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Prediction of Residual Strength of Stiffened Composite Structure After
Impact with Guided Waves-Based Monitoring

ZENG Yujun, YAN Gang, RUI Penghui
(State Key Laboratory of Mechanics and Control for Aerospace Structures, Nanjing University of Aeronautics &. Astronautics,
Nanjing 210016, China)

Abstract: This paper investigates the prediction of residual strength of stiffened composite structure after
impact with guided waves-based online monitoring information. Firstly, a piezoelectric sensor network is
designed and implemented for the monitored structure, and a structural health monitoring system is
established. Local signal difference coefficients are computed along different sensor paths to derive damage
indicators, and a damage probability imaging method is employed to identify the location of damage, while
the shape factor is estimated to approximate the size of the damage. Secondly, a finite element model is
developed for the stiffened composite structure. Feedback from online monitoring results is used to model the
damage, and softening inclusion methods are adopted to simulate the damage extent equivalently. By using
the progressive failure analysis theory for composite, the residual ultimate strength of the stiffened composite
structure after impact is predicted. The effectiveness of the proposed method is validated through a series tests
of low-velocity impact, guided waves-based monitoring, and compressive strength, laying foundation for the
highest level of application for structural health monitoring.
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Fig.1 Geometric dimensions and impact location for the

stiffened structure
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Table 1 Material properties of carbon fiber unidirec-
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Table 2 Material properties of adhesive layer
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Fig.8 Finite element model of the stiffened structure

B RGBT W 2 g, oA 54~ A
Y2y, NI Iy Bt RSFREE 8 1 mm, ) 5% f158
AT R 2 mm, WA TR RS S
W B0 S 4 A B e A AR ol DX 4 S R 42 2
BT Sf AL UL RS 5 K R 32 W AR 1 5 SRR R R
DI 2 A% 5 18 OB S B SO 5 R 5 R RN A A%
NG . O AR S BT A T RE Y S BR
55, [R) A T 468 495 4 Ak 2 15 3 A B e i ) A4S A
e, DR KA 13 mm AR BLAR , S8 %80k [BE i 40
J A5 45 A7 B TR AL, RTRE (8 A5 15000 1 T 4% A B
J3E W AR R S

AR O B e B0 B 2 4% 4 R
e 2% 0 45 A A A S A RS R b 1 AR e 4
P, I T T 4% 5 5 1 1k R TE TIUINDORS BE R TR A
R AV P, BAT R R FH B TE " L K 4
13 S50 — A W EE R AR Y e 2 K 38k, R X Ey =
M E %t 4 0 DX B8R A7 W BE 4 ik, E AL 46 B E o
Groo MR U R B SCHk [22] b3l 2 0k e 2%
A TIN5 405 1 B2 b R 2 AR B



%1

BEER R, S - T S 0 I 0 52 A A9 45 A o ot R ke 129

AT, A T A DX T e SR 0 Y L
0.2~0.3. SCHR[23JE S T —Fh &2 A A RHICHE o
i 0 4% s 40 i Ak B 1 R A e e A A A 40 B
Sk 12~35 mm 1 i M 5 458 493 [ £ Ak X S8l itk 47
WL RE A7 980, I a8 1 4000 B R R 1 A /N i
(9 1 BRSE H R 0.11~0.19, R4 12 W7 1A% T B
05 1B, 25 0 N g 45 R AR SCI M =
0.25 1 A 4t 1 2 B2 45 /0N Bf 9 47 9, B M =0.11 fE
Shy 450405 R B 5 R I A T e o 43 ) AR P T e R A
T T 4 e 40 5 8 A Ay e KA R e /I, 27 T
SHRFEE A R DX )

TS X P R AT e T it o3 AT I B AR 2R T
S I R R G e S VA 2 €1 X (IR IR GE YN
Bl A2 5 JE oA, e 3h R AR 106, B
IR 2SI T U ER T =Wl s T 4 5 i iR
S Gy WS T
2.3 BRTMMUSHTLER

