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Study on the Parametric Analysis of Crack Propagation Behaviors
in Elastic—Plastic Materials

il T

Yasunori Yusa

D (T)

BRUEEREREGHEFRE TR B (T 182-8585 M EARFAML ThFAfi 7 & 1-5-1, E-mail: y.yusa@uec.ac.jp)

To study the possibility of the parametric analysis of crack propagation behaviors in elastic—plastic materials,
this paper presents some stationary crack and crack propagation analyses. In the crack propagation analyses,
a crack propagation rate that was discretized for spatial and temporal directions by the node release technique
was used for the parameter of a parametric analysis. Results of crack propagation analyses were bounded by

the two results of stationary crack analyses.

Key Words : Large-deformation Elastic—Plastic Analysis, Crack Propagation, Node Release Technique,

Parametric Study
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Fatigue crack growth analysis by extended finite element method (XFEM)
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We took out a partial cross-section of a metal pressure vessel and analyzed the cracks. The analysis was

performed in two stages (2 steps). As for crack initiation, the initial crack was calculated at the same time

as identifying the location of the fracture based on the threshold of fracture energy. In the next step, crack

propagation due to cyclic loading based on the Paris law was expressed. We used enrichment elements

for visualization in result processing.

Key Words : XFEM, Crack, Fatigue, Enrich Element, Finite Element Method
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Evaluation of stress intensity factor of a CT test specimen with cladding by XFEM

YD, RIS

Yanlong Li and Toshio Nagashima
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To evaluate structural integrity of structures with dissimilar material interfaces such as clad steel, it is
important to calculate the stress intensity factors at the crack tip. In this paper, a three-dimensional level
set XFEM enriched with only Heaviside step function is applied to stationary crack analysis of a CT test
specimen with cladding used for fatigue crack growth test. The stress intensity factor is evaluated directly
from the J-integral without mode separtion by M-integral. The distribution of stress intensity factor along
the crack front obtained by XFEM is compared with that by FEM.

Key Words : XFEM, Stress intensity factor, CT test specimen, Transverse isotropic material
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Table 1 Material properties of SM490 (Base metal) and Type308 (Cladding).

Material Young’s modulus [MPa] Poisson’ ratio *Paris C Paris m
SM49.O E=210,980 v=0.28 2.56x10°1° 3.98
(Isotropic)
Type308 Ei=E»=182.52, v12=0.166, 6
(Transverse isotropic) E;=121.25 vi3=v23=0.515 2.60x10 4.09
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ERWTEMT D, £/, JELFHMIZEL T, XFEM &
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o TV,
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Fig.1 Coordinate systems utilized in the present analysis.
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Fig.3 Distribution of K1 along the crack front of CT test
specimen with cladding.
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4, pp. 20-00098, 2020.
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QSI test analysis of CFRTP laminate
by quasi three-dimensional XFEM using hexahedral elements

RIEFIRD, £RT?
Chenyu Wang and Toshio Nagashima

1) FH(T) ERARFEIPH (T102-8554 HURHS T H KA HHHT7-1, E-mail: nagashim@sophia.ac.jp)
2) (L) Jo R RZERFRE (T102-8554 HUAUHR TR H XA HHT7-1, E-mail: wangchenyu@eagle.sophia.ac.jp)

Recently, Carbon Fiber Reinforced Thermoplastics (CFRTP) have been studied as an alternative to CFRP
due to its high fracture toughness, short manufacturing time, and recyclability. In this study, a quasi-static
indentation (QSI) test analysis of CFRTP laminate were performed by quasi three-dimensional XFEM
using hexahedron elements. In XFEM, cracks can be modeled independently of finite elements through
approximation functions. In the numerical models, interface elements considering cohesive zone model
(CzZM) are introduced to model delamination. The results including relation between load point
displacement and applied load, and total delamination area obtained by analysis are shown and compared

with the results of a CFRP laminate.

