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Shape design of bridge collapse protection bracket
by applying topology optimization techniques
(Proceedings of Symposium on Applied Mechanics)
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A topology optimization method was used to develop a lightweight and rigid cast metal bracket that does not
require welded joints for use in bridge fall prevention structures. To evaluate the performance of this shape as
a combined product, rather than as a stand-alone product, an assembly analysis was conducted under actual
usage conditions to evaluate the performance in a more realistic environment. The new shape is

OABHEEATIARER BANFERES

approximately 30% lighter than the current shape, and its performance is equivalent or better.
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Accuracies of Theoretical Solutions on Elastic Wave Field Generated by Spherical Impactor of Impact-Echo
(Proceedings of Symposium on Applied Mechanics)
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An estimation of elastic wave amplitude field generated by impact of spherical ball is required for impact-echo non-destructive
tests. The responses to the impact loads by the impactors can be modeled by Lamb’s problem solved rigorously by Cagniard’s
method on line of vertical load in semi-infinite elastic solid. Miller et al. approximated solution by means of the steepest descent
method, Ewing et al. derived equations of inverse integral transforms by deformations of integral paths, and Brind et al.
presented approximate equations in the near-field under potential point source as series of cylinder wave functions with
coefficients expressed in Laurent series. For the sake of discussion on echo by the impactor, accuracies of the approximate
equations are assessed in this paper. The results of comparisons with the rigorous solutions indicate that Ewing’s equations give
suitable approximations for P waves, moreover, the steepest descent method gives the appropriate precision on the far-field

over phase distance of 4.
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Fig. 3 P wave amplitude approximation by steepest descent.
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Fig. 4 SV wave amplitude approximation by steepest descent.
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Fig. 5 P wave approximation by Ewing’s scheme.
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Fig. 6 SV wave approximation by Ewing’s scheme.
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This paper presents a fluid-soil-structure coupling method based on the particle method (ISPH, DEM) to
simulate the erosion of a river embankment with PC sheet piles. Through numerical experiments comparing
the deformation of embankments with different embedded depths, the number of sheet piles, and their shape,
we confirmed that our proposed tool could qualitatively express the overflow resistance performance of each

ORBWHEEALIAZR BRANEEER

sheet pile.
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260 4
|
Sheetpile -
Inlet Water : ISPH L——— [ Cluster-DEM Outlet
W\_ 40 =)
L 30 .. 120 L 110

River embankment: DEM

(em)
Fig.1 Schematic diagram of erosion simulation

(a)Short sheet pile (D=20cm)

(c)Double sheet pile (D=40cm)

(b)Long sheet pile (D=40cm)

(d)U-shaped sheet pile (D=40cm)

Fig.2 4 sheet-pile types of anti-erosion measures
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(a)Short sheet pile (D=20cm)

(c)Double sheet pile (D=40cm)
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(b)Long sheet pile (D=40cm)
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(d)U-shaped sheet pile (D=40cm)
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Fig.3 Results of 3D ISPH-DEM simulation
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Fatigue life improvement of welded joint by controlled shape and application of fatigue life
prediction method considering cyclic elasto-plasticity response.
(Proceedings of Symposium on Applied Mechanics)
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The present study focuses on the shape effect on fatigue crack initiation and propagation life of welded joints
considering the cyclic plasticity behavior of weld heat-affected zone (HAZ) by considering a cyclic plasticity
accumulation during fatigue loading, which is a main cause of crack initiation. Cyclic plasticity behaviour
including cyclic hardening and softening together was investigated with an unconventional elasto-plasticity
model called the Fatigue subloading surface model?) and extended to include both elastic boundary and cyclic

damage concepts.
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Fig. 1 S-N relations of SM490A and proposed equations of

fatigue life. (Crack initiation life: N,)
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Table 1 Model names for each case
Angular
distortion
Yes No
Weld | r=0.20mm R0.20-AD R0.20-NoAD
toe
5 r=0.50mm R0.50-AD R0.50-NoAD i
radius i )
| 600 | Unit:mm
Fig.1 FE model and boundary condition.
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Fig.2 a-N relation Fig.3 S-N relation
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To ensure safety during the construction phases of underground structures, the present and future conditions
of the rock and tunnel supports such as displacements, stresses and plastic region, must be estimated and
predicted by appropriate measurements and numerical simulations. However, many uncertainties, e.g.,
geological structures, mechanical properties of rocks, initial and boundary conditions, complicate numerical
modelling considerably. To solve this problem, the purpose of this study is to develop a numerical analysis
method using a data assimilation (DA) technique, that updates the numerical model based on measured data
during construction. To evaluate the effectiveness of the proposed method, numerical experiments are
performed. That is, DA analyses are performed using the displacements obtained from the analysis results as
simulated measurement data. From the results, DA updated the physical properties of the elasto-plastic model
and improved the prediction performance of the displacements of the mountain during tunnel construction.
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Fig. 1 Numerical model for excavation analysis.

Table 1 Physical properties of the ground.
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Analytical study on the threshold of the transmission tower member’s inclination due to the landslide
(Proceedings of Symposium on Applied Mechanics)

FREW GREREHR) - AR GRREN AT =271 v Fi)
TATER GREN AT =27V v FIR) - EhEz CRRER Y - BT
Tatsuya KURIHARA, Tokyo Electric Power Services Co., Ltd
Tsutomu AIZAWA, TEPCO Power Grid, Incorporated
Naoki NAKAMURA, TEPCO Power Grid, Incorporated
Masayuki SAEKI, Tokyo University of Science
E-mail: t.kurihara@tepsco.co.jp

