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Abstract 
discrete crack approach has been used to model crack propa-

gation in prestressed PMMA (poly-methyl-metha-acrylate) plates. 
paper is concerned with the comparison 

computational results. The experiments have carried out on 
prestressed plates of viscoelastic PMMA material. plates 
a hole have been preloaded and fracture was by a pres-
sure pulse excited through an explosive wire placed the end of a 
transfer bar. Cracking starts at hole and propagates through 
material. photorecording fracture process the 
shows the crack length development in time. 
tional analyses influence of fracture parameters -
energy, tensile strength and shape of the softening diagram - on 
velocity of crack propagation and the size of the cohesive zone was 
determined. The influence of the fineness of the on the results 
and the modelling of PMMA impact have discussed. 
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1 

The analysis of dynamic fracture extremely difficult due to 
complexity of Analytical 
gation elastic continua 
Although the analytical solutions are essential for 
of various features of dynamic crack propagation, applicabil­
ity is restricted a class of problems with special boundary con­
ditions. Therefore, numerical methods are used for analysis of 
real structures, particular the finite element method (FEM). The 
crack motion is modeled either by a special singular 
technique or by a separation of element edges, the so-called "nodal 
release technique". The first method requires a continuous change 
of discretization crack tip which increases the 
cost considerably. An implementation of the is usu-
ally easier and introduces no inhomogenities which become a 
source of false stress waves. However, in methods 
still two ways can be used to crack propagation. Firstly, it is 
possible to prescribe the crack tip velocity investigate the stress 
field around the crack by some parameters, e.g. a stress intensity 
factor Kld(t) as done by Knauss and Losi (1993). a 
terion that controls crack propagation can defined. the case 
of a singular element technique the criterion based on the dynamic 
fracture toughness K1n is often used, whereas a "nodal release 
nique" usually prescribes a force behaviour node 
ing. Here, we use the discrete crack model for the modeling of 
initiation and crack propagation through viscoelastic 
under dynamic loading. 

2 Discrete crack 

Analysing the constitutive behaviour of a deformation-controlled 
uniaxial tensile test of concrete a few features can be distinguished. 
At first, the response of material is elastic and a linear 
deformation relation almost up to the peak load is observed. 
macro-level stress and strain are uniformly distributed within 
material and load-deformation relation the can 
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therefore directly be replaced by a stress-strain relation ma-
terial. At the peak load the strain starts to localize a narrow 
zone of microcracks (fracture process zone), after which a 
ous macrocrack develops. The transferred load decreases 
increasing deformation of the fracture process zone. As a 
this load reduction, the material outside this zone 
to the fact that the deformation in the descending is 
up by the straining of the uncracked material and the crack 
ing the stress-deformation diagram can be a stress-
strain relation for the material outside a fracture process zone, 
a stress-crack opening relation for the crack itself. 

Recognizing this behavior, Hillerborg et al. (1976) proposed 
fictitious crack model on a basis of the local strength 
the fracture mechanics energy balance approach. The 
from the assumption that in the vicinity of the of a 
process zone develops where the strain is beyond 
strain, i.e., where the material already softens. crack is 
to propagate when the stress at the crack tip exceeds 
strength ft. When the crack opens the stress is not 
to zero immediately, but decreases with increasing 
This behaviour is described by a stress-crack opening 
commonly called a softening function. At the 
We the stress has decreased to zero. The amount of energy 
by increasing the crack width from zero to We 

area under the softening function. This is the energy 
per newformed unit crack area and considering the energy ~~-·~~-·~~ 
approach we can choose the softening function so 

.!owe (J( W) dw == Ge . 

physical notion of the model is that the area 
softening function reality corresponds to a 

some remaining ligaments for stress 
The softening function is a basic ingredient 

inally Hillerborg (1976) proposes only simple 
scription of softening behaviour of the material. E.g. 
function ft == (JY and We == COD (Crack Opening 
chosen the nodel exactly corresponds to the Dugdale model ( 
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3 

crack, 
used, ~ ~-~~-~~~ 

ror speed camera process 
started by the camera at a . This is the reason why 
a nonstandard specimen geometry used. 

plates were preloaded between 7-9 kN and the crack was 
started by a pressure pulse excited by an explosive wire placed at 

of the transfer explodes due an instant 
discharge of a capacitor the wire placed in the hole of a shaping 
cube. 

photorecording the process of fracture of tested plate 
enables us to evaluate crack length - dependence and the 
fracture parameters K 1 , , by means of the field of isochromatic 
lines. the crack length - time dependence, the crack propaga­
tion velocity was determined. Independent the photorecording of 
the plate fracture, four semiconductor strain gauges scan the time 
behaviour of the stress pulse, both in the transfer bar (gauges 
and and in the plate (gauges and T4) (see Fig. 1). 
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dummy stiffness was 
additional deformations 

interface elements was 
(cf. eqn.(2)). Only mode I 
ysis. To study mesh sensitivity 
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Figure 2: Finite element discretization of the plate - fine mesh ( f) 

Fig. 2). 

interface elements and a 
elements and interface elements 

constraints were 
symmetry conditions. Forces 
(~Fi == 9.0 kN) produced tensile 

2700 con­
been analysed (see 

of field equations has been a Newmark 
( 8 == 0.5, a == a time step = lµs. consistent 

mass matrix been The parameters have been 
used as material properties ( Rumen (1993) ): 

of elasticity = 3.5 GPa, 
of elasticity - Ed == 

Poisson's ratio - µ == 
- p=l kg.m-3 

viscosity 
energy release 

- 7J = 8400 s-1 

- G1c=310J/m2 

us mg 
chain 
with 
serial. 