Key Words : CFRTP, QSI test, Cohesive zone model, Damage propagation, XFEM, Implicit method
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R F kA iR k77 2 » -7 (Carbon Fiber Reinforced
Plastics: CFRP) 1%, miLLllIE - mbbsgEE A H L T 5720,
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CFRPREEHR Lm0 b DREIZHE <, FERERO NS
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ThHhDEWVIRENDDH. I, RIFHETRI LR AT M~
Z AF 7 (Carbon Fiber Reinforced Thermoplastics: CFRTP)
i, mOEEEEIME, BB, B E OV A 2RI
X0, BGELYECFRPOMRER ELE LTHERE STV 5[2).

AFETIL, CFRTPREfEIR A %5 & LT, NEfkEFHE4 A
W= ROTHRIRA IREESR L (XFEM) 2 VT, QSIRR
BT 2 ER L, 15515 R % CFRPEER DR R &
L, REGFEEZFHET 5.
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1) EEOETILE
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FEROERIIZ BB X0~ N 7 2EInE58E 9 5
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ABFIE TIENRNE ZRSEXFEM > 1 777 ANLXQ3D %
5. NLXQ3DTiE, kIl A E R 2 = 7 M
Lt LT BN 5 = Roe8Hi e AR IZ L ZFEMET
NERND. CFRPEEEIR D~ t U 7 2L, XFEM®
IR CREL SN, FBRICITEBINICHRIEZ R e
WA U E—T 2= RABRPTFAIND. v N7 2ER
LB BEORAEICIZCZMBEA SN S, Nila— |
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(1) BHTxIER

AFE CIHE &£3.312 mmOCFRTPREE A (T700G/LM-
PAEK) & JZ X4560 mm @ 2 f# 1k 14 CFRP 8 J& ik
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&£3.696mmiciE L7z & & BG4 2 K5I Y. B
RO T, CFRTPCX /SR BIEHBENHE L T
W5 Z EHvD, CFRTPIZCFRP L W & BT ERICHR & W
IFERDE LT

4. BhHYIC
AFGTIL, CFRTPREEIR Zxt5 & LT, NhifkE#E% 1
W2 E=ROTIEIRA TREERE (XFEM) 2 HWT, QSIR
BRAGAT 2 FEhi L, 5 DT BN — W EBIR L HER T &
CFRPEEEMR DGR & bl U7, AWFFRIINEDOE L H ¢
AR O ERARMS (A 18 2 F2BL3 B BEIRRR FHE T
BI%) o—# L LTiThhiz., s L CE#d 5.
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.Y CFRTP laminate
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- //
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Fixture base ~

Fig.1 QSI test. Fig.2 Modeling matrix crack.
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Table.1 Material properties of CFRTP and CFRP [2 - 4].

Laminate (CFRTP/CFRP) |Cohesive zone (CFRTP/CFRP)

E; [GPa] |127.0/153.0 | G;.[N/mm] 1.50/0.54

E; [GPa] 8.36/8.0 |Gy, [N/mm]| 2.35/1.64

G, [GPa] | 4.46/4.03 | g, [MPa] | 77.8/47

Grr [GPa] 2.98/2.75 | oyma [MPa] | 100.4/100
vir 0.32/0.34 k [N/mm?] 1.0x10°
Vrr 0.40/0.45 a 1

Load [kN]

Displacement [mm]

Fig.3 The relationship between displacement and load.

125 77—

10.0 | - i

Energy / Thickness of plate [J/mm]

Displacement [mm]
3.6

Fig.4 The relationship between displacement and work of
intender in numerical simulation.

° 0°/45°

457790

59007 0F/ - 45° - 45°)

1

(a) CFRTP laminate (b) CFRP laminate
Fig.5 Damage distribution.
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[2] Shirasu, K. et al.: Experimental and numerical study on
open-hole tension/compression properties of carbon-fiber-
reinforced thermoplastic laminates, J. Compos. Mater.,
Vol.56, pp. 2211-2225, 2022.
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Evaluation of Prediction equation for Direction of
Ductile Crack Propagation under Mixed Modes

