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Abstract

The topic of this paper is experimental and numerical analysis of the impact strength of unreinforced concrete slabs. Impact strength
of concrete is significant in case of some accidental loads during exploitation. Impact strength can be determined experimentally, using
Drop-weight test, Charpy test, Projectile impact test, Explosive test, etc. In this research, a numerical model for determining the impact
strength of concrete slabs based on Finite element method (FEM) and high-end engineering software has been proposed. Modelling
approach to this problem was applying the Explicit dynamics FEM analysis. Thereat, two different existing material models for concrete
were enforced: Concrete damage plasticity model - CDP (implemented in ABAQUS/Explicit software), and the Riedel-Hiermaier-Thoma
model - RHT (implemented in ANSYS Workbench software). Analysis parameters for both material models, necessary as input data,
have been determined through a series of FEM analyses and validated by performed experiments, using drop-weight test. Results of the
numerical analyses have been compared with the experimental ones, as well as mutually. Advantages and drawbacks of both material
models are highlighted, as well as the reliability of the proposed numerical models. The proposed numerical FE models, confirmed by

experiments, can be successfully used for determining impact strength of concrete slabs in further research.
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1 Introduction

Impact strength of concrete is defined in literature as tough-
ness of the concrete material under dynamic, i.e., impact
load, which is characterized by applying the total pro-
posed load in very short time interval.

Several experimental methods for impact strength deter-
mination exist, like Drop-weight test, Charpy test, Projectile
impact test, Explosive test, etc. [1].

The most often applied method in practice is the Drop-
weight test, because it requires simple test equipment, and
is easily adapted to the conditions in situ. The aim of this
testing is simulation of some real situations, like impacts
of some small objects on roof cover, or falling some weight
onto industrial floor surface. The response of concrete
under dynamic load is assessed after multiple repeated
impacts, whereat the number of drops needed for occur-
ring of the first crack, or total fracture is registered [2].

Strength of the structural elements has been primar-
ily researched under static and dynamic loads, and the
need for defining the response of the structural elements

under impact load has also been noticed [3]. Thus, impact
strength of reinforced concrete (RC) beams [4, 5], as well
as RC slabs [5], has been experimentally tested.

Numerical finite element (FE) analysis of RC slabs under
drop-weight impact load has been conducted using differ-
ent material models, such are Riedel-Hiermaier-Thoma —
RHT model and Ansys Workbench software package [6],
continuous surface cap model and Ansys LS-DYNA soft-
ware package [7], and concrete damage plasticity model —
CDP, available in Abaqus software package [8, 9].

Experimental and numerical research encompassed
influence of different parameters on strength of an RC slab
under impact load, such are slab thickness, impact location,
drop-weight height [7], and reinforcement ratio [7, 10].
The semi-empirical formulae for determining local effects
of hard missiles have also been proposed [11].

Recently, the impact strength of post-tensioned slabs [12]
and slabs reinforced with bars made of glass and car-
bon fibers reinforced polymers [13, 14], has been tested.
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Research is directed mostly on solid slabs without open-
ings, but influence of different opening size and layout in
RC slabs on impact strength has been also examined [15].

The experimental results of the impact strength of
square concrete slabs under impact load performed by
Drop-weight test, which were used to calibrate and val-
idate numerical FE models, are presented in this paper.
Two different material models have been used, the CDP
model with ABAQUS/ Explicit software, and the RHT
model with ANSYS Workbench software.

Mechanical characteristics of concrete used for the
numerical models have been determined by appropriate
experimental testing of the hardened concrete.

2 Experimental research

As a first stage, examinations of the characteristics of the
hardened concrete have been conducted, and after that,
examinations of the impact strength of a concrete slab
using drop-weight test. Description of both stages is given
in detail in the further text.

2.1 Experimental testing of the characteristics of the
hardened concrete

Concrete for specimens has been made with 400 kg ordi-
nary Portland cement CEM I 52.5R and 1800 kg three-frac-
tion river aggregate from South Morava River. The shares of
individual fractions of aggregate in the mixture were: frac-
tion 0/4 mm (43%), fraction 4/8 mm (23%), and fraction
8/16 mm (34%). The water/binder ratio (w/b) was 0.438.
Superplasticizer based on polycarboxylate has been added
to the concrete mixture, dosed at 2.40 kg/m?. Making and
curing of concrete specimens for experimental testing has
been carried out in accordance with the EN 12390-2 [16].
All physical and mechanical characteristics of the hardened
concrete have been examined at concrete age of 90 days.

