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1 Introduction

Nowadays, cylindrical tubes are used in various applica-
tions, such as oil/gas/water transportation systems, avia-
tion industries, power generation, and in a variation form 
of internal moving load it can be addressed in the blood 
vessel system. In these cylindrical structures, cracks are 
most likely to occur along the axial direction, and they can 
produce serious fault in the serviceability of the structures. 
By referring to the literature on fracture mechanics prob-
lems dealing with tubes, we can see that most of them deal 
with either quasi-static or fatigue loading [1]. Detonation-
driven tube fracture is distinguished from quasi-statically 
loaded tube fracture for two main reasons. First, the flex-
ural waves caused by traveling loads can result in oscilla-
tory strains whose amplitudes are dependent on the speed 
of the traveling load and can be several times higher than 
those predicted by static formulas. Second, dynamical frac-
ture parameters can be quite different from equivalent static 
forms [2]. Loading simulation is the first part of studying 
detonation-driven fracture in tube which we can find sev-
eral studies concerning the structural response of tubes to 
shock or detonation loading [e.g., 3–9]. However, these 
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studies did not involve a fracture mechanics approach 
because they did not consider pre-flaws and cracks.

Cirak et al. [10] performed large-scale fluid–structure 
interaction simulation of viscoplastic deformation and 
fracturing of the experimental aluminum tube of Chao and 
Shepherd [2]. Their results showed some inconsistencies 
with the experiments, particularly with respect to the crack 
growth magnitude, speed (2–3 times higher than experi-
mental), and premature cracking of the flap edges [11]. 
Mirzaei and Karimi carried out finite element (FE) simula-
tions of detonation-driven fracture of a thin aluminum tube 
using the crack tip opening angle (CTOA) [12] and com-
pared the results with the experimental work of Chao and 
Shepherd [1]. Mirzaei [13] analyzes an accidental explo-
sion of gas cylinder containing hydrogen. Then, Mirzaei 
et al. [14] carried out FE simulation of this accident. They 
reported that the self-similar growth of the initial axial 
crack in the main body of the cylinder was a fatigue-type 
incremental growth governed by the structural waves.

A method for the prediction of dynamic crack propaga-
tion in shells with explicit FE methods was developed by 
Song and Belytschko [15]. Detonation-driven dynamic 
fracture of thin-walled shells was modeled using FE simu-
lation by Gato and Gato and Shie [16, 17], and Gato [18] 
simulated the same problem using meshfree method. Mir-
zaei et al. [19] presented an analysis and simulation of the 
catastrophic failure of a compressed natural gas fuel tank. 
These are recent studies in this area.

The contribution of the current study is to provide numer-
ical simulations for detonation-driven fracture of a thin alu-
minum tube and compare the results with the experimental 
results of [1]. The modeling of this study was carried out 
using the capabilities of the commercial code Abaqus. In the 
previous investigations, fracture energy parameter was com-
puted by static plain strain fracture toughness while deto-
nation load is a phenomenon that requires dynamic param-
eters. For this purpose, a dynamic CTOA value seems better 
approximation of crack growth under internal gaseous deto-
nation. For this purpose, the simulation was performed based 
on dynamic CTOA obtained by Mirzaei and Karimi [12]. 
This paper is organized as follows: Sect. 2 gives a descrip-
tion of gaseous detonation load, its characteristics and results 
of tube response to internal moving load; the crack growth 
simulation using cohesive elements, crack retardation and 
arresting and crack branching are discussed in Sect. 3, and in 
Sect. 4 final remarks and a conclusion are presented.

2  Moving load simulation

Leading shock and a reaction zone are elements of a gas-
eous detonation wave. The gaseous detonation shock pro-
vides the thermodynamic conditions for the reaction zone, 

and the reaction zone releases energy to support the shock 
wave. Detonation propagation diagram in a tube with a 
closed end is shown in Fig. 1.

