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Abstract

The stress-strain-strength response of soils is of significant interest to development and
calibration of realistic constitutive models that can be used in numerical simulation of geotechnical
engineering problems. An extensive characterization of Ottawa F65 sand along with various
monotonic and cyclic tests conducted during the course Liquefaction Experiments and Analysis
Projects (LEAP) are presented here. The specimens in these tests were prepared using a meticulous
sample preparation technique which guaranteed consistency and repeatability. Monotonic drained
and undrained triaxial tests shed light on the steady-state (critical state) of Ottawa sand, while
stress-controlled and strain-controlled cyclic triaxial and direct simple shear tests provide key
information on the cyclic stress-strain behavior and liquefaction strength of this soil. The triaxial
tests identify the liquefaction strength of the soil at different densities, while the direct simple shear
tests evaluate the effect of overburden pressure on the cyclic response. The results of these
experiments are also compared to the experimental results available in the literature. The data
obtained from the cyclic triaxial and direct simple shear tests were further analyzed by plotting the
computed shear modulus degradation and damping curves. The results show how the soil stiffness
degrades as cyclic shear stress is applied for soil at different densities and confining stresses. It
can be seen that the rate of shear modulus degradation increases with the increase of confining
stress and decreases with the increase of soil density. The damping curves consistently show an
increasing in damping ratio until a shear strain of about 0.05%, followed by a plateau at about 20-
25% damping ratio for shear strain between 0.05 and 0.5%, and ending with a decrease in damping
until reaching a final damping ratio of about 10%.
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1. Introduction

In this paper, the cyclic stress-strain response of Ottawa F65 sand is evaluated and the
liquefaction strength is assessed through extensive laboratory experiments. The experiments
include a series of stress-controlled cyclic triaxial tests conducted on Ottawa F65 sand. In addition,
strain-controlled cyclic triaxial tests were performed. The tests were conducted on samples
prepared at three different densities. Finally, the presented work includes cyclic direct simple shear
tests intended to investigate the effects of overburden stresses on the cyclic response of the soil.

Laboratory element tests such as triaxial and direct simple shear have been used to understand
and characterize the cyclic response of sands. Since the pioneering work of Seed and Lee [1] and
Castro [2], a large body of literature has emerged based on the study of liquefaction of sandy soils
using element tests. These tests have provided a deeper understanding of the cyclic stress-strain
behavior of sand, quantitatively determined the triggering of soil liquefaction, and provided
insights on cyclic mobility phenomenon. Moreover, the effects of different factors such as soil
fabric, anisotropic consolidation, sample preloading, and presence of fines content, among others,
have been investigated and reported extensively in the literature.

Soil liquefaction is defined as the state at which the soil loses its shear stiffness [3]. When the
soil is sheared, it experiences a change in volume. This change translates to excess pore water
pressure generation in an undrained condition, where a contractive response results in a positive
excess pore pressure and a dilative response results in a negative excess pore pressure. Under
cyclic shearing, excess pore water pressure will generate which leads to a reduction in the effective
stress and in turn the soil stiffness.

As the effective stress and soil stiffness reach zero, large shear strains begin to develop. At this
point, the soil is considered to have reached the state of liquefaction. The term “initial
liquefaction” was defined by Seed as the first time the soil reaches the zero effective stress [1].
Beyond this point the soil response cycles between dilating and regaining some of its shear
stiffness, and contracting and losing the stiffness upon load reversal. This response is depicted by
the commonly observed butterfly response of the effective stress path.

A distinction is made between the sudden failure of the soil known as the flow liquefaction
and the progressive failure due to soil softening known as the cyclic mobility [4]. Flow
liquefaction is observed in loose contractive soils where the effective stress suddenly reaches zero
and large shear strain develops. The cyclic mobility of soil is that gradual increase in the shear
strains developed over cycles as the soil stiffness gradually degrades. This response is observed
in denser or more dilative soil.

The liquefaction strength has been quantified as the number of shear stress or strain cycles it
takes until soil liquefaction is reached. The criteria for soil liquefaction is dependent on the mode
of failure (flow liquefaction or cyclic mobility) and the type of test conducted (stress-controlled or
strain-controlled). In the case of a strain-controlled test or when flow liquefaction is expected, it
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is natural to define the criteria for liquefaction to be the point at which the soil reaches zero
effective stress. However, in the case of a stress-controlled test on dense soil where cyclic mobility
is expected a liquefaction criterion based on the magnitude of shear strain is more suitable.
Different shear strain amplitudes have been set as the liquefaction criteria for soil ranging from
2% single amplitude of shear strain up to 10 % double amplitude [5].

The liquefaction strength of the soil is affected by different factors. Besides the soil density
and shear stress magnitude, factors such as the initial confining stress and initial shear as well as
the soil fabric can affect the liquefaction resistance of the soil. As the magnitude of confining
stress increases, the number of cycles required to reach liquefaction decreases for a given cyclic
stress ratio [6]. Based on this observation, a correction factor K has been proposed to account for
the reduction in the resistance due to the increase in the confining stress with respect to the strength
of the soil at 100 kPa.

In cases where the ground is sloping, static shear stress has to be considered. The static shear
stress can affect the cyclic resistance of the soil. Another correction factor, K«, where a is the ratio
of the static shear stress over the mean effective stress. The K. factor is defined as the ratio of the
cyclic resistance ratio (CRR) obtained for specific static shear stress over the CRR where no static
shear stress is applied [5]. Vaid and Finn [7] have shown that dependence of the K, on the assumed
failure criterion. They showed that if a shear strain amplitude considered for failure is 2%, a
decrease in the CRR is observed as the a increases. On the other hand, if a shear strain amplitude
of 5% is assumed, an increase in CRR is shown with the increase of a. Rollins and Seed [8] have
shown that dependency of K. on the soil’s relative density, Dr. It was shown that soil with a Dr of
35% yields a decreasing K« as a increases, while an increase is observed for a soil with a Dr of
55%.

