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Experimental Study of Drilling Damage Initiation and Propagation
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Experimental Study of Drilling Damage Initiation and Propagation
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Experimental Study of Drilling Damage Initiation and Propagation
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Experimental Study of Drilling Damage Initiation and Propagation
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Experimental Study of Drilling Damage Initiation and Propagation
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Experimental Study of Drilling Damage Initiation and Propagation
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Numerical Modeling for Drilling Damage
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Typical damages seen in composite laminates

The multiple damages are generated in composite laminates under the applied load.

(1) Transverse cracks

(Cracks in a direction parallel to
the fiber)

\_I\H\L

@ Delamination @ Fiber breakage
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Delamination tip

First, the transverse cracks occur at the lower strain. Secondly, the
delamination will be induced by the cracks. Finally, the composites will fail
due to the multiple fiber breaks.




For the modelling of cracks in standard FEM, two approaches have been widely used .

Continuous modelling (CM) approach Discrete modelling (DM) approach
Model Smeared crack model (SCM) Cohesive interface element
Continuum damage mechanics (CDM) Spring element
Overview The damage is modelled through the Zero thickness elements are inserted at
constitutive relation. The crack is expressed crack location to model the interface
as the band having the element thickness connection and separation.
Advantage | Computational robustness Ability to capture stress concentration
Ability to model the unknown location cracks | around the crack tip
Disadvantage | Lack of ability to capture stress concentration | Application is limited for the problem
around crack tip. where crack locations are known.
Application | O Multiple (Diffuse) Crack O Large (Dominant) Crack
X Large (Dominant) Crack X Multiple (Diffuse) Crack




This presentation introduces our recent studies based
on the continuum damage mechanics.

(1) Progressive failure modeling of Open Hole Tension of
guasi-isotropic laminates

R. Higuchi, T. Okabe, T. Nagashima, "Numerical simulation of progressive damage and failure in composite laminates
using XFEM/CZM coupled approach", Composites Part A: Applied Science and Manufacturing 95(2017), 197-207

(2) Numerical simulation for the High velocity impact

R. Higuchi, T. Okabe, A. Yoshimura, T. E. Tay, "Progressive Failure under High-Velocity Impact on Composite Laminates;
Experiment and Phenomenological Mesomodeling", Engineering Fracture Mechanics 178 (2017), 346-361.

(3) Analytical derivation of the relationship between damage tensor
and multiple cracks

Tomonaga Okabe, Sota Onodera, Yuta Kumagai and Yoshiko Nagumo, "Continuum damage mechanics modeling of
composite laminates including transverse cracks", International Journal of Damage Mechanics, accepted



Open-Hole Tensile (OHT) Test

Practical strength assessment method.
=Strength depends on specimen size, so that a variety of

specimens are needed.
=Taking all types of strength data by only experiment is

time-consuming and inefficient. Failure modes on CFRP laminate.

Therefore, the numerical simulation procedure should be established to
predict the progressive failure process instead of experiments

Numerical simulation for CFRP OH laminate

* Fiber breakage ......Weibull Criterion
= Matrix crack, Delamination......Cohesive Element Model
=They could successfully reproduce the failure mode transition .
= Cohesive element requires high computational cost.
FE simulation mesh for
(S. R. Hallett et al., Compos. Part A, 2009) CERP laminate OHT

We presented the progressive failure simulation of OHT with a hybrid model (CM plus DM).




OHT experiment (B. G. Green et al., Compos. Part A, 2007)

*OHT tests on IM7/8552 laminates by Green et al.
*Laminate properties : [45°/90°/—45°/0°]s
* Failure mode depends on thickness of specimen.

= Failure modes : 1Imm (Brittle) and 2, 4, 8mm (Delamination)

N

Fiber breakage driven failure |

3.175mm

15.875mm

Gripping region

0

(S

Delamination driven failure

63.5mm

Specimen dimension
FE simulation should reproduce the change of failure modes automatically.




Weibull criterion

This assumes the weak-link scaling based on Weibull distribution as like brittle materials.
*More than 1 vulnerable point in an element volume determines ultimate failure.

Cohesive element (CE)

The zero thickness elements represent interface cohesion.

Pros : Capability of capturing stress concentration at the crack tip.
Cons : Small element size and high computational cost.

