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Stress-Strain Behavior of Ottawa Sand in Cyclic Direct Simple Shear
and Modeling of Cyclic Strength using Artificial Neural Networks
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ABSTRACT

The stress-strain behavior of Ottawa F65 sand is investigated through an extensive series of
constant volume stress-controlled cyclic direct simple shear (CDSS) tests performed at different
densities, overburden pressures, and static shear stresses prior to cyclic shearing to quantify their
effects on the cyclic strength of Ottawa F65 sand. Results of the CDSS tests are used in the
constitutive model calibration exercise for the Liquefaction Experiments and Analysis Project
(LEAP-2022). The collected database of CDSS tests is used to develop an Artificial Neural
Networks (ANN) model capable of predicting Ottawa F65 liquefaction strength for a specified set
of relative density, overburden pressure, static shear stress ratio, and cyclic shear stress ratio. After
training, validation and testing, the ANN model is further assessed using blind prediction of the
liquefaction strength in new CDSS tests for a relative density and overburden stress that are not
available in the training dataset. CDSS tests under similar conditions were then carried out in the
laboratory for validation of the ANN model. The comparisons of the predictions with the
experimental results have demonstrated the ANN model predictive capability for liquefaction
strength and its sensitivity to changes in relative density, overburden stress and cyclic stress ratio.

Keywords

Cyclic direct simple shear tests (CDSS), Liquefaction strength, Ottawa F65 sand, Artificial Neural
Network.

1. Introduction

Soil liquefaction has been observed to cause excessive ground displacement including lateral
spreading and settlement, and extensive damage to structures [1]. The phenomenon is generally
observed in loose to medium dense saturated granular soils that develop significant excess pore
pressure under cyclic shearing in undrained condition. Many aspects of the stress-strain response
of liquefiable soils have been studied extensively in the past few decades and a large number of
empirical relationships have been developed for estimation of liquefaction strength of sandy soils.
The main focus of the current work is to extend the extensive dataset available on the stress-strain-
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strength response of Ottawa F65 sand and to facilitate the use of the extended dataset for calibration
of advanced constitutive models and machine learning techniques.

In this study, the cyclic stress-strain behavior and liquefaction strength of Ottawa F65 sand are
investigated through multiple series of stress-controlled constant volume cyclic direct simple shear
(CDSS) tests. The experimental campaign aimed to study the effects of soil density, overburden
stress, and static shear stress on the liquefaction strength. The collected database of CDSS tests is
used to develop an Artificial Neural Networks (ANN) model with the objective of predicting the
cyclic strength of Ottawa F65 sand for densities and loading conditions that are not covered in the
experiments.

The CDSS tests were performed in dry conditions where a constant volume condition is enforced
by constraining the vertical and lateral displacements of the soil specimen. Soil contraction results
in decreased vertical effective stress and soil dilation results in increased vertical effective stress
to maintain a constant volume condition, which is respectively equivalent to increased excess pore
water pressure (soil contraction) and decreased excess pore water pressure (soil dilation) in
undrained condition. Therefore, the variation of vertical effective stress in constant volume
condition is related to the variation of excess pore water pressure in undrained condition [2].
Constant volume direct simple shear tests have been widely used to investigate liquefaction of
sands. For instance, Wijewickreme et al. [3] have investigated the cyclic response of loose Fraser
River sand using constant volume CDSS tests conducted on air-pluviated and water-pluviated
specimens. In addition to considering the effects of confining stress and initial static shear stress,
the study has also demonstrated the importance of soil fabric on the cyclic resistance of sands. Da
Fonseca et al. [4] have also used constant volume CDSS tests conducted on two different types of
sandy soils to evaluate the correction factor related to the magnitude of confining stress.

The stress-strain behavior of sands under monotonic and cyclic loading conditions has been
extensively investigated in the literature using laboratory element tests (triaxial tests, direct simple
shear tests, torsional simple shear tests). This has emerged with the work of Seed and Lee [5]
where the factors affecting sand liquefaction were studied through undrained triaxial tests on
isotropically consolidated saturated sand specimens. Among the available testing options, the
direct simple shear test has attracted significant interest in practice because of the relative ease in
the specimen preparation and the ability to conduct constant volume tests without saturating the
soil. Several recent studies have investigated the stress-strain response of sandy soils in direct
simple shear tests by exploring the factors affecting the soil response and examining some
limitations of the direct simple shear testing option. Wai et al. [6] have investigated the effect of
imperfection in boundary conditions on the results of monotonic and cyclic direct simple shear
tests. The near-frictionless vertical boundaries result in a non-uniform stress distribution near the
boundaries. Also, vertical compliance can result in high axial strain that may alter the constant
volume condition. It was concluded that while near-frictionless vertical boundaries in the DSS test
can be used to approximate simple shear conditions, and the effect of top-cap tilting is negligible,
vertical compliance can significantly affect the measured response of sandy soils.

Several past studies have demonstrated the multi-parameter dependence of soil response. Castro
and Poulos [7] and Ishihara [8] have demonstrated that cyclic resistance increases with increased
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soil density and decreased initial confining stress. Idriss and Boulanger [9] have developed a
correction factor to account for the effect of overburden stress on liquefaction strength of sandy
soils. In the case of a sloping ground, the consideration of a static shear stress prior to cyclic
shearing was shown to impact the liquefaction strength [10-12]. Seed [10] has introduced a
correction factor to account for the effect of static shear stress ratio on the liquefaction strength of
sandy soils. The correction factors to account for the effects of overburden stress and static shear
stress ratio were shown to be dependent on soil relative density that is also correlated with
normalized SPT N-values and CPT tip resistance [9,11]. Park et al. [12] have conducted a series
of cyclic direct simple shear tests on loose and dense Nakdong River sand specimens. The study
showed that increased vertical effective stress results in decreased cyclic strength. The decrease of
cyclic resistance with increased vertical effective stress is more significant in cases where initial
static shear stresses are considered. The increase of static shear stress ratio was shown to decrease
the cyclic strength for looser specimens. The effect of static shear stress on cyclic strength of
denser specimen were observed to depend on the applied vertical effective stress. It was also shown
that the increase of cyclic strength with higher relative densities is more significant for cases with
higher initial static shear stress levels. Park et al. [12] have measured the correction factor to
account for the effect of static shear stress in a series of CDSS tests on Nakdong River sand. The
correction factor to account for this effect is measured as the ratio of cyclic resistance ratio at a
non-zero static shear stress ratio a to cyclic resistance ratio at a static shear stress ratio of zero
(CRRy/CRR,4—y). These ratios were obtained for a moment magnitude of earthquake M=7.5,
which corresponds to cyclic strength at 15 uniform stress cycles [13]. It was concluded that the
increase in static shear stress ratio results in a decreased correction factor for loose specimens,
which indicates that cyclic strength has decreased with higher static shear stress. For denser
specimens, the correction factor was observed to increase with increased static shear stress ratio
for a vertical effective stress of 100 kPa. However, for moderate and higher vertical effective
stresses (150 kPa and 200 kPa), the variation of the measured correction factor with static shear
stress ratio shows first an increase followed by a decreasing trend. The results of the experiments
presented by Park et al. [12] showed that for dense specimens, the experimentally measured
correction factors K, are overestimated by the correlations proposed by Idriss and Boulanger [9].