The cyclic resistance of sand has also been observed to be highly affected by soil fabric and
sample preparation methods. Mulilis et al. [9] have shown that the cyclic resistance of the samples
prepared with different placement and different compaction may be very different. In the work of
Mulilis et al. (1975), the specimens were prepared by moist or dry deposition, while the
compaction was done with high-frequency vibration, tamping, rodding as well as dry and wet
pluviation. With the significant difference in the liquefaction strength curves, it is clear that it is
important for the sample preparation for laboratory tests to more closely mimic the field condition.
The results showed that the dry pluviation resulted in the lowest cyclic resistance while the moist
placement resulted in higher cyclic resistance than the dry placement.

Since the experiments reported in this paper were conducted as part of the Liquefaction
Experiments and Analysis Projects [10—12], the sample preparation technique was the constant
height dry pluviation method which was also used in the LEAP-GWU-2015 [13], LEAP-UCD-
2017 [14] and LEAP-Asia-2019 centrifuge experiments [15].



Previous experimental studies conducted on Ottawa F65 sand included cyclic triaxial (Vasko,
2015) as well as cyclic direct simple shear tests (Bastidas 2016). Vasko [16,18] conducted a series
of triaxial experiments for the planning phase of the liquefaction experiments and analysis project
(PLEAP, aka LEAP-GWU-2015). The experimental data reported by Vasko (2015) were used in
a numerical prediction exercise where five centrifuge tests modeling lateral spreading of
liquefiable sloping ground were predicted by several numerical simulation teams [10]. The cyclic
triaxial tests by Vasko (2015) were performed for a single soil density to match the centrifuge tests
target density. The specimens were prepared by using dry pluviation with minor tapping on the
mold. Bastidas (2016) also produced an extensive dataset of monotonic and cyclic direct simple
shear experiments on Ottawa F65 sand for two different densities. Dry funnel deposition was the
sample preparation method for the loose specimen, while air pluviation was used for dense soil.
In addition to these experiments cyclic torsional shear tests were conducted at the University of
Kyoto as part of the LEAP-Asia-2019 project [19].

In the following sections, the results of a large number of cyclic triaxial and direct simple shear
tests on Ottawa F65 are presented and analyzed. First, a brief description of Ottawa F65
composition, characteristics and soil properties is presented. Shear strength of the soil under
monotonic triaxial compression are briefly presented next. The results of a series of cyclic stress-
controlled and cyclic strain-controlled tests are then summarized. Afterwards, the observed
response of Ottawa sand in cyclic direct simple shear tests is presented. The effects of overburden
pressure on the liquefaction strength of the soil are discussed next. Finally, additional observations
and data analysis are presented and discussed.

2. Ottawa F65 Sand Soil Characteristics

Ottawa F65 sand is a clean poorly graded sand produced by US Silica, in Ottawa, Illinois.
This soil is a selected as the soil of choice by a consortium of centrifuge laboratories to study the
soil liquefaction as part of the Liquefaction Experiments and Analysis Projects (LEAP). It consists
of over 99% silica and less than 1% fines content. The soil particles are sub-rounded as shown in
Figure 1. A large number of characterization tests were conducted on five different batches of soil
delivered to the George Washington University soil mechanics laboratory. The results showed
consistency and uniformity among different batches. Ottawa sand has a specific gravity of 2.65
with coefficient of variation of 0.8%. The average particle size distribution obtained from sieve
analysis conducted on samples from each batch is shown in Figure 1.

A series of constant head hydraulic conductivity tests were conducted to determine the
permeability of the Ottawa F65 sand at different densities. The tests followed the ASTM D 2434
standard testing procedures. The coefficient of hydraulic conductivity ranged from 0.008 to 0.015
cm/sec for the samples prepared at void ratios ranging from 0.486 to 0.766. The following
relationship between the soil void ratio (eo) and soil hydraulic conductivity (k) was obtained from
the test results,



k(cm/s) = 0.0207 ¢, —0.0009 (1)

Over the past few years, a large number of tests (Vasko 2015; Bastidas 2016; Carey et al. 2017,
Kutter et al. 2017) have been performed to obtain maximum and minimum void ratios of Ottawa
F65 sand. The results reported by different researchers showed significant scatter. Hence, in order
to ensure consistency among the participating research groups, a single set of maximum and
minimum void ratios were adopted by LEAP researchers. These values are 0.78 and 0.51 for
maximum and minimum void ratios, respectively.  Additional details about the soil
characterization tests can be found in the following references [21-23].
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Figure 1: Ottawa F65 Average Particle-Size Distribution

3. Shear strength in monotonic triaxial tests

A number of drained and undrained triaxial compression tests were conducted to investigate
the shear strength of Ottawa F65 sand. Figure 2 shows the results obtained from drained tests
conducted on the specimens with various initial densities but under similar confining stresses. The
plot shows the shear stress and volumetric strain development versus the axial strain for specimens
with void ratios ranging from 0.575 up to 0.726 which correspond to relative densities that range
from 19% up to 73%. The confining stress applied is between 100 and 120 kPa. Figure 3 shows
the stress ratio development against axial strain and void ratio for the same set of tests. It can be
seen from all the tests that the soil reaches a critical stress ratio of 1.2 and a friction angle of 30.7°.



