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Fracture Mechanics at Intermediate Rates of Loading: The Influence of 
the Acceleration on Compact Tension Tests 

p. Beguelin, C. Fond* and H.H. Kausch 

~cole Polytechnique Fkdkrale de Luusanne (EPFL), Laboratoire de Polymkres, MY-D, 1015 Lausanne, 
Suisse 
* lnstitut Charles Surdon, 6 rue Boussinguult, 67083 Strasbou~g, France 

Abstract :  Compact Tension specimens were loaded at I and 7 mls with two different accelerations imposed. 
Experimental photoelastic patterns recorded by a high speed camera were compared with those simulated by dynamic 
elastic Finite Elernent (FE) analysis. The positive results of this comparison validated the FE analysis. It is 
demonstrated that when the initial acceleralion of the specimen is low (using a damper in the loading device), static 
analysis can be applied for both testing speeds used. In high accelerations tests (without damper used), a transient 
dynamic stress state in thc specimens is found, therefore a dynamic analysis should be used. Furthermore, in high 
acceleration tests a transient mixed mode of loading at the crack tip occurs. 

R&um&: Deux accilirations diffirentes sont imposies i d e s  eprouvettes de tension compacte (CT) sollicities i 1 et 
7 mls. Les contraintes son1 visualisie par la photoClasticite a l'aide d'une camera i haute vitesse, et comparies avec 
les franges phototlastiques sirnulies par BlCments finis. Les rksultats positifs de ces comparaisons permettent & 
valider les calculs. I1 est dimontre par Ih que lorsque I'accilCration initiale de I'kchantillon est riduite par un 
amodsseur dans le systkme de chargement, I'analyse statique e s ~  applicable. Pour les accelerations ilevtcs, un etat 
de contrainte dynarnique transitoire est predominent dans la phase in~tiale du chargernent, et l'analyse dynamique doit 
&tre appliquee. De plus, dans ces tests une mixiti de mode esl prksente en tete de fissure. 

I .  INTRODUCTION 

Fracture mechanics analysis is available for various test geometries, and is based on load or displace men^ 
measurement when fracture occurs. However, the force recorded by a transducer located in the striker of an 
instrumented pendulum or drop weight carriage is difficult to interpret at high rates of testing because of 
problems in identifying the onset of fracture, particularly when the specimen is brittle. At high testing rates, 
inertial forces due to the rapid acceleration of the specimen interact with the external applied stress [ I ] .  
Thus, the acceleration of the tested specimen depends on the velocity of the striker, the apparent stiffness of 
the specimen and on the contact stiffness [2] . 

In the light of the above considerations, we have investigated the widespread Compact Tension 
geometry (CT) for the characterisation of polymers at impact rates. Several experimental measurements of 
the fracture toughness and studies of the associated deformation mechanisms in polymers have already been 
published using this technique [ 3 ] .  This paper reports a more detailed mechanical approach [4]. 

In the experimental section, we have used the birefringence properties of CT specimens made from 
epoxy resin to investigate the effect of the opening velocity and acceleration by means of photoelastic 
analysis. Pictures of the isochromatic dynamic stress distribution were taken during the tests using a high 
speed camera. 

Using finite element calculations to simulate a step by step dynamic elastic stress analysis, photoelastic 
Fringes corresponding to several stages of the loading history were simulated using the same crack opening 
displacement versus time profile as in the experiments. These were then compared with the isochromatic 
fringes in the specimens recorded during the experimental loading. 

2. EXPERIMENTS 

2.l.Testing apparatus and specimen geometry 

The specimen was loaded using a high speed servohydraulic testing machine with a piston displacement 
of up to 10 m/s. The specimen was attached to two pins. The upper pin was stationary,, connecting 

One side of the specimen to the frame of the testing machine, and the lower pin was mobile, be~ng attached 
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to the piston rod by a pickup unit, such that the specimen was free from load during the accelerating stage of 
the piston. 

The force was measured at the stationary pin and special attention was payed to have a high resonall1 
frequency (50 kHz) of the measuring system. An optical extensometer was used to measure precisely the 
opening of the moving pin. 