N

Continuum damage mechanics (CDM) (A. Yoshimura et al., ASC 2012)

Implement damage effect caused by micro cracks in continuum body into constitutive tensor.
Pros : Capability of representing unknown crack position.

Cons : Crack width relying on element size.




All plies : CDM

45° ply
45°/90° interface
90° ply
90°/-45° interface
-45° ply
-45 °/0° interface
0% ply

56752 nodes

0° ply: , Others:CDM

45° ply
45°/90° interface
90° ply
90°/-45° interface
-45° ply
-45 °/0° interface
0" ply

0 -..pliuing.(: ( ;‘l

60552 nodes

Model (iii)
All plies:

45° ply
45°/90° interface
90° ply
90°/-45° interface
-45° ply
-45 °/0° interface
07 ply

173856 nodes




Simulation model
*Boundary conditions are shown in the figure.

*Minimum element size was determined by cohesive zone
length (CZL)>.

u.=u,=0

Applied
displacement
Pinned
u,=0

Z - symmetry
u,=R,=R,=0

Computational model and boundary conditions. (Model (iv))

FEM analysis up to
delamination failure

Weibull criterion

Delamination

Pull-out or Brittle

Failure mode determination flow



Stress concentration

Computational result

(a) Model (i)

Stress relaxation

Splitting L

(b) Model (ii)

X stress distribution on 0 de

around hole
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Relationship of strength and lainate thickness
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The hybrid approach is the most appropriate and effective for modeling of OHT.




Background (" We tried to develop the

efficient numerical

* The application of CFRP to the aircraft engine fan-system simulation tools for high-

(Fan blades, Fan cases) has been increased.

velocity impact
* The risk of high-velocity impacts is significant. ~ LALLL /
ex) Blrd-strlkes,- Impacts of broken fan b!ade . Objective
* Full-scale experimental tests are expensive and time
consuming .
Recent works
Raimondo et al. (2007), ICCM 16t Yoshimura et al. (2012), ASC 27t

O OO O O

Experiment Exp@\ent O

Both simulation could not predict large transverse cracks in the bottom ply,
because they used only the CM.




4 )
To develop the efficient

numerical simulation tools
for high-velocity impact

Experiments of high velocity impacts
- Information for numerical modelling

\_
Objective
Simulation Three types of numerical simulations
for the comparison.
Experiment
(i) Hybrid simulation model (ii) Discrete simulation model (iii) Continuous damage model

VS. VS.



High-Velocity Impact Test

Single-stage air gun was used for high-velocity impact test.
Specimen : T700S/#2592(Toray), [0/90],4s, (L) 60mm X (W) 60mm X (T) 1.9mm
Projectile : ¢ = 6.0mm, weight =0.9g
Sabot : Expanded polystyrene
Impact velocity : 120 — 130 (m/s) (Range of no penetration),
180 — 200 (m/s) (Range of penetration)

Nondestructive Inspection (NDI)

*Soft X-ray microfocus CT (TOSCANER-30000uhd, TOSHIBA IT & Control Systems Corp.)
Sectional images, Three-dimensional images
*Soft X-ray radiograph (SV-100AW, SOFTEX, Inc.)



No Penetration

Case

Multiple
matrix cracks

Penetration
Case

Extensive
delamination

Large transverse

// crack

Extensive
delamination

Large transverse
crack
|

Fibre breakage

(0

Multiple matrix cracks

Fibre breakage

Multiple matrix cracks

NS
R

Multiple matrix cracks




Internal damage distributions
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Findings from experimental observations

—

Ph2&3 Ph4&5 Ph6&7
Interface 2/3 Interface 4/5 Interface 6/7
% d .L
2 B B
O PhO& IO COPhIZ& 14 P IS& 16
Interface 910 Interface 13/14 Interface 15716

Greater degree of damage
occurred at the lower plies
and interfaces

The shape of delaminations
was determined by two
major matrix cracks

Three damage mechanisms were primarily observed: fibre breakage, matrix crack, and
delamination.
Observed matrix cracks can be classified into two categories: multiple matrix cracks occurring
around the impact point and large transverse cracks on the bottom ply.

The shape of delaminations was determined by two major matrix cracks.




We did three types of numerical simulations for the comparison.