S JeE Hh ASE AR i 2 3k R 1) A0 - A il £ 4n &1 9
fioR o W AT LU % 6 ok U, 75 2 bl
TN AL S B WG K, Hof e B B IRESE JEm
AR A I B — I B 450 Ik B AR KR 3 fE
77, B Aar R R S5 8 & AR R AR | 2 e R B e
I3 b, JC B A R B R AR BRGR BE K
29.29 kN; M, =0.25 B, 47 453 173 45 ¥4 455 784 1) 7] 4% W
BRGE B ok 16.71 kKN M,=0.11 Bf , 45 5 175 235 4y 455 751
14 T 4 B BR B BE S 13.92 kN A 458 49 465 280 (14 3l 4%
M B 5 BE AR X TG 05 09 B PR SR EE R AR T
42.94%~52.48% .

351
30

25r

%0 02 07 06 08 10
HiA% / mm
B9 TG0 95 45 A A0 -7 #% 28 Ay il 2%

Fig.9 Displacement-load curves for pristine and damaged

models

X H TG 38 FUA B (M, =0.25) B4 1 A 45 ¥ 76 {7
B Js il R 4 404 T 25 5 . B 1011 K 45 4 i 2%
AR RS O X, U R i adom i ik . i
AR AR AR [ B 2 A Y 3 K, 5 R T AME

U/ mm

+6.634e+00
+6.081e+00
+5.529¢+00
+4.976e+00
+4.423e+00
+3.870e+00
+3.317e+00
+2.764¢+00

+5.529¢-01
+0.000e+00

U/ mm

+8.543¢+00
+7.831e+00
+7.119e+00
+6.407¢+00
+5.695¢+00
+4.983¢+00
+4.272¢+00
+3.560e+00
+2.848e+00
+2.136e+00
+1.424¢+00
+7.119e-01

+0.000e+00

(b) U=0.82 mm
P10 oA 70 2 e rh B2 e ik
Fig.10 Modal conversion in the loading process for undam-

aged model

U/ mm

+6.504e+00
+5.962¢+00
+5.420e+00
+4.878¢+00
+4.336e+00
+3.794e+00
+3.252¢+00
+2.710e+00
+2.168e+00
+1.626e+00
+1.084e+00
+5.420e-01

+0.000e+00

(a) U=0.5 mm

U/ mm

+6.136e+00
+5.625¢+00
+5.114e+00
+4.602¢+00
+4.091e+00
+3.579¢+00
+3.068e+00
+2.557e+00
+2.045¢+00
+1.534e+00
+1.023e+00
+5.114e-01

+0.000e+00

(b) U=0.67 mm
Bl R (M, = 0.25)-Ji 2k 3 72 v B 245 4 6t
Fig.11 Modal conversion in the loading process for dam-
aged model (M, = 0.25)

FE R L 1 I, 4540 i i A2 K AR A, oh 5% R T il
e 708 Ay 35 e A T oty R A 2% e ot L 7 SR 30 B 2
I, 52 B 5 87 2R IR | 52 B2 B AR s Ah 1] k2 . TE AR
P 45 1 (%) 1% PR 5 52 X6 7 fin #8432 7% Ry 0.808 mm, A
4 5 25 B 0 A B BR o BE X RN 2R AL B R
0.653 mm, 7F H 46 7 # 35 0.5 mm ZHI , W 45 &
Az e il AR M, X T TR A5 L A N #k 2
0.82 mm B ; X} T & i th 45t , i & jn 3k =
0.67 mm I}, 2544 1) © B AR R %, A L0 I i 4544
AN o A X T A 43 o 5557 45 A 1) R BB S TN 5
B 55 0 4 TR R A R



