'#4) CHALMERS

UNIVERSITY OF TECHNOLOGY

Concrete Beams Subjected to Drop
Weight Impact

Comparison of experimental data and
numerical modelling

Mast ehedissnt The Mast er 0 sStruPtura Bngirreeningeand Building Technology

JIMMY LOVEN
ERLA SARA SVAVARSDOTTIR

Department of Civil and Environmental Engineering
Division of Structural Engineering

Concrete Structures

CHALMERS UNIVERSITY OF TECHNOLOGY
Gothenburg, Sweden 2016

Mast er 0 BOMXY2 1628






MASTERO S BOME®I1628

Concrete Beams Subjected to Drop Weight Impact

Comparison of experimental data and numerical modelling
Masterds Thesi s i n Strubtwal BhgireeeriagraddBuiling dermnalagyne
JIMMY LOVEN
ERLA SARA SVAVARSDOTTIR

Department of Civil and Environmental Engineering
Division ofStructural Engineering

Concrete Structures
CHALMERS UNIVERSITY OF TECHNOLOGY

Goteborg, Swede2016






Concrete Beams Subjected to Drop Weight Impact
Comparison of experimental data and numerical modelling

Masterds Thesi s i n Stiudiueal Bgineerirg ard 8uildhg o gr a mme
Technology

JIMMY LOVEN
ERLA SARA SVAVARSDOTTIR

© JIMMY LOVEN & ERLA SARA SVAVARSDOTTIR, 2016

ExamensarbteBOMX02-16-28 Institutionen for byggoch miljoteknik,
Chalmers tekniska hogskak®16

Department of Civil and Environmental Engineering
Division of Structural Engineering

Concrete Structures

Chalmers University of Technology

SE-412 96 Goéteborg

Sweden

Telephone: + 46 (0)3172 1000

Cover:

Crack patterns of the experimental beam and the beam-IDYINGA, regpectively,
0.8 ms after impact

Chalmers Reproservice

Goteborg, Swederz016






Concrete Beams Subjected to Drop Weight Impact
Comparison of experimental data and numerical modelling

Masterds thesi s i n Sttudiueal EMgnserirg and Buildhg o g r a mme
Technology

JIMMY LOVEN

ERLA SARA SVAVARSDOTTIR

Department of Civil and Environmental Engineering
Division of Structural Engineering

Concrete Structures

Chalmers University of Technology

ABSTRACT

When a structure is subjecteximpulseloading,e.g. in explosions, high wind loads or
collisions,the response can differ greatly compared to static loading. The purpose of
this thess wasthereforeto increase the knowledge and understanding of the structural
response for concretenen subjected to impact loading. The current research available
is incomplete, which is why theision of Structural Engineering at Chalmers has
ongoing research projects on this todibe objective of this thesis was to support this
research by compang the results from experimentghere a drop weight was hitting a
concrete beamo numerical models of different complexitysing a 2DOF spring mass
model, and finite element models with beam elements and solid elements, respectively.

In order to extraresults from the experimentswas filmed using a high speed camera
andinformation was extracted usinggital image correlation (DIC). These results were
then compared with a 2DOF model created in Matlab, a finite element model with beam
elements crated in ADINA and a finite element model with 3D solid elements created
in LS-DYNA.

The comparisons showed good correspondence in generatv&radl behaviour was

well captured in all models, even if the magnitude of e.g. displacements differed with
different magnitude depending on the complexity of the model. The crack pattern over
time in the LSDYNA model showed very good resemblance to the experimental
results, although it had problems capturingappearance of inclined shear cracks that
appearedn the experiment.

A general conclusion for all modalas that they showed less stiff behaviour than the
beam in the experimenthe main reason for this is believed to be the difficulty or
inability to capture strain rate effects, whictore significantlyincreaseshe strength

of the beam during the impact.

If, however, asimplified model to capture the influence of impact loading is desired,
massspring or FEmodelsusing just beam elemenisll show sufficient results.

Key words: Impact loading, 2DOF, A#, dynamic response, DIC, concrete beam,
impulse, transformation factors, crack patterns



Betongbalkar utsatta for fallviktsbelastning
Jamforelse mellan experimentella data och numerisk modellering
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ERLA SARA SVAVARSDOTTIR
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SAMMANFATTNING

Naren konstruktion utsatts for impiielastning, t. ex. via explosioner, hdga vindlaster
eller kollisioner, kan responsen skilja sig vasentligt jamfoért med en statisk belastning.
Syftet med detta examsarbete var darfor att 6ka kunskapen och forstaelsen for
responsen hos armerad betong utsatt for stétbelastning. Den forskning som finns
tillganglig ar ofardig, varfor avdelningen fér konstruktionsteknik pd Chalmers har
pagaende forskning inom detta omratilet med detta arbete var att stodja denna
forskning genom att jamfora resultat fran experimetér en fallvikt traffar en
betongbalkmed numeriska modeller av olika komplexisgimen massdjadermodell

med tva frinetsgrader och FRodeller med baldlement respektive solida element.

For att fa ut resultat frAn experimenten, filmades de med en hdghastighetskamera
information extraherades med hjalp av digitdtlkorrelation (DIC). Dessa resultat
jamférdes sedan med en 2D@todell som skapats Matlab, en FEmodell med
balkelenent som skapatsADINA och en FEmodell med 3Belement som skapats
LS-DYNA.

Jamforelgrna visade generellt sett brarielation. Det generella beteendet fangades pa
ett bra satt i alla modeller, &ven om magnitude till exempel nedbdjningar skiljde
beroende pa komplexiteten pa modellen. Sprickmonstret soktidnnav tiden i
LS-DYNA-modellen visade valdigt stor likhet med resultaten fran experimentet, dven
om modellen hade problem att fanggpkomsterav de lutan@ skjuvsprickornasom

var framtradandeexperimentresultaten.

En generell slutsats for alla modeller var att de visadedre styvhet an balken i
experimentetDet huvudsakligalsilet till detta antas vara svarigheter med att fanga
effekter som beror p@jningshastigheter, som ¢kar styrkan hos balken markbart.

Om det emellertid &r 6nskvart med en reldtivenkladmodell for att fanga dynamiska
effekter, visar Bde 2DOF och FEmodeller med endast balkeleméititackligt bra
resultat.

Nyckelord: Impulselastning, 2DOF, FEM, dynamisk respons, DIC, betongbalk,
impuls, transformationsfaktorer, sprickmonster
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Notations

Roman upper case letters

A Area

Ae Area of element side in FE modelling

C Damping matrix calculation fator in Cowper and Symons model
DIF Dynamic increase factor

E Modulus of elasticity

Ecm Mean value of modulus of elasticity for concrete
Ex Kinetic energy

Et Second slope of a bilinear strestgain curve

F Force load force matrix

G Shear modulus

Gt Fradure energy

I Impulse moment of inertia

Ik Characteristic impulse

K Stiffnessmatrix

L Length

M Mass matrix momeny

Med Design bending moment

N Normal force

P Pressure

R Internal resisting forgeresponse ratio

Rd Dynamic resistance

Rm Maximum internal resisting force

Rs Static resistance

Th Undamped natural period

U Amplitude

Vv Shear force

Ve Volume of largest element in FE modelling

VEd Design shear force

wW Work, section modulus

Q Equivalent static load

Xcompr Continuous compressianeasure factor in CDPM2

Roman lower case letters

Acceleration

Average acceleration

Damping wave speed

Effective depth of cross section in a beamameter
Eccentricity factor

D O O Ci o
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f Strength of a material

fbc Concrete strength in equbiaxial direction

fc Compressive strength of concrete

fem Mean compressive stretigof concrete

fetm Mean tensile strength of concrete

fa Dynamic resistance

fs Static resistance

fi Characteristic tensile strength of stestiess at crack initiation in concrete
fta Stress level of a bilinear damage curve slope change
fu Ultimate strenth of steel

fy Yield strength of steel

h Crack band width

[ Impulse intensity

k Stiffness

I Length, distance
lelement Length of one element in FE analysis.
Mass
Momentum calculation factor in Cowper and Symons model
Uniformly distributed load
Coodinate
Mean crack spacing
Maximum crack spacing
Time
Time step
cr Critical time step
Displacement
Uel,1 Elastic part of total elastoplastic displacement
Upl,1 Plastic part of total elastoplastic displacement
Displacement at the systgmoint
Total elastoplastic displacement
Velocity
Acceleration
Velocity
Average velocity
Crack width
Ultimate crack width
Wui Crack width level of a bilinear damage curve slopange
X Coordinate in the length direction
Xu Depth of compression zone in a beam
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Greek letters

/(mF

avg

bar

Phase angle

Rate parameter for strain rate effect in CDPM2
Scale factor for tensile strain rate effect in CDPM2
Scale factor for compressive strain rate effect in CDPM2
Natural response ratishape factor

Ductility ratio

Change in valueused as a prefix

Strain

Strain rate

Concrete strain at peak stress

Nominal ultimate strain of concrete

Steel strain at maximum force

Steel strain at first yield

Steel strain at hardening initiation

Stran when a crack has fully developed in concrete.
Viscous damping factor

Plastic rotation

Transformation factor for the load

Transformation factor for the stiffness
Transformation factor for the mass
Transformation factor for the mass ahd load
Slenderness factor

Poissonds ratio

Density

Stress

Stress capacity of a material

Yield stress

Mode shape

Angle method

Undamped circular natural frequency

Initial position
Body 1

Body 2
Average
Beam

Bar
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const

SDOF

tot
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Compressioncomplementary solution
Constant

Critical

Externa) equivalent
Design value

Elastic element

First state (uncracekd)
Second state (cracked)
Internal

Maximum

Modified

Particular solution

Plastic

Capacity

System point

Single degree of freedom
Tension

Total

Xl






1 Introduction
1.1 Background

When a structure is subjected to impact loading, the response can differ greatly compared to
static loading. Examplesf impact loading can be colims, high windlioads or explosions.

