
IOP Conference Series: Materials Science and Engineering

PAPER • OPEN ACCESS

Evaluation of the Residual Strength of Structures Made of Composite
Materials Based on a Conservative Distribution of Damage Parameters
To cite this article: B N Fedulov et al 2019 IOP Conf. Ser.: Mater. Sci. Eng. 581 012023

 

View the article online for updates and enhancements.

This content was downloaded from IP address 125.59.132.19 on 15/10/2019 at 23:26

https://doi.org/10.1088/1757-899X/581/1/012023


Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.

Published under licence by IOP Publishing Ltd

XXI Winter School on Continuous Media Mechanics

IOP Conf. Series: Materials Science and Engineering 581 (2019) 012023

IOP Publishing

doi:10.1088/1757-899X/581/1/012023

1

Evaluation of the Residual Strength of Structures Made of 

Composite Materials Based on a Conservative Distribution of 

Damage Parameters 

B N Fedulov1, a, A N Fedorenko1 and E V Lomakin2  

1  CDM2, Skolkovo Institute of Science and Technology, Bolshoy Boulevard 30, bld. 

1 Moscow, Russia 121205, www.skoltech.ru 
2  Lomonosov Moscow State University, GSP-1, Leninskie Gory, Moscow, Russia, 

119991, www.msu.ru 

E-mail: a fedulov.b@mail.ru 

Abstract. The purpose of this study is to develop the method that conservatively estimates the 

residual strength of a composite structure with barely visible impact damage (BVID), without 

direct modelling of impact process. The basis of the research is in the conservative 

transformation of kinetic energy of impactor into damage of the material, which is associated 

with the system of microcracks in the matrix, fiber and interface. A special algorithm that 

distributes damage parameters in worst way for the composite structure provides conservative 

estimation of residual strength. Thus, bvid allowables can be set using fewer experiments.  

1.  Introduction 

Barely visible impact damage (BVID) is the key factor for thick laminate composites. Commonly it is 

associated with the damage due to a low velocity impact as possible incidents during structure lifecycle: 

falling of tools, hailstones, runway debris etc. This type of damage may significantly reduce the 

mechanical characteristics without any visible marks on impacted surface. General certification 

procedure of aerospace composite structures based on demonstrating of “no growth” concept for such 

defects after impact under operational loads [1 - 15]. This leads to increase of safety margins and as a 

result to an essential reduction of weight efficiency. Compression after impact (CAI) is a common test 

for evaluation of damage tolerance of composite laminates. Practice indicates that prediction methods 

show unsatisfactory results in many cases and physical testing still prevails for evaluation of composite 

residual strength and damage growth in industry for today [1]. To reduce the amount of expensive 

physical tests, a reliable predictive method is required for engineering practice.  

This work proposes the approach for estimation of the minimum possible residual strength, 

based on “the worst” distribution of matrix, fiber and interface damages and its accumulation after 

impact. The minimum possible residual strength condition is fulfilled by decreasing the stiffness of the 

laminate via energy absorption from the impact. It is assumed, that the portion of the kinetic energy of 

an impactor is transformed into microcracks of fractured matrix materials (by several damage modes) 

but the other portion is transformed back to the impactor or to elastic and kinetic energies of the 

specimen. 

2.  Transformation of impact energy into damage 

The ratio of kinetic energy, which is transformed into the damage, can be estimated by tests or can be 

taken conservatively. The transformation of unit of energy into unit of damage can be derived from 

material damage model. For example, using composite material failure model described in [16, 17], the 

energy spent on degradation can be approximated as an area taken by close loop of loading curve (fig. 

1).  
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Figure 1.  Transformation of damage energy into stiffness reduction. 

     

  

This idea gives a formal rule for transformation of energy (𝐸𝑛) into damage, for example, in case of 

transversal tension loading:  
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where:   

𝜀22
1  – deformation at point 1 (fig. 1)  

𝜀22
2 – deformation at point 2 (fig. 1)  

𝑌𝑡  – failure stress in case of transversal tension  

𝐸2
1 – transversal modulus at point 1 (fig. 1)  

𝐸2
2 – transversal modulus at point 2 (fig. 1)  

𝐸2
0 transversal modulus of not damaged material  

𝜓 – damage parameter, associated with stiffness reduction (0 ≤ 𝜓 ≤ 1) 

  

The equation (1) gives the relation between damage parameter 𝜓 and required for this damage energy 

𝐸𝑛.  

For simplicity we can assume, that the damage of the material was obtained by a compression loading 

and use parameters corresponding to a compressive failure - stress 𝑌𝑐  and transversal modulus 𝐸2.  

 

Another source to spend impact energy is the delamination. The energy spent on delamination can 

be estimated as 

  

                                                                                𝐸𝑛𝑑𝑒𝑙𝑎𝑚 = 𝑆𝐺𝐼 (2) 

     where:   

S – area of delamination  

𝐺𝐼- fracture toughness for open type crack growth  

First mode of fracture toughness 𝐺𝐼 is chosen in (2) due to conservative fact that 𝐺𝐼< 𝐺𝐼𝐼 and 𝐺𝐼 <𝐺𝐼𝐼𝐼.  

