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Abstract The experimental results of LEAP (Liquefaction Experiments and Anal-

ysis Projects) centrifuge test replicas of a saturated sloping deposit are used to assess

the sensitivity of soil accelerations to variability in input motion and soil deposition.

A difference metric is used to quantify the dissimilarities between recorded acceler-

ation time histories. This metric is uniquely decomposed in terms of four difference

component measures associated with phase, frequency shift, amplitude at 1 Hz, and

amplitude of frequency components higher than 2 Hz (2 + Hz). The sensitivity of the

deposit response accelerations to differences in input motion amplitude at 1 Hz and

2 + Hz and cone penetration resistance (used as a measure reflecting soil deposition

and initial grain packing condition) was obtained using a Gaussian process-based

kriging. These accelerations were found to be more sensitive to variations in cone

penetration resistance values than to the amplitude of the input motion 1 Hz and

2 + Hz (frequency) components. The sensitivity functions associated with this

resistance parameter were found to be substantially nonlinear.

7.1 Introduction

The Liquefaction Experiments and Analysis Projects (LEAP) are an ongoing series

of international collaborations to produce high-quality (centrifuge) experimental

data of saturated soil systems and to use this data to validate and assess the

performance of constitutive models and numerical tools used in soil liquefaction

analyses (Manzari et al. 2018). In 2017, the LEAP exercise involved repeating the

same centrifuge test of a sloping deposit at nine centrifuge facilities in China

(Zhejiang University, ZJU), France (Institut Français des Sciences et Technologies

des Transports, de l’Aménagement et des Réseaux, IFSTTAR), Japan (Ehime

University and Kyoto University, KyU), Korea (KAIST University), Taiwan

(National Taiwan University, NCU), the UK (Cambridge University, CU), and the

USA (UC Davis, UCD, and Rensselaer, RPI). In addition to the main goal of

numerical model validation, the tests are aimed at assessing the repeatability,

reproducibility, and sensitivity of experimental results among the different facilities.

Assessing the repeatability and reproducibility of the conducted centrifuge exper-

iments requires metrics to quantify the similarities and differences among both the

recorded input motions and the responses of the test replicas. A sensitivity analysis

may then be used to evaluate how the different input motions and other uncertainties

affect the observed soil response. This article proposes a new approach to identify

and quantify the differences between time histories of input or response quantities,

such as accelerations, velocities, and displacements, provided by experiments and

centrifuge tests. The differences are decomposed in terms of measures associated

with phase, frequency shift, amplitude at 1 Hz, and amplitude of frequency compo-

nents higher than 2 Hz (2 + Hz). This approach is used herein to assess the

differences and similarities between input accelerations achieved during 26 centri-

fuge test replicas of the same sloping deposit and evaluate the sensitivity of the

experimental results to differences in input motion and deposition.
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7.2 Experiment Overview

The LEAP-2017 centrifuge model is a deposit of Ottawa F-65 sand sloping at an

angle of 5� to the horizontal and having a height of 4 m at mid-slope (Fig. 7.1). The

sand was deposited through pluviation in a level rigid container to achieve a range of

mass densities (with a reference mean value of 1652 kg/m3). The corresponding

relative densities varied from about 50 to 85% (evaluated using the minimal and

maximal densities reported by Kutter et al. (2018, 2019), as displayed in Fig. 7.2).

Fig. 7.1 Schematic of the LEAP-2017 centrifuge model (dimensions are in prototype units)

Fig. 7.2 Relative density of the LEAP-2017 tests conducted at the nine centrifuge facilities
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The deposits were saturated with a viscous fluid to achieve the same prototype

hydraulic conductivity at the nine facilities. The models were instrumented with an

extensive array of accelerometers (AH1–AH12, AV1, and AV2, with AH11 and

AH12 measuring the horizontal input motion at the base of the model) and pore

pressure transducers (P1 to P10), as shown in Fig. 7.1. Surface markers were used to

measure the permanent lateral displacements (by surveying the location of the

markers before and after shaking, as described in Kutter et al. 2018). A CPT (cone

penetration test) was used during most of the centrifuge tests to characterize the

deposit conditions before and after shaking. A comprehensive description of the

model and experimental conditions is given by Kutter et al. (2018).

