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Abstract

The article presents simulations of the seismic liquefaction response of dense and loose clean
Ottawa sand under low and high overburden in the centrifuge, using Program FLAC3D and the
P2Psand constitutive model. P2Psand was initially calibrated with cyclic stress-controlled triaxial
tests and then modified with information from two centrifuge experiments. The calibrated model
was used to simulate four centrifuge tests covering relative densities from 45% to 80% and
overburden pressures from about 100 kPa (1 atm) to 600 kPa (6 atm). The four numerical
computations were fully coupled effective stress simulations that allowed for pore water pressure
buildup and dissipation at every time step. The calibration yielded very good matches between
numerical and experimental results in all four centrifuge experiments, and calibrated P2Psand
input parameters are suggested for practitioners in similar clean sands. The simulations confirmed
the increased diffusivity of the sand layer under high overburden obtained before from the
centrifuge results. The reason is that P2Psand assumes that the sand bulk modulus is proportional
to the square root of the mean effective stress, consistent with the similar conclusion derived from
the centrifuge data. The calibrated P2Psand model was also used to perform “no flow” simulations
of the same four centrifuge experiments, in which fluid flow was not allowed during or after
shaking. No flow simulations are used sometimes in practice to reduce numerical effort, on the
assumption that liquefaction in the field is mostly undrained. It was found that this assumption
may produce useful engineering results for a low overburden of 1 atm, but it may become
increasingly incorrect and too conservative at higher overburden. The reason is that for certain
field conditions, fluid flow becomes more significant during shaking under high overburden due

to increased sand diffusivity.
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Sand liquefaction, constitutive modeling, bounding surface, centrifuge experiments

1. Introduction and literature review

Liquefaction of soils can have devastating consequences to structures and soil-structural systems.
Structures and dams that are located on soils that liquefy can be severely damaged during
earthquakes resulting in huge loss of lives and assets. Traditionally, the liquefaction potential has
been estimated using the Simplified Procedure, originally developed by Seed and Idriss (1971). In
this method, the earthquake demand is estimated using the Cyclic Stress Ratio, CSR — related to
the seismic shear stress acting on the soil - while the site resistance is estimated with the Cyclic
Resistance Ratio, CRR. Both CSR and CRR are evaluated neglecting any stress-strain softening
at the site due to the pore pressure buildup in any layer including the critical layer (Youd et al.,
2001; Idriss and Boulanger, 2008). Liquefaction is predicted if CSR > CRR. The CRR has been
correlated to several field measurements: such the Standard Penetration Test (SPT), the Cone
Penetration Test (CPT) and the shear wave velocity (V). In practice, liquefaction charts linked to
these field measurements are used based on the Simplified Procedure, with these charts calibrated

by field case histories of liquefaction and no liquefaction during earthquakes.

Most of these available case histories correspond to effective vertical overburden pressures
on the critical liquefiable layer, 6’y of less than 1 atm, and none of them exceeding 2 atm (Andrus
and Stokoe, 2000; Kayen et al., 2013 and Boulanger and Idriss, 2014). Therefore, they are clearly
valid at representative overburden pressures of about 1 atm; in fact, some liquefaction charts have
been explicitly developed for 1 atm by appropriate normalization of the case histories (Idriss and
Boulanger, 2008). However, in the case of tall embankment dams, for example, the liquefiable
sand layer in the foundation soil may be subjected to 6"yo much greater than 1 or 2 atm; up to or

even higherthan 10 atm (Gillette, 2013). In the absence of case histories duringactual earthquakes

3
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at these high pressures, Seed (1983) proposed the use of an overburden pressure correction factor
(Ky), valid for 6"y > 1 atm. Undrained cyclic stress-controlled triaxial or simple shear tests at both
1 atm as well as at the high 6"y¢ > 1 atm, are conducted in order to generate the K; = (CRR)gvo /
(CRR);, where (CRR)4vo and (CRR); are the cyclic resistance ratios atc'yp and 1 atm, respectively.
These undrained tests invariably produce K, < 1.0 for overburden pressures greater than 1 atm. As
a result, the current state of practice always recommends values of K; <1.0 at high overburden
pressures (Seed and Harder, 1990; Vaid and Thomas, 1995; Hynesetal., 1999; Youd etal., 2001;
Boulanger, 2003; Boulanger and Idriss, 2004; Idriss and Boulanger, 2006; 2008; Montgomery et

al., 2012 ; Dobry and Abdoun, 2015).

Ni et al. (2020) conducted two pairs of liquefaction centrifuge experiments simulating
idealized field conditions at6’yp = 100 and 600 kPa (1 and 6 atm) listed in Table 1, and obtained
K> 1.0, in contradiction with the State of Practice, where invariably K; <1.0. They attributed the
discrepancy to partial drainage in the critical sand layer during shaking in the centrifuge, with this
drainage being more pronounced at 600 kPa (6 atm). This partial drainage is completely prevented
in the undrained cyclic tests that serve as the basis for K, values in the current State of Practice.
Ni et al. (2020) and Abdounetal. (2020) further concluded that the increased volumetric drained
stiffness of the sand at 6 atm was responsible for this more significant drainage. Abdoun et al.
(2020) recommended additional experimental and numerical work in order to understand better
liquefaction response at high confining pressure. This paper is focused on such numerical
simulation of the sand layer under low and high overburden pressure in the four centrifuge tests

reported by Nietal. (2020).

During the last few decades, researchershave developed a number of numerical models

that aim at capturing the liquefaction response of sands to liquefaction-inducing cyclic shearing
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(Prevost, 1977; Li et al., 1993; Mckenna and Fenves, 2001; Elgamal et al., 2003; Dafalias and
Manzari, 2004; Gerolymos and Gazetas, 2005; Boulanger and Ziotopoulou, 2013; Wang et al.
2014; Barrero et al., 2019; Zou et al., 2020). Some of these material models have been
implemented in commercial finite elements and finite difference software. FLAC3D (Fast
Lagrangian Analysis of Continuain 3 Dimensions) is a popular finite difference commercial code,
commonly used in practice in soil-structure problems, particularly those which involve dynamic
excitation and liquefaction. FLAC3D has recently included its in-house liquefaction constitutive
model for sands, named P2Psand (Cheng, 2018; Cheng and Detournay, 202 1), that builds on the

bounding surface model originally developed by Dafalias and Manzari (2004)

The purpose of the paper is to implement the recent P2Psand numerical model to
understand the liquefaction behavior of sand in the idealized field conditions of the centrifuge,
under low and high overburden. It aims at determining a set of input parameters that may be used

by practitioners in similar sands for a range of confining pressures and relative densities.