Figure 4 shows the critical state envelope obtained from the drained and undrained triaxial
experiments performed on Ottawa F65 sand. Details of the monotonic triaxial compression tests
will be covered in a separate paper. It is noted, however, that the data on Figure 4 includes a
number of undrained triaxial compression tests at higher confining stresses ranging from 500 to
1000 kPa.
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Figure 2: Drained triaxial tests on samples with different densities and similar confining stress

1.8 T T T T r : .
16} 1t .
214
o
11
g 1
= i‘
r 1 ¥
1] 1
9 1
2 08 ! —e— 0 =0.575 l
5 | @0 =0.606 | | | .
© 061y €0 =0.618 |
> ] % -ep = 1
8 04 * % -eo0 =0.726 | | : |
! .
0.2 1 § L . ]
: 1
ol . . . . i . . ]
0 5 10 15 20 250.55 0.6 0.65 0.7 0.75
Axial Strain, % Void ratio

Figure 3: Stress ratio development versus axial strain and void ratio for soils with different
densities
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Figure 4: Critical state of undrained and drained tests prepared by the CHDP method

4. Sample Preparation and Test Setup

4.1. Triaxial Testing Equipment

Three different triaxial equipment was used in this study. The first testing equipment used was
the CKC e/p cyclic triaxial testing system manufactured by C.K. Chan (Soil Engineering
Equipment Co.). The setup of the machine is shown in Figure 5. It employs an electro-pneumatic
system, which relies on in-house pressure for operation. Different testing conditions are permitted
in this system including consolidation testing, monotonic stress/strain controlled testing, and cyclic
stress/strain-controlled testing among other tests. In this study, this machine was used to perform
drained monotonic compression and cyclic stress-controlled experiments. While the machine is
versatile and can test the soil under different conditions, it is limited by the cell pressure capacity
of 700 kPa.

A newer triaxial machine available to the authors is shown in Figure 6. This equipment applies
pressure through electric pumps, and the axial force is provided by an electric motor, thus
eliminating the need for compressed air. The machine is capable of running cyclic triaxial stress
and strain-controlled tests. The new data acquisition system in the machine resulted in a better
quality of the measured data. However, the pressure capacity for this equipment is similar to the
CKC Machine. In this study, the new triaxial machine was used to perform a series of cyclic
strain-controlled triaxial experiments.



Figure 5: CKC é/p Cyclic Triaxial Testing Machine

Figure 6: Geocomp Cyclic Triaxial Machine

4.2. Cyclic Direct Simple Shear Equipment

A uniaxial direct simple shear (DSS) device, Figure 7, was used in the cyclic direct simple
shear tested reported here. The DSS machine is designed to run using horizontal and vertical
motors that control the displacements. Teflon coated rings are used to restrain the soil specimen
laterally as shown in Figure 8. To mimic the undrained condition, the specimen height is kept
constant through the test. Encoders are used for higher precision measurement of the
displacements and better control during shearing. Additional bender elements are also added to the
top and bottom cap to measure the shear wave velocity of the soil using an external device shown
in Figure 9.
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Figure 7: sin‘mle shear testing machine by Geocomp

Figure 9: Shear wave velocity measurement device

4.3. Constant Height Dry Pluviation Method

A Constant Height Dry Pluviation method was used for the sample preparation. In this method
the target dry density is achieved by pouring the sand into the mold from a specific height. In
order to create a more uniform specimen, a constant height of drop between the sample surface



and hopper should be maintained. In order to produce specimens with similar fabric and
consistency, three types of sand pluviators were considered. The first pluviator, Figure 10, was
used for preparing specimens with void ratio of 0.515 (pe=1774.2 kg/m?). The pluviator is
composed of a sand hopper with a top diameter of 24 cm and total depth of 21 cm. The exit
diameter of the hopper is 7.5 cm. The bottom (exit) part of the bucket is covered with a shutter
plate with thirteen openings. Each opening has a diameter of 0.5 cm. the end of the pluviator has
a #8 sieve with a mesh opening of 2.36 mm. The distance between the sieve and the shutter plate
is 15.0 cm. The drop height of the sand (distance from the sieve to the surface of the deposited
sand) is 19.8 cm. In order to control the flow rate of the sand and the uniformity of the sand placed
in the pluviator, a dispersion cup hanging from the top of the pluviator is used to place the sand in
the hopper with a consistent and uniform density.

Shutter Plate, 13
_ . openings with
Dispersion Cup diameter 0.5cm

Sieve # 8 with 7.5cm
Diameter

Figure 10: Sample Pluviator 1

The second pluviator, Figure 11, was used for preparation of specimen with initial void ratios
0.585 (pa=1665.6 kg/m?) and 0.542 (pa=1712.6 kg/m?). This pluviator is composed of a hopper
with the same dimensions as those of pluviator 1, i.e. with a diameter of 24.0 cm and depth of 21
cm. The distance from the bottom (exit) of the hopper to the end of the pluviator is 30 cm. The
end of the pluviator has an opening of 2.0 cm and it is covered with a #8 sieve. The drop height
is 2.0 cm and 4.0 cm for samples with void ratio of 0.585 and 0.542, respectively. A dispersion
cup is used for sample uniformity and flow rate control.
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The third pluviator is shown in Figure 12. This pluviator was designed to obtain a looser sand
specimen. It consists of a tube with a diameter of 1 inch attached to a bucket at the top and covered
with a #8 sieve at the bottom. In order to achieve loose samples a small dispersion cone was
designed and placed right above the sieve. The function of the cone is to control the flow rate of
the falling sand. In addition, it maintained the same scatter as the other two pluviators, thus
creating a soil fabric that is similar to the fabrics of the specimens prepared with other pluviators.

