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Numerical simulation of reinforced concrete structures

under impact loading

Numerische Simulation des Verhaltens von

Stahlbetonkonstruktionen unter Stoßbelastung

N. Živaljić1, Ž. Nikolić1, H. Smoljanović1, A. Munjiza1

This study presents the performance of a combined finite-discrete element method

for prediction of the structural response of reinforced concrete beams under impact

loading. A combination of finite and discrete element methods enables the model-

ling of the concrete and the reinforcement before the concrete cracking, as well as

a discontinuous nature of the concrete caused by fracture and fragmentation under

high impact loading. Discretization of the concrete with triangular finite elements is

coupled with one-dimensional reinforcing bars embedded inside the concrete finite

elements. The cracking in the concrete activates the joint elements used to simu-

late the non-linear behavior of both concrete and reinforcement. Numerical analysis

based on experimental test data has been carried out to simulate the main features

of the reinforced concrete beams impacted by free-falling drop-weights. A high lev-

el of accuracy was demonstrated in various comparisons between the experimental

tests and the analysis results, including peak displacement, crack pattern, damage

level and failure modes of reinforced concrete beams.

Keywords: Crack pattern / finite-discrete element method / impact loading / numerical

simulation / reinforced concrete beam

Diese Studie zeigt die Leistung der kombinierten Methode der Finite-Diskrete-Ele-

mente zur Vorhersage der Reaktion in der Struktur von Stahlbetonträgern bei Stoß-

belastung. Eine Kombination der Methoden der finiten und diskreten Elemente er-

möglicht die Modellierung und die Bewehrung des Betons bevor dieser Risse

aufweist sowie eine diskontinuierliche Beschaffenheit des Betons, verursacht durch

Bruch und Zersplitterung unter hoher Stoßbelastung. Die Diskretisierung des Be-

tons mit dreieckigen finiten Elementen ist mit eindimensionalen Bewehrungsstäben

verbunden, die in die finiten Elemente des Betons eingebettet sind. Die Rissbildung

im Beton aktiviert die Verbindungselemente, die eingesetzt werden um das nichtli-

neare Verhalten von Beton und Bewehrung zu simulieren. Es wurde eine numeri-

sche Analyse aufgrund experimenteller Testdaten durchgeführt, um die Haupt-

merkmale der Stahlbetonträger zu simulieren, beeinflusst durch frei fallende

Gewichte. Es wurde eine hohe Genauigkeit bei verschiedenen Vergleichen zwi-

schen den experimentellen Tests und den Analyseergebnissen festgestellt, ein-

schließlich Spitzenverschiebung, Rissmuster, Schadensgrad und Fehlerarten bei

Stahlbetonträgern.
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1 Introduction

The design of reinforced concrete structures re-

sistant to the impact loading has been recognised as

crucial in preventing the progressive collapse of

these structures and protecting human life, espe-

cially in the last few decades, after frequent terrorist

attacks around the world. Numerous studies have

been conducted to date towards understanding and

developing methodologies predicting the behaviour

of these structures. However, it is difficult to name

one commonly accepted method. The choice of the

method depends on the type, geometry or required

information about the structural behaviour. In order

to determine the local response of the members in-

dependent of its global response, one can use em-

pirical formulae [1, 2]. Analytical approaches using

mass-spring systems are used in order to determine

global deformations [3–6]. As a consequence of ne-

glecting the local effects, this approach may yield

inaccurate results. The majority of the research in

global response was carried out on reinforced con-

crete beams, since the local damage becomes con-

siderably more important in the case of thin slabs

under impacts. Over the past few decades, several

studies have been reported for reinforced concrete

members subjected to impact loading [7–13]. Nu-

merical methods, such as the finite element method,

are the most used tools in the analysis of impact be-

haviour of reinforced concrete members, taking into

account their global and local response.

The finite element packages which are used for

impact analysis of reinforced concrete structures re-

quire sophisticated numerical models of material be-

haviour and contact interaction [14–23].

The fragmentation that may occur after the im-

pact loading could not be considered by using the

finite element method. Therefore, alternative meth-

ods were developed considering the discontinuities

in the medium, such as the discrete element method

[24–27].

It is important to notice that any comprehensive

failure simulation needs to address the elastic and

elasto-plastic behaviour of the structural compo-

nents including failure, fracture, fragmentation, tran-

sient motion, contact impact, collapse, energy dis-

sipation mechanisms and the state of rest. To this

end, a recently developed state of the art in finite-

discrete element method offers a capability to ad-

dress all of these phenomena.