The P2Psand model was calibrated in four main steps: (i) initial calibration usingavailable
cyclic stress controlled triaxial results on dense soil of the same clean Ottawa F65 sand of the
centrifuge tests, published by Liquefaction Experiments and Analysis Projects, LEAP (Manzari et
al., 2017); (i1) comparison between FLAC3D predictions using this calibration, and the pore
pressures measured in one of the centrifuge tests on dense sand of Table 1; (ii1) adjustment of the
calibration to account for centrifuge-specificinformationincluding those centrifuge pore pressures
measured in dense sand; and (iv) adjustment of the sand contraction parameter for the simulation
of one of the centrifuge tests on loose sand of Table 1, using cyclic triaxial data presented by Vaid

and Sivathayalan (1996) and reported by Idriss and Boulanger (2008).
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The calibrated model was then used to simulate the four centrifuge experiments listed in
Table 1, covering for the critical liquefiable sand layer relative densities of 45% and 8 0%, and
effectiveoverburden pressures of 100 and600 kPa (1 and 6 atm). Since the results of the centrifuge
experiments were available during the numerical simulation, they are considered Class C
simulations of the centrifuge experiments as defined by VELACS (Arulanandan and Scott, 1993),
as well as by ongoing project LEAP (Manzari et al., 2017). The numerical simulations were fully
coupled with pore pressure build up and fluid flow and dissipation being updated at every time

step.

The paper starts with a summary of the centrifuge tests listed in Table 1, with focus on the
measured results to be simulated by FLAC3D. Details of this experimental work are published
elsewhere (Nietal., 2020, Abdounetal., 2020). A brief description of the P2Psand model is then
presented along with the FLAC3D model setup. A detailed description of the P2Psand calibration
process adopted by the authors is presented, including the changes in the main parameters from
their defaultvalues, followed by a comparisonbetween measured and simulated centrifuge results.
A section is dedicated to the fluid flow (diffusivity) characteristics of the layer. Diffusivity plays
a critical role in conjunction with the drainage boundaries, in the degree of partial drainage during
shaking as well as in the rate of pore pressure dissipation after shaking. This is true at both low
and high overburden pressures. Following this, simplified “no flow” numerical simulations -that
do not allow for fluid drainage- were performed and compared to the fully coupled simulations
and experimental results. This was done in order to assess the accuracy and relevance of the
undrained simplification that is sometimes used in practice to reduce computational effort,

including high overburden pressure simulations (Gillette, 2021).

2. Summary of experimental work
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The four centrifuge experiments listed in Table 1 were performed using the lightweight aluminum
laminar container and shaking table in the geotechnical centrifuge facility at Rensselaer
Polytechnic Institute (RPI). All experiments were conducted on an approximately 5 m layer of
saturated clean Ottawa F65 sand having an impervious boundary at the bottom and a free drainage
boundary at the top. Characteristics and grain size distribution of this sand have been reported
elsewhere (El Ghoraiby etal., 2017; Manzari et al., 2017). All dimensions mentioned in this paper
are in prototype units unless stated otherwise. Two of the centrifuge experiments were performed
at a relative density, D, of about45% (Tests 45-1 and 45-6) while the other two were performed
at D, of about 80% (Test 80-1 and 80-6). The average vertical effective stress in the sand layer was
about 1 atm (~100 kPa) in Tests 45-1 and 80-1, and about 6 atm (~600 kPa) in Tests 45-6 and 80-
6. The two setups used for the centrifuge models are shown in Fig. 1. In all cases, they represent a
dry pluviated saturated clean sand layer about 5 m thick, covered by a dry lead shot layer of
variable thickness. The lead shot provided the desired vertical effective pressure, as well as the
right level of inertially-generated horizontal shear stresses during shaking in the sand. In order to
prevent the lead shot from sinking into the saturated sand, a transition filter layer was added in
between. The dry pluviated sand was saturated with a viscous fluid of appropriate viscosity
depending on the g level, in order to maintain the fluid flow characteristics of the sand at 1 g.
Additional details about the construction and saturation procedure of the model can be found in Ni
et al. (2020). Each model was subjected to sinusoidal excitation at the base, having the right
acceleration level designed to generate in the sand a maximum pore pressure ratio, (ry)max =
(u/0’v0)max = 0.8, where u = excess pore pressure.. This target pore pressure ratio of 0.8, while close
enough to the full liquefaction condition of (ry)max =~ 1.0 to allow for the desired evaluation of soil

liquefaction resistance at low and high ¢’ , is enough below full liquefaction to avoid phenomena
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like particle flotation and resettlement, which would have added challenges and uncertainties to

the numerical modeling (Scott, 1986; Sharp and Dobry, 2002)

Figures 2 and 3 display the measured time histories of excess pore pressure ratio during
and after shakingin the fourtests, asreported by Nietal. (2020). While the target maximum excess
pore pressure ratio, (ry)max Was 0.8, Table 1 shows that the measured (ry)max Were generally
somewhat different from 0.8. The actual measured pore pressure ratios were used in all analyses
and discussions presented herein. Figures 2 and 3 indicate three things: (i) (ry)max Was invariably
reached at the end of shaking (~5 seconds), near the bottom of the layer where the impervious
boundary is located; (ii) the values of r, were smaller at shallower depths, especially near the top
where the pervious boundary is located, indicating partial drainage during the shaking; and (ii1)
the degree of partial drainage and correspondingly lower values of r, at shallower elevations were

much more pronounced in the 6 atm tests compared to the 1 atm tests.

Figures 4 and 5 show the time histories of acceleration during shaking, measured at
different depths in the same four centrifuge tests. The input acceleration consisted of a 10-cycle
uniform sinusoidal motion having a prototype frequency of 2 Hz. In order to reach a target
maximum pore pressure ratio of about 0.8 in all the tests, the input acceleration amplitude had to
be almost an order of magnitude higher at 6 atm compared to the 1 atm tests.

Figures 6 and 7 show the time histories during shaking of the stress ratio (shear stress (1) /
6’v0), at different depths in the four tests. Ni et al. (2020) used the System Identification technique
developed by Elgamal et al. (1995, 1996) and Zeghal etal. (1995), to obtain these shear stresses

at multiple elevations from the acceleration recordings.

Finally, Figs. 8 and 9 present the time histories of vertical strain at the surface of the sand

layer, while Figs. 10 and 11 show the time histories of the same surface vertical strain starting after
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the end of shaking, measured in the same four centrifuge tests, as reported by Ni et al. (2020). The
vertical strain equals (S/H)*100, where S is the settlement of the layer measured using the LVDT
placed at the sand layer surface (Fig. 1), and H is the thickness of the deposit.

Further discussion of these experimental data is presented later in the paper along with the

corresponding results from the numerical simulations.