The response of static loading has been studied to a large extent, while the dynamic response
from impact loading has not.

Therefore, here is a need to increase the knowledge and understanding of the structural
response for concret@hen subjected to impact loading. The current research available is
incomplete, which is why the division of Structural Engineering at Chalmers has ongoing
research projects on this topic. The theory that has already been developed should be further
advarted by performing experiments to see the correlation between numerical models, theory
and experimental results. There are previous experiments made, as well as comparisons
between experiments and numerical modelling (e.¢Agardh et al. 199F) However, these
studies werenainly focused oninreinforced and fibre reinforced beams.

This thesisis a continuatiorof the previous M s t e r 6 (Sohandsan kd-redberg 2015)
(Andersson & Antonsson 26) and(Asplund & Steckmest 2014)

1.2 Aim and objective

The aim of this thesis waso improve the knowledge of the structural behawiof concrete
when itis subjected to impact loadingysing simplified methods to get an indication of the
structural reponse for example 2DOF modelsan often be of interest. There is a need to
investigate the accuracy thfese simplified models compared to mdetailed FEanalysesin

this report, the resultsbtained from these analyses wemmpared to exgrimentalresults,
which wereused as a reference of tteal behaviour. This way, it coulse seen if and iwhich
situations the models wevalid to use.

Onre objective of this thesiwasto support the research in a current RfrDjectat Chalmers
University of Technology where one aim ito analyse experiments using a drop weight on a
concrete beamTlhe results from these tests wergtained using Digital Image Correlation
(DIC). The experiments treatgudiain, fibre reinforcedcandconventionallyreinforced conate.
Regarding thé&E modelling, the models wemeade in the FESoftwareADINA (ADINA R &

D Inc. 2015)and LSDYNA (LS-DYNA 2014b) With ADINA, the beanwasmodelled using
beam elements. As a more extensive analysisD¥SA wasused to model the beam with
solid 3D elements. The simplified 2DOF magl&llowed basic dynamics theory, and were
modelled with the Central Difference Method using the numerical evaluation software
MATLAB (The Mathworks Inc. 2015)

Depending on the results from the experimethisie might be a need to further develop future
experimenal test series. This thesgaluats such needs.

In the previous M st er 0 s (Johanessn & Fredberg 2015) was evaluated how a
prestressed concrete beam behaved when subjedtagdot loading. This theshecledthe
behaviour of reinforced concrete beams, with the supportritonerical and analytical models
with different complexity, and experimental results.

CHALMERS, Civil and Environmental Engineering Ma s t e BOMX0ZI1B28s i s



Initial questions:

- Inwhat way is it possible to use simplified calculation tools? What is the influence of
different degrees of simplification?

- Is the test setup in thexperiment satisfactory, or can improvements be made on future
tests?

- How should the stiffness and mass of the falling objects be handled in impact, is there
a need othangingmaterial models in the different analyses, and how accurate are

they?

1.3 Method

The first part of the thesis consistsa literature study, which wgerformed in order to deepen
the knowledge about the fundamental theory and concepts of dynamic loading on concrete
structures.

Early in the process a ptest experimenok place. t consisedof simply supported concrete
beams (both reinforced and unreinforced) subjected to an impact load from a drop weight
applied to the centre of the beam. The resudtieanalysed and used to evaluate the structural
response and compare to pegtinmodels mentioned below.

Different numerical studies weperformed in the repor simplified model using a-DOF
massspring systenwas developed based on dynamic elastoplastic thebinis model was
developed in MATLAB using the Central DifferencesiMod.

The beamsnd drop weights in the systemeremodelled using the FE software ADINA and
LS-DYNA with different types of elements and degrees of complexitgre ADINA wasused
to analyse theystem with simple beamlements for the bearitwo different ADINA models
wereevaluaed, one where the drop weight wasdelled as a point massd one where the
drop weight wasmodelled with beam elementsS-DYNA was used to perform a more
extensive study, with 3D solid elements for the structural membesl/@d/in the system.

The results from thamaplified 2DOF modelthe FEmodek, andtheexperimental results were
evaluated and comparedf. needed, improvements werguggested regarding modelling
methods and experimaiseup.

In order to see the sensity of different parameters in the different models, parameter studies
weremade where different factors are changed and evaluated.

1.4 Limitations

The thesis only coverthe response afeinforced concrete beams, although thpesinent
performed also inclled fibre reinforcedand unreinforcedconcrete.Regarding the FE
modelling, beam elements with bilinear material behavieeire used in ADINA. 3D solid
elementswereused in LSDYNA, and the material modelsed in LSDYNA was CDPM2,
developed at Chalmersniversity.

Perfect bondvasassumed between the concrete and the reinforcement. The damping effect of
the beam and the drop weighasdisregarded in the 2DOF modahd in the FEmodels as it
couldbe considered negligible for short duration loakdss assumption was on the safe side,

and simplifiedthe calculations significantly.
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1.5 Thesis outline

In order to have a proper knowledge of the different phenomena and behaviourtopiafie
of this thesis, Chaptets-4 are an introductory part, describing pertinent theory and
approaches used later drhe next part of the thesisfisgcused on describing the experiment
setup and creating numerical models. The concluding part of the thesis focusetuaticev
and discussionf the results and conclusions drawn frims.

Chapter 2: The theory behind the materials used in this thesis is presented, together with basic
mechanic concepts.

Chapter 3: Basic dynamic theory is described in this chapter. Bafiemodels are introduced,
such as SDOF/2DOF systems and numerical solution methods.

Chapter 4: In order to make a simple SDOF/2DOF model, the actual beam and drop weight
needs to be transformed. This chapter describes the method and theory behind the
transformation of structural members into lumped mass systems.

Chapter 5: The test set up is described along with the high speed camera used to capture the
test results and the DIC software used to extract and analyse the results. A connection to
previous expriments is madéetailed information concerning the FE modelling is provided

as well.

Chapter 6: The results from the different analyses are presented, compared and discussed.

Chapter 7: Parameter studies are introduced in this chapter, where diffactots are changed
in order to evaluate the sensitivity in the analyses.

Chapter 8: This is the concluding chapter of this thesis. Here, conclusions are made from the
comparisons and discussions in the previous chapters.

Chapter 9: This chapter contairtbe references used in the thesis.

CHALMERS, Civil and Environmental Engineering Ma s t e BOMX0ZI1B28s i s



2 Material and Structural Response

2.1 Introduction

Generakheory behind material response is described in this chapter. Special attention is given
to thebehaviour of plain and reinforced concrete, ductility Hreconcepof fracture energy.

In order to fully understand the material behaviour, some basic mechanical concepts that are
considered to be relevant are stated base(E&angren et al. 2005)Nystrom 2006) and
(Johansson & Laine 2012)

2.2 Basic mechanics

Average velocityv [m/g is defined asa distance divided by the time it takes to move that
distance

G-~ 5
v t -1, (2.2)
wheres [m]is the distance arids] is the time.
Velocity at a specific time is defined as tharme derivative of the diplacement:
ds
v=— _
at (2.2)

Average acceleratiora [m/s?] is defined as the change in velocity during a certain time
intervat

Vi- Vo
t1' t0

a=

(2.3)

In the samenanner as before, a value mceleratiorata specific time is defined ashetime
derivative of the velocity:

2
_dv_d’s (2.4)

According t o Ne wrhotam dosce demoted- iNJ, cah hewdesoribed as the
product of massn [kg] and acceleratioa:

F=mQ (2.5
Pressuré® [Pq is defined as force acting on a surface area

_F
P=" (2.6)

where the surface areadenotedA [m?].

MomentM [Nm] with regardto a certain point is defined as the product of fdfcandits
vertical distance, or lever arhjim], from that poirnt

CHALMERS, Civil and Environmental Engineerinylase r 6 s BOMX02-1628



Stresss [Pq is defined as the internal foréein a material created by algmg load to that
material divided by the affected area, often thess sectioa area, of the object that is
subjected to the loading. In general cases, stress can be calculated using

_F
s = A (2.8)

Straine[-] is the onedimensionallisplacemenin a body divided by a reference length

Dl
e=— (2.9)
where Ois the chage in length andis the reference length.
Strainrateis defined as the time derivatieé strain with respect to time
de
H#=— .
™ (2.10

This is used to describe how fast a material deforms.

2.3 Structural response of materials

When a structure is subjected to loading it will create a certain response within the structure.
That response depends on the material propemiéoundary conditions thestructure and

the way it is loadedl'hree basic aacepts of material response are described here. The chapter
is based oif{Ekengren et al. 2008nd(Nystrom 2006,

2.3.1 Linear elastic material
A perfectly elastic mateél behaves linearly in accordanceo0 Hooke ds | aw

s=EG (2.12)

wherel is the stress Uis the strain andE [P4] is themodulusof elasticity, as described in the
previous sectionThis can beeen graphically ifrigure2.1.

/

Figure2.1  Stressstrain relationfor a linear elastic material.

o
uﬂ

v
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The reaction of the structure will be linear as well. Tikiglescribed by using anternal
resistingforce R [N]:

R= Kk (2.12)

wherek [N/m] is thestiffnessof the structure and [m] is thedisplacementThe relation is
shown in principle irFigure2.2.

/

Figure2.2  The internal resisting force and displacement relafmma linearelastic
material.

[
»

u

This means that no energydssipatingduring linearelastic behaviour of a structure and all
displacemerst can be reversed by removing the load that has been applied to the structure.

2.3.2 ldeal plastic material

A perfectly plastic material will not display any strain until the material capacity is reached,
after that point it willbe able tadeform to infinity. Stress will not increase above the capacity
limit. This is shown irFigure2.3, wherelr represents thstresscapacityof the material.

»
»

U
Figure2.3  Stressstrain relation for an ideal plastic material.