The finite-discrete element method was primarily

developed mainly for the simulation of fracturing

problems considering deformable particles that may

split and separate during the analysis [28]. Up to

date the finite-discrete element method found its ap-

plication in analysis of many types of structures

such as reinforced concrete structures, beam type

structures, shell structures etc. [29–33]. The main

processes included in the finite-discrete element

method are contact detection, contact interaction, fi-

nite strain elasticity, as well as fracture and frag-

mentation. A contact detection algorithm has to de-

tect couples of discrete elements close to each other

and eliminate couples which are too far and cannot

possibly be in contact [34]. The interaction between

discrete elements is considered through the contact

interaction algorithm based on potential contact

forces [35] including the Coulomb-type law for fric-

tion. The method uses an explicit numerical in-

tegration of the equation of motion.

In order to analyse and predict the collapse of

the reinforced concrete structures under dynamic

loading, finite-discrete element method is extended

with a new numerical model of the reinforcing bar

[30, 31]. The concrete structure is discretised by

constant strain triangular finite elements, whereas

the reinforcing bars are modelled with the linear

one-dimensional elements implemented inside the

concrete finite elements. Material non-linearity, in-

cluding the cracking of the concrete, plastic de-

formation of the steel, as well as the cyclic behav-

iour of both materials during dynamic loading are

considered through the concrete and steel joint ele-

ments which are implemented within a finite ele-

ment mesh.

In this paper, the combined finite discrete model

for reinforced concrete structures subjected to dy-

namic loading was extended in order to simulate the

behaviour of these structures under impact loading

[30, 31]. Some of the most important effects of the
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model are the increases in dynamic tensile strength

under high impact loading, reliable representation of

the cracks, interaction between the reinforcement

and the concrete considering the steel strain-slip re-

lation, the influence of adjacent cracks on the slip of

the reinforcing bar, local slip of the reinforcing bar

near the crack plane when the bar undergoes high

plastic deformation and the influence of the curva-

ture of the reinforcing bar to yield stress reduction

of the steel.

The results of the performed numerical analyses

were compared to the experimental tests of re-

inforced concrete beams impacted by free-falling

drop-weights [36].

2 The modelling approach

2.1 Discretisation of the reinforced concrete

structure

The presented model, developed for the plane re-

inforced concrete structures, uses discretisation by

constant strain triangular finite elements for the con-

crete and one-dimensional elements for the reinforc-

ing bars. Reinforcing bar finite elements are placed

inside the concrete finite elements [30, 31]. The ma-

terial non-linearity, fracture and fragmentation are

considered through the joint elements which are im-

plemented within the finite element mesh. The in-

teraction between discrete elements is modelled

through the contact interaction algorithm based on

the principle of potential contact forces and the

Coulomb-type law for friction [34, 37]. The method

uses an explicit numerical integration of the equa-

tion of motion.

The model of the reinforced concrete structure

with an embedded reinforcing bar is presented, Fig-

ure 1. The reinforcing bar was defined by its initial

and end points. The intersection between the sides

of triangular concrete finite elements and reinforc-

ing bars provides the reinforcing finite elements and

reinforcing joint elements, Figure 1.

In this model, the structure behaves as a con-

tinuum until the opening of the crack. It is assumed

that the whole nonlinearity produced in a local-

isation zone on a surface of discontinuity of the dis-

placement field is simulated inside the joint ele-

ment. The initiation of a crack in the concrete leads

to the deformation in the reinforcing bar joint ele-

ment [30, 31]. In the presented model, the bond de-

terioration between the concrete and the reinforcing

bar was taken into account in the reinforcing bar

joint element, which means that the strain of the re-

inforcing bar finite element is determined from the

strain of the parent triangular finite element. Taking

into account the linear-elastic relationship between

stress and strain in the reinforcing bar finite element

and cross-sectional area of the reinforcing bar, the

forces acting in the reinforcing bar finite element

nodes can be obtained. These forces are distributed

into the nodes of the parent concrete triangular ele-

ment in the form of equivalent nodal forces [30,

31].

