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Analysis of Low Velocity Impact Damage and Compressive Strength

After Impact for Laminated Composites
Young W. Suh®*, Kyeongsik Woo**, Ik-Hyun Choi***, Keun-Taek Kim***, Seok-Min Ahn*****

Abstract

The demand for weight saving and high performance of aircraft require the more uses of
composite materials. However the complicate behaviors and various failure characteristics restrict
usage of composite materials. Low-velocity impact damage is a major concern in the design of
structures made of composite materials, because impact damage is hidden and cannot be detected
by visual inspection. Especially, the reduction on compressive strength after impact is influenced
by the ply delaminations introduced as damage by impact event. In this research, the numerical
analysis was performed to investigate impact damage and compressive strength after impact. It
was found that impact force history and compressive strength after impact calculated by the
numerical analysis were compared and shown a good agreement with experimental results.
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Failure criteria associated with a lamina
1) JER=e 733 A%

-Hill-Tsai

-Tsai-Wu

-Modified Tsai-Wu

2) Sewest Yoz pAd AX

-Maximum strain or stress

-Hashin and Rotem
-Yamada and Sun
-Hashin
-Hart-Smith

-Puck

-Kriging

Failure criteria associated with a laminate

-Choi and Chang Criteria for Delamination

2.2 Genoa2| T

221 Genoa® &3
2gds 722 WA A9
(micro-level, fiber/matrix)ellAl <47 2 (damage
tracking) 2 AE A4 A3E Fdste HZA
1}<=3)| 4 (progressive failure analysis, PFA)< A
THoEH 71EY L A AZES 0]
7es SUAA Foh
Genoa-PFA| A& X2 3h&o gk W4
(durability and damage tolerance, D&DT) T}
2o 59 AR Bre

A4 7l

Genoat™

%

A] 2 (Initiation)
717 (Growth)

L

72 (Accumulation (i.e. coalescence

N =
~— ~—

rheorpe e
o> o
o o o

w
~

of propagation flaws))
4)&74e] AA s} A (Stable propagation to a
critical amount)

A=} A5
Ry EE FEF £49

717 (Unstable
or very rapid propagation flaws)

[

Laminate
results

Component
FEM results are
carried down to the
micro-scale

—
Unit cell 2

Micro-Scale i
Slice of Fiber, siice
Matrix and
Interface

Laminate
Conventional FEA

Unit Cell

Sliced Unit Cell

2! 2. Full hierarchical modeling from vehicle-scale
to micro-scale enables stresses and strains to be
propagated down

Genoa PFAOX = %7] &4, T4¢9
stsdd, E4A-A wE sF oldI}
A 54 aga FxEY 59 4 7xE

Adets & d5TH. Genoad 71w
Full hierarchical 3418 F=33ltl= A& Genoa
7F g2 gEdd AZEYY9 FEEHE 7
Z 54°]t. Genoa-PFAYAM = IRHA {38
2 A (FEA)S T AAEH FER= 49
(macro-structural level)ol A 384 w49 =
zolq ALt WY, &9 2 MIES AHTolE
< AHgete] grdlolE Bl gy gie dY
stA Eth. AE5A Q0 FEAA = o] #ldolA
Aol FaHo] By e grvlo]E #E A
B (failure)e ASskA T, AAZ e FQ
9 22 " A|(micro) #WolA A]ZHE T Genoa
= deol AFEE mA HEe ays) s
TPt Genoa= A ©A9 AwkZQl FEM
4 AFE 7HA GrdlolE, gy 3 o g
b Aok FAR —T“*Q” o914 (unit-cell)
2 aga 994S F 9 AEse ME gHAd
(sub-divided unit cells: small pieces of fiber,
matrix and fiber/matrix interface)®] WA] A
Y (micro-scale)2 TAHoZ U rie A
A5 Ed 3 (full-hierarchical modeling) W&
ol wAl oMo s AS FHEHA
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(Progressive Failure Dynamic Analysis, PFDA)
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GUI setup, Input files, PFDA % GUI results &
output result files 2 FEHET  GUI setup
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(import) 0], A7 &4, AAxA, AA A4
Al B ALY g Bl 55 Aotk A4
g 39S AFsH  PFA  model control
file(*.dat)?} material databank file(*_dagabk.dat)
o] AAHM, A FAS APstd HElg &n
349 % Aol B85 & Ap

A&FA £484 A LS-Dynas £WE A
St dEgdo] AAHE Fo AT F
o datel WAL APe Fo ool
==, o] #4o] PFDA ° g3t}
% 3& LS-Dynags &WE g PFDA 3%
< =44oz A9d At WA Genoadl 7|
A9 8 B & (micromechanics module)dl] €3} 4
o B A BEA HZne] A} 2
v Kol weks 734 (ABD)S ARkst
i o5 ARE3te] LS-DynacllA sl 3
A dae oA mA s BEd o5 z}
7_}4 Zehol(ply) B Af/71A dde 2=
A= Genoadll Al A|F3d= damage control
module ]88l 3 oF7F WA ol

Bt AYS AstA7a, AstE =4S o

b‘.