3. Numerical analysis

3.1.Material model description

All analyses presented in this paper were performed using the P2Psand (Practical Two-surface
Plastic Sand) constitutive model. This model was developed by Cheng (2018) and Cheng and
Detournay (2021) for dynamic and earthquake engineering applications in sand. It is a
modification of fabric-dilatancy related sand plasticity DM04 model proposed by Dafalias and
Manzari (2004). Cheng and Detournay (2021) showed that the modified version has improved
performance and reduced complexity compared to the original DM04 model. P2PSand maintains
the boundingsurface plasticity framework originally included by Manzariand Dafalias (1997) and
Dafalias and Manzari (2004). It uses relative density instead of void ratio for defining the state
parameter, as shown in Chengand Detournay (2021). P2PSand is designed to use the same general
model constants for a wide range of initial relative densities and initial stress states. The details of
the material model formulationcan be found in Chengand Detournay (2021). Table 2 lists the user
defined parameters in the P2PSand model, describes each parameter and — when available —
provides the corresponding expression used to calculate the default value. As can be noted from
the table, the useris allowed to change as many as twenty parameters. Since P2Psand aims atbeing
user friendly to practitioners, most of the parameters have a default value recommended by the

model developers (Cheng and Detournay, 2021). In fact, it is possible for the user to input only the
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relative density or an equivalent index parameter for the sand, obtained from the SPT blow count
or CPT tip resistance. Table 2 lists the values of all default parameters evaluated at a relative
density, D,°=71.5% -labeled Set A in the table - which defines the startingpoint for the calibration

conducted in this paper.

3.2.FLAC3D model setup

The numerical platform used herein is FLAC3D version 7. FLAC3D is a three dimensional
numerical modeling software that utilizes an explicit finite volume formulation in an explicit,
Lagrangian calculation scheme and the mixed-discretization zoning technique. It is commonly
used by geotechnical engineers in practice for geotechnical analyses of soil, rock, groundwater,
and ground support systems. The dynamic analysis feature was utilized in the simulations
presented in this paper. The analyses were performed in the time domain and are characterized by
being fully coupled non-linear path-dependent. Different materials are represented in FLAC3D by

elements or zones connected together with grid points or nodes.

The centrifuge tests simulations were performed at the prototype scale (Fig. 1). The
numerical model was built using 8§-nodes brick zones stacked on each other and connected at the
nodes to form the corresponding soil column shown in Figure 1. The numerical grid consisted of
a uniform layer of sand overlaid by a transition layer which had on top of it a layer of lead shot,
one zone wide and 11 to 20 zones high depending on the experiment simulated. The aspect ratio
was maintained as close to 1:1 as possible with a maximum of 2:1. The numerical model was
meant to simulate a single soil column rather than the full experimental model. An elastic analysis
using the Mohr-Coulomb material model was first conducted with appropriate stress-dependent

stiffness to establish the initial geostatic conditions of the soil column before shaking. In this initial
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phase, the Poisson’s ratio was adjusted to generate a lateral earth pressure coefficient at rest, Ky =
0.5. The boundary conditions were fixed at the base, with only vertical motions allowed in the soil
column assuming a frictionless wall, which is a realistic assumption given that the soil was placed
inside a very low friction latex membrane within the laminar container. As explained before in
Section 2 and illustrated in Fig. 1, the centrifuge tests were performed in this laminar container
having flexible walls, which approximated a shear beam horizontal dynamic response. In order to
accurately capture this behavior in the numerical analysis, each node was linked to all nodes at the
same elevation in order to move together as a shearbeam. A saturation value of 1.0 was maintained
in both the sand and transition layer to simulate the experimental condition where the water table

was at the top of the transition layer.

Once the initial geostatic conditions were established, the sand was assigned the P2Psand
constitutive model and the soil was allowed to reach equilibrium again. After that, the dynamic
phase started with the soil column being fixed at the base and free to move elsewhere, still
maintaining the shear beam behavior. The corresponding sinusoidal base motion was then applied
at the base of the soil column, similar to what actually happened in the centrifuge experiments.
During both this dynamic phase of the analysis and the dissipation phase after shaking, the fluid
flow feature was turned on to allow for fully coupled effective stress analysis. The hydraulic
boundary conditions were similar to that of the centrifuge: impervious side and base boundaries
and pervious top boundary. A permeability value of 0.001-0.0012 m/sec (depending on the sand
relative density) was assigned to the sand layer, as measured in LEAP (2017). The maximum time
step allowed in the analysis was 1.25E-4 sec in order to ensure adequate solution stability.
However, FLAC3D adjusted the actual time step to a much lower value in order to maintain the

required accuracy. A small Rayleigh damping was set to 0.5% with a center frequency of 2 Hz.
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3.3.Model Calibration

The calibration process was based initially on cyclic triaxial (CTX) undrained stress-controlled
results available from the LEAP (2017) database. All existing CTX information in this database
correspondsto dense and very dense soils. The most relevant are the results of a series of stress
controlled CTXs on Ottawa F65 sand of D, = 71.5% under an isotropic effective pressure of 100
kPa (~1 atm). This density and confiningpressure are close to the conditions of our centrifuge Test
80-1 (Table 1) — D, = 77% and effective overburden pressure of 1 atm - performed using the same
Ottawa F65 sand. The corresponding liquefaction strength curve (LSC) for the LEAP cyclic

triaxial tests is included in Fig. 12a.

This initial calibration - based on the experimental LSC of Fig. 12a - was then adjusted to
incorporate information obtained from our dense sand centrifuge Test 80-1. The centrifuge
information from Test 80-1 used for the adjustment included the actual relative density and shear
wave velocity of the sand measured in the centrifuge experiment, as well as the pore pressures
measured in the sand during and after shaking. Finally, the calibration was extended to the loose
sand of D, = 45%, by incorporating information from cyclic triaxial testing data at different
densities reported by Idriss and Boulanger (2008). In this last step, only the factor-cyclic K, was
modified to account for the change of density from 71.5% to 45%, with the value of Elasticityr

G; determined from the bender element shear wave velocity measurements in Test 45-1.

The evolution of the calibration process for D, = 70-80% may best be followed with the
help of input parameter Sets A through D in Table 2, where Set A contains the default parameters
associated with the D, = 71.5% of the sand in the cyclic triaxial results of Fig. 12a, and Set D

corresponds to the parameters finally adopted in this paper forthe FLAC3D centrifuge simulations
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on dense sand of D, =77%. The modified Set D parameters for D, =45% are included in Table 3.

Additional detail on the calibration is provided in the next paragraphs.

The process started by simulating with FLAC3D the LSC from LEAP in Fig. 12a, using
the default parameters provided in the P2Psand model for an initial sand relative density, D,? =
71.5%, which is the actual density used in these triaxial tests (Set A in Table 2). It must be noted
that in this Set A (along with Sets B, C and D), the actual maximum (ey.x = 0.78) and minimum
(emin= 0.51) void ratios rather than the default values were used, with these measured void ratios
obtained from LEAP (2017). The simulated cyclic triaxial LSC curve using P2Psand and Set A

hasbeen included in Fig. 12a, where itplots significantly higher than the experimental LEAP LSC.