For the hardened concrete, the following characteristics
have been examined: density of the hardened concrete at
water saturated state, compressive strength, splitting ten-
sile strength, and static modulus of elasticity.

Density of the concrete has been examined on cubical
specimens with 150 mm edge length, according to standard
EN 12390-7 [17]. Mass of the specimens has been measured
by electronic scale "KERN" with accuracy class of 0.1 g.

Compression strength has also been tested on cubi-
cal specimens with 150 mm edge, according to standard
EN 12390-3 [18], using digital hydraulic press "UTEST
UTC-5740" with accuracy class of 0.5% (Fig. 1(a)). The split-
ting tensile strength has been tested according to standard

EN 12390-6 [19] on cylindrical specimens with diameter of
150 mm and height 300 mm, using digital hydraulic press
"UTEST UTC-5600" with accuracy class of 0.5%. Fig. 1(b)
presents view of the testing device and the specimen during
the test. Examination of the static modulus of elasticity has
been also conducted on cylindrical specimens with diam-
eter of 150 mm and height 300 mm according to standard
EN 12390-13 [20], using digital hydraulic press "UTEST
UTC-5740" and three digital extensometers "CONTROLS
55-C0222/F". This examination is presented in Fig. 1(c).

Mean values out of three results of examined characteris-
tics, as well as standard deviations, are presented in Table 1.

All material tests have been completed in the Laboratory
for building materials at the Faculty of Civil Engineering
and Architecture, University of Ni§, Serbia.

2.2 Experimental testing of impact strength of a
concrete slab

The impact strength of the concrete slabs has been con-
ducted using the Drop-weight test method, in the same labo-
ratory as the material tests. The test has been done on a con-
crete slab with dimensions 400 x 400 x 50 mm (Fig. 2(a)).
A cylindrical steel weight with mass of 3.00 kg (Fig. 2(b))
has been dropped from height of 0.30 m. The concrete
specimen was fixed into the test frame, and the weight was
guided by a vertical tube, so the impacts were concentra-
ted in the middle of the top slab surface. The test setup is

shown in Fig. 2(c).
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Fig. 1 Examination of hardened concrete characteristics:
(a) compression strength; (b) splitting tensile strength; (c) static
modulus of elasticity

Table 1 Basic material characteristics of the hardened concrete

Mean Standard

Characteristic value deviation Unit
Density of the hardened concrete 2347 10.24 kg/m3
Compressive strength 1. 59.78 0.95 MPa
Splitting tensile strength £, 4.23 0.13 MPa
Static modulus of elasticity £, 36.50 0.16 GPa




Concrete slab sample
400x400x50

400

. 400 "

(a) (b) (c)

Fig. 2 Experimental test (measures in mm); (a) slab specimen;

(b) steel weight; (c) test setup with specimen

The weight was dropped in equal time intervals, and
occurrence of cracks in concrete has been tracked at the
top and bottom surface of the slab. Fracture of the speci-
men has been defined by occurring of the cracks both at
the bottom and the top side of the slab, which meant that
the cracks have propagated throughout the total depth of
the specimen.

Based on the number of impacts and the drop height, one
may calculate the impact energy at the fracture of the spec-
imen, as E = N x m X g x h [21], where E denotes impact
energy [J], N denotes number of impacts, m denotes drop-
weight mass [kg], g denotes gravity acceleration of 9.81 m/s?
and /4 denotes drop height of the drop-weight [m].

The results of the Drop-weight test for all three speci-
mens are given in Table 2. During the test, the first crack
occurred at the bottom surface of the slab, and it hap-
pened after 13 impacts, which represented the mean value.
After that, cracks propagated further through the depth
of the slab. Occurrence of the cracks on the top surface
of the slab implied that the cracks propagated throughout
the total depth of the slab, and fracture criterion has been
achieved after 16 impacts, again, a mean value from three
tests. Typical examples of the occurrence of the first crack
and of the specimen fracture are given in Fig. 3.

The presented experimental setup and result data have
been used for calibrating and validating the numerical
model presented in the following sections.