4y He J% r{r

—

7

186 - F=i@e- 9l

&3t ™Al LS-Dynas AT B
(time step)o] FHE W7tA fras s2lo] vt
BAo= —?635113]- o] #AgeJA  LS-Dyna ©l
o3 ALt 2 , H¥E 59 deolHe 94
] o] Ef w] o] 2~ ]| x{xt}ﬂo} ATkt v =" &
Mo o] &€t}

Damage
Information
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Next Time
Step
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\ > Laminate ABD
\ Time interval for matrix
\ Explicit Simulation ‘
Accumuiat |
ed \ S —
Damge 8\ X l«—  [SDWA
Information | LS-DYNA e
[Adjusted | ’
Time Step \ DataBase
\ Stresses, Strains, s
l \ Displacement
\
\ '

L | Micro-Mechanics
@ it Module

T2l 3. Progressive failure dynamic analysis structure
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100mmeo] ™, [45/0/-45/90]:2] HZHES
A A HFdoltt. 29 4= AHY 7)s)
ste A g Aol Ao 2H A S B
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(@) (b)
1% 4. Low velocity impact of the composite panel: (a)
geometry (b) experimental set-up

a9 5 FAHAA AR AAlzde B

9

I Atk AE YR xF HZo] AFH=
127mmx96.2mm ZAMZFE AL wrpa] Heoukake]
AW E FEedh =3 FAcles Ael]

skl AR A W F
QoA BB W@ el y=09) AHol
HE yge wswE 47 7
Hol e vl 2AY

A% FAYe] A§HY
EERET

[—>'<
w

=

L1}

=]

ol w=0

=
u=0

Z12l 5. Boundary conditions for impact analysis

i Al EeA ASHE D i(shell
element) 2 248 3. FY
a9 63 Zo] NE TE A
WHE FoetAth Mesh 1
o BN wWE A E4X BA}A, 1
)3 mesh32 ZAE EAX digt HF At
of AFEEAT TAAE EF mesh 1~39] U3

o
=Stk FAAE desz RdYHoY, 4
Al 2 A (rigid body)e] 54 Zt=s A8t

a) Mesh 1: NE=1,584

(©) Mesh 3 NE=3220

12! 6. Finite element meshes for impact analysis

3.2 A 2Y Y

SHARY S84 #e Be BFgHANE B
ole ALE IHA A dwkAQ B5 A
=329 #e AR BAgeRny 349 7
+ £5%, 22l FE BF £10%0149] £F
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Hgstel ALgste Aol mEolth metA ols)

7R A
T Ak o 7
Aot A AHRE Hlwste] E4A

N
2ol Aoe BHAE RIS
7

+ A3 sz
(calibration) FOoZH EIHAHS o= A:
dAsta FolAA ¥ B4 FqE 7 F
At B AFdde FAXNFEAS o] Esto
4% BAS FdsAT BAYS AT At
4L Matlab Z2a oz ZA3IH T EAX]9

BARGLE e Ao Fof 2Fo] WedEz
B3 APsty] Hoie o= AL A Ao}
YA s ATHE A 2 FRIAT.

a8 7o Baa EAX BA MATe o
B2 A7te] g =ZAx)

1o
N
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=
)
ofjr
rﬂ,
>

o]l A= (contact force) ©]E&
o] 714 EXPI~EXP4= A FZAHE,
e HHAane BA ST Yt :L% 8% A=
3 SN A T AFZEGe Mg dAse
HEY od FHNS Y Yk EE o 2

b 1T e =

oty BAXA HAINANA Mo FuEge
62%, Hol=9] JuigL 2

# 4% 2 AARY BEE 24K BAS 8
A 43 ANE e A A4 a A
of g% HEHY oA A Fo ANE
B9 A9 BANE e

l‘

-Fiber

Em=228GPa, Eix=22GPa, vi;=vi3=v;=0.3
Gn2=15GPa, Gp3=7GPa

Sﬂ1T=3,447MPa, Sf11c=1,650MPa
(p=1.772x10°kg/mm”)

188 + =g

9000

8000 —ExP1
7000 Q i —EXP2
EXP3
6000 —EXP4
CF 2-. I
N 5000 [I e

4000 sac2_uni2

sac2-uni2S
3000

ggﬂf %m;y

0 1 2 3 4 5 6
t(ms)

o

12l 7. Contact force history for constituent
property tuning analysis with impact test results

9000

8000 “TEXP1

—EXP2
7000 EXP3
6000 —ExP4
e 5000 gw sac2-uni2A2
)
4000 &'
3000
2000 ‘
=L M
/
o !

