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a Poznan University of Technology, Institute of Structural Analysis, Poland 
b Institute of Fundamental Technological Research Polish Academy of Sciences, Poland 
c Department of Civil Engineering, Assiut University, Assiut, 71111, Egypt 
d Poznan University of Technology, Institute of Building Engineering, Poland   

A R T I C L E  I N F O   

Keywords: 
Fractional viscoplasticity 
Rate sensitivity 
Plastic anisotropy 
Non-locality 
Damage mechanics 

A B S T R A C T   

This paper deals with the numerical simulation of the dynamic failure of an aluminium plate under air-blast 
loading. Constitutive modelling based on the fractional viscoplasticity is used. The material model is non-local 
due to the properties of the applied fractional differential operator and is implemented as user material in the 
engineering finite element computation code ABAQUS. It is important that the numerical simulations are con
trasted with experiments. Numerical outcomes clearly show the applicability of the adopted modelling for the 
description of salient stages of dynamic structural failure.   

1. Introduction 

Over the last decade, protection of civilians, military and industrial 
structures against impact and blast loading has received a lot of atten
tion (Hanssen et al. [12], Brovik et al. [5,6], Grimsmo et al. [10], Aune 
et al.[4]). Such structures are often made of different materials 
depending on the intended use. Herein, the masonry or concrete walls as 
supporting walls for buildings and temporary fast-build shelters (Sielicki 
and Lodygowski [36], Clarke et al. [8], Kucewicz et al. [16], Sielicki 
et al. [37]), bullet- and blast-proves windows (Sielicki et al. [34], Zhang 
et al. [52]) or typical steel columns supporting a long-span ceiling at the 
public infrastructure (Sielicki et al. [35], Denny et al. [9], Sabuwala 
et al. [32], Hadianfard et al. [11]) are the most popular in the area of 
protective structures. Nonetheless, recently, the designers use also other 
important structural elements which are made on steel plates due to 
their superior properties including high strength, high ductility and 
good formability (Al-Rifaie and Sumelka [2], Neuberger et al. [21], 
Rigby et al. [31]). Plates, especially thin plates, are frequently being 
used as major components in engineering structures, thus it has become 
necessary to evaluate the structural response of such components 
exposed to blast loading. Nurick and Martin [23,24] presented a 
comprehensive literature review of thin plates subjected to blast 
loading. These studies included theoretical considerations, experimental 

techniques, and experimental results for relatively large permanent 
displacements. Olson et al. [25] and Teeling-Smith and Nurick [48] 
studied the failure modes on steel plates subjected to blast and impulsive 
loading, they identified three different failure modes, i.e., large inelastic 
deformation (mode I), tensile tearing at supports (mode II) and trans
verse shear at supports (mode III). Subsequent work by Nurick et al. [22] 
extended these failure modes by including necking at the boundary for 
mode I, and some geometric additions to mode II by including the 
amount of tearing at the boundary (called mode II* in the literature) - 
hence the experimental evidence was used to show a significant effect of 
the boundary conditions when predicting tearing. Similar results were 
also reported by Wierzbicki and Nurick [50]. Concluding, many exper
imental and numerical studies are available in literature aiming to 
reproduce the damage of a plate under low to moderate air-blast loading 
induced energy, see e.g. [3,19,30]. However, works regarding numerical 
modelling attempting to describe all the air-blast post-loaded states, i.e. 
plasticity spreading, are scarce. 

Based on the above statements, a material model that can simulate 
the mechanical response of the physical target under the blast loading is 
desired. Herein, the fractional calculus which has been used to study a 
lot of problems in physics including diffusion, fluid flow, statistics, 
viscoelasticity, rheology, electrochemistry of corrosion, optics, and 
other [14,17,20,27,33,47,51] can extend classical formulations. As 
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presented by Sumelka [42], in the framework of space-fractional model, 
the application of fractional derivative in plasticity can be successful and 
furthermore in the framework of stress-fractional models cf. Szymczyk 
et al. [46], Sumelka et al. [40] and others [18,29,38,43] many engi
neering problems can be mapped with high precision. All the above 
results prompted the authors of this study to validate the 
stress-fractional viscoplasticity model defined in Szymczyk et al. [45], 
for dynamic failure of the aluminium plate under air-blast loading. 

