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Abstract

Dynamic crack propagation of pressurized aluminum vessels has been studied. Rate insensitive
cohesive zone models overpredict the rate of fracture. This was the motivation to implement a new
Perzyna cohesive zone model, which is able to explain the low measured crack speeds.

1 Introduction

Fracture mechanics is used successfully to predict the progress of slow fracture processes as fatigue. Fast
fracture of ductile materials, on the other hand, proves more difficult to predict accurately. This paper
describes a series of tests on aluminium pressure vessels, representing airplane fuselages and a new rate
sensitive cohesive zone model to model these.

Accurate estimations of the rate of fracture are of particular interest to the oil and gas industry.
Uncontrolled pipeline failure may fail to arrest for many kilometers, if the fracture speed exceeds the
gas depressurization speed. Industry formulas to determine the potential for this to occur exist, but are
based on empirical measurements and need to be validated for higher strength steels [1].

Another field of application is the research on the severity of occurrences of boiling liquid expanding
vapor explosions, also known as BLEVE [2]. In road vehicles carrying liquefied gasses at pressure, a notch
resulting from some accident may cause complete containment failure in a matter of milliseconds, leaving
the liquefied gas in an unstable superheated state, which then regasifies almost instantaneous, equivalent
to a powerful explosion. The severity and even the very occurrence, of a BLEVE are controlled for a
great part by the fracture propagation rate.

1.1 Analytical boundaries to the speed of fracture

Analytical boundaries to the speed of fracture do exist, and it is generally accepted that the Rayleigh
wave speed serves as an absolute upper bound [3]:

cR = cS
0.862 + 1.14ν

1 + ν
. (1)

where,

cS =

√
E

2ρ (1 + ν)
. (2)
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This yields an upper bound for steel and aluminum of 3000 and 2800 m/s respectively. Attempts to lower
the upper bound fracture propagation rate by using the Griffith model have resulted in an asymptotic
upper bound for brittle fracture and fracture lengths orders greater then the initial crack length [4]:

climit = 0.38c0. (3)

where C0 is the material sound speed:

C0 =
√
µ

ρ
. (4)

This lowers the upper bound to fracture speeds of 2000 m/s for steel and 1900 m/s for aluminum. This is
still many times faster than the speeds observed in experiments, which lie in the range of 300 - 500 m/s
[5].

2 Experiments on pressurized barrels

The EU VULCAN projects aims at studying the vulnerability of airplane fuselages in case of an internal
explosion and fire. In this framework, tests were carried out at TNO DSS2 on pressurized aluminum 2024
T3 barrels to obtain the speed of fracture in airplane fuselages. The dimensions and internal pressures
of the barrels are given in Table 2. High speed cameras were used to monitor the fracture propagation.
Fracture was triggered with the use of explosives and a static anvil bar, creating an initial notch in shear
of length 2a. figure 1a shows a post mortem of the test setup. figure 1b shows the fracture surface of
another test performed on the same batch of one millimeter thick aluminum, indicating ductile failure
through void coalescence as the fracture mechanism. The recorded fracture speeds were less than 300 m/s
(see later figure 6 and Figure 7).

Test Pressure 2a Height Diameter Thickness
kPa mm mm mm mm

Test02alu1 310 280 1030 1200 1
Test03alu2 230 200 1030 1200 1

Table 1: Test barrel geometry and load.

(a) Barrel test after fracture (b) Close-up of fracture surface.

Figure 1: The results of fracture
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3 Shortcomings of standard CZ models for dynamic crack prop-
agation

To predict the dynamic crack behavior of the pressurized barrels described in section 2, the nonlinear
explicit finite element code LS-DYNA has been used. Explicit finite element codes are especially well
suited for highly transient phenomenon as fast fracture. Fracture is modeled by means of the cohesive
zone (CZ) approach. The cohesive zone serves to incorporate all nonlinearities in the fracture process
zone in a single row of elements of negligible width. Cohesive zones are used as intermediate elements
in between two bulk meshes and define a possible fracture path. The cohesive behavior is defined by a
cohesive energy Γ, a maximum traction T , and a non-dimensional traction separation law or TSL. The
maximum traction and cohesive energy are not independent from one another and need to be obtained
together [6]. Figure 2 depicts the type of TSL used in this research. The cohesive properties of aluminum