Recently, there are a lot of cases found where transmission towers are damaged due to the effects of abnormal
weather. Therefore, the authors propose an advanced transmission tower monitoring system that utilizes
inclination sensor technology. This paper summarizes the analytical model of transmission tower that is able to
represent the relationship between the base displacement and the change in the inclination angle of structural
members measured in the full-scale base displacement test. Furthermore, 20 analytical models of transmission
steel towers are developed and the threshold values that prevent the material damages are estimated.
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Applicability of moisture condition prediction on slopes for heavy rainfall based on Digital Twin
(Proceedings of Symposium on Applied Mechanics)
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Kazuhiro ODA, Osaka Sangyo University
Keigo KOIZUMI, Osaka University
Shin-ichi ITOU, Ritsumeikan University
E-mail: oda@ce.osaka-sandai.jp

An example of analytical prediction of soil moisture conditions on slopes based on the concept of digital
twins is presented. The simulation model using for prediction was identified by data assimilation. The
predicted behaviors of the volumetric water contents were almost reproduced the measured ones. The
prediction accuracy of the moisture conditions depends on ground water level.
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Prediction Method of Stress of Bottom Ground for Excavating Work Using Retaining Wall
(Proceedings of Symposium on Applied Mechanics)
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Takaki MATSUMARU, Railway Technical Research Institute
Yoshitaka TOMIDA, Railway Technical Research Institute
Takashi USHIDA, Railway Technical Research Institute

E-mail: matsumaru.takaki.35@rtri.or.jp

In excavating works using temporally retaining walls, the stress and the displacement of the walls and the
deformation of the surrounding grounds are examined, in order to keep their safeties. Especially for the case of
neighboring construction, 2-dimensional finite dimensional analyses are often conducted for the prediction of
the deformation of the walls and grounds. However, conducting numerical simulations based on FEM is not
easy because of the difficulty of the consideration of the excavating process and the unloading force. In this
study, we proposed the method for evaluating the stress of the bottom ground, aimed for the use for examining
its safety. The validity of the method was studied by the comparison with the results obtained by FEM analysis.
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Practical use of numerical method for decision of counterplan of highspeed railway track
(Proceedings of Symposium on Applied Mechanics)
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Akiko KONO, Railway Technical Research Institute
E-mail: kono.akiko.43@rtri.or.jp

DEM simulation was carried out to decide counterplan of highspeed railway track by using numerical model
whose quantitative accuracy has been validated. As a result, it was confirmed that the higher the density, the
smaller the difference in the progress of ballast settlement due to the running speed. Furthermore, the result of
DEM simulation of tamping operation during ballast renewal shows that after reaching the maximum density
of ballast layers after 20 seconds, it did not improve any further.
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Numerical experiments of Darcy law, pore pressure, drag and lift forces acting on concrete blocks, and
visualization experiments of seepage flow were used to verify and validate the simultaneous analysis model of
river flow and seepage flow around river structures. Although the numerical calculations were found to produce
results in agreement with the experiments, the actual conditions in the field may not match and may produce

different results.
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Fig. 2 Numerical results of velocities and equipotential lines
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Fig. 3 photos of dye streaks

RnEEDNSERTH T, HRBITRI EFRAITA
ZENT D & KMk TG L Ch b AR LIZA
Mo TN eI VI NRHT ) — IR ED, HxDw
BIFNRAT DRI 7.

4. BRLFELYD

AL RS T & 5 O B R & R ARG bz
L THBETVORBGENTEZ., LirL, L DFr—2
WCBWTEREHRIZR R LR TH o2, HESIEE
OBAEET IV OMRIL, ERFE-ITRBOSME L BAR LD,
B O Z LI BENYLETH S, ERIFMAEITH0
B LU TEEOHEARIEICHT S 5 D bNA0, BT
1EZ 51TV, o L ABEA TRWERO M & B h
SIEELTHEEZITIONEE L.

SHEE . ARAFZEIT JSPS B 21K04270 D BhK &= 1) 7=

SE 3k

1) #B2E, moos, MILEG =, KEE K - gk
FEAT 1B X D V%25 T80 O] RAE 14 o0 22 TEPER A,
TARTFEFHICE Bl OKLT) |, 5 74 &, 5 5, 1 655-
1 660,2018.

2) e, (LA, fEod, MLES =, KEE, 8
R IRIBI LK O E L Z S AER LT 0y s
ORI FE R O O R TEHEREM, 7)1 36 S04,
506 2.

-12013-20-01 -



ORBWHEEALIAZR BRANEEER

12013-20-02

BEEEANE Y Y RY T A

REERBRZEMNRICL-ZUMEERAE (D URODLEBRE)

Validation method of in site test (Proceedings of Symposium on Applied Mechanics)
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This study proposes a validation method for in-situ testing. The in-situ test was the HE-E experiment conducted
at the Mont Terri rock laboratory in Switzerland to understand Thermo-Hydro-Mechanical coupled behavior.
Focusing on the THM coupled behavior, a method for validating the reproducibility of relative humidity was
investigated. The material uncertainty was quantified by applying the MCMC method. The uncertainty of the
experiment was quantified by focusing on the accuracy of the measurement equipment. We proposed that the
validity verification method in ASME V&V 10.1 can be applied by quantifying the uncertainty with the above

method.

1. IZC&HIZ

AA ZADAHEERIALE S D, BTV EiBRE Tl 50
TR D RN BRI THOI TS D, Z O FIT itk Fe e
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Fig. 1 Schematic layout of HE-E experiment
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Fig. 2 Example for SWCC curve have been identified using the
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Uncertainty quantification for dependent parameters
using hierarchical Bayesian model updating and model class selection
(Proceedings of Symposium on Applied Mechanics)
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In stochastic model updating, a probabilistic model is assumed for the model parameters and its PDF parameters (e.g.,
means and variances) are calibrated to minimize the stochastic discrepancy between model outputs and measurements.
Thus, if the assumption about the probabilistic model is inappropriate, it may introduce a bias in the updating results. To
avoid such inappropriate assumptions, we have recently developed a hierarchical Bayesian updating framework, where
the staircase density function (SDF) is used to arbitrarily approximate a wide range of probability distributions. In this
study, we aim to extend this approach to the calibration of parameters with dependency. The dependent structure is
represented by different types of copulas and the marginal distributions are modeled using the SDFs. Hence, the copula
parameter as well as the SDF parameters are calibrated through a Bayesian fashion. Furthermore, in this framework, the
most appropriate copula class is determined in the context of Bayesian model class selection.
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Fig.1 3-DOF spring-mass system
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Table 1 Evidence for each candidate copula class.