The pressure history for this type of loading can be rep-
resented by an exponential approximation to the Taylor–
Zeldovich model as follows [20]:

In the above equation, P1 is the initial pressure of the gas mix-
ture, P2 is the peak pressure, P3 is the final pressure, T is the 
exponential decay factor, Vcj is the Chapman–Jouguet (CJ) 
velocity, Patm is the atmospheric pressure, x is the distance 
variable, t is the time variable, and H is the step function.

Structural response of tube to detonation loading was 
carried out with the Abaqus/explicit code [21]. To calculate 
the structural response to an internal moving pressure load, 
an elasto-dynamic calculation was carried out. For the tube 
2 as shown in Fig. 2, the half-model consisted of 31,500 
eight-node brick elements. The element distribution in the 
radial, longitudinal, and circumferential directions is 3, 
350, and 30, respectively. Boundary conditions of the prob-
lem can be treated as simple-support which once used in 
Sect. 2 [9]. The material and geometrical properties of the 
aluminum 6061-T6 tube are given in Table 1.

The FE simulation and modeling of the moving load 
with the required profile are carried out with Abaqus using 
a VDLOAD user-writing subroutine. The VDLOAD sub-
routine parameters include CJ speed, initial pressure, maxi-
mum pressure, final pressure and exponential decay factor 
with the values of 2365 m/s, 0.0 MPa, 2.6 MPa, 0.5 MPa, 

(1)

P(t) = (P1 − Patm)+

[

(P3 − P1)+ (P2 − P3)e
−

t

T

]

×
[

1− H(x − Vcjt)
]

Fig. 1  Detonation propagation in tube with a closed end [8]

Fig. 2  Tube assembly schematic for detonation experiment [18]
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and 0.15 ms, respectively. Figure 3 shows the comparison 
between the experimental [1], analytical [9], and numerical 
hoop strain history results for a point at distance 0.2822 m 
from the entrance of the tube.

The result of the FE simulation and the analytic solution 
are obtained for a duration which includes the initial deto-
nation loading and the subsequent reflections of the flexural 
waves at the flanges. If one detonation with speed V trav-
els tube with length L in t second(s), simulation time was 
considered about 3t. In general, there is a good agreement 
between these results up to 4.24 ms which corresponds to 
the traveling of one detonation load duration.

3  Crack propagation modeling

Figure 4 shows the geometry of the model and the FE mesh. 
Instead of modeling an axially oriented notch, shaped as 

a semi elliptical surface crack which was used by [1], a 
through thickness crack offered by [22] with the length of 
8.115 mm was used in this study. The original semi-ellip-
tical surface crack was 35.2 mm long and 0.64 mm deep 
within a 0.89-mm wall thickness, which can cause severe 
problems with regard to the shape and aspect ratios of the 
elements.

The following subsections present detailed analyses of 
the crack growth in thin-walled tube.

3.1  Cohesive element methodology for crack propagation 
simulation

It is necessary to consider more than one parameter for 
simulation of problems dealing with ductile crack growth, 

Table 1  Material and geometrical properties of the tube [1]

ρ (kg/m3) E (N/m2) ν σYld (MPa) σUlt (MPa) L (m) h (mm) (thickness) Rin (m) Rout (m)

2780 69 × 109 0.33 276 310 0.61 0.89 0.01975 0.02064

Fig. 3  Variation of hoop strain with time for: a experimental [1], b 
Abaqus FE solution, and c analytical solution [9] of the tube under 
internal moving pressure (Table 1)

Fig. 4  Schematics of FEM mesh of the tube

Fig. 5  Exponential form of T–S graph, in general
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because a single-parameter treatment of cracked structures 
may not converge to accurate results. Thus, we need to use 
either two-parameter fracture mechanics model, or refer-
ring to other solutions based on damage mechanics models 
[22, 23]. In this regard, cohesive zone (CZ) modeling has 
been used in this research which is based on the concept 
that the crack tip stresses cannot be infinite. Thus, the dam-
age law is represented by the so-called Traction–separation 
(T–S) law (Fig. 5) which is an energy criterion. This law 
represents the constitutive behavior of the cohesive ele-
ments. This element has three parameters: the cohesive 
energy Gc, the cohesive strength σc and the critical separa-
tion δc in which the last two parameters are independent, 
and the cohesive energy can be extracted from them. The 
cohesive strength and the critical separation can be deter-
mined with either experimental tests or previous numeri-
cally established results. In the current work, a 3D CZ 
model has been developed to simulate crack propagation 
under detonation load. The CZ method has already been 
implemented in Abaqus commercial code to simulate crack 
initiation and propagation.