3 Numerical modelling using finite element method

In this research, two numerical models for determining the
impact strength of the concrete slab have been proposed,
using the FEM and appropriate software. The established
procedure for reliable modelling of a drop-weight test of
concrete slab is presented in this section in detail. The mod-
els have been validated using experimental results. The main
parameter for validation was the number of impacts
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Table 2 Drop-weight test results

No. of Impact No. of Impact
Spec- . .
imen impacts for  energy atthe impacts for energy at the
the 1% crack 1% crack [J] fracture fracture [J]
1 13 114.74 16 141.26
2 13 114.74 15 132.44
3 14 123.57 16 141.26

(@) (b)

Fig. 3 Characteristic examples from the drop-weight test:

(a) occurrence of the first crack; (b) specimen fracture

required for specimen fracture. The proposed numeri-
cal models can be used in further research of the impact
strength of concrete slab instead of costly experiments. One
must bear in mind that for every new analysis of this type,
input data regarding physical and mechanical characteris-
tics of the concrete material have to be determined.

Numerical modelling of the drop-weight tests falls
into high demanding tasks in the FEM field. The problem
includes dynamic aspects and highly non-linear behav-
ior of the specimen, like plastic deformations and con-
tact phenomena. The duration of the impact is very short,
with value order of approx. 0.1 ms. That was the reason for
selection of the Explicit dynamic analysis in this research.

Considering this, and the selected Explicit dynamic
analysis, appropriate material models for concrete should
have been chosen, as well as the software that supports it.
For this research, two sophisticated software have been
selected, ABAQUS/Explicit and ANSYS Workbench, as
capable for this research task.

3.1 Modelling concepts

Explicit dynamics analysis is capable to reveal the dynamic
response of structures exposed to short-time impact loads.
In order to obtain a stable analysis progression, the time
increment has to be set as proportional to the smallest
finite element dimension in the model, and inversely pro-
portional to the sound speed in the material used [22, 23].
As a result, the time increments can last a few microsec-
onds, and the complete analysis may have several thou-
sand-time steps, or analysis cycles [22, 23].
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Geometry of the FE numerical models of the concrete
slab and the drop-weight has been created according to
the geometry of the test specimen and the weight used
(Fig. 2). For the initial position in the numerical analysis,
the moment of the contact between the drop-weight and
the concrete slab has been chosen. Model geometry cre-
ated in the software package ABAQUS/Explicit is shown
in Fig. 4, and the geometry of the model in the software
package Ansys Workbench is the same.

In the experimental setup, the concrete slab was sup-
ported along all edges of its bottom surface. In line with
that, in the FE model all translational degrees of freedom
were constrained on these edges. The drop-weight was
restrained along the top base with prevented translations
in X- and Z-direction, enabling only vertical move (Fig. 4).

The steel material model of the drop-weight has been
taken as linear elastic, since no significant deformation of
the weight body was expected, and the weight itself was
not the subject of the analysis. The steel material has been
defined by its modulus of elasticity £ =210 GPa, Poisson's
ratio v = 0.3, and the mass density y = 7850 kg/m?3. Mass
density of concrete was 2347 kg/m?, (Table 1).

3.2 Explicit dynamics FE analysis using the concrete
damage plasticity (CDP) model

3.2.1 Material model

The CDP material model, implemented in the ABAQUS/
Explicit software, has been used in this research. For this
analysis, the characteristics of the concrete material are
defined based on mechanical characteristics and recom-
mendations from [24], using the following relations:

I e/ TR T £l
a(,—mfc, n—g—d, k—l.OSEC,?C, Q)
where:

€. 1s compression strain and it is used as argument for
determining compression stress o,

&,,= 0.00245 is the strain at the maximal stress,

€., = 0.00350 is the ultimate strain,

/. is compressive strength,

E_is modulus of elasticity.

The stress-strain diagram of the concrete at compression is
presented in Fig. 5(a). Stress-strain diagram of the concrete
under tension is defined using the relation given in [25]:

0.40
&

t

where:

€, is tension strain and it is used as argument for deter-
mining tension stress o,,

/, is tensile strength of concrete,

&, is strain at the tensile strength of concrete.

Tensile strength of concrete cannot be easily determined
by experiment. Therefore, it is defined based on the exper-
imentally obtained splitting tensile strength (f, ), and
according to the relation defined in [24], as £, = 0.90 f ..