The internal resisting force creatieg applying the load follows the same principles and can
be described as

if u=0

F
R .
R, if wu,O

=7 2.13)
|
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WhereRnmis theforce that corresponds to the streapacitylir. In Figure2.4 this behaviour is
shown.

»
»

u

Figure2.4 The internal resisting force and displacement relatmman ideal plastic
material

2.3.3 Elastoplasticmaterial

The dastoplastic material model is a combination of the elastic and the plastic model. It is
assumed that the material will have elastic behaviour until the limit for elastic respanse,
reached. After that point, the material will have stia behaviour.This can be seen in
Figure2.5.

R

A

a
>

u

Uel,1

Figure2.5  The internal resisting force and displacement relation for an elastoplastic
material.

The intenal resisting force for an elastoplastic material is defined as

po k@ i uCuy, 514
i it u>u,, (219

where theelastic limituei1, can be calculateals

_ R
ueI,1 - T (215)
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Further information abowtisplacemerst and other properties of material models can be found
in Section3.1

2.4 Concrete

The material response @flain concreteand the structural responserefnforcedconcrete is
briefly described in the followingectionsalong with concepts that are important concerning
the behaviour of concrete.

The compressive and tensile strength of concrete under uniaxial loading is shown in principle
in Figure2.6 as desribed in(Ekengren et al. 2005)Note that the tensile part of the curve takes

a steep drop after the maximum tensile load has been reached. This is due to concrete being a
brittle material.

S A

ft

v

......... 1 fe

Figure2.6  Stressstrain relationship for concrete.

2.4.1 Plain concrete

Concrete is a composite material mainly madeevhent waterandaggregatesCement and
water form a cement paste and tlaedened cement passeeferredo asHCP. When subjected

to compression, the individual strestsain behaviour of aggregates and HCP is very close to
linear. However when these materials are mixed together, the resulting behaviour will be
nonlinear. This behaviour can be seefkigure2.7.
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Figure2.7  Stressstrain relation of aggregates, HCP and concrete as shiawbDomone
& lllston 2010)

The strength of concrete is dependent on age and loading h&torgterm response is within
the scopef this report and therefore, no theory concerning@mm effectssuch as creep or
shrinkagewill be discussed.

To describe concrete in compressidilgure2.8 shows idealized stresdrain relations as
presented byCEN 2004 )or concrete subjected tmiaxial compression.

>
>

&1 €ul e

Figure2.8  Stressstrain relation of oncretein compressioffior structural analysis.

Mean compressive strength denoted byfem, Ecm standsfor mean value ofmodulus of
elasticity, U1 is the strain when peak stress is reachedUu: is the nominal ultimate strain

In design, simplified conservative stredgain relations are often used. Two suggestions
presented iIfCEN 2004)can be seen iRigure2.9.
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a) Parabolarectangle diagram b) Bi-linear diagram.
Figure2.9  Simplified stresstrain relations of concrete

The blinear relationship shown iRigure2.9b) corresponds to the elastoplastic material model
discussed irsection2.3.3

The influenceof lateral confinement idvest described by a cylindrical concrete sample
subjected to axial compressibased on{Engstrom 2011and (Ekengren et al. 2005WVhen
compressing the samplié will become shorter and widdf the sample is laterally confined it

will not be able to expand in the lateral directibhe material is forced to give ity Bqueezing

the particles in the concrete closer together, instead of moving them by allowing lateral
expansion. This creates more resistance within the sample and the loading capacity increases
significantly. The material becomes more ductile and theirstad maximum stress and the
ultimate strain increase. This is shownFigure2.10 whereps, p2 and ps represent different
magnitudes of lateral pressure applied to the sample

.
GCA C

Olat = P3

. Tlat
Tlat = P2

Olat — 0

>
&e

Figure2.10 The influence of lateral confinement on concrete in compression, from
(Ekengren et al. 2005)

Reinforcement, stirrups in particular, create a confinement effect in concrete members and can
be placed strategically to incresthe capacity and ultimate strain within the members.

Regarding concrete subjected to tension, the conoépiracture energyaccording to
(Plos2000) is fundamental To understand this concejitt,is important to bear in mind the
cracking process of concretehen subjected to tensioin order to explain this in a simple
manner, a cylindrical concrete specimen under uniaxial tensile load is considered.
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When the spenien is subjected to tensile loading, microcracks will start to form evenly
throughout the concrete, this can be measured as concrete strain. The number of microcracks
increases with increasing load and they start to connect and localize in the weal@ddhpart
specimen. The strain will increase continuously during this process. When the loading has
reached the tensile strength of the concrete, defiaisdhown irFigure2.11, a certainstrain

limit is alsoreachedCracks wil start to localize and ultimately the specimen will fail and the
applied stress will return to zero.

— f
ft /,/ \\\_f’ i
1

1)) 4

......... 1 fe

Figure2.11 Stress strain relationship for concrete in tension

The final stepn the tensile loading process, from where localized cracks start to form at
maximum stress until failure of the specimen is the one that is used to define the fracture energy.
When a localized crack appears, it is more convenient to hgvaph showingstresscrack

width instead of the more conventional strefigin relationshipA graph for the stressrack

width is shown inFigure2.12. The area under the curve is definedttees fracture energy

G [J/n7].

o
u
A

fr -

Gt

T : W
Wu

Figure2.12 Internal work for elastoplastic materials, where i&the maximum crack
width when the stress reaches zero.

The fracture energy can be described using the equation
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G, = fF (Wdw (2.16)

wherew [m] is thewidth of crack opening.

2.4.2 Reinforced concrete

To compensate for the low tensile strength of concrete, reinforcement is placed within the areas
where tensile forces aexpectedTraditionally,this reinforcement is made of steel with tensile
strength that iswo orders of magnitude higher than that of concrete. The compressive strength
of steel in this context is not of interest.Hgure2.13a) the stresstrain relations for typical

hot rolled steel is showmased ofCEN 2004)

S a S 4 Strainhardening
considered
Tl
fy """ i ft
i I : fy § >
Elasticperfectly
plastic behaviour '
8 & a e a e
a) Stressstrain diagram. b) Idealisedstressstrain behaviour.

Figure2.13 Stressstrain relations 6r hot rolled reinforcing steel.

Theyield strengths denotedy [Pd, andthe maximum tensile strengtith f.. & corresponds

to the strain at maximum forcé) is the strain at first yieldind U is the strain ahardening
initiation. In Figure2.13b) a simplified stresstrain curve is shown along with design curves,
they are modelled wh a bilinear curve similar to elastoplastic behaviour described in
Section2.3.3 One of the design curves considers strain hardening of the steel and the other one
follows the elastoplastic model fully

Reinforced concrete mebers are a composite material. The steel is embedded within the
concrete and interacts with it by transferring forces over the boundaries between them. This is
called bonding and it can be modelled in different wtyessimplestway being full interactio,

or fully embedded reinforcement.

A basic case of reinforced concrete members is a simply supported reinforced beam. The
reaction of the beam due to loading is described using different states of the composite material
seeFigure2.14. Theprinciplesarebased orfEngstréom 2011)

The first statepr state |, isvalid while thebeam is uncracked. Theaterial response in state |
is considered tbe linearelasticdominated by concrete properties. This smaplification;in
reality the reinforcemennfluencesthe cross sectionaksponse. However, the contribution
from the steeis so small that it isftenconsidered to be negligible.
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When thebeam idully crackedit is considered to be istate 1| the cracked statf hestiffness

in this state depends mainly on the material properties of the reinforcement in the cracked area
of the beam. The response is again considered to be dilassic but with substantially lower
stiffness than in state I.

The behaviour of the beam moves from state | to statealhonlineakvay as it cracks. This is

due to tension stiffeningThe uncracked concrete sections show higher stiffness than the
cracked seadns that are dominated by reinforcement stiffness, resulting in a change in stiffness
as cracking progresses.

State Illbegins when the beam reachies yield limitof the reinforcement steel in one of the
beam sections. The beam will show abrupt losstiffness and thenaterialresponse is no
longer considered to be linear. The beam will fail due to ultimate strain being reached either in
the reinforcement or in the concrete.

Thethree stagesf beamreactionare useful to describe tipeinciple relatim between loading
anddisplacementThe following description of the behaviour of reinforced membeabgected
to impact loadings based oifJohansson & Laine 2012)

Ductility is an important quality of structural membeveen handling impact loading. Any
ductile behaviourof reinforced concrete relies greatly on the ductile qualities of the
reinforcementsince concrete has a more brittle babar. The formation of plastic hinges in
cracked regions allows for moment redistribution in the structural member Ithroug
displacemenand it is of great advantage for structures to be able to absorb energy by utilising
their displacementapacity.

In this context, the ratibetweertheyield strengtlof stee} fy, andtheultimatestrengthof stee)
fu, is of interestThis ratio isdenotec [-] and is shown in equatiq@.17).

f
9=% (2.17)
y

This factor is considered to describe the ductility of steel well, since it shows the ratio between
the start pointiad thepeakof the yielding process. A high value @fepresents high ductility

and consequently a high capability of ductllsplacemerst in the structural member the steel

will be used to reinforce.

A simplified loaddisplacementelation of a reinfored simply supported concrete be&n
shown inFigure2.14 along with the assumed response following state I, 1l and IlI.
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q Strain hardening
of reinforcement, |
maximum capacit \\\\\__f T

Fracture capacit reached\l
(statelll)

\

Plastic limit

\\(statel )
Crack

Stiffness of fully cracked

Simplified respons

initiation
(statel) beam(statell)
u
Uel | Upi |
elastic plastic

Figure2.14 Respose of a simply supported reinforced concrete hdzamed on
(Johansson & Laine 2012)

The simplified response is elastoplastic. It is assutinatthe beam is fully cracked from the
beginning and the elastiiisplacementurns into plastidisplacemenat first yield.