A total of 24 centrifuge test replicas of the sloping deposit were conducted at

the 9 centrifuge facilities during LEAP-2017 (Carey et al. 2019; Escoffier and

Audrain 2019; Hung and Liao 2019; Kim et al. 2019; Korre et al. 2019; Liu et al.

2019; Madabhushi et al. 2019; Okamura and Nurani Sjafruddin 2019; Vargas Tapia

et al. 2019). The centrifuge models were subjected to input motions aimed at

achieving base accelerations with different levels of closeness to a prescribed

reference motion, as shown in Fig. 7.3. This figure also shows the input motions

of two tests termed RPI0 and RPI4. RPI0 was conducted during LEAP-2015

(Kokkali et al. 2019). RPI0 and RPI1 were intended to be replica of each other.

RPI4 was conducted in 2018 and was planned to be for a loose soil model (with an

achieved Dr ¼ 40%). A qualitative assessment of the recorded motions reveals that

the obtained input accelerations have different levels of similarities and differences.

These differences are due to variability in equipment (e.g., shaker actuators) along

with other unknown uncertainties and lead to dissimilarities in input amplitude,

phase, and frequency contents. The recorded soil accelerations also showed a

significant level of variability among the different centrifuge tests, as illustrated by

the AH4 motions in Fig. 7.4. In addition to the dispersion in input motions, the

response accelerations were also affected by the variability in properties and char-

acteristics of the analyzed soil deposits (such as the relative density, as shown in

Fig. 7.2), which, from a broad perspective, may lead to amplification,

de-amplification, changes in response frequency and phase, and possibly other

aspects of variations in soil accelerations.

7.3 Difference Metrics

A validation exercise of soil liquefaction computational tools involves (in addition

to other requisites (Oberkampf and Roy 2010)) (1) an assessment of the similarities

and differences in achieved input motions and recorded responses and (2) a sensi-

tivity analysis to quantify how the different uncertainties in input and initial condi-

tions affect soil response. Metrics are needed to quantify the level of consistency

in input motions, compare the responses of the test replicas, and evaluate the level

of agreement between experimental and numerical results. A number of metrics
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have been used by researchers to assess differences among dynamic time histories

(e.g., accelerations), ranging from a simple vector norm to the Sprague and Geers

metric (Geers 1984) which identifies magnitude and phase difference components,

along with others. A brief overview of these metrics and some of the associated

Fig. 7.3 Reference and achieved input (AH11) accelerations of the analyzed 26 centrifuge tests
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characteristics are discussed by Zeghal et al. (2018). This article uses a new approach

(Zeghal et al. 2018). The difference dij between two corresponding acceleration time

histories ai ¼ ai(t) and aj ¼ aj(t) of two different test replicas i and j is quantified

using a normalized mean squared deviation (MSD):

Fig. 7.4 Recorded AH4 soil accelerations of the analyzed 26 centrifuge tests
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in which t is time and W is length of a time window of interest. This metric is

normalized so that it varies between 0 and 1. A dij metric approaching zero means

that the two accelerations are essentially the same, whereas a metric of 1 is obtained,

for instance, when two pure sinusoidal motions are 180 degrees out of phase with

each other. The measure dij is decomposed in terms of four specific fundamental

components, namely, phase, frequency shift, amplitude at 1 Hz, and amplitude of

frequency components higher than 2 Hz (referred to as 2 + Hz):
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in which f is frequency; Ai and Aj are the Fourier transforms of ai and aj, respectively;

and A�
i refers to the complex conjugate of Ai. The phase component d

phase
ij reflects

differences due to dissimilarities in acceleration phase angles. The shape component

d
shape
ij quantifies the difference associated with the geometrical shape (i.e., wave form