The next parts of this work aim at reporting numerical analysis and 
experimental validation of failure mechanisms of an aluminium plate 
subjected to air-blast loading presented in Aune et al. [3]. As mentioned 
the stress-fractional viscoplasticity non-local model Szymczyk et al. [45] 
is used as a constitutive law. The constitutive equations are imple
mented as user material in the engineering finite element computation 
code ABAQUS [1]. The modelling assumes adiabatic conditions 
including isotropic work hardening-softening effects induced by plastic 
strains, temperature and damage (scalar). Moreover, thin plate anisot
ropy induced by plastic strain evolution as well as rate-dependence are 
taken into account also. 

The paper is structured as follows. Section 2 describes stress- 
fractional viscoplasticity model (sFVM). Section 3 reports the identifi
cation of sFVM parameters for aluminium alloy EN AW 1050A-H14 type. 
Section 4 discuss the numerical model for modelling failure mechanisms 
of an aluminium plate subjected to air-blast loading. In Section 5 the 
comparison of numerical and experimental results is presented. Finally, 
Section 6 concludes the paper. 

2. Stress-fractional viscoplasticity - adiabatic conditions 

Fractional viscoplasticity model and its implementation in the 
framework of the Finite Element Method (FEM) has been extensively 
described in the literature [39,45,46]. The main concept in this model 
lays in the fact that the classical Perzyna viscoplasticity model [26] is 
generalised utilising fractional calculus [13,28]. Namely, assuming 
standard total strain decomposition into elastic and plastic parts 

ε̇ = ε̇e
+ ε̇p

, (1)  

with elastic part governed by Hooke’s law 

σ̇e
= L

e
: ε̇e

, (2)  

we postulate the evolution of plastic part in a form 

ε̇p
= Λp, (3)  

where the direction of flow p is computed utilising Riesz-Caputo (RC) 
fractional derivative, namely 

p = D
σ

αF. (4)  

In above ε stands for total second order strain tensor, εe and εp denote 
elastic and plastic strains, σe denotes the second order Cauchy stress 
tensor, L e denotes the fourth order elastic constitutive tensor, Λ is a 
scalar multiplier, F is the yield function, D

σ
α denotes partial fractional 

differentiation of RC type, and α denotes the order of derivative (the 
order of flow). It is important that for α = 1 a smooth passage to the 
classical associated plastic flow is obtained. 

By analogy to [41] the flow vector p is expressed by the following 
formula 

pi = PijMij, (5)  

where Mij matrix contains the values of the classical derivative of the 
yield function with respect to the component of the stress tensor (σi =

(σ11, σ22, σ33, σ12, σ13, σ23)) therefore 

Mij =
∂f
∂σj

|σj=Xij
, for i =

(
1, 2,…, np

)
, j = (1, 2,…, 6). (6)  

The dimension of matrix Mij is (np,6) where np = (ma − 1)+ (mb − 1)+
3. Parameters ma and mb describe number of discretisation points used 
to map the virtual stress surrounding and Xij is defined as follows: 

for i = 1, Xij = σj − Δj,

for i = (2, 3,…,ma), Xij = σj +

(
i

ma
− 1

)

Δj,

for i = ma + 1, Xij = σj,

for i =
(
ma + 2,ma + 3,…, np − 1

)
, Xij = σj +

i − ma

mb
Δj,

for i = np, Xij = σj + Δj,

(7)  

where Δ = (Δ11, Δ22, Δ33, Δ12, Δ13, Δ23). It is important that Δ contains 
material constants and should be interpreted as the offset of the actual 
stress state to the left, σL

ij = σij − Δij, or to the right, σR
ij = σij + Δij. 

In the presented approach we accept the shear yield function defi
nition in the following form 

f =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

J ′

2 + J2
1⋅
(
n1(ϑ) + n2(ϑ)ξ

)√

− κ = 0, (8)  

where J1 = σ11 + σ22 + σ33 is the first invariant of Cauchy stress tensor σ 
and J′

2 is the second invariant of the deviatoric part of Cauchy stress 
tensor σ′

J
′

2 =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

σ2
12 + σ2

13 + σ2
23 +

1
6

(

(σ11 − σ22)
2
+ (σ22 − σ33)

2
+ (σ33 − σ11)

2
)√

.