Model (1)

Fibre breakage = Smeared Crack Model (SCM)
Delamination = Cohesive interface element
Matrix cracks = Continuum Damage Mechanics (CDM) model + Cohesive interface element

Except for bottom ply : CDM model

Bottom ply : Cohesive interface element } Hybrid model

Model setups Simulation model



Model (Il)

Fibre breakage = Smeared Crack Model (SCM)
Delamination = Cohesive interface element
Matrix cracks = Cohesive interface element

All plies : Cohesive interface element > Model (ii) is a typical DM approach.

Model setups

Simulation model




Model (l11)

Fibre breakage = Smeared Crack Model (SCM)
Delamination = Cohesive interface element

Matrix cracks = Continuum Damage Mechanics (CDM) model

All plies : Continuum damage mechanics (CDM) model = Model (I11) is a typical CM approach.

Model setups

Simulation model




Simulation models and boundary conditions

* High-velocity impact simulations were performed using Abaqus/Explicit.
* Each damage models were implemented through user-written subroutine VUMAT.

* ‘General contact algorithm’ was used for contact between the projectile and the
laminate and that between the jig and the laminate

Element Removing Criteria | (Raimondo et al. (2007), ICCM 16"

To prevent excessive distortion of the

elements, the following criteria were

(|mB<Iaen%%e variables based criteria
£ =min(d —d",dS —dS)=0

emoving
with : leC =0.999, a’lcC =0.99
(ii) Strain components based criteria

frzmoving = min{gc - maX(é‘“, €95 633 )> Ve~ max(?/lzs V235731 )} =0
with: &.=04, y.=1.25



(a) No Penetration Case
Model(l) @120m/s

(b) Penetration Case
Model(l) @180m/s

The proposed simulation could reproduce the transition from no-penetration to penetration
successfully.



| O O
0 0 O O
0 O
9 O

No penetration case Penetration case

Model (i) and (ii) can capture the large matrix cracks, but Model (iii) (i.e. CM) cannot
address those cracks.




Damage areas and Computation cost

25 : 6E+11
= No penetration case ® No penetration

20 |® Penetration case SE+11 [m Penetration ¢

4E+11

Amount of computation
(DoF % Increment)
N I
=1 =1
+ o+
p— p—
p— —

1E+11

) Model (I1)  Model (I1I) Model (I) M) Model (I1I)

(i) Comparison of error of predicted damage area (ii) Comparison of amount of computation

(DoF X Increment)

Highest-accuracy of prediction in damage area was given by Hybrid simulation model (Model (i)).

Model (ii) requires highest amount of computation, as like OHT.

11




Until now, | have explained the numerical modeling based on the damage
mechanics using the following compliance matrix.

) ) L Y 0 -
op E, (1’ o°
gp = | — O Ga

y y

N £ {d,)E, I

| “Czy | L, 1

0 0 — | 1+
_ 26, 1-d,).

Damage tensor d, is generally used for expressing the stiffness reduction due to the
multiple cracks, but the relationship between d, and crack density is still unclear!!
=>Here, we try to derive d, as a function of crack density p.



In this study, d, is formulated as a function of crack density using two-dimensional
elasticity.

} —

Corresponding ply including Representative 2D volume element
transverse crack

* The transverse crack is assumed to have a tunnel-like crack (which is symmetrical about the
Y axis).



The y direction of displacement v(x,y)

8ley v (=)™

. (2n-1
v(X,y)=— Z > sm( 723/)
7 Sm (2n=l) cosh( 2}12]_ : ﬂitj 2

The stresses gy ,0, and gy, can be rewritten as

cosh zn_lﬁﬂx
aC+C, v _aCi+C, | 45 (- 1" 21 2n—1
o.(%y)=—F—5 Z cos e
C -C, oy C ~-C}| w4 2n—-1 2n—1 2/
! 2 cosh At
cosh 2n_1ﬂﬂx
C +aC, ov _ C +aC, | 4 & (D" 21 2n-1 ,
o,(x,y)= TRl

ov 42 & (—1
O-xy(x9 1) =Gy —=0Gy, Z © )

2 2 _
Ci-Clay C -C}|l 7% 2n- 1cosh(2n L




The average ply strain ef} Is given by

1
e = vxldx
» =7k (x,1)

The y direction of displacement v(x,y)

2n—1
SIgp - 1)n+1 cosh( Y mlxj (on—1
v(x,y) = Z 7 sin 5 7y
f(2n-1)° sh( ”2 ; m)

Transverse crack density p = 1/(21)

tanh{ 2n-

kp:|
Jo,

d,=1—
? Z(zn—l) S,

p P

”ifkp} Relationship between damage
tensor and crack density

This is the main result of this study!!