viscoelastic 
Maxwell chain model 

of PMMA has 

the static modulus elasticity 
- Es and a dashpot 

stress intensity factor for the 
value Kpat = 

toughness K1c = 1 

and 
units. One 

other chain 
viscosity 7J, 

preloaded plate 
MPay'ill is close 

which indicates 

the specimen. 
causes a situation close to crack initiation 
necessary for dynamic phenomena when 

the crack is initiated an stress pulse as it is with the 
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Figure 3: Strain in the Tl - T 4 measuring 

LEM experiments. corresponding tensile stress 
element, where crack tip was situated, was 
for the coarse mesh ( c) and f Jf) = 23.80 MP a 
respectively. 

In an early stage of the test 
verified by a comparison 

pressure pulse of 10 MPa amplitude, time 30 µs 
shape of sin 2 (wt) was applied to initiate crack propagation. Fig. 
3 shows the history of the strain the Tl - T4 measuring points. 
Similar results have been obtained for the two finite ele­
ment meshes. A good agreement of calculated (a dotted line) and 
experimental (a solid line) data demonstrates the correct state 
stress and strain just before the initiation of crack propagation. 

5 Discussion of results 

the calculations the influence three main parameters 
discrete crack approach, namely the fracture energy f, the tensile 
strength ft and the shape of the softening function on the crack 
velocity was tested. The size of elements near the crack path 
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Table 1: 

i= 

stress intensity 

was ongm. ex-
up only gives relative time information 

To compare this the 
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Figure 4: Variation of the tensile 
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Figure 5: Variation of the tensile strength ft - fine mesh 

such that extrapolated start-
of crack propagation from experiment ""''"'·._ ...... ,J ... ~.~'-"' 

start of the using the reference parameter set. 
The resulting crack length - relationships choices 
the tensile strength ft are shown figures 4 (coarse mesh) and 5 

(fine mesh). enable a comparison between coarse and fine mesh 
tensile strength ft is given respect to reference 

strength f F) (see . As the change 
tensile strength strongly the starting of crack 

propagation. the steady crack propagation stage resulting 
crack velocity is almost insensitive with respect discretiza-
tion and the tensile strength. crack length - relationships 
coming from different crack definitions almost coincide 
the fine mesh. means that size of the zone is 
with respect to crack length. fine mesh less sensitive 
a variation of tensile strength. 
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Figure 6: Variation of the fracture energy G f 
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Figure 7: Analysed softening functions 

6 crack length - time relations for a variation of 
G.r the reference tensile strength ft( c) have 

coarse mesh is Again, we can 
the influence on starting phase crack propagation. 

of evaluation almost the same as 
tensile strength variation. Consequently, the change of the 

energy influences the cohesive zone formation more than 
'LJµ'<...VJO.,.UUV.L'L,•.L.i. of it. 

previous analyses the linear softening function was 
shape of softening curve the material was not 

the sensitivity it on the numerical results has been tested. 
diagrams are shown in Fig. 7. In addition to the 
the function and exponential softening 

according to Reinhard et al. (1986) have been analysed. 
which softening modulus is changing,(i.e. [wn; 
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Figure 8: The influence of the softening function 

where Wn == G.r /ft) has been varied according to 

~ = ~ ( var.1 ); ~ ( var.2); ~ (var .3); 
1
9
6 

(var .4). 

The other parameters of the curve have been evaluated to keep 
fracture energy and the tensile strength at their values 
and G.r. The strong influence of the different functions 
on the crack length - time relationships is shown Fig. 8. 
the variations 2 and 3 the crack did not propagate at all due to 
unloading in the first part of the bilinear softening characteristic. 
This result confirms the sensitivity of the results to the initial slope 
of the softening function. 

All investigated parameters, fracture energy G.r, tensile strength 
ft and the shape of the softening function, influence initial stage 
of crack propagation. In the steady propagation phase the influence 
of the parameter variation was negligable. The velocity observed 
the experiments was smaller for final stage of fracture. Because 
the velocity of crack can not simulated com-
plete time spawn by parameter variation arises: How 
should we modify the model to predict crack propagation in 
final stage adequately? It is possible that values for the fracture 
energy, tensile strength or shape of the softening curve are not con-
stant along the crack path. the experimental results it can 
be seen that a more ductile is needed in final stage to 
slow down the crack speed while results 
results for the initial stage of crack propagation (see Fig. 4). 
can conclude that improvement in description dynamic crack 
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propagation can achieved if the parameters change 
agation of the e.g. if they are rate dependent. 
argument can experimental evidence of the ft( i;) '",..,,.,.,,.L, 

for different types material (e.g. Rossi et al. ( 1994), Bohme 
( 1992)) as well as successful application of a rate dependent 
model in a continuum-framework in dynamic failure analyse (e.g. 
Sluys (1994), Sluys and de Borst (1992)). 

6 Conclusions 

paper crack model for simulation of 
propagation plates was used. initial 
crack propagation is very sensitive to {i) the tensile strength ft, 

{ii) the fracture G.r and {iii) the shape of the 
gram, while during propagation this sensitivity disappears. 
choice of the tensile strength on the basis of fracture toughness 
appeared to be successful for the description of the dynamic crack 
propagation. 
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