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Stochastic Strength Analysis according to Initial Void Defects in
Composite Materials

Seung-Min Ji*, Sung-Wook Cho*, S.S. Cheon™'

ABSTRACT: This study quantitatively evaluated and investigated the changes in transverse tensile strength of
unidirectional fiber-reinforced composites with initial void defects using a Representative Volume Element (RVE)
model. After calculating the appropriate sample size based on margin of error and confidence level for initial void
defects, a sample group of 5000 RVE models with initial void defects was generated. Dimensional reduction and
density-based clustering analysis were conducted on the sample group to assess similarity, confirming and verifying
that the sample group was unbiased. The validated sample analysis results were represented using a Weibull
distribution, allowing them to be applied to the reliability analysis of composite structures.
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Fig. 1. Representative area elements for idealized square and
triangular fiber-packing geometries, (a) square array, (b)
triangle array
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Table 1. Material properties of CFRP

Property C(g;);n Epoxy | Unit
Modulus in 1-direction E; 230 345 | GPa
Modulus in 2-direction E, 20 345 | GPa
Shear modulus G, 20 1.28 |GPa
Major Poisson's ratio v, 0.26 0.35
Minor Poisson's ratio v,, 0.40 0.35
Strength in x-direction, tension X, 2.66 0.056 | GPa
Strength in x-direction, compression X_| 1.56 0.25 | GPa
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Fig. 2. Square array RVE model boundary condition
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3 O] 7|5 Fol= 4ol
2 AtollA Z= UNFARI 7] 95%2] Al=)7|EY - A
AR Zkel 19602, HEB]E p= p(1-p)Y S U2 Y
2= Q1= 0.5, HHE QA= 1.5%2 AABH] Al (3)o] g
QL AAES Fal A FEO] = oF 4268712 =EE QL
ok A4 FE O] R W =0 E—“ﬁ:a FE35to] A7t
Y= gl & o kol ot A

HExZuhiog MAEQal Fig 3

o] Ql= RVE 9l 50007]7} A4 o] HE ko] 14 H]
k.
(N-—m) , [pA-D) 2)
N-1 n
= -mpQ-p) o 3)
N-1 e?

E2E AA RO SHT) e 420 FHo| T &}
9 HEZ2E Yo R 2EEAA T 2 REI GAE}
o 2T BATE HolH o FtS YEkd
A3 BYTS hE S S glA| Bk upebA, b ol A
L GAbE B2 B B oo|e 5] HZo] A

3. tSNE 7|HE 0|8t 22 HS

3.1 +-SNE 7|+

t-distributed Stochastic Neighboring Embedding(t-SNE)
7ol A SNE= Eﬂolfﬂ HArelo] A AL & 72
E AN AV E YE = 215 SE R Heketo
AT A (@), (5} Z17F AL (), AR (g)ol A =
A% BBE GAES EASHE SA0IEH35,36]. x 2 1)
FAMIL, x7t x5 SO R 3 AR ol A FE U



182 Seung-Min Ji, Sung-Wook Cho, S.S. Cheon

Sof Hleso] o] 28 MEE A% 5 of
4 Q= 2% BB (S U
At ool A gHE W=
A4y ol%om AT 4 gl
stk uebd, 2715 28 (0l 2w $Ab
o] QB 9127} A7k 2% B8 ()0
AH/g o] Bl Hlo] B :EZQIE Q] 9127} Hrh E
47h gl Hole g & §A30] olHHE
2 BN ol 2o B SHET AR FHIA
o2 B3l shgo| v 25k Lrehiet mxpelo) A 9] g
BE7L ARl & FAHUEA Dot A%
Kullback-Leibler divergence(KL divergence)7} ©]-& & o 4]
(6)= EAZT) KL divergences 35 EXE T2 &5 &
E2 AR w) SR ARE A4 4 glo] SNES KL
divergenceE B|-8-3t= & 3}of 2| dot= WH O S5
go] hglo] ZaFrt.