The next step was to change only the parameter that controls the rate of sand contraction
(known as factor-cyclic, K.), while not changing any of the other seventeen default parameters
associated with D,° = 71.5%. The default K. = 0.1857 was increased in an effort to move the
simulated LSC downwards toward the experimental LSC. Several values of K. were tried up to K.
=2,shownin Fig. 12b(Set B in Table 2). While the simulated LSC has indeed moved downwards,
the slope of this numerical LSC with K. =2 in Fig. 12b has also become much steeper than that of

the experimental curve.

This difference in slope between simulated and experimental triaxial curves in Fig. 12b
triggered the need to modify other parameters away from their default values, in addition to K, in
order to match the experimental LEAP triaxial LSC as closely as possible. Several trials were
performed, with the best match shown in Fig. 12c¢, and with the corresponding parameters listed
in Table 2 (Set C). In this Set C, three out of a total of seventeen parameters associated with D0 =

71.5%, were changed, with the other fourteen maintaining their default values, as shown in Table

13
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2. The three parameters changed from Set A to Set C at D,?= 71.5% were: K. (0.1857 to 0.3); n¢

=(0.465to 1);and Ay (1.7 t0 0.5).

Set C — obtained using exclusively the LEAP cyclic triaxial tests without reference to our
centrifuge results - was then used to model the pore pressure response of centrifuge Test 80-1, with
the results shown in Fig. 13 inblack dashed lines. As this simulation did notconsider any measured
data from the centrifuge tests listed in Table 1, it is a Class B simulation as defined by VELACS
(Arulanandan and Scott, 1993), as well as by ongoing project LEAP (Manzariet al.,2017). The
match in Fig. 13 between the experimental Test 80-1 and its numerical simulation using Set C is

poor, with the measured pore pressures underpredicted at all depths.

In order to reach a better match between numerical and experimental simulations for
centrifuge Test 80-1, Set C was adjusted in a final step to a new set of parameters (Set D in Table
2). Two types of adjustments were implemented: (i) change from the D,° = 71.5% of the cyclic
triaxial tests to the D, = 77% of centrifuge Test 80-1, and replacement of G,=967.2 by G, = 772
corresponding to the shear wave velocity measured in the sand by bender elements in the same
centrifuge test; and (i1) slight change in other four parameters. The change in these four parameters
was conducted in order to improve the comparison with the centrifuge results, while
simultaneously preserving the good match with the LEAP LSC curve achieved before in Fig. 12¢
using Set C. These other four parameters slightly changed between Sets C and D were: K. (0.3 to
0.32); Q(10t0 9); hy(0.5t0 0.4); and v (0.14to 0.1). The change in the Poisson’s ratio v took into
account the need to improve the simulation of the measured pore water pressure dissipation with
time after shaking in centrifuge Test 80-1, as illustrated by Fig. 13 and explained later in more

detail in Section 4.5.
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The centrifuge pore pressure simulation of Test 80-1 using Set D is shown in Fig. 13 in red
dashed lines, where it is now in excellent agreement with the measurements. The simulated LSC
using Set D is also compared with the experimental LSC in Fig. 12d, with a very reasonable match,
especially at a cyclic stress ratio, CSR of about 0.2 and number of cycles of about 10, which are

close to the experimental conditions during shaking of centrifuge Test 80-1.

Figure 14 compares the experimental and numerical stress paths and shear stress-strain
loops for the cyclic triaxial test located at the intersection point between numerical and
experimental LSC in Fig. 12d. The plots indicate a very good match in terms of stress path,
particularly before the onset of liquefaction. Both the simulated and experimental stress paths in
Figs. 14a and 14c show signs of dilation followed by increased contraction at an average effective
confiningpressure, Pof about 50 kPa. The comparison of shear stress-strain loops in Figs. 14b and

14d is also reasonably good.

In order to simulate the two centrifuge tests of Table 1 with sand at a relative density of

45%, three parameters were adjusted from the Set D listed in Table 2:

e The “relative-density-initial, D2 > which defines the initial relative density of the sand

before seismic shaking (from 77% to 45%).

e The “elasticity-r, G,.” which defines the modulus of elasticity of the sand deposit. This
information was obtained from the shear wave velocity measured in centrifuge Tests 45-1

and 45-6 using bender elements (from 772 to 596).

e The “factor-cyclic, K.” which defines the rate of contraction and cyclic mobility. The
LEAP database does not include any cyclic triaxial test data at relative densities close to

45%. Therefore, it was decided to adjust K. using data from the stress controlled cyclic

15



340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

triaxial tests on clean Fraser Delta sand, conducted at a consolidation pressure of 100 kPa
and using several relative densities, performed by Vaid and Sivathayalan (1996) and
reported by Idriss and Boulanger (2008). Figure 15 plots the measured cyclic strength
versus relative density for these tests. The cyclic shear strengths for relative densities of
45% and 71.5% were found by interpolation to be about 15 and 27 kPa, as shown in the
figure. The ratio between these two values of cyclic strength (15/27=0.56) was then used
to plot in Fig. 16, an “experimental” cyclic triaxial LSC that represents the loose Ottawa
F65 sand (D, = 45%), by just shifting down by this factor 0.56, the actual experimental
LSC curve for Ottawa sand at 100 kPa reported by LEAP (2017) and plotted in Figs. 12a
through d. This new “experimental” curve is labeled “Interpolated Exp. CTX 1 atm D, =
45%” in Fig. 16. The factor-cyclic, K. was then adjusted in an iterative process using
FLAC3D simulations of these CTX tests, until the simulation matched well in Fig. 16 the
“experimental” LSC for D, =45% at around ten cycles of loading with a K, value of 0.8.
This value of K, =0.8 —included in Table 3 for D,=45% - was also found to yield a very
good match between experimental and numerical excess pore pressure measured in the

corresponding centrifuge Test45-1 (Fig. 2a).