2.2 Contact interaction and deformability of

discrete elements

The combined finite-discrete element method is

aimed at problems involving transient dynamics of

systems comprising large number of deformable

bodies which are represented by a single discrete el-

ement that interacts with adjacent discrete elements

[28]. Each discrete element has its own finite ele-

ment mesh which is used to analyse the deform-

ability, fracture and fragmentation. The main proc-

esses included in the finite-discrete element method

are contact detection, contact interaction, finite

strain elasticity as well as fracture and fragmenta-

tion.

Figure 1. Discretisation of reinforced concrete structure.

Bild 1. Diskretisierung der Stahlbetonstruktur.
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A contact detection algorithm has to detect the

couples of adjacent discrete elements and eliminate

the couples which are too far apart and cannot be in

contact [34]. The total process time of this algo-

rithm required to detect all contacting couples is in-

deed proportional to the total number of discrete el-

ements.

The contact interaction between the discrete ele-

ments produces the distributed normal and frictional

interaction forces which are computed by using the

penalty function method [35]. The procedure is

based on the assumption that small penetrations of

contacting elements generate distributed normal

contact forces depending on the size and shape of

the overlapping area and stiffness parameter re-

ferred to as normal penalty coefficient pn. The cal-

culated contact force fn is distributed around the no-

des surrounding the contact in order to preserve the

system from artificial stress concentration. In the

tangential direction, the frictional interaction forces

ft are calculated by using the tangential penalty co-

efficient pt and the tangential displacement vector dt

between the elements. If ft is greater than the fric-

tion force satisfying the Coulomb friction law j ft j >
m j fn j , the particles slide over each other, and the

tangential force is calculated by using the total nor-

mal contact force ft = -m fn, where m is the sliding

friction coefficient.

The stress and strain relation, in constant strain

triangular finite element, is implemented by using

the Hooke’s law according to:

T ¼
E

1þ u
�Ed þ

E

1þ 2u
�Es þ �mD (1)

where T is the Cauchy stress tensor, E is the mod-

ulus of elasticity, u is Poisson’s ratio, E
^

d is the

shape changing part and E
^

s is the volume changing

part of Green-St. Venant’s strain tensor, �m is the

damping coefficient and D is the rate of the de-

formation tensor [28].

2.3 Concrete material model

The non-linear behaviour of the concrete is mod-

elled by the joint elements which are designed for

the simulation of the crack initiation and prop-

agation in tension and shear [30, 38]. In this model,

it is assumed that the crack walls coincide with the

finite element edges. It is achieved in a way that ev-

ery single discrete element is associated with its

separate finite element mesh. Hence, initially, the

total number of nodes for each of the finite element

meshes is doubled and the nodes are held together

through the penalty function method.

The separation of these edges induces the bond-

ing stress which is taken to be the function of the

size of separation d, Figure 2. The area under

stress-displacement curve represents the energy re-

lease rate Gf =2g, where g is the surface energy,

i. e. the energy needed to extend the crack surface

by a unit area.

Before reaching the tensile strength ft, there is no

separation of the element edges which is enforced

through the penalty function method [38]. For the

separation d � dt, the bonding stress is provided by:

scj ¼
2d

dt

�
d

dt

� �

2
� �

f t (2)

where dt = 2hft/pn is the separation corresponding to

the bonding stress equal to the tensile strength ft, h

is the size of the particular element and pn is normal

penalty coefficient.

After reaching the tensile strength ft, the stress

decreases with an increasing separation d, and, at
d =dc, the bonding stress tends to zero. For the sep-

Figure 2. Material model in concrete joint element.

Bild 2. Materialmodell im Betonverbindungselement.
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aration dt<d<dc, the bonding stress is provided

by:

scj ¼ zf t (3)

where z is the heuristic scaling function representing

an approximation of the experimental stress-dis-

placement curves taken according to Hordijk [39]:

z ¼ 1þ c1Dtð Þ3
� �

e�c2Dt �Dt 1þ c31
� 	

e�c2 (4)

where c1 =3 and c2 =6.93, whereas the damage pa-

rameter Dt is determined according to the following

expression:

Dt ¼
d� dtð Þ= dc � dtð Þ; if dt < d < dc;

1; if d > dc

(

(5)

The same model for describing the shear stress ts
and the shear displacement ts relation is adopted for

the concrete behaviour in shear [30].

In this paper, the numerical model in the con-

crete joint element is extended to capture the main

characteristics related to cyclic loading in tension.

For this purpose, a material model is adopted,

where the ratio of k1/kt was obtained experimentally

from the uniaxial cyclic tests and is equal to 0.73

[40], Figure 3.

