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Abstract. Numerical approach using the FEM has been
used to model the behaviour of the reinforced concrete
specimen subjected to the pressure blast wave. The
concrete structure is a slab freely supported around the
perimeter by a steel plate and a concrete base. A
simplified 3D blast model has been used, which involves
the pure Lagrangian approach of FEM. The analyses
have been conducted using explicit solver. 3 different
non-linear material models of concrete have been used to
capture the concrete behaviour: CSCM (Continuous
surface cap model), Schwer Murray continuous surface
cap model, and JHC (Johnson-Holmquist-Cook) material
model. Influences of various mesh sizes on the final
results (crack patterns, vertical deflection, strain-time
dependence) are being monitored, compared with
physical experiment data and discussed.
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1. Introduction

Concrete is one of the most widely used materials in the
civil engineering. Structures with high level of reliability
are required to withstand not only standard situation
loads, but also need to retain its resistance while exposed
to severe extreme loads, such as e.g. explosions [1] or
impacts [2]. In these cases, advanced modelling methods
and non-linear material models needs to be used, as e.g.
by Neuberger et al, who investigated the response of
plates subjected to spherical explosions [3] or by Kralik,

who modelled the Aircraft impact [4]. Behaviour of
concrete is mathematically described by many different
material models, each determined by various parameters.
Different approaches in modelling, material models,
discretization features and model settings are suitable for
different loading situations.

Concrete structures exposed to blast loading have
been modelled e.g. by Tai et al [5]; Zhao and Chen
[1], [6]; Thiagarajan et al [7]; Dubec, Matas, Stoller and
Stonis [8]. In this study, closer focus on a mesh size
influence using 3 different non-linear concrete material
models is investigated.

1.1.  Physical model
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Fig. 1: Model geometry.

Fig. 2: Physical experiment set-up.
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Physical experiments of the concrete slab specimen have
been conducted and documented. In the height of 9 cm
above the concrete slab centre, explosive of 75 g TNT has
been placed (Fig. 1:). One specimen of the explosive in
this distance has been tested.

The physical model geometry is depicted in the Fig.
1: Concrete slab is reinforced by a steel reinforcement
bars @ 64100 mm in both perpendicular directions
situated approximately in the middle of the slab height.
Anchorage of the steel plate into the concrete base is
provided by 4 bolts (in corners), and a rubber plate is
located between the concrete base and the steel plate.

The objective of the measurement was to obtain
stress-time curve (Fig. 3:). However in case of deflection-
time dependence, only the maximal value of -3.8 mm is
known to the author of this article.
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Fig. 3: Strain-time dependence based on experiment results.

1.2. Numerical model

A 3D numerical finite element model of the structure has
been created in the environment of LS-Dyna [9], as the
explicit approach of solving the equation of motion by a
modification of the central difference time integration
implemented in the solver of this software is suitable for
analysing structures exposed to impact loading.

Hexahedron solid elements with reduced integration
(1 point) have been used to model the concrete base,
rubber (between the base and steel plate), and the test
concrete slab. The maximal sizes of the rubber and
concrete base elements are 25mm and 50 mm
respectively. The influence of the test concrete slab mesh
size is one of the objectives of this study. In all cases,
mesh consisting of regular hexahedral elements has been
created, however with the different edge size of these
elements: 7.5 mm, 5 mm, 2.5 mm or 1 mm.

Element size of the steel plate (15 mm thick) is the
same as the size of concrete slab in area, where contact
between these two parts occurs, getting coarser towards
the edges (Fig. 4:). The steel plate has been modelled by
shell elements with Belytschko-Tsay formulation and 2
integration points through the thickness. Beam elements
with Hughes-Liu cross section integration and 2x2 Gauss
quadrature beam integration rule have been used for the
anchorage bolts and the reinforcement bars.

Symmetric contacts with segment based formulations

(pinball algorithms) have been involved. These contacts
have been defined between the concrete slab and the
supporting steel plate (solid vs. shell element); between
the steel plate and the rubber beneath it (shell vs. solid
element), and between the rubber and the concrete base
beneath it (solid vs. solid element).

7.5mm 2.5 mm
concrete plate
75 mm ~2.5mm s
‘o
&
T %
steel plate
max. 25 mm max. 25 mm
| ‘

mélx.’SO'm‘m’ | || concrete base | |

Fig. 4: Numerical model mesh geometry for various concrete slab
mesh sizes (left 7.5 mm, right 2.5 mm) - top view.

1.3. Material models

1) Steel and rubber material

Both, reinforcement bars (also anchors) and support steel
plate are considered by isotropic material model with
plastic kinematic hardening. For these steel materials,
elastic Young’s modules of 200 and 210 GPa respectively
have been used. Yield stresses of 500 and 235 MPa
respectively have been defined. The rubber material
between the steel plate and concrete base is considered as
ideal elastic with elastic modulus of 5 MPa. Concrete
density of 2200 kg-m™ has been always considered.