Additional verification: As explained above, the calibration was entirely performed for a level of

confinement of about 100 kPa (1 atm), based on available cyclic triaxial data on sand conducted
with an isotropic consolidated pressure of 100 kPa, andrefined with results from the two centrifuge
experiments that used an overburden pressure of 1 atm (Tests 80-1 and 45-1). In order to further
verify the general validity of the calibrated parameters of Table 3 at the higher pressure of 600 kPa
(6 atm), the experimental LEAP LSC at 100 kPa plotted in Figs. 12a through d was adjusted for

confining pressure using the commonly used overburden correction factor, K, proposed by Idriss
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and Boulanger (2008). This K at 600 kPa (6 atm) is equal to 0.73 and 0.84 for relative densities
of 71.5% and 45%, respectively. These factors were used to generate two “K,- predicted” LSCs
for relative densities of 71.5% and 45% and a confining pressure of 600 kPa (6 atm) in Figs. 12d
and 16, respectively. The same figures also present the LSCs of simulated CTX subjected to a
confining pressure of 600 kPa (6 atm) using FLAC3D and P2Psand with the parameters listed in
Table 3. Figures 12d and 16 show a reasonable match between these simulated and the “Ks-
predicted” LSCs at 6 atm. While it would be possible to adjust the model parameters to reach a
better match, this would completely defeat the philosophy of the model, which should be the same
for different levels of confining pressure. Moreover, maintaining the same parameters at 1 and 6
atm in the numerical simulations of the actual centrifuge tests, yielded also a very good match for

the two different overburden pressures used in the centrifuge tests, as shown in Figs. 2 and 3.

4. Numerical Fully Coupled Results

The FLAC3D simulations of the four centrifuge tests of Table 1, presented below, used P2Psand

with the Set D parameters listed in Table 3.

4.1.Pore pressure histories

Figures 2 and 3 show the computed time histories of excess pore pressure ratio, predicted by FLAC
Runs 45-1, 45-6, 80-1, and 80-6, and compare them with the corresponding centrifuge
experimental results. Both the rates of buildup and dissipation match very well in most cases
between measuredand computed excess pore pressures. The only exceptionis the measured excess
pore pressure in the middle of the sand layerin Test45-1, where the numerically computed buildup
rate and total accumulated excess pore pressure are smaller than the measured ones. It is not clear

to the authors whether this discrepancy was caused by an experimental or a numerical issue. In the
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numerical model, the buildup rate is mostly determined by the “factor-cyclic K. which influences
the rate of cyclic mobility and liquefaction (contraction). The dissipation rate is in turn controlled
by the Poisson’s ratio, v, already mentioned and further discussed later herein. The figures show
that dissipation after shaking is much faster at 6 atm than at 1 atm, in both actual and simulated
centrifuge experiments. It must be noted that the value of K. is solely dependent on relative
density. The lower the relative density, the higher the contractive tendency of the sand. For the
same relative density, the K, as well as ALL the rest of the parameters are the same in Table 3
irrespective of effective overburden pressure. The effect of confining pressure on the contractive
tendency of the soil is inherently included in the formulation of the model (Cheng and Detoumay,
2021). Figures 2 and 3 also show that the numerical simulations do not capture the transient
response (cyclic component) of the measured pore pressure histories. This transient behavior in
the measured pore pressurehistories are mostly due to the sensor motionduring shaking, and hence

is not associated with the actual response of the soil to the horizontal excitation.

4.2 Acceleration histories

Figures 4 and 5 show the computed time histories of acceleration at different depths, recorded in
Flac3D runs 45-1, 45-6, 80-1, and 80-6, and compare them to the corresponding experimental
results. The input acceleration consisted of a 10-cycle uniform sinusoidal motion having a
prototype frequency of 2 Hz. The comparisons range from fair to very good. The bestcomparisons
correspond to the bottom elevation, and more generally to the first few cycles before the effect of
generated excess pore pressure kicks in. This is especially clear in the comparison between Test
45-1and Flac45-1, where the experimental accelerationin the middle and top of the layer degrades
rapidly, while the computed acceleration degrades very little. This is probably associated with the

lower numerical excess pore pressure ratio in the middle of the sand layer in Test 45-1 (Figure 2).
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Except for this problem in the middle and top of the layer for Flac 45-1 in Fig. 4, the rest of the
comparisons at the bottom layer in this test, as well as the other three tests at all elevations and

throughout the shaking, are generally good to very good.

4.3.Shear stress histories

Figures 6 and 7 show the time histories of shear stress ratios, computed in numerical Flac runs 45-
1,45-6, 80-1, and 80-6. The figures compare these computed histories to the measured histories.
The graphs show a very good match for the stress histories, especially during the first few cycles
before the effect of excess pore pressure kicks in. As the experimental stress ratios were obtained
from the acceleration time histories of Figs. 4 and 5 using System Identification, it should be
expected that the stress ratio comparisons should exhibit similar features to those just described
for the acceleration time histories. This is what happens in Fig. 6, with only fair agreement in Flac
45-1 afterthe firstfew cycles. On the other hand, the agreement for the other three Flac simulations

at all elevations and times is uniformly excellent.

4.4 Settlement

Figures 8 and 9 show the time histories of vertical strain, while Figs. 10 and 11 show the time
histories of vertical strain after the end of shaking, computed in numerical Flac runs 45-1, 45-6,
80-1, and 80-6. The graphs compare the computed vertical strains to the measured ones. The
vertical strain equals (S/H)*100, where S is the settlement measured using the vertical LVDT atop
of the layer, and H is the layer thickness. Figures 8 and 9 showing the total settlement from

beginning of shaking reveal that:

- The computed settlement is generally smaller than the experimental settlement, with the

exception of Test 80-6.
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- The cyclic component of the settlement history only appears in the measured but not the
computed settlement. The cyclic component of the measured settlement is probably due to

the cyclic motion of the LVDT or its mounting brackets.

Figures 10 and 11 -presenting the settlement after the end of shaking- show excellent matches
between computed and measured settlement at 1 atm (Test 45-1 and Test 80-1). This is probably
associated with the factthat settlement after the end of shaking is mostly due to consolidation,
which is well suited to the capabilities of the numerical model. The comparisons at 6 atm show
some discrepancies, especially for Test45-6 where the computed values are about 50% higher than
the measured settlements. It is not clear to the authors what is causing this discrepancy. It must be
noted that for the 6 atm tests, most of the settlement occurred during shaking, as shown in Figs. 8b
and 9b, so the remaining settlement after the end of shaking was very small, possibly resulting in

a greater experimental error.

4.5.Coefficient of consolidation and diffusivity

In FLAC3D, the diffusivity, C, is calculated from Biot (1955) theory of consolidation, based on

the following equation for incompressible grains:

C=Cr=mr (15)
Kf aq

3(1-2v) + 3

a=K+36 =222 0 (16)

where k is the fluid mobility coefficient (sand permeability divided by the unit weight of water:

1.2 E -5 and 1.0 E-5 m%*kN.sec for the loose and dense sand used in our centrifuge tests,

respectively); nis the porosity (0.4 and 0.35 forloose anddense sand); Ky is the fluid bulk modulus

(2.2E-6 kPa); G is the shear modulus; and K is the bulk modulus of the soil, K =
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2G (1 +v)/3(1— 2v). While in the FLAC3D simulations of the centrifuge tests, k, n, v and Ky
remain constant throughout shaking and dissipation, the value of G (and thus also of K) varies as
the effective stress changes during excess pore pressure build-up and dissipation. The influence
of the effective stress change due to the evolution of the excess pore pressure, is intrinsically
handled by P2PSand through the change in G , by the fact that G ~ Vo’ , where 6’y = mean
effective normal stress. The diffusivity, C, in Eq. 15 is identical to the coefficient of consolidation,
C,, used in Terzaghi’s theory of consolidation (Terzaghi et al. 1996). All variables in Egs. 15 and
16 were measured or estimated experimentally for the Ottawa F65 sand used in the centrifuge tests
(LEAP 2017, El Ghoraiby et al. 2017 and Ni et al. 2020), except for the Poisson’s ratio v. As
mentioned before in Section 3.3, v was adjusted from the default value of 0.14 to 0.1 in order to
obtain the correct rate of pore pressure dissipation after shaking measured in centrifuge Test 80-1.
Once v was adjusted for the Test 80-1 simulation, it was found that the same v =0.1 yielded very

reasonable results for other three centrifuge simulations.