In general, the cohesive elements have two surfaces 
which connect the faces of two adjacent solid elements 
with generally initial zero thickness (see Fig. 6). When the 
energy release rate reaches the critical value Gc, the crack 
starts to propagate. As said before, constitutive equation is 
used to relate the traction to the relative displacement at the 
cohesive surfaces.

The cohesive strength is selected as: σc = 2σys using 
the procedure outlined by Li and Siegmund [24] and Cirak 
et al. [10], where σys is the yield strength of the bulk mate-
rial. The value of Gc is obtained from dynamic critical 
CTOA as reported in [12]. Modeling approaches based 
on macroscopic levels of deformation, such as the CTOA, 
appear to provide a viable growth criterion for thin materi-
als. The critical CTOA is calculated from the critical crack 
tip opening displacement (CTOD) by:

where x is the distance from crack front, wherein CTOA 
and CTOD are calculated. Mirzaei and Karimi [25] 

(2)CTOA = 2 tan−1(CTOD/2x)

carried out a WARP3D simulation for determination of 
critical CTOA. The distance parameter Lc is 0.763 mm [x in 
Eq. (2)]. The critical CTOA obtained from this simulation 
is 4.61°. Thus, using

The computed value of the critical cohesive fracture 
energy based on critical CTOA is 16,953 j/m2.

To have accurate results of crack modeling using the CZ 
model, a minimum number of elements are required to sim-
ulate properly the variations within the CZ [26]. Hillerborg 
et al. [27] proposed a model to estimate the CZ length which is

where E is the Young’s modulus of the material. Therefore, 
eight elements over the CZ length are used in this model to 
be able to fully resolve the variations within this zone.

3.2  FE simulation results and discussion

3.2.1  Simulation with fixed cohesive fracture energy

In this section, different models with initial crack rather 
than those presented in Sect. 2 are created. Simulation is 
carried out with detonation loading parameters according 
to Table 2. The detonation load will propagate along tube 
until it reaches end of the tube. Boundary conditions of 
the problem can be treated as simple-support as Sect. 2. A 
through-thickness crack with 8.115 mm length is consid-
ered in the middle of the tube. This model contained 95,040 
eight-node brick element and the simulation time is set to 
fully cover the traveling load as well as two reflections. 
The cohesive elements are inserted between solid elements 
along crack path and in circumferential direction to capture 
crack curving and branching. The material and geometrical 
properties of the tube are given in Table 1.

The value of the critical cohesive fracture energy was 
considered to be equal to 16,953 j/m2. Results of this simu-
lation are depicted in Fig. 7 which f and b refer to forward 
and backward crack tips, respectively.

(3)Gc = CTODc × σys

(4)lcz = E
Gc

σ 2
c

= 3.84 mm

Fig. 6  Cohesive and adjacent 
solid elements configuration, in 
general
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The simulations presented in Fig. 7 seem to be expres-
sive of a number of actual propagation characteristics 
including flap bulging. It can be seen that propagation 
of crack front tip is more than the back tip. This phe-
nomenon is due to the pressure difference between two 
sides of the crack so that they experienced higher pres-
sure at most time of load traveling. This phenomenon, 
however, is not true at two different time(s). First time is 
when the detonation wave just arrived to the crack tip (at 
0.127 ms) where the pressure distribution inside the tube 
is similar to Fig. 8. As can be seen, back tip has higher 
pressure while the crack growth is not started yet. In this 
case, once crack start to growth, the back tip will have 
lower pressure than the front tip. The second time occurs 

when the detonation load travels tube completely and 
pressure within the tube has reached its final value, P3. 
After this, both crack tips will have approximately same 
growth rate because they are experiencing same level of 
pressure.