2) Schwer Murray Cap model (MAT 145)

Schwer Murray material model [10] is based on a yield
surface defined by the following function:

Y(Il,jz,]?,,K) = ]2_R(]3)2Ff2(11)FC(11' K) > (1)

where [ is the first invariant of the stress tensor. J, and /5
are invariants of the deviatoric stress tensor. R(J3) is the
Rubin strength reduction factor and k is the cap
hardening parameter. The yield surface consist of two
parts: the hardening compaction surface F.(I, k), and the
shear failure surface F¢(I;), which is defined:

F(l) =a-2ePh+0l, )

where parameters «, §, A and 6 are determined by triaxial
compression test results. The expression of the hardening
compaction surface is defined by equations [11]:

_ 2
Fo(ly, 1) = 1- KD

XGOL()? forly > L(k) 3)

E.(I;,k) =1 forl, <L(x) 4)
L(k) =K fork >k, (5)
L(k) =Kk, fork<k, (6)

X(x) = L(x) + RFs (1) , (7

where R is the cap aspect ratio. Hardening compaction
surface and the shear failure surface are combined by a
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multiplicative formulation which allows their continuous
and smooth combination at their intersections.

Parameter values adopted for this material model are
derived in accordance with study proposed by Jiang [12].
Uniaxial compression strength of concrete f,, = 28 MPa
(mean value of concrete class C20/25 [13]) has been
considered for this process, and the derived values are
depicted in the Fig. 5: below.
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Fig. 5: Material input card for MAT 145 (in SI units).

3) Continuous surface cap model (MAT 159)

Continuous surface cap material model is an updated
version of the Schwer Murray cap model [9], [14], [15].

The parameters of this model have been documented
e.g. by Kral et al. [16]. In this case however, the default
parameters suggested by Murray et al. [15] determined on
the uniaxial compressive strength of 30 MPa and the
maximal aggregate size of 8§ mm has been used, and are
summarized in the Fig. 6: below.
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Fig. 6: Used parameter values for CSCM (in SI units).

4) Johnson-Holmquist-Cook (JHC) model

JHC material model is suitable to describe the mechanical
behaviour of concrete constructions exposed to large
strain rates [17].

The yield surface of JHC material model (Fig. 7:)
considers the accumulated damage D (0.0 <D <1.0) and
is determined as:

o* =[A(1 — D) + BP*N] (1 + C Iné"), (8)

where P'= P/f.and ¢"= ¢/f. are normalized equivalent
pressure and stress respectively. P is the actual
pressure and o is the actual equivalent stress; f. is the
unconfined uniaxial compressive strength. The
dimensionless strain rate is defined as €* = &* / ¢,", where
" and &," are actual and reference (EPS0) strain rates,
respectively. Parameters 4, B, C, N represents:
normalized cohesive strength, normalized pressure
hardening coefficient, strain rate coefficient and the

pressure hardening exponent.
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Fig. 7: Yield surface equation of JHC material model

Damage D (Fig. 8:) is accumulated from plastic
strains. Ag, is the effective plastic strain increment.
Auy is the plastic volumetric strain during a cycle of
integration. Equation 9 defines the total plastic strain
spf + upf under a constant pressure until fracture. D; and
D, are the damage constants, and EFMIN is a material
constant which suppress the fracture caused by weak
tensile waves.
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Fig. 9: Equation of state (EOS) of the JHC material model

The pressure-compaction response of the concrete is
defined by equation of state (EOS), and is separated into
three response phases (Fig. 9:). The first phase (0A) is
considered as linear elastic between the negative pressure
cut-off =T (1 — D) and the elastic limit value Peusi. The
second phase (AB) is referred to the transitional region,
where the air voids are compressed gradually out of the
material and the plastic volumetric strain produces the
compaction damage until reaching the value of uc. The
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third phase (BC) is defined as the compact region where
all the air voids have been removed from the concrete
material, and the behaviour is assumed non-linear elastic,
defined by material constants K, K, and K.

Parameter values considered for this variant of
material model are based on author’s previous
optimization process, and are summarized in paper [18].