Equation 15 wasused to generate the time history of diffusivity, C = C,, for each centrifuge
simulation, based on the values of G and K at each time increment. The four calculated time
histories of C = C, are displayed in Figs. 17 and 18. The graphs show that the diffusivity first
decreases with time during shaking (t < 5 seconds), and then increases with time after the end of
shaking. The reason is that as the shaking progresses, the increased excess pore pressure results in
areduction in vertical effective stresses, and thus also in areduction of both shear and bulk moduli,
which are dependent on the average effective stress. Afterwards and for t> 5 seconds, the excess
pore pressures gradually dissipate, resulting in an increase in the vertical effective stresses and
hence increases in the shear and bulk moduli, which translates into increasing diffusivity C. Each

of the four plots in Figs. 17 and 18 also include one data point for the value of C,, obtained by
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Abdounetal. (2020) ata specific time instance duringdissipation fromthe measured pore pressure
and settlement in the centrifuge tests. Figures 17 and 18 indicate an excellent match between
experimental and numerical diffusivity, even though they were based on two different

consolidation theories.

Figures 17 and 18 also show that the diffusivity at 6 atm is about three times higher than
thatat 1 atm (3 to 4 m%/s versus 1 to 1.5 m?/s), which explains the much faster dissipation of excess
pore pressure at 6 atm already noted in Figs. 2 and 3. This suggests that the excess pore pressures
in the sand at 6 atm are draining much faster than at 1 atm, both during and after shaking. This
more partial drainage in turn results in less liquefaction vulnerability at a higher vertical

overburden pressure.

5. Numerical no flow simulations

The results presented in the previous sections of the paper —corresponding to the four FLAC3D
runs listed in Table 1- were fully coupled numerical simulations, with fluid flow and partial
drainage updated at every time step and allowed at all times during and after shaking. While this
is the most rigorous analysis procedure, and a very good match was achieved between
experimental and numerical results, sometimes a differentapproach is used in practice. The reason
is that it is computationally expensive and requires relatively precise knowledge about
permeability and drained moduli of the sand (Gillette, 2021). Therefore, sometimes a “no flow”
analysis is performed in which no water drainage is allowed during shaking, including situations
of high overburden pressure. The basic assumption is thatthis is a good engineering approximation
as the liquefaction phenomenon in the field is mostly undrained.

In order to evaluate this practice at low and high overburden pressures, the authors

conducted four FLAC3D “no-flow” simulations for the centrifuge Tests 45-1, 45-6, 80-1, and 80-
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6, in which fluid flow was turned off during and after shaking. These four runs were otherwise

identical to the four FLAC3D runs listed in Table 1, including use of the same acceleration input

time histories and P2Psand sand parameters of Table 3.

The results and comparisons for these no flow runs are shown in Figs. 19 and 20. Figure

19 shows the excess pore pressure ratio histories for both fully coupled and no flow numerical

simulations and compares both to the experimental results. Figure 20 presents the instantaneous

excess pore pressure ratio profiles at the end of shaking at the time, t =5 sec, which is in all cases

equal or very close to the maximum excess pore pressure ratio at each elevation. The two figures

reveal that:

As noticed before herein, the pore pressure ratios of the fully coupled simulations

follow closely the experimental results, both versus time and versus depth.

The pore pressures from the no-flow simulations are also reasonably in agreement

with the experimental results during shaking at 1 atm for Tests 45-1 and 80-1. They

diverge significantly from bothexperimental and fully coupled experimental results
only after shaking (Fig. 19a and c¢), where dissipation was not allowed in the “no
flow” simulations. As the experimental pore pressures invariably decrease during
dissipation, this does not affect the good agreement in Figs. 19a,c and 20a,c in the
maximum pore pressure ratios, with all maximum values happening during
shaking. This is important, as evaluation of the maximum pore pressure ratio for
the layer or at a given depth is often in practice the main purpose of the numerical
simulations. This good agreement during shaking in the pore pressure ratios during
shakingin Figs. 19 and 20 may justify —for 1 atm —the basic assumptionunderlying

the use of “no flow” simulations in engineering practice.
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On the other hand, the match with the experimentally measured pore pressure ratios

ranges from fair to poor for the pore pressure ratios from the “no flow” simulations

duringshakingat6 atm for Tests45-6 and 80-6 in Figs. 19b and d. This is especially

true at D, = 45% for Test 45-6, for which the no flow simulation overestimated the
excess pore pressure generation at some depths and underestimated it at other
depths. This is especially troublesome, as in practice liquefaction of looser sands is
a greater concern than that of denser sands, due to their potential for greater
engineering effects after liquefaction.
That is, Figs. 19 and 20 indicate that the liquefaction phenomenon during shaking
was indeed not far from undrained during shaking at the low overburden pressure
of 1 atm, as sometimes assumed in practice. The same figures also show that this
assumption ceased to be valid at the higher overburden pressure of 6 atm, due to
the effect of drainage which made the liquefaction phenomenon partially drained
rather than fully undrained during shaking. As already discussed herein, this
increased partial drainage occurs because of the increased drained modulus and
coefficient of consolidation (diffusivity) of the sand as the overburden pressure
increases. Therefore, the discrepancy between fully coupled and experimental pore
pressures on the one hand, and no flow pore pressures on the other, revealed by
Figs. 19 and 20 for 6 atm, is expected to become even worse for the higher
overburden of interest in some projects, like 10 or 12 atm.

Therefore, while it may be computationally expensive to run a fully coupled

numerical simulation where water flow and drainage are allowed, it seems to be
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crucial for capturing the true liquefaction behavior in some field situations

involving a high overburden.