With such adopted material model, the tensile strength
of concrete is f, = 3.807 MPa, and correspondent strain is
¢, =0.000104 calculated from the Hooke's law (¢ = f/E ).
Stress-strain diagram of concrete at tension is presented
in Fig. 5(b).

Since this research implies exposure of concrete specimen
to a series of impacts up to its fracture, it may be expected
that concrete will endure significant plastic deformations.
Therefore, an appropriate material model that describes the

Fixed translational degrees of
freedom in x and z directions

Initial velocity in y direction

Fixed translational degrees of
freedom in all directions

Fig. 4 FE model geometry and boundary conditions
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Fig. 5 Stress-strain diagram for concrete: (a) compression; (b) tension



plastic behavior of the concrete should have been applied.
The adopted CDP model introduces damage of the concrete
both due to compression and tension, and has its ground in
Fracture mechanics, i.e., on the Drucker-Prager's hyper-
bolic function of flow of the plastic potential. Taking into
account [23], this model has been selected as adequate for
modelling quasi-brittle materials, see also [26, 27]. Prior to
applying the CDP material model in analysis, several input
parameters need to be defined, as described below.

Dilatation angle (dilatancy) w has been adopted as
w = 30°, according to [27]. For the eccentricity of the plas-
tic potential ¢, and for the relation between the biaxial and
uniaxial yield stress under compression o, /o, default
values have been chosen, i.e., ¢ = 0.1 and ¢, /o, = 1.16,
as recommended in [26]. Also, default value has been
adopted for the relation of the magnitude of the deviatoric
stress under tension and compression, K = 0.666 [27].
Finally, the nondimensional viscosity parameter u, has
been taken as ¢ = 0.000001. Namely, behavior of the con-
crete is very complex, and may cause convergence issues.
This is always the case when the used material model
encompasses softening phenomena. In the software used
here this class of problem is overcome by the so-called vis-
coplastic regularization of the constitutive equations. That
way, using a very small value for the viscosity parameter
 may help the convergence of the model in the softening
range, without affecting the reliability of the results [23].

When concrete material is unloaded after reaching the
strain softening branch of the stress-strain curves (both for
compression and tension), the unloading branch become
weakened. This means that the elastic stiffness of the mate-
rial becomes degraded by damage. In the CDP model this
degradation is achieved by reducing the initial modulus
of elasticity multiplying it by factor 1-d_ for compression,
and by factor 1-d, for tension (Fig. 6) [23, 28]. Damage
parameters for compression d , and for tension d, [23], are
determined by the following relations:

d=1-Zc; g =1-2¢, 3)
Je i

Fig. 7 presents dependences of the mentioned damage
parameters on concrete strains for the analyzed model.
It should be remarked that values for compression used
in the software were defined with respect to the inelastic
strains ¢ ™, and values for tension were defined with respect
to the cracking strains ¢ Inelastic strain in compression,
and cracking strain in tension, represents total strain minus
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Fig. 6 Material damage model: (a) compression; (b) tension
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Fig. 7 Damage parameters in the CDP model:

(a) compression; (b) tension

elastic strain corresponding to the undamaged material.
Whereat the threshold of the elastic behavior of the ana-
lyzed concrete under compression was 0.4 f = 22.91 MPa
(with correspondent strain of 0.000655), and under tension
/,=3.807 MPa (with correspondent strain of 0.000104).
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Based on the data of the inelastic strain ¢ " and damage
parameter d_ in compression, and cracking strain ¢ and
damage parameter d, in tension, the plastic strain in com-
pression ¢ #' and plastic strain in tension ¢ ”' are calculated
by software [23] as follows:

. d
pl _ _in ¢ Zceo ol _ g t 2t
& =&~ l-d E s € =& _ . (4)

c c

3.2.2 Finite element mesh

The slab and the drop-weight were meshed with solid FE.
Here it must be noted that, in a case of dominant bending
deformation and use of solid FE with linear shape func-
tions, a large shear stiffness can occur, which is not realis-
tic. This phenomenon, known as "shear locking", was pre-
vented using hexahedral finite elements with linear shape
functions and reduced integration for stiffness matrix
determination (denoted in the software as C3D8R) [23].
Global edge size of the FE was 5 mm, resulting with 68608
elements and 77489 nodes. In the narrow zone of contact of
the drop-weight and the slab, mesh size was 2 mm, in order
to cover the expected stress concentration. The finite ele-
ment mesh of the model is shown in Fig. 8.

