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Abstract 
 
This work presents an experimental study of the compressive crack resistance curve of an 
unidirectional composite when submitted to dynamic loading. The data reduction couples the concepts 
of energy release rate, size effect law and R-curve. Double-edge notched specimens of four different 
sizes are used. Both split-Hopkinson pressure bar and quasi-static reference tests are performed. Under 
dynamic loading, the same strain rate is used for all specimen types to enable a reliable determination 
of the size effect. The full crack resistance curves at both investigated strain rate regimes are obtained 
on the basis of quasi-static fracture analysis theory. The results show that the steady state fracture 
toughness of the fiber compressive failure mode of the unidirectional carbon-epoxy composite 
material IM7-8552 is 165.6 kJ/m2  and 101.6 kJ/m2  under dynamic and quasi-static loading, 
respectively. Therefore the compressive fracture toughness is found to increase with increasing strain 
rate. 
 
 
1. Introduction 
 
Automotive and aeronautical composite structures are subjected to dynamic load scenarios (e.g. crash, 
bird strike). In order to predict the initiation and evolution of damage under dynamic loading, energy-
based damage models have been recently proposed [1-5]. They have been widely accepted and are 
now available for static loading in commercial FE codes. These models require the specification of 
fracture toughness parameters for the main failure modes to predict damage evolution after the 
material strength has been reached.  
 

 

 

 

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 2 

P. Kuhn, G. Catalanotti, J. Xavier, R. Cidade, H. Koerber and P.P. Camanho 

 

For the interlaminar matrix tensile failure mode, well established static test standards [6, 7] are 
available and are generally used to obtain the respective fracture toughness. In addition, the 
experimental investigation of the dynamic interlaminar fracture toughness has received significant 
attention over the last decades, as summarized in [8]. However, no test standards exist to measure the 
static fracture toughness for compressive fiber failure and, to the knowledge of the authors, the effect 
of dynamic loading on this material property was not yet studied.  
 
In this work, the methodology proposed in [9] to measure the compressive crack resistance curve is 
enhanced to dynamic loading. This approach uses the relations between the energy release rate, the 
crack resistance curve and the size-effect law. 
 
 
2. Material and experimental procedures 
 
2.1.  Material and test specimens 
 
The carbon-epoxy prepreg material HexPly IM7-8552, which is commonly used in primary aerospace 
components, was selected for this work. In accordance with the specified heat cycle [10], a panel with 
a [90/0]8s layup and a nominal thickness of 4 mm was cured in a hot press. 
 
From the manufactured panel, double-edge notched compression (DENC) specimens were machined 
using a 1 mm diameter milling tool. A constant ratio of the geometric properties (length, width, initial 
crack length a0) was held for all different specimen sizes (Figure 1).  
 

 
 

Figure 1. Dimensions of double-edge notched compression specimens 
 
Regarding the elastic properties of the laminate under quasi-static (QS) and dynamic (HR,                   

 ≈ 100 1/s) loading conditions (Table 1), and required for the subsequent data reduction, separate 
compression tests with unnotched specimens were performed for obtaining the Young´s modulus (Ex = 
Ey) of the balanced crossply. The shear modulus (Gxy) was calculated by using the classical laminate 
theory on basis of values from [11].  
 

Table 1. Elastic properties of the laminate  
 

Strain rate 
regime 

Ex 

(MPa) 
Gxy 

(MPa) 
µxy  
(-) 

QS 67,449 5,068 0.035 
HR 67,126 6,345 0.04 
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2.1.  Quasi-static experimental setup 
 
The quasi-static (QS) reference tests were carried out on a standard electromechanical testing machine 
(Hegewald & Peschke Inspect Table 100), with a cross-head displacement rate of 0.15 mm/min. A self 
alignment system as described in [11] was used and friction between the loading parts and the 
specimen end-surfaces was minimized by a thin layer of molybdenum disulphide (MoS2).  
 
 
2.2.  Dynamic experimental setup 
 
The high strain rate (HR) compression tests were performed on a split-Hopkinson pressure bar (SHPB) 
system, as illustrated in Figure 2.The lengths of the steel striker-, incident- and transmission bars were 
0.6, 2.6 and 1.3 m, respectively, and the bar diameter db was adapted to the tested specimen width. A 
Finite Element Model was used to adjusting the SHPB setup (striker velocity vS, copper pulse shaper 
diameter dPS and thickness tPS) to ensure that the axial strain rate was the same for every specimen 
size, enabling a reliable determination of the strain rate effect (Table 2).  
 

 
 

Figure 2. Split-Hopkinson pressure bar setup for dynamic tests. 
 

Table 2. SHPB Parameter  
 

Specimen 
type 

w 
(mm) 

db 
(mm) 

vS 

(m/s) 
Pulse Shaper dimensions 

(mm) 
    dPS tPS 

A 5 16 8.6 6 1.5 
B 7.5 18 9.4 8 1.5 
C 10 18 11.0 10 2.0 
D 12.5 25 12.2 10 2.0 

 
 
2.3.  Data reduction methods 
 
For the quasi-static tests the ultimate remote stress σu was calculated by dividing the peak load Pu 

measured from the load cell of the testing machine by the specimen cross-section in the unnotched 
regions As. For the high rate tests the axial stress components σs at the specimen/transmission-bar and 
incident-bar/specimen interfaces can be calculated by using 1-wave and 2-wave-analysis,respectively, 
as [12] 

��1 =  ���� �� 	
 , (1) 

��2 =  ���� �� (	� + 	�). (2) 

where Ab is the bar cross-section; Eb is the elastic wave Young’s modulus of the bar material; εI, εR and 
εT are the incident, reflected and transmitted bar-strain waves, respectively. As both terms (Eq. 1, 
Eq. 2) were used for the check and confirmation of specimen stress-equilibrium, ultimate stress was 
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calculated just from Eq. 2 due to the smooth transmitted wave signal. The axial strain rate  along the 
unnotched part of the specimen was calculated as given in [12] 

	�� =  ���� (−	� + 	� + 	
) 
(3) 

where cb denotes the elastic wave velocity of the bars and ls is the specimen length. 
 
