figure 8. Similar observations (increasing D with y)
are made by many other investigators (Vucetic, et al.,
1998; Zhang, et al., 2005). However, damping ratios start
to decrease as the cyclic shear strain amplitude exceeds
1%.
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Figure 8: Damping ratios for pure silt and sandy silt
specimens at o'\ = 100 kPa

As illustrated in Figure 4 for a pure silt specimen, the area
of the cyclic stress-strain loop initially grows (from vy =
0.7% to 0.9%), but then it becomes narrower (from y =
0.9% to 1.4%) resulting in reduced energy dissipation and
damping ratio. Extensive review of the available literature
shows that earlier studies of soil dynamic behavior have
often investigated damping ratio for strain levels of only
up to 1%, whereas this peculiar behavior occurs at y = 0.9
— 1.0%. Although we have not carried out further
investigation regarding the particle-level mechanism of
this phenomenon, localization of shear strain and dilation
at high strain levels (y = 1%) are plausible mechanisms.
Reduced damping at large shear strains have been also
reported in some undrained direct simple shear tests on
sands (Matasovic and Vucetic, 1993; Vucetic, 1986), as
well as in centrifuge model experiments on saturated
Nevada sand (Elgamal, et al., 2005). The decreasing of D
at large y (= 1%) would have significant implications on
seismic site response by allowing greater amplification of
ground motions and subjecting an overlying structure to
instances of high horizontal base accelerations.

7  CONCLUSIONS

The elastic and cyclic properties of non-plastic silt and
sandy silts (with 75% and 100% silt content) were
examined using bender element shear wave velocity
measurements and constant-volume cyclic ring shear
tests. Shear wave velocity (Vs) measurements were
obtained using bender elements at vertical stresses
ranging from 50 to 300 kPa, while constant-volume cyclic
ring shear tests were carried out to establish undrained
shear modulus (G) and damping ratio (D) of silts and
sandy silts at large shear strain amplitudes (y > 0.02%).
The results demonstrated that Vs and the
corresponding maximum shear modulus (Go) significantly
decrease with increasing void ratio. It was also found that
Vs is a function of the effective overburden stress to the
power of 0.33 - 0.38 for silt and sandy silt soils, which is
greater than that (0.25) suggested by Robertson et al.
(1992). It was found that G, increased with increasing silt



content. Empirical correlations are suggested for
estimating initial shear modulus of pure silt and sandy silt
soils. Furthermore, secant shear modulus and damping
ratio respectively decreased and increased with
increasing shear strain up to about 1%. It was however
observed that the damping ratios of the silt and sandy silt
specimens decreased at greater shear strain amplitudes
(y > 1%) possibly due to soil dilation or shear banding.
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