2.2. Photoelastic set-up 

In addition to the force and displacement measured during our experiments, the isochromatic fringes i1.r lhi. 
specimens observed in circular polarisation have been recorded using a high speed framing calner;). Tile 
field of view was chosen to cover nearly the entire specimen. A Xenon flash tube was used as the liglll 
source. The flash was triggered at a certain position of the piston rod, and its duration was 1 ms. DunlIr 
this time, continuous framing of the isochromatic fringes was performed using a Cordin Model 377 rotatill,. 
drum camera at a rate of 5 ps between frames. 

Araldite B commercially available for photoelasticity measurements, and free of internal stress, ii.;1\ 

used in the present study. V shape prenotches were machined into the specimens. 

2.3. Testing conditions 

It has been shown that the dynamic nature of the loading in three point bending experiments at impact r;ilc, 
depends on the contact stiffness between the hammer and the specimen [2]. A new testing protocol u s ~ n t ,  a 
fracture mechanics approach at 1 d s  is currently being investigated [5 ] ,  in which it is suggested ilrar 
dynamic effects may be limited by the use a damping pad to reduce the contact stiffness between rh? 
hammer and the specimen, and hence the acceleration of the latter. 

Similarly, in a high speed servohydraulic tensile tester, the opening displacement rate at a given piston 
speed depends on the stiffness at the surfaces of contact in the pick-up unit, the compliance of the specimen 
and the masses of the mechanical fixtures. The use of a viscoelastic damping material (PU elastomer) in [lie 

pick-up can decrease the acceleration of the specimen [3]. In the present study two piston speeds, I ; ~ n d  7 
d s  were used. In addition to the unmodified pick-up contact, where the materials in contact were steel and 
titanium, a damping ring was used to reduce the contact stiffness. 

The experimental conditions, and the corresponding designations referred to in the following sections. 
the time to fracture, t ,  the crack opening displacement velocity at fracture, v,,,, and the mode 1 crack tip 
loading rate prior to fracture, K,, are summarised in Table 1: 

Tablel: Summary of the experimental conditions 

~ x ~ e r i m e n t a l  designation 

1mD 
1 m U  
7 m D  

7 m U  

2.4. Displacement of the moving pin 

The measured displacement of the moving pin is plotted against time in Figure 1 for the experinlenul 
conditions in Table 1. The displacement versus time steps used in the numerical simulations are also sho\in. 

The effect of the damping pad is clearly seen in these four experiments. In damped tests ( I U D  and 
7mD), the acceleration of the specimen was nearly constant, and the opening velocity tended to that of 1 1 ~  
piston speed. In brittle materials, the fracture of the specimen may occur during the acceleration plinsc. 
before the crack opening velocity has reached the piston velocity. Nevertheless, even if the total time I@ 

fracture was greater for the damped test, final fracture occurred at velocities close to those of the piston. In 
such cases, damage mechanisms such as plasticity or localised damage, are thought to develop in the lfilsr 
stages of the test, where the crack tip strain rates are high. 

The undamped test conditions (ImU and 7mU), showed on the other hand, high transient acceler;llio?! 
of the test components, and thus the inertial forces were important. As a result, the system was no[ In 

equilibrium and a dynamic stress state existed in the specimen. Furthermore, a loss of contact occured in ills 
pickup between the piston and the input bar, similar to that which can occur between the hammer ;111d 1/1( 

Piston speed, damper 

I mls with damper 

I m/s without damper 

7 m/s with damper 

7 m/s without damper 

t, (PS) 

420 

135 

-170 

25-30 

VCOD (m/s) 

0.9 

1.7 

3 

9 

K ,  (GPaqrnlci 
7 

17 

32 

65 



specimen in Charpy experiments. This accounts for the observation of transient opening velocities higher 
than those of the piston. 
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Figure 1: Displacement, u, versus time, t, for the four loading conditions studied (line: as measured by the optical device, 
squares: as imposed in FE simulation) 

3. NUMERICAL SIMULATIONS 

A dynamic stress analysis has been performed by finite element analysis (F.E.) at time intervals of 5 p s  
using ABAQUSTM, for the loading conditions of Table 1. The material was assumed to be isotropic and 
linear elastic. The analysis of the crack tip is based on the assumption of plane strain conditions, using a 
two-dimensional model. 

The displacement conditions were imposed on three neighbouring nodes on both sides of the structure. 
The isochromatic pattern was generated by software developed in house, using nodal displacements 

from the finite element calculations. These were interpolated with the isoparametric functions of the four 
node elements to deduce strains and stresses. The number of fringes is proportional to the shear stresses: 

where I is the light intensity, 01 and 0 2  are the principal stresses, B is the thickness of the specimen and C 
is the photoelastic constant. 