Figure 2: CZ law model with a tri-linear traction-separation law

2024 T3 were obtained from reference [7], where an inverse modeling technique was applied to a centre
cracked tension test, with a similar thickness as that of our barrel tests. A cohesive energy Γ = 18 N/mm
and a maximum traction of T = 2.1σy, with σy being the material yield stress. This value is comparable
to the value reported in [8, 9] of Γ = 17 - 19 N/mm, and T = 2 - 2.7σy.

Using these cohesive properties to do simulations of the barrel experiments of section 2, leads to a
gross overestimation of the actual fracture speed, roughly c = 1100 m/s, instead of the 300 m/s measured.
See figure 3. To reproduce the test data, a significantly higher cohesive energy is needed, Γ = 100 N/mm.
This indicates than in dynamic fracture the cohesive energy must be higher than in the static case.
Nevertheless, no experimental data on the fracture energy at high rates was available to confirm these
findings.

Figure 3: Test data with regular and increased cohesive energy level simulations.



4 Motivation for using a rate dependent cohesive zone model

During dynamic crack propagation, the material undergoes rapid strain rate changes. As many mechanical
properties, the fracture energy is also rate sensitive. Thus using one constant static fracture energy during
dynamic crack propagation is not realistic. We believe this rate sensitivity is partly responsible for the
discrepancies in crack speed between experiments and conventional (non-strain rate sensitive) cohesive
zone models. This is the motivation of the work presented in this paper. A user defined rate sensitive
cohesive zone model has been developed in LS-DYNA, namely a visco-plastic Perzyna type cohesive
model.

4.1 Constitutive equations

The continuum Perzyna model was adapted for use in cohesive zones and is defined by the following set
of partial differential equations. Note that work hardening has been excluded. The variable t̂ denotes a
traction (3 components), not a stress tensor (9 components).

ψ(t̂eq) =

〈
t̂eq
T
− 1

〉Npz

. (5)

δ̇vp =
1
η
ψ(t̂eq)

∂t̂eq

∂t̂
. (6)

˙̂tel = ˙̂t− ˙̂tvp = K(δ̇ − δ̇vp). (7)

This system of differential equation is numerically integrated using a simple Euler forward type
integration. First the equivalent traction is calculated:

t̂eq,n = T

√
t̂2III,n−1

S2
+
t̂2II,n−1

S2
+
t̂2I,n−1

T 2
. (8)

And then the overstress function:

ψn(t̂eq) =

〈
t̂eq,n
T
− 1

〉Npz

. (9)

Followed by the normal to the yield surface:
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(10)

And the plastic part of the opening rate:

δ̇vp,n =
1
η
ψn
(
t̂eq,n

)
· ∂t̂eq,n
∂t̂n−1

. (11)

Finally the traction update is computed:

t̂II,III,n = t̂II,III,n−1 +K1

(
δ̇II,III,n − δ̇vp,II,III,n

)
∆t. (12)



An additional penalty term is included for normal compression forces to avoid penetration:

t̂I,n =

{
t̂I,n +K1(δ̇I,n−1 − δ̇vp,I,n)∆t ,Without penalty
t̂I,n +K1(δ̇I,n−1 − δ̇vp,I,n)Cpen∆t ,With penalty

(13)

with K1 being the elastic stiffness of the cohesive zone.
The maximum opening is independent of the opening rate and can be calculated from the cohesive

energy, the shape of the TSL and the maximum traction. To calculate the maximum combined opening,
a power law equation is used:

δ0,n =
1 + β2

n

AN.TSL

1

XMU

√(
T

ΓN

)XMU

+
(
Sβ2

n

ΓT

)XMU
. (14)

where AN.TSL is the area under the normalized TSL and β is the “mode mixity”, expressing a ratio
between normal and tangential opening:

βn =

√
δ̂II,n + δ̂III,n

δI,n
. (15)

The current combined opening is expressed as:

δeq,n =
√
δ̂III,n + δ̂II,n + 〈δI,n〉. (16)

The normal opening δI is enclosed by McCauley brackets to exclude compressive forces. The tangential
opening directions are integrated according to:

δ̂II,III =
∫
δ̇II,III∆t · sign (σII,III) . (17)

The declining stress part of the cohesive zone model is described by a damage opening distance δdam.
At each time step, the sum of the current opening δeq and the damage opening distance δdam, is checked
against the maximum opening δ0. When this is exceeded, the element is no longer governed by the
visco-plastic system of equations, but rather by a linear damage formulation. As can be seen in figure 5,
the failure opening is equal for all opening rates.

4.2 Gauss point tests

The opening rate dependent cohesive zone model described in section 4.1 has been tested at single gauss
point level. this is shown in figure 4. The maximum traction T and the fracture energy Γ (the area below
the t̂ - δ curve) increases with the opening rate, while leaving the maximum opening unchanged. This
causes the cohesive energy to rise and bring the speed of fracture down.

Figure 4: Perzyna cohesive zone model. an increase in the maximum traction and fracture energy is
observed at increasing opening rates.



Another interesting feature of the Perzyna model is that it is able to cope with discontinuities in
opening rate, while returning a continuous stress response. This can be observed from figure 5.

Figure 5: Perzyna type cohesive zone’s response to a discontinuous opening rate.

4.3 Parameter determination

The Perzyna cohesive zone model has two additional parameters as compared to standard cohesive zone
formulations, i.e. the apparent viscosity η and the Perzyna exponent Npz, which need to be obtained.

The two tests with pressurized barrels [10] served as the basis for this. From one of the tests,
“Test03alu2”, depicted in figure 6, we were able to estimate the Perzyna parameters η = 0.315 and the
Perzyna exponent Npz = 2.875. For comparison, a simulation with a standard cohesive zone with identical
cohesive properties is also included. The differences in crack speed of the two models are very large.

Figure 6: Custom cohesive zone model trained by experimental data.

4.4 Model validation

The visco-plastic Perzyna parameters obtained in 4.3 were used to do a simulation of the second barrel
test. The results of which are presented in figure 7. The experimental data curve seems to converge to the
fracture speed values obtained with the newly developed visco-plastic cohesive zone model. Unfortunately,
the experimental data set is far from complete; the fracture ran outside the scope of the recording high
speed cameras.



Figure 7: Testing the custom cohesive zone model against experimental data.

The difference in initial velocity of the tests and the simulations may be explained by the method of
initiation. Both barrel test fractures were started with the help of explosives, the simulations however,
were started using a set of constraints, holding an initial notch closed until the designated time of failure.
At that time a bulge started forming, allowing the fracture to speed up as it is formed. The explosive
charge not only created the required bulge almost instantaneous, it would have also imparted kinetic
energy to the material surrounding the fracture. This explains the initial peak in fracture propagation
rates.

5 Future work

Recently an new tests series was performed on barrels made out of aluminium 2024 T3, Glare 3 3/2 0.4,
and CFRP composite to compare their relevant performance as an airplane fuselage material in cases
of internal explosions. Figure 8 shows the preliminary test results. Additional results are presented at
ICF12 and in [11].

Figure 8: Barrel with an initial notch 2a = 56 mm and an internal pressure of 200 kPa subjected to an
internal explosion equivalent to 54 grammes of TNT.



6 Conclusions

Two tests on pressurized aluminum barrels made out of 2024 T3 were performed. Using conventional
cohesive zone formulations and the static cohesive energy level, we were unable to reproduce the
experimental fracture propagation rates. Reproducing the observed fracture speed required cohesive
energy levels as much as five times as high. A visco-plastic, opening rate sensitive CZ model has
been developed for LS-DYNA. The new visco-plastic CZ model accurately predicts the stable fracture
propagation rates in barrel tests made of aluminum 2024 temper T3.
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