On the other hand, there is one major inconsistency 
between the FE simulation results of Fig. 7 and the actual 
crack growth features which is the crack speed of simula-
tion is two times the actual average crack speed during the 
self-similar growth. The reason is that this simulation was 
done without considering the retardation effects of cyclic 
crack growth [14]. This problem has been solved in the fol-
lowing section.

Table 2  Experimental conditions and results for a pre-flawed aluminum tube [1]

Shot # L (m) h (mm) Vcj (m/s) P1 (MPa) Pcj (MPa) P3 (MPa) T (ms)

34 0.610 0.89 2404 0.18 6.1 2 0.15

Fig. 7  First principal stress 
component contours (in MPa) 
of simulated crack growth for 
an aluminum tube (crack growth 
values are in mm)

Fig. 8  Pressure distribution due to detonation in tube at 0.127 ms
Fig. 9  Crack growth versus time curve with constant critical cohe-
sive fracture energy
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Figure 9 shows crack growth with constant critical cohe-
sive fracture energy. Both growth value and growth speed 
(slope of the graph) of the crack front tip are higher than 
the back tip. Crack growth speed for front tip is 576.9 m/s 
and for back tip is 481.33 m/s, both of which are two times 
higher than experimentally reported in [1].

3.2.2  Retardation effects simulation of cyclic crack growth

Based on results reported in [14], a cycle-by-cycle FE sim-
ulation of crack closure seems the best choice that could 
lead simulation results to be similar to the experimental. 
Therefore, the modeling of fatigue crack closure charac-
teristics should be considered. To precise FE modeling of 
fatigue crack closure phenomenon, it is necessary to define 
contact between the elements and use of small scale ele-
ment size leading to high computational cost. It seems that 
the best way to simulate fatigue crack closure is apply-
ing the critical work of traction–separation at every stage 
for forward and backward sides to achieve similar rate of 
crack growth to the actual one. The ranges of the critical 
cohesive fracture energy that provided the best agreement 
between the simulations and the actual growth increments 
were 16,593–53,900 and 16,953–59,852 j/m2 for the back-
ward and forward directions, respectively, which handled 
with Abaqus using a VUSDFLD user-written subroutine. 
The Abaqus calls this subroutine at all integration points of 
elements which have material properties defined using the 

field variables. Stresses and strains are calculated at each 
incremental load step, which in the case of explicit analysis 
is automatically calculated by Abaqus, and evaluated by the 
failure criteria to determine the occurrence of crack propa-
gation and failure and the mode of failure. Figure 10 shows 
snapshots of crack growth simulation results with retarda-
tion at different time intervals.

In practice, the incorporation of closure affects the over-
all crack speed, thus the crack experiences a relatively 
higher number of cycles to propagate to a certain length.

Figure 11 shows forward and backward crack growth 
with retardation. Average crack growth speed in front tip 
and back tip is 254.9 and 174.29 m/s, respectively. It is 
noteworthy that the rate of crack growth with retardation is 
the same as those experimentally reported in [1].

3.2.3  Crack branching simulation

One of the important aspects of detonation-driven frac-
ture is the cyclic bulging of the crack flaps [1]. This phe-
nomenon is caused due to the vibrational motion state of 
points over the crack surfaces. Detonation load produces 
transverse waves which remained even after detonation 
disappearance. These transverse waves produce radial and 
vibrational motion everywhere that result in vibrational 
strain in circumferential direction and extends bulged area. 
As a result of bulged area extension, large tensile stresses 
can progress in this region in the longitudinal direction of 

Fig. 10  First principal stress 
component contours (in MPa) 
of crack growth with retardation 
for an aluminum tube (crack 
growth values are in mm)
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the tube. Since cracks usually have a tendency to propa-
gate perpendicular to the maximum value of principal 
stress directions, the initial self-similar crack propagation 
changes into a circumferential crack propagation by curv-
ing around the bulged region. Due to symmetry, if the 
energy release rate of the crack is high enough to support 
two crack fronts, then the occurrence of branching at this 
point is also possible.