One of the most important effects in the model-

ling of the structures under high impact loading is

the increase in the dynamic tensile strength depend-

ing on the strain rates. In this paper, a numerical

model has been adopted to capture the dynamic be-

haviour of the concrete subjected to impact loading

by introducing dynamic increase factor for the ten-

sion that varies with the strain rates. The dynamic

increase factor is used according to Comité Euro-In-

ternational du Béton – International Federation for

Structural Concrete Model Code provided by:

Figure 3. Discrete crack and steel strain-slip relation under monotonic loading.

Bild 3. Diskrete Verhältnisse der Gleit- und Längsverformung bei Rissen und Stahl bei gleichbleibender Belastung.

Figure 4. Specimen properties [47].

Bild 4. Probeneigenschaften [47].

Figure 5. Finite element mesh of the beam.

Bild 5. Finite-Elemente-Netz des Balkens.
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f ct
f cts

¼
_e

_es


 �

d

for _e � 1s�1

f ct
f cts

¼ b
_e

_es


 �1

3

for _e > 1s�1

(6)

where fct is the dynamic tensile strength at _e, fcts is
the static tensile strength at _es, fct/ fcts is the dynamic

increase factor, _e is the strain rate in the range of 10-

6 to 160 s-1 and _es ¼ 10�6s�1is the static strain rate

[41, 42]. The coefficient b in equation (6) is calcu-

lated according to the following expressions:

logb ¼ 6d� 2; d ¼
1

1þ 8f
0

c � f
0

c0

� 	 ;

f
0

c ¼ f c þ 8 MPa; f
0

c0 ¼ 10 MPa

(7)

where fc is the characteristic compressive strength.

2.4 Steel material model in joint element

The material model of steel in the joint element is

intended for the simulation of the reinforcing bar

between the crack walls. Before the crack opening,

the continuity between the reinforcing bar finite ele-

ments is ensured through the penalty function meth-

od. It is based on the requirement that the ratio of

stress in the joint element of the reinforcing bar and

the joint element of concrete in the direction of the

bar is the same as the ratio of stress in the finite ele-

ment of the reinforcing bar and the finite element of

the concrete.

After the crack opening, the model of the re-

inforcing bar in the joint element is based on the

path-dependent mechanical model for a deformed

reinforcing bar at the reinforced concrete interface

[43]. The influence of the redistribution of loads

along the bar is not directly considered in the finite

element as it was taken into account in the bond-

slip models, but it is ensured through the local slip

and deformation of the bar in the crack according to

the experimental curve [44, 45].

An approximation of the experimental crack

opening-strain curves is used to describe the behav-

iour of the reinforcing bar at crack faces. The model

Figure 6. Midspan displacements for the first impact: (a) SS1a, (b) SS2a, (c) SS3a.

Bild 6. Mittelverschiebungen des ersten Aufpralls: (a) SS1a, (b) SS2a, (c) SS3a.
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takes into account the bond deterioration in the re-

inforcement near the crack plane and can accurately

express the behaviour of the reinforcing bar that un-

dergoes a high plastic deformation under reversed

cyclic loading. After the occurrence of the crack,

the axial tension force developing in the reinforcing

bar is partly transferred to the concrete between the

adjacent cracks through bonding between the re-

inforcing bar and the concrete. Consequently, the

local stress along the bar differs from that at the in-

terface. It causes no uniform distribution of strains

along the bar which depends on the bar pull out S

from the crack interface, Figure 3 [44].

The monotonic slip-strain relations are defined

according to the non-dimensional slip s given by:

s ¼
S

D

� �

Kfc; Kfc ¼
f c
20

� �

2=3

(8)

where D is the diameter of the bar, fc is the concrete

compressive strength (MPa) and S is the local slip at

any point of the bar obtained by the integration of

strain along the bar [43].

In this model, a non-dimensional slip-strain rela-

tionship before and after yielding of the steel is used

according to the expressions by Soltani and Maeka-

wa, where es is the strain in the reinforcing bar in

the crack, ey is the yielding strain of the bar, fu and fy
are the tensile strength and yield stress of steel

(MPa), respectively, while esh is the strain at the on-

set of hardening, Figure 3 [43].