il

i Mo

|o
2k
1o
g

Mz
LE s
[BURS N
i e J
& o
oZ:rU:iﬂl}lo
2 g
2o

i
o H

lo ¢

Al Tl

R g R
fr e Mo 24 v Jo & = ook ok ok

ok
o 2%

>

=2 on

©

>

A (4)
Ppe= e’
Lp+i€Xp (—[27)
. Cllye=yil (5)
IE ™ Epiexp (<llyi—yill?)
KL(pji | gjji) = Zizipjyi log 22t (6)

qj
A (@), G)Ho) A x2t x= 1A dlolE, yot yi= A2}
A HolE, o= x5 SHERE sh= A+f X9 A

& ofugict

3.2 t-SNEZ 0|88t SAIT 24
A7} cpeFsiAl E3LE 5000

Fig. 33} Zo] 33 3te]
Mol 27] 3 Aol Gl HE HolEl F 719 olf
2 GAHE BAjo] Wasith 3 WAl U RAY] 25 5
o TEE B HolHEY) fAET B 49 BAYS
oSt £5ta ek AnE 2 4= 9] ujielth. £
A BAo] Wash £ WA ol SAE BAlo] A
ol 52 o g3 2HTE Aaste] T3 AT 91X
oJap A3 4 917] whizolck. wheb, 9ba] AwE -SNE
7102 o] g Hi Yo Bl 5 0] Ao] FAE L FAE
£40] 213w 9Ir}. Fig. 37} 2] 50007]9] RVE mele 7}
7} olu] ] YlolE|2 vhEo] tSNE 78S o] 8% A4 %
47} WeYE| Q. Fig. 4= t-SNE 7S o]&3) 21 24
£ glo]E|7} 7}AI8te Zlolch. 7} - RVE melg ou]s
] ST RVE mdlo] 4] F2t9lz 330 9|29k W
) 239 o|u] 4] HlolE o] A St AW o] st

Ay

o 2AHT ekt 22 210l & 5 9lek. Fig. 42 1 of
o 2HOR BEEA u shte] 4P THOR vehy
AL Bl & 4 9lid] ol RA9l = YAE Hlolelo]7]

100

50 .".

T . ¥ '
-50 '.‘_'--__!,"-0.:*..;‘;9'..?-,

41 2E B4 Hat

27 2L 7} Yoleo] gAMS Este] teo] 7
Ao Uei 7 7k0] Aol g BeIsHs BAfoltt. of
¥l Aol Fig 49} o] tSNE 7S o] ) A9 %

a¥ Aol A tha: W E F2] folH 59 A=
FRIsk7| YA U= 7HE %] 421 (Density-Based Spatial
Clustering of Applications with Noise, DBSCAN)o] %3] %]
%It DBSCANS H4<] W 7|5k 243} ezl ze

100
M,
LRI o kY .: s
AR S T g B I 2T
Nt te R SN 2
A ~ -.*v-ﬁ.ﬁ"." R
50 S l'f"""‘*'i.:l‘.fo'." F e "
RS AP S P U N R
. =&Y ";!‘,..a.‘-“w"ll"‘:' \'.':'ti 2ol 5w
L & e B 1% S o, ot 2
" "t"-.._v’o.-h .-__?,.-ﬁ...‘:. e il TR
il Y L S ARG T T D
Viar ""'t:.'-h,.cvt"‘,“.‘-.’-' ot .‘.‘J‘:d.:‘_‘ o
04 g -,:(J ey ,b.Q “"‘o‘..g-".-r.v--*:- ™ 2
- 3 » PAiC SN S tg;.ﬁma._ ;B
B ST NS o o T S T
ERE I S e 2 8 Y P D
{ B el Lol P T oo .
ERRRE Rl S AN K e T T
w et TV TR AT . s
LS 4.“ - ,""-':!x", S " A .
X P
25 BRI 2 Y Xt AN R
Mee -,_‘*"'.1.-;3.‘.";-.-."‘ .
,-,“'l"'ﬁ,"-n-'a“. ¥
- LT ._.f '."
L " b *. . % ._‘ L
-
re
=100 T T T 1
-100 =50 0 50 100

Fig. 5. Visualization with DBSCAN (Epsilon=2, Min points=12)



Stochastic Strength Analysis according to Initial Void Defects in Composite Materials 183

2 AARP7E AR 4= = F 7HA]Y] hyperparameterZ} Q)
t}. 3 WA hyperparameteri= Epsilon® 2 732 A8 Z]
4 AZE AoJdl| 2= Ao]al T HA| hyperparameter?] Min
points= 73] A] 2|4:310] HlolE] ZIIES 5 Aol
= Aotk v Fef 7t 3 7|22 Epsilon AZTE E
o] % A=0°] Min points Tt o] Q1o 31Lto] #Ro=g
A e dargEoltt 2 Aol A= t-SNE Zp3A o A
Epsilon2 2, Min pointsE 122 3}o] 29] AZ|uje]] 12709 d
ol e} molgl TS WA stel LAH L HloESol
A ATk Fig. soll et Stk JeH hyperparameter
o uet HAHE FH i F 2370l o] B FAYE
239 A7k fAkR Aol F) 330] Y Ao 5
QIE|gitt. 250 B3 A7 fARHA LebEA] o] of
3]