3.2.3 Analysis parameters

For the drop-weight simulation, an initial velocity has been
applied to the drop-weight, and it has been calculated based
on the travelling time of the weight dropped from the height
0f 0.300 m (taken from the experimental data) with respect
to the slab top surface, as v = (2gh)’> = 2.4261 m/s, where
h denotes the drop height [m], g denotes the gravity accel-
eration [m/s?] and v denotes the drop weight velocity [m/s].

Interaction between the drop-weight and the concrete
slab has been modelled with a standard surface-to-surface
contact (Fig. 9). The interaction has been defined in such
a way to transfer normal pressure without friction between
contact bodies.

Setting the appropriate procedure of analysis in such
complex problem is of utmost importance. In this research,
the following strategy has been applied:

* every impact of the drop-weight onto the slab was

analyzed through a single load step,

» one completed load step was followed by unloading,

* next impact has been applied after completing the

previous one, using the restart command.

For every impact, lasting of the contact of the two bodies,
the drop-weight and the slab, was set as 0.0001 s, accord-
ing to recommendations in the literature related to impact
analysis using Explicit dynamics [22, 29].

Fig. 8 Finite element mesh

Contact surfaces
- master surface
- slave surface

Fig. 9 Contact surfaces

3.2.4 Analysis results and discussion

As it has been defined in the experimental part of the
research, it was adopted that fracture of the specimen arose
when the cracks propagated throughout the total depth of
the slab, and it was related to the corresponding number
of impacts. Since the CDP model does not support the
development of cracks, the crack occurrence was defined
implicitly. In other research it is recommended to adopt
that cracks open at strains several dozen times greater
than the strain at tension strength [30]. In this research,
the model calibration showed that satisfying results were
obtained if the cracks opened at strain 50 times greater
than the strain at tension strength, whereat the damage
parameter d, took value of 0.80. During this analysis, the
number of impacts needed for developing of the cracks
has also been tracked. Unlike the experimental test, here
it was possible to follow the crack development implicitly
through the vertical midplane section of the slab.

Fig. 10(a) presents appearance of the crack field at the
bottom surface of the slab after N= 11 impacts, when first
cracks occurred.

Fig. 10(b) presents crack propagation through the
slab depth in the vertical midplane after N = 14 impacts.
It is marked by red and orange contours in the damage
parameter legend, indicating the values higher than 0.80,
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Fig. 10 Damage parameter in tension: (a) impact no. 11, occurrence of
the first cracks; (b) impact no. 14, crack propagation; (c) impact no. 17,
fracture

as described above. One may see that the cracks devel-
oped rather abruptly, and they could be noticed at the bot-
tom surface, as well as at the top surface, under the drop-
weight. The crack field narrows towards the top third of the
slab, where cracks still do not occur.

Fig. 10(c) presents contours of the cracks after N = 17
impacts. The crack field from the top of the slab is now
joined with the crack field from the bottom, via a nar-
row "neck" represented by orange contours. That way, the
crack field becomes continuous, signaling fracture.

Comparison between the crack fields from the experi-
mental testing (Fig. 3) and from the numerical FE analysis
(Fig. 10) does not show high degree of congruence, espe-
cially regarding the symmetry of the cracks. However,
observing the experimental crack patterns, one may see
that they all meet in the center of the slab, very similar to
the crack pattern from the numerical analysis.

The obtained results show good agreement with the
experimental test, with small deviation (Table 3). Observ-
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Table 3 Experimental vs. numerical results (CDP material model)

No. of impacts for the No. of impacts for

Method I*t crack fracture
Experimental test 13 16
Numerical test 11 17
Deviation [%] 18.18 -5.88

ing the comparative results, one may note that the numer-
ical analysis here is over-conservative regarding the
occurrence of the first cracks, but under-conservative
regarding the arising of fracture. Nevertheless, the predic-
tion of fracture does not deviate significantly, only 5.88%,
while the prediction of the first crack occurrence shows
somewhat lower accuracy, deviating 18.18%.

3.3 Explicit dynamics FE analysis using Riedel-
Hiermaier-Thoma model (RHT)

3.3.1 Material model

For this analysis, the RHT concrete model and ANSYS
Workbench Explicit dynamics module has been used to
model the concrete slab. This is an advanced plasticity
model used for brittle materials [31-33].