6. Conclusions and Recommendations

A practical 3D field liquefaction numerical model (P2Psand) developed by Cheng and Detoumay,
(2021), was calibrated using an established experimental dataset of undrained cyclic stress-
controlled triaxial reported by LEAP (2017) and Idriss and Boulanger (2008) and modified based
on centrifuge experimental results. The calibrated model was used to simulate four centrifuge tests
under a wide range of overburden pressures (1-6 atm) and relative densities (45-77 %). P2PSand
is based on the bounding surface plasticity theory originally implemented in Dafalias and Manzari
(2004) soilmodel. Based on the presented results and analyses, the authors arrived to the following

conclusions and recommendations:

- P2Psand together with FLAC3D constitute a practical tool that may be used by
practitioners for similar clean sands using the calibration numerical parameters listed in
Table 3, covering wide ranges of overburden pressures from 1 to 6 atm and relative
densities from 45 % to 77 %. In future practical applications involving different conditions
for which cyclic laboratory tests are not available, at least three parameters may have to be
changed by the user; the initial relative density D,’, the cycling factor K, and the elasticity
G,, as follows:

o Theinitial relative density D, may be estimated from field measurements using the

Standard Penetration Test (SPT) or Cone Penetration Test (CPT).
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o Forrelative densities between 45% and 77%,the cycling factor K. and the elasticity
G, may be estimated based on D,? by linear interpolation of the values used herein
and reported in Table 3.

- Based on the numerical and experimental diffusivity and dissipation behaviors discussed
in the paper, a sand layer will be more partially drained under a high overburden pressure
compared with the situation at 1 atm. This is appropriately accounted for in P2PSand, by
the square root law dependency on the effective mean stress of the elastic shear modulus
and bulk modulus of the sand.

- Based on the previous conclusion and the results of the parallel “no flow” runs conducted
by the authors, “no flow” numerical simulations that do not allow for fluid drainage during
shaking may be appropriate at a low overburden pressure in the order of 1 atm, but not
necessarily at high overburden pressures of 6 atm or 10 atm of interest in some projects.

- Under some circumstances, sand layers in the field may be less prone to liquefaction under
high overburden pressure than suggested by the values of the factor K, <1 in the current
State of Practice (SoP). The reason for this discrepancy is that the current SoP relies on
undrained small-scale cyclic tests, while the liquefaction process in the field may be
affected by partial drainage rather than being fully undrained, with this partial drainage

being more significant at high overburden pressures.
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Table 1. Relative density, confining pressure and g-level of centrifuge models and FLAC3D simulations

Experiment | Effective Relative | Measured Numerical | Numerically
overburden | Density, | Experimental Simulation | Computed
pressure, D; (%)@ | Maximum Pore (Tw)max
c’yo (atm) Pressure Ratio
1 (ru)max = (u/G’VO)max

Test 45-1 1 45 0.80 FLAC 45-1 |0.76

Test45-6 |6 45 0.76 FLAC 45-6 |0.76

Test 80-1 1 80 0.92 FLAC 80-1 |0.81

Test 80-6 | 6 80 0.60 FLAC 80-6 | 0.60

() Effective overburden pressure before shaking at mid depth of sand layer.

2) Rounded Relative Density. The actual relative densities of 45% and 77% measured in the centrifuge tests

before shaking were used in the numerical simulations.
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Table 2. P2Psand model parameters used in FLAC3D simulations of stress controlled cyclic triaxial tests to generate
the experimental LSC of Fig. 12.

Parameter Set Set Set Set Parameter description and
A B (Default | C D (usedin | expression for default value
(Default) | except K.) FLAC 80-1)
relative-density-initial | 0.715 0.715 0.715 0.77 Initial relative density before
DY loading
factor-cyclic K, 0.1857 2 0.3 0.32 Factor of cycling to adjust the rate
of cyclic mobility and
liquefaction. The default value is
internally initialized as K, =
3.8 — 7.2D2 + 3.0(D)*
pressure-reference 101.3 101.3 101.3 101.3 Reference pressure (usually
atmospheric pressure, pam =
101.3 kPa)
friction-critical ¢ 330 330 330 330 Friction angle at critical state. The
default value is 33°.
coefficient-bounding 0.0775 0.0775 0.0775 0.0775 The coefficient of bounding, used
nP to define the bounding surface.
The default value isn? = 0.16 —
$c5/400.
coefficient-dilatancy 0.465 0.465 1 1 The coefficient of dilatancy, used
nd to define dilation surface. The
default value is n¢ = 6nb.
critical state parameter 10 10 10 9 A critical state parameter used to
) define the shape and location of
the critical state curve. The
default value is 10.
critical state parameter 1 1 1 1 A critical state parameter used to
R define the shape and location of
the critical state curve. The
default value is 1.
dilatancy-ratio- 0.7 0.7 0.7 0.7 Minimum dilatancy ratio at low
minimum K, LdB pressures. The default value is
0.7.
elasticity-r G, 967.2 967.2 967.2 772 A function of relative density
material parameter used to
determine the elastic shear
modulus, G =G4 as follows
G, = 1240 (D? + 0.01)
fabric-maximum, Z;, ;. 15 15 15 15 Maximum fabric magnitude. The

default value is zy, 4, =
max(21D3%5,15).
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factor-degradation k4 0.21 0.21 0.21 0.19 Factor of elastic modulus
degradation. The default valueis
k;=0.46 —0.35D,.
Poisson’s ratio v 0.14 0.14 0.14 0.1 Poisson’s ratio. The default is
v = 0.1+ 0.3v4, in which 0 <
Vg = 0.015(¢p.s — 25) < 1.
rate-fabric, ¢, 967.2 967.2 967.2 772 Rate of fabric. The default value
isc, = G,
rate-plastic-shear h, 1.7 1.7 0.5 0.4 Plastic shear rate, ho. The default
valueis 1.7.
rate-plastic-volumetric | Internal | Internal | Internal | Internal Plastic volumetric rate, Agq. The
Aqo default value is estimated
internally.
ratio-reverse 0.02 0.02 0.02 0.02 Minimum change of the back-
stress ratio to be considered a
reverse path. The default valueis
0.02.
ratio-strength, ¢ 0.69 0.69 0.69 0.69 Strength ratio of the extension to
compression triaxial strengths, c.
The default value is (3 —
sin ¢es)/(3 + sin ¢eg).
void-maximum e, 0.78 0.78 0.78 0.78 Maximum void ratio. The default
valueis ey, = 1.0.
void-minimum e, 0.51 0.51 0.51 0.51 Minimum void ratio. The default

value is e,,i, = 0.6.
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727  Table 3. P2Psand Set D parameters used in FLAC3D simulations of centrifuge tests.