Loading frequency may also influence the liquefaction strength. By considering various loading
frequencies while performing element tests, some studies have reported that the cyclic strength is
uninfluenced or slightly influenced by the loading frequency by conducting cyclic simple shear
tests on Monterey sand under a vertical confining stress of 500 kPa and a relative density of 50%
[14], cyclic torsional tests on Bandaijima sand under a vertical confining stress of 33 kPa and a
relative density of 37% [15], cyclic triaxial tests on Monterey sand under a vertical confining stress
of 100 kPa and a relative density of 60% [16], and cyclic triaxial tests on Toyoura sand under a
vertical confining stress of 100 kPa and a relative density of 50% [17]. Other studies have found
that the loading frequency significantly increases the liquefaction resistance by conducting cyclic
triaxial tests on EI Monte sand and Silt under a vertical confining stress of 100 kPa and relative
densities of 50% and 75% [18], cyclic triaxial tests on Fujian sand under a vertical confining stress
of 100 kPa and a relative density of 30% [19], and cyclic triaxial tests on a sandy soil subjected to
vertical stresses of 100 kPa to 300 kPa and prepared at relative densities of 28% to 70%. Therefore,
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it can be concluded that loading frequency may increase the liquefaction strength or leave it
unchanged. In this study, all CDSS tests were conducted under similar loading frequency to
eliminate eventual effects of loading frequency on the obtained liquefaction strength.

Cappellaro et al. [21] have conducted cyclic undrained direct simple shear tests on Christchurch
sandy soil specimens prepared by water sedimentation to replicate the fabric of fluvial soil
deposits. The study has considered two sands, a non-plastic silt, and their mixtures. The combined
effect of soil density and fines content on liquefaction strength was investigated by preparing
specimens at two relative densities and different fines contents. The study has demonstrated
differences in the sensitivity of liquefaction strength to changes in soil relative density and fines
content between the two sands. It was concluded that liquefaction strength may decrease or remain
constant with increased fines content and the effect of fines content on liquefaction strength is
dependent on particle size distribution of the soil-fines mixture. The different soil fractions
considered in soil mixtures have resulted in different soil fabrics, which has led to different
relationships between liquefaction resistance, relative density, and fines content. The difference in
soil fabric affected the density state, the role of fines, and the resulting soil behavior under
shearing. In monotonic DSS tests, the study showed that soil fabric does not influence the position
of the critical state line of the studied sandy soil.

The CDSS tests conducted in the present study intend to further characterize the cyclic response
of Ottawa F65 sand and complement the existing database on Ottawa F65 sand developed as part
of the Liquefaction Experiments and Analysis Project LEAP [22-24]. The CDSS tests were
conducted on samples prepared using constant height dry pluviation method used in the LEAP-
GWU-2015 [25], LEAP-UCD-2017 [26], and LEAP-Asia-2019 [27]. Since the CDSS tests were
stress-controlled and conducted on relatively dense specimens, the soil was expected to experience
cyclic mobility. The liquefaction strength is quantified as the number of cycles required for the
soil to reach a specific magnitude of shear strain amplitude. The shear strain amplitude can range
from 2% single amplitude to 10% double amplitude shear strain [28]. Previous studies have
conducted a thorough characterization of Ottawa F65 sand by determining the soil specific gravity,
particle size distribution, hydraulic conductivity, and maximum and minimum void ratios [29-32].
Moreover, the soil stress-strain strength response was extensively characterized using laboratory
element tests including triaxial tests [29,32], cyclic direct simple shear tests [30,32], and torsional
shear tests [33]. The CDSS tests presented in this study were used in the constitutive model
calibration exercise for the 2022 edition of the Liquefaction Experiments and Analysis Project [22-
24] where the seismic response of a sheet-pile retaining structure supporting a deposit of Ottawa
F65 sand is investigated through a series of centrifuge experiments and numerical simulations
performed at different facilities and institutions across the world.

To investigate the effect of density, overburden stress, static shear stress, and cyclic stress ratio on
the cyclic strength of Ottawa F65 sand, a relatively large number of experiments was required to
cover different relative densities, overburden stresses, and static shear stresses. However, it was
realized that other possible relative densities, overburden pressures, and static shear stress values
are often needed in numerical modeling of geo-structures. To investigate whether the current
CDSS data could be used to estimate the liquefaction strength of Ottawa F65 sand for densities
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and loading conditions that are not covered in the experimental results, an Artificial Neural
Networks (ANN) model is developed to predict the soil liquefaction strength for densities and
loading conditions that are not available in the experimental results.

In recent years, several studies have used Artificial Neural Networks to predict the liquefaction
potential of soils based on field data. Goh [34] showed reliability of ANN models in predicting
liquefaction potential. The study used an ANN model to predict the liquefaction potential using a
standard penetration test (SPT) dataset including the SPT value, grain size, percent fines, dynamic
shear stress and earthquake magnitude. This model was modified to include cone penetration test
(CPT) data [35]. Ali and Najjar [36] have used 61 field data sets from various earthquake sites to
train a backpropagation ANN model. The model was validated against 44 records not included in
the training data sets. The developed model was shown to outperform fuzzy logic and statistically
based approaches. Juang et al. [37] used a dataset collected from cone penetration test (CPT)
measurements and field observations of liquefaction to train an ANN model with the goal of
predicting the occurrence of liquefaction based on soil properties and earthquake loading
conditions. Predictions of the ANN model were then used to define a liquefaction boundary
surface. An empirical equation was associated to the surface by regression analysis. Then, a
probabilistic evaluation method of liquefaction potential was developed by conducting probability
analyses of the dataset cases using the Bayesian mapping function approach. The simplified
method developed by Juang et al. [37] based on CPT data illustrated the suitability of ANN models
in predicting liquefaction potential.

Artificial Neural Networks were also used in the literature to predict liquefaction strength of sandy
soils based on laboratory experiment data. Young-Su and Byung-Tak [38] have developed an ANN
model to predict the liquefaction strength of nine clean sands using triaxial and direct simple shear
tests results available in the literature. Different combinations of soil parameters were investigated
to develop a model with optimum predictions of the number of cycles required for liquefaction
triggering. The study has demonstrated applicability of ANN models to soil liquefaction prediction
even though these models do not describe the mechanical properties of soils through mathematical
equations. The abovementioned studies have selected the training datasets from existing laboratory
tests or field data on a particular soil. Hence, the ANN models developed in these studies could
only be validated against the existing datasets. A further assessment of the ANN models using the
results of new tests that are not known to the predictors would lend additional credibility to the
developed models.

In this study, the developed ANN model was trained on a dataset of 65 constant volume CDSS
tests on Ottawa F65 sand including 54 CDSS tests conducted in the present study and 11 CDSS
tests conducted by ElGhoraiby et al. [32]. It is noted that the CDSS tests in this study and the
CDSS tests reported by ElGhoraiby et al. [32] were conducted in the same facility following the
same procedure. A good agreement between these CDSS tests was obtained in terms of
liquefaction strength. The ANN model was trained, validated, and tested to predict the liquefaction
strength of Ottawa F65 for a specified set of vertical effective stresses, cyclic stress ratios, static
shear stresses and relative densities. The ANN model was further assessed using blind predictions
of the liquefaction strength obtained under a new vertical effective stress and a new soil density
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that are not included in the training dataset. The blind predictions of the developed ANN model
were then validated by carrying out CDSS tests on Ottawa F65 sand under similar density and
loading conditions used in the blind predictions.

2. Materials and methods

2.1. Description of Ottawa F65 sand

Ottawa F65 sand is a whole grained white silica sand with a silica purity of 99.7% mined from
deposits near Ottawa, Illinois and produced by US Silica [30,32]. Ottawa F65 sand particles are
mostly subrounded as shown in Scanning Electron Microscope (SEM) characterization of Ottawa
F65 sand (Figure 1). Ottawa F65 sand is selected as the main soil in the Liquefaction Experiments
and Analysis Project (LEAP) [22-24]. Previous studies have conducted a series of characterization
tests on Ottawa F65 sand to determine its physical and index properties [29-32]. The soil
characterization tests included specific gravity of soil particles tests, particle size distribution
analysis, hydraulic conductivity tests, and minimum and maximum void ratio tests. Table 1
summarizes the physical and index properties of Ottawa F-65 sand [29,30,32] (D44, D39, and D
are, respectively, particle diameters defining 10%, 30%, and 60% finer from the grain-size
distribution curve, e denotes the void ratio, and ey, and e, represent, respectively, maximum
and minimum void ratios).