This constitutive model is a combined plasticity and
shear damage model, and it is particularly useful for mod-
eling concrete in a case of dynamic loading. The model is
formulated in such way that complete input data can be
scaled using the nominal compressional strength of con-
crete [22]. In this research, the compressional strength
of the slab concrete was f, = 59.78 MPa, and the tension
strength was defined using the ratio of the tensile and
compression strength £,/ f = 3.807 / 59.78 = 0.06368.

The remained input data for this model have been taken
as default values given in the software [22] (Table 4).

3.3.2 Finite element mesh

The complete FE model was meshed with solid finite ele-
ments. For the slab, hexahedral FE shapes with 8 nodes
and 3 translational degrees of freedom (DOF) were used,
due to the regularity of the slab shape. The drop-weight,
having more complex shape, was meshed with tetrahe-
drons, prisms, and pyramids. The overall edge size of the
mesh was 5 mm, which resulted with 72312 elements and
79296 nodes. In the narrow zone of contact of the drop-
weight and the slab, mesh size was 2 mm, in order to cover
the expected stress concentration and to compensate the
low order of the finite elements of the drop-weight. The FE
mesh of the model is shown in Fig. 11.
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Table 4 Input data for RHT concrete model

Name Value
Compressive Strength (f)) [MPa] 59.78
Tensile Strength (f,/ 1) 0.06368
Shear Strength (£, / f)) 0.18
Intact failure surface constant A (4,,,,) 1.6
Intact failure surface exponent N (V) 0.61
Tens. / Comp. Meridian ratio (0, ;) 0.6805
Brittle to Ductile Transition (BQ) 0.0105
Hardening Slope 2
Elastic Strength /£, 0.7
Elastic Strength / f, 0.53
Fracture Strength Constant (B) 1.6
Fracture Strength Exponent (1) 0.61
Compressive strain rate exponent () 0.032
Tensile strain rate exponent (J) 0.036
Maximum fracture strength ratio (SFMAX) 1E+20
Use cap on elastic surface Yes
Damage constant D1 0.04
Damage constant D2 1
Minimum strain to failure 0.01
Residual Shear modulus fraction 0.13

3.3.3 Analysis parameters

According to the given drop height, the initial velocity of
the drop-weight at the impact moment has been calculated
by the applied software. For this particular numerical anal-
ysis, a series of impacts in the experiment was replaced
by a single impact. Based on this, and assuming equality
of the total kinetic energy produced by series of impacts
in the experiment and the total kinetic energy generated
by one impact in the FE analysis, the drop height after N
impacts was defined as H_, = Nh.

The impact duration between the concrete slab and
the drop-weight during one impact has been assumed as
0.0001 s, so the total analysis time for analysis of the influ-
ence of the NV impacts has been defined as t = 0.0001 N.

Interaction between the drop-weight and the concrete
slab has been modelled with a frictionless surface-to-sur-
face contact, similar to the previously defined contact anal-
ysis (Section 3.2.3, Fig. 9), which transfers forces normal to
the contact surfaces allowing separation after contact [22].

3.3.4 Analysis results and discussion

As seen in the Section 2.2 and Section 3.2.4, fracture
of the slab arises when cracks propagate throughout the
total depth of the slab, and it is accompanied with certain

A

number of impacts. Like the CDP model, the RHT concrete
model does not support the development of cracks, so the

Fig. 11 Finite element mesh

crack occurrence has been defined implicitly, using the
damage parameter. In the software used [22], this param-
eter ranges from 0 to 1, where 0 stands for intact material,
and 1 stands for fully fractured material. For this partic-
ular analysis, the value of the damage parameter higher
than 0.80 has been adopted as crack occurrence threshold,
analogously with the previous analysis (see Section 3.2.4).

Development of the cracks has been tracked here
implicitly as well, observing the bottom of the slab and its
vertical midplane.

Fig. 12(a) presents the crack field at the bottom of the
slab after N = 13 impacts, when the first cracks occurred.
The pattern is highly symmetrical, with slab diagonals
as symmetry axes. The cracks are represented by red and
orange contours, which denote damage parameter values
that exceed value of 0.77778 =~ 0.80. They are spread around
the center of the slab where the drop-weight impact is strik-
ing, as expected. Besides that, cracks can be visible near
the bottom apexes of the slab. They are consequence of the
boundary conditions and sharp change of the slab contour at
the apexes. The lower-value contours (green to cyan), with
values under 0.66667 spread diagonally and indicate further
propagation of the cracks along the bottom slab surface.