Candidate copula class Evidence

Gaussian 2.81x 10715
Clayton 8.73 x 10716
Frank 6.09 x 10716
Gumbel 1.23 x 10713

OXIZEHR A 2T L 2807 —X12o0 T, 90F
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Table 2 Posterior estimates of the inferring parameters.
Inferring parameter  Target value Posterior estimate

] 07 0.707
I 4.0 3.99
My, 0.09 0.1063
May 0.0 0.002
May 3.0 3.23
lis 6.0 5.99
Mys 0.04 0.0475
Mas 0.0 -0.002
Mys 3.0 3.03
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Fig.2 Calibrated marginal CDFs of k; and k;
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Fig.3 Relative position of the measurement data (blue) and
calibrated model outputs (orange)
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A Method for Determining Fracture Mechanics Parameters of Concrete Using
Response Surface Methodology and Nonlinear Finite Element Analysis
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This study proposes a method for determining fracture mechanics parameters of concrete using the response
surface methodology and nonlinear finite element analysis. Concrete beams with a single-edge notch under
three-point bending are used to estimate the parameters. Calibrating the numerical result to the experimental
response by a surrogate model based on the response surface methodology allows us to determine the fracture

mechanics parameters.
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Validation Experiment of Reinforced Concrete Beams with Shear Reinforcements
for Verification and Validation (Proceedings of Symposium on Applied)
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Junki Hanyu, Ibaraki University
mao Kurumatani, Ibaraki University
E-mail: 22nm831s@yvc.ibaraki.ac.jp

Four-point bend tests of reinforced concrete (RC) beams were performed at approximately the same time in one
institution equipped with one test machine for investigating the uncertainty involved in experiments. The RC
beams were produced simultaneously at one location to reduce the variation of materials and specimens. This
study can provide experimental data for Validation and offer valuable insight into the V&V for concrete

structure.
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Code Verification by Code-to-Code Comparison for Non-linear Finite Element Analysis of
Reinforced Concrete Beam
(Proceedings of Symposium on Applied Mechanics)

B sh (KoK - 1) s Bt (K - T

HOIL f&z (ZIK - 1) HA R (R - 1)

Eigo Watanabe, Ibaraki University
Kohya Iijima, Ibaraki University
Ryoji Yamakawa, Ibaraki University
Mao Kurumatani, Ibaraki University
E-mail: 22nm843t@vc.ibaraki.ac.jp

The code verification of a computational model is performed using a code-to-code comparison. The target of
the code verification is the non-linear finite element analysis with a damage model for a reinforced concrete
beam. The general-purpose structural analysis code ISCEF is used for the code-to-code comparison. The
numerical results show good agreement and demonstrate that code verification is available by the code-to-code

comparison.
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Data assimilation by digital image correlation strain measurement
for load-carrying capacity analysis of steel members with local damages
(Proceedings of Symposium on Applied Mechanics)
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This study evaluates applicability of full-field strain measurement by digital image correlation (DIC) to the data
assimilation of FE model-based load capacity analysis of steel structural members. The tensile test of steel plate
member specimens with corrosion was conducted. Sensitive FE model parameters to in-plane strain data were
extracted by the sensitivity analysis, and the posterior distributions of uncertain parameters of the steel plate
specimen was appropriately estimated using the acquired DIC strain data.
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Modeling of Joints for Woods Structures at Natural Frequency based on ASME V&V
(Proceedings of Symposium on Applied Mechanics)
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In this study, we propose a model for joint section of woods structures in natural Frequencies. A mortise and
tenon joint is often used to connects two pieces of wood or other material and affect the dynamic
properties of assembled of woods structures. Introducing V&V processes are implemented, in order to assure

the appropriateness in the models.
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Validation of numerical analysis on seepage and failure behavior of unsaturated slope
(Proceedings of Symposium on Applied Mechanics)
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This study validated a numerical method for seepage and failure behavior of unsaturated slopes. Centrifuge
model experiments conducted under the same conditions showed that the variation of pore water pressure was
small over the seepage and failure behavior, but the variation of horizontal displacement was large. Validation
of the numerical model for the seepage behavior of unsaturated slopes showed that the mean difference between
the experimental and numerical values was large. For the failure behavior, the numerical values were within the
variation of the experimental values.
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Fig.4 Finite element model with boundary condition
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The role of numerical analyses in the civil engineering will become even greater as the integration with Al, the
digital twin engine and so on. This increases the importance of establishing methodologies, such as V&YV, to
verify and validate the analysis processes and results. Regarding V&V in civil engineering, there is an increasing
number of research papers and lectures and information dissemination through committee activities. However,
it seems that study of V&V frameworks specialized in civil engineering has been omitted. This paper presents
a framework for presenting credibility using V&V in tunnel excavation analysis and issues in its implementation.
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On Numerical Properties of Finite Element Procedures for Eigenvalue Analysis
of Solid Vibration

i B (BREK - BRI
Takahiro YAMADA, Yokohama National University
E-mail: tyamada@ynu.ac.jp

This paper discusses numerical properties of finite element procedures for eigenvalue analysis of free vi-
bration of elasticity. Exact solutions for a three-dimensional rectangular domain with the slip boundary
condition, in which stationary modes of P-wave and S-wave can be obtained separately, are adopted for com-
parison with numerical solutions. Eigenvalue distributions of the finite element solutions are characterized

in detail.
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Verification of Material Model Setting for Inverse Analysis
of Underground Structures during Construction
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This study quantified the accuracy of parameter estimations obtained by inverse analysis using several
analytical models and observation data generated by a correct analytical model that is addressed as the actual
ground. The prediction accuracies were also quantified in the forward analysis under several conditions set
the estimated parameters. These results confirm the importance of setting up an analytical model that can
represent the actual behavior of the ground, and similar verification study before the practical analysis.
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HEMEICOWTOMEREIT- 1=,

2. REIFEREDERTE
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SEEOTIMRIEDHET V& L-. AFZETIE, UTFO
TR OGN AR E L.

() EfEOMERET v, MEHES E ZRE U T AZHEWT b o=
IVOFRRTE T VI G, BEEINT — % Z{ER L, MEET
VDRI D ZODORRNTET NV O TR 2 Ehi 3 5.
ENENDRERROFHMAAT 5 .