(9)  

Variables n1(ϑ), n2(ϑ) are material parameters which in the general case 
are functions of temperature ϑ [49], whereas ξ is the scalar damage 
parameter (ξ ∈ [0, ξF ] - where 0 means undamaged material and ξF 
means total loss of load carrying-capacity). Finally, κ is the shear yield 
stress. 

For postulated scalar damage parameter we postulate the evolution 
law using the rate form 

ξ̇grow =
g∗(ξ,ϑ)
Tmκ0(ϑ)

< Ig − τeq

(

ξ,ϑ,∈p
)

>, (10)  

where: 

g∗(ξ,ϑ) = c1(ϑ)
ξ

1 − ξ
,

Ig = b1J1 + b2

̅̅̅̅̅

J ′

2

√

,

τeq

(

ξ,ϑ,∈p
)

= c2(ϑ)(1 − ξ)ln
1
ξ

{

2κs(ϑ) −
[

κs(ϑ) − κ0(ϑ)
]

F(ξ0, ξ,ϑ)
}

,

F(ξ0, ξ, ϑ) =
(

ξ0

1 − ξ0

1 − ξ
ξ

)
(2/3)δ(ϑ) +

(
1 − ξ
1 − ξ0

)
(2/3)δ(ϑ),

and b1, b2, c1, c2 and ξ0 are additional material parameters. Furthermore 
the isotropic work hardening-softening of the material takes the form 

κ = κ
(

ξ, ϑ,∈p
)

=

{

κs(ϑ) − [κs(ϑ) − κ0(ϑ)]exp[ − δ(ϑ)∈p]

}[

1 −

(
ξ
ξF

)
β(ϑ)

]

,

(11)  

where: 
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κs(ϑ) = κ∗s − κ∗∗s ϑ,

κ0(ϑ) = κ∗0 − κ∗∗0 ϑ,

β(ϑ) = β∗ − β∗∗ϑ,

ϑ =
ϑ − ϑ0

ϑ0

δ(ϑ) = δ∗ − δ∗∗ϑ.

and κ∗∗0 ,κ∗s ,κ∗∗s ,β∗,β∗∗, δ∗, δ∗∗ and ξF are material parameters. Parameter ϑ0 

is the reference temperature, equal to 293 K in our case. 
Taking into account the above postulates, the evolution of temper

ature in the adiabatic regime has the form 

ϑ̇ =
χ∗

ρcp
σ : ε̇p

+
χ∗∗

ρcp
ξ̇grow, (12)  

where ρ is the density of the material, and cp is specific heat. In 
following, we assume that χ∗∗ = 0, which means that the temperature is 
generated only be the part of the plastic work controlled solely by χ∗

Table 1 
Classical material parameters for the stress-fractional viscoplasticity model for 
aluminium alloy EN AW 1050A-H14 type.  

κ∗s = 76 MPa  κ∗∗s =

47 MPa  
κ∗0 =

70 MPa  
κ∗∗0 = 37 MPa  δ∗ = 28  

δ∗∗ = 8  β∗ = 2.2  β∗∗ = 0.9  ϑ0 = 293 K  ξF = 0.8  

ρref =

2700 kg/m3  

E = 70 GPa  ν = 0.3  Tm = 0.01 μs  m = 1  

c1 = 0.0006  c2 = 0.07  b1 = 1.0  b2 = 1.3  ξ0 = 6⋅ 
10− 4  

n1 = 0  n2 = 0.25  χ∗ = 0.9  cp =

910 J /kg K    

Table 2 
Fractional material parameters for the stress-fractional viscoplasticity model for 
aluminium alloy EN AW 1050A-H14 type.  

α =
0.5  

ΔL,R
11 =

3.0  
ΔL,R

22 =

1.0  
ΔL,R

33 =

1.0  
ΔL,R

12 =

1.0  
ΔL,R

13 =

1.0  
ΔL,R

23 =

1.0   

Fig. 1. a) Geometry of the test specimen (in mm) b) finite element model of 
uniaxial tension test. 