and amplitude). DFW refers to a dynamic frequency warping (Goswami 2019),

which is similar in concept to the dynamic time warping (DTW) used in speech

recognition (Rabiner and Huang 1993). The use of DFW enables isolation of the

magnitude differences associated with (slight) shifts in acceleration frequencies. For

the LEAP-2017 input accelerations, the shape components were decomposed

further:
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d
shape
ij ¼ d

shape 1Hzð Þ
ij þ d

shape 2þHzð Þ
ij ð7:6Þ

in which d
shape 1Hzð Þ
ij quantifies the shape (i.e., amplitude in this case) differences for

the dominant 1 Hz component and d
shape 2þHzð Þ
ij quantifies the difference related to the

components at frequencies higher than 2 Hz (with the largest contribution often asso-

ciated with the 3 Hz component). The frequency shift componentdFshiftij evaluates the

difference stemming from variability in frequency of the acceleration components.

These metrics were verified using simple synthetic acceleration time histories

with prescribed differences and were found to be effective (difference) identification

and quantification tools (Goswami 2019). Also, the four difference metrics were

used to evaluate equivalent (average) differences in amplitude at 1 Hz, amplitude for

the 2 + Hz components, phase angle, and a shift in frequency at 1 Hz (referred to as

ΔA1Hz
ij ,ΔA2þHz

ij , ΔΦij, and ΔFij, respectively) to characterize and quantify the spe-

cific factors responsible for the observed differences in accelerations. The details of

this evaluation are presented in Goswami (2019). The relative values of the different

metrics d
shape 1Hzð Þ
ij , d

shape 2þHzð Þ
ij , d

phase
ij , and dFshiftij and the differences ΔA1Hz

ij ,ΔA2þHz
ij ,

ΔΦij, and ΔFij can be used as indicators to ascertain the difference that prevails.

7.3.1 Input Motion Differences

An analysis was conducted to assess the differences among the reference accelera-

tion and the input motions that were recorded during the 26 centrifuge tests. First,

the input motions were all cross-correlated to determine a consistent common

time t ¼ 0 for all the experiments. This eliminated all phase differences that are

associated with a simple shift in the origin of time. The computed total differences dij
provided quantitative measures with numerical values varying from about 0.01 to

0.25, as exhibited in Fig. 7.5. In this figure, a 3D bar graph is used to display the

whole set of difference metrics among the 26 recorded accelerations and the refer-

ence motion.

Overall, the input accelerations can be divided into three groups according to the

difference metric values (Fig. 7.5): (1) Group 1 of accelerations that closely match

the reference motion and also each other with dij¼ 0.00 to about 0.03, (2) Group 2 of

accelerations that have an average match to the reference motion (and among the

group) with dij ¼ about 0.03 to 0.08, and (3) Group 3 of accelerations that do not

closely match the reference motion and also each other with dij ¼ about 0.08 to 0.25.

Note that Group 3 includes the motion RPI3 (corresponding to the acceleration

termed 5 in Fig. 7.5) which was generated so that it includes intentionally a

significant 3 Hz component. The motions that are in a close match provide informa-

tion that may be used, for instance, to assess reproducibility, while those with a loose

match are advantageous in evaluating the sensitivities of the experiments to variation

in input motions.
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The total difference metrics were decomposed into 1 Hz amplitude, 2 + Hz

amplitude, phase, and frequency shift component measures to assess the nature of

the associated dissimilarities and reasons for these differences, as shown in Fig. 7.6.

