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Abstract 
The static strength of filled-hole compressive (FHC) structure of polymer composites using the theory 
of micro-mechanics of failure (MMF) is analyzed. The MMF approach combined with non-linear 
analysis in macro-level and a linear elastic micromechanical failure analysis in micro-level is introduced. 
A face-centered cubic micromechanics model is constructed to analyze the stresses in fiber and matrix in 
micro-level. Non-interactive failure criteria are used to characterize the strength of fiber and matrix. The 
non-linear shear behavior of the laminate is studied experimentally, and a novel approach of cubic spline 
interpolation is used to capture significant non-linear shear behavior of laminate. The user-defined 
material subroutine UMAT for the non-linear share behavior is developed and combined in the 
mechanics analysis in the macro-level using the Abaqus Python codes. The failure mechanism and the 
static strength of the FHC structure of UTS50/E51 polymer composites is studied based on MMF 
method. 
 
1. Introduction 
 

In recent years, carbon fiber reinforced polymer (CFRP) composite are used in various advanced 
structures due to their high strength and stiffness, outstanding design ability, long fatigue life, 
corrosive resistance and so on. Mechanical connection is one of the most important connection modes 
for the main load-carrying structure of composite material [1]. However, mechanical fasteners will 
introduce complex stress field in the areas around the bolt hole and reduce the bearing capacity of the 
components, thus joint connection become a common aircraft structure damage location. 

Most aircraft composite structures are still designed based on the allowable values of the open-hole 
compression. The open-hole samples can provide a repeatable stress concentration, sample form is 
simple and the manufacturing cost is low. However, for the mechanical connection design, the 
assumption treating the bolt hole as open hole is too conservative [2]. So it is necessary to use the 
allowable values for filled-hole compression (FHC) structure which is more representative to 
demonstrate the local stress distribution around the fasteners. The FHC value can improve the 
allowable bearing capacity of structure.  

This paper is based on the micro-mechanics of failure (MMF) which proposed by Ha SK[2] . It is a 
real physics-based strength theory for strength prediction of the structures made of CFRP laminates, in 
which the initial failure of constituents is analyzed in micro-level with the interactive failure criteria. 
In this theory, the square or hexagonal unit cell model applied with the loads, corresponding to the 
stress states in macro-level were used to look insight into the stresses on the fiber and matrix in 
micro-level.  

In this paper, the failure modes and the strength and of FHC structure of UTS50/E51 with 
multidirectional stacking sequence have been investigated. The predicted results are compared with 
that predicted from other widely used failure criteria as well as experimental data.  
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 2. The MMF theory 
 

MMF theory is different from other theories because it is an physics-based strength theory for 
failure prediction of the structures made of CFRP laminates. Firstly，this theory selects distinctive unit 
cell which include fiber, matrix and the interface between them, then selects a certain number of key 
points from them (this article selected 17 points on fiber, 19 points on resin) and analyze the stress 
state of these points. Extracting the stress amplification matrix then the stresses of laminate are 
converted to the stresses of fiber and matrix at micro level using the stress amplification factors. 
Finally failure criterion of judgment can accurately determine the position of the failure and the 
concrete failure mechanism. This paper chooses centered cubic microscopic model as the unit cell, 
stress amplification matrix is the key factor to realize the transformation from macro stress to micro 
stress, and stress amplification matrix is obtained by applying model of the micro unit load, extraction 
of each unit load (six mechanical load and a thermal load) under the stress of each key component 
values. 

 

                                                                
Figure 1. Microscopic stress analysis unit cell and the position of key point 

 
      Achieving the transformation from macro stress to the microscopic stress after getting the stress 
amplification matrix, the transformation equation is shown by(1)： 
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(1) 

      Where σmech
(i) is the micro stress in fiber or matrix, σmech is the macro stress in CFRP laminate, △

T is the temperature difference between environment temperature and the curing temperature, Mσ
(i) is 

the stress amplification factors of point i either in fiber or matrix resin, A(i)
σ is the thermal stress 

amplification factors. the enlarged stress on each key point is obtained by macro to micro 
transformation equation, compared with four characteristic parameters of strength in micro failure 
theory and the failure state of the composites were characterized. The four characteristic parameters 
are: fiber tensile strength of Tf, fiber compression strength of Cf, tensile strength Tm matrix, and the 
matrix compression strength of Cm. Four characteristic parameters of expression as shown in (2) in the 
equation. Characteristic parameters are obtained as follows: Firstly, according to the data in table 1 
and using the numerical simulation software to apply the corresponding radial tensile stress, radial 
compressive stress, the transverse tensile stress and transverse compressive stress on the unit cell 
respectively. Extract the stress state（σ1~σ6）of unite cell on each key point (17 key point on the fiber 
and 19 key points on resin ) under the force state. Then according to the type(2), 36 key points and 
each corresponds to the internal stress along the fiber direction are extracted. equivalent stress on the 
fiber direction, the first stress invariant matrix, the matrix equivalent stress, these four types of stress 
intensity of each stress types maximize as characteristic parameters. Finally the strength of the 
component are characterized. 