Fig. 2. Comparison of nominal stress vs nominal strain curve from numerical 
simulations and experimental data during uni-axial tension test of aluminium 
alloy EN AW 1050A-H14 type. 

Fig. 3. Individual parts of the tested system. a) 16 tightened bolts, b) clamping 
frame for fixed boundary conditions, c) square plate specimens with dimensions 
of 0.4m × 0.4m × 0.0008m and d) steel mounting frame with outer dimensions 
1.0m × 1.0m × 0.015m and a square opening of 0.3m × 0.3m in the centre. 

Fig. 4. a) Assembly of all parts for numerical simulations, b) view of a fragment 
of a finite element mesh. 
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[49]. 
To conclude, in the proposed constitutive model (assuming isotropic 

law in the elastic range) the total number of the material parameters is 
equal to 31 (cf. Table 1 and Table 2). Fractional material parameters 
(Table 2) dictate the dynamism of the whole process and results in high 
flexibility to mimic the experimental observations. In this sense, both 
parameters Δ and α control the level of induced plastic anisotropy. 
Increasing the value of selected Δij parameter causes the intensified 
viscoplastic flow in this direction (for more details see [45]) and change 
in the geometry of the plastic strain localization patterns and sensitivity 
to the rate of plastic strains. This in consequence finally modifies the 
evolution of the temperature, damage, and yield limit. 

3. Identification 

To calibrate the fractional viscoplastic model the experimental data 
of the uniaxial tension tests for aluminium alloy EN AW 1050A-H14 type 
were taken from [3]. In [3], the experimental investigation was per
formed on dogbone shape specimens with dimensions presented in Fig. 1 
(a). The analysed samples were cut from a 2mm thick metal sheet which 
exhibits plastic anisotropy. Depending on the stretching direction 
(consistent with the rolling direction, perpendicular to the rolling 

direction or at 45∘ to the rolling direction) the different responses in 
terms of stress-strain curves were obtained. 

The calibration procedure of the constitutive model consisted of 
carrying out a series of numerical simulations of the uniaxial tension test 
and comparing them with stress-strain curves from the experimental 
data. In Fig. 1b the finite element model of tension test is shown. The 
bottom plane of the sample was fixed. The velocity boundary condition 
(3mm/s) was applied to the top plane of the sample. The duration of the 
deformation process was set to 0.5s. Such conditions approximately 
correspond to a quasi-static process. For measuring averaged strains in 
the gauge section the virtual extensometer was defined Fig. 1(b). 

The material parameters obtained as a result of fitting the stress- 
strain curves are given in Tabs 1, 2. 

In Fig. 2 the response from the calibrated fractional model is con
fronted against the results from experiments. A good agreement of the 
results is observed, especially for direction 90∘ which is perpendicular to 
the rolling direction of the analysed for aluminium alloy sheet. 

Fig. 5. Comparison of the overpressure history for point in the middle of the 
sample for 0.04kg TNT in 0.625m stand-off distance. 

Fig. 6. Comparison of displacement history for the point in the middle of the 
plate. The charge-to-sample distances are equal to 0.375m for A11, A12, A13, 
0.500m for A21, A22 and 0.625m for A31, A33. 

Fig. 7. Comparison of deformation profile at centre along x-axis for selected 
time instances - EXP A31 vs. FEM A3 - cf. Fig. 6. 

W. Sumelka et al.                                                                                                                                                                                                                               



International Journal of Impact Engineering 158 (2021) 104024

5

4. Experiment description and computational model 

4.1. Experimental data 

All experimental data presented in this section were taken from the 
work [3]. The experiment aimed to measure the displacement field of 
thin aluminium sheets subjected to air blast loading. The displacement 
measurement was performed using the digital image correlation method 
(DIC 3D) based on the registered images from two high-speed cameras in 
a stereoscopic setup. Pressure measurements at various locations were 
made using piezoelectric pressure sensors. Three stand-off distances of 
the explosive mass were analyzed: 0.375 (marked as A1), 0.500 (marked 
as A2) and 0.625 (marked as A3). The explosive mass had a spherical 
shape with an approximate diameter equal to 34.5mm and a mass of 30g, 
which is equivalent to 40.2g of TNT. 