4 . . N\
Damage mechanics model of laminates

The effective compliance of laminate C is formulated by

classical laminate theory_ ti:Thickness of the laminate
_1 ti:Thickness of the k-th ply
_ 1 N 1 R.: Coordinate conversion of the strain
C=1[— Z 11 (RkCT,; )_ T}: Coordinate conversion of the stress
tr k=1 C : Effective compliance of the ply
J
4 ] )
Damage mechanics model of the ply
The effective compliance of the ply C is described by using a continuum damage
mechanics (CDM) model. M: Damage effective tensor
Cy: Compliance of the ply under undamaged conditions
C — COM d,: Damage variable in the direction normal to the fiber
1 0 0 p: Transverse crack density
M= |0 1—1d 0 00
NN 2 L P 16 Z 1 tanh[(2n — 1)wAtgp/2]
2 < * 1—d2> 2T TN, = (2n —1)° p
\_ J

We can determine the effective stiffness of the damaged composite laminate.




Cross-ply laminate

Comparison with experimental results Groves et al. ©

e Material: CFRP
* Lay-up configuration:[0/90],, [0,/90,].

The result shows good agreement with the results obtained by Groves et al.

6) S. E. Groves, C. E. Harris, A. L. Highsmith, D. H. allen and R. G. Norvell : Expl Mech. , 27,1 (1987), 73-79.



Angle-ply laminate

Comparison with FEA results obtained by
Gudmundson et al.”)

7) P. Gudmundson and W. Zang Int. J. Solids Structures, 30(1993)23, pp. 3211-3231.

* Material : GFRP
* Lay-up configuration:[+55],, [£67.5],

All of properties agreed well with the calculated results by Gudmundson et al.



Quasi-isotropic laminate

Comparison with experimental results obtained by Tong et al. &

* Material: GFRP

* Lay-up configuration: [0/90/-45/+45],

* The calculation is conducted assuming approximately the same damage
occurrence due to transverse cracking in the 90° and 45° plies.
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[ an] -~
c
P
By 09}
L
R
= 085t — Present model
=
S e Tong etal.
ps :
(Jb’ I 'l 1 I
0 0.2 04 0.6 0.8 I
o Crack density p (mm')

The result shows good agreement with the results obtained by Tong et al.

8) J. Tong, F. J. Guild, S. L. Ogin and P. A. Smith : Comp. Sci. Tech. , 57, (1997), pp. 1527-1535.




In this study, the local stress distribution in a ply including transverse cracks was
formulated, and the stiffness reduction of laminate was investigated using the local
displacement distribution. We also derived the relationship between damage tensor

and crack density analytically.

v" If you use this relationship obtained from the analytical derivation, you can
convert the damage tensor into the crack densities as shown in the figure.

(©.9)

16 Z 1 tanh[(2n — 1)wAtkp/2]
T3, (2n —1)3 p

dy=1-

n=1

8) J. Tong, F. J. Guild, S. L. Ogin and P. A. Smith : Comp. Sci. Tech. , 57, (1997), pp. 1527-1535.



Numerical Modeling for Drilling Damage
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Numerical Modeling for Drilling Damage
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dF = P(r)dS (1)
= Pepi(r)2nrdr (2)

= EMEREX (0<r<'nr)
dF 1

Pcri(r) - d_mﬁ
drF 1

" dr, 2nr

5 EFELTYSHEBELTNS.

(n<r<mn)
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(rp,<1)

Thrust force F [N]

Radial position r [mm]

BEBRMNMFONSLES
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r
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Radial position r[mm]
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Numerical Modeling for Drilling Damage

) k4 : Abaqus/Explicit(E B [5## %)
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Continuum Damage model
Smeared Crack Model
Velocity Element deletion

Cone shape drill model X\ CFRP(plyl-15)
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GFRP
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