Figure 1: SEM characterization of Ottawa F65 sand.
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Physical properties Vasko (2015) Bastidas (2016) ElGhoraiby et al. (2020)
Specific gravity, Gq 2.65 2.65 2.65
Particle size distribution
Do (mm) 0.13 0.14 0.136
D3, (mm) 0.17 0.17 0.174
Dgo (mm) 0.21 0.22 0.235
Coefficient of uniformity, C, 1.62 1.61 1.728
Coefficient of curvature, C. 0.947 0.96 0.96
Hydraulic conductivity
Permeability (cm/sec) 0.0118 for e =0.639 | 0.022 fore=0.791 0.008 to0 0.015
0.0164 for e =0.724 | 0.016 for e =0.539 for e = 0.486
toe=0.766
Maximum and minimum void ratios
€max 0.754 0.83 0.78
€min 0.491 0.51 0.51

Table 1: Physical and index properties of Ottawa F-65 sand

2.2. Cyeclic direct simple shear experimental set up

In this study, multiple series of constant volume stress-controlled cyclic direct simple shear
(CDSS) tests were conducted using an SGI type device [39] shown in Figure 2. The equipment
includes vertical and horizontal loading rams, and Linear Variable Differential Transformers
(LVDT) for vertical and horizontal displacement measurements. The soil specimen is placed
between top and bottom caps on which porous stones disks are placed. The soil specimen is
enclosed in a rubber membrane and is laterally constrained using a stack of Teflon coated
Aluminum rings kept in a vertical position using clevis pins. Figure 2 shows the final set-up of soil
specimen.

The top cap is connected to a vertical loading ram via a vertical load cell that allows for precise
control of the applied vertical load (precision of 99.8%). The bottom cap is placed on a base
pedestal that sits on a shear sliding base. The shear sliding base is connected to a shear loading
ram via a horizontal load cell that controls the horizontal displacement applied to the shear base.
The bender elements embedded in the top and bottom caps are connected to a wave generating
device and enable measurement of shear wave velocity before and after different stages of the
CDSS test.
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Figure 2: Cyclic direct simple shear experimental set up.

The direct simple shear test usually follows three major steps. First, the soil specimen is prepared
following a painstaking procedure to ensure consistency and repeatability of the test results in
terms of measured soil density and soil stress-strain behavior. Second, the soil specimen is
subjected to a vertical (consolidation) stress. Third, a monotonic or cyclic shear stress is applied
to the soil specimen in the horizontal direction. In the case of tests with static shear stress, a pre-
cyclic shearing stage is added to the third step.

In this study, the samples were prepared using dry pluviation technique. The dry pluviator shown
in Figure 3 is composed of a 1-inch diameter tube connected to a bucket at its top. A sieve number
8 covers the bottom of the tube. The tube is supported by a pluviator lift attached to a steel frame
through a threaded rod that can have upwards and downwards movements controlled by a DC
motor connected to a power supply. A height measuring ruler with graduations in millimeter is
attached to the steel frame to indicate the height of drop.

In sample preparation, the soil density is conditioned by the height of drop. Depending on the
target density, an initial height of drop is determined by trial and error and the pluviator lift is
positioned at that height. Then, sand is deposited in the upper bucket and upward movement is
imposed on the pluviator lift at a constant speed in order to maintain a constant height of drop. The
sand is gradually collected inside the stacked rings covered by the rubber membrane as shown in
Figure 4. Attention is given to the symmetry of the deposited sample as it conditions the symmetry

8



281  of the stress-strain response under cyclic loading. When the sand fills the volume inside the stack
282  ofrings and overflows from the surface, the upward movement of the pluviator lift is stopped. The

283  excess sand is collected in the sand collector. The sample surface is then leveled as shown in Figure
284 4.

285

Figure 4: Direct simple shear sample preparation steps after dry pluviation.
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Measurements of the height and diameter of the volume that will be occupied by the cylindrical
soil specimen are taken at four different locations before dry pluviation. For each specimen, the
average height and diameter are obtained, and the specimen volume is calculated. At the end of
sample preparation, the specimen surface is leveled as shown in Figure 4. After vacuuming the
extra sand on the edges, the weight of the soil specimen with the base pedestal, stack of rings,
membrane, and O-rings is measured. The weight of soil specimen is obtained by subtracting the
weight of the base pedestal, stack of rings, membrane, and O-rings. The soil density is calculated
from the measured volume occupied by sand and the measured weight of sand collected inside the
stack of rings after leveling the specimen surface. By ensuring consistency in the specimen
preparation approach and maintaining the same height of drop in dry pluviation, soil specimens
are prepared with a relatively small variation in relative density (coefficients of variation less than
2% for target relative densities used in this study). Considering all constant volume direct simple
shear tests conducted in this study, the average specimen height was estimated at 23.5 mm with a
coefficient of variation of 0.45%, and the average specimen diameter was estimated at 64.2 mm
with a coefficient of variation of 0.05%. In this study, four target relative densities were considered
ranging from 55% to 75%. The weight of soil specimen varied with increased target relative
density. The average coefficient of variation of soil specimen weight was estimated at 0.59%.

During the constant volume CDSS tests, the lateral displacement of the soil specimen is
constrained using the stack of Teflon coated Aluminum rings. As mentioned earlier, the soil
specimen is placed between top and bottom caps on which porous stones disks are positioned. The
vertical displacement is unconstrained during the consolidation phase. Before shearing, the vertical
displacement is locked using a passive control system that prevents the development of axial strain
during shearing. The constant volume condition is ensured through the constrained lateral and
vertical displacements during shearing.

3. Results and Discussion

In this study, a total of fifty-four CDSS tests were conducted for a set of overburden stresses,
relative densities, static shear stresses, and cyclic stress ratios to demonstrate the effect of these
parameters on the soil cyclic strength. The relative densities for each test are calculated based on
a maximum void ratio of 0.78 and a minimum void ratio of 0.51 used in the LEAP 2017 [31,24].
In each CDSS test, the soil specimen was loaded to a maximum shear strain of 10% in double
amplitude using stress control criterion for load reversal.

3.1. Cyclic direct simple shear tests results

3.1.1. Effect of overburden stress on cyclic strength of Ottawa F65

Two series of constant volume CDSS tests were conducted under overburden stresses of 40 kPa
and 100 kPa on specimens prepared at average relative densities of 66.2% (covariance of 0.8%)
and 66.7% (covariance of 1.4%), respectively. These tests complement the experiments conducted
by ElGhoraiby et al. [32] by considering higher cyclic stress ratios. Table 2 summarizes
information about the average dry density before consolidation (p, ), average void ratio after
consolidation (e,.), average relative density after consolidation (D) for the two sets of CDSS

10
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tests subjected to vertical stresses (o”,) of 40 kPa and 100 kPa. The ranges of cyclic stress ratios
(CSR) and ranges of the measured number of cycles required to reach 3.5%, 5%, and 7.5% double
amplitude (DA) shear strain (Ncyc — 3.5%, Ncyc — 5%, Ncyc — 7.5%) are reported in the Table. In
these tests, the specimens were not subjected to static initial shear stress. Hence, the static shear
stress ratio a (defined as the ratio of static initial shear stress to initial vertical effective stress) is
Zero.

o,=40kPa,a =0
pq (kg/m3) €ac Dy ac(%) CSR Ncyc —3.5% | Ncyc— 5% | Ncyc — 7.5%
1641 0.601 66.2 0.15-0.25 1-26 1.5-28 2-325
o', =100kPa,a =0
1628 | 0600 | 667 | 0.17-0.25 1-3 1-5 15-7.5

Table 2: Summary of constant volume CDSS tests with ¢’, = 40 kPa, 100 kPa.