Dispersion Cup

Sieve # 8 with
2cm Diameter

D T

Figure 12: Sample Pluviator 3

In order to maintain a constant height of drop during the sample preparation a pluviator lift,
Figure 13, was employed. The pluviator lift is composed of a support for the sample pluviator.
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The support is attached to a steel frame and it is moved upwards and downwards through a threaded
rod. The movement of the threaded rod is controlled by a DC motor. The speed of the motor is
controlled by a power supply. During the sample preparation, the sand is gradually deposited until
it flows from the surface of the mold. Afterwards the sample surface is leveled in order to ensure
a consistent sample height. The excess sand is collected in the sand collector.
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Figure 13: Pluviator Lift

5. Stress-Controlled Cyclic Triaxial Tests

Three sets of experiments were performed on the specimens with void ratios of 0.515, 0.542
and 0.585 (pd = 1744.2, 1712.6, 1665.6 kg/m3). According to the maximum and minimum void
ratios accepted by LEAP, theses void ratios correspond to the relative densities of 97.5%, 87.5%,
and 71.5%, respectively. The database [22,23] obtained from these tests were provided to
modelers as part of the prediction exercise conducted as part of the LEAP-UCD-2017 project
[11,12].

A total of 23 experiments were performed. The CHDP method was used in preparation of all
the soil specimens in these tests. Table 1 shows the statistics of the measured dimensions and
weights of these specimens. It is observed that the coefficient of variation for the specimen
measurements was below 1%. Figures 14 to 16 show the cumulative distribution for the weight,
height, and diameter of the tested specimens. The distribution of the measured data can be fitted
using a normal distribution as can be seen in the figures. While Figure 14 shows the distribution
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of the sample weight for each void ratio separately, Figure 15 and 16 respectively combine the
height and diameter measurements of all the tested specimens.

Table 1: Statistics of the measurements of the tested soil specimens

Measurement Mean COV (%)
Height, mm 164.64 0.24
Diameter, mm 71.14 0.18
Weight (e=0.515), g 1142.27 0.30
Weight (€.=0.547), g 1120.31 0.42
Weight (e,=0.585), g 1088.95 0.51
1 . e
. 08}
=
[35]
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g_ ’ e0=0.542 data
o e0=0.585 data
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/
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Figure 14: Experimental and fitted cumulative distribution of the sample weight data
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Figure 15: Experimental and fitted cumulative distribution of the sample height data
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Figure 17 presents the results obtained from one of the cyclic triaxial tests. The tested
specimen is dense with an initial void ratio of 0.515 and confining stress of 100 kPa. The specimen
is subjected to cyclic shear stress with a cyclic stress ratio (CSR) of 0.325. The effective stress
path, the stress-strain response, the mean effective stress vs. strain response and the excess pore
pressure development are shown. It can be seen that the response of the soil specimen follows a
typical cyclic mobility pattern. The liquefaction strength of the soil is measured based on the
number of cycles required to achieve a certain level of shear strain. In this study, the criterion is
taken to be the number of cycles to develop a single amplitude shear strain of 2.5%.

Tables 2, 4 and 6 show a summary of the experiments performed for each initial void ratio.
The tables show the achieved void ratios after specimen preparation, after completion of
consolidation, and just before the shearing phase. The numbers of cycles until 2.5% single
amplitude of axial strain and until an excess pore pressure ratio of 1.0 is first achieved are shown.
Tables 3, 5 and 7 show the statistics of the void ratios and the B values achieved. The tables show
that the sample was consistently saturated to a B > 0.95 and the coefficient of variation of the
achieved void ratio was less than 1.3%. Figure 18 shows the liquefaction strength curves obtained
for the three soil densities tested.
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Figure 17: Triaxial experiment results of Ottawa F65 sand specimen with a void ratio of 0.515

€0=0.515 — pa=1744.2 kg/m’
Date Ca €o B s CSR | 25%s.a.| ry=1.0

10/10/2016 0.522 0.515 0.971 0.499 0.600 14 15.53
10/6/2016 0.526 0.522 0.953 0.506 0.500 17 26
10/7/2016 0.517 0.512 0.977 0.497 0.450 19 15.55
9/16/2016 0.520 0.515 0.962 0.500 0.375 26 25
9/27/2016 0.518 0.514 0.952 0.501 0.365 29 16
9/30/2016 0.512 0.507 0.959 0.494 0.325 41 18
9/22/2016 0.518 0.514 0.950 0.502 0.315 46 37
9/28/2016 0.521 0.516 0.951 0.500 0.300 48 31
9/13/2016 0.522 0.517 0.961 0.505 0.275 60 35
9/29/2016 0.520 0.515 0.959 0.503 0.265 70 45
10/12/2016 0.517 0.513 0.951 0.501 0.225 191 140
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Table 3: Statistics of experiments on specimens with eo=0.515

€a €o B Cs
Mean 0.519 0.515 0.959 0.501
SD 0.004 0.004 0.009 0.003
COV (%) 0.696 0.703 0.918 0.681

Table 4: Summary of experiments on specimens with e.= 0.542

€0=0.542 — p=1712.6 kg/m’