LY
89 WY AR FAYS 2E S AUk

42 B2 24 @3

Fig. 52 o7 B5-2 Fof 738 EEAT 50007§¢] RVE
BYS P53 =S 2HE PSR ek Zol
FEAC] B 7 39.1 MPa, 4] %= 39.8 MPa,
22 7w 369 MPai2 viehget. o] o) 33 A
9)7)of m HgA el Yok Fw et B ww 1
=g BAEgt A5E HE B4 5 UL GEUE

Probaility density

I'ensile strength [MPa]

Fig. 6. Transverse tensile strength probability density by samples

= Weibull PDF (k=100 A=39.1)

084

o
o

Probability density
o
-

021

004

7.0 37.5 38.0 3835 0 39.5 40.0
Tensile strength [MPa)

Fig. 7. Visualization result of Weibull distribution

£ Fos et 5 BEE vERd 5= 9l Weibull £
28 789 4= 9t 4 (7)2 Weibull H2E el 4
2o g P-S Teks =391, A WS k=100 Y5t
o] 22404 AAE FEOA 1.5%S 13t SEU= FF
= Fig. 61} o] Lehd 4= qlrt. o] & ©]-§-3l macro scale

2 AFo A= e vha AR E Bt o] ARz
& vl g 2] Representative Volume Element(RVE) 2 &2 0]
gato] 27 B Age] Aol W2 PolE = Wt
SEEHOR ZAE A2 F8 AIE aofstd

=3

27] ¥ 272 AA| matrix 4:9] 1%E A A5k A
FE AT B A8 neste] 2R} 1.5%, A1F|
T 95%E 7o = AL A% #2 o] E g 5000
ME T F29) BEFS P o8 27] 35 2T
9l RVE 29 3 foho] S = qlct.

t-SNE 7]% & o]-8-3] RVE 59| fALE #A0] 13
L gl 59 WErt o UsHA vreht HFE A ¢
< 32 o] FAE Ik A Sad F2 A glo]
E| 7} DBSCAN i1 e] 55 o] 83 225 &40 W3 = )
o, F 23719 Lol FAE U 23 1t 379 5
= A FASS ERlEH e, 35 SRl whE 2k
WA= fFAME S e o ek

9ol B4 & 53 A3H 500071 2] RVE 2259 33}
T =S oE Uk R el 23, g s 391
MPa, o] =L 39.8 MPa, ¥4 =L 36.9 MPag Lie}
Woh ASE BE 24 Weibull 2322 FHHFoH, o]
Sl HRA 2o Foks Aol g A=A sl &
3 5 dE FEUE 47t AlbE i

2 A7 Age 27] 35 AT A TE S8
o] Yot F= IS AFA o BAstL, o] & gL

2] A= iAol Fadt 72 ARE AT

A e 3= 2

FFol A2l 7 skl digt =714 ¢l 47

ol\

ul

ot

o Hoh
re

-

=2

>

Ir

o

r

B eBe gk AR(MSITE] A0 R Fruer| &
8] (NST)2] 2| €& o} 53] 9145 L] th(CRC23011-210).



184

Seung-Min Ji, Sung-Wook Cho, S.S. Cheon

REFERENCES

10.

11.

12.

13.

14.

15.

. Zhang, Y.X,, and Zhang, H.S., “Multiscale Finite Element Mod-

»

eling of Failure Process of Composite Laminates,” Composite
Structures, Vol. 92, No. 9, 2010, pp. 2159-2165.

. Strong, A.B.,, “Fundamentals of Composites Manufacturing:

Materials, Methods and Applications,” Society of Manufactur-
ing Engineers, USA, 2008.

. Kaddour, A.S., Hinton, M.J., and Soden, P.D., “A Comparison of

the Predictive Capabilities of Current Failure Theories for

>

Composite Laminates: Additional Contributions,” Composites
Science and Technology, Vol. 64, No. 3-4, 2004, pp. 449-476.

. Salavatian, M., and Smith, L.V., “The Effect of Transverse Dam-

age on the Shear Response of Fiber Reinforced Laminates’,
Composites Science and Technology, Vol. 95, 2014, pp. 44-49.