O% jEm% kY, IE fal FFY
Kaito Hidano, Yoshitaka Wada

1) ¥ITEEARS  Kindai University

In the ductile crack propagation, structures is sometimes largely deformed and mixed mode loadings appears due to the deformation.
The stress singularity around a crack tip doesn’t agree with HRR singularity filed. The direction of ductile crack propagation with
large deformation needs further discussion. In a previous study, prediction equation for crack propagation angle, which is one of the
crack propagation behaviors, were proposed under mixed-mode loading. In this study, distributions of equivalent plastic strain and
stress triaxiality around a crack tip are evaluated under three-point bending to improve the equation for a propagated long crack and
proposed a new equation. To generalize the equation, we evaluated it with the other model. As a result, it was found that the equation
can be used for mixed-mode ratio up to 0.1.

Key Words : mixed-mode, crack propagation angle, equivalent plastic strain, stress triaxiality
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VMEIZZR D TN A/BERT L Z 0D, TbON
FA—HFEFHERICEAG LTV I ENRINTND
[4].

AT TIL, RAEE— RAMWNRE 2 5 & 2R %)
D—DOThDHEHERME 0 IZIEH L, AL b8
FTA=ER O ED L) REEERITL TN DONDBKR
MEhio. ZORER, 00U T OR()BHRE S 7Z[2].
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BAE— RWE F O = ST 21TV B T gEIC ¢
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B, YOS A BT 5. £ L CEOMRE I,
22w A 2 RAET 5.

AWFFETIL, BT RAFEAT[3] 23T - 7 # BESTPT410
ORI S %, E— I, T— FIORERAE—KTF
TO =N S ZLERMEAT 21T 5 . 7 VODHINER, &
RE, MMM, R/ANERY A XER ISR

Tablel EJ VOIS X OB EHEE
7| owren e | E o | BT
; R R GPa v MPa ﬁr:m
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RERETVEERTSH. K 1ICET VORI ZR7.
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Simulation of fatigue life for elastomer

AR ED
Satoshi Ishikawa

1) 1#(T) BEXSHHIDAI (T650-0001 St fd A 7= T Hr Je X IN#HET 4-4-17, E-mail: ishikawa.satoshi@idaj.co.jp)

The fatigue life is one of the most important for the mechanical product design, and the precise prediction
of life is the key issue. There are several methods for traditional metal fatigue such as SN-relation, Basquin
rule and Coffin-Manson rule, however, they are not available for elastometric material. For the evaluation
of elastomer fatigue life, another algorithm should be applied. This paper has shown the crack growth rate
of elastomer and application of estimation for fatigue life.

Key Words : Fatigue Life, Elastomer, Crack
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A Study on Accuracy of Linear Fracture Mechanics Using the S-Version [sogeometric
Analysis.
(Size ratio of local and global patches and effect of element subdivision)

SRIEAIE D WO R R > LR D ZRESE ) R A )

Takashi Kurosawa, Yusuke Sunaoka, Yuhi Tutiyama, Yuto Otoguro and Hiroshi Okada

DH TR K22 K225, Tokyo University of Science
D R} K 22 K Z B, Tokyo University of Science
IR KF BT, Tokyo University of Science
YRR, Tokyo University of Science
S IR} K22, Tokyo University of Science

S-version Isogeometric Analysis Applying the idea of S-version Finite Element Method was studied to
improve the accuracy of linear fracture mechanics analysis. The relationship between the size ratio of global
and local patches and element subdivision was clarified, and make guidelines to ensure the accuracy of the

analysis.

Key Words : Fracture Mechanics, Isogeometric Analysis, S-version Isogeometric Analysis
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Fig. 1 Concept of S-IGA.
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Fig. 3 domain of integration.
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'8 Local representative size and global element size

in crack model.
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Fig. 5
'8 Center slant cracked plate recieved uniform ten-
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Fig. 6
'8 Global patch and Local patch of center slant

cracked plate [(a) Global patch (b) Local patch].
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Transition of mode I ERROR
(tilt angle is 45° ).

