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ABSTRACT: As part of the LEAP Project, three centrifuge tests were carried out in the facil-
ities of DPRI at Kyoto University. The experiment aims to simulate the dynamic response of a
uniform-density sloping deposit of clean sand, subjected to a ramped sinusoidal wave; this paper
introduces specific details of the model preparation, testing procedures, and the achieved
response. Additionally, a brief discussion related to the median values and variability of the rela-
tive density (Dr), and the peak ground acceleration (PGA) is presented, because these were iden-
tified as the “key parameters” for the estimation of the horizontal surface displacement due to
lateral spreading (Ux). As an attempt of the sensitivity analysis, a series of Monte Carlo simula-
tions were developed in order to analyze the sensitivity in the estimation of Ux under the variabil-
ity of the key parameters.

1 LEAP PROJECT

During the past 40 years, the efforts and developments in computational modeling of geo-
materials have been contributed significantly to increase the accuracy of prediction of its
dynamic behavior. Due to the catastrophic consequences (mainly as a result of seismic
events), special emphasis has been pointed out in the behavior of the “Liquefaction-Induced
Ground Failures”. However, despite the efforts, results of numerical simulations have a cer-
tain degree of discrepancy with results obtained in physical modeling; in this sense, exercises
of verification and validation (V&V) of the response are needed in order to enhance the reli-
ability of numerical models for liquefaction prediction.
LEAP (Liquefaction Experiments and Analysis Projects) is a joint project that pursues verifica-

tion, validation and uncertainty quantification of numerical procedures for predicting the effects
of liquefaction, based on centrifuge experiments (Manzari et al. 2018). Currently, there are nine
facilities around the world performing centrifuge tests, as a part of this collaborative project.
The centrifuge tests that are going to be presented in this paper, are part of one of the

LEAP’s exercise (LEAP UCD 2017), which main objective is to perform a sufficient number
of experiments to characterize the median response, and the uncertainty of a submerged 20 m
long, 4 m deep and 5 degrees sloping deposit of Ottawa F-65 sand (Kutter et al. 2018a).

2 CENTRIFUGE TEST AT KYOTO UNVERSITY

2.1 Model specifications and preparation

The specifications for the preparation and testing procedures for the model were established
during the planning phase of the LEAP exercises (Manzari et al. 2018, Kutter et al. 2018a).
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As mentioned previously, the model consists of a uniform-density, 20 m long, 4 m deep at
center, and 5 degrees sloping deposit.
Due to its availability and consistent properties (Carey et al. 2018a), Ottawa F-65 was

chosen as the standard sand for “LEAP-UCD-2017”; in order to ensure that the same sand
would be used at all facilities in this exercise, sand bags from the same supplier were provided
by UC Davis prior the construction of the models.
As part of the LEAP collaborative effort, three experiments were developed in the Geo-

technical Centrifuge of the Disaster Prevention Research Institute at Kyoto University
(effective radius 2.50 m), and the latter two are presented in this paper: KyU2 (Dr = 67%)
and KyU3 (Dr = 60%).
As shown in Figure 1, the model was built in a rigid container through the air-pluviation

method. As stated by Tobita et al. (2018), in order to keep the same “Gravity Field” in all
points of the surface, this was curved based on the centrifuge’s effective radius. According to
the specifications, a conventional scaling law had been employed; to achieve the specified
values in prototype scale, a scale factor of 44.4 was used.
As also shown in Figure 1, each model was instrumented with 9 horizontal accelerometers

(AH1, AH2, AH3, AH4, AH6, AH9, AH11 and AH12), 2 vertical accelerometers (AV1 and
AV2) and 8 pore pressure transducers (P1, P2, P3, P4, P6, P8, P9 and P10); details of the sen-
sors and its placement method is described by Tobita et al. 2018.
After air pluviation and sensor placement, the saturation process was developed; as part of

this process, the rigid container was placed into a vacuum chamber, and a vacuum pressure of
-0.1 MPa was applied, following the insertion of CO2, and the application of the vacuum pres-
sure one more time; in order to facilitate dissolution of gas bubbles. At this stage, a de-aired
solution of Methylcellulose (SM-100, Shin’etsu Chemical Co.) was dropped near the bottom
of the slope, for approximately 10 hours. The saturation degree of the model was estimated by
following the methodology proposed by Okamura et al. (2012); the achieved saturation values
were: SrKyU-2=99%, and SrKyU-3=99.9%.