Fig. 12(b) is the contour presentation of the cracks after
N = 14 impacts. In the vertical midplane section damaged
elements protrude to the bottom of the slab, thus showing
the crack propagation throughout the slab depth. The form
of the damaged elements, i.c., of the cracks, is in the shape
of a truncated pyramid, much alike to the problem of frac-
ture of concrete foundation column footings by punching
shear. These results confirm the results of other investi-
gations [34]. Like in the analysis given in Section 3.2, the
continuous crack field denotes fracture of the slab. Here,
the cracks have been developed even more abruptly than
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Fig. 12 Damage parameter: (a) impact no. 13, occurrence of first cracks;
(b) impact no. 14, occurrence of fracture

in the previous analysis. Namely, the number of impacts
needed for the first cracks and the number needed for the
slab fracture differ by just 1, i.e., they are consecutive.
The obtained results showed very good agreement with
the experimental test, with minimal deviation (Table 5).
The numerical analysis showed 100% agreement regard-
ing occurrence of the first cracks, and for the arising of
fracture, it was conservative, thus being on the safe side.

4 Conclusions

The Explicit dynamics analysis has been chosen in this
research as recommended both by researchers and by soft-
ware guides. In accordance with the type of analysis and the
software applied, two existing material models for concrete
have been used: the Concrete damage plasticity model —
CDP (implemented in ABAQUS/Explicit software), and the
Riedel-Hiermaier-Thoma model — RHT (implemented in
ANSYS Workbench software). The problem has been ana-
lyzed by both available software and applying correspon-
dent material models, with validating the analysis param-
eters using the experimental data. From the conducted
investigation, the following conclusions can be drawn:
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Table 5 Experimental vs. numerical results (RHT material model)

No. of impacts for the No. of impacts for

Method 1t crack fracture
Experimental test 13 16
Numerical test 13 14
Deviation [%)] 0.0 14.3

1. The proposed numerical FE models can be success-
fully used in research of low velocity impact problem, and
serve as a complement to the experimental drop-weight
tests for determining the impact strength of concrete.

2. Conducted FE analyses show that solving impact prob-
lems is very complex and includes nonlinearities like plas-
ticization and contact phenomena, cracking, and fracture.
Because of that, solution of this class of problem demands
careful selection of the material model that will be used for
concrete, as well as the type of FE analysis. Both aspects
are interrelated, and require software support.

3. Results of both selected analyses and applied mate-
rial models showed good agreement with the experimental
testing. It is especially related to the quantitative aspect
of the analysis, i.e., of the number of impacts required for
crack initiating and for the specimen fracture.

4. The CDP model appeared to be demanding regarding
the preparatory calculations needed as input data for anal-
ysis. The obtained results for impact strength showed cer-
tain deviation compared to the experimental ones. Namely,
in case of the occurrence of the first crack the deviation
was 18.18 %, but the number of impacts required for frac-
ture, as the most significant value, deviated only 5.88%.

5. The RHT model is quite simple to apply, requiring
minimal input data. Only the compression strength and
relation between the compression and tension strength is
needed, and those values have been taken from the experi-
mental testing of the concrete material. The remained data
are taken as default values provided by the software used.
The results showed very good agreement with the experi-
mental tests, with absolute agreement regarding the num-
ber of impacts needed for occurrence of the first cracks,
and the deviation of 14.3% for the number of impacts
needed for fracture.

6. The crack patterns, here represented by the so-called
"damage parameter", showed less matching with the
experimental tests. The explanation for this lies in the
fact that during the experiment, the cracks appear in quite
stochastic manner, thus stressing out the nature of the
fracture under impact. However, the average of several
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experimental crack patterns in some sense is expected
to be similar to the crack patterns found in the finite ele-
ment results. The propagation of the cracks, represented
by damaged finite elements, throughout the depth of the
slab showed that the fracture mechanism in the FE anal-
yses has been described well. It especially stands for the
model built using the RHT material model. It must be also
remarked that the insight into the cross-section crack prop-
agation could be tracked during the FE analysis, unlike the
experiment.

7. The proposed numerical FE models offer reliable tool
for predicting the development of the cracks and fracture
of concrete slabs under impact load, and they can signifi-
cantly support the experimental work.
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