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Damage identification method for fiber-reinforced composite laminates

based on element-level damage indicators

SHI Qinghe™ , YANG Ying' , SUN Wei®, WANG Hao', HU Kejun'
(1. School of Materials Engineering, Jiangsu University of Technology, Changzhou 213001, China;
2. China Academy of Aeronautical Research, Beijing 100000, China)

Abstract: An element-level damage index, damage index of laminated element, was proposed for composite
laminate structures that can comprehensively reflect the degradation of load-bearing capacity, which can reflect the
damage of stiffness in both internal and external directions and has the advantages of fewer parameters and easier
identification. In order to ensure the rationality of the proposed damage index, mathematical and mechanical
operators was used to equate the element-level damage index with the material-level damage index, and the
differences between different damage indexes in characterizing the degree of damage were compared. The damage
identification process of composite structures based on element-level damage parameters was also proposed, i.e.,
the damage elements were firstly screened by using modal strain energy change ratio, and then the damage degree
of the candidate elements was identified by using optimization methods. The proposed method was validated by
numerical examples and an experiment work, and the correlation between the elements of the element-level
damage parameters was analyzed and the damage identification process of the composite laminate structure based
on the element-level damage parameters was validated. The results of this paper complement the existing theory of

health monitoring of composite structures.
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(a) Traditional damage indicator
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(b) Element-level damage indicators

(c) Material-level damage indicators
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w—Traditional damage variable; AA,—Normallized area; AA,,—Damaged area; M;—Vector containing material-level damage indicators;
fld,, dy, d3);—Function of material-level damage indicators

Bl1 3 2 isbr i A RO R AT

Fig.1 Number of damage variables required for the three types of damage indicators and their characteristics
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Table 1 Material parameters of composite laminate
E,/GPa E,/GPa G,/GPa Via X./GPa X./GPa Y,/GPa Y./GPa S12/GPa
140 10 5 0.3 1500 1200 50 250 70

Notes: E; and E,—Longitudinal and transverse elastic moduli; G;,—In-plane shear modulus; v,,—Poisson's ratio; X, and
X.—Longitudinal tensile and compressive strengths; Y, and Y.—Transverse tensile and compressive strengths; S;,—In-plane shear
strength.
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Table 2 Simulation conditions
Number Description of working conditions and load vectors [Nx; Ny; Nxy] [Mx; My; Mxy]
1 Tensile [100; 100; 0] [0; 0; 0]
2 Tensile and bending [100; 100; 0] [100; 100; 0]

Notes: [Nx; Ny; Nxy]
width of laminate.
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Table 3 Failure paths of two loads of laminates

No. Failure paths
1MT, 3MT, 5MT, 7TMT->2MT, 6MT->4MT->1FT,
2FT, 3FT, 4FT, 5FT, 6FT, 7FT
6MT, TMT->1FC, 7FT->5MT->1MC->3MT->2MC->4MT,
5FT, 6FT>3FC->1MT, 4FT
Notes: MT and MC—Tensile and compression of matrix; FT and
FC—Tensile and compression of fiber.

—

[\

—Combined internal force per element width of laminate;[Mx; My; Mxy]

—Combined internal moment per element
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k-coordinates of each single layer for laminate

¥ —Stiffness matrix of symmetric laminates; A—Tensile stiffness matrix; D—Bending stiffness matrix; Q,—Stiffness matrix of the 1st layer; Q{—stiffness
matrix of the 1st layer of the damaged structure; Q,— Stiffness matrix of the kth layer; Qf—Stiffness matrix of the kth layer of the damaged structure;

dk pdk | dk | dk
EVE Voo vaps

Gdk —Longitudinal transverse elastic moduli, Poisson's ratio in both in-face directions, and shear modulus of the kth layer of the

damaged structure; E E v12, v2 1 G12 —Longitudinal, transverse elastic moduli, Poisson's ratio in both in-face directions, and shear modulus of the kth

layer of the undamaged structure; d¥ e d22,d

—DMaterial-level damage parameters in fiber direction, matrix direction and shear direction for the kth

layer; ¥ (6) —Stiffness matrix expressed by element-level damage parameters; A¥, —Residual stiffness matrix expressed by element-level damage

parameters; ¥ (d i j) —Stiffness matrix expressed by material-level damage parameters; A¥, —Residual stiffness matrix expressed by material-level

damage parameters; GZ, Of) —In-plane and out-of-plane element-level damage indicators under the pth failure mode; g, —The gth kind of operator;