After yielding of the reinforcing bar, the normal-

ised steel slip s is expressed as the sum of the slip spl
in the yield region and se in the elastic region [43] as:

s ¼ splþse (9)

Assuming a linear distribution of strain in the

yield region, the normalised steel slip spl is ex-

pressed as:

Figure 7. Crack pattern for specimen SS1a: (a) numerical after the first impact, (b) numerical after the second impact, (c)

numerical final, (d) experimental final (front side), (e) experimental final (back side).

Bild 7. Rissmuster für die Probe SS1a: (a) numerisch nach dem ersten Aufprall, (b) numerisch nach dem zweiten Aufprall, (c)

numerisches Finale, (d) experimentelles Finale (Vorderseite), (e) experimentelles Finale (Rückseite).
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spl ¼
1þ bð Þesþesh�bemax

emax þ esh
smax � sy
� 	

(10)

where emax and smax refer to the steel strain and non-

dimensional slip immediately after the change from

loading to unloading, b is the factor obtained from

the experiments, which approximately equals 1.0.

By substituting the equation (10) in (9), the strain in

the reinforcing bar at the crack can be obtained

from the known non-dimensional slip s.

The calculation of the shear force carried by the

bar is based on the experimental curves which de-

scribe the curvature of the reinforcing bar in the vi-

cinity of crack faces as a function of deflection of

the reinforcing bar at the interface ts, Figure 3 [45].

The shear force is given by:

Vs ¼ EsIs
34:9091ts

L3
c

(11)

where Es is the Young‘s modulus of the bar, Is is the

moment of inertia of the bar and Lc is the length of

the curvature-influencing zone [46].

The influence of the adjacent cracks is approx-

imately taken into account through the reduction

factor a which depends on the crack distance lcr
[45]. Steel slip scr, which considers the influence of

the adjacent cracks, is expressed as:

scr ¼ as (12)

where s is the non-dimensional slip defined by (8),

while the reduction factor a is given by:

a ¼ 1� e� 0:065lcr=Dþ0:5ð Þ3
(13)

In this model, the position of the crack is defined

by the finite element edge, so that lcr is adopted as

an input parameter, which is equal to h/2, where h is

the concrete finite element length.

Figure 8. Crack pattern for specimen SS2a: (a) numerical after the first impact, (b) numerical after the second impact, (c)

numerical final, (d) experimental final (front side), (e) experimental final (back side).

Bild 8. Rissmuster für die Probe SS2a: (a) numerisch nach dem ersten Aufprall, (b) numerisch nach dem zweiten Aufprall, (c)

numerisches Finale, (d) experimentelles Finale (Vorderseite), (e) experimentelles Finale (Rückseite).
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3 Numerical example and discussion

An experimental programme conducted at the Uni-

versity of Toronto was selected in order to show the

performance of the presented numerical model

based on finite-discrete element method in ana-

lysing the behaviour of the reinforced concrete

structures under impact loading [47]. The ex-

perimental programme involved eight simply sup-

ported reinforced concrete beams (four pairs) tested

under free-falling drop-weights impacting the beams

at the midspan. All specimens had geometry with

identical longitudinal reinforcement, but with vary-

ing shear reinforcement ratios intended to inves-

tigate the effects of shear capacity on the impact be-

haviour, Figure 4. Material characteristics are

adopted according to available experimental data,

Table 1. The cross-sectional area of the longitudinal

reinforcement was equal to 700 mm2, whereas the

cross-sectional area of the closed stirrups was

38.71 mm2.

Two different drop-weights were used for the

impact testing: a lighter weight of 211 kg and a

heavier weight of 600 kg for inducing different lev-

Figure 9. Crack pattern for specimen SS2a: (a) numerical after the first impact, (b) numerical after the second impact, (c)

numerical final, (d) experimental final (front side), (e) experimental final (back side).

Bild 9. Rissmuster für die Probe SS2a: (a) numerisch nach dem ersten Aufprall, (b) numerisch nach dem zweiten Aufprall, (c)

numerisches Finale, (d) experimentelles Finale (Vorderseite), (e) experimentelles Finale (Rückseite).

Table 1. Material characteristics of the reinforced con-

crete beam.

Tabelle 1. Materialeigenschaften des RC-Trägers.

