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Abstract

As background of general application of dynamic analyses to seismic design in recent years, necessity of validation in
numerical code in terms of both initial modeling and non-linear element responses is recognized.

Quantification of uncertainties, which relate with design safety factors, in numerical analyses is required as a sufficient
condition for actual structural design, in contrast with traditional examples of code validation, which were mainly
focused on a necessary condition with regard to experimental results.

Followings are described in this paper.

(1) Code validation, utilizing 2D dynamic effective stress FEM code O-EFECT, was conducted targeting on dynamic
centrifuge experiment result regarding the piled foundation built in liquefiable sandy ground performed with various
input motions as a validation example.

(2) Parameter studies with respect to properties of ground material were performed to estimate dispersion of prediction
performance of the code as quantification of uncertainties.
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1. Introduction

In recent years, the need for V&V (Verification and Validation) for engineering simulation has been
recognized against the background of generalization of high-performance computers. For example, the
American Society of Mechanical Engineers (ASME) has been working on the establishment of V&V
standards since 2001 and has held annual V&V symposiums since 2012 to collect opinions and exchange
information related to the standards. This is because V&V is identified as a framework for trusting the
calculation results to users and society (ensuring credibility) when using numerical simulation for decision
making such as design work [1].

The Japan Society of Civil Engineers has an approach to V&V on numerical analysis in the concrete
field, as well as the "Subcommittee on V&V in numerical analysis in the civil engineering field" by the
Applied Mechanics Committee. The latter gathered many participants in the V&V research workshop held at
the 2015 and 2017 JSCE annual meetings, showing high interest in V&V [2]. As the application of seismic
response analysis is becoming more common in seismic design and its verification practice, the Earthquake
Engineering Committee has initiated “Research Subcommittee on Systematization of V&V on Nonlinear
Seismic Response Analysis Method for Ground and Structures” (EEC V&V subcommittee, hereafter) in
2017, and has been working on organizing V&V issues, and systematizing philosophy aiming on its practical
development [3].

This study is one of case studies conducted in the activities of EEC V&V subcommittee above.
Example evaluation was performed targeting on the centrifugal model experiment results in terms of non-
linear response of pile foundations in liquefied ground. Evaluations were focused on followings. (1) The
initial model setting and verification of the reproducibility against the experiment results. (2) The predicted
performance range against the experimental values when the ground model settings vary.
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2. Outline of Experiments Targeted for Analysis

The analyses target was the centrifuge shaking table tests (Fig. 1: Scale 1/25) on the pile foundation structure
in the liquefied ground conducted previously by the authors [4]. In this experiment, as shown in Table 1 and
Fig. 2, ground and structure responses with different excitation levels (same waveform) were obtained.
Because large excitation (equivalent to prototype scale input acceleration of?6Wassapplied to the

model, liquefaction of the ground and plasticization of RC model piles (cracking of concrete and yielding of
reinforcing bars) have been observed.

Shake Direction

S €&=——>N : e a1 ] W Accelerometer
4] \ r 1 M Pore pressure transducer
.

! Displacement transducer

Stgel structure
300 @ Strain gage (Rebar)

s | A _!& . Laminar sovﬂ container
Centrifuge Model R@QModel Pile —gg—*r Footing | -
29 00 o =
29 90 o, ]
90 ool ! m
] ' Saturated sand
RC pilc 460 i0 ® 0o i : 460
- LU= .
ctc.120 : 0 =
H — —1 ¢ =
L L Lt Soil cement 80

805 ! 340 ! 805

Y

Fig. 1 —Profile of centrifuge model: Scale 1/25 (Unit:mm)

Table 1 — Case of centrifuge experiment and input motion amplitude (Model (Prototype))

Case d3 (small) d4 (medium) d5 (large)
Max. acc. (m/4 25 (1.0) 75 (3.0) 150 (6.0)
Pile B1-M1
5 4000 =
2 4 3000 d4
g / - — 6
% -3 3 2000 —7Yield strain
%) é« ) / 'E (
B0 // £ 1000
g )
g ) E— |
0
25 75 150 -1000
Input level (m/s2)
(a) Maximum displacement of footing (b) Observed bar strain time histories

Fig. 2 —Summaries of centrifuge experiment results
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3. Verification Analysis
3.1 Analysis method

The verification analysis was conducted by two-dimensional effective stress analysis. The dynamic effective
stress analysis program O-EFECT [5] used in this study is based on Biot's multidimensional consolidation
theory for saturated porous media that strictly evaluates the coupled effects of soil skeleton and pore water
[6]. The ground constitutive model, which introduces parameters that allow repeated loading, is proposed by
Matsuoka et.al [7]. For structural modeling, foundation piles are modeled with fiber elements considering the
nonlinearity of reinforced concrete and rebar [8, 9], to attempt reproducing pile damage due to seismic effect.