1.4. Applied loads

The simplified blast model which involves the pure
Lagrangian approach of FEM has been used. The blast
wave is considered as a pressure load applied at the top
surface of the concrete slab. The time dependence of
pressure applied in a certain location (Eq. 10.) is based on
the empirical blast loading functions by Randers-Pehrson
and Bannister [19]. The blast loading equation is:

P(t) = P.(t) cos? 0 + P,(t)(1 + cos? 8 -2cos 8) (10)

where 0 is the angle of incidence (Fig. 10:). B.(t)
and P;(t) are reflected and incident pressures
(overpressures) respectively, both dependent on time ¢,
and both defined by Friedlander equation (Eq. 11.) [20].
In case of P;(t), the function is stated as follows:

t

Ps(t) = Pso (1_;)'(5'_12é (11)

where P,, is the peak incident pressure, b is the
waveform number and ¢, is the positive phase duration.
Parameters are defined in dependence on scaled distance
Z, introduced by Hopkinson [21] and Cranz [22]:

R

zZ= w1/3

(12)

R is the distance from the centre of the blast, and W is
the equivalent TNT mass. Parameters b and P;, (or P. in
case of peak reflected overpressure) are defined in a
different way for incident and reflected overpressures.
The values (in SI units) are obtained from JRC report
[23], as well as the arrival time of the blast wave, tg4,
(which is approx. 17 ps), and time ¢,,.

The incident and reflected overpressures for
considered loading conditions are depicted in the Fig. 10:
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T80 —PsV R _e/
= :
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g 40
a
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time [us]

Fig. 10: Blast wave pressure load for W=75 gand R =9 cm.

No damping has been involved. The high speed
phenomena is being modelled and involvement of the
structural damping is rather useless [9].

2. Results

The analyses results are graphically depicted in the Fig.
11:. The legend is defined in Fig. 11: part e). The results
are summarized for cases of 3 different material models,
what is distinguished by a different curve colour (CSCM
- blue; MAT145 - red; JHC - green). Also 4 different
cases of concrete slab mesh size are documented, and a
different line-pattern is used for each case (7.5 mm mesh
= full line; 5 mm = dash-dot line; 2.5 mm = dashed line;
I mm = dotted line). Altogether the results of 12 model
cases (#1 - #12) are documented in this study. In some
cases, there was more significant difference between the
mid-span bottom surface strain in one direction (parallel
to slab edge) and the strain in the perpendicular direction
(x and y orthogonal directions). These strains are
distinguished by adopting a darker or lighter variant of
used colour for that certain model case. The noticeable
difference in strains of these orthogonal directions is
observed only in model cases #1 - #4 (CSCM material
model) (Fig. 11: part b). In cases where the MAT145 or
JHC material models have been used, the difference
between x and y strain was very negligible (Fig. 11: parts
¢, d). The frequency of the measurement (50 ps) is
determined by the points at the experimental data
reference curve. The initiation of slope of this reference
curve is established to be in match with the arrival time
of the blast wave (17 ps) determined by the simplified
blast model approach [23], as the arrival time has not
been defined by the experiment.

Crack patterns at the bottom slab surface are depicted
in the matter of the first principal strains (logarithmic) in
the Fig. 12: for selected model cases (see the legend Fig.
11: e) in certain times (always 190 and 990 us after the
initiation of the blast).

Almost in all the model cases, 1 point integration has
been adopted for the solid elements of the concrete slab,
as is described in the chapter 1.2, except of the case #4
(CSCM material model with 1 mm mesh size), where full
integration of solid elements of concrete slab has been
used instead.

Another little difference in the methodology of the
presented results is in case of the mid-span displacements
(Fig. 11: part a). For model cases #5 - #12, the
displacement is being monitored at the bottom surface of
the concrete slab, as it is supposed to be. However for
model cases where the CSCM material model has been
adopted (#1 to #4), this displacement has been monitored
at the upper surface of the concrete slab. The reason of
this is the high level of plasticity and un-real mesh
deformation in the area around the bottom surface mid-
span of the concrete slab (where acertain ,bump in
a shape of little hill“ at the planar surface has developed).
The difference between the mid-span displacements
monitored at the upper and the bottom surface of the
concrete slab for the rest of modelled cases (#5 to #12) is
negligible, so there is not a significant inconsistency in
the monitored result data.
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Fig. 11: Graphical results in time: a) Mid-span displacement; b) c¢) d) Mid-span bottom surface strains; e) Legend considering 4 various mesh sizes

#4; 190 ps

#4; 990 ps

#8; 190 ps

(7.5, 5, 2.5 and 1 mm) and 3 material models (CSCM, MAT 145 and JHC); note: the darker and lighter colours of certain pattern (applicable
for graphs b, ¢, d; noticeable difference only in b) determine two orthogonal directions (x and y) of strain for considered case.

Mean Ipt
Max Prin Strain
1.000e-02
9.667e-03
9.333e-03
9.000e-03
8.667e-03
8.333e-03
8.000e-03
7.667¢-03
7.333e-03
7.000e-03
6.667e-03
6.333e-03
6.000e-03
5.667e-03
5.333e-03
5.000e-03
4.667¢-03
4.333e-03
4.000e-03
3.667e-03
3.333¢-03
3.000e-03
2.667e-03
2.333e-03

#8; 990 us #12; 190 ps #12; 990 ps s00es00 ]

Fig. 12: 1% principal strain at the bottom slab surface for selected model cases (see the legend Fig. 11:e) in certain times.