For each CDSS test, shear wave velocity measurements were taken after the consolidation phase
and before cyclic shearing using the bender element and wave generating device shown in Figure
2. At the end of consolidation, a shear wave is transmitted using the wave generating device. Figure
5 presents the transmitted and received shear wave time history for a test conducted under a vertical
stress of 40 kPa. The departure and arrival time of the shear wave are recorded. The time difference
between departure and arrival is calculated (peak to peak time difference). Then, the shear wave
velocity is computed knowing the distance traveled by the wave. The shear modulus G is computed
using the equation G = pV,? where p is the soil density and V; is the shear wave velocity. The
peak-to-peak time difference recorded in Figure 5 is 82.8 ps, which corresponds to a calculated
shear modulus of 35.5 MPa.

Peak to peak

Transmitted shear wave
Received shear wave

Voltage, V

_3 1 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800 900

Time, ps
Figure 5: Example of transmitted and received shear wave.

Table 3 summarizes the average shear wave velocity and average shear modulus for CDSS tests
conducted under vertical stresses (¢',) of 40 kPa and 100 kPa.

11
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Shear wave velocity, V; Shear modulus, G

v (kKP2) "\fean (m/s) [ COV (%) | Mean (MPa) | COV (%)
40 1473 2.9 35.7 5.8
100 157.5 23 40.6 49

Table 3: Shear wave velocity and shear modulus for constant volume CDSS tests
with ¢', = 40 kPa and ¢', = 100 kPa.

Figure 6 shows results of two CDSS tests conducted at vertical stresses of 40 kPa and 100 kPa on
soil samples prepared at a relative density of about 66.7% in average. The specimens were
subjected to cyclic shearing at a cyclic stress ratio (CSR) of 0.20 under constant volume condition.
Figure 6 presents the variation of shear stress with shear strain, the stress path (shear stress
variation with vertical stress), and the variation of vertical effective stress and vertical effective
stress ratio (vertical effective stress divided by initial vertical effective stress) with the number of
cycles. The stress-strain response shows that the double amplitude shear strain increases as the soil
weakens and deforms more with every additional cycle. The stress path response shows that the
soil specimen contracts first under the applied shear stress, which corresponds to soil tendency to
decrease in volume. Since the test is conducted under constant volume criteria, the vertical stress
decreases to maintain a constant specimen height. Then, the soil contracts and then dilates at the
end of each forward and backward loading as the soil resists shearing through dilation or volume
expansion. As the vertical effective stress ratio approaches a near zero value, the contact stresses
between soil particles momentarily approach zero and large strains develop in the soil.

The test conducted under 40 kPa vertical stress has required a larger number of cycles for the
vertical effective stress to reach a near zero value. It is also observed that a larger number of cycles
was required to reach 10% double amplitude shear strain in the CDSS test conducted under a
vertical stress of 40 kPa compared to the test conducted under a vertical stress of 100 kPa. Since
the specimens in the two tests were subjected to the same cyclic stress ratio and have close relative
densities, it is clear that cyclic strength increases with decreased overburden stress.
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Figure 6: Constant volume stress controlled CDSS tests results, ', = 40 kPa, 100 kPa,
Dy qc = 66.7%, CSR = 0.20.

Figure 7 presents the liquefaction strength curves obtained using the two series of constant volume
CDSS tests conducted under overburden stresses of 40 kPa and 100 by considering the number of
cycles required to reach 7.5% double amplitude shear strain. It is noted that, for similar density
and cyclic stress ratio, a larger number of cycles is required for tests conducted under an
overburden stress of 40 kPa to reach the same shear strain amplitude. The liquefaction strength
curves shown in Figure 7 follow the general form CSR = a X Ncyc™ + ¢ where a, b, and c are
constant parameters. This form was more convenient to capture all datapoints covering cyclic
stress ratios used in this study as well as those used by ElGhoraiby et al. [32]. Table 4 summarizes
the constant parameters for the liquefaction strength curves shown in Figure 7.
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Figure 7: Liquefaction strength curves for constant volume CDSS tests
with ¢’;, = 40 kPa and 100 kPa, and D, 4, = 66.5%.

Vertical stress '), kPa | D, ., % | Parameter a | Parameter b | Parameter ¢
40 66.2 0.20 0.45 0.105
100 66.7 0.17 0.49 0.106
Table 4: Liquefaction strength curves constant parameters for constant volume CDSS tests
with o'y, = 40 kPa, 100 kPa and Ncyc-7.5% double amplitude shear strain.

Idriss and Boulanger [9] have developed a correction factor K, for sandy soils to account for the
increase in strength due to the decrease in confining stress based on the strength of the soil tested
at a confining stress of 100 kPa. The correction factor K, is defined by the equation K, =1 —

C,In (2

Pq
a coefficient used to correlate soil relative density D,., SPT N-values (N; ¢¢) and CPT tip resistance
(gc,1,n) to K. The high overburden correction, K, accounts for the increased susceptibility of
sandy soils to cyclic liquefaction with increased effective overburden stress at the same cyclic
stress ratio.

) where a’,, is the effective overburden stress, P, is the atmospheric pressure, and C, is

Table 5 presents the average values of K, calculated for the two series of CDSS tests conducted
under overburden stresses of 40 kPa and 100 kPa. The correction factor K, is compared to the
experimental ratio of cyclic resistance ratio (CRR) values CRR,,/CRR; o (Where CRR,, and CRR g
correspond, respectively, to CRR values for tests conducted under vertical stresses of 40 and 100
kPa) calculated for a moment magnitude of earthquake M=7.5, which corresponds to cyclic
strength at 15 uniform stress cycles [13]. The measured ratio of the CRR values (CRR,q/CRR1o)
obtained from the two series of CDSS tests is slightly higher (3.8% higher) than the correction
factor K, calculated from the relationship proposed by Boulanger and Idriss [9]. This is consistent
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with the observations made by Park et al. [12] who have measured the correction factor K, in a
series of CDSS tests conducted on loose and dense specimens of Nakdong River sand. The study
by Park et al. [12] suggested that the correction factor K,; by Boulanger and Idriss [9] provides
effective predictions for loose sand compared to the measured correction factor [12]. However, the
correction factor K, provided significantly lower predictions for dense sand compared to the
measured ratio of CRR values. It was also found that the predicted correction factor K, is only
effective for cases where the initial static shear stress is insignificant.

o', (kPa) a'y/Py Dy ac) % Co Ky CRRG’,,/CRRG',,=1OO kPa
40 0.39 66.22 0.134 | 1.05 1.09
100 0.99 66.69 0.136 | 1.00 1.00

Table 5: High Overburden Correction factor K, and CRR ratio at M=7.5.

3.1.2. Effect of static shear stress on cyclic strength of Ottawa F65

The effect of static shear stress on the cyclic strength of Ottawa F65 sand was studied by
conducting four different series of constant volume CDSS tests where the soil specimen is
subjected to a static shear stress after consolidation and prior to cyclic shearing. The application
of a static shear stress after consolidation replicates the condition of sloping ground where any
element under the ground surface is under a shear stress in addition to vertical and horizontal
stresses. The constant volume CDSS tests with static shear stress include two sets of tests with a
consolidation stress (o',) of 100kPa and static shear stress ratios (a) of
0.3 and 0.4, and two sets of tests with a consolidation stress of 40 kPa and static shear stress ratios
of 0.25 and 0.375. Table 6 shows the average dry density before consolidation (pq ), void ratio
after consolidation (e,.) and relative density after consolidation (D 4.) for the different sets of
CDSS tests conducted with static shear stress. The ranges of cyclic stress ratio and ranges of the
measured number of cycles required to reach 3.5%, 5%, and 7.5% double amplitude (DA) shear
strain (Ncyc — 3.5%, Ncyc — 5%, Ncyc — 7.5%) are reported in Table 6. It is noted that, for
constant volume CDSS tests conducted under a vertical effective stress of 100 kPa and static shear
stress ratios of 0.3 and 0.4, the shear strain amplitude has not reached a value of 7.5% under the
applied cyclic stress ratios. In these cases, the soil specimens did not reach a state of liquefaction
and stress paths stabilized at a vertical stress higher than zero.