Fig. 7
'8 Global and Local discretized model [(a) Global
model (b) Local model].
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A Cohesive Embedded Constitutive Law combined with
Mixed Hardening Law and Shear-Induced Damage
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The contribution of this study is to propose a cohesive traction embedded constitutive law combined with
shear-induced damage. The proposed constitutive law accommodates a hyperelasticity-based plastic
model with the decomposition of the deformation gradient multiplicatively into separation-induced, elastic,
and plastic parts. The plastic deformation gradient is further decomposed into energetic and dissipative
parts to realize Bauschinger effect under cyclic loading. The energetic part of plastic deformation gradient
contributes to an hyperelasticity-like energy related to kinematic hardening and leads to a back stress.
Moreover, to realize both shear-lip fracture and flat fracture, shear-induced damage and cohesive traction
separation law are introduced into the hyperelasticity-based plastic model. The shrinkage of yield surface
that is caused by the rotation and elongation of voids in a shear band under low stress state is realized by
the introduction of the shear-induced damage into the Tresca yield function. The evolution of shear-
induced damage is determined by the damage loading function corresponding to the plastic energy release
based on thermodynamics. On the other hand, the stress release process along with the material separation
due to void nucleation, growth and coalescence under high stress state is represented by the combination
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between the separation-induced deformation gradient and the cohesive traction separation law.
Key Words: Ductile, Fatigue, Kinematic Hardening, Tresca model, Cohesive Zone Model
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Damage Propagation and Strength Evaluation of Fiber Reinforced Laminates

with Fiber Waviness Using an Extended Finite Element Method Analysis
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This study proposes a practical model for numerical analysis of the effect of fiber waviness on the
mechanical properties of unidirectional carbon fiber-reinforced plastics (CFRPs). Transverse cracks,
which are the primary fracture mode in CFRPs, are known to propagate along the fiber direction. Therefore,
an XFEM-based method was introduced in this study to model the complex transverse crack geometry in
FRPs with fiber waviness. Also, some other typical nonlinear behaviors of the CFRPs were modeled. The
proposed model was validated via the comparison of numerical and experimental results, and the

mechanism of strength decrease due to fiber waviness in CFRPs was investigated.

Key Words : CFRP, Fiber Waviness, XFEM
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Table.1 Material properties (MCP1223)

Average fiber fraction 7; [3] 0.65
Fiber properties [3]

Longitudinal Young’s modulus Ef; 240 GPa
Transverse Young’s modulus ES, 18.6 GPa
Poisson’s ratio vi, 0.29
Shear modulus G, 100 GPa
Matrix properties [3]

Young’s modulus E™ 45 GPa
Poisson’s ratio v™ 0.3

Shear modulus G™ 1.73 GPa
Failure properties [1] ([2] for X;)

Longitudinal compressive strength X, 1530 MPa
Longitudinal tensile strength X 2880 MPa
Transverse compressive strength Y 280 MPa
Transverse tensile strength Yy 91 MPa
Longitudinal shear strength S, 80 MPa
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Fig.7 Load—displacement relations
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Development of a model for simulating high-speed crack propagation/arrest behaviour in a 3D structure
based on the s-version FEM

S8 —HY, He Tianyu?, ZRHERD, —HEXY, @H5

Kazuki Shibanuma, Tianyu He, Naoki Morita, Naoto Mitsume, and Tsutomu Fukui
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To prevent serious damages in large scale structures due to brittle fracture, it is necessary to control crack
propagation and safely arrests them. In this study, we propose a highly accurate and efficient model that
can reproduce high-speed crack propagation and arrest phenomena in 3D structures based on the s-version
of FEM. We verified the accuracy of the model through generation phase analysis and confirmed its
validity through application phase analysis, demonstrating its effectiveness from both verification and

validation (V&V) perspectives.

Key Words : S-version of FEM, High-speed crack propagation, Crack arrest, Verification and validation.
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In this paper, a novel nodal-based Lagrange Multiplier/Cohesive Zone (LM/CZ) approach for ac- curate
crack simulation in quasi-brittle material. Before crack onset, these nodes in the same position are
constrained via the Lagrange multipliers (LMs), which need to satisfy the displacement compatibility.
And then the constraints are smoothly switched from LMs to cohesive forces once satisfied the transition
criterion about the cracking estimation. One numerical example is employed for validation of our approach
via comparison with the results from previous researches.