2.4.3 Plastic rotational capacity

When a beam is subjected to loading and the material response is plastic or elastoplastic, it will
form plastic hinges before failure. A plastic hinge is a section in the beam where reinforcement
has startedotyield and the section usdeformation to distribute the load to other areas of the
beam.The upper limit of this deformation is usually measuwrsithg the rotational angle of the
hinge. Rotational capacity represents the maximum rotational angle that a plastic hinge can
undergo before collapsing.

According to(Johansson & Laine 201#)ere are many proposed methods of calculating the
rotational capacity. For reinforced concrete with reinforcement steklatility classB or C,
which is common in newoncretestructures, the method grosed byEurocode(CEN 2004)

is recommended. It is not tailored for impact loading spedgichlt it is considered to give a
reasonable estimation of the rotational capdoityhis case as well

To obtain maximum rotational capacity it is important to have the right amount of reinforcement
in the beam. Largeamount of reinforcement results increased rotational capacity until the
point wheréfailure in the beam is dominated by concrete compression instead of reinforcement
tension. After tis the rotational capacity decreases with increasing amount of reinforcement.
This can be seen Figure2.15wherex, [m] is the depth of the compression zone in the section

of the plastic hinged [m] is the effective depth of thoss sectioanddpi is the plastic rotation

in the hinge, measured irefd.
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Figure2.15 Design values for plastic rotation for various concrete and steel tyjseed

on (CEN 2004) The limit between reinforcement failure and concrete failure
in the case of concrete cla@C50/60and renforcement class C is shown.

The rotational capacity is depeamdl on theslendernessf the beam, denote®{-]. Slenderness
Is defined as

Meq
Ve, @

(2.18)

WhereMeq is thedesign bending moment di¢ beam, an¥eq is the design shear forcéhe
values inFigure2.15 apply for beams with shear slenderness 3.0. In other cases, the
rotational capacity should be multiplied with a correction faki¢+]

Gora =K @, (2.19
The correction factor is calculated using

K = |- (2.20)

3

In addition, there are somestrictions regarding the reinforcement in regions a$td hinges
x/d<0, 45 for c@3060 ete class O
xJ/d < 0,35 for concrete clas3C50/60
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3 Dynamics

3.1 Basicdynamics

Dynamic response of structures differs from stdhaviouy in many cases it could be
favourable to include the dynamic response in structural design. droadeetter understanding
of structural dynamics, it is important to be aware of basic mechanicsde to prepare for
dynamic theorythe fundamentals will be explainedsedn (Ekengren et al. 2005)Nystrom
2006)and(Johansson & Laine 2012)

The momentunp [Ns] of a particle with mass and velodiy v is
p=mQ 3.1

If a forceF is applied to the particle, the momentum will change

p=mQy, + ff (t)dt (3.2

to

The change in momentum is defiredimpulsd [Ns] acting on the particle.
t
| =Dp = ff(H)dt (3.3
)
The impulse can also begsented by combining equatiai3sl), (3.2) and(3.3).

| =Dp=mQ, - mQ (3.4)

In Figure3.1 the impulse is shown as the area urtlercurve in a loatime graph wheré&avg
is the average force during the time interval frioto t.

to t "t

Figure3.1  Impulseduringatimeinterval as described bgNystrom 2006)

A factor calledmpulse intensity [Pa § can also be used to calculate impulse. Impulse intensity
is defined as pressure over tigeshown irFigure3.2.

i = Pt (35)
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to t1
Figure3.2  Impulse intensity
The impulse can then be calculated by multiplying the impulse intensity by thedlaaea.
. t
| =i O\ = AFP(t)dt (3.6)
t
Kinetic energyEk[J] of a particle with massiand velocityv is defined as

_ mQ@?

E, >

(3.7)

When a force is actqnon a point and manages to move it a certain lengbhk has been
performed Work W[Nm] is defined as

W=F®Qosf)=F O (3.8)

whered is the angle between the direction of the force and the directiaapthcement and
F1is the projection of the force onto the direatparallel to the displacement shown in
Figure3.3.

Figure3.3  Work explained usinfprces acting on a partiel

For a variable load, work can be expressed as
|
W = . (X)dx (3.9
0

Work can also be expressed in the teaihshange in kinetic energy, that case it is referred
to as extenal work

m@* mQg _ (mdv)® _ 1?2
2 2 2m 2m

W, =DE, = (3.10)
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Wherev > vo which means that the kinetic energy has increadddrce that is applied to a
particle causes the change in kinetic energy, showigure3.4.

Vo F] Vv X
| > -
| . Ll I |

Figure3.4  Change in kinetic energy

In order tomaintainenergy equilibrium there must be an internal reaction to the external work.
That reaction igalled inernal work and imust be equal to the external work in magnitude.

W =W, (3.12)

3.1.1 Equivalent static load

In order to work with dynamic impulse loading in calculations $ingplerway it is possike to
convert it toanequivalent static load. The definition of equivalent st is the static load
that produces the same amount of external work as the dynamic impuls€&Hhisadefinition
of equivalent static load and the following chapters ety properties of different material
models are based ¢dohansson & Laine 2012)

3.1.2 Linear elastic material

The internalwork in the struatre that is formed when it is loaded can be calculated using the
stiffness of the structure. For the elastic behaviour the internal work is calculated using

y -
W = Ry, _kQig (3.12)
2 2
Where uer denotesthe maxmum elastic displacemerdf the structure. The internal work
corresponds to the area under the curvieigure3.5 showing reaction force as a function of
displacement.
R

A

v
c

Uel
Figure3.5 Internal work for linear elastic materials

Combining equatio$|(3.12) with (3.10) and(3.11), an &presion for the elastic displacement
is obtained
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Uy = ﬁ (313

The external workVe caused by a static lo&@lcanbe defined using

\/vez(;’;”‘eI (3.14)

According to equatiof3.11), the external work appliedo the system defined in
equation(3.14), is equal tahe internal work defined in equati¢®.12). This ultimately leads
to the expression

Q=ka, (3.15)

Combining(3.15) and(3.13) gives an expression ftie equivalent static load for linear elastic
materials.

Q:“#% (3.16)

3.1.3 Ideal plastic material
In a similar manner as for linear elastic materials, the resisting ftispgacement curve is used
to define the internal work in the system, shawfRigure3.6.

W =R, Q, (3.17)

whereup denotes the plastic displacement of the structure.
R

A

v
c

Upl
Figure 3.6 Internal work for ideal plastic materials

Combining guatiors (3.17) with (3.10) and(3.11) an expression for thelasticdisplacemen
is obtained

2
o

Uy =
mR,

(3.19)

The external work\e caused by a static lo&@lcanbe defined using
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W, =Qd, (3.19)

The external work applée to the system is equal to the internal work according to
equation(3.11).

Q=R, (3.20)

Combining equatio3.18) and(3.20) gives an expression for equivalent static load for ideal
plastic materials.
I 2

2mQ

Q= (3.21)

3.1.4 Elastoplasticmaterial

Since the elastoplastic material model is a combination of elastic asiitphaterial models
the resultingnternal work is calculated using both principles.

R

A

|
LW
|
|

v
c

Uel,1 Utot
Figure3.7  Internal work for elastoplastic materials

The elastic displacement iefthed in equation(3.13). The plastic displacemertoes not
happen until after the elastic displacement has taken place, using eq(81i8nand(3.18)
the plastic part of the elmplastic displacement:is

2
ueI,l _ I I

Upy =Up - 2 " 2miR. N (3.22
The total elastoplastic displacement is the sfithe elastic and plastic part:

Ugr = Ugyq T Up 4 (3.23)
The internal work is calculated as the area under the cufigune3.7.

W =2 R, Gty + R, Gty =2 (U + 20) (324

In the case of elastoplastic materthke equivalent static load can be defiethe same wa
as for ideal plastic material:
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0=R (3.25)

In this case howeveR is not constant and must be determined using the stifinémsthe
elastic part of thelisplacementThe expession for equivalent static load in elastoplastic
material can be expressed by combining equati®2s), (2.14) and(2.15).

ek if ucu,,

Tk, if u>u,, (3.26)

3.2 Equation of motion

Some fundamental dynamical concepts are presented in this section and the sections that
follows, mostly based ofCraig Jr & Kurdila 2006)

If looking at a simplespringmass systemubjected t@a forceF(t) according tarigure3.8, it
can be stated thtestructure consisbf a resistancB(u), which can store and relegssential
energy,and a massyhich can store and release kinetic energy. Generally, thereisaise

kind of damping effect.
R(u)?> U

i@: m —>F()
¢ 9

Figure3.8  Springmass system

The fundamental equation mlynamics is based on Newftsnsecod law, as described in
equation(2.5). To obtain a mathematical modet a structurea freebody diagram of thenass

is created, where trexternal forceacting on the structuiie resisted by internal forces, divided
into the static and dynamic resistanéesndRu, respectiely, shown inFigure3.9.

a=u

Rs >
m —>F(t)
4_
Rd
Figure3.9  Free body diagram of the system
Using this, Newtonds second |l aw is applied:
a F=ma (3.27)

Acceleration is given as the second derivative of the displacement with regard sirtitaly
the velocity is the first derivative of the displacement. Consequently;

a=w

- (3.29)

in accordance i Section2.2

CHALMERS, Civil and Environmental Engineering Ma s t e BOMX0ZI1B28s i s 21



By assuming that the mass is displaaatistance! to the right of the position where the spring
force is zero, the spring is in tension and wants to get toaitk aiginal position This will
creak a force according to the frdmdy diagramn Figure3.9. The damping effedbas the
same influence on the massdforce equilibrium of the frebody-diagram yields:

- Ri- R+F() =mé (3.29)

Furthermore, therare constitutive relations connectirte forces to the displacement. Here,
linear relationships between the forces and the displaceanentvelocity, respectively, are
assumed.

R =ku (3.30)
R, = o (3.31)

wherek is the stiffness and is the damping of the systert. combining and rearranging
equationg3.29), (3.30) and(3.31), theequation of motiorior the dampedpringmassmodel
IS obtained:

e+ o+ ku = F(t) (3.32)

3.3 Single degree of freedom stems

The structure ifrigure3.8 is commonly known aa single degree of freedoi8DOF) system.