o', =100 kPa,a = 0.3
pa (kg/m3) | eac | Drac(%) CSR Ncyc — 3.5% Ncyc — 5% Ncyc — 7.5%

1641 0.602 66.5 0.15-0.30 1-35 2-90 -
o',=100kPa,a=0.4

1637 [0602] 677 [0.15-030] 2-48 | 5-126 | -
o', =40 kPa,a = 0.25

1640 0601 | 664 [020-030] 15-11 | 25-245 | 5-67
o', =40 kPa,a = 0.375

1638 [0.601 | 664 [022-035] 4-24 | 75-74 | 15-280

Table 6: Summary of constant volume CDSS tests with ', = 100 kPa, « = 0.3, 0.4 and ¢, = 40 kPa,
a = 0.25, 0.375.
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Figure 8 presents results of three constant volume CDSS tests conducted at a vertical stress of 100
kPa and subjected to static shear stresses of 0 kPa, 30 kPa, and 40 kPa prior to cyclic shearing
under a constant volume condition with a cyclic stress ratio of 0.25. The three specimens were
prepared at nearly the same relative density. It is noticed that for tests with static shear stress, the
soil specimen does not reach a state of liquefaction and stabilizes at a vertical stress that is higher
for cases with larger static shear stress ratio. While the soil specimen subjected to no static shear
stress has reached a near zero vertical effective stress ratio, the soil specimens subjected to static
shear stresses of 30 kPa and 40 kPa have stabilized at vertical effective stresses of 60 kPa and 95
kPa, respectively. It is also noted that a larger number of cycles is required to reach 5% double
amplitude shear strain amplitude with increased values of static shear stress.

Figure 9 presents the liquefaction strength curves corresponding to the abovementioned series of
CDSS tests conducted with static shear stress in addition to the series of tests conducted without
static shear stress and described in previous sections. The Figure shows that the cyclic strength
increases with larger static shear stress for both series of CDSS tests conducted under overburden
stresses of 100 kPa and 40 kPa. Table 7 summarizes the constant parameters of the liquefaction
strength curves of general form CSR = a X Ncyc™? + ¢ (where a, b, and ¢ are constant parameters)
for the liquefaction strength curves shown in Figure 9.

o' =100 kPa, D =67%, CSR=0.25
v r,ac

60 : ! ] 60

a=0
g g a=0.3
X 40 X 40
) )
(2] 7]
2 2 2 2
7] 7]
g ©
2 0 20
7] 7]
-20 1 g i [ | ] -20 | \ [ [ [
-4 -2 0 2 4 6 0 20 40 60 80 100
Shear strain, kPa Vertical effective stress, kPa

© ie]
% ®
o 100 n
[72] 2]
o g
% 80 ]
(] (]
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g o g o0
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Figure 8: Constant volume CDSS test results — o', = 100 kPa, a = 0, 0.3,0.4,
CSR = 0.25,D, 4. = 67%.
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Figure 9: Liquefaction strength curves for CDSS tests with a’,, = 100 kPa, a = 0, 0.3, 0.4 (left)
and o', = 40 kPa, a = 0,0.25,0.375 (right).

Vertical stress ', kPa | @ | Dy 4., % | Parameter a | Parameter b | Parameter c
40 0 66.2 0.20 0.45 0.105
40 0.25 66.4 0.32 0.40 0.140
40 0375] 664 0.61 0.43 0.160
100 0 66.7 0.17 0.49 0.106
100 0.3 67.1 0.32 0.22 0.024
100 0.4 67.1 0.39 0.41 0.097

Table 7: Liquefaction strength curves constant parameters for constant volume CDSS tests
with o', = 40 kPa, Ncyc-7.5% shear strain, and o', = 100 kPa, Ncyc-5% shear strain.

To account for the effect of static shear stress ratio on the liquefaction strength of sandy soils, a
correction factor K, is often used where a is the ratio of static shear stress to vertical
(consolidation) stress [9]. The correction factor K, is defined as the ratio of CRR for a non-zero
value of a to the CRR for & = 0. The correction factor K, is related to soil relative density D, and
is also correlated with normalized SPT N-values (N ¢) and CPT tip resistance (q. ; ). Boulanger
[11] has introduced a state-dependent index for describing the variation of K, with both relative
density and confining stress. Table 8 shows the average values of K, calculated for the series of
CDSS tests and their comparison with the experimental ratio of the CRR values (CRR,/CRR ()
calculated for a moment magnitude of earthquake M=7.5, which corresponds to cyclic strength at
15 uniform stress cycles [13]. Figure 10 compares the empirical K, versus the experimental ratio
of the CRR values (CRR,/CRR,-,) for vertical effective stresses of 40 kPa and 100 kPa.
Compared to the experimental results shown in Figure 10, the empirical equations [8,10] provide
larger values of K, to account for the effect of static shear stress. These observations appear to be
consistent with those made by Park et al. [12]. It is noted, however, that the empirical equations
were developed from data for which the static shear stress ratio « is less than 0.3.
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o'y (kPa) | T (kPa) ¢4 Dy ac (%) | (N1)eo qdcin Ky CRR,
/CRRy=

40 0 0 66.2 20.2 129.3 1.00 1.00
40 10 0.25 66.4 20.3 129.8 1.84 1.52
40 15 0.375 66.4 20.3 129.7 2.20 2.16
100 0 0 66.7 20.5 130.6 1.00 1.00
100 30 0.3 66.5 20.4 130.2 1.79 1.39
100 40 0.4 67.7 21.1 133.5 2.31 1.56

Table 8: Static shear stress ratio Correction factor K, and experimental ratio of CRR at M=7.5
for o', = 40 kPa and ¢', = 100 kPa.

a'v=40 kPa, Dr,ac=66.3% o'v=100 kPa, Dr,ac=67%
2.8 2.8
o Empirical Ka ® Empirical Ka
2.6 Experimental CRR /CRR _ 2.6 Experimental CRR /CRR _
el a=0 el a=0
24r 24t
22 r 2] 22r
o2t 2+
X X
18} o 18}
1.6 1.6
1.4 1.4+
1.2 1.2
1 1 1 1 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4
a a

Figure 10: Static shear stress ratio Correction factor K, and experimental ratio of CRR at M=7.5
for o', =40 kPa and ', = 100 kPa.

3.1.3. Effect of soil density on cyclic strength of Ottawa F65

The effect of soil density on the cyclic strength of Ottawa F65 soil is studied by conducting
multiple series of constant volume CDSS tests on Ottawa F65 sand specimens consolidated at a
vertical stress of 40 kPa and prepared at average relative densities after consolidation of 55.2%,
71.2%, and 75.5% in addition to the tests conducted at a relative density after consolidation of
66.2% discussed in the previous section.

Table 9 summarizes the average dry density before consolidation (p ), void ratio after
consolidation (e, ) and relative density after consolidation (D, ) for the different sets of CDSS
tests subjected to a vertical stress of 40 kPa and conducted on specimens prepared at three target
relative densities after consolidation of 55%, 71%, and 75%. The ranges of cyclic stress ratio and
ranges of the measured number of cycles required to reach 3.5%, 5%, and 7.5% double amplitude
(DA) shear strain (Ncyc — 3.5%, Ncyc — 5%, Ncyc — 7.5%) are reported in the Table.
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o,=40kPa,a =0
pg (kg/m?) | esc | Drac(%) CSR Ncyc — 3.5% Ncyc—5% | Ncyc— 7.5%
1611 0.631 55.2 0.10-0.19 2.5-107 3-110 45-115
1656 0.588 71.2 0.15-0.23 2.5-51 3-54 5-58
1667 0.576 75.5 0.16-0.30 1-44.5 1-47 2-49

Table 9: Summary of constant volume CDSS tests with o', = 40 kPa
and Dy 5. = 55.2%,71.2%, 75.5%.