Key Words : Arbitrary crack paths, Lagrange multiplier method, Cohesive zone model, Coupling method,

Artificial compliance.

1. INTRODUCTION

Over the years, the intrinsic cohesive zone models (CZMs)
method always represents a simple yet efficient technique for
computational cracking studies [1]. Where the zero-thickness
cohesive elements are inserted into the interfaces of finite
elements [2], which nodes are constrained via cohesive force
before crack onset, and the cohesive forces are calculated based
on penalty algorithm. However, that method usually results in
the so-called artificial compliance [3]. To deal with this research
issue, the Lagrange multipliers (LMs) approach has been
recently proposed and effectively coupled with cohesive zone
(CZ) approach. The LM/CZ approach has already applied on
debonding analysis in laminated composite structures [4]. It is
worth to extend the application of the nodal-based LM/CZ
approach to simulation of arbitrary crack paths in quasi-brittle
structure.

In the conventional nodal-based LM/CZ [3], the constraint
enforced in each node consists of only one nodal pair where it
connects to. A predictor-corrector form is introduced to
calculate LM force at each nodal pair with fulfilling the
displacement compatibility [S]. However, to simulate the cracks
propagation along unknown path, one finite element node is
connected with several nodes and formed several corresponding
adjacent nodal pairs. It means that each pair share several nodes
with its adjacent pairs. To consider this mutual nodal effect, the
constraint force contributed from the adjacent pairs needs to be

considered into the LM calculation for the current pair. In this

paper, we firstly apply a robust data structure to set these nodes
at the same coordinate in one certain group via the linked-list
search algorithm [6], which is only once implemented in pre-
processing of one numerical case. And then we implement the
LM/CZ algorithm in each mutually independent group, where
the calculation of LM force in each group is controlled by its
error norm less than a specified tolerance. The Gauss-Seidel
solution is applied to achieve the end with a limited number of

iterations [7].

2. FORMULATIONS

The temporal discretization in this simulation employs the
explicit central difference time integration scheme. Herein we
assume that the current pair consists of node i and node j.
According to the predictor-corrector form of LM method, the
position of node i and node j at time t(n+1) in the “predictor”
step can be described in Eq. (1),

3~C(n+1) = Xm) + X(n-1/2)At + (F&n) — fi(%)Atz/m (D
where Xui1y J.c(n_l 2> fGny and fl('r‘f) are the position
vector, velocity vector, internal force and external force,
respectively. The Eq. (1) is further solved via the improved

solution in the “corrector”, as shown in Eq. (2).

Xn+1) = X(m+1) T BX 41 2)
with
cur d
Axni1y = (A5 + A?rf))AtZ /m 3)

Where A(y) and ,16(‘;13) are the Lagrange forces from the current

calculated pair and its adjacent pairs, respectively. For the
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relationship of LMs between two nodes of each nodal pair, we
have Eq. (4).

A= A5 (@]
The Lagrange multiplier of nodal pair needs to satisfy the
displacement compatibility condition, as following:

Xitn+1) — Xjn+1) = 0 Q)

The A{*" at timestep of (n+1) can be solved by substituting
Egs. (4) and (5) into Eq. (2), as following:

iy A1)
j(n— s(n— 2
Xj —-X; +(————————)At
cur _ j(n+1) i(n+1) ( m; m; )
i(n+1) —

(6)

(- +-)At2
jomi
At the end of the nodal pair loop for LM calculation in each
group, the Gauss-Seidel iteration strategy is applied to control
the corrector procedure. The error norm L for each group is
defined as Eq. (7).
L=%" llgill,<e¢ (7
with
9i = Xitn+1) — Xj(n+1) ()
where N is the total number of LM pairs in the group.
The iteration terminates once the error norm is satisfied. A
quadratic stress criterion is then applied to check whether the

constraints should switch to cohesive force or not, as shown in
Eq. (9).