4.2. Finite element model 

The finite element model of testing system was created using the 
ABAQUS/CAE software. The model consists of 4 main parts which are 
presented in Fig. 3. The square aluminium sheet (c) with dimensions of 
0.4m × 0.4m × 0.0008m which is clamped to the steel mounting frame 
(d) using clamping frame (b) and bolts (a). The 16 bolts were used to 
tighten the specimen to the mounting frame. The final assembly of these 

parts is shown in Fig 4(a). The whole finite element (FE) model was 
discretized using C3D8 elements (eight-node linear brick element). A 
certain part of the finite element mesh is shown in Fig. 4(b). The total 
number of nodes and elements is 214584 and 278623, respectively. The 
corners of the mounting plate were fixed by prescribing displacement 
boundary condition equal to 0 (this simplification compared to data in 
[3] was dictated by the lack of data - it will have decisive meaning for 
selected configuration of blast loading). Finally, the air-blast loading 
modelled utilising the *CONWEP CHARGE PROPERTY option with the 
following parameters: equivalent mass of TNT - 4.02⋅10− 5 tone and 
multiplication factor equal to 1000. 

As mentioned, the material model of aluminium presented in Section 
2 was implemented through a VUMAT user subroutine. A detailed 
description of the finite element implementation of the fractional model 
can be found in [45]. Moreover the parts (a), (b) and (d) were modelled 
as isotropic elastic material with following material parameters: Young 
modulus 210 GPa, Poisson ratio 0.33, and density 7850 kg /m3. The 
overall model was calculated in the Abaqus/Explicit program. The 
process time was set to 6ms. 

5. Discussion 

The calibrated fractional viscoplastic constitutive model (Section 3) 
was used to perform numerical analysis of the dynamic failure of 

Fig. 8. Evolution of out of plane component of displacement vector for time instances a) 0.25ms, 1.25ms, c) 3.0ms and d) 6.0ms.  
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aluminium plate under air-blast loading presented in [3]. In the first 
step, it was checked whether the pressure loading model gives an 
acceptable effect. For this purpose, the history of pressure on the surface 
in the middle point was compared Fig. 5. Although the presented curves 
do not match exactly, the maximum pressure level is almost the same. 
After the observed peak value, the pressure drops and fluctuates around 
zero. 

During the deformation process, the plate begins to band. In Fig. 6 
the history of the displacement for the point in the middle of the plate is 
shown. At the beginning of the process, the displacement is zero until the 
pressure wave reaches the outer surface of the plate. Then the 
displacement increases rapidly and finally reaches a plateau. The sim
ulations result for three charge -to-sample distances show a little over
estimated respond. 

It should be pointed out that in the case of the distance equal to 
0.625m (curve FEM A3), the numerical simulation does not predict a 
decrease of displacement. This can be explained as an effect of adopted 
simplified boundary conditions, as mentioned. In [3] part d) of the 
model (Fig. 3) is supported by a frame - which is not included in the 
presented model due to lack of data. It is clear that in the experiment this 
frame acts as elastic support, which is initially compressed due to wave 
loading and after this energy is released in the opposite direction 
compared to the wave front. This release might be the reason that EXP 

A31 and A33 finally deforms towards the charge. Such results are 
analogous to the one observed in [44] and [15]. In both papers, this 
counterintuitive or anomalous response (the permanent deflection in the 
direction opposite that of the load), was encountered numerically and 
experimentally, respectively. Similarly to the above statements the 
reason for such phenomenon was sought in involving acute sensitivities 
to the physical parameters (loading, structure geometry, and material 
behaviour) as well as a consequence of dynamic instabilities akin to 
snap-buckling. 

A detailed comparison of experimentally obtained deformation 
profile at the centre along the x-axis for selected time instances versus 
numerical one for EXP A31 case is presented in Fig. 7. The comparison 
confirms good agreement of the obtained numerical results for the first 
stage of the process. However, in the second part, the difference is 
observed as discussed in the above paragraph. Nonetheless, we consider 
this initial agreement as a crucial achievement of this paper, namely not 
only agreement in a point (Fig. 6) is observed but the overall deforma
tion (Fig. 7) is mapped with high precision and was possible due to 
plastic anisotropy, work hardening-softening effects, thermomechanical 
coupling and damage in the constitutive model. 