4. RESULTS 

The experimental and the simulated isochromatic patterns were compared over the total duration of the test 
for each set of loading conditions. It is reasonable to assume that a good spatial and temporal correlation of 
the shape and the order of the fringes will validate the F.E. calculations. 

4.1.Comparison between the  experimental and  simulated photoelastic pat terns 

The comparison between the experimental and simulated photoelastic patterns was done for time steps of 5 
bs which was the time interval between the frames taken by the high-speed camera. As an example, a 
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selection of true and simulated fringes pattelns for the two loading conditions at 7 m/s is discussed in \\:R;,~ 

follows. The similarity of the expe~imental and the simulated patterns was satisfactory, given a tolel.ancc 
half an order in the isochromatic fiinpes. 

7mD: For relatively high nominal testing velocity of 7 nils, the stress state was found to be somcwl~;,l 
asyninietric in the specimen, as shown in Figure 2. Nevertheless, as will be seen in the next section, o\vlll! 

to the reduced acceleration, such a stress state could be assimilated to a quasi-static one. In cornpatiso11 \ ~ l l h  
the loading condition ImU, the total time to fracture was extended. Rapid crack propagation occurlrd ill ;, 
similar manner to that of the ImU test. Thc first few nullirnetres of the crack propagation occurcd i n  111t 
mid-plane. Then, owing to the additional stress supplied by the input bar during the crack propagiltio11, 111~ 

crack deviated toward the moving pin. 

Figure 2: Experimental (above) and simulated (below) photoelastic fringes i t t  a ~lonunal opening velocity 01' 711iIs. \+l~c.rs 1i1c 

acceleration was reduced by the use o i a  dampcr (7niD). 

7mU: This was a rather severe testing condition. The test was extleniely short ( 4 0  ps). As sln)\vn 111 

Figure 3, a hUy dynamic (time dependent) stress distribi~tion existed in tile specimen. It was higlil! 

asymmetric, and essentially the stlrss waves had not rcachcd the stationary pin (the upper one in tlic l i gu~c i  
when the fracture occured. The fiinges surrounding the crack tip reflected a complex local srl.c\c 
distribution. The crack propagation started at an angle, moving towards the more highly stressed ~.cgiont ill 
the soecirnen.- 

1 OUS 1 5lJS 2 0 ~ 5  2 5 ~ s  3 0 ~ s  5 5 ~ s  
7 

propagation 

Figure 3: Experimental (above) and simulated (below) photoelastic fringes at a nominal opening velocity of 71111s. wllcrc lllf 
test was undamped (7mU). 

According to these photoelastic patterns, thc use of a reduced acceleration extended the liktinle of lln 
specimen. The total time to fracture was much longer when a damper was used than in an undamped Its!. 



buteven if the effect of the loading history depended on the material itself, the increase in time to fracture 
occured mainly in the early stages of the test, when the stress in the specimen was the lowest. 

4.2.Comparison between the experimental and simulated LEFM parameters 
Since the computational F.E. procedure was considered as being validated by the above comparison 
between the experimental and the dynamically simulated isochromatic patterns, we could compare the 
experimental measurements with the results of the F.E. calculations. 

In the application of our experimental procedure with the acceleration reduced by the damper, the Stress 
Intensity Factor (S.I.F.) were estimated from the load signal, applying the static analysis: 

were f is a geometrical factor, F is the force, and Wand B are the dimensions of the specimen. 
Figure 4 shows plots of the S.I.F. in mode I (cleavage mode) calculated from the force measured by 

the load-cell, in comparison with the S.I.F. at the crack tip determined by F.E. analysis. The S.I.F. in 
mode I1 (shear mode) was also available from the F.E. analysis. The absolute value of the mode mixity 
ratio, IK,/K,I, has been plotted in the graphs. For the 7mU condition, although the time at which the fracture 
occurred is shown on the graph, the S.I.F. calculated from the measured force has not been plotted, since 
as we have seen, this is meaningless. 

Figure 4: Comparison between the measured and calculated Stress Intensity Factors, K,, versus time, t, for the four loading 
conditions studied. The experimental S.I.F. in mode I were calculated from the force measured by the load cell; the 
ratio of the S.I.F. in mode I, and in mode II, IK,, IK,i calculated by F.E. are shown. 