<Tp> T
G + ) = 1 ©)

Where <-> is Macaulay operator; Th** and T7**

represent
tensile and shear cohesive strengths, respectively; T,, and T,
represent tensile and shear nodal equivalent stress vector,
respectively. T can be calculated with the help of LM
determined (see Eq. (6)), as the following equation.
T =21, (10)
Once satisfying the Eq. (9) criterion, the constraint force is
described as the cohesive force using a shifted traction-

separation law previously utilized in [3].

3. NUMERICAL EXAMPLE

John et al. carried out an experiment to investigate the crack
phenomenon in a three-point bending concrete beam. And they
also performed the numerical simulation based on the of Linear
Elastic Fracture Mechanics (LEFM) [8]. The specimen in [8] is

demonstrated in Fig. 1.

il |
e |
| N V o o VA
- 905
e~ Hivos )

’ © 1=100.16 - - - X

2286 Unit: mm

-

Fig. 1 Three-point bending concrete beam with crack

position parameter y = 0.5.
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One can be seen from Fig. 1, there is a center-shifted pre-
crack in specimen, and the pre-crack position from the middle
of span is determined by a ratio y, where the y of 0 represents
mode I fracture, while the y of 0.5 or 0.72 represents the mix-
mode fracture. The model was placed on two fixed supports and
subjected to a velocity load in the upper support, with a value of
0.050 m/s [9] along the centerline. The beam was discretized
using tetrahedral solid elements, with zero-thickness cohesive
elements inserted in the element interfaces. The mesh sizes are
varied from 1.5 mm to 4 mm, with the refined size of 1.5-2.0
mm in the critical zones, .i.e., near three supports and pre-crack
tip, as marked in (numbered in 1, 2 and 3). The concrete beam
is assumed to be isotropic elastic, with Young’s modulus, mass
density and Poisson’s ratio of 31.37 GPa, 2400 kg/m? and 0.2
respectively. The failure strength of the concrete beam was 3.0
MPa, and the energy release rate was 31.1 N/m [10].  The time
history of load curves for the y = 0.50 case are compared and
plotted in Fig. 2.

1600  — solid-shell extrinsic CZM (Xu, 2022)
+ oo sy N

1200 F -e- LM/CZM in our study
— experimental results (John R, 1990)

800

Load/ N

400 +

0 1 1 1 1 L )
0 0.2 0.4 0.6 0.8 1 1.2

Time/ ms

Fig. 2 The time history of load curves (along Z-axis) of
three pre-crack from in our study comparing with that from
numerical data (Xu et al.,, 2022) and experimental data
(John et al., 1990).

Compared with the curve via intrinsic CZMs approach, a
relatively good agreement can be seen in the load curves, and
less numerical oscillation can be found in that via LM/CZ
approach. In addition, the crack patterns from three notch
location cases are illustrated in Fig. 3, where cracks propagate
from the notch and gradually upward with a deflection angle
from horizontal line.

One can be seen from Fig. 3 that a vertical crack is predicted
in the case of y with 0.0, which represents the fracture mode in
pure mode I; and inclined cracks can be found in the rest two
cases, where the fracture mode becomes mixed mode I/I1. These
results from our study are in a good agreement with previous
results in three cases, which are not only in the crack
propagation and but also in the corresponding deflection angle.
These indicate that the LM/CZ can capture the crack behavior
of mode I and mix-mode failure, and its effectiveness can also

be evaluated quantitatively.
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Fig. 3 The predicted cracking patterns of three pre-crack
from in our study comparing with that from numerical and

experimental data (John et al., 1990).

4. CONCLUSIONS

A novel nodal-based Lagrange Multiplier/Cohesive Zone
(LM/CZ) approach is proposed to accurately simulate crack
propagation in quasi-brittle material. The predictor-corrector
form is applied to calculate the Lagrange multiplier, which is
governed by the displacement compatibility in each nodal pair.
As cracks may grow in overlapping nodal domains, the Gauss-
Seidel iteration strategy is applied to control the error norms due
to mutual nodal effects. To wvalidate the accuracy and
effectiveness of the method, a numerical example of a concrete
beam is employed, and the results obtained from LM/CZ show

good agreement with both experimental and numerical data.
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