(i) MEERIEG) THRE L =0T LAV, Wik
PRPHESME (RIS S) DB B fRNTE T V% AV CIE
T 2 T 5. T D 2 IEMOMENE T L T L i
BLBTAZEICEY, THHKEL2HERT 5.

SRANEEER

Wt LA BHE 5 /L % Table 1 1277, &5 /L4 DTN
MEFET IV, TV 7 7 Xy M &R ORI RIS 5.
Table 2 1%, X F 0 DIEMED Mohr-Coulomb (MC) -0
KA EL OB TH D . RET H 1~3 O EHIHME,
PP, OFREILT TV & Lic. ST SEiE Table 3 TH Y,
AVIMEFET NV 1~3 ZRIET D ARG, FEVIXFEE L
MEHET M LA NEEHT O ZAETH Y, B IXIRiEWmE, C,
D ZMED R DET L THD. T )V Al TIXE, €7
VA2, A3 TIXE, ¢, ¢ ZRELEKE Lz, BRI
H) Omm, BEMEFZE 0.1lmm O EHRESMAITHE D EBIT LY
YERR U, BLRZE AL I TR B S 7153 60%, 80%, 90%, 95%,
100% CTOZENL & L TRERFI 72BN A ffiE L7z, £/, W
%ﬁu%ﬁéH%%ﬁiﬁmﬁ&k%ﬁﬁ&szﬁﬁw
EHARFEAE (RMSE), I bicizaiditiczgks3< 72y
ALEFH LT,

No.1
* No.4 No.5 *
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(b) Observation point

160m
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widened

regular\

15m i 50

d 55% 65% 75% 85% 95% 105%
17.6m Rileaged stre

(c) Regular and widened tunnel section  (d) Observed dlsplacement

Fig. 1 Analytical model for the verification

Table 1 Analysis model and material model
Analysis model Material model
Correct analysis model
(A0, B0, C0, D0)
Model-1 (AL, B1, C1, D1)
Model-2 (A2, B2, C2, D2)
Model-3 (A3, B3, D3, D3)

MC strain-softening

Linear elastic
MC elastoplastic
MC strain-softening
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Table 2 Material constants of correct models with index “0”

Parameter Value
Young’s modulus £ 2.39 MPa
Poisson ratio v 0.2
Cohesion ¢, residual value ¢, 1.67, 0.8 MPa
Friction angle ¢ , residual value ¢, 30,27 deg
Plastic shear strain at residual region &, 0.08

Table 3 Analysis conditions for each model

Model A | Model B | Model C | Model D

Analysis type Inverse Forward | Forward Forward
Section Regular | Widened | Regular Regular
Initial stress 7.0MPa 7.0MPa | 8.0MPa 10.0MPa

3. BRIHER(>)

Table 4 IZRGERBEG)OREREZR LTZ. 7ok, A2, A3IC
DWTIHE, FENT A—ZOYEEE X 7= 80 350
REHER%Z-1, 2 2 L TRLTWS. £, Al ET/LT
IRE R E VTR Y, BESILAE RELTE 20
B, FOLOLTHFEN Y VTR E IR, EROY > 7%
BOEASTEEOME (A3 47.7%) NEE S, BH9BEHK
T&H 5 RMSE 1% 192mm Th-o7=. A2 &7 /L TILEmH:
ETNERNTEY, EFEMICIVE (FHXERZE 2.4%,
3.5%) MEEXI, KT c, PEEEMA ¢ IZIEM LD /)
SVME (FRZE 10.3%~51.4%) BEIES 7. A2 TT VI,
IR B W TOT A EZE B 2 RELTX oW adll, £
DN e, p IR, EfEX D H/NSVERFE ST,
c, ¢ B L CITWIHIMEIC X 0 RER RO SR 2 OFLEE
PLEICE AR DR L 72572, RMSE 1% 13.3mm, 14.4mm T
HY, Al ETNLEV/ISWFERE o7, A3ET LTI
EfELFEICOTAHBILET ALEZHNCTHDN, E, ¢, ¢ D
WAL D PIMEIC LY RER RS R DR oo, IE
RO L OB XV, A3-2 OfE BT da KIeny K wfz,
A3-1 O RIIRFTRER CTHLZ ENEZ NS, 2721,
WL h RMSE 1 Al, A2 BT VOFER L g L T/hEWn
il & 72 o7=.