It is, in most cases, a simplified model for a dynamically loaded structure. This means that the

equation of motion derived in theguioussectionapplies for a SDOF systeas well.

In static loading, it is always assumed that the structure is in equilibrium. If a mechanical system

is disrupted from equilibrium, retaining forces as diéscl in the previousedion areformed.

If thereexist external forces on the structure, the interaction between the external and retaining
forces will, depending on the mechanical properties of the system, achieve some sort of

movement. If the system is e.g. linear elastszillationof the systenis achieved

3.3.1 Free vibration of an undampedSDOF system

If the damping is neglected in the system, which might be reasonable if the structure is studied

during a short time interval, the system will look likeRigure3.10 when sufected to free
vibrations(i.e. no external force)
o> u

k
W%

Figure3.10 Undamped springnass system

For the undamped system, the equation of motion can be written as

mét ku =0 (339
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Which can be rewritten as

#+1niu=0 (3.39)
where
_k
w; = p- (3.3

is calledthe undamed circular natural frequency aisdgiven in radians per secondad/g.

If the mass is stretched a distane&om the state of equilibrium, and then releaskd internal
and external forces will indu@harmonic motion ahe system, which can loescribed as

u(t) =U, cosyt - a) (3.36)

whereUs: is the amplitude anQis the phase angle. In order to derive the unknown constants in
a simpler way, equatiof8.36) canaccording tqRade & Westergren 2008 rewritteras

u(t) = A cos(ugt) + A, sin (i) (3.37)

Where A1 and A2 arereal constants to be determined from the initial conditions. The initial
conditions can be stated as

u(0) =u,

#(0) = v, (3.38)
Inserting equatio3.38) into (3.37) yields

u©) =u, = A

#0) = v, = A, (539
Thus;

_ Mo o
u(t) = u, cos(wt) + -sin (mt) (3.40)

n

which isthe free vibration respae of an undamped SDOF systéthe response is plotted in
Figure3.11
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u(t) Vo

Uo

Figure3.11 Free vibration of an undamped SDOF system

3.3.2 Free vibration of a damped SDOF system

Usually, a system is subjected to some form of damping effect, in addition to the effects
describedin Section3.3.1 seeFigure3.12. The dampingwill reducethe amplitude of the
system with time, and eventually the dynamic movement will approach zero. The damping
effect will make the equation more compléxit the response will be closer to reality when
damping is considede

« >

W w
S ecd

Figure3.12 Damped springnass system.

With damping, equatio(B8.32) is valid withF(t) as zero for free vibration, and can be rewritten
as

2z i+ w/u=0 (341
whereg is thedimensionless viscous damping faatefinedby

Cc

2 km

The response of the damped system will differ depending on the damping fagtorl,Ithe
system is underdampeahd will oscillate several times before dying ou i 1, the system is
overdamped, theesponse will die out without oscillating andsif 1 the system igritically
damped, meanintipat the system is exactly on the border of the oscillatory andsoitiatory
responseThe damping effects are shownFigure3.13.

(3.42)
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Figure3.13 Vibration of adamped SDOF system

3.3.3 Forcedexcitation of SDOF systens

If having some sort of load dorce acting on the system, the total solution can be divided into
two partsthe particular solution artthe complementary (or homogeneous) solution.

utot = up + uc (343)
The particular solution is theesponse from the loading, while the complementary solution is
the response from the part that consists of the free vibrationianlyhe natural motion when
the applied load is zerd\fter some time, the free vibration of the system is considereavi® h

died out, and the response will consist of the particular solutionibslybjected to continuous
loading This is called theteady state response

To get the particular solution, the response is assumed to have the same shape as the applied
load. The particular response is then inserted in the equation of motion and an expression is
derived. The complementary solution is aicgd in the same manner asSaction3.3.1, but

the different constants are derived with thaltsblution according to equati¢d.43).
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3.3.3.1Ideal step input

Consider dorce applied to the structureleigure3.8. The force can be considered to be applied
asan ideal step input according Figure3.14, meaning that there is no time dependency with
regard to the application of the load.

F(t)

Fo

A

v

Figure3.14 Ideal step input

Let the system be at resttat O, giving the initial conditions
u(0) =e(0) =0 (3.44)
The particular solution is then

Fo

Uy =0 (349
If the damping effect is neglected, tfa¢al solution for the system is:
u(t) = % + A cos(wt) + A, sin(wt) (3.46)
andif the initial conditions are used,
. F
k (3.47)
A =0
we get
— I:0
u(t) = T (- cost)) (3.48

A useful way of examining the dynamic response isdnsider thedynamic load factoraf
response ratjodefined by

R(t) = @ =1- cosyt) (3.49

max

For an undamped/stem,Rmax= 2 shown in(Johansson & Laine 2012)his means that when
a load is applied instantaneously to an undamped system, a maxinplacehisent of twice
the static displacement is attained which, of course, has a big influence on the structure.

26 CHALMERS, Civil and Environmental Engineerinylase r 6 s BOMX02-1628



3.3.3.2Rectangular pulse

F(t)

Fo

\ 4

td t

Figure3.15 Rectangular pulse input

If the applied load is removed anypointtq, the load duration will have an effect on the system.
The response can be divided into tparts; the forcedibration eraandthe residuavibration
era. The forcedvibration era is the time when the load is actingtlom structure, and the
residualvibration era is the time after the load has been removed.

The dynamic load factor for the first era is
R (t) =1- cosft) Ooctety) (3.50

l.e. R(t) is the samas for an ideal step.

The residuakibration era is basically free vibration with the initial conditidRgts) and
K (t,). According to(Craig Jr & Kurdila 2006)the response for the residwdbration era is

R = R (t,)costr, (- t,)+ 28D gin, (0= 1,)) (1, ¢ 1) (351)

w

n

If the undamped natural peridd [s] is introduced as

T =2P

. (352

n

it can be shown that any pulse of dimalonger tharm/6 will cause a displacement larger than
the static displacemehRt/k, and for any pulse longer than'2 the maximum displacement will
be twice the static value.

3.3.3.3Short duration impulse

A special form of excitatiofi important for thisreporti is the short duration impulse of the
type shown inFigure3.16. Considering an undamped SDOF system subjected to a constant
force F(t) = Fo of the duratiorta << Tn.
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F(t)
Fo

ta<<Thn

v

t t
Figure3.16 Short duration impulse

In accordanceto equation(3.3), the impulse of the load is then defined as

ty ty

| = PR @)dt = fFdt = Fot, (353)

0

Whentq approachegero, i.e. theluration of the load becomes infinitesimal, &odks infinitely
high, the impulse is calletie characteristic impulsdenotedk.

Rearranging equatio3.49) with Fmax= Fo, the response from a dynamic load carkpressed
as
I:0

u(t) = o R(t) (3.54)

Combining equatiol(3.50) with (3.54) and evaluating the response at time
I:O

u(ty) = m (1- cos@ty)) (359

The velocity at that time is

i) =22 sin(wt, ) (356)

From equatior{3.52), w,T, = 2p.
Since it is a short duration impulge<< Tn, w,t, < <2p.

If the values ofq are small:
sin(ugty) © Wity (3.57)

And according tAppendix A
1 2
1- COS(Wntd )) ° E(M/ntd) (3-58)
This gives, sincé = Fotd from equation3.53):
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F 1

k
t =_0- t 2:_0_'[2:_
u(ty) ” 2(Wnd) Kme = om (3.59)
and
#(t,) = 2%y =Pk o (3.60)
d k ntd kmd m .

The response durintlpe residualibration erais evaluatedising equation§3.51) and(3.54),
with the Ainit@® 0 conditions from

u(t) = |2an oS (t- 1)) +——Sn(w 1 - t,)) (361)

n

Which, whent, - 0,finally becomes

I
mw,

n

u(t) = sin(w;t) (3.62)

This isthe impulse response ah undamped system.

3.3.4 SDOF systems subjected to an impulse lodd

Using equatiorf3.10), it can be stated that thetesnal work is the initia kinetic energy
generated by aeharacteristiempulse load«:

W, =E, =& (3.63)

In order to prevent this initiatesiovement, an equally large internal work is required, hence
the equilibrium condition in equatidB.11). As described irSection2.3 the internal work
varies depending on the material response. Tieegy equilibrium of an undamped SDOF
system according to equati@®11) for different material responses is showrrigure3.17.
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F,R F,R F,R

We k We We
REA - _
Utot = Uel,1 + U
W R - R tot e\l,l pl,1
\ ~ W | ~ W
» U > U » U
Uel Upl Uel,1 Utot
() (b) (c)

Figure3.17 Energy equilibrium between external work &d internal work \Mor a
system with: (a) elastic response,(b) plastic response,(c) elastoplastic
response(Johansson & Laine 2012)

3.4 2DOF systems

3.4.1 Classic impact theory

Two bodies that collide haweertain initialbehavious, and the collision will make the bodies
influence each other to change the&haviourin different ways.The following discussion is
based or(Johansson & Laine 2012Jhe systems studiedn Figure3.18, where two bodies
with massesm and ne havethe initial velocitiesvo and 0, respectivelyDepending on the
impact responsef the bodies, the influence of the collision will have differentattelf a
purely elasticresponseas assumed, the bodies will have two different velocities after the
collision, while a purely plastic collision will result in the same velocity for both bodies.

Vo
v=0
Sm—
—
M ne
Figure3.18 Two bodies before impact
Vi
V2
—_—
—>
Elastic response M Mo
V3
Plasticresponse o

Figure3.19 Two bodies after impact
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The realbehaviourwill generally be some&here inbetweenthese twoideal cases, but for
simplicity the responses are treated separately

Using Section3.1, the kinetic energy and momentum for the flvsdy before impact can be
described as

E,, = mlz"g (3.64)
and
=my, (3.65)
respectively.