Details on the analytical model (Fig. 3 (a)) were previously given in Ref. [4]. In this study, we firstly
verified the component responses reflecting the respective material properties, as shown in Fig.3. The soil
element’s liquefaction simulation shown in (b) and the model pile loading test simulation shown in (c) were
carried out to verify the validity of the numerical code to begin with.

Secondary, as verification of the whole system for the results of the centrifugal model experiment with
different excitation levels described in Section 2, focusing on followings, as (i) Verification of the accuracy
of the initial structural model and (ii) Verification of the reproducibility of the damage mode. The analysis
was performed on a model scale. This is because phenomena related to measurement accuracy, etc. in
centrifuge model experiments may not be discriminated by conversion to actual phenomenon.
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Fig. 3 — Summaries of analytical model

3.2 Verification of initial structural model

The verification of the initial structural model was performed targeted the small excitation test, at which the
ground response equivalent to input acceleration of fOgaéseleration of 0.2nfdn actual scale; input
acceleration is described by experimental values, hereafter.). At this time, the ground is assumed to be linear,
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and the damping constant is set with trial calcoitest so that the acceleration response (experiineslize:
red/analytical value: blue) in Fig. 4 (a) consisten

As shown in Fig. 4 (b), there is good agreemenivben the acceleration transfer function (ground
surface/input: blue line) of the initial ground nebdccording to the estimation relation, determibgdhe
shear wave velocity Vs of the model ground [10]] #me observed value (red line: peak frequency F£4
by the experiment. The damping constant identifigdrial calculation is h=0.05 for the ground areDi01
for the structure, respectively.
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Fig. 4 — Verification results of initial structuralodel (Ground response)

3.3 Verification of damage mode

The reproducibility of the damage mode was veritigdsetting the non-linearity of the model ground a

applying small (d3:25m# medium (d4:75m# and large (d5:150nfsexcitations. An example of input
earthquake motion time history is shown in Fig.H. écitation simulations were performed by the sam
waveform.
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Fig. 5 —Example input earthquake motion time history (Baseeleration, d5)

Fig. 6 shows the acceleration time history, footitigplacement time history, and excess pore water
pressure ratio time history extracted as itemss/&uate the reproducibility of the experiment aothpared
with the experimental results. The extracted vakmesred for experimental values and blue for ditally
values. Data extraction positions are previoustyshin Fig. 3.

3.3.1 Acceleration time history

From the time history of acceleration at the tophaf structure in each case shown in Fig. 6 (i}, @bserved
that the magnitude and phase of the response eafi@eare almost consistent in each excitationthin

experimental values for medium and large excitati@hort-period responses appear, and similar neggo
are also observed in the ground acceleration (ii).

The ground acceleration (i) has a base peak aatigle of 25 m/$with small excitation, while the
peak response near the ground surface is 2@mgsthe amplitude ratio is about 1 for both experital and
analytical values. On the other hand, with mediuitation, amplitude ratio of the ground is 1/3 hwit
respect to the base motion, and the characterisfite liquefied ground appeared. In the caseagjd
excitation, the maximum experimental value is 106ngexcluding t=0.15s spike) while the maximum value
is 20m/$ in the analysis.
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Fig. 6 — Comparison of observed and analyzed time histories by shake events

Focusing on the large excitation responses, comparing these with the excess pore water pressure ratio
time histories shown in Fig. 6 (iv) and (v), it is observed that the acceleration amplitude does not increase at
the time when the ground liquefies over all deposit. This is the typical characteristics of the acceleration
response of the liquefied ground in seismic observation at site [11].

3.3.2 Footing displacement time history

The horizontal displacement time histories of the footing shown in Fig. 6 (iii) increase in magnitude
according to the excitation level, and consistency are observed in terms of both amplitude order and phase in
wave form on the experimental results and the analytical results. In small excitation, the analysis value is
large in the latter half of the excitation, because of the degree of ground liquefaction differs between
experiment and analysis. On the other hand, when the ground is liquefied, the maximum response values in
the analyses are only 60% to 70% of the experimental values.

3.3.3 Excess pore water pressure ratio time history

In the excess pore water pressure ratio time histories shown in Fig. 6 (iv) and (v), liquefaction of whole
deposit occurs at time t=0.2s for both experimental and analytical values of medium and large excitations. In
addition, the generation of large dynamic excess pore water pressure has been reproduced under large
excitation. In the case of small excitation, the water pressure continues to increase in the deep ground even
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after the time t=0.5s. For large excitation, tmaetihistory is shown for the interval of -0.2s-Odgsause the
generation time of excess pore water pressuresstartier than small and medium excitation. Thiduse to
the amplitude of minor motion before the main motiocluded in the excitation wave enlarged as the
amplitude factor of the original motion increasesell.