Table 4 Result of the verification(i)

Ariilg:ll s Material E [GPa] | c¢[MPa] | ¢ [deg] l?nl\fniﬁ

(C(ﬁroect) Softening 2.39 1.67 30 -
Al Elastic 1.249 - - 19.2
A2-1 Elastoplastic 2.448 0.811 33.10 14.4
A2-2 Elastoplastic 2.473 1.362 24.15 13.3
A3-1 Softening 2.879 1.548 26.54 7.12
A3-2 Softening 2.397 1.736 29.04 1.40

OABHEEATIARER BANFERES

4. WREESER (i)

Table 5 |2, IEfEDEF /L A0, B0, CO, DO & Heilk L7-3%5
A, Fig. 1 ()DL No.2 DAKFZER. (RIBEZEAT) DOFF
RFAEER LI, 72720, BTV A ICOW T g o
RIEZENIC K BEFE, BT /L B~D [ZOWTIERE ST A —
2 EHWETPREMIZ L PRETHD. ok, LIT TR
ZZORNEZOMFHMEIZ L VT L TW5. Table 5 L0,
BIBEZEAIZ DWW TIE DT IO E T T I T b BRIk
ERHWESA R bEENKEL, OTHRILET LV EH
WA, BT T L E AW A IS S R iR
PWNEWZ Wb, £/, BT/ 3-1 ITHOWTIERENR
DY, JDPREIRD/NT A —Z I L DRTRERCTH DT

H2EEBANEY VRV T LA

W, BTV 32 L BREENRKE V. FEBEMEARE
WEETFAERE, EFL A OBREIHL, EFIB, C
DOBEZLITIRK TS SBRETH 503, 7 /L D2-1, D2-2
TIERAEE L 23~29%FEEE IR LTV D Z &R0 D.
ZRUTKR L, &5V D3-1, D3-2 TIFAZEZLIT 1~6%F2
LN E WV, ZHUTERE O O T BB LB S R & <

v, MRS LE HWZET L D2-1, D2-2 THEEIZ R
BTl ot Z ENERTEEZZLND.

Fig. 2 {2 Zfr (Fig. 1 (b)) No.2) DIEfELET LA &
ET N D OENTRFEREZ R L. 72720, 7T 7 O
BRI TH D, kD, WfErE (£5L A)
WBWTC, OTHIILET VERE LIEAIL, EffOE
ek d ISERLTWADZ ERHERTE 5. -0
TSR L 0 B REREF L DICBWTIE, Ok
(L DOEENTE I CBIN S 7= 0, BT L, ik
TIVERE LT G OBENFFIZHE R L TnD Z ERnbh

Table 5 Displacement error (No.2 horizontal displacement)

Displacement error (No.2 horizontal) [%]

Model A Model B Model C Model D

(Inverse) (Inverse) (Inverse) (Inverse)
1(Elastic) -53.55 -39.12 -47.51 -71.29
2-1(Elastoplastic) -18.24 -18.10 -22.77 -47.06
2-2(Elastoplastic -20.61 -20.44 -24.40 -43.40
3-1(Softening) 6.13 11.12 11.63 12.38
3-2(Softening) 1.86 2.14 1.73 2.55

45 160
=O-A0 (Cerrect) x Al

8- A2-1 -8-A2-2
—4—A3-1 -4-A3-2

=0O-D0 (Correct) %= D1
—-D2-1 -8-D2-2
120 |[=2=D3-1 -4-D3-2

40 140

m]

100

%

Displacement [mm]
lacement [m

@

Displ

IS

50% 60% 70% 80% 90% 100% 50% 60% 70% 80% 90% 100%
Released stress
(b) No.2 horizontal displacement
and correct value (Model D)

Released stress
(a) No.2 horizontal displacement
and correct value (Model A)

Fig. 2 Displacement prediction using estimated parameters

5. hYIc

ARFGE T, BEOMEBIET VIC LY b o VAL
Z TR &, HEE L7238 T A —Z (2 X BIEMITIC R
T ARETE LR ER Lz, ATEHEE LTV AR
T, EBEROEMEETEZEYNCRE L S AMBFET AR ED
BEMEMRCTE . EREFEUMEET AV ZAWESES
21X, RATREBAGSNZEAETYH, WETicBWnT
RMSE 23 i/ h & <, B2 5 5F CoEfATIZRB VT
BRI/ NSV R R f R L 7o T, FEEOE
BIZHOWVWTH, FTOEBEBRNARREORMEET L%
BWETDHZEICLEY, W TO RMSE 2/h&< L, Wi
Hrie & BT AR SO HA R E DS 22 B iz B VT, &Y
FAINCIE D EHEEONAfRNT 2 ZH L 5 2 rlaetEndh 5. 3£

BROFENT DR b RIEROMREEZITV, MRS 5 2 &S HE
Thb.
S Xk

) FHRA, WARER, StEEE, BT 2%
WZBE9 5 v AR T T NGRIELE, 49, pp.196-201, 2023.
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e (ALR)

In this study, we validate material tests to obtain Young’s modulus of wood introducing in simulation as
the lowest level of V&V process for wood products. Though the variation in material coefficient from
experiments should ideally be only variation in material property itself, it could also include differences in
specimen geometry and friction with experimental equipment. In order to eliminate them as much as possible
or properly evaluate them, preliminary experiments are conducted using material other than wood and some

OABHEEATIARER BANFEESR

displacement\strain measurement devices, and experimental methods are investigated.

1. FLC®IC

YIal—a UHEROFMERIEICE 2EANLRE Z
J742 V&V (Verification (BEF) and Validation (Z4MERERR))
BHE. EELIIINETCRATIHTF2EME LTEDE
B BT ASME V&V-40D 1235 < V&V St X %R
LT,

ASME V&V-10® 28R 3 @R Y 7o —F12817 3
B TFBIEIMEREBETH D, RFFECIMETEmEAR OKkEIC
SEATHBIDIERE) - MIEfEAR OREICER T HEOERE),
T RER D S AR DY > ZREERD B, 1S Z22101:2009Y
ICBWTERZFRORBITEB XUy v 7R 0B 7k
PREINTWED, JBEORBEHIERHREDERTIED
M FE ISR EI ATV RV, EEBTELNIMEERD
oo MBI ZDDDIELOXDATHS I D
HATH 2H, EBIIZRBRATEIRDEVRIRE Y DEEE
WX BHENEEND DD 5. FHIAMIE TR
TEIMENIEA MDD D MR EEDIX S DX R EVAM
THb10, TNODEERWAYERR, 2 WVIXEYNCHE
flid2ZHNEETHE. AFETIE, TTREHTHER
MReEZSNZEY 7R —AMERNT P HER?E
ML, MERBRTEOZ SRR T 5.