In a purely elastic impact, bokinetic energy and momentum hathe same total value before
and after the impacBased on these conditionkgtvelocities for thelifferent masses can be
calculated as

- 3.66
v, =M, (3.66)
m +m,
2 3.6
Vool = m Vo (367
m +m,

It can be noted that fu<my, the first body will have a negative weity, i.e. change direction
after impact The velocity of the second body will always have a positive value. The kinetic
energy for the different bodies is then

V72, a
Eqi = mlzl' =M é:i—g Vi = %—8 Eco (3.68)
E - mzvzz,e. _m& 2m _4mm, (3.69)
k,2 — k,0

2 2 g"h §VO (m, +m,

As stated earlier, the total value of the kinetic energy should be equal before and after impact.
If, however, an expression is wanted for the total kinetic energy acting in the same direction as
the seond body, it can be stated that

E

6E . +E . If 2
_\I, kel k,2,el m rnZ (370)
|

ettt = E2el if m<m,

In a purely plastic impact, only the momentum is preserved after the collision, while the kinetic
energy decreases. The decrease is due to a tnaasion to potential energy in the first body
when plastic work is performed in the contact surface between the first and second body. After
the impact, the bodies will have a common velocity stated as
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m, (3.71)

v, = A
m +m,

pl

The total kinetic energy after impact is then

E

_(m+mpy _ (m+m)ad m gz =™ g (3.72)

k,pltot — 2 2 g +m, Vo m +m,

In order to see what different effect the plastic and elastic impact has on the dodkes, ratio

mu/ me, can beplotted againsan energy ratio, defined &%, wt/ Ex, o. This is illustrated in
Figure3.20, where it can be seen that the type of impact has a large role in how much kinetic
energy is being preserved in the positive directfonase between the purely elastic and purely
plastic impact will be somewhere lietween the different lines.

1.0 . S

0.9 2
0.8 / il

0.7 7

0.6 v
/

0.5
/ / —e=1,0
0.4 f

0.3 v

Energy ratioE, ,/ E o[-]

SN,
S
N

0.2

0.1 -— -

0.0 e
0.001 0.01 0.1 1 10 100 1000

Mass ratiom, / m, [-]

Figure3.20 Energy ratio as a function of mass ratio for a purely elastic case (e=1) and a
purely plastic case (e=0)

3.4.2 2DOF massspring systems

In accordance witlSection3.3, the SDOFsystem can be extended a multidegreeof-
freedom(MDOF) system. This report will focus on a system wiilo DOF:s according to
Figure3.21, since the model is of intereshen transforming the beam and the drop weight to
a springmass system.
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[T M ]

a OO o OO0

Figure3.21 2DOF springmass system

Similar to Section3.3, a freebody diagram of the system is drawn, and the forces are gathered

in Newtonds second | aw for each mass.
ar=U1 a=uU2
Rs1 > R Rs2 >
] —>
m m —F(1)
<« —>
Ra2 Rd2 Ra2

Figure3.22 Freebody diagram of the system

Using this, Newtonds second |l aw is applied:
a F,=ma

. (3.73)

a F,=ma,

By assuming that the massarealisplacedhe distancean to the right of the position where the
spring for@s arezero, the springarein tension and warib get back téheir original positiors,
creating forces according to the frebody diagram. The damping effedbave the same
influence on the mass Force equilibrium of the frekody-diagram yields:

- Rdl' R51+Rd2+R52=IThﬁf

- Ria- Ry +F () = myé 579

If linear relations between the displacement and forces are assumed, the constitutive relations
of the systenare

Rq =k
R =
R =k, (U, - uy) (3.75
Rd2 =G (l#z - @)
From this, two equations are formed
- - -k - =
méf + Ce - C, (8 - o) +ku, - Ky(u, - u) =0 (376

mzﬁg +C2(l#2 - lﬂg) +k2(U2 - ul) = F(t)

In matrix form, this becomes
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em  Oetlfg & +C, - Cedo & +k, -kKeug ¢0 o

é uté uté U~ é- \U

89 %t@%u 23§ )32( 50 2552- )Kz(hl%-‘zu g!:-(t()u (3.77)
o C s K u F(t)

or

M+ Cet+ Ku = F(t) (3.78)

which is the equation of motion of the dynamic 2DOF systBmsolve this equation, both
numerical and analytical methods can be used. Analytical methods are exact, but only
manageable if the systems are simple. In thjgort,a numerical method calle@entral
Difference Methodwill be used, described iBection3.5.

3.4.3 Free vibration of an undamped2DOF system

If damping is not considerexhd the response from free vibrations is of inteeggiation(3.78)
Is reduced to

Mé#+Ku =0 (3.79)

In accordance wittSection3.3.], the response of the system can be assumed to undergo
harmonic notion:

u,(t) =U,cosim - a) 380
u,(t) =U, cosiut - a) (380)

Combining equation€3.79) and(3.80), the factor cox ti U becomes superfluous atide
equation system is reducedthe algebraic eigenvalue problem

@é(l+k2 -kzg_ amn Ora@eUz eO;a (381)
-k kY& mi.l '

The solutiond = 0iis trivial, so the only nontrivial solution is

&, +k, -k,g O0g
¢ T wgy fl=0 (382)
é-k; kK, e0 mzu

This equation gives the circular natural frequencies of the system, witlidctave two values
since there aravo degrees of freedom

In order tosee how the system moves when subjected to aahfguency, mode shapes are
determinedA mode shape is defined as the pattern of motion in which all parts of the system
movewith asinusoidalshapeand with a fixed phase relation. In order to determine the mode
shapes of the system, each natural desgy is put back into equati¢gd81), and a ratio

b= U2/ U1 is defined. Thenr:th mode shape of a system is then defined as

_ef, g_ , ¢elg

G,=¢ U A‘gb wheren=1,2 (3.83)
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The total solution of a 2DOF system is then

eua_ , . L . L
u(t) = sz(t)8= A, coswt + B,(i, sinujt + A, cosust + B, , sin st (3.84)

WhereAs, A2, B1 andBz are determined from initial conditions.

3.5 Numerical methods
3.5.1 General

In order to solveomplex systems, theiare a number of different numerical methadsilable

Most methodsare using time steps on the matrix equations in order to come up with a result.
The different numerical methods can be divid®d implicit and explicit methoddn explicit
schemes, discretized fieldsin+1 aredescribed using thigelds at previous times;n, urand

Un, , while implicit schemes uses the fields at present tumas Un+1 andearlier. This has the

effect that implicit schemeare unconditionally stable.e. theyaways provide a solution
regardless of the time step. They may, however, be inaccurate if too large time steps are used.
Explicit schemesire conditionally stable, i.e. they will result in stable solutions provided that
the time steps are small enoughthié timesteps ar¢oo large, the solutions becona@astable

and the error increases without bofdhce explicit schemes are using the fields at previous
times to describe the fields at present time, it also means that no convergence is needed, the
solution will always proceed forward until tlepecifiednumber of time steps reached.

3.5.2 Central Difference Method

Forundamped SDOF or 2DOF systertige Central Difference Methg@€DM) is pertinent to

use. CDM is an explicit method, and preferable because 6fs s i mp |l i cihigy and
accuracyln order for the solution to be stable, the time spapust be smaller than the critical

time stepopdr. This is to prevent initial errors propagating with time. Accordin@léthansson

& Laine 2012) the critical time step can be expressed as

2

Dt =—
= (3.85)

where¥ maxis the highest eigenfrequenfoyr
defK - W”M)=0 (3.86)

The physicameaning of the critical time step is that the propagation of the wave should not be
longer than the actual length of the structural member, or an element length of it. In this sense,
the critical time step is expressed as

Dt,, =-<
C

cr

(3.87)

wherelel is the length of an element efg. abar, andc is thewave propagation speea the
material, defined as
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_[E
C—J; (3.89)

wherer is the density of the materidlhe physical meaning of the critical time step for a bar
(for simplicity) is shown irFigure3.23.

lel lel lel lel lel

C -
alcr/@

Figure3.23 Maximum critical time step

Considerably smaller tim&teps than the critical tirstep maybe required, howevedue toa
necessarievel ofaccuracyThetime step that is suitable for a given case can vary and depends
on the load and the response time ofsy&em, but a time step smaller than one percent of the
duration of the load usually work3ohansson & Laine 2012lence,

?ucr
Dt¢y t, (3.89)

f100
whereti is the load duration.

Recall the equation of motion fro8ection3.4.2

M#é#+ CéF+ Ku = F(t) (3.90
with the initial conditions

u(0) =u,

HO) = v, (3.91)

Thefundamental conceif the Central Difference Methad shown inFigure3.24.