 

 

 

E
x
c
e

rp
t 

fr
o

m
 I

S
B

N
 9

7
8

-3
-0

0
-0

5
3

3
8

7
-7

 



ECCM17 - 17th European Conference on Composite Materials     
Munich, Germany, 26-30th June 2016 3 

Hongneng Cai, Fei Jiao, Pengfei Yu, Xiaofei Lou 
 

 
 

Table 1. Material strength of the UD laminate for UTS50/51 
 

Strength parameters Average value /MPa 

Longitudinal tensile strength X 2100 
Longitudinal compressive strength X′ 1932 
Transverse tensile strength Y 54 
Transverse compressive strength Y′ 179 
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Where the material axes 123 are used as coordinate direction. The Tf  and Cf  are extracted as the 

maximum stress in fiber direction. The Tm and Cm are extracted as the function of stress component. 
  The failure index of the fibers and matrix is defined as  
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(3)

            
Where i = 1, . . . , n1, j = 1, . . . , n2, n1, n2 representing the numbers of key points in the fiber and 

matrix, respectively. When the failure index k reaches 1, the failure occurs either in the fiber or in the 
matrix. 

The progressive failure analysis model based on the MMF theory in our previous paper [9] is used to 
analyze the stiffness matrix degradation during loading. All these processes, including the macro to 
micro stress transformation, calculation of the MMF parameters for the components, material 
performance degradation, are performed in the platform of Abaqus, using the user material subroutine 
(UMAT) compiled.  

 
3. Static compression test and numerical analysis model 
3.1 Experimental material 

The experiment adopts the standard of ASTM/D6742, the sample size is 38.1 mm * 118 mm, hole 
diameter is 6 mm, layer order is [45/0/-45/90]2s, molding by hot pressing technology[10]. Samples are shown 
in Figure 2. Material system is UTS50 / E51 carbon fiber reinforced resin matrix composites, Table 2 shows 
the performance of the material. All mechanical performance test are proceeded on the INSTRON1195 
microcomputer control electronic universal testing machine[11]. 

 

 
Figure 2. The filled-hole structure specimen with stacking sequence [45/0/45/90]2s  
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Table 2 MMF critical parameters of constituents of UTS50/E51[17] 

 

Strength parameters Values /MPa 

Fiber tensile strength Tf 3710 

Fiber compression strength Cf 3440 
Matrix tensile strength Tm 155 

Matrix compression strength Cm 207 

 
3.2 The numerical analysis model 

The size, material and stacking sequence of the laminated plates are consistent with those in test. 
According to the clamping condition in the test, fixed boundary conditions on the left side of the 
laminated plates is applied. The element type of the laminated plates is C3D8R (eight nodes with 
reduced integral point) [12]. The element number of laminated plate is 64872.  
 

 
Figure 3. FHC specimen and mesh model with stacking sequence[45/0/–45/90]2s

 
4. The model prediction and experimental validation 
4.1 The numerical calculation results and analysis 

This article does not use composite dialog for fast modeling when using Abaqus software. The reason is 
that the composite model is created based on the consideration of the overall mechanical properties, it does 
not highlight the practical effect of a single layer. Laminated plates, for example, the stress state of different 
layers but with same angle of the laminate is same in composite dialog, but in practice, due to the same angle 
boundaries and surface effects,the stress between different layers are different. Based on the consideration of 
actual effect, this paper uses the partition function to divide layers, then the direction of material and material 
properties are setted, the simulation results will be more real[13]. Figure 4 is the stress contour of FHC 
laminate which created in Abaqus. 
 

 
Figure 4. The static compression stress contour of the FHC structure 

 
The macro contour show that after the compression, the stress mainly concentrated around the hole, 

especially in the up and down parts of the hole. The overall stress distribution shape is umbrella like. 
MMF theory is used to establish the nonlinear model and analyse the micro stress of FHC structure, 

depicting the microscopic stress distribution contour of components within each layer[16]. Figure 5 (a) 
shows the microscopic stress distribution contour of the first four layers of components when failure 
occurs, The tensile stress on the resin of the second layer is 156.76 MPa which beyond the MMF 
characteristics of resin tensile parameters which is 155MPa. This result suggests that the failure position 
of the FHC structure is in 0°layer, the failure mechanism is tensile failure of matrix. 
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    In order to analyze the failure mechanism of the FHC structure more accurately. Using MMF 
theory combine with the established nonlinear model to analyze the index distribution of each 
component, depicting all the four failure index distribution of each layer[17][18]. Figure 5(b) shows the 
failure index distribution of top four layer, the figure shows that the first one which the failure index 
reaches to 1 is the 0° layer tensile failure of the matrix kT,m. The failure of FHC structure is sparked by 
the hole edge.  