2. [EimatER

[EfEAAER D FEEREE % Fig1 IIRT. EfECET > on
v TREREEE (RTF-1350, WIEA®R SOKN) ZHLZ. &
PN T AE A ¥ F LANA—BIZENE (CE-10) \O T AT —
Y (HREPEMIEHE, ©—YE S5mm) T, WEIFT—
K1 (9E01-L23-50kN) CHIE L7z, JEMEHERTIERD 2
RIZOWTTHEFERREFREL 7.

Table 1 Young’s modulus [GPa]

. gauge
displacemnet
(face0) (facel)
not tilted 3.77 3.80 3.78
tilted 3.92 3.57 3.55

Question of Interest:

B OWMESENTWRIEE S, HIFRD I
FoFTCIEMTE 57,
cUTAT—IREMTELZ L. TROBEMUTA
Zhehp 58T 2 Y 2 REBB—8T 5.

21. HABRRIEEOES

BRI BEc 1° HE 200 7288 % W CE#E -
BRfAT 1 A4 2V OFEBRETo 7. BH 4 HICOTAT =
ZRED Y, ERENONTHCHIE T & PR 2B L
7= (Fig.2).

(ER D ) = (HEHDO O FADAT) /2 )
(HNTFE ) = (WHD VT ADZE ) /2 )

Fig.2 & D EREFEZ W% Z ¥ THITE 223 2 5T
5 Z e RHER LT,

22. Ef-UFHDSEEINDI VIR
ETHEE DR VEARA C BN B 1I°fEHE %D
F72REE A TT o 2 EBICBWTE - 0T AZRZEN,
LYy R EEH L (Table 1). = DRWEREH O
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Fig.1 Compression test equipment
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(b) without spherical seat
Fig.2 Strain components in compression test

FERD S Z OME DY > Z1RE1E 3.78 GPa 12 & HEfl T =
%. 3778GPa ¥ EHICIEZ DD 2B TEM D HH L1
72 R DEE SARETH 2 Z s, BTD
ENiH &Y v 2R YN HIETE B LI L 7.

3. HhFEER

HITiRBR D HEBRAEE % Fig3 IORT. BTV
PEREMZ T, RBFFROEbAE L —F —ZNiE
(IL-065) THIE L7z, HIFEBTIERD 2 IOV T
EEREERL 2.

Question of Interest:

L M Ic kR 20, TiROBIFR -
DR DETERHE T 720D,

2. MiF OMREICBWT, HRDIDbAE ETHO O
FTAZNENLLEHT T Y > RS- T
YN

MR DOHHRIT X

3.1. fhghiFER

B - BRI 1A 2BV CERER A LTI EIHE D A
7O ATr = oBEs N5 S GRQ) &, BT
(K@) HLTI0%ATFTH B0, FhiFicksTw
L7z (Fig4).
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Fig.4 Strain components in bending test

32. thd s LFTEOUTHISEHINZMITVYS
=¥
D 7zh A, ETFHEHO UGS AP S ZFRERENT Y >~
TR ERRp B Uz, LIS AR EsE, 1 138w A
FEIEEE, 103 2 RE— A > b, FI3TE, y 3R BT
RDizbAisE, WIRBHREX, M IZEFLABDOE—X >
b, e @ ETHOUTAS —Oh BN 5HITMS (R
) TH53.

IBL2 -4 F

481 y

ho 1 hF(L-D*1
UFH: E=gMe=2" 5 = @)

AR IS SN B T Y > 2R E0E, 72 AD S 2.36GPa,
O3ADPS232GPaTHD, TNOHDEX1%EETH S
72DMEIE—HLTVWE 2 WVWR 5.

F2bAE= 3)

4, BBbHDOHIC
AT V&YV Tt 20K FETH 3 RRBOZY
ﬁ%ﬁ@bt HDPNMERETIZD 253, FEBERGTE - BREIC
LEBEMRISEZ Db O DX S0 = » XA L TEHT
%5ijk@ot.7%,;@ B - EBRTIETAMOM
FlikBR % Ef T 5.
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DEVELOPMENT OF COORDINATE SYSTEM INDEPENDENT NEURAL NETWORK
(Proceedings of Symposium on Applied Mechanics)

Siwei ZHANG, University of Tokyo
Muneo HORI, University of Tokyo
E-mail: zhangsiwei@g.ecc.u-tokyo.ac.jp

A neural network is required to be coordinate system independent when it is applied to solve physical problems.
Instead of training, this paper develops a post-processing which is applicable for any arbitrary neural network.
The essence of the post-processing is synthesized rotation that generates a set of rotated input data, applies the
neural network to each of the set, re-rotates the output, and extracts a coordinate system independent solution
from the output. Numerical experiments of the post-processing are carried for structural response analysis. It is
shown that the post-processing works as designed. Discussions are made for further use of the post-processing
of neural networks to make them coordinate system independent.

1. Introduction

Coordinate system independence is required for a neural
network when it is applied to solve physical problems which
ought to have coordinate system independent solutions. A
standard solution for this requirement is training of the neural
network; for instance, a set of rotated data are made from a given
data set, and the network is trained until it satisfies the coordinate
system independence. However, it is not possible to fully satisfy
the coordinate system independence unless a huge amount of
training is made.

As an alternative of training, this paper develops a post-
processing which can be applied to any arbitrary neural network.
The essence of the post-processing is synthesized rotation that
takes the following four steps: 1) generation of a set of rotated
input data; 2) application of the neural network to each of the set;
3) re-rotation of the neural network output; and 4) extraction of a
coordinate system independent solution from the output. It is
proved that a neural network with the synthesized rotation fully
satisfies coordinate system independence.

This paper formulates the synthesized rotation. Numerical
experiments are carried out for a neural network which is trained
to solve seismic response analysis. It is shown that the neural
network implemented with the synthesized rotation generates a
coordinate system independent solution as designed.