Un+1

Un | s
Un-1 |

Pt Pt

th-1 tﬁ th+1

Figure3.24 Central difference scheme, based(Garlsson & Kristensson 2012)

From the figure, it can b&pproximatedhat
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# = “12—Dt“1 (3.92

The acceleration is defined as the derivativehef velocity with regard to time. To get the
acceleration at a poirtk, the difference of the middle point between the time steps of the
intervals inFigure3.24 is used.

g = #n+1/z' #n-l/z - (un+1' un)_ (un - un-l) _ U - 2un +u,,

Inserting this in equatio(8.90) yields, after some rearrangements:

a1
83— —C M ?M - —C =F(t
gu)z 2[]: 8Jn+l %( ([x)z 8"I 8Jn 1 ( ) (394)
which ultimately can be written as
2 a 1 6 @
U, = \(Dt)’M* + 2DtC™* o (1) - - —Cqu,,9 3.9
| ( & éﬁ( %Dt 201~ 9 (399

if the matricesM and C are diagonal, which is the case for a lumped rspsifig system.
Thereby the solution in the next time step can be solved using the solutions from pteveus
stepsonly, i.e. informationhat is already known. If damping is omitted, the solution becomes

U, = ([x)zM —1%n(t)_ %( - 2 M g'ln - 2 I\/Iun—lg (396)
TOE oM oy M

As can be seen, the time step is needed, which becomes a special case when the first time
step is calculated.df this, a particular starting step is used, expressed as

(o)’

u,°u,- Dtv, + H, (3.97)

derived from Taylor series expansion.
In short, the algorithm for the Central Difference Method is stat@alinte3.1.
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Table3.1 Algorithm for Central Difference Method, in accordance wi@raig Jr &
Kurdila 2006)

Step Activity

Step O (0.1) Input the mass, damping and stiffness matriMde€, K.
(0.2) Input the initial conditionsio and vo = Ue:
(0.3) Select the time stegpt
(0.4) Calculate the initial acceleration from equation of mati
using initial condions:
# =M *(F(0)- Cv, - Ku,)
(05) Cal cul ate the nAeffectiveo

= a1 1 .0
N = M+_——C
(%Dt)z 2Dt 8
(0.6) Calculate the starting step according taagpn(3.97).
Step 1 Loop for each time step=1, 2 é

Step 2 Calculate the displacements at the next time step
equation(3.96), with NE* as ((Dt)zM 1+ 2DiC 1)

Step 4 If there is an interest of the velocity or acceleratibtihe specific time
step evaluate these according to equati(3:82) and(3.93).

Step 5 Setnto n+1 and continue to next step

If the material has nelnear material response, which can often be the case, the stiffness matrix
will change with timeThe Central Difference Method handles this nelatively easynanner.

It is possible to use a secant stiffness at the time,gbd describe a noflinear response.
However, if damping is present it is important to always state the fae®a function of the
elastic stiffnes&el, and not the secant stiffness at titme

Instead of stiffness, it is more convenient to refah@innerresistancehat is applied on the
system at time. The resistance at an arbitrary time can then be described according to
Figure3.25.
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Figure3.25 Secanstiffness k at time t for a system with an arbitrary respdfcleansson
& Laine 2012)

3.6 Strain rate effects

When a structure is subjectedsome sort of transient load, the effettstrain rate[s™] will

have an effect on the response. Strain rate is best explained as the change of strainawer time
previously mentionedand is usually denoteét The strain rate effect is a factor that influences

the dynamic loading to have a larger effect on the structure than what would have been the case
with regular static loadingThe magnitude of the strain rate for different types of loading is
shown inFigure3.26.

creep static  earthquake hardimpact blas
] 1 1 | | | |

| | | | | | | | | | | |
10® 107 10° 10° 10* 10° 102 10* 1@ 10' 10 1C°
strainrate [§']

Figure3.26 Strain rate influence for different loathses(Johansson 2000)

Particularly high strain rates can greatly influence the matewglepties for a given material,
as is shown ifrigure3.27where the concrete strength is enhancedfggntly whensubjected
to high strain ratesThe strain rate effects are measured in dynamic implification fdatbr,
defined as:

den
= (3.99)

DIF =

sta

whereFdynis the dynamic load arféka is the gatic load.
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Figure3.27 Different studies of the dynamic implification facgtrain rate relations for
concrete intension.(Johansson 2000)

The reason for the strength increase at high strain rates is mainly due to structural effects such
as inertia and confinement. When the load is appiedpace thatan be regarded as static
loading, the crack gets the time it needs to find the weakest path in the material, i.e. finds a path
that demands a lower energy consumption. If the strain rate is high @ndhbgltase of impact
loading however, this time igot given, and it is no longer possible for the crack to choose the
path of minimum energy consumption. Instead, the crack is forced to propagate through
stronger zones.

The same increase is present for reinforcement, and at high strain rates bothdthed/ible
ultimate stresses increase. Strain rate effets more thoroughly treated in e.g.
(Johansso2000)
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4 Transformation of Structural Members to Spring-Mass
Systems

4.1 Introduction

In order to treat the system with the beam and the drop weighsiaglified 2DOF system
described in the previous chapter, there are certain measubes taken to transform the
parameters of the structural members Intopedmasses and stiffness properti®sice it is a
simplification, it will introduce errors in the analysidowever,one of thetasks in this report
is to see if the errors are riggple. According to th2DOF model, théowest eigenfrequency
for the beam and the lowesigenfrequency for the drop weightith the corresponding mode
shapes will onlybe accounted fowhile in reality the number of eigenfrequencies afmite.
This is neverthelessonsideredto be a reasonablepproximationsince only the lowest
eigenfrequencies will have agsificant effect on the systemat least when looking at
deformationsIf moments and shear forces where to be considered in an accuratmavay,
effort regarding the eigenfrequencies would have been required.

For the same reasons as in previous chapters, the damping effect is omitted in further
calculationsIn order to convert the real system into the equivalent system in terms of load,
mass, resistance and stiffnesslimensionlesstransformation factorsare introduced. By
multiplying the real structure parameters with the corresponding transformatiors,falaor
parameters for the equivalent 2DOF systpobtained.

il
Vi Ll, El, m, Al l Tt
RUL =
PN =
< L2, E2, My, |2 o R(u)
o4
Figure4.1  The beardrop weight sgtem and the equivalent transformmadssspring
system

The transformation factors are denofed_ooking atone structural membeamly, the mass,
stiffness and load, respectively, can be transformed to the equivalent SDOF system by the
following expressionéBiggs 1964)

n‘L = kmm (41)
k, = k .k (4.2)
F.=k.F (43)

where indexe standsfor equivalent If linear elastic response is assum&{u)= ku), the
undamped equation of motion is

e ku= F(t) (4.4)
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Combining equation&.1) i (4.3) and equatiorf4.4), the equivent SDOF system is
k. k ku= k_F(t) (4.5)
or, in a more general way:
ke k, R(U) = k- F(t) (4.6)

whereR(u)is theinternal resistancef the member when sulgied to some sort dbading.

4.2 Beam to SDOF

Another fundamental concept in the transformapimtesss the system poinaf the structural
member If the member is assumed to have a linear elastic response, the displacement shape
will be a function of theype of loadingand the given boundary conditions. The shape will
remain the same regardless of the magnitude of theTba&dksystem poinnakes it possible to
describe thalisplacemenalong the bam by using one point only. Thmint issupplied with

certain characteristics so that ttisplacementis corresponds to theisplacemenin a SDOF

system, seEigure4.2. The system is transformed to a SDOF system by applying the equivalent
parameters from equatio(1) i (4.3) in the system point.

Figure4.2 A beam transformed into an equivalent SDOF system

The system point of a structural member ssially chosen to be the point with maximum

displacement, or the midpoint of the memiggoshansson & Laine 2012For the beam in

Figure4.2, these two points coincide
Us = Uspor (4.7)

The only loadcaseconsideredn thisthesisis where the beam is simply supported with a point

load at the centref the span andthis case is the only case treated when deriving the
transformatiorfactors in the forthcoming sections.

To get the pertinent transformation factors for the beam, they are derived under the condition
that the energy should be conserved between the twensysboth regarding the mass and the
work done by the external forégt) and the internal resistanBgJohansson & Laine 2012)
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4.2.1 Conservaton of the kinetic energy- An
4.2.1.1Derivation
The kinetic energy for a prismatic beam is

SEELCL O 9

0

wherev(x) is the vertical velocity ax andmdXx) is the mass in kg/nSince the bearhas a
consant cross sectionthe mass per unit length will be constam@x)=mG&onst and the total
mass of the beam will be

m= rn'constL (49)

The kinetic energy for the equivalent magsing system is

2
E., = % (4.10)

And since the energy should be conserved between the two systems:

2

L 2
rnevs — Fm\(X) dx

> O, oL (4.11)
The velocitiesn equation(4.11) are defined as
Du
_ Dug 412
V== (4.12)
and
Du(x)
V(X) - (4.13)
making equatiorf4.11)
m L
myu; =~ FH0) “dx (4.14)
0

Combining equation&.1) and(4.14), the transformation factor for the mass of the system can
be defined as:

1 L
k. = " fH(x) *dx (4.15)
s 0

This means that the transformation factor for the mass is dependentdisptaeemenshape
of the beam, hence the loading of the beam and the type of response matters.

CHALMERS, Civil and Environmental Engineering Ma s t e BOMX0ZI1B28s i s 43



4.2.1.2Linear elastic material

When linear elastic material respens assumed, th@isplacemenshape will look like in
Figure4.3 and theresponse caaccording tqJensen 2013)e described by

_FL? & 4x%0
u(x) = 45E| éﬁx- ?ﬁ (4.16)
l F
A kol
—X ‘

Figure4.3  Displacemenshape of a simply supported beam with a point load at the
centre linear elastic response.

From equabn (4.16) it can be seen that tldesplacemenin the system point (i.e. atL/2) is

U = FL®
°  48El

(4.17)

Using equatior{4.15), the elastic mass wmaformation factor can be derived:

% 8 L o 3~2 L o 3...2 ~ 5 7 L

8EIX A 4x° Q 1.2 4x° Q 1le 24x> 16x'9@

v = PN TR T B K Tty (419
L L 12 9 L& 5 7L g,

which finally yields

17
Koo === © 0.486 4.19

m,el

4.2.1.3ldeal plastic material

For a simply supported beawith plastic response subjected to a point loaddtbplacement

varies linearly according teigure4.4. If the beam has constant material parameters across the
length, a plastic hinge will form in the section subjected todhgekt moment, i.e. the centre

of the beam in the case with a point load at the midpoint. When the plastic hinge has formed, a
mechanism is formed and thesplacementill go to infinity.