Date €a B Cs 2.5%s.a. | r,=1.0 | CSR
11/20/2016 | 0.556 0.550 0.956 0.539 16 12 0.28
11/18/2016 | 0.545 0.540 0.96 0.529 18 16 0.24
11/16/2016 | 0.540 0.535 0.958 0.523 22 14 0.22
11/16/2016 | 0.544 0.538 0.973 0.527 28 25 0.21
11/16/2016 | 0.555 0.550 0.971 0.533 41 36 0.2
11/21/2016 | 0.544 0.538 0.958 0.524 50 41 0.19

Table 5: Statistics of experiments on specimens with eo= 0.542
€a €o B Cs
Mean 0.547 0.542 0.963 0.529
SD 0.007 0.007 0.007 0.006
COV (%) | 1.199 1.204 0.765 1.136
Table 6: Summary of experiments on specimens with eo= 0.585
€0=0.585; pa=1665.6 kg/m’

Date €a B €s CSR | 2.5%s.a. | tu=1.0

11/10/2016 | 0.589 0.581 0.955 0.57 0.2 9 9
11/1/2016 | 0.592 0.584 0.963 0.562 0.17 15 13
11/2/2016 | 0.592 0.587 0.953 0.567 0.16 17 16
11/4/2016 | 0.581 0.575 0.955 0.557 0.14 33 31
11/7/2016 | 0.605 0.598 0.958 0.581 0.12 59 58
11/14/2016 | 0.588 0.583 0.954 0.566 0.10 188 186

Table 7: Statistics of experiments on specimens with €,=0.585

Ca €o B Cs
Mean 0.591 0.585 0.956 0.567
SD 0.008 0.008 0.004 0.008
COV (%) | 1.334 1.310 0.384 1.434
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Figure 18: Liquefaction Strength Curve for Ottawa F65 Sand

While the curves shown in Figure 18 have been used to describe the liquefaction strength of
the soil, they only represent a single snapshot of the soil response at the end of the tests. In order
to gain more insight into the progression of the soil response, additional information was obtained
by counting the number of cycles it took to reach different levels of shear strain. Figures 19 to 21
show the strength curves corresponding to a range of strains (0.5% to 2.5%) for the soil specimens
with initial void ratios of 0.585, 0.542 and 0.515, respectively. It can be seen that as the soil density
increases the number of shear cycles required to move from one shear strain level to the next level
increases.

It is also useful to observe the progression of the soil response in terms of excess pore water
pressure ratio, I'v. Figures 22 to 24 show the variation of a number of shear stress cycles required
to reach certain levels of 1y (in the range of 0.7 to 0.99) for the samples with initial void ratios of

0.585, 0.542 and 0.515, respectively. It is observed that as the soil density increases the number
of shear stress cycles required to generate certain levels of excess pore pressure ratio increases.
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Figure 20: Strength curves for different axial strain amplitudes - eo = 0.542
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6. Strain-Controlled Cyclic Triaxial Tests

Three sets of strain-controlled cyclic triaxial experiments were conducted with the following
void ratios of 0.576, 0.608 and 0.668 (pa = 1681.65, 1648.35, 1588.4 kg/m?). According to the
maximum and minimum void ratios accepted by LEAP, the relative densities are 75.6%, 63.8%,
and 40.0% for the samples with void ratios of 0.576, 0.608 and 0.668, respectively.

Thirty seven experiments were performed in total. The test specimens were prepared by the
CHDP method. The statistics obtained on the measurements of the sample dimensions and weight
are shown in

Table 8. It can be seen from the results in the table that the coefficient of variations for the
specimen measurements were around 1%. Figures 25 to 27 show the cumulative distribution for
the sample weight, height, and diameter. The distribution of the measured data can be fitted using
a normal distribution as can be seen in the figures. While Figure 25 shows the distribution of the
sample weight for each void ratio separately, Figures 26 and 27 combine the measurements of all
the tested specimens for the sample height and diameter respectively.

Table 8: Statistics of Soil Specimens

Measurement Mean COV (%)
Height, mm 159.63 0.41
Diameter, mm 70.92 0.17
Weight (es—=0.576), g 1057.97 0.40
Weight (e.=0.608), g 1040.44 0.68
Weight (e.=0.668), g 991.51 1.18
1 T T T U T
0.9F f, .
€0=0.576 data
08 €0=0.608 data .
€0=0.668 data
>07r €0=0.576 dist d
% €0=0.608 dist
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o
0 051 |
=z
S 04f .
£
O 03F 4
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0.1F y[ 1
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Figure 25: Experimental and fitted cumulative distribution of the sample weight data

21



1 T T T T T

Measured
Normal Dist.

Cumulative probability
o o o o o
w iN 13 o ~

o
N
T

©
-
T

0 1 1 1 1 1 1 1 |
158 15685 159 1595 160 160.5 161 1615 162 1625

Height, mm

Figure 26: Experimental and fitted cumulative distribution of the sample height data

——Measured
—— Normal Dist

o
©
T

Cumulative probability

© o o o o o
w S [¢)] (o)) ~ [e¢]
T T T T T T

o
N
T

©
N
T

0
70.5 70.6 70.7 70.8 70.9 71 711 71.2 71.3

Diameter, mm

Figure 27: Experimental and fitted cumulative distribution of the sample diameter data