2. Formulation of synthesized post-processing

Let x and y be n -dimensional vectors in a certain
coordinate system. A neural network (NN), denoted by NV,
outputs y for an input of x, i.e.,

y=N[x]. M
In terms of Ry, a which matrix of rotating a coordinate system
by 8, the coordinate system independence of NV is expressed as
R-y=NIRx] 5
When x and y are time series of vectors, the coordinate system
independence of V' is expressed in the same form as Eq. (2).
For a given set of data {x(i)} for i =1,2,...,1, we rotate each
element and generate M data as {Rpag-x®} for m=
1,2,...,M with A6 = m/M. NN is trained to satisfy
Rinpo - M[xD] = N[Rpng - xV] 3)
for i=12,..,1, and m=1,2,..,M. While training of (3)
improves NN, the coordinate system independence cannot be
fully satisfied unless a large number of [ and M are used.

By the synthesized rotation uses the same rotated data set for a
given input of x, i.e., {Rpyag - x} for m = 1,2,..., M. Applying
N toeach R pg - X, we obtain {N[R,50 - X]}-

Suppose that an element which has the largest component is
chosen form {N[Rpag - x]}, i.e., max {N[Ra0 - X]}. The

largest component is indeed coordinate system independent;
when Rpag - X is input,

max {V[Rpnap - (Riag - )1} = max {W[Rpmpg - )]} (4)
As is seen, the post-processing of max satisfies the coordinate
system independence.

Another extraction is the use of average value, which is defined
as

1
ave NM[{Rpag - x}] = - Xon=1 N [Rinao - x]. (5)

It is readily shown that the post-processing of ave satisfies the

coordinate system independence in the same manner as Eq. (4).

3. Numerical experiments for seismic structural
response analysis
3.1. Problem setting

Numerical experiments were conducted by using a Long short-
term memory (LSTM) NN which was trained to output the
seismic response of a 5-degree-of-freedom (DOF) lumped mass
system for a given input ground motion. The first five frequencies
of the system are 0.310Hz, 0.380Hz, 0.905Hz, 1.101Hz and
1.426Hz. Input ground motions are two horizontal acceleration
components, and output responses are two horizontal
displacement components. 385 ground motions were selected
from PEER NGA WEST2 database, truancated with Irias
Intensity and intercepted to be segements of certain length for
inputs.

It should be mentioned that LSTM NNs are specially designed
for learning long-term dependencies? and have been widely used
in the prediction of time history seismic responses. For the LSTM
NN used here, the train set, validation set, and test set are divided
by 60%, 30% and 10% of the dataset.

The accuracy of the LSTM NN on test data regarding the
coordinate system independence is shown in Table 1; the accuracy
is definedas A=1—|R-N[x] — NM[R - x]| for input of x.

Table 1 Accuracy of the typical NN on test data

0 30 60 90 120 150’
85.23 | 78.55

A

(%) 100.00

91.19 69.61 | 68.78

3.2. Synthesized post-processing

As for the synthesized rotation, we set M = 18,1i.e., A8 = 10
deg and 18 rotated data are synthesized from one data. We employ
the same LSTM NN and apply the post-processing.

We first examine the maximum synthesized post-processing,
max {N[R,,a0 - x]}. The LSTM NN implemented with max is
denoted by N™3*, In Fig. 1, the time series of R - N™3*[x]
and V™[R . x] are plotted for 10 data. As is seen, they fully
coincide with each other; the relative difference between R -
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NmaxX[x] and NM3X[R - x] is less than 1%, which cannot be
seen in the plot.

N[R
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Fig. 1 Maximum post-processing results

Next, we examine the synthesized post-processing with
ave N [{R a0 - x}]. The LSTM NN implemented with ave is
denoted by WN?€ In Fig. 2, the decrease in the error of
Nae[R - x| with respect to R - N3[x] as the increase of M
(or the decrease of A@) is plotted; M =6, 9, 18, 36, 72 and 180
and A6 = 30, 20, 10, 5, 2.5 and 1.0 deg. As is designed, the
error decreases as M increases.

As for the seismic structural response analysis, the relative
error in the order of 0.1% is acceptable. Thus, we can choose
suitable M. It should be noted that the error decrease slowly with
respect to M, which, in our eyes, seems strange.

0.00870
0.00865 -
E

<
< 0.00860

0.00855 4

0.00850 ++ T T
10 100 1000
n

Fig. 2 MAE of displacement

3.3. Discussion

The synthesized post-processing which are implemented in
NmAX or NAV€ performs well to meet the requirement of the
coordinate system independence. It should be emphasized that the
synthesized post-processing is applicable to any arbitrary NN so
that it satisfies the coordinate system independence. Even a less
trained NN becomes coordinate system independent.

The increase of computational load due to the post-processing
is an issue of discussion. The synthesized rotation results in M
fold increase in processing of NN to each rotated data, in addition
to the extraction associated with maximum or average. However,
the computation time required for these computational load is not
large; it is negligibly small compared with the computational load
that is needed to train an NN.

It is interesting to train an NN which is implemented with the
synthesized post-processing. The loss function is to evaluate the
difference between predicted results and ground truth. Including
the coordinate system independence in the loss function could
help the NN take into consideration the coordinate system
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independence. For instance, the loss function including

coordinate system independence is expressed as

L= 725=1E %:I(N[{RmAG : x(l)}] - RmAB : y(l))z (6)
The NN implemented with the synthesized post-processing is
trained to minimize L.

4. Extension of synthesized post-processing

This paper studies two-dimensional vectors. The synthesized
post-processing is surely applicable to three-dimensional vectors;
the synthesized rotation is three-dimensional and a larger number
of M will be needed.

The synthesized post-processing is applicable to physical
problems of tensor input and output. While slightly more
complicated, max of Eq. (4) and ave of Eq. (5) is applicable
to these problems.

An NN is used to extract information from satellite images. The
satellite images are taken in a given coordinate system assigned
to the satellite. The results of the NN analysis might better satisfy
the coordinate system independence. Since satellite images are
regarded as two-dimensional vector data, N™aX or N@Ve
developed can be applied to them.