This figure also shows the quantitative values of the corresponding differences

ΔA1Hz
ij , ΔA2þHz

ij , ΔΦij, and ΔFij among the accelerations. The decomposition

shows that the difference metrics are overall comparable in values, with d
shape 1Hzð Þ
ij

being somewhat lower and dFshiftij slightly higher than the other metrics. There is,

however, a group of about five input accelerations that have relatively larger

difference metrics (than the rest of the motions). The d
shape 2þHzð Þ
ij values clearly

show that there are four input motions which have larger difference metrics with the

rest of the accelerations and are consistent with the visual assessment provided by

Fig. 7.3. Figure 7.6 also shows the quantitative values of the differences

ΔA1Hz
ij ,ΔA2þHz

ij , ΔΦij, and ΔFij among the accelerations. The differences in phase

angle ΔΦij and frequency ΔFij are relatively minor from a practical perspective. The

substantially low values of ΔΦij are explained by the use (in the conducted analyses)

of a consistent common time t ¼ 0 for all the experiments and the fact that all

experiments properly achieved an input motion with a dominant 1 Hz component.

TheΔA1Hz
ij and ΔA2þHz

ij were more significant (especially for a set of about six input

motions), even though the corresponding difference metrics were not substantially

large. This is explained by the lower sensitivity of the total difference metric dij to

ΔA1Hz
ij and ΔA2þHz

ij (compared to ΔΦij and ΔFij). Overall, the ΔA2þHz
ij values were

larger than those of ΔA1Hz
ij and were as large as 0.6 m/s2. A summary of the

differences ΔA1Hz
ij andΔA2þHz

ij between the reference and input motions is presented

in Fig. 7.7.

Fig. 7.5 Input motion difference metrics: (a) among the reference motion (termed 1) and all

analyzed centrifuge input accelerations (termed 2 to 26) and (b) between the reference motion

and recorded accelerations (corresponding to the first (back) row of the left figure)
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Fig. 7.6 Difference metric components of the reference and input accelerations and corresponding

ΔA1Hz
ij ,ΔA2þHz

ij , ΔΦij, and ΔFij
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7.3.2 Response Motion Differences

The total discrepancymeasures and corresponding componentswere evaluated for the

recorded soil responses at different depths. Herein, only the total metrics are presented

and discussed (because of space limitations). The decomposition of these metrics and

additional details are given inGoswami (2019). The values of the differencemetric for

the accelerations AH1 to AH4 (Fig. 7.8) increased from the base of the deposit to the

free surface andwere considerable at the shallowdepth locationAH4 (reaching values

Fig. 7.7 Summary of differences in input motion and initial conditions among the 26 replica tests

(in terms ΔA1Hz
ij and ΔA2þHz

ij of the base motions and cone penetration resistance qc-avg)
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Fig. 7.8 Response motion difference metrics for AH1, AH2, AH3, and AH4: (a) among the

analyzed 26 centrifuge test accelerations and (b) between RPI0 and the other tests
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of about 0.5). The difference metrics between the RPI0 accelerations and the other

tests are shown in Fig. 7.8b to illustrate the range and level of likeliness and dissim-

ilarities that these tests had with the response of one of the tests with an input motion

close to the reference. These dissimilarities provide valuable information and are used

below to assess the sensitivity and relative effects of the initial conditions on the

difference metrics for the response acceleration at different depths.

7.4 Sensitivity Analysis

Evaluation of reliable estimates of the response (e.g., acceleration, displacement, etc.)

sensitivity of a physical system, such as the analyzed LEAP sloping deposit, using a

relatively limited set of test data represents a significant challenge.Diverse approaches

have been used in a number of fields to evaluate local and global system sensitivities.

A local sensitivity is evaluated based on a numerical differentiation concept and is

usually obtained as the simple ratio of (observed or evaluated) changes in response

quantities to a corresponding small variation in input parameters (at a specific value of

these parameters). In contrast, a global sensitivity is based on a statistical framework

and considers a range of input variations (in contrast to small variations). A number of

review papers have been dedicated to these topics (e.g., Iooss and Lemaître 2015). In

this study, the local approach is not adequate in view of the involved experimental

uncertainties and limitations, while the common global approaches are hindered by

the limited amount (from a statistical point of view) of experimental data available.

The sensitivities were therefore estimated on the basis of a kriging analysis.