Figure 6 (a) and (b) show the MMF parameter contour and  the failure index contour of 1 to 4 layer 
in the final failure of FHC structure. The stress concentration around the hole had been expanded in a 
flake form. Specific failure mechanism can be directly observed by the failure index contour of each 
component. The failure zone is mainly along both sides of the holes perpendicular to the direction of 
the load, which are consistent with the test results. The fiber and resin of laminated plates in each layer 
both occurred failure, only in the 90 ° layer, on both sides of the holes have the fiber tensile failure. the 
failure mechanism of ±45 ° and 0 ° layer is the compression failure in both matrix and fiber, the 
predicted stress of the FHC structure is 17.1kN. 
 

                   (a)                                                 (b) 
Figure 5. MMF parameter and failure index in first four layer of FHC structure with 

stacking sequence [45/0/–45/90]2s under static compression in initial failure 
 

          
        (a)                                   (b)     

Figure 6. MMF parameter and Failure index of first four layer of FHC structure with 
stacking sequence [45/0/–45/90]2s under static compression in final failure 

 
Figure7 shows the nonlinear MMF predicted values and experimental values of the FHC structure, 

the comparison between the elastic theory of MMF, Tsai - Wu theory and OHC structure. The 
nonlinear MMF predicted values is relatively close to the experimental results, the error is 2.4%, and 
the relative error between the elastic MMF method and Tsai - Wu predicted results are 11.9% and 
8.9% respectively. Besides, the deviation of FHC result from the OHC structure result is 5.9% higher, 
this result justifying the conservatism of OHC structure.  

 

 

 

E
x
c
e

rp
t 

fr
o

m
 I

S
B

N
 9

7
8

-3
-0

0
-0

5
3

3
8

7
-7

 



ECCM17 - 17th European Conference on Composite Materials     
Munich, Germany, 26-30th June 2016 6 

Hongneng Cai, Fei Jiao, Pengfei Yu, Xiaofei Lou 
 

 

 
Figure7. The static compression strength comparison between prediction and test value 

 
Analyzing the relationship between damage failure mechanism of each layer and the press 

displacement with gradual failure analysis model based on the theory of the MMF. Table 3 shows that 
the initial failure appears in the matrix of 0° layer, then the failure appears in the resin of +45°layer and 
fiber of 0° layer. Subsequently is the resin of -45°and 90°layer, the final failure appears in the fiber of  
90° layer and +45° layer. When the displacement is greater than 0.93 mm filled-hole structure 
completely destroyed. 

 
Table 3. The gradual failure mechanisms of FHC structure made of UTS50/E51                    

         laminate with stacking sequence [45/0/–45/90]2s under static compression. 
 

45° layer 0°layer -45°layer 90°layer Compression 
Displacement 

/mm 
fiber matrix fiber matrix fiber matrix fiber matrix

0.57    ●     
0.62  ● ● ●     
0.73  ● ● ●  ●  ● 

0.79-0.93  ● ● ● ● ●  ● 
> 0.93 ● ● ● ● ● ● ● ● 

 
4.2 Test results 
   The static compression tests are performed by a universal testing machine INSTRON1195 
according to the standard of ASTM D 6742/6742M-12 at a displacement rate of 1 mm/min. The  
average value of three specimens is used to characterize the static strength of FHC structure. 
Compression load-displacement curve is shown in Figure 8. The curve shows that there is no jumping 
in the stress-strain curve till final failure and the damage process from the initial to the final failure is 
accomplished instantaneously. The static compression strength of FHC structure characterized by the 
average of three groups of test, the average intensity of test is 16.76 kN, The simulation prediction is 
very close to the test result and the average error is 2.4%.  
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Figure 8. Compression load - displacement curve of  FHC structure made of UTS50/E51 

laminate with stacking sequence [45/0/–45/90]2s under static compression 
 
     Figure 9 is the macroscopic morphology of final failure. It shows that after the compression, crack extends along 
the direction that perpendicular to the loading direction,  and the most dangerous area is around the hole where fiber 
fracture and exfoliation appears. This is consistent with the prediction results.  
 

 
Figure 9. The macro contour of FHC structure with stacking 

sequence [45/0/–45/90]2s under static compression 
 
 
5. Conclusions 
 

The failure modes and the strength of filled hole compressive (FHC) with stacking sequence 
[45/0/–45/90]2s of UTS50/E51 have been investigated using the progressive failure method based on 
the theory of micro-mechanics of failure (MMF).  