[Ill, —The 2-norm of matrix; h-—Thickness of laminates; zx —Midplane coordinates of the kth layer
2 PR T R R A

Fig.2 Schematic diagram of equivalent process for material-level and element-level damage indicators
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Fig.4 Combined tension-bending condition coefficient degradation curves of laminates
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Table4 Damage condition settings

Extent of damage
Damage condition Damage element
6a p
1 2 0.3 0.25
9 2 0.3 0.25
5 0.2 0.25

SENLFERR o T LAF H JC MR S A B4 0 B AR
Sy, WEFS A T AR AR BT — Y
W2, AR T T K 2 5 R0 24 5 B0 IR
JI G, 2R TR 2, 5. 23 S HAICIR
BIAFGRAIC . N, 5 S AE X T 1 64T

NMSECR

(a) Without noise

Wi RARBIRT, KEXF 2, 24 5B BROCRI R R
FESEAT RG], AR5 T80 2 9E A7 04 5 IR )
BF, Hxt 2. 5. 23 5 3 HITHIR R EA TN
422 il e
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LT RN EE R, gk 5 M2k 6 R .

M3 Fe A v BT SR 1 45 ST LU H A TG
FEAPETR 450405 B Y 543 AR B A Lo TR

NMSECR

(b) With noise

NMSECR— Normalized modal strain energy change ratio
(I TR RV Bl A 7N

Fig. 7 Damage condition 1 damage positioning index

NMSECR

(a) Without noise

NMSECR

(b) With noise

K8 5 0 2 Bt fi s

Fig.8 Damage condition 2 damage positioning index
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Table 5 Identification results without noise condition

b4 p
Damage conditions Damaged element
Identified value Error Identified value Error
. 2 0.3 0 0.25 0
Single damage 94 0 . 0 .
2 0.3 0 0.25 0
Multi-damage 5 0.2 0 0.25 0
23 0 — 0 —
*k6 FBEILRIAANER
Table 6 Identification results with noise conditions
04 p
Damage conditions Damaged element
Identified value Error Identified value Error
R 2 0.2993 0.20% 0.2513 -0.52%
Single damage
24 0 — 0 —_
2 0.3002 0.07% 0.2491 -0.36%
Multi-damage 5 0.1902 -4.90% 0.2401 -3.96%
23 0.0001 — 0 —_
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BB RERE , IR2ETE 5% Z N,

R T R0 M T A MR P G 4 A0 B B TR R
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Fig.9 Curves of mean value (MV) of identification parameters

with noise level
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Fig.11 Cantilever beam model information
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Fig. 12 Schematic diagram of the modal test equipment
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Fig. 13 Modal test equipment for beam
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Table 7 Corrected modal frequency of cantilevered beam

Modal Simulation Test Relative
order values/Hz values/Hz error/%
1 6.47 6.34 2.21
2 38.72 38.54 0.49
3 96.01 96.57 -0.53
4 188.76 190.91 -1.13
5 336.17 339.77 -1.06

*8 BREREERKEESY

Table 8 Elastic parameters of cantilever beam

after model updating
E,/GPa  Ep/GPa  G,/GPa v, p/(kgm™)
119.57 8.79 5.70 0.30 1794.67

Note: p—Density.
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Through crack

P14 i B o RS i

Fig. 14 Prefabricated penetration crack damage
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Fig. 19 Working conditions for calculating equivalent stiffness
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