3.3.4 Repeatability of pile damage mode

Fig. 7 compares the foundation pile/pile head meitément strain response in medium and large excita
The comparison position is the rebar located judow the footing of the left pile (B1 pile). As fahe
reinforcing bar strain data process, the initidueds not set to zero in each excitation (the @uonghd is not
incrementally evaluated), because of the necessitydge the yield of rebar. In other words, thigéiahvalue
of the experimental value shown here is the inisitess due to centrifugal loading or the initigbis
reflecting the seismic excitation history, wheréas analytical value is the initial strain reflextionly the
initial stress analysis result without the seisexcitation history.

In the case of medium excitation, strains exceedii0@Q were observed at the left edge of the pile
(B1-M1) in the experimental value, whereas in thalgsis, the strain (14305-M1) amplitude at alnbst
same position is small. On the other hand, atitiie edge of the pile (B1-M6), a strain waveforrd305-
M6) similar in amplitude and phase is seen in tkgeement and analysis. This is presumed to betaltiee
presence or absence of concrete cracks. When cdmksoped in the cover concrete near the strain
measurement point and initiate crack opening, thains of the reinforcing bar at that position ldsge
increases. Therefore, it is possible that cracksuwed in the experiment, and the occurrence dajelar
repetitive strains in (B1-M1) observed in the expent data suggests this.

In large excitation, the experimental and analytiGdues of the strain response of the rebar are in
good agreement with both left and right edges eftite. Compared with the footing displacement oesg
time history previously shown in Fig. 6 (c) (iithe maximum strain occurrence time t=0.124s coexidith
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Fig. 8 — Excess pore water pressure distributiogramund at t=0.124s (Large shake)
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the maximum displacement time of the leftward fogtimovement. In addition, rebars yield in the
experiment and analysis as the magnitude of therampntal value (B1-M1) of 3,2%0) and the analysis
value (14305-M1) of 3,6QQ respectively.

On the other hand, the maximum strain occurremge t=0.145s at the right edge of the pile, which
corresponds to the maximum displacement time ofdb#ng movement in the rightward, yielding is not
observed in experimental value (B1-M6) 1,20Maximum strain of the analytical value (143056
observed at t=0.102s as @b0nstead. At the time t=0.145s, the analyticaliea14305-M6) is 600 due to
deviation occurred toward compresstion strain. Nloé¢, as described above, because the rebar atréia
time of large excitation starts from the accumuwatalue due to past seismic excitation historieste is a
larger deviation from the analysis value.

Judging from the time history of excess pore wptessure and its distribution in depth, as shown in
Fig. 8, at the time of t=0.124s, which correspamthe maximum strain of the reinforcing bar andyitdd, it
is observed that the excess pore pressure ragiedstawer than 1 throughout liquefiable depositother
words, the damage mode appeared in the pile witmuaplete ground liquefaction.

Fig. 9 shows the maximum strain distribution ofaniebof B1 pile in terms of the ground depth from
Large shake. Both calculated and observed val@eplatted together for comparison. As it is seext th
reproductivity of rebar strain distribution of Bile is also confirmed.
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® _ o
g 0.1 o9 501 ®oe
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2, 2,
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o [ ]
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(a) Rebar strain M1 - M5 (Left side of the pile) (b) Rebar strain M6 — M10 (Right side of theepil
Fig. 9 - Maximum strain distribution of rebars of Bile in terms of the ground depth

3.3.4 Group pile effect

The strain time history of M1 (the left edge of thiéle head) and M6 (the right edge of the pile haad
consistent with the experimental and analyticaligalfor both phase and amplitude even after themuax
amplitude appears. Discussion will be made reggrthe features as known as the group pile effdoe T
group pile effect induces the reduction of the sallg reaction due to the presence of the pilesoim fand
back of a designated pile. In this case, M1 idhatléft edge of the pile and outside the pile fatiwh, and
M6 is at the right edge of the pile and insideile foundation. Therefore, when the footing disglment is
to the left ward, larger reaction can be expectad.the other hand, in the case of rightward disgtant,
the ground reaction force will be reduced due ®gloup pile effect. Consequently, larger countetolvise
bending moment generated at the pile head whefottieg displacement in the leftward, and the cleide
bending moment appeared at the pile head is relgtsmall when the footing displacement in the tigdrd.

This is consistent with the difference in responkaracteristics of M1 and M6 rebar strains obselived
experiments and analyses.
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From the above, the reproducibility in the analysisthe damage mode in the centrifugal model
experiment is confirmed including a complicated rdvim which the pile damage occurrence at the time
when the ground does not reach liquefaction.