Kriging is a semi-parametric Gaussian process regression method that was

originally developed in the field of geostatistics (Chilès and Delfiner 1999;

McCullough et al. 2017). It provides an effective means that may be employed to

estimate response quantities, and corresponding derivatives and integrals, over a

domain of associated input parameters using only noisy observations or measure-

ments for a limited irregularly spaced set of these parameters. The method involves

an averaging process and provides an estimate of uncertainty (in terms of a standard

deviation). Herein, kriging was used to assess the sensitivity of the difference metrics

of the recorded AH1 to AH4 accelerations to variations in input motion and initial

soil fabric condition associated with soil deposition and achieved grain packing.

7.4.1 Acceleration Sensitivity

The difference analysis above showed thatΔA1Hz
ij and ΔA2þHz

ij are the two main input

motion parameters that varied during the analyzed 26 LEAP centrifuge tests. The

tested soil models also had variability in soil deposition and achieved grain packing

(as documented by the mass densities reported by the different centrifuge
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facilities (Kutter et al. 2018, 2019)). These variations have a direct effect, for

instance, on stiffness properties which in turn affect the deposit response. An average

over depth of the CPT (cone penetration test) tip resistance is deemed herein to

correlate better with the deposit initial fabric and packing conditions than relative or

mass densities (mainly due to the high sensitivity of density computation to errors

in the measurement of volume). The average of the measured CPT resistance at 1.5m,

2.0 m, 2.5 m, and 3.0 m depths (hereafter referred to as qc-avg) for the

different centrifuge tests is presented in Fig. 7.7 along with the differences in input

motion.

A kriging analysis was conducted to assess the sensitivity of the recorded

accelerations to the parameters ΔA1Hz
ij , ΔA2þHz

ij , and qc-avg. The sensitivity analysis

was performed using a subset of 17 tests of the conducted 26 centrifuge experiments.

The tests were selected based on an investigation of the associated stress and strain

time histories. This investigation showed a consistency among the stress-strain

response of these tests and fundamental differences with the remaining nine tests,

as shown in Fig. 7.9. The details of the stress-strain analysis, rational for the 17 test

selection, and details of the kriging analysis are given in Goswami (2019). The

following paragraphs focus on the conducted analysis results for brevity.

The sensitivity analysis is based on an estimate of the variation of the total

difference measures dij of the recorded accelerations at AH1 to AH4 as a function

of ΔA1Hz
ij , ΔA2þHz

ij , and qc-avg. Specifically, the analysis provided a kriging hyper-

surface representing dij (for each of AH1 to AH4) as a function of the variables

ΔA1Hz
ij , ΔA2þHz

ij , and qc-avg (over the domain associated with these variables, as

shown in Fig. 7.7). The differences among the tests in input motions, ΔA1Hz
ij and

ΔA2þHz
ij , and in response metric (at AH1 to AH4), dij, had to be computed with

respect to a common reference, which was selected to be the RPI1 test. This test had

an input acceleration substantially close to the reference and a relative density close

to the reference mean value (Fig. 7.2). Other tests could also be used as a reference

and would lead similar results to the ones presented below.

Three sets of surfaces and corresponding sensitivity functions are employed

herein to visualize the obtained dij kriging hypersurface results, as shown in

Figs. 7.10, 7.11, 7.12, 7.13, 7.14, and 7.15. Thus, Fig. 7.10 shows the difference

metric variations as a function of ΔA1Hz
ij and ΔA2þHz

ij for a qc avg ¼ 2.6 MPa. This

value corresponds to the mid-point of the domain of variations for qc-avg and

corresponds to a Dr of about 65%. The obtained results show that the AH1

accelerations have comparable sensitivities to variations in ΔA1Hz
ij and ΔA2þHz

ij (for

qc-avg ¼ 2.7 MPa) and the associated discrepancy metric practically varies linearly

as a function of these two parameters, as shown in Fig. 7.10. In contrast, the response

at AH4 is about two times as sensitive to a ΔA2þHz
ij as to ΔA1Hz

ij . The discrepancy

metrics for AH1 to AH4 show a sensitivity that increased from the bottom of

the deposit to the free surface. The associated sensitivity functions ∂dij=∂A
1Hz
ij and