Figure 28 shows the results obtained from one of the strain-controlled cyclic triaxial tests on a
medium dense sample with an initial void ratio of 0.608 and confining stress of 100 kPa. The
specimen was sheared to a constant cyclic strain with a cyclic strain amplitude (CSA) of 0.22%.
In a similar fashion to the cyclic stress-controlled tests, the plot shows the effective stress path, the
stress-strain response, the mean effective stress vs. strain response and the excess pore pressure
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development. Because of the dilative nature of this medium dense specimen, it can be seen that a
negative excess pore pressure is generated in the first cycle and upon load reversal, significant
positive excess pore pressure is developed. The peak shear stress generated in each cycle decreases
with a constant slope. The largest shear stress ratio on the compression side has a value of 1.24
which corresponds to a mobilized friction angle of 30.9° (which is equal to the critical state friction
angle). The largest shear stress ratio on the extension side is about 0.67 which corresponds to the
mobilized friction angle of 22.2°.
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Figure 28: Triaxial experiment results of Ottawa F65 sand specimen with a void ratio of
0.608 and CSA of 0.22%

While highly consistent sample preparation was facilitated by using the CHDP method, the
consistency and repeatability of the soil response was evaluated through test repetition. Figure 29
shows the results of two tests performed on the samples prepared with the same density and
subjected to the same CSA. The soil specimen has a void ratio of 0.576 and the CSA applied is
0.1%. The repeatability of the soil response observed in Figure 29 provides additional confirmation
of the sample preparation technique.

In all the conducted strain-controlled tests, the soil is assumed to reach liquefaction when the
excess pore water pressure developed is equivalent to the initial mean effective stress. In this
work, we look for the number of cycles required to reach an excess pore pressure ratio, ru, of 0.95.
Tables 9, 10 and 11 summarize the experiments performed for each initial void ratio. The tables
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show the achieved void ratios of the soil specimen after preparation and after consolidation of the
test specimens. Figure 30 shows the liquefaction strength curves obtained for the three soil
densities tested.
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Figure 29: Repeatability of the triaxial experiment for a sand specimen with a void ratio of
0.576 and CSA of 0.1%

Table 9: Summary of experiments on specimens with eo = 0.668

€0=0.668 - pa =1588.4 kg/m’

Date ea €0 pd(kg/m3) | CSR (%) | nCyc ru=0.95
7/21/2017 0.672 0.667 1589.91 0.140 3.89
7/20/2017 0.675 0.671 1585.63 0.125 491
7/19/2017 0.675 0.669 1588.09 0.100 7.03
7/20/2017 0.677 0.671 1585.84 0.080 8.92
7/21/2017 0.669 0.664 | 1592.18 0.060 13.96
7/25/2017 0.672 0.668 1589.19 0.055 25.96
7/26/2017 0.672 0.669 1587.92 0.055 26.35
7/24/2017 0.671 0.667 1589.68 0.050 27.01
7/24/2017 0.672 0.668 1588.39 0.045 28.01
7/25/2017 | 0.6732 | 0.6696 | 1587.19 0.040 67.34
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Table 10: Summary of experiments on specimen with eo = 0.608

€0=0.608 - pa =1648.35 kg/m’

Date ea €o pa (kg/m*) | CSR (%) | nCyc ru=0.95
7/18/2017 0.610 | 0.606 1650.14 0.220 3.90
7/17/2017 0.606 | 0.603 1653.21 0.200 4.87
7/17/2017 0.612 | 0.608 1647.95 0.165 6.90
6/22/2017 0.610 | 0.607 1649.37 0.125 10.00

5/9/2017 0.620 | 0.616 1639.49 0.110 11.00
4/24/2017 0.613 | 0.607 1648.75 0.100 14.00
5/8/2017 0.615 | 0.611 1644.72 0.090 18.00
5/4/2017 0.619 | 0.616 1639.53 0.080 24.00
6/20/2017 0.609 | 0.605 1650.70 0.075 27.00
6/20/2017 0.599 | 0.595 1661.02 0.070 40.00
6/22/2017 0.608 | 0.605 1651.39 0.065 49.00
5/5/2017 0.625 | 0.622 1633.52 0.060 56.00
6/19/2017 0.609 | 0.606 1649.96 0.055 58.00
6/21/2017 0.602 | 0.599 1657.18 0.050 97.00

Table 11: Summary of experiments on specimen with eo = 0.576

€0=0.576 - pa =1681.65 kg/m’

Date ea €0 pd (kg/m*) | CSR (%) | nCyc ru=0.95
7/14/2017 0.575 | 0.572 1686.17 0.300 3.92
7/14/2017 0.577 | 0.574 1683.34 0.250 4.89
7/12/2017 0.578 | 0.575 1682.60 0.200 8.00
7/12/2017 0.574 | 0.571 1686.62 0.150 12.00
6/29/2017 0.582 | 0.579 1678.38 0.110 19.00
6/27/2017 0.579 | 0.575 1682.11 0.100 21.00
7/11/2017 0.582 | 0.579 1678.07 0.100 21.00

7/7/2017 0.581 | 0.577 1680.30 0.095 27.00
7/5/2017 0.582 | 0.579 1678.05 0.090 34.00
6/27/2017 0.581 | 0.578 1679.12 0.080 47.00
7/6/2017 0.583 | 0.576 1681.47 0.065 73.00
7/5/2017 0.585 | 0.574 1684.13 0.060 79.00
7/13/2017 0.580 | 0.576 1681.04 0.050 91.00
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Figure 30: Liquefaction Strength Curve

The progression of the soil response in terms of the development of excess pore water pressure
ratio, ru, with the number of cycles is also an important aspect that can be used for evaluation and
calibration of soil constitutive models. Figures 31 to 33 show the variation of the number of shear
stress cycles required to reach certain levels of ry (in the range of 0.7 to 0.95) for the samples with
initial void ratios of 0.576, 0.608 and 0.668, respectively.