2.2 Shake sequence and achieved ground motions

The shake sequence of each test included 6 different input motions; as seen in Figure 2, each
motion consisted of a ramped sinusoidal 1 Hz wave. Based on its amplitude, Motions 2, 3 and 5
were considered as “destructive”, and Motions 1, 4 and 6 as “nondestructive”. Figure 3 shows
the input ground motions, which were estimated by the average value of the records obtained
by the sensors AH11 and AH12. It worth to mention that in this paper, only the first destructive
motion (i.e. Motion 2) is presented; however, a complete database of the three models developed
in this exercise was stored and published in the Design Safe platform (Vargas et. al 2018)
As seen in Figure 3, the achieved input motions follow the specified input wave, however they

contain high-frequency components; taking into account that higher frequency components have
some but relatively small effect on the behavior of the model, in this project (as a first approxima-
tion), the “PGA Effective” (PGAeff) has been defined as the key parameter to describe the peak
acceleration value of the input motions. The PGAeff value can be estimated as shown in Eq.1.

Figure 1. As-Built Model for Centrifuge Test at Kyoto University
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PGAeff ¼ PGA1Hz þ 0:5 � PGAhf ð1Þ

In which “PGA1Hz” represents the peak acceleration of the achieved motion corresponding
only to the 1 Hz component (estimated using a notched band-pass filter with corner frequen-
cies 0.8 and 1.1), and “PGAhf” represents the higher frequency components. Figure 4 shows
an example of the filtered input wave for Model KyU3 - Motion 3; and Table 1 shows the
corresponding estimated values of PGAeff, for all the achieved destructive motions.
Additionally, three cone penetration tests in each experiment were performed (one CPT

test was developed before each destructive motion) with the new 6 mm Mini-CPT (Carey
et al. 2018); the results (Figure 5) are consistent with the density measured by means of mass
and volume measurements; in the sense that the values of CPT-1 recorded at KyU3 (Dr-

measured=60%) are smaller than the ones recorded at KyU2(Drmeasured=67%). A brief discus-
sion about the variability of the relative density is presented in Section 3.

2.3 Test results

The developments of the Excess Pore Water Pressure “EPWP” were recorded using nine pore
water pressure transducers (“P” sensors in Figure 1). Figure 6 shows the time history of
EPWP response of the sensors located in the centerline of the model, and Figure 7 shows a

Figure 2. Input Motion Characteristics

Figure 3. Achieved and Target Input Acceleration: Mot2-KyU2 and Mot2-KyU3

Figure 4. Filtering process for Achieved Input Motion - Model KyU3 – Motion 3
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schematic view (in model scale) of the maximum “EPWP Ratio” (ru)’s distribution; corres-
pondent to the first destructive motions of both models.
Ground response accelerations were recorded using 11 accelerometers (“AH” and “AV” sen-

sors, as shown in Figure 1). Figure 8 shows the acceleration response, correspondent to the first
destructive motions of both models; it could be seen that the recorded acceleration remains similar
to the input motion prior the development of significant Excess Pore Water Pressure “EPWP”
(Figure 6), after that, the motion significantly changes and develops sharp spikes, which are char-
acteristic of the dilative behavior of liquefied sand. It is important to point out that despite the
sensors AH9 and AH6 reached fully liquefaction (in terms of ru as seen in Figure 7), not significant
dilative spikes were measured; these phenomena seem to be related to the effect of the rigid bound-
ary conditions, however additional research is required to confirm and clarify this behavior.
In order to measure the permanent surface displacements under each destructive motion, 3-D

printed surface markers were placed on the soil surface; its location was measured before and
after each destructive motion; also, as a part of the test KyU2, the centrifuge apparatus was

Table 1. Achieved values of PGA and PGAeff

Model/

Motion

Achieved PGA PGA1Hz PGAHf PGAeff

(g) (g) (g) (g)

KyU2 / Mot.2 0.12 0.10 0.02 0.11

KyU2 / Mot.3 0.33 0.20 0.13 0.27

KyU2 / Mot.5 0.33 0.21 0.12 0.27

KyU3 / Mot.2 0.14 0.09 0.05 0.12

KyU3 / Mot.3 0.24 0.14 0.10 0.19

KyU3 / Mot.5 0.23 0.14 0.09 0.19

Figure 5. CPT Test Results Model KyU2 & KyU3 – Motion 2.