. Huang, Y,, Varna, ], and Talreja, R.,“Statistical Methodology for

Assessing Manufacturing Quality Related to Transverse Crack-
ing in Cross Ply Laminates”, Composites Science and Technology,
Vol. 95, 2014, pp. 100-106.

. Stamopoulos, A.G., Tserpes, K.I., Prucha, P, and Vavrik, D.,

“Evaluation of Porosity Effects on the Mechanical Properties of
Carbon Fiber-Reinforced Plastic Unidirectional Laminates by
X-Ray Computed Tomography and Mechanical Testing’, Jour-
nal of Composite Materials, Vol. 50, No. 15, 2016, pp. 2087-
2098.

. Yin, J., Zhang, J., Wang, T., Zhang, Y., and Wang, W., “Exper-

imental Investigation on Air Void and Compressive Strength
Optimization of Resin Mineral Composite for Precision
Machine Tool”, Polymer Composites, Vol. 39, No. 2, 2018, pp.
457-466.

. Huang, T, and Gong, Y., “A Multiscale Analysis for Predicting

the Elastic Properties of 3D Woven Composites Containing
Void Defects’, Composite Structures, Vol. 185, 2018, pp. 401-
410.

. Koloor, S.S.R., Abdullah, M.A., Tamin, M.N., and Ayatollahi,

M.R., “Fatigue Damage of Cohesive Interfaces in Fiber-Rein-
forced Polymer Composite Laminates”, Composites Science and
Technology, Vol. 183, 2019, 107779.

Ye, J., Wang, Y., Li, Z., Saafi, M., Jia, E, Huang, B,, and Ye, ],
“Failure Analysis of Fiber-Reinforced Composites Subjected to
Coupled Thermo-Mechanical Loading’, Composite Structures,
Vol. 235, 2020, 111756.

Ye, J., Chu, C., Cai, H., Hou, X., Shi, B, Tian, S., Chen, X., and
Ye, J., “A Multi-Scale Model for Studying Failure Mechanisms of
Composite Wind Turbine Blades”, Composite Structures, Vol.
212, 2019, pp. 220-229.

Almeida, S.EM., and Neto, Z.S.N., “Effect of Void Content on
the Strength of Composite Laminates,” Composite Structures,
Vol. 28, No. 2, 1994, pp. 139-148.

Gdoutos, E.E., and Rodopoulos, C.A., Failure Analysis of Indus-
trial Composite Materials, McGraw-Hill, USA, 2000.

Baley, C., Perrot, Y., Busnel, E, Guezenoc, H., and Davies, P,
“Transverse Tensile Behaviour of Unidirectional Plies Rein-
forced with Flax Fibres”, Vol. 60, 2006, pp. 2984-2987.

Zhang, PE, Zhou, W,, Yin, H.E, and Shang, YJ., “Progressive

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Damage Analysis of Three-Dimensional Braided Composites
under Flexural Load by Micro-CT and Acoustic Emission’,
Composite Structures, Vol. 226, 2019, 111196.

Liu, T, Fan, C,, Ke, Z., Gao, X,, Fan, W,, and Yu, L., “A Real
Micro-Structural Model to Simulate the Transversal Compres-
sion Behaviors of Unidirectional Composites Based on the p-
CT Detection”, Composites Communications, Vol. 32, 2022,
101184.

Dvorak, G., “Micromechanics of Composite Materials”, Springer
Science & Business Media, Germany, 2012.

Sun, C.T,, and Chen, J.L., “A Micromechanical Model for Plastic
Behavior of Fibrous Composites,” Composites Science and Tech-
nology, Vol. 40, No. 2, 1991, pp. 115-129.

Tabiei, A., and Jiang, Y., “Woven Fabric Composite Material
Model with Material Nonlinearity for Nonlinear Finite Element
Simulation”, International Journal of Solids and Structures, Vol.
36, No. 18, 1999, pp. 2757-2771.

Bahei-El-Din, Y.A., Rajendran, A.M., and Zikry, M.A,, A
Micromechanical Model for Damage Progression in Woven
Composite Systems”, International Journal of Solids and Struc-
tures, Vol. 41, No. 9-10, 2004, pp. 2307-2330.