Figure 11 presents the results of three constant volume CDSS tests on soil specimens prepared at
three different soil densities (55%, 66.1%, and 75.9%). The specimens are consolidated under a
vertical stress of 40 kPa and then subjected to a cyclic stress ratio of 0.19. The stress-strain
responses show that, for each cycle, the shear strain amplitude is larger for specimens with lower
relative density. The stress paths (shear stress variation with vertical stress) indicate that soil
specimens with lower density are more contractive as their vertical stress decreases faster. A
smaller number of cycles is required for the vertical stress to approach zero for looser specimens.

a'v =40 kPa, « =0,CSR=0.19
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Figure 11: CDSS tests with ¢, = 40 kPa and D, 5, = 55%, 66.1%, 75.9%.

Figure 12 presents the liquefaction strength curves obtained using the four series of CDSS tests by
considering the number of cycles required to reach 7.5% double amplitude shear strain. As
expected, cyclic strength of the soil increases with increased density.
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Figure 12: Liquefaction strength curves for CDSS tests with ¢', = 40 kPa
and D, 5. = 55.2%, 66.2%, 71.2%, 75.5%.

Table 10 summarizes the constant parameters of the liquefaction strength curves of general form
CSR = a x Ncyc™ + ¢ (where a, b, and ¢ are constant parameters) for the liquefaction strength
curves shown in Figure 17. The values of the parameter b are similar for tests conducted with soil
relative densities of 55.2% and 66.2%. The parameter b decreases with increasing soil density for
the series of tests conducted with soil relative densities of 71.2% and 75.4%. It is noted that
approximately 19% increase in cyclic strength (CRR corresponding to 15 uniform cycles) is
observed when the soil relative density is increased by 10%.

Vertical stress o', kPa a Dy qc, % | Parameter a | Parameter b | Parameter ¢
40 0 55.2 0.22 0.45 0.073
40 0 66.2 0.20 0.45 0.105
40 0 71.2 0.24 0.39 0.096
40 0 75.4 0.27 0.36 0.094

Table 10: Liquefaction strength curves constant parameters for constant volume CDSS tests
with ¢’;, = 40 kPa and D, 4. = 55.2%, 66.2%, 71.2%, 75.4%.

For these series of tests, shear wave velocity measurements were taken after the consolidation
phase and before cyclic shearing using the wave generating device shown in Figure 2. Table 11
summarizes the average shear wave velocity and average shear modulus for CDSS tests conducted
under vertical stresses of 40 kPa at average relative densities of 55.2%, 66.2%, 71.2%, and 75.4%.
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Shear wave velocity, Vg Shear modulus, G
Dr,ac(%) ["Vean (m/s) | COV (%) | Mean (MPa) | COV (%)
55 131.8 3.9 28.0 7.6
66.2 1473 2.9 35.7 5.8
71.2 151.5 2.6 38.0 53
75.4 158.6 27 419 54

Table 11: Shear wave velocity and shear modulus for constant volume CDSS tests
with ¢',, = 40 kPa and D, = 55.2%, 66.2%, 71.2%, 75.4%.

Figure 13 presents the variation of shear wave velocity and shear modulus with relative density
for tests conducted at a vertical stress of 40 kPa. Each boxplot indicates the median shear modulus
represented by the central mark, as well as the 25th and 75th percentiles represented by the bottom
and top edges respectively. Overall, it is observed that the shear wave velocity and shear modulus
increase with increased relative density.
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Figure 13: Shear wave velocity versus relative density (left)
and shear modulus versus relative density (right).

3.2. Approximation of Ottawa F65 cyclic strength using surface plots

In the CDSS tests presented in previous sections, four varying parameters were considered: soil
density, vertical stress, static shear stress, and cyclic stress ratio. For every set of CDSS tests, one
parameter was constant while the three other parameters were changing. In order to approximate
the cyclic strength of Ottawa F65 sand for values of the varying parameters not available in the
experimental data, a surface fitting tool for three-dimensional data was used to approximate the
variation of number of cycles with cyclic stress ratio and relative density, or the variation of
number of cycles with cyclic stress ratio and static shear stress. The surface fitting tool used is a
Python open-source code that fits the experimental data against multiple functions, and then
provides a ranking of the functions by considering the highest to the lowest coefficient of
determination R2. The Python open-source code is available at Bitbucket Git-based source code
repository [40]. The code uses a genetic algorithm for initial parameter estimation [41] and
includes orthogonal distance and relative error regressions [42].
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Figure 14 presents surface plots used to fit the variables considered in the different sets of CDSS
tests conducted in this study. Figure 14 describes:

(1) The variation of the number of cycles to reach 5% shear strain with cyclic stress ratio (CSR)
and static shear stress ratio (a) for CDSS tests conducted under a vertical stress of 100 kPa
(graph 1).

(2) The variation of the number of cycles to reach 7.5% shear strain with cyclic stress ratio
(CSR) and static shear stress ratio () for CDSS tests conducted under a vertical stress of
40 kPa (graph 2).

(3) The variation of the number of cycles to reach 7.5% shear strain with cyclic stress ratio
(CSR) and relative density after consolidation D, 5. for CDSS tests conducted under a
vertical stress of 40 kPa (graph 3).
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Figure 14: Surface plots of static shear stress ratio with cyclic stress ratio and number of cycles
for o', = 100 kPa (1) and o', = 40 kPa (2), and surface plot of relative density with cyclic stress ratio
and number of cycles for o', = 40 kPa (3).

The surface plots presented in Figure 14 were generated respectively using equations (1), (2), and
(3) corresponding respectively to graphs (1), (2), and (3) and defined as follows:

Ncyc = 10axexp (bXa+cXxCSR?)+dXCSR+fxa+g (1)
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where Ncyc is the number of cycles to reach 5% shear strain, CSR is the cyclic stress ratio, « is
the static shear stress ratio, and a, b, c, d, f, g are fitting parameters given by: a = 7.176, b =
1.717 x 1071, ¢ = —1.252 x 10%,d = —6.811, f = 2.581, g = 1.682.

} ai
Ncyc — 1000 " 1+e®2(az3xCSR+agxa+asxCSRXa) (2)

where Ncyc is the number of cycles to reach 7.5% shear strain, CSR is the cyclic stress ratio, a is
the static shear stress ratio, and ay, a,, a,, as, a,, as are fitting parameters given by: ao =
—1.914x107%, a; = 1.684x 10%, a, =5.956 x 107!, a3 = 2.586 x 10!, a, =3.791, as =
—4.817 x 10%.

Ncyc = 109%exp (bXDy+CcXCSR?)+dXCSR+fXDy+g 3)

where Ncyc is the number of cycles to reach 7.5% shear strain, CSR is the cyclic stress ratio, D;. 4.

is the relative density, and a, b, ¢, d, f, g are fitting parameters given by: a = 7.247 x 1072, b =
7.096 X 1072, ¢ = —1.431 x 102, d = —7.375, f = 2.627 x 1072,

From equations (1), (2), and (3), it can be concluded that the number of cycles Ncyc to reach 5%
or 7.5% shear strain increases with increase in CSR, increase in static shear stress ratio «, or
increase in relative density D, ,.. This agrees with previous conclusions stating that the cyclic
strength of Ottawa F65 sand increases with higher static shear stress and higher relative density.
The increase of Ncyc with a is more pronounced for low CSR values, and the increase of Ncyc
with decreased CSR is slightly more pronounced at higher values of @. Moreover, the increase of
Ncyc with D, 4. 1s more pronounced for low CSR values, and the increase of Ncyc with decreased
CSR is slightly more pronounced for higher values of D, ;.