Figure 6. Excess Pore Water Pressure Response - Model KyU2 & KyU3 – Motion 2.
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Figure 7. Ratio of Maximum Excess Pore Water Pressure (ru) among Model KyU2 and Model KyU3

Figure 8. Ground Motion Acceleration Response - Model KyU2 & KyU3– Motion 2.

Figure 9. Time-History displacement of the Model Surface’s center – Model KyU2 – Motion 2
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equipped with a High-Speed Camera (Nac Image Technology, Inc.; MEMRECAMfx RX-6G),
which allowed the estimation (by image analysis) of the time-history values correspondent to
the relative displacement of the markers (Figure 9). Figure 10 shows the permanent displace-
ment at all surface markers (in model scale) after the first destructive motion of Model KyU2.

3 SENSITIVITY OF LATERAL SPREADING ESTIMATIONS TO DR AND PGA

As stated by Kutter et. al (2018a), the Relative Density (Dr) and the PGAeff can be considered
as the key input parameters for the lateral spreading estimation; so, special focus on the esti-
mation of its median values and the involved uncertainty should be placed. In this section, a
brief discussion about the variability of their estimated values, and a sensitivity analysis of this
variability to the estimation of the lateral spreading is presented.

3.1 Variability of Dr and PGAeff

As mentioned in section 2.1, the model was built by using the air-pluviation technique; in this
pluviation process, the density was measured at 3 different stages (by means of mass and
volume measurements), and variability among each layer was found. Due to the characteris-
tics of the measurements, we established that the main source of the variability was the estima-
tion of the volume of the sand in the model.
For the volume estimation, the length and width dimensions of the model were fixed by the

rigid-box’s dimensions, and the height of the pluviated sand was measured at 15 uniformly distrib-
uted points over the surface of the ground. This sand’s height measurement was developed to an
accuracy of 0.50 mm, which (based on the dimensions of the rigid box) would cause uncertainty in
the Dr estimation of approximately 7.5%. It worth to mention that this uncertainty seems to be
consistent with the values reported by other experimenters in similar tests; in fact, Carey et. al
(2018b) reported that the uncertainty in the Dr estimation of their test was approximately 8%.
On the other hand, another reliable way to estimate the Dr value (although indirect) is

through the qc values obtained in the CPT tests. Based on the tests developed at LEAP UCD
2017, Carey et.al (2018a) developed a correlation between the Dr and qc values for Ottawa
F65 sand; in this correlation, for a qc value of 3.0 MPa at a depth of 2.0 m, they reported an
uncertainty of approximately 9% in the Dr estimation.
Taking into account the previous statements, for the sensitivity analysis purposes, Dr was

defined as a random variable described by a bounded normal distribution, with a standard
deviation of 7.5%.
Also, as presented before, due to the presence of “High Frequency” components in the

achieved ground motions, the concept of PGAeff was introduced. As a first attempt, only 50%
of the High Frequency Component’s contribution was considered; however, their “real” effects
are still not fully studied for centrifuge experiments; in this sense, the percentage of contribution
of these components may be considered as an uncertainty in the PGA estimation; so, the PGAeff

value was considered as a random variable which follows a uniform distribution, bounded by:

Figure 10. Permanent Displacement of the Model Surface’s center – Model KyU2 – Motion 2
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PGA1Hz � PGAeff � PGA1Hz þ PGAhf ð2Þ

It is important to mention that, to avoid unrealistic values in the following sensitivity ana-
lysis, the upper and lower limits of the previously described probability distributions, were
truncated in the 5% and 95% percentiles respectively.