2 Parameter FLAC | FLAC | FLAC | FLAC
729 45-1 |45-6 | 80-1 80-6
730 relative-density-initial 0.45 0.77
DP
factor-cyclic K, 0.8 0.32
pressure-reference Default
(101.3 kPa)
friction-critical ¢ Default
(339
coefficient-bounding Default
n? (0.0775)
coefficient-dilatancy 1
nd
critical state parameter 9
0
critical state parameter Default
R (1)
dilatancy-ratio- Default
minimum K% (0.7)
elasticity-r G, 596 | 772
fabric-maximum, Z,,q Default
(15)
factor-degradation k4 Default
(0.3) (0.19)
Poisson’s ratio v 0.1
rate-fabric, ¢, 596 | 772
rate-plastic-shear h, 0.4
rate-plastic-volumetric Default
Ago (Estimated Internally)
ratio-reverse Default
(0.02)
ratio-strength, ¢ Default
(0.69)
void-maximum e, 0.78
void-minimum e,y 0.51
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732 Figure 1. Physical and numerical model layout for (a) low confining pressure tests (Tests45-1and 80-1),
733  and (b) high confining pressuretests (Tests 45-6 and Test 80-6)
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Figure 2. Experimentally recorded and numerically computed excess pore pressure ratio histories at the

top, middle and bottom of the sandlayer for (a) Test 45-1, and (b) Test 45-6
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Figure 3. Experimentally recorded and numerically computed excess pore pressure ratio histories at the
top, middle and bottom of the sandlayer for (a) Test 80-1, and (b) Test 80-6
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Figure 4. Experimentally recorded and numerically computed acceleration histories at the top, middle
and bottom of the sandlayer for (a) Test 45-1, and (b) Test 45-6
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Figure 5. Experimentally recorded and numerically computed acceleration histories at the top, middle
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38



755

756

757
758

759

Stress Ratio

0.1

Test 45-1| 0.2 Test 45-6| 1
= = =Flac 45-1 = = =Flac 45-6
4
0 L1
0.2 Top 1
0.2 1

Stress Ratio

-0.2

0.2

Bottom

3 4

Time (sec)

(b)

Figure 6. Experimentally and numerically computed shear stress ratio histories at the top, middle and
bottom of the sand layer for (a) Test 45-1, and (b) Test 45-6

39



Test 80-6
- = =FLAC 80-6

0.2F

Test 80-1
- = =FLAC 80-1

Top

02F

02F

oney ssaag

Time (sec)

Time (sec)

(a)

(b)

760
761

middle and

Figure 7. Experimentally and numerically computed shear stress ratio histories at the top,

bottom of the sand layer for (a) Test 80-1, and (b) Tests 80-6

762
763

764

40



765

766

767

768

769
770

771

0.25 T T T T
0.2}
<= 015F -
é — e _—— ==
o 01F - -
- (a)
0.05F Test 45-1 |-
- = =Flac 45-1
0 - 1 1 1 I
0 10 15 20 25 30
Time (sec)
0.8 T T T T
(b) -
Test 45-6 |
= =[Flac 45-6
. 1 1 |
0 10 15 20 25 30
Time (sec)

Figure 8. Experimentally and numerically computed total vertical strain histories of the sand layer for (a)

Test 45-1, and (b) Test 45-6

41



772

773

—
- (a) Test 80-1 (4
= =Flac 80-1
1 1 1 1
10 15 20 25 30
Time (sec)
1 1 I I
Test 80-6 |4
= =Flac 80-6
1 1 1 1
10 15 20 25 30
Time (sec)

774 Figure 9. Experimentally and numerically computed total vertical strain history of the sand layer for (a)

775  Test80-1, and (b) Test 80-6

42



776

777
778

779

0.2

0.15
9
< 01
wﬁ
0.05
0
0.2
0.15
Q
$
< 01
w?
0.05
0

Figure 10. Experimentally and numerically computed vertical strain histories of the sand layer after the

end of shaking for (a) Tests 45-1, and (b) Tests 45-6

43

Test 45-1
B = =Flac 45-1| ]
B (b) -
I Test 45-6]
= =Flac 45-6
0 10 15 20 25 30
Time (sec)



780
781

782
783

784

0.2

0.15

€, (%)

0.2

0.15

€\ (4)

Figure 11. Experimentally and numerically computed vertical strain histories of the sand layer after the

Test 80-1
- = =Flac 80-1 |
L (a) i
- _ = — — -
5 10 15 20 25 30
Time (sec)
Test 80-6
| = =Flac 80-6 | |
L (b) _
i —-—- _——— = = = = —
-
/
0 5 10 15 20 25 30
Time (sec)

end of shaking for (a) Tests 80-1, and (b) Tests 80-6

44



785
786
787

788
789

0.3

0.25F

0.2

a4
80.15

0.05F

/A LEAP Exp. CTX 1 atm, Dr= 71.5%
——LEAP Exp. LS power fitting .
—¥=—Default FLAC3D (Set A)

0.3

0.25F

02

24
80.15
01

0.05F

A LEAP Exp. CTX 1 atm, D= 71.5%
——LEAP Exp. LS power fitting u
—¥—Calibrated FLAC3D CTX 1 atm (Set C)

>

0.3

0.25}

0.2

a4
80.15

0.05F

(b)

A LEAP Exp. CTX 1 atm, Dr= 71.5%
——LEAP Exp. LS power fitting u
—— Default FLAC3D except Kc =2 (SetB)

10

10 10

N

0.3

025}

02r

22
60.15
01F

0.05F

T T

A LEAP Exp. CTX 1 atm, D = 71.5%

—LEAP Exp. LS power fitting .
—#—FLAC3D CTX 1 atm D =77 % (Set D)

-- -KO— predicted Exp. CTX 6 atm, D[= 71.5%
-©-FLAC3D CTX 6 atm D =77 % (Set D)

-~
-

-~ -

-

10
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curves, LSC) of LEAP cyclic stress-controlled triaxial experiments and Flac3D numerical simulations using P2Psand model parameter sets from
Table 2:a) Set A, b) Set B, c) Set C,and d) Set D .

45



Experimental

= = =Flac3D, Calibrated from CTX (Set C)
----- Flac3D, Modified Calibration (Set D)

0.5

= Middle
-
o®w T =]
]_ L] L] L] L] L]
Bottom
0.5

0 5 10 15 20 25 30
Time (sec)
790

791 Figure 13. Experimentally recorded and numerically computed excess pore pressure ratio histories at
792  the top, middle and bottom of the sandlayer for Test 80-1, using parameter Sets Cand D from Table 2
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Figure 14. Stress paths and stress-strainloops of cyclic triaxialtest on Ottawa F65 sand, D, = 71.5%,
consolidation pressure = 100 kPa, CSR = 0.2, and number of cycles ~ 10 cycles reported by LEAP: a) CTX
experimental stress path, b) CTX experimental stress-strainloops, c) CTX FLAC3D simulatedstress path
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814 Figure 17. Experimentally and numerically computed average diffusivity of the sand layer after the end
815 of shaking for (a) Test 45-1, and (b) Test 45-6
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