The initial failure occurs in the matrix of 0° layer, subsequently the break of fiber in the 0° layer 
appears, which leads to the final failure of the FHC structure.  

The predicted strength of the FHC is 17.1kN, agreeing well with the experimental result with 
relative error of 2.4% higher. This result is also higher than the experimental result for OHC structure 
of 15.7kN. This result shows the OHC experiment is a conservative method, and the FHC result is 
more precise one near the practical condition. 
 
References 
 
[1] Shanyi DU, Guan Z. Strategic considerations for development of advanced composite technology for 

large commercial aircraft in China[J]. Acta Materiae Compositae Sinica, 2008, 25(1):1-10. 
[2] Ha SK. Micro-mechanical failure theory continuous fiber reinforced composites，proceedings of the12th 

Composites Durability Workshop (CDW-12), St. Maximin, France, 2007, March 27-31. 
[3] Hou J P, Petrinic N, Ruiz C, et al. Prediction of compression damage in composite plates[J].Composites 

Science & Technology, 2000, 60(2):273–281. 
[4]CHEN Cheng, ZHANG Xiao-jing, CHEN Ye-biao. Analysis and Prediction of Composite 

LaminateCompressive Strength with Filled Hole[J], 2012, 12(16):341-348. 
[5] Daniel I M. Failure of composite materials[J]. Strain, 2007, 43(1): 4–12. 
[6] Chang F K, Chang K Y. A Progressive Damage Model for Laminated Composites Containing Stress 
[7] Hashin Z. and B. W. Rosen. “Nonlinear Behavior of Fiber Composite 

Laminates,”NASACR-2313(1974) 
[8] Jones, R. M. and H. S. Morgan. “Analysis of Nonlinear Stress-Strain Behavior of Fiber-Reinforced 

Composite Material,” AIAA J.,15:1669-1676(1977) 

 

 

 

E
x
c
e

rp
t 

fr
o

m
 I

S
B

N
 9

7
8

-3
-0

0
-0

5
3

3
8

7
-7

 



ECCM17 - 17th European Conference on Composite Materials     
Munich, Germany, 26-30th June 2016 8 

Hongneng Cai, Fei Jiao, Pengfei Yu, Xiaofei Lou 
 

[9] Li W, Cai H. Micro-mechanics of failure for fatigue strength prediction of bolted joint structures of 
carbon fiber reinforced polymer composite, Composite Structures 124 (2015) 345–356. 

[10]Hashin Z, Rotem A. A fatigue failure criterion for fiber reinforced materials[J], Journal of 
Composite Materials, 1973,7: 448-464. 

[11] Bar-Yosef, P. and G. Siton. “The Effect of Material Non-Linearity on the Interlaminar Stress Field in 
Composite Laminate ,” Computers and Structures,  21:1105 -1118(1985) 

[12] MiyanoY, Nakada M, Sekine N. Accelerated testing for long-term durability of FRP laminates for 
marine use[J], Journal of Composite Materials, 2005, 39:5-20. 

[13] Huang ZM, “A unified micromechanical model for the mechanical properties of two constituent 
composite material,”Part Ι:Elastic behavior. J. Thermoplastic Comp.Mater.Vol. No. 4:252-  

271(2000) 
[14] Azzi, V. D. and Tsai, S. W. “Anisotropic Strength of Composites”, Experimental Mechanics, 5:283- 

288(1965). 
[15] Tsai, S. W. “A General Theory of Strength for Anisotropic Materials,” J. Comp. Mater ,5:58-80(1971). 
[16] Hashin, Z. and Rotem, A “A Fatigue Failure Criterion for Fiber Reinforced Material,” J. Comp 

Mater. , 
5:58-80(1973). 

[17] Yamada, S. E. and Sun, C. T. “Analysis of Laminate Strength and Its Distribution,” J. Comp. Mater. 
12:275-284(1978). 

[18] Shahid, I. and Chang, F. K. “An Accumulative Damage Model for Tensile and Shear Failures of 
Laminated Composite Plates,” J. Comp. Mater. , 29(7):926-981(1995). 

[19] Li W, Cai H, Li C. Static compressive strength prediction of open-hole structure based on non-linear 
shear behavior and micro-mechanics[J]. Mechanics of Time-Dependent Materials, 2014, 18(4):643662. 

[20] Puck, A. and Schurmann H. “Failure Analysis of FRP Laminate by Means of Physically Based 
Phenomenological Models,” Composites Science and Technology, 62(12-13):1633-1662 (2002). 

 
 

 

 

 

E
x
c
e

rp
t 

fr
o

m
 I

S
B

N
 9

7
8

-3
-0

0
-0

5
3

3
8

7
-7

 