3.2 Sensitivity analysis

As described in the previous section, variability was found in the key parameters even for cen-
trifuge models developed under laboratory conditions. The aim of this section is to discuss the
sensitivity of the lateral spreading estimations, under the variability of the key parameters dis-
cussed in Section 3.1. In order to correlate the lateral spreading value with the key parameters,
we can assume that, in general, the lateral spreading value at the ground surface (Ux) can be
computed by integrating the expected shear strains (γ) along the depth (z), as shown in Eq. 3.

Ux ¼

Zz

0

γmax � dz ð3Þ

According to a simplified procedure described by Idriss & Boulanger (2008), the maximum
shear strain value (γmax), could be estimated as a function of the Factor of Safety against Lique-
faction (FSliq), which is estimated on the basis of the key parameters (i.e. Dr and PGAeff).

The values of lateral spreading for the models KyU2 and KyU3 were correlated with the
correspondent values of its key parameters (Dr and PGAeff), following the previous proced-
ure. It is important to mention that the additional parameters required to estimate the FSliq
values, were calibrated in the sense that the estimated FSliq values (for the mean values of the
key parameters) would resemble the measured values in each model (based on ru values, as
presented in Figure 7). The measured values of Ux (in prototype scale) correspondent to
models KyU2 and KyU3 were 0.15 and 0.04 m respectively, and the estimated values of Ux

(using the mean values of Dr and PGAeff) were 0.09 and 0.06 m.
As an approach of the sensitivity analysis, a series of Monte Carlo simulations was devel-

oped in order to analyze the sensitivity of Ux under the variability of the key parameters.
Figure 11 shows the probability distribution of Ux values and the effect of the variability of
the key parameters in the estimation of the response.
As shown in previous paragraphs, if the estimated FSliq values resemble its corresponding

achieved values, the estimation of the lateral spreading (based on the simplified procedure to
estimate maximum shear strains, described previously) seems to have a good agreement with
the measured values. However, as stated before, very small errors in the process of density
estimation, or the inclusion of high frequency content waves in the input motion, could be

Figure 11. Probability distribution of Ux values for KyU2 and KyU3
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expressed in changes in the values of Dr and PGAeff. As seen in Figure 11, the previously men-
tioned changes in the key parameters can produce a dramatic change in the estimation of the
Ux values (between 0 to 50 times for a 90% of probability). So, for evaluations of lateral
spreading, special attention should be placed on the evaluation of the key parameters, and the
effects of their variability should be properly assessed; because, even the “small” variability
found in centrifuge models (built in laboratory conditions) can lead to important changes in
the estimation of Ux.

4 CONCLUSIONS

• LEAP (Liquefaction Experiments and Analysis Projects) is a joint project that pursues to
verification, validation and uncertainty quantification of numerical liquefaction models.
“LEAP-UCD-2017” is one of the LEAP’s exercises, whose main objective is to perform a
sufficient number of experiments to characterize the median response, and the uncertainty
of a specific sloping deposit of sand.

• A brief review of the procedures to build the models developed at Kyoto University was
presented, emphasizing the importance of curving the surface, in order to obtain the same
“gravity field” in the model’s surface.

• For both models, in Motion 2 (PGA 0.15), results of Excess of Pore Water Pressure
showed values of ru ≈1 in shallow sensors; however, for Motion 3 and 5 (PGA 0.25), values
of ru ≈1 were obtained almost in all of the sensors.

• Relating to Ground Motion Accelerations, as expected, the recorded acceleration remained
similar as the input motion before the development of significant EPWP; after that, signifi-
cant distortion was recorded, presenting sharp spikes, which are characteristic from dilatant
behavior of liquefied soil.

• Very small errors in the process of density estimation, or the inclusion of high frequency
content waves in the input motion, could be expressed in significant changes in the values
of Dr and PGAeff.

• If the estimated FSliq values resemble its achieve values, the estimation of the lateral spread-
ing (based on the simplified procedure to estimate maximum shear strains) seems to have a
good agreement with the measured values.

• Changes in the key parameters can produce a dramatic change in the estimation of the Ux
values (between 0 to 50 times).

• For lateral spreading estimation, special attention should be focused on the evaluation of
the key parameters, and the effect of the variability must not be ignored.
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