In addition to the presented profiles, a full-field displacement dis
tribution is obtained for the sample (Fig. 8). As expected, the highest 
values of out of plane displacements are in the centre part of the plate. 

Fig. 9. Evolution of dynamic plastic yield stress for time instances a) 0.25ms, 1.25ms, c) 3.0ms and d) 6.0ms.  
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Moreover, the displacement distribution slightly reflects the plastic 
anisotropy of the material. 

It is clear that numerical simulations allow having much more 
detailed insight into the evolution of tested material state during the 
blast loading compared to the available experimental techniques. With 
this respect, below, the selected results for FEM A3 (A31) case are dis
cussed to point out the evolution of dynamic yield stress, equivalent 
plastic strain and temperature in the process time. 

First, let us analyse the evolution of the initial plastic yield stress. 
During the deformation, on the one hand, the initial yield stress is 
increasing due to the increase of the plastic strain (isotropic hardening), 
and on the other hand, the damage growth and temperature rise cause 
the reduction of the yield stress (softening). In Fig. 9 the evolution of the 
initial plastic yield stress is shown. The process starts from homogeneous 
distribution of the yield stress equal to 70 MPa. Then the distribution 
begins to be heterogeneous with the highest values in the middle of the 
plate. The isotropic hardening of the material is observed. In subsequent 
time points, it can also be noticed that at some regions (blue colour) the 
yield stress is lower than the value at the beginning of the process due to 
the fact that plastic deformation is accompanied by the heat generation 
and intrinsic damage (cf. Eq.  (11)). 

Secondly, one of the state variables used in the material model is the 
equivalent plastic strain which controls the plastic behaviour of the 
sample. During the deformation process, the highest values of this 

variable are obtained in the centre of the plate, and in the area of the 
support edge and near the bolt holes (Fig. 10). The plastic deformation 
starts with the supporting edges (Fig. 10a). Then, the plastic zone 
spreads out to the centre of the plate and regions around the holes for the 
bolts (Fig. 10b). Such distribution is maintained until the end of the 
process (Fig. 10d). 

Finally, it should be mentioned that since the material damage 
parameter and temperature (due to adiabatic conditions assumption) 
are functions of equivalent plastic strain, their distributions are analo
gous to the already presented results (cf. Eqs.  (10) and (12)). With this 
respect, the evolution of the temperature field, shown in Fig. 11, in
cludes areas similar to zones of intensified plastic deformation (Fig. 10). 
The maximum temperature increase in the process is about 30 K. This 
means that the material softening due to temperature is a secondary 
effect in this process. The above statement may not always hold as 
presented in [7] where similar configuration but for different material 
and geometrical details was analysed. According to the data presented in 
[7] the obtained temperature increase can be as high as 500 K. Such 
difference in the results can be explained by the values of the equivalent 
plastic strain to which the temperature is proportional. In [7] these 
values were very large (locally up to 35), while in the presented work, 
the same values are a hundred times smaller (which is also caused by the 
damage variable in the presented formulation). 

Fig. 10. Evolution of equivalent plastic strain for time instances a) 0.25ms, b) 1.25ms, c) 3.0ms and d) 6.0ms.  
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6. Conclusions 

The finite element simulations in the fractional viscoplasticity 
framework have been successfully applied to study the deformation 
process of an aluminium plate under air-blast loading. The fractional 
viscoplastic material model for aluminium alloy EN AW 1050A-H14 was 
calibrated based on the experimental results of uniaxial tension tests 
conducted for different directions due to anisotropy. The calibrated 
material model was used to perform numerical simulations for three 
distances of the plate’s air-blast loading. The finite element results were 
compared with those from experiments, and acceptable agreement has 
been obtained. Finally, it is crucial that the applied material model takes 
into account the plastic anisotropy, isotropic hardening and softening, 
rate sensitivity and implicit and explicit non-localities. 
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