3.3. Modeling of Soil Response using Artificial Neural Networks

3.3.1. Development of the Neural Networks model

The database of CDSS tests developed in this study (54 CDSS tests) and the CDSS tests conducted
by ElGhoraiby et al. [32] (11 CDSS tests) is used to develop an Artificial Neural Network (ANN)
model trained to predict the cyclic strength of Ottawa F65 sand for a specified set of vertical
effective stresses, cyclic stress ratios, static shear stress ratios and relative densities after
consolidation. The ANN model relates an output variable represented by the number of cycles
required to reach 2.5%, 5% or 7.5% shear strain to four input variables including soil relative
density after consolidation D, 4. (55.2%, 66.2%, 71.2%, 75.5%), vertical confining stress o', (40
kPa, 100 kPa), static shear stress ratio a (0, 0.25, 0.375, 0.4), and cyclic stress ratio CSR ranging
from 0.1 to 0.35. The logarithm of the number of cycles was used to limit variations in the output
data and improve the model predictive capability. The ANN model includes an input layer with
four neurons representing the four input variables, a hidden layer with four neurons, and an output
layer with one neuron representing the logarithm of the number of cycles required for Ottawa F65
sand to reach 2.5% 5%, or 7.5% shear strain noted Ncyc. The ANN model was designed by trial
and error considering the performance of the model during training, validation and testing. Figure
15 presents the architecture of the ANN model used.

23



597

598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614

615
616
617
618

DT,ClC

Qo

CSR

0000
0000

Input layer Hidden layer Output layer
Figure 15: Architecture of the ANN model.

3.3.2. Training of the Neural Networks model

The ANN model is trained using feed-forward and back propagation methods. A hyperbolic
tangent function was used as the activation function for connections between the input layer and
the hidden layer, and a rectified linear unit function was used as the activation function for
connections between the hidden layer and the output layer. Since the output variable contains
continuous real numbers, the mean squared error was used as loss function quantifying the total
loss created by incorrect predictions. The ANN model was developed using the Neural Network
Toolbox in Matlab [43]. First, the ANN model was trained to capture the number of cycles required
to reach 7.5% double amplitude shear strain for CDSS tests conducted without static shear stress.
For this purpose, a total of 43 CDSS tests were used including tests conducted at vertical stresses
of 40 kPa and 100 kPa, relative densities of approximately 55%, 66%, 71% and 75%, and various
cyclic stress ratios. The dataset of 43 CDSS tests do not include CDSS tests conducted with static
shear stress. The model was trained on 72% of the training data base (31 CDSS tests), and 28% of
the training dataset (12 CDSS tests) was reserved for validation and testing of the model. In a study
by Gholamy et al. [44], it was reported that empirical studies have shown that the best results are
obtained if 70% to 80% of the data is reserved for training and 20% to 30% of the data is reserved
for testing. The study has provided a theoretical explanation of such observations from empirical
studies.

Figure 16 presents the evolution of the mean squared error with epochs for the train, validation,
and test batches. An epoch corresponds to training the neural network model with all the training
data for one cycle including a forward pass and a backward pass. The best performance of the
model was achieved at epoch 92 where the gradient decent was equal to 0.009.
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Figure 16: Performance of the ANN model in terms of mean squared error evolution.
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Figure 17 presents results of the ANN model predictions on the training, validation and testing
dataset of CDSS tests conducted at vertical effective stresses of 40 kPa and 100 kPa on specimens
prepared at relative densities after consolidation of about 55.2%, 66.2%, 71.2% and 75.5%. It is
shown that the ANN predictions are close to the experimental results and that the ANN model is

o',=40kPa,a=0, Ncyc-7.5% DA

sensitive to changes in overburden stress and relative density.
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Figure 17: ANN model performance on the training dataset for ¢’,, = 40 kPa, 100 kPa,
Dy ac ® 66%, o = 0 (left) and for o'y, = 40 kPa, Dy 5. = 55%, 66%, 71%, 75%, o = 0 (right).

The training of the ANN model was then extended to include the effect of static shear stress. For
this purpose, CDSS tests conducted with static initial shear stress at a vertical stress of 40 kPa were
included in the training dataset. The ANN model was trained to capture the number of cycles
required to reach 7.5% double amplitude shear strain. A total of 57 CDSS tests were used, which
corresponds to the entire dataset except for CDSS tests conducted at a vertical stress of 100 kPa

25



629
630
631
632
633
634
635

636
637
638
639
640
641
642
643

644
645
646
647
648

Cyclic Stress Ratio

and static shear stresses of 30 kPa and 40 kPa for which the shear strain did not reach 7.5% shear
strain amplitude. The model was trained on 68% of the training data base (39 CDSS tests), and
32% of the training dataset (18 CDSS tests) was reserved for validation and testing of the model.
Figure 18 (left) presents results of the ANN model predictions on the training, validation, and
testing dataset of CDSS tests conducted at vertical effective stresses of 40 kPa with static shear
stress ratios of 0, 0.25, and 0.375. It is shown that the ANN predictions are close to the
experimental results and that the ANN model is sensitive to changes in static shear stress ratio.

To extend the model predictions beyond one level of shear strain, the ANN model was trained to
predict the number of cycles required to reach 2.5% and 5%, in addition to 7.5% double amplitude
shear strain developed earlier. The model was trained on 70% of the training data base (45 CDSS
tests), and 30% of the training dataset (20 CDSS tests) was reserved for validation and testing of
the model. Figure 18 (right) presents results of the ANN model predictions on the training,
validation and testing dataset of CDSS tests conducted at vertical effective stresses of 100 kPa
with static shear stress ratios of 0, 0.3, and 0.4. Again, the ANN model is sensitive to change in
static shear stress ratio.
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Figure 18: ANN model performance on the training dataset for o', = 40 kPa,
Dy ac = 66%, a = 0,0.25,0.375 (left) and for 6’y = 100 kPa, Dy 5c = 67%, a = 0, 0.3, 0.4 (right).

Figure 19 shows the experimental and ANN-predicted scatter plots of cyclic stress ratio variation
with the number of cycles to reach 2.5%, 5% and 7.5% double amplitude shear strain for CDSS
tests conducted at a vertical effective stress of 100 kPa with no static shear stress. The ANN model
shows sensitivity to the achieved shear strain amplitude as more cycles are generally required in
the ANN predictions to reach a higher shear strain.
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Figure 19: ANN model performance on the training dataset for ¢',, = 100 kPa,
Dy qc = 67%, Ncyc — 2.5%, 5%, 7.5% DA.

Figure 20 presents a plot of ANN-predicted versus measured number of cycles required to reach
7.5% shear strain. The plot pictures the overall performance of the ANN model during training,
validation and testing.

Ncyc-7.5% double amplitude shear strain

400

O Data
Trendline - R% = 0.99 A

350

w
o
o

N
[¢)]
o

ANN predictions
= N
n o
o o

-
o
o

50

O 1 1 1 1 1 1 1 I}
0 50 100 150 200 250 300 350 400

Experimental measurements
Figure 20: ANN-predicted versus measured number of cycles required to reach 7.5% shear strain.

3.3.3. Validation of the Neural Networks model using blind predictions

The ANN model was further assessed and validated using blind predictions of new CDSS tests (to
be conducted) at a relative density after consoldation of 60% under a vertical effective stress of 70
kPa. The predictions considered cyclic stress ratios (CSRs) of 0.1, 0.15, 0.20, 0.25, and 0.30 and
zero static shear stress prior to cyclic shearing. Figure 21 presents the ANN blind predictions of
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654  the number of cycles (Ncyc) required to reach 2.5%, 5% and 7.5% shear strain for each cyclic
655  stress ratio, as well as the corresponding liquefaction strength curves.
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657 Figure 21: Blind predictions of the ANN model for 5 CDSS tests with ¢’;, = 70 kPa and D, 5, = 60%.