Crack grows too fast in the circumferential direction 
after branching, but this growth is not cyclic. It is impor-
tant to note that the initial self-similar growth which was 
in the pure mode I—opening fracture mode—in the begin-
ning, turning to a mixture of modes I and III at this time. 
During the crack growth in the initial self-similar surface, 
the mode III—tearing or out-of-plane fracture mode—
effect is negligible and mode I absolutely dominant. After 
crack curving and branching, shear component of cohesive 
elements of the front crack tip began to increase rapidly, 
which demonstrates that the increasing effect of mode III is 
a rapid, although mode I is dominant. Appearance of mode 
III crack growth is due to bulged area tendency to bend 
after crack curving and branching. This willingness to bend 
the finite element model in order to leave enough of the 
environment is shown. Figure 12 shows the FE simulation 
of the flap bulging, tendency to bending, and the resultant 
crack branching.

4  Conclusion remarks

In this paper, a three-dimensional FE simulation of crack 
propagation in thin-walled cylinder using cohesive ele-
ment methodology was presented. The key motivation for 
this study was the modeling of the detonation response of 
an aluminum tube. FE simulation results show that every 

detonation load would cause a spectrum of displacement 
and thus strain and stress fluctuations in the tube wall. 
These strains and stresses can be further gradually ampli-
fied by the interference between the forward traveling 
waves and the waves reflected due to flanges. The fol-
lowing conclusion remarks were drawn from the present 
investigation:

1. Due to the dynamic effects of the high speed load, the 
resultant displacement fields are oscillatory. Thus, a 
pattern of circumferential and vibrational strains is pro-
duced. These strains are observed even after disappear-
ance of detonation load.

2. Permanent bulging of the fracture surfaces is detectable 
in FE simulations. This phenomenon is due to changes 
of the fracture surface point location in the presence 
of bending waves. The bulged area has increased as 
a result of crack length increase. Thus, it is produced 
tensile stress in the axial direction.

3. Cohesive zone model for crack growth analysis is 
accurate, distinguishing from other methods, and suit-
able for the simulation of complex phenomena such as 
detonation-driven fracture because of its unique capa-
bilities such as the ability to simulate crack growth 
in a direction other than the self-similar plane. How-
ever, this method has its own high sensitivity to the 
cohesive elements parameters which must be chosen 
very carefully because it may converge to inaccurate 
results with not well-sited parameters. Also, cohesive 
element implemented in Abaqus has some limitations 
for use. For example, tube model needs many cohesive 
elements with very small geometry to capture a good 
crack curving angle. On the other side, high number 
of cohesive elements may lead to increase in computa-
tional time.

4. Realistic prediction of the crack growth for cylindrical 
tubes subjected to internal moving load such as detona-
tion requires the consideration of special method like 
retardation and closure effects that help simulation to 
be more similar to actual crack growth. Cyclic crack 
growth during the self-similar propagation of the mode 
I and cyclic bulging of the crack flaps are two impor-
tant phenomena as reported in previous work, and sim-
ulated in this investigation. Crack closure phenomenon 
in every stage of the self-similar fatigue growth has a 
significant effect on crack growth rate.

5. Experimental reports on detonation fracture and fail-
ure are very limited because it’s a high cost test and 
may lead to explosion, if the equipments are not well 
installed. In those limited cases, the crack growth rate 
has more attention than the nature and characteristics 
of cracks. Therefore, further experimental studies and 
coupled-solid–fluid analysis are needed in this regard. 

Fig. 11  Crack growth with retardation for an aluminum tube
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Good understanding about the nature of fluid–structure 
interaction phenomena such as shock and detonation is 
an appropriate way in to get closer simulation results to 
the experimental one.
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