∂dij=∂A
2þHz
ij for qc-avg ¼ 2.7 MPa (Fig. 7.11) confirmed that AH1 has mostly

constant sensitivity functions and AH4 has a sensitivity ∂dij=∂A
2þHz
ij with large

variations (especially as a function of ΔA2þHz
ij ). The sensitivities for AH2 and AH3
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had values that varied between those of AH1 and AH4. Note however that the

estimated variations of the discrepancy metric (and corresponding sensitivities) are

associated with larger standard deviation (i.e., lower level of confidence) at large

ΔA2þHz
ij values, especially for AH3 and AH4. This is explained by the sparsity of

Fig. 7.9 Stress-strain response of the analyzed centrifuge tests (at 2.5 m depth along the central

accelerometer array)
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data for large values of ΔA2þHz
ij (only one experiment had a ΔA2þHz

ij larger than

0.04 m/s2).

The difference metric surfaces as a function ofΔA1Hz
ij and qc-avg for ΔA2þHz

ij ¼ 0,

and ΔA2þHz
ij and qc-avg for ΔA

1Hz
ij ¼ 0, and the corresponding sensitivity functions

(Figs. 7.12, 7.13, 7.14, and 7.15) were employed to explore the effects of the

observed variation in CPT resistance. The obtained metric surfaces and sensitivity

Fig. 7.10 Variation of the difference metric dij of the recorded accelerations (at AH1 to AH4) as a

function of ΔA1Hz
ij and ΔA2þHz

ij for a qc-avg ¼ 2.7 MPa (the red dots correspond to the analyzed

17 tests)
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Fig. 7.11 Sensitivity functions of the total difference metric of the recorded accelerations (at AH1

to AH4) with respect to variations in ΔA1Hz
ij and ΔA2þHz

ij for qc-avg ¼ 2.7 MPa
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Fig. 7.12 Variation of the total difference metric of the recorded accelerations (at AH1 to AH4) as

a function of ΔA1Hz
ij and qc-avg for ΔA

2þHz
ij ¼ 0 (the red dots correspond to the analyzed 17 tests)
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Fig. 7.13 Sensitivity functions of the total difference metric of the recorded accelerations (at AH1

to AH4) with respect to variations in ΔA1Hz
ij and qc-avg for ΔA

2þHz
ij ¼ 0
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Fig. 7.14 Variation of the total difference metric of the recorded (AH1 to AH4) accelerations as a

function of ΔA2þHz
ij and qc-avg for ΔA

1Hz
ij ¼0 and corresponding standard deviation (the red dots are

the analyzed 17 tests)
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Fig. 7.15 Sensitivity functions of the total difference metric of the recorded accelerations (AH1 to

AH4) with respect to variations in ΔA2þHz
ij and qc-avg for ΔA

1Hz
ij ¼0
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functions show a response that is significantly more sensitive to a decrease in qc-avg
than an increase. This is explained by the fact that lower values of qc-avg are

associated with a looser more contractive soil with a response that contrasts sub-

stantially with that of the (dilative) reference deposit with a Dr. of about 65%. In

contrast, larger qc-avg values are indicative of a denser soil that is only slightly more

dilative and has only a somewhat different response. The sensitivity values increased

from AH1 to AH4, and the sensitivities with respect to qc-avg were significantly

larger than those associated withΔA1Hz
ij andΔA2þHz

ij . Overall, the obtained sensitivity

functions (Figs. 7.11, 7.13, and 7.15) vary nonlinearly with variations in parameters.