0 1 2 3 4 5 6
t(ms)

T3 8. Best fit contact force history by analysis

-Matrix

En=4.18GPa, vy=0.33

Sur=81.7MPa, Suc=305MPa, Sti1c=117MPa
(pm=1.265x10"kg/mm”)

g A FAAE R FTHE FHo=E
FET. wEA  FY ZAAE master

surface 2, ZZHd A =24 A
slave surface2 A 2|3}¢] @%EZ_—% A o514

33 M&5d 42

AHE A 3k =AM HE=E o)A
S0 a9 8ol Eiupel 2ok Hd HEFHe
t=1.75mso| Al BT o ok t=5ms HZ9
ol2W HFH gho] 00] Ho| HFo] FRES
& Aok 28 9= FHMAHAA A HEH
o] MAEE t=1.7mse] A Hol|A ztzte] e
=g gegdde] EX5 Y ok
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Layer-wise View

Top View Top View

(a) Longitudinal tension(fiber) (b) Longitudinal compression(fiber)

Layer-wise View
Layer-wise View
Top View
Top View

(¢) Transverse tension(matrix) (d) Transverse compression(matrix)

Layer-wise View Layer-wise View
Top View Top View

(e) In-plane shear (f) Transverse out-of-plane shear

Layer-wise View Layer-wise View

Top View Top View

(@ Longitudinal out-plane shear (n) Modified distortional energy

12! 9. Ply damage distribution(t=1.7ms)
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Y 9ol Al FERNM FA W F 1. Damage amount at t=1.7/ms
2E Zojololq seo] BAAASL 2 & 3
- = Dama, Dama Damaged
th dEREEE AHEYE HSH 3FHolA elern%/od) ply (%f)d m)deg(%)
Agurakel olguient 7)A) Wake] ¢l uiol Longitudinal tensile | 52 14 378
zg dAlda Qe B 2= 9t} wdl A9 Longitudinal comp. 6.7 2.6 48.8
N o ;j jt; g’*;i HZ—;} 93* ELZH oﬂ;vz o |Fber crushingR1IG | 55 22 398
© T o1 Tiedd co i ?? Transverse tensile 13.6 25 98.9
Fof| o]27|7A WA gl=d AiuEe] & Transverse comp. 52 0.7 37.8
¥ ogdEe oAy = T Zglo) FHZZH) In-plane shear (+) 5.3 0.8 382
gdste] $¥a Yok B Wy Auspee | rpaeshr@ | o4 10 B
- _ Transverse 39 14 285
AZol 2A A9 12A Yy dx, He out-of-plane shear (+) ) ) )
AdutEe 3R] TN TAsAS & Transverse 38 14 272
_ . K . o out-of-plane shear (-) ) ’ )
H modified distortion energyell RSl &3 Longitudinal
2 t=1.7msol A A FEREE ot a9 I out-of-plane shear (+) 30 10 217
ol o o lsl H = w Longitudinal
8 = 7%94_ AR £XE YETH outof plane shear () | %4 10 246
® 12 FANN A &4 AEE HAT  [Modified distortional | 60 904
A Sleh FelAM BRe upel o] AAes Fol cnergy ‘ : :
A 7R e 1Sl sl dso] WA
247} 136%2 7bE 2 HES AAsT Qo A Ho| ow, ooy LEsFo] 7§
HoAfEEe 1 B gFuEe]l BAY 84 3 ok mF AW BAZA 75mmuE ¥
= 247k 52%% 67%0] WAl AR 2o BEE ol AL mebd We) WHoz WA R
B3, 58 sieo] AR axold 1A BEF  £2 A1z FEAAL AUNNE o) FU
o2 uE " 84 AAste HAETF 8I% @ AARAES gtk AN FARFeR
of &3 gho] MYF Q2E A BF HAF BFR AG vdo] AW T dHE mdd
& Fejol o4 V1A WgoE 4 HEHAS A AASH Sed, BAzA0 AN Yol
29 % g0 B AAREE A5 AN FFl we &
A A7 FAAE == Atk Genoat AAZ
3.4 GenoaE 0|83 &4 ¥ &Hal4A Aol 7halx A A A gE Al AA o
HE EEr &= QTR Flym 9Jomz A
A%FA A HA AzBe yre o HTET WER G SR WA
JEPN o o wAlel wet AFe] AAstook gt & AT
A3t (fiber  breakage), 71 A] 2h<= (matrix i
. . - = o) o A AAzZC] JtER dHo] BF AAHW
cracking) % 7] (delamination) 59 & o I -
= = Lo BAEE U FEo] AARAER F2H ZA
REE A B olse ARAoz Azw ] ol A
= - e sl 5% @49 33 2a W el
9] 4= ZFAE (compressive residual strength) _ h
Me olgd do] BAEA Foug AA FA
o] A2 YeuA "tk B A7) = Genoa _ N -
AR e Aesiel AgAdT. AFAF B9 B
o] PFA EE5 AHEetY 4 F 4542 & o s= oz
o - = e A o SHAl JAEE= Aol Alte] kA stE fe)
ot FRAEE AMNSAT. CAI &4 A & L - _
4 $WZE Genoa’t ABSHE MHOSTE Apg oo T7HHE el WSS ¥ 7ers,
san cor T o AdEEs wEe B8 sEn s
[} . L
2% 108 274 T aEsue AARA 9 o 2o B7hE = 9] gho] Aow ALk Al
= =] =] =~ L A~
2 = o 2 5 or=ame Aol S7F8tAL, ofd whatol AUAA AW dh&
stexds Ueia o 4 F hEAEe L " =
SR e e R AN she) 2w w9 An ARHEY g AN §
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u=0 e L