658  Afterwards, five CDSS tests were conducted on Ottawa F65 specimens prepared under similar
659  conditions as those considered in the blind predictions. Table 12 summarizes key information
660  about the five cyclic direct simple shear tests conducted to assess and validate the ANN model
661  performance. The Table includes values of the dry density before consolidation (p, ), void ratio
662  after consolidation (e,.), relative density after consolidation (D, ,.), cyclic stress ratio (CSR), and
663  the number of cycles required to reach 1.5%, 2.5%, 5% and 7.5% double amplitude shear strain
664  (Ncyc — 1.5%, Ncyc — 2.5%, Ncyc — 5%, %, Ncyc — 7.5%). Figure 22 presents an example of test
665  results in terms of stress-strain response and stress path for a constant volume cyclic direct simple
666  shear test conducted at D, = 66.43%, o', = 70 kPa, o = 0, and CSR = 0.25.

TestNo. | pg(kg/m) | eac |Drac(®0) |CSR| 20| NYE MR Nve
1 1621 0.621 58.9 0.1 182 188 197 208
2 1624 0.618 59.9 0.15 7 9 11.5 14
3 1621 0.615 61.2 0.2 1 2 5 6.5
4 1617 0.617 60.4 0.25 1 1 1.5 2.5
5 1616 0.622 58.7 0.3 0.5 0.5 1 L.5
Average 1620 0.619 59.8
COV (%) 0.2 0.4 1.6
667 Table 12: Summary of constant volume cyclic direct simple shear tests with ¢’y = 70 kPa
668 and Dy 5 = 60%.
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Figure 22: An example of the stress-strain response and stress path of the constant volume CDSS tests
used for validation of the ANN model using blind predictions.

Figure 23 presents the CDSS test results against the ANN model blind predictions presented in
scatter plots of the cyclic stress ratio variation with the number of cycles required to reach 7.5%,
5%, and 2.5% shear strain, and the corresponding liquefaction strength curves (Figure 23 (a),
Figure 23 (b), and Figure 23 (c), respectively). By considering the surface areas underneath
experimental versus ANN-predicted liquefaction strength curves, the respective errors of the ANN
predictions for 7.5%, 5% and 2.5% double amplitude shear strain were estimated at 0.51%, 1.33%,
and 0.91%. It is also noted that the ANN predictions are considered conservative since the ANN
model predicts smaller number of cycles to reach liquefaction under a given cyclic stress ratio.
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Figure 23: Liquefaction strength curves of experiments versus ANN blind predictions,
Ncyc — 7.5% (a), Ncyc — 5% (b), Ncyc — 2.5% (c).

In order to verify whether the error of ANN predictions is related to variation of relative density
around 60% in the five CDSS tests conducted (coefficient of variation of 1.6%), additional
predictions of the ANN model were performed for a vertical effective stress of 70 kPa with relative
densities of 59% and 61% in addition to the previous predictions with a relative density of 60% as
shown in Figure 24. It is noted from Figure 24 that the ANN model is sensitive to the slight change
in the soil relative density, but the small variation of the achieved relative densities in the
experiments does not justify the observed error in ANN predictions relative to the experiments for
the relative density of 60%.
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Figure 24: Liquefaction strength curves of experiments versus ANN blind predictions,
Dy qc = 59%,60%, 61%.

Overall, the ANN model predictions were sensitive to increased relative density, increased static
shear stress ratio, and increased cyclic stress ratio during training, validation, and testing (Figures
17-19). The number of cycles predicted by the ANN model increased with higher relative density
and higher static initial shear stress ratio and decreased with higher cyclic stress ratio. During the
validation of the model using blind predictions, the results have also shown sensitivity to change
in cyclic stress ratio and relative density (Figure 24). The ANN predictions of cyclic strength were
conservative as the model generally predicted a smaller number of cycles to reach 2.5%, 5%, or
7.5% double amplitude shear strain compared to the experimental number of cycles (Figure 23).
The error of the ANN model predictions relative to measurements of the number of cycles were
relatively small by considering surface areas underneath the ANN-predicted versus experimental
liquefaction strength curves (error less than 2% on the surface area). Therefore, it can be concluded
that the ANN model has shown capability of reasonable predictions of the cyclic strength of
Ottawa F65 sand as well as sensitivity to changes in vertical stress, soil density, static shear stress
ratio, and cyclic stress ratio.

4. Summary and concluding remarks

This study investigated the stress-strain response and liquefaction strength of Ottawa F65 sand
through multiple series of stress-controlled constant volume cyclic direct simple shear (CDSS)
tests. Specimens were prepared at four target relative densities ranging from 55% to 75% using a
dry pluviation procedure, anisotropically consolidated at vertical stresses of 40 kPa and 100 kPa,
subjected to static initial shear stress ratios ranging from 0 to 0.4, and then subjected to cyclic
shearing. The collected dataset of constant volume CDSS tests was used to train an Artificial
Neural Networks model with the objective to predict the cyclic strength of Ottawa F65 sand for
densities and loading conditions that are not available in the experimental dataset. Key finding of
the study are as follows:
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An approximately 19% increase in cyclic strength (CRR corresponding to 15 uniform
cycles) was observed when the soil relative density was increased by 10%.

The shear wave velocities measured before subjecting the soil specimens to cyclic loading
showed an increasing trend with increased soil density. This confirms the increase of shear
wave velocity and shear modulus with increased soil density.

CDSS tests on specimens prepared at a target relative density of 66% and subjected to
vertical consolidation stresses of 40 kPa and 100 kPa have demonstrated that cyclic
strength of Ottawa F65 sand decreases with increased vertical stress for this relative
density. The corresponding liquefaction strength curves showed a good agreement with the
CDSS tests conducted by ElGhoraiby et al. [32] for similar relative density and vertical
stresses, and smaller values of cyclic stress ratio.

CDSS tests conducted by considering a static initial shear stress prior to cyclic shearing
have demonstrated that cyclic strength increases with increased static initial shear stress
for a target density of 66%. These experiments included tests subjected to a vertical
consolidation stress of 40 kPa and then subjected to static initial shear stress ratios ranging
from 0 to 0.375, and tests subjected to a vertical consolidation stress of 100 kPa and then
subjected to static initial shear stress ratios ranging from 0 to 0.4.

The empirical correction factor K, to account for the effect of static shear stress ratio on
the liquefaction strength of sandy soils developed by Idriss and Boulanger [9] provided
larger values compared to the ratio of the CRR values (CRR,/CRR,—,) obtained from the
tests conducted in this study.

The empirical correction factor K, proposed by Idriss and Boulanger [9] to account for the
increase in cyclic strength due to the decrease in confining stress, provided a slightly lower
value compared to the ratio of CRR values CRR,,/CRR;, obtained from the CDSS tests
(CRR,o and CRRqq, respectively correspond to the CRR at 15 uniform cycles for tests
conducted under vertical stresses of 40 kPa and 100 kPa).

Surface plots were used to approximate the variation of cyclic strength (Ncyc — 7.5% for
vertical stress of 40 kPa and Ncyc — 5% for vertical stress of 100 kPa ) with static initial
shear stress ratio a and cyclic stress ratio CSR. The variation suggested that the increase of
Ncyc with a is more pronounced for low CSR values, and the increase of Ncyc with
decreased CSR is slightly more pronounced for higher values of a.

A surface plot was used to approximate the variation of cyclic strength (Ncyc — 7.5%)
with relative density D, ;. and cyclic stress ratio CSR. The variation suggested that the
increase of Ncyc with D,. ;. is more pronounced for low CSR values, and the increase of
Ncyc with decreased CSR is slightly more pronounced for higher values of D, 4.

The Artificial Neural Networks (ANN) model trained on the collected dataset of constant
volume CDSS tests has shown capability of reasonable predictions of cyclic strength
Ottawa F65 sand as well as sensitivity to changes in vertical stress, soil density, static shear
stress, and cyclic stress ratio. The ANN model can potentially be used in predicting cyclic
strength of Ottawa F65 sand under new loading conditions and soil density that are not
available in the experimental database.
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