3.

Discussion

Fig. 13: Crack patterns of the slab after experiment (bottom surface).

In the matter of mid-span displacements (Fig. 11: part a),
all the considered model cases resulted in a similar shape
of displacement-time curve. For model cases where
CSCM material model has been adopted (#1 to #4), there
is no regular pattern observed. However for the other
cases of material models, the finer mesh has been created,
the larger is the displacement maximum, with more
significant differences for the cases of the JHC material
model (#9 to #12). All the displacement maximums are
however slightly lower than the measured value of
3.8 mm, and ranges from 2.5 mm to 3.6 mm (for #12).
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Crack patterns at the bottom surface of the concrete
slab are depicted in the Fig. 13:. The TNT charge in the
test specimens marked as 5.2 and 6.2 was in the distance
of 10 cm from the upper slab surface, and in the variant
7.2 in the distance of 9 cm (as is considered for the
numerical analyses). This difference is not so significant,
however the strain-time experimental results were
available only for the variant 7.2 (9 cm of TNT distance).
The maximal mid-span displacements were similar in all
the 3 variants, and the crack patterns are also very similar,
forming in the directions diagonally as well as
perpendicularly towards the slab edges.

The results of the CSCM material model cases
(#1 to #4) have yielded in main crack patterns mostly in
diagonal direction for coarser meshes. When sufficiently
finer mesh has been adopted (Fig. 12: #3 #4) the crack
formed also in a direction perpendicular to the slab edges.
However in case of the mid-span strain monitored at the
bottom surface (Fig. 11:b), there is a significant
difference between two strains in mutually orthogonal
directions (X, y), both perpendicular to the slab edges.
Such difference is not expected in a symmetric model.
Also significant difference not only in maximal values
but also in global shape of the strain-time curve is being
observed for various mesh sizes of the concrete slab. It is
suitable to remind, that parameter values adopted for
CSCM material model in this study were based only on
rather robust (and automatized) determination
implemented in LS-Dyna software [9], [14], [15]. It is not
excluded that closer investigation of material parameters
of this model would resulted in more reasonable data.

Model cases (#5 to #8) of the older version variant of
CSCM material model, the Schwer-Murray material
model (MAT 145), where the values of the material
parameters have been determined more thoroughly, have
yielded in more consistent results (Fig. 11:c). The
difference between strains in two orthogonal directions is
very negligible as expected. The strain maximum is
increasing with finer mesh, however the global shape of
the strain-time curve retains its shape. The maximal value
of the strain is very close to the experimental value
(7.2 %o) for all the cases of the mesh size. However the
slope of the strain-time curve is significantly steeper than
the reference measurement. Also not even the finest mesh
(1 mm) has yielded into crack patterns formed also in the
perpendicular direction. All the main cracks close to the
middle have been formed only in diagonal directions
(Fig. 12: #7 and #8).

The results in the matter of strain-time dependences
for cases of the JHC material model (Fig. 11: d) are very
similar to the Schwer-Murray material model cases (Fig.
11: ¢). Similar patterns are being observed. In cases of
JHC material model (#9 to #12) the concrete cracks are
better developed also in the perpendicular direction (Fig.
12: #11 and #12). The initial slope of the strain-time
dependence is however still much steeper than the
experimental reference.

Overall a nice match between the displacement

maximum and the experimental value is being observed.
For model cases, where the concrete slab has been
described by Schwer-Murray material model or the JHC
material model (#5 to #12), also the maximal values of
the strains monitored in the mid-span of the bottom
surface are in a nice match with the experimental data.
The effects of material, or perhaps also some geometric
parameters, on the initial slope of the stress-time curve
require further investigation.

Also it is suitable to mention, that the simplified blast
approach considered in this study has a validity range of
the scaled distance Z in the interval (0.147 ; 40) mkg'?
[9]. For 75 g of TNT in the distance of 9 cm, the scaled
distance is equal to 0.213 m-kg '3, what is pretty close to
the edge of the interval. Therefore slightly different
results might be also expected.

4. Conclusion

FE analyses of the concrete slab exposed to pressure
wave after explosion of a TNT charge have been
conducted. Three different material models have been
adopted to describe the behaviour of the concrete slab
exposed to the high velocity impact load. For each case,
the effects of 4 different mesh sizes on the results have
been investigated. The results are compared with
experimental data. Maximal values of the mid-span
displacement and strain, as well as the crack patterns are
in a nice match with the reference data when suitable
values of the material model parameters are adopted and
sufficiently fine mesh is used. However the difference in
the initial slope of the strain-time dependence between
the experimental and the documented results requires
further research.
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