x v=0

32! 10. Load and BCs for CAl analysis

e AgAdo] BojAA HEz AR ANS F
ato] HAG ghs Adestofof k.
a3 11& 4 F 454 E £33 29z,

3t 7ol wE gl AHAREGE HoAFn
Atk ALFA s HFHe TIH &4
< §Fsksol 25kNAXME WSt fle AAH™
Holub Ho ¢35 76.2kNolA A F e
FTETO B2 AAo] 4Hs] sHo] AAd
AL B F 0% 45947t ¥ S j+
£ g9 AH AAZ FHSEA o= n
A bl o "o A A 2] ot %’J
a5 §4% Asts 7HHA "o

P =25 kN P =76.2kN

P =21kN P =57kN

12| 11. Damage progression during CAIl analysis

e AR FF F FENAAA
 gEa Aoz,
o —5—]_

P=44kN 32 A H o7 gEdEe A
5 Holtprl HU ¢F3FFd P=76.2kNd| =¥
FE B F Ud FHY gF3F olFEE 4=

80000

60000
3

(N)
40000

20000

0 0.5 1 15 2

d (mm)

12! 12, Load versus displacement curve for CAl

ASEAAN 2 3
48 Fiod T8 ARAZHF
Hl 3k Aolt}, 7|4 %Difference® Al
2 N@Ae AEge Fol
g AgAe BEReD e Aol AHd o
k<]

=
P AFRENFS AFARY o= AR A Y
Jae AS B & g

F 2. Comparison of compressive residual force after
impact

Experiment Analysis | % Difference

Compressi | 17691 1N

ve residual] () e =673 KN)

76.16 kN 12.9%

4.4 E

B AFME Genoad] PFA % PFDA =
olg3le] BaA F=3o A&ZAFA
4 & 3sae syo}aar:} geld A4
3 WA A&EFAMHE 533} =

o A
o AEes s EEVEEE I

i o off nfo
A e oﬁt‘ H2 nt{n

ol
!
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o RAYE s 24d EAAE A8
T4 F 4FdHES FHAG. FFM A A
EHZ = WA explicit €W LS-Dynas
AHEEAY. T4 F dSdlYdA e T4 a4
olx AREE ElolH B4e FAst g0l ol
ke 9 AAxRAS ST ¥ 4 £ A

£ 7ML e & dY2 gdS AAs
e FPsY on) HA £ EE Genoa

S
oA AFee MHOSTS AM&33t)

B AFE &3l GenoaZ o] &3 AL =
o o B EaelE 9 $4 F 4ED
BAEe d58 g3 MHEAE FEIAT

o] &} )

Aol oJ& HA AST WF ZEoldllA

Aol AW ARE sersg ¢4 e 98

4 wEA Bl dede ¢ 5 9an

34 F 4EAN9 A% ARYFARATE A

A9} vustd 2 IX3t= 4745 UG
a2 4
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