Figures 34 to 36 show the excess pore pressure generated at a different number of cycles (3, 5,
7, 10, and 15) versus the axial strain for the specimens with initial void ratios of 0.576, 0.608 and
0.668, respectively. Figures 37 to 39 compare the excess pore pressure ratio versus CSA for the
three different soil densities at 5, 10 and 15 cycles respectively. As an alternative to the
liquefaction strength curves, these plots show how the rate of excess pore pressure generation
changes with the increase in the cyclic strain amplitudes and soil densities.

The liquefaction strength of the soil obtained from these tests are compared to data available
in the literature [24] in Figure 40. Badanagki [24] performed a series of strain-controlled tests on
Ottawa F65 sand with various densities that was used for calibration of constitutive models for
sands purposes [25]. It can be seen that there is a good agreement between the two sets of results.
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Figure 31: Strength curves for different excess pore pressure ratios - €0 = 0.576
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Figure 32: Strength curves for different excess pore pressure ratios - €0 = 0.608
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Figure 35: Excess pore pressure at different number of cycles - €0 = 0.608
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Figure 36: Excess pore pressure at different number of cycles - eo = 0.668

29



12 T T T T T

—%* -e0=0.576
—%* -e0=0.608
1k -®-e0=0.668| |
,»I”. _k——K% ok ———— = X
=} - - -
. - o -
s - P
e 08f / Fage 1
o 7 *_ .7 ///
bt * -
a ,‘ // x
7] / * ¥
® 06 O e 1
% | ¢ / ’
o ol
o **/ //
2 04r K .
®
o
X
L
0.2 _
0 | 1 | | |
0 0.05 0.1 0.15 0.2 0.25 0.3

Cyclic Strain Amplitude, %

Figure 37: Excess pore pressure versus cyclic strain amplitude after 5 cycles
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Figure 38: Excess pore pressure versus cyclic strain amplitude after 10 cycles
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Figure 39: Excess pore pressure versus cyclic strain amplitude after 15 cycles
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Figure 40: Liquefaction Strength Comparison with data in the literature
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7. Cyclic Direct Simple Shear Tests

Two series of cyclic direct simple shear (CDSS) tests were conducted to study the effects of
the overburden stress on the liquefaction strength of Ottawa F65 sand. All the tests were stress-
controlled and were performed on soil specimens prepared using the CHDP method. The two sets
of tests were conducted at vertical stress of 40 kPa and 100 kPa. The achieved soil density for
these tests matched the density of the loosest samples tested in the cyclic triaxial experiment
(reported in section 5 and 6). Tables 12 and 13 provide a summary of the key information obtained
from these tests. The tables list the achieved void ratio (relative density and dry density), the
applied cyclic stress ratio and the number of cycles it took to reach shear strains with double
amplitudes of 1.5 %, 3.5 %, and 7.5 %.

Table 12: Summary of experiments on samples subjected to a vertical stress of 40 kPa

€0=0.598 - COV=1.4% - ¢’v =100 kPa

Test No. | e ac pd Dr ac | CSR | Ncye -1.5 % | Ncye -3.5 % | Ncye -7.5 %

1 0.602 | 1654.5 | 66.03 | 0.16 1 6 10

2 0.600 | 1656.2 | 66.65 | 0.15 4 13 17

3 0.606 | 1650.3 | 64.51 | 0.14 14 26 30

4 0.583 | 1673.7 | 72.84 | 0.13 54 64 69

5 0.598 | 1658.3 | 67.39 | 0.11 287 295 302
Average | 0.598 | 1658.6 | 67.48
COV (%) | 143 | 0.54 | 4.70

Table 13: Summary of experiments on samples subjected to a vertical stress of 100 kPa

€0=0.601 - COV=0.8% - ¢’v =40 kPa

Test No. | e ac pd Dr ac | CSR | Ncyce -1.5 % | Ncye -3.5 % | Ncyc -7.5 %

1 0.597 | 1659.0 | 67.65 | 0.17 3 6 11

2 0.602 | 1654.4 | 66.01 | 0.16 9 11 15

3 0.596 | 1660.0 | 68.00 | 0.15 21 24 28

4 0.607 | 1648.6 | 63.92 | 0.14 39 42 48

5 0.604 | 1652.1 | 65.17 | 0.13 79 82 88

6 0.595 ] 1661.0 | 68.35 | 0.12 349 355 363
Average | 0.601 | 1654.8 | 66.15
COV (%) | 0.77 | 0.29 | 2.58

For each test, shear wave velocity measurements using bender elements were taken after the
application of vertical stress and before the shearing phase. Table 14 shows a summary of the
shear wave velocity measurements and the computed shear moduli. The mean values of shear
wave velocities for the specimens tested under vertical stress of 100 and 40 kPa are 41.7 MPa and
35.2 MPa, respectively. Figure 41 shows a plot of the mean and mean+/-1standard deviation.
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Table 14: Shear wave velocity measurements and computed shear modulus

o'v Shear Wave Velocity, Vs Shear Modulus, G
(kPa) Mean (m/sec) COV (%) Mean (MPa) COV (%)
100 159.2 1.75 41.7 3.8
40 146 3.8 35.2 7.4
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Figure 41: Shear modulus versus vertical stress

Figure 42 shows the results obtained from one of the CDSS tests where the soil specimen was
subjected to vertical stress of 100 kPa and sheared with a cyclic stress ratio of 0.15. The results
are plotted in terms of the stress-strain and stress path as well as the vertical stress vs. shear strain
and the excess pore pressure development.