Concrete

Specimen Peak com-

pressive

stress (MPa)

Strain at peak

compressive

stress

Tensile

strength

(MPa)

SS1a 44.7 2.36·10-3 5.6

SS2a 47.0 2.42·10-3 6.2

SS3a 46.7 2.51·10-3 5.8

Steel

Steel bar Yield stress

(MPa)

Yield strain Ultimate

strength

(MPa)

longitudinal 464 2.38·10-3 630

stirrups 605 3.18·10-3 652

Numerical simulation of reinforced concrete structures under impact loadingMaterialwiss. Werkstofftech. 2019, 50, 599–610 607
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els of damage with each impact. The weights were

dropped from a clear height of 3.26 m above the

specimen, resulting in the calculated impact velocity

of 8.0 m/s. All specimens, with the exception of

SS0b, were subjected to multiple impacts. With the

a-series specimens, the beams were tested once with

the lighter drop-weight followed by two tests with

the heavier one. For b-series specimens, the order

was reversed; they were tested twice with the heavy

drop-weight, and then one last time with the lighter

drop-weight. The beams analysed within this paper,

i. e. specimens SS1a, SS2a and SS3a, were first test-

ed once with the lighter drop-weight, followed by

two tests with the heavier one.

In the numerical analyses, a damping coefficient

�m was equal to 23.23106 (N/m2/s) in order to obtain

better correlation with the experimental test data. In

this model, the energy dissipation during the impact

was not modelled at the contact between the drop-

weight and the beam. It was enforced in the finite

elements of the block and the base according to

equation (4). When the drop-weight and beam are in

contact, the rate of the deformation causes energy

dissipation due to the occurrence of the damping

forces in the finite elements of the beam.

The discretisation of the beams was performed

by using 1960 triangular finite elements, Figure 5.

The comparison of the experimental and numer-

ical midspan displacement in time for the first im-

pact shows good agreement, Figure 6. Peak dis-

placements were captured with considerable

accuracy. Some discrepancies, however, were ob-

served in the post-peak vibrations. For all tests, the

analyses predict a somewhat shorter period of vi-

bration compared to the test measurements. Damp-

ing for the specimens SS1a and SS2a was over-

estimated, which resulted in smaller calculated

displacements amplitudes.

The crack patterns after the first, second and

third impact obtained by the numerical analysis and

the final crack patterns and failure modes obtained

experimentally are presented, Figures 7–9 [47]. It is

discernible that for all tests the number of cracks in-

creases with the increased number of impacts. Also

the final crack profiles were predicted rather well.

All specimens developed severe diagonal cracks

originating at the impact point and propagating

downward with an angle of approximately 458 and

forming shear plugs. In addition, several diagonal

cracks parallel to the major shear-plug cracks also

developed, along with some vertical flexural cracks

at the midspan and at the supports. It is evident that

the diagonal cracks in the beam whose inclination

increases towards the supports were predicted cor-

rectly. Shear plug formations were also correctly

represented in all specimens.

The results of the research performed within this

paper show that the numerical analysis using the

presented model can efficiently and realistically

simulate the impact behavior of the reinforced con-

crete beams. The peak displacement, crack pattern,

damage level and failure modes as obtained from

the analysis are in close agreement with their ex-

perimentally observed counterparts.

4 Conclusions

This paper presents the performance of numerical

model based on the combined finite-discrete ele-

ment method for the prediction of the structural re-

sponse of the reinforced concrete beams under im-

pact loads. Based on the comparison of the

experimental beam impact test results with the nu-

merical results obtained by the presented model

based on combined finite-discrete element method,

the following conclusions can be drawn:
* The proposed numerical model performed well in

predicting peak displacements and damage levels

of the reinforced concrete beams under impact

loads.
* Post-peak vibration characteristics, compared be-

tween the test results and the presented numerical

model showed some minor discrepancies. These

discrepancies were mostly attributed to the defi-

ciencies regarding the modelling of the hysteresis

behaviour of concrete and steel under high strain

rate conditions.
* The proposed numerical model was also success-

ful in predicting the crack pattern of the damaged

specimens for the third impact tests on the same

specimens. This indicates that the presented nu-

merical model is capable of accurately modelling

the reduced stiffness of the reinforced concrete

structure after it suffers considerable levels of

damage.
* The contact interaction algorithm based on the

potential contact forces completely eliminated the

need for an impact force history. The only re-

quired parameters for the impact analysis with the
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proposed numerical model were the drop-weight

mass, its impact velocity and the damping co-

efficient which considers the energy dissipation

during impact.
* Finally, the presented results demonstrated the

ability of the presented numerical model for the

realistic simulation of the behaviour of reinforced

concrete beams under impact loading.
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