5. Concluding remarks

The synthesized post-processing is formulated and
implemented into M. It is shown that the implemented NN,
NMAX and N3V satisfy the coordinate system independence as
designed even though NV cannot fully satisfy the independence.

The increase in the CPU time due to the implementation is
negligible, when the CPU time required for one NN operation is
small.

Due to the generality, the synthesized post-processing is
applicable to three-dimensional physical problems or physical
problems of tensor input and output. It might be useful to apply
satellite images to obtain coordinate system independent
information from the images.
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Although the discrete element method (DEM) has been widely employed to simulate granular flow, the ef-
fects of input parameters have not been well understood yet. To address this problem, the present study aims
to quantify the contribution ratios of input parameters in granular flow simulation. A response surface of
run-out distance is constructed by performing a series of DEM simulations with different combinations of
four parameters (spring coefficient, friction angle between elements, coefficient of restitution, and bottom
friction angle) and their contribution ratios to the distance were discussed.

1. Introduction

Investigating solid particle flow behavior is essential for under-

standing the mechanism of sediment-related disasters and hence -
important for disaster prevention. In recent years, numerical anal-
ysis techniques have been extensively applied to the study of gran-
ular flow. When studying the properties of granular flow, it is nec-
essary to examine the behavior of particle assembly. Based on this
concept, the powerful tool for studying particle behavior, Discrete
Element Method (DEM)!, was employed in this study.

The purpose of this study is to quantify the contribution ratios
of input parameters to run-out distance in granular flow simulation
using DEM. A response surface is constructed according to the
simulation results, and then the Monte Carlo simulation (MCS)
is performed to calculate the contribution ratio of each parame- Fig.2  An example of simulation case
ter. For the generality of the conclusions, the effects of particle
shape, contact force model and particle size distribution are also
considered in this study.

Spring i
2. DEM-based granular flow simulation fﬁﬁ‘fﬁdm@ LoDy chpot e
The particle models used in this study are shown in Fig.1. The
slope model shown in Fig.2 is an inclined plane having an angle
of 45°. The contact force model employed in this study is lin-

ear hysteretic model and Voigt model as graphycally explained in .
Fig.3. Fig.3 Contact force models: (a) Linear hysteric model and (b) Voigt
model

(a) Linear hysteretic model (b) Voigt model

structed in total.

3. Quantification of the contribution ratio

3.1. Response surface

56 sets of parameters are sampled with the concept of Latin hy-
percube sampling(LHS), and these sets are used in the DEM sim-

1.3em ulations. Based on the results of DEM simulations, a response
() Polygon (b) Clump surface is created using radial-basis functions(RBF) interpola-
tion with the Gaussian function being employed. The above-

Fig. 1 Particle models introduced four input parameters in each set form a position vec-

tor x (x1, xp,x3,x4) in the parameter space, and the basis function

In this study, we construct surrogate models of run-out distance ¢(x) is expressed as:

using the results of DEM simulations with four input parameters, o(x,x9) = exp(=B|lx — x0||2), 1)
such as spring coefficient, friction angle between elements, co-
efficient of restitution, and bottom friction angle. The surrogate
models can estimate the maximum run-out distance for each mass
ratio, and one surrogate model is constructed for each 10th per-
centile of the run-out distance. Since the range of the mass ratio

from 10% to 100% is considered, ten surrogate models are con- f(x)= Zf.i | wip(x,x;), ?2)

where g3 is the fitting parameter that controls the shape of the Gaus-
sian function. The response surface function f(x) is represented
by a linear combination of the basis functions multiplied by the
weight coefficients as
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where, N denotes the total number of parameter sets, w; denotes
the weight coefficient for each set. The difference between the
output indicator vector and the indicators calculated from the re-
sponse surface is minimized applying the least squares method.
Here, we define the following evaluation function:

Liy) = ly - @l + 2 |w|. 3)

Here, A is referred to as regularization coefficient to prevent over-
ﬁttingz). In this study, a cross-validation procedure is carried out
to obtain the optimal values of 8 and A.

3.2. Evaluation of the contribution ratio

The surrogate model was utilized for MCS to quantify the sensi-
tivity of the indicators to the variations in the different parame-
ters. From the results of the MCS, the probability density distri-
bution of each indicator can be obtained, from which the variance
can be calculated. Fig.4 shows the quantified contribution ratio
of each parameter based on different particle shapes (polygon and
clump) and different contact force models (linear hysteretic model
and Voigt model). Fig.5 shows the results of the contribution ratio
of each parameter considering particle size distribution.
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w Friction angle between elements
Bottom friction
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(a) Clump (linear hysteretic model)
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(b) Clump (Voigt model)
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(c) Polygon (linear hysteretic model)
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(d) Polygon (Voigt model)

Contribution ratios considering particle shape and contact force
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Coefficient of restitution
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(a) Bidisperse granular flow (n=2)
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(b) Polydisperse granular flow (n=3)
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(c) Polydisperse granular flow (n=5)

Fi g. 5 Contribution ratios considering particle size distribution

3.3. Discussion

The bottom friction and the coefficient of restitution have consid-
erable contribution, while the spring coefficient and the friction
angle between elements do not have a significant effect on the re-
sult. The influences of the particle shape and the contact model on
the contribution ratio were not important. Particle size distribu-
tion causes an effect on the contribution ratio to a certain extent,
mainly on the contribution of coefficient of restitution at medium
and long distance.

4. Conclusion

In this study, a series of granular flow simulations were performed
by varying the input parameters of DEM, and surrogate models wa
constructed using the results. The contribution ratio of each input
parameter on the run-out distance was then analyzed through the
MCS. Although contribution of each parameters were analyzed,
the conclusions are valid within the calculation conditions consid-
ered in this study. Further validation is hence needed to improve
the objectivity of the conclusions.
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