Kaminski, M., and Kleiber, M., “On Stochastic Modeling of
Interface Defects in Composite Materials,” Mechanics of Com-
posite Materials and Structures, Vol. 7, No. 1, 2000, pp. 55-78.
Hojo, M., Mizuno, M., Hobbiebrunken, T., Adachi, T., Tanaka,
M., and Ha, S.K., “Effect of Fiber Array Irregularities on Micro-
scopic Interfacial Normal Stress States of Transversely Loaded
UD-CFRP from Viewpoint of Failure Initiation”, Composites
Science and Technology, Vol. 69, No. 11-12, 2009, pp. 1726-1734.
Pelissou, C., Baccou, J., Monerie, Y., and Perales, E, “Determi-
nation of the Size of the Representative Volume Element for
Random Quasi-Brittle Composites”, International Journal of
Solids and Structures, Vol. 46, No. 14-15, 2009, pp. 2842-2855.
Tran, T.D.P, Pang, S.D., and Quek, S.T., “Does Representative
Volume Element Exist for Quasi-Brittle Composites?”, Materi-
als Science and Engineering: A, Vol. 528, No. 25-26, 2011, pp.
7757-7767.

Phu Nguyen, V., Lloberas Valls, O., Stroeven, M. and Johannes
Sluys, L. “On the Existence of Representative Volumes for Soft-
ening Quasi-Brittle Materials - A Failure Zone Averaging
Scheme”, Computer Methods in Applied Mechanics and Engi-
neering, Vol. 199, No. 45-48, 2010, pp. 3028-3038.

Gitman, LM., Askes, H., and Sluys, L.J., “Representative Vol-
ume: Existence and Size Determination’, Engineering Fracture
Mechanics, Vol. 74, No. 16, 2007, pp. 2518-2534.

Lim, H.J., Choi, H., Yoon, S.J., Lim, S.W., Choi, C.H., and Yun,
G.J. “Development of RVE Reconstruction Algorithm for SMC
Multiscale Modeling”, Composite Research, Vol. 34, No. 1, 2021,
pp. 70-75.

Hyde, A., He, J., Cui, X,, Lua, J., and Liu, L., “Effects of Micro-
voids on Strength of Unidirectional Fiber-Reinforced Compos-
ite Materials”, Composites Part B: Engineering, Vol. 187, 2020,
107844.

Nelson, J.W,, Riddle, TW,, and Cairns, D.S., “Effects of Defects
in Composite Wind Turbine Blades-Part 1: Characterization



Stochastic Strength Analysis according to Initial Void Defects in Composite Materials

185

30.

31.

32.

33.

and Mechanical Testing”, Wind Energy Science, Vol. 2, No. 2,
2017, pp. 641-652.

Toft, H.S., Branner, K., Berring, P,, and Serensen, J.D., “Defect
Distribution and Reliability Assessment of Wind Turbine
Blades”, Engineering Structures, Vol. 33, No. 1, 2011, pp. 171-
180.

Hill, R., “Elastic Properties of Reinforced Solids: Some Theo-
retical Principles’, Journal of the Mechanics and Physics of Solids,
Vol. 11, No. 5, 1963, pp. 357-372.

Gibson, R.E, Principles of Composite Material Mechanics, Taylor
& Francis, UK, 2012.

Ye, J., Hong, Y, Liu, L., Cai, H., He, W,, Huang, B., Saafi, M,
Wang, Y., and Ye, J., “Microscale Damage Evolutions in Fiber-

34,

35.

36.

Reinforced Composites with Different Initial Defects”, Compos-
ite Structures, Vol. 279, 2022, 114856.

Zhai, Z., Multiscale Modeling Based on Generalized Cell of
Method and 1Its Application in Composite Structural Health
Monitoring, Xi'an Jiaotong University, China, 2014.

Joo, H., Kim, J., Kwak, J., Lee, ], Jung, ], and Kim, H.S,,
“Improvement of Regional Clustering Using Flood Control
Characteristics and T-SNE of Machine Learning’, Journal of the
Korean Society of Hazard Mitigation, Vol. 20, No. 3, 2020, pp.
247-257.

Van der Maaten, L., and Hinton, G., “Visualizing Data Using t-
SNE;” Journal of Machine Learning Research, Vol. 9, No. 11,
2008, pp. 2579-2605.



	복합재 초기 공극 결함에 따른 횡하중 강도 확률론적 분석
	1. 서 론
	2. Representative Volume Element 모델링
	2.1 RVE 모델
	2.2 초기 공극 결함

	3. t-SNE 기법을 이용한 표본 검증
	3.1 t-SNE 기법
	3.2 t-SNE를 이용한 유사도 분석

	4. 확률론적 분석 결과
	4.1 군집 분석 결과
	4.2 표본 분석 결과

	5. 결 론
	후 기
	References