130 [ = R N N S S %56 &
{32 0 5 A5 B AR T 1 T 4 T T
N e . +6.915¢-01
i e 3 IR R 4 S A TR 1213 B R L 7 e
e N N +5.186e-01
B A B B R T KRB X T f +4-c10e-01
+34576-01
FA 458 P B A A, ke 30 TG 408 18 485 4 R 3 o3 A B 1§;§§§§:3i
+1.729¢-0
0¥ ) A A5 5 0 2, Ok R 22 B P A 48 ggggzi‘.%_
e+
DX 3 B 0T, U B 45 23 5 e 45 R 32 2R 1 K AR (a) U=0.5 mm
L SDEG
T Hhe CE88: 75%)
1.000e+00
HSNFCCRT 19'1672;01
LR RAAHE) H 153000 ot
CF4: 75%) | +6.667c-01
+1.000e+00 +5.833e-01
+9.172e-01 +5.000e-01
+8.3446-01 +4.1676-01
+7.5166-01 H +3333¢-01
+6.687¢-01 +2500e-01
+5.8506-01 sy ——— e |
1312(%%:28} +0.000e+00
ﬁ%ﬁi (b) U=0.808 mm
719 SDEG
2403 CPE:75%)
(a) Fiber compression failure 1% % ggeigi
HSNFC(;?T Igﬁgggz—g%
AL (BRLENE) -067¢
CFH5: 75%) 12'343)(3)::8%
+8.500e-01 +4.167e-01
+777936-01 +33336-01
| +7.087c-01 +2500e-01
B 1
B e
1%:§Z§:_8% (c) U=0.82 mm
] +2.848e- e . L y
Tl B 14 JCARURE R e ook 2 22 2
D03 Fig.14 Non-destructive model-adhesive layer failure during

(b) Matrix compression failure
12 TEHER R R = #

Fig.12 Failure mode map for the undamaged model

HSNFCCRT
BLEEKLNE)
CFH: 75%)
+1.000e+00

(a) Fiber compression failure

HSNFCCRT

B EKRLSHE)

CF45: 75%)
+8.557e-01
+7.8466-01
+7.1366-01
+6.425¢-01
+5.714e-01
+5.003¢-01
+47293¢-01
+3.582e-01
+2.871e-01
+2.161e-01
+1.450¢-01
+7.3926-02
+2.854¢-03

(b) Matrix compression failure
Fl13 BRI (M, = 0.25) R = K
Fig.13 Failure mode map for the damaged model
(M, = 0.25)

P& 14 F 15 S Aor B8 I 48 A v, PR R 4 2
F T T W RE AR AL BE A s 1L B i 1S oK, 52
Bz~ 4 110 8 T A A AN T 38 K, R 4 2 B IHD PR T %
VT T R IS0 R T P W 1 A ol A R 5 R X Y
INE AL B 5 45 258 2 BRG

loading

SDEG
(P 75%)
+9.982¢-01
+9.150¢-01
+8.319¢-01
+7.487e-01
+6.655¢-01
+5.823¢-01
+4.991¢-01
+4.159¢-01
+3.327¢-01
+2.496¢-01
e I
+8.319¢-02
+0.000e+00
(a) U=0.5 mm

SDEG

CPI5: 75%)
+1.000e+00
+9.167¢-01
+8.333e-01
+7.500e-01
+6.667¢-01
+5.833e-01
+5.000e-01
+4.167¢-01
+3.333e-01
+2.500e-01
+1.667¢-01
+8.333e-02
+0.000e+00

(b) U=0.653 mm

SDEG

(F¥I: 75%)
+1.000e+00
+9.167¢-01
+8.333e-01
+7.500e-01
+6.667¢-01
+5.833e-01
+5.000e-01
+4.167¢-01
+3.333e-01
+2.500e-01
+1.667¢-01

1530000 !
(©) U=0.67 mm

P15 50 2 - aaed A Rt 2 J2 2R 2K

Fig.15 Damage model-adhesive layer failure during loading
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Fig.17 Load variation in damaged stiffened structure
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Fig.18 Experimentally determined displacement-load curve
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