3.  Damage distribution algorithm 

Avoiding the direct impact modelling, we can analyze variants with one, two, three and so on 

delaminated layers with different damage distribution for corresponding energy taken from impactor 

(fig. 2) and choose the worst variant of them. 
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Figure 2. Delamination placement and volume with possible damage 

 

Having estimated value of energy spent on stiffness degradation, we need to distribute damage 

parameters in the volume Ω, which is assumed to be affected by an impactor. Conservative distribution 

is the case when the structure has the lower residual strength. It is questionable point, but for the first 

step we can assume that the worst case is the one with maximum deformation of analyzing volume Ω. 

Formally, we can assume that it is deformation energy in the possible affected volume Ω. Now it is 

possible to formulate the problem for damage distribution: 
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where following [16] 
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(4) 

 

subjected to constrains: 

 

0 < 𝜓 ≤ 1 
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(5) 

 

Consider gradient of the objective function for finite volume used in topology optimization method: 
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where 𝜓𝑒- damage of the material at volume Ω𝑒 (undamaged material corresponds to 𝜓 = 1), index 

e is associated with volume and damage of one element in FEM analysis. Each tensor component 
𝜕𝐸𝑖𝑗𝑘𝑙

𝜕𝜓𝑒
 

can be calculated directly using matrix of (4).  

The SIMP optimization algorithm described in [18] has been implemented into Abaqus software 

using special user subroutines. The iterative procedure for finding of element damage value 𝜓𝑒
𝐾 at step 

K has the form 
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(7) 

 

where 𝐵𝐾 = Λ𝐾
−1 ∫
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Ω𝑒
𝜀𝑖𝑗𝜀𝑘𝑙𝑑Ω, and Λ𝐾 is a multiplier that satisfies the total damage energy 

constraint and is found by a bi-sectioning algorithm. The variable 𝜂 is a tuning parameter with typical 

value of 0.5 and 𝜁 is a move limit with reasonable value of 0.2. 

 

4.  Example problem 

To demonstrate the algorithm of damage parameters distribution to get the worst case, let us consider 

the compression problem of composite plate with dimensions 200mm×200mm and total thickness of 

8mm formed by 40 layers of quasi-isotropic layup [0°/45°/-45°/90°]5S. Fig. 3 shows the placement of 

optimizing volume, which is a cylinder of diameter 50mm with one non-damaged, and consequently, 

not optimized layer at the side of impact.  The loading was applied through displacement to get better 

convergence of numerical analysis. Displacements were chosen to get deformation of the layup to be 

2%, which is near the failure one.  The direction of compression loading is 0° degree. Solid elements 

with incompatible modes (perform close to second-order elements for regular element shape) were used 

with grid density of one element per layer.  

 

 
 

Figure 3. Problem statement scheme 

 

Model has two materials. First one represents optimizing volume, and second one has no influence 

from damage variation. Nonlinear geometry changes during deformations were taken into account. 

Material properties used in the analysis are shown in Table 1 and 2. 
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Table 1 Mechanical properties [16]      

                                                                                  
𝑬𝟏𝟏 (GPa) 𝑬𝟐𝟐(GPa) 𝑮𝟏𝟐(GPa) 𝝂𝟏𝟐 𝝂𝟐𝟑 

126 11 6.6 0.28 0.4 

 

Table 2 Strength properties [16]   

                                                                                     
𝑿𝒕(MPa) 𝑿𝒄(MPa) 𝒀𝒕(MPa) 𝒀𝒄(MPa) 𝑺𝟏𝟐(MPa) 

1950 1480 48 200 79 

 

Having done few program runs it was found, that the algorithm tries to spend all energy to the most 

imperfect elements. This led to idea to restrict minimum damage value to 0.5 what looks reasonable for 

physical meaning. Thus, in this study further models have a constraint for damage parameter: 

 

0.5 < 𝜓 ≤ 1 

 

Using new restriction, after 20 iterations damage has been distributed by program only into ±45 

layers and completely removed from layers with 0° and 90° degree (Fig.4). 

 

 
 

Figure 4. Damage parameter distribution 

 

The same result was obtained for values 10, 20, 40 and 60 Joules spent on damage energy. Thus, we 

can state that for pure damage defect the worst case for uniaxial compression load is the reduction of 

matrix stiffness in ±45° layers. 

 

5.  Conclusions 

The algorithm to estimate residual strength of the composite part subjected to the low velocity impact 

was performed. The advantage is that the approach avoids direct modelling of the impact process. The 

core idea of the method is the search of the worst damage distribution inside the area of the material 

affected by impact stresses. It was shown that the problem is identical to the topology optimization one 

but with opposite purpose to minimize stiffness of the structure. Example with pure damage was 

analyzed and result showed that for compression load degradation of ±45° layers is the most critical 

case. The corresponding damage parameter distribution was shown. The proposed modular formulation 

of the performed approach lets us to take into account more knowledge about defects from experimental 
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statistics and reduce conservatism systematically, and eventually build a perfect BVID defect for design 

and development purposes in structural engineering.  
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