For both damped loading conditions, 1mD and 7mD, the K, calculated by F.E. from equation (2) were in 
good accordance with the K, calculated from F.E. analysis. One can conclude, therefore, that the measure of 
the forces acting on the stationary pin was representative of the external forces applied to the specimen. A 
static fracture mechanics analysis based on such a measurement may thus be performed. When the same 
comparison was made at 1 mls, without the damper (ImU), the result showed a rather poor correlation. The 
cdculated and measured oscillations of the S.I.F. were out of phase, and moreover those of the measured 
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K,, resulting from the resonance of the system were higher than those estimated from the calculation, 
Finally, the identification of the moment of specimen fracture in a such case is difficult, because of these 
oscillations. 

5. DISCUSSION 

The asymmetrical stress-state in the specimen observed in some photoelastic patterns resulted from the 
transient dynamic nature of the loading. The effect of the distorted stress field was to induce some Mode 11 
at the crack tip. Although the ratio of mode mixity, IK,/K,I remained low in the damped loading conditioni, 
as can be seen in the top of Figure 4, the stress-state of the specimen became slightly assymetric at 7 
(Figure 2). Since in our testing configuration, the specimen was loaded by the motion of the lower pin ollly, 
10 mls should be considered as being the upper limit of such a damped test. At higher speeds, Mode 11 1n;ly 
become higher and mixed mode fracture could occur. During the early stages of the undamped loadin: til; 
mode mixity, IKI/K,l was significant (bottom of Figure 4). In this latter case, if the fracture had occured 
after short loading time, the crack propagation would have started towards the moving part of the speciillen 
(the lower part), as can be seen in Figure 3. 

In the damped tests (1mD and 7mD) the total time to fracture was obviously greater than in  [he 
undamped tests. However, the final fracture occured at high velocity, close to that of the piston. The 
velocity at the moving pin, u , and the crack tip loading rate, K , ,  have been assessed by the calculatiorl of 
the numerical derivative of u used for the F.E. simulation, and the resulting K, values. For the undalnped 
loading conditions, R, was higher than for the damped loading conditions, but ultimate values of r ,  
obtained at fracture initiation were of the same order of magnitude, as shown in Table 1. The rnost 
remarkable distinction between the different testing conditions was the oscillating nature of K ,  resul~ir~; 
from the undamped loading, which contrasted with the almost constantly increasing K, in the damped I ~ S I L .  

It is difficult to estimate the effect of such differences in the loading history of the specimen on the critical 
S.I.F. measured, because they depend on the tested material itself. 

The undamped loading conditions should thus be considered to be rather more severe testing condit~oiis 
than the damped ones. However, as well as the much greater experimental ease with which one can obtain 
reliable S.I.F. from the damped tests, these latter yield a better characterized and less complex stress st;ilt i n  

the specimen. 

6. CONCLUSIONS 

The combined use of experimental and computational techniques has contributed to a better understandi~iz 
of the effect of the acceleration taking place in rapidly loaded CT specimens. When the opening of rili. 

specimen is achieved by the displacement of one pin only, the other being fixed, inertia effects rehuliiiip 
from the high acceleration can lead to a dynamic asymmetrical stress state in the specimen. For ~narc.r-~:il, 
showing short times to fracture (brittle materials) this can induce mixed mode fracture in the specimen. 

Both experimentation and computation, showed that a high test speed of 1 m/s without damping ~hou ld  
be considered as the upper limit of such mode I tests. Indeed, even in this case the S.I.F. could not bc 
accurately deduced from the imposed displacement and from the measured force. Furthermore, the \~r-e\? 
state in the specimen was highly influenced by the dynamic nature of the loading. Therefore. in the 
experimental determination of the S.I.F., the use of a damper in order to limit the acceleration of the mavin: 
pin was preferred. Such a setup lead to less severe, but better defined testing conditions. By reducing rile 

acceleration of the test, it was changed from a dynamic hansient impact test to a high loading rate quasi- 
static fracture test, the strain rate being of the same order of magnitude. 

Furthermore, this study has shown that comparable high speed fracture tests can lead to very diffcrc.111 
stress states in the specimen depending on the acceleration of the specimen involved in the test. 
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