 
3. Experimental results 
 
For each specimen type and strain rate regime, three valid tests were performed. As expected, all 
specimens failed due to compressive fracture along the direction of the initial notch and a pronounced 
strain rate effect on the measured ultimate remote stress occured for all tested specimen sizes 
(Table 3). 
 

Table 3. Summary of ultimate remote stress measured for quasi-static and dynamic loading 
 

Specimen label A B C D 
QS σu (MPa) 310 264 253 234 
 STDV (σu) (MPa) 27 16 3 14 
HR σu (MPa) 380 357 325 299 
 STDV (σu) (MPa) 23 9 5 7 

 
Figure 4a shows the axial stress curves over time for a specimen of type C during high rate loading, 
calculated with Eq. 1 and Eq. 2. The correlation of the two signals indicates that, after an initial 
ringing-up, the DENC-specimens are in stress-equilibrium before damage initiation. In addition,  
approximately the same strain rate ( ≈ 100 1/s ) was achieved for all specimen types, before the 
occurance of failure (Figure 4b). 
 

 
 
Figure 4. Calculated specimen stress on basis of 1-wave and 2-wave analysis (a) and typical strain rate 

- time curves for all specimen types (b) 
 
 
4. Obtaining the R-curve 
 
Following the approach described in [9], the R-curve can be calculated on the basis of the obtained 
ultimate stress of the different specimen sizes, using the relation between the energy release rate, the 
size effect law and the R-curve [13]. According to [14], quasi-static fracture mechanics theory is 
applicable for dynamic fracture toughness measurement under the condition of stress-equilibrium and 
was therefore used in this work.  
 

a) b) 
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Based on [15], the energy release rate in a two-dimensional balanced crossply under tensile or 
compressive loading normal to the fracture surface (mode I) can be written as 

��|�� (� + Δ�) =  1� �1 + �2 ��� (�)2�  !0 + Δ�� , �# (4) 

where E denotes the laminate Young´s modulus (E = Ex = Ey), w is the characteristic specimen size 
(Figure 1), α0 = a0/w, ∆a is the propagating crack length and ρ is the dimensionless elastic parameter 
defined as [15] 

� =  2�12 + �662√�11�22 . (5) 

In Eq. 4, φ is the correction factor of orthotropy and geometry of the material and can be calculated by 
applying the Virtual Crack Closure Technique (VCCT) [16] in a simplified Finite Element Model of 
the DENC specimen [9]. The relation between the ultimate remote stress and the characteristic 
specimen size σu(w) is defined by the size effect law. According to [9], the size effect law of IM7-8552 
under compressive loading can be expressed as  

�� =  (&� + ')−12 (6) 

where m and q are the slope and the intercept of the linear fit, respectively. Figure 5a shows the linear 
fit of the test data of the two investigated strain rate regimes and the corresponding line coefficients in 
Eq. 6 are listed in Table 4. Knowing all the input parameters of Eq. 4, the energy release rate curves 
for different w can be drawn. Finally, the R-curve of the laminate is the envelope of the family of 
curves of the energy release rate. According to [17], the R-curve of the 0° plies (R0) is simply twice of 
R laminate (for the laminate chosen in this study). The quasi-static and dynamic R-curves for the fiber-
compressive failure of a UD IM7-8552 ply are plotted in Figure 5b.  
 

 
 

Figure 5. σu
-2 vs. w and linear curve fitting (a) and R-curves of the 0°-plies (b) 

 
The steady state value of the fracture toughness Rss can be obtained as [9]: 

��� =  lim+→∞ �0 =  .2(1 + �)� �0&  (7) 

where φ0 = φ|α=α0. The values of Rss at both strain rate regimes are listed in Table 4. 
 
 
 
 

 

a) b) 
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Table 4. Line coefficients of the size effect law and Rss 
 

Strain rate 
regime 

Line coefficients Rss 
m q  

QS 9.70e-7 6.31e-6 101.6 
HR 5.67e-7 3.93e-6 165.6 

 
 
5. Conclusion 
 
The fracture toughness of the fiber compressive failure mode of the carbon-epoxy material IM7-8552 
under high rate loading was determined in this work. For this purpose, the methodology proposed in 
[9] was enhanced to dynamic loading. The required dynamic test data was obtained from split-
Hopkinson pressure bar tests using double-edge notched specimens with four different sizes. At  the 
high strain rate a steady state fracture toughness value of 165.6 kJ/m2 was found, which is significantly 
higher than the fracture toughness for quasi-static loading (101.6 kJ/m2).    
 
The methodology and results of the presented work can be used to further enhance state-of-the-art 
composite material models and can contribute to a further understanding of the complex material 
response of composite materials. 
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