The results obtained from the CDSS experiments can also be used to develop the liquefaction
strength curves. Figure 43 shows the liquefaction strength curves for the two series of tests, where
the number of cycles it took to reach a double shear strain amplitude of 7.5% was considered. In
addition, the number of cycles it took to reach different levels of strains (1.5%, 3.5%, and 7.5%)
for each series of tests are plotted in Figures 44 and 45.

The liquefaction strength curves obtained in this study were also compared to the results of
CDSS tests reported by Bastidas [17]. Figure 46 shows the liquefaction strength curves compared
to the ones obtained from tests performed on samples with void ratios of 0.79 and 0.54 and
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subjected to vertical stress of 50 and 100 kPa. The liquefaction curves obtained here fall in
between the curves obtained by Bastidas for two different densities.
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Figure 42: CDSS experiment results of Ottawa F65 sand specimen subjected to vertical stress of
100 kPa and CSR of 0.15
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8. Observations

8.1. Shear Modulus Degradation

The evolution of the secant shear modulus during a cyclic test provides some useful insights
on how the soil stiffness degrades with each cycle. Here, the shear modulus degradation is
obtained from the experiments presented in this paper. The secant shear modulus was obtained at
the first load reversal of each cycle as shown in Figure 47 for both triaxial and direct simple shear
tests where G is defined as,

-1 2)

In order to compare the results with each other the computed shear moduli were normalized
with respect to the maximum shear modulus Gmax which is the shear modulus of the soil under
very small level of strains. Obtaining the Gmax is not feasible from element tests as large strains
develop upon loading, however, it can be obtained from the measurement of the shear wave
velocity as shown in Eq. (3).

Gmax = pVSz (3)

As it was previously mentioned, measurements of the shear wave velocity were taken during

the direct simple shear tests using bender elements (Table 14). For the triaxial tests, the Gmax Was
estimated using the following relationship [26],

G=G,p,———— —J 4)
l+e P

Where e is the void ratio, p is the mean effective stress and pat is the atmospheric pressure. Go
is a constant shear coefficient which was assumed to be 193.3 based on the Gmax measurements of
the DSS specimens.

Figures 48 to 50 show the results obtained from the stress controlled experiments cyclic triaxial
for the void ratios of 0.585, 0.542 and 0.515, respectively. Figures 51 to 53 show the results for
the strain-controlled cyclic triaxial tests for void ratios of 0.668, 0.608, and 0.576, respectively.
Figures 54 and 55 show the results obtained from the cyclic direct simple shear tests for vertical
effective stress of 40 kPa and 100 kPa, respectively.
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Figure 47: Secant Shear Modulus for Triaxial (a) and Direct Simple Shear (b) Tests
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8.2. Damping

Damping curves were computed for the different tests presented in this paper. Following the
method presented by Vucetic and Dobry [27], damping was computed as:

1 AE

S 5
27Z'G;/C2 )

Where AE is the area of the hysteresis loop for each cycle and G and y. are the secant shear
modulus and shear strain upon the first load reversal of each cycle.

Figures 56 to 58 show the results of the damping ratio for the stress-controlled cyclic triaxial
tests for void ratios 0.585, 0.542 and 0.515, respectively. Figures 59 to 60 show the damping ratio
curves from the strain-controlled cyclic triaxial tests computed at the 1%, 5% and 10" cycle
respectively. Figures 61 and 62 show the variation damping ratio with shear strain amplitude for
the cyclic direct simple shear tests. The damping ratio peaked at a shear strain less than 0.6% for
the test with initial vertical stress of 40 kPa (Figure 61) but the peak damping for the test with
initial vertical stress of 100 kPa occurred at shear strains larger than 1% (Figure 62). A maximum
damping ratio of about 25% was observed for both initial vertical stresses.

50
—e— CSR=0.2
—+— CSR=0.17
40 - CSR=0.16|
—%— CSR=0.14
—=— CSR=0.12
X 30t — CSR=0.1 | 1
2 e —
(o} ——
5
S 20t -
10 + .
0 I I i 1 [ | 1 I I I oo | I I 1 1 [
1072 107" 10° 10"

Shear Strain Amplitude, %
Figure 56: Damping ratio for cyclic triaxial stress controlled tests - eo = 0.585
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Figure 58: Damping ratio for stress-controlled cyclic triaxial tests - eo = 0.515
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9. Summary and concluding remarks:

An experimental study was presented on the stress-strain response and liquefaction strength of
Ottawa F65 sand. A summary of the tests conducted are as follows:

e Series of stress-controlled cyclic triaxial tests were conducted. A total of 23
experiments were performed on samples with three different densities (71.5%, 87.5%,
and 97.5%).

e A total of 37 strain-controlled cyclic triaxial tests were conducted on samples with
three different relative densities (40%, 63.8% and 75.6%).

e The suitability of the constant height dry pluviation sample preparation technique was
evaluated by considering the repeatability of the experiments.

e A total of 11 cyclic direct simple shear tests were conducted on samples with relative
density of 67.5%. The tests investigated the effects of overburden stress on the
liquefaction resistance of the soil. The shear wave velocity was obtained through
bender element measurements.

The data obtained from the experiments reported here were compared to the data available in
the literature. There is good agreement between the tests presented here and the previously
conducted tests.

The shear modulus degradation and damping curves were also computed for each test to
provide a more complete picture of the soil response in cyclic loading.

The experimental work presented here along with the complete set of data available on
DesignSafe are mainly intended for the use in assessment, validation and further development of
constitutive models and have already been used in the calibration and numerical simulation
exercises conducted during Liquefaction Experiments and Analysis Projects (LEAP) in 2015,
2017, and 2019.
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