4. Predictive Performance Evaluation Analysis

Investigation on the effects of (i) initial grouratiffness and (ii) liquefaction strength on the diceed
performance will be made in this chapter, basetherresponse value in the large excitation caserithes!
above, as a variation of the ground model.

Here, (a) footing displacement and (b) pile hedshrestrain is focused on as evaluation items for
prediction performance.

4.1 Influence of initial ground stiffness

The initial ground stiffness shown in Table 2 waaleated. Since the initial ground stiffness of &malysis
model was given by the estimated the coefficient of variation CV=x 0.2 is appliemlthe reference value
(Vsm Vs at the reference constraint pressurg=100kN/nf). Note that CV=0.1 in the Seismic PRA
Standard of Nuclear Facilities B\tomic Energy Society of Japdte].

Fig. 10 shows a comparison of response time hedorfrollowings are observed. (a) There is no
difference in footing displacement due to differemin the ground model. (b) Pile head reinforcenséain
(B1-M1.: left side of section, B1-M6: right side séction) does not show any difference in maximutne/a
Note that, in case-s2 where the initial shearrs#86 is set to a small value, there is a tendeoicyht
transient response strain (green line) amplitudentoease in M1. However, the difference in thaistr
response of the reinforcing bars does not affeztddimage mode of the piles. If the ground is cotalyle
liquefied as shown in this case, it is suggestedl tthe effect of variations in the initial grouniiffaess may

disappear.
Table 2 — Case of evaluation in terms of initiadurd stiffness
Case -s2 N +s2
Coefficient of variation CV -0.2 - +0.2
Vsm (M/S) 113 142 170
Gom (KN/m?) 24,400 38,200 54,900
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4.2 Effect of liquefaction strength

The influence of liquefaction strength was investiggl as valuables of /8=0.20 and Rx=0.28 set for the
reference liquefaction strength,,0.24 (Defined as the shear stress raiio: of 20 cycles of which axial
strain of the triaxial specimen exceeds DA5%) far verification model, as shown in Fig.3. Fig. hbws
the results of soil element liquefaction test simioih. Note that the liquefaction strength wasedlttby
changing only the parametky [5], which rules hardening of non-linear stressist relation of soil with
reference stress condition. Because of stress depen ofks, the setting value in the model ground varies
depending on the depth as well asovV G,.

0.5
3 ARL=0.20
T o4 il ORL-024 |
o o m ERL=0.28
£ 03 " n
§ A L .l
2 02 :
o
3 ol

0

1 10 100

Number of Cycles N¢

Fig. 11— Results of liquefaction strength elemémugation

Fig. 12 shows a comparison of response time hedorfrollowings are observed. (a) There is no
difference in footing displacement due to differenin the ground model. (b) pile head reinforcensénatin
(B1-M1.: left side of section, B1-M6: right side sdction) has a difference in maximum value at M1.

It is observed that response strain amplitude igelan case R¢=0.20 (green line) when the
liquefaction strength is set small and tends toehkse as casa £8=0.28 (purple line) where the liquefaction
strength is set large. The maximum strain of 3;790r RL20=0.20 and 3,2%0 for R 20=0.28 are observed,
respectively. In this verification example, thefeliEnce in the strain response of the reinforciacs lwoes
not affect the damage mode of the pile, but if ¢baditions of the structure are different, the atoin in
liquefaction strength may affect the damage mode.
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Fig. 12 — Comparison of analyzed time historiegenms of liquefaction strength
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5. Conclusion

In this study, the verification of the reproducibility, as well as the evaluation of predicted performance of the
non-linear numerical analyses using a centrifugal model experiment of pile foundations in liquefied ground
as a target were conducted. The findings obtained are shown below.

a) The reproducibility of the experimental results was evaluated with respect to 4 stage excitations (actual
input acceleration of 0.2n%/4.0m/$,3.0m/$,6.0m/$). The reproducibility of the acceleration, displacement
and excess ground pore water pressure response were confirmed.

b) As an evaluation of the damage mode, the response of the pile (yield of reinforcing bar) was examined. As
a result, the reproducibility with large excitation was satisfactory, but there was a discrepancy with medium
excitation. This is presumably due to the presence or absence of cracks in the cover concrete.

c¢) For the case of large excitation, the experimental results show a complicated event that damages the pile
head at a time when the ground does not reach full liquefaction, the reproducibility was confirmed including
the group pile effect.

d) As a result of predictive performance evaluation analysis for large excitations, it was suggested that the
influence of the variation in initial ground stiffness disappears due to liquefaction of the ground. On the other
hand, potential influence on the damage mode was suggested because of a difference in the magnitude of the
strain generated in the reinforcement of the foundation pile due to the variation in liquefaction strength.
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