The level of nonlinearity increases from AH1 to AH4 and is more remarkable for the

sensitivities that depends on qc-avg. Figures 7.10, 7.12, and 7.14 also show the

standard deviations corresponding to the estimated difference metric surfaces (and

corresponding sensitivities). The deviations increased from AH1 near the bottom to

AH4 close to the free surface of the deposit. Also, for any (acceleration) level, the

deviations have the lowest values in the zones with well-distributed data points and

largest values with sparse or no data points (as expected).

7.4.2 Permanent Displacement Sensitivity

A kriging analysis was used to assess the effects of variations inΔA1Hz
ij , ΔA2þHz

ij , and

qc-avg on the permanent surface displacement (referred to as D). The analysis was

performed for the selected 17 tests using the mean values of the measured displace-

ment of the 2 central markers (Kutter et al. 2019). Three sets of surfaces are exhibited

in Fig. 7.16 to visualize the obtained D kriging hypersurface results as a function of

(1) ΔA1Hz
ij and ΔA2þHz

ij for a qc avg ¼ 2.6 MPa, (2) ΔA1Hz
ij and qc-avg for ΔA

2þHz
ij ¼0,

and (3) ΔA2þHz
ij and qc-avg for ΔA1Hz

ij ¼ 0. The obtained results show that the

measured permanent displacements are generally more sensitive to variations in Δ

A1Hz
ij and ΔA2þHz

ij than qc-avg. In fact the displacements have rather a low sensitivity

to qc-avg for ΔA1Hz
ij � 0 and ΔA2þHz

ij �0. The sensitivity to the CPT resistance

increases when the variations in qc-avg are combined with variations in ΔA1Hz
ij and

ΔA2þHz
ij . The corresponding standard deviations (Fig. 7.16) were again reasonable

in the zone with well-distributed data points, and high values were observed in areas

with limited or no data points.

7.5 Conclusions

This article presented an analysis of the differences and sensitivities among the

acceleration time histories of 26 centrifuge LEAP (Liquefaction Experiments and

Analysis Projects) test replicas of a saturated sloping deposit. A normalized mean

squared deviation is used as difference metric to quantify the dissimilarities between
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Fig. 7.16 Variation of the average (permanent) surface displacement D as a function ofΔA1Hz
ij and

ΔA2þHz
ij for a qc¼ 2.7 MPa,ΔA1Hz

ij and qc-avg forΔA
2þHz
ij ¼0, andΔA2þHz

ij and qc-avg forΔA
1Hz
ij ¼0 (the

red dots are the analyzed 17 tests)
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recorded acceleration time histories. This metric is uniquely decomposed in four

terms associated with phase, frequency shift, amplitude at 1 Hz, and amplitude of

frequencies higher than 2 Hz (2 + Hz) components. These metrics and measures

were employed to assess and quantify the discrepancies of the input and response

accelerations of the 26 different test replicas. The obtained difference metric values

showed that the input accelerations can be divided into three broad classes:

(1) Group 1 of accelerations that closely match the reference and also each other,

(2) Group 2 of accelerations that have an average match to the reference and among

the group, and (3) Group 3 of accelerations that did not closely match the reference

and also each other with. This broad range of motions provides valuable information

to assess both the repeatability of the tests and sensitivity of the recorded responses

to variations in input motion. The differences among input motions were found to be

associated mostly with variation in amplitude of the dominant component at 1 Hz

and the components with frequencies higher than 2 Hz (2 + Hz).

A Gaussian process-based kriging was used to assess the sensitivity of the deposit

response acceleration to differences in input motion amplitude at 1 Hz and 2 + Hz and

average CPT (cone penetration test) resistance (used as a measure reflecting deposit

fabric condition and initial grain packing). The conducted analyses showed that the

analyzed deposit accelerations are relatively more sensitive to variations in CPT

resistance than to the input motion and that this sensitivity is larger for a decrease in

CPT resistance compared to an increase. The sensitivities were also found to be highly

nonlinear functions of the variability in the inputmotion andCPT resistance. In contrast,

the measured permanent displacements were generally more sensitive to differences in

input motion amplitude at 1 Hz and 2 + Hz than the average CPT resistance.
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