E
|
L > x ] ‘

Figure4.4  Displacemenshape of a simply supported beam with a point load at the
centre ideal plastic response.
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The maximundisplacemenof the beam will take place in the system point, ande¢lponse
at the sectiox canbe expressed as

u(x)=§uS Oﬂ:xﬂ:L
L 2

(4.20)
:Mu £<X¢L

u) ===, o

Again, using equatio(¥.15), the transformation factor for a beam with purdsfic response

AL -G s
1 &a2x §, A2L-x §,0 a4& , 2, 0
k. = u, o dx+ u, 0 dxd= — agydx+ f{L - x)’dxs=
¢ ? - ? i (4.21)
é\ 3 L Y 3 L6 2.3 3
_4exe &L-xPeo_ 44 L°G 1
L3a@2@330 g 3 ULL;S &4 24973
4.2.2 Conservation of the external energy k-
The external energy for a beamth constantross sectiors:
L Iy
W,, = FI(X) Qi(x)dx (4.22)
0

whereq(x) [N/m] is an arbitary load acting on the beaifheexternalenergy for the equivalent
massspring system is

W, =F (t)u, (4.23)

Like before, in order to conserve the energy:
L .
F(u, = fA(x) @Qi(x)dx (4.24)
0

Using equatior{4.3), the expression for titeansformation factor for the load becomes

1
“Fo FRI(X) Qi(X)dx (4.29)

0

kF

If the load acting on the beam is a concentratedda#idg in the middle of the beam fatxs),
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= H(x)dx (4.26)

k. =
" Lug,

Looking at equatior(4.26), it can be concluded dhindependent of the material response, the
transformation factor for the load when having a concentrated load at the centre of the beam is
always the same, namely

Keo =ke oy =10 (4.27)

4.2.3 Conservation ofthe internal energyi A

The resistance of a structural element is the internal force trying to restore the element to its
unloaded shapeén elasticcasesthis will have an oscillating effean the systemsince the
resisting force will change signs ipasses the unloaded point. The internal work is directly
dependent on the material response of the system.

As stated irSection3.], the internal energy careliefined as

. -
w, = R - K (4.2
2 2
for a linear elastic material :or
W = Rd)lpl (4.29)

for an ideally plastic material.

4.2.3.1Linear elastic material

According to(Nystrom 2006)the internal work for a beamith linear elastic responsan be
stated as:

1:4N?  bV? d?ud
W, =8+ +M(X)——
" 2,¢EA GA 09 e 8 (430

where

E Youngdés modul us
G Shea modulus

A Cross sectionl area

N Normal force

\Y, Shear force

b Shape factofor shear

M (x) Moment along the beam length

If thereis no normal force in th beam, anthebeam height is small enough to neglect the
shearas the case is in Eul®ernoulli beamsthe expression is reduced to
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1t d?u
W, == —d
Lo 20ﬁVI(X) 52 0% (4.31)

The internal work for a linear elastic SDOFs&m is stated as

k, G2
| = e s 4,32
o= (432)
Energy conservation between the systems is presumed:
k.2 1% d?u
e S - = _d
5 5 g"i\/l (x) R (4.33
and, similar to previous sectiongjuationg4.2) and(4.33) arecombined to get the
transformation factor for the stiffness
k,el ka 0 dX2 .
Since
F
k = —
m (4.35)
the final expression for the transformation factor becomes:
1 d?u
kk,el = E ﬁVI (X) dxz dX (436)

s 0

4.2.3.2ldeally plastic material
Again, according t¢Nystrom 2006)the internal work for a beam with plastic response is

d?u
dx .

W, =M ()

whereM(x)=M, i.e. the moment is constant in the regarded segment oetdm.BVhen the
equivalent SDOF systehmsan ideally plastic material respondee internal work is

W = RpeUs (4.38)

where Rme is the maximum equivalent resisting force of the systen. accordancewith
equationg4.1) to (4.3), if plastic response is assumed:

I%ne = kk,pl Rn (439)
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Using this, anépplying the principles of energy conservatithe transformation factor for the
stiffnesscanultimatelybe written as

1t d?u
K = R fi\/l (x) de (4.40)

4.2.4 Summary of the transformation factors

The resisting force of the structure should, according to preseatens perform a work that

Is as big as the external work performed by the system. This statement ultimately gives that the
transformation factors for external and internal work, respectively, is equal as well
(Biggs 1964)

k. = ke (4.41)
By dividing equation(4.6) with the transformation factor for the load:

% mét R(U) = F (t) (442)

If introducing a new factor

Kn (4.43)
kF

Kpe =
the differential equation for the equivalent SDOF system can be written as

k° et R(U) = F(t) (4.44)
Note that sincekr=1.0, the only factor affecting the equivalent SDOF system is the

transformation factor for the mass. Nevertheless, the different factors for the case with a point
load in the midpoint of a simply supported beamsummarized iTable4.1.

Table4.1 Transformation factorfor a beam

Case Material K ke K Ko
response
F Elastic 0.486 1.00 1.00 0.486

& Plastic 0.33 1.00 1.00 0.33

&
I
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4.3 Drop weight to SDOF

The transformation of the drop weight into the equivalent SDOF system is made in a similar
way as for the beam. A large difference in this case, however, is that the drop weight will have
to be able to handle axidisplacemeninstead of transversdisplacement.e. it is a bar instead
of a beam.
T e
u1 us
A A

U2 Ua
T T T u

Figure45  Degrees of freedom for a beam and a bar, respectively.

The assumptions regangj the system point of the bar still holds. If the member is assumed to
have a linear elastic response, the displacement shape will be a function of the load, but the
shape will remain the same regardless of the magnitude of the load. The system point of a
structural member is, as mentioned in the previous chapter, often chosen either in the midpoint
of the member or at the point with maximutisplacementUnlike thebeam case, these two
points donot coincide in a bar.

ax.t  dx)

T
v
¥

EAL v

Figure4.6 A bar and the correspondirgpmpressiorshape assuming linear elastic
material responsand a uniformly distributed load

ConsiderFigure 4.6. If the bar is not subjected toa point loads, only a distributed load (e.g.
the selfweight of the drop weight)he maximunstraintakes place whene= L, independent
of the ability for the base to move, whichghtbe the case.

Now consider a falling bar that hits a fixed surfadgspldyed inFigure4.7.

AE,L v(t) l q(x,t)

l :> AEL l

77 7L

Figure4.7  Afalling bar.
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Using this way of thinking, it is easy to see that the maxirdisplacementiue to the effect of
theselfweight of the bar will take place in the bottom of the bar, i.e. wheré.

LFe(t)

lq(x,t) — :Fus
AEL | |{ me

—>
' K
. P

Figure4.8  Abartransformed into an equivalent SDOF system

The system point dhe bar ighen suitably chosen as the point wherg, which means that
u, =u(L) (4.45)

In this report, the assumption that the base of the systéngume4.8 will be fixed, at leat

when deriving the pertinent parameters for the equivalent SDOF system idMintecreating

a 2DOF system of the bar and the beam, this is no longer true since the equivalent mass of the
bar will be placed on top of the equivalent SDOF system for gaenb(which can move
according to the previous section). A discussion can be held about this assumption, taking
classic impact theory into account. However, the fact thatdloeity of the movementif the
beamwill be small in comparison to the velocity the bar when hittinghe beanmmakes this

effect relatively small, which is why this effect is omitted when deriving the transformation
factors and transforming the bar into a SDOF systemorder to somehow take this
phenomenon into account when lookatghe real behaviour of the systdurther discussion

IS maden Sectiord.4.2

As for the beam system, the transformation factors for a bar will be based on the principle of
energy conservation.

4.3.1 Conservation of the kineticenergy- An

The kinetic energy for barwith constantross sectiois, similar to the beam:

c... = OO0, "

0

wherev(x) is the vertical velocity axt andm(x)is the mass in kg/nince the expression is
identical to the beam, it can be concluded that the transformation factor for thekmass,
derived using the same expression as well:

i = £ OO (447

L

If linear elastic material propertieseassuned:
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a(¥)x = kux) (4.48

wherek = AE/L since it is a bar
Thedisplacementi(x), i.e. the change in length of the bar, da@nbe expressed as

(4.49)

In the static case, the load acting on the bar is from thews&yht only. If the mass is
considered evenly distributed along the laaud constant across the cross section, thegpgd
can be described as

q(x) =m(x)g (4.50)

whereg is the gravitational acceleratidfhthe bar is prismatian(x)=m&onst The displacement
atthe systenpoint can be expressed as

m, gL
u=u(L) = —omet=— 451
s=u(l) AE (4.51)
Inserting the expressions for the displacement into equgtién):
AN, 0L 0 )
1 ‘am, gXLe c AE = 1éxe 1
km:ﬁﬁe%o dx=— S Kdx=Sey = (4.52)
am,, gL’ g o6 AE + 8M,o,0L° § o Le3g 3
L& L& 8
¢ AE = & AE 2

which is the same result as for the plastic response in the beam case. Thanahleasince
the plastic response of a beam and the response of the bar has the same triangular shape
according td=igure4.9.

F a(x.t)

1 Ty
= i
B ‘ EALY L

L

Figure4.9  Displacemenshgpe of a simply supported beam with ideal plastic response
and the response of a bar

The bar will, however, hit the beam in the system, making the actual load application on the bar
to reserble a point load hitting the bar. In that sense, it can be disdukthe response of the
displacement shape will look like Figure4.9 or if it will resemble a displacement shape of a
rigid body. This is more discussed in Sec#o#.2
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4.3.2 Conservation of the extenal energy i1 Ar
As for the beam, the external energy for a prismatic bar is

W0 = FI06E) Qi t)dx (4.53)

The external energy for the equivalent msggsng system is
W, =F(t)u, (4.54)

Using equatios(4.3), (4.54) and(4.56), and the fact that
L
F(t) = fp(x t)dx (4.55)
0
it can be stated that

ko=— X |L?‘~ﬂ(x,t) i, t)dx

L

U, (. t)dx° (4.56)
0

In case of a uniformly distributed load along the féx,t)=mwonsg. Equation$4.56) and(4.51)
then givethevalue of the transforni@n factor:

2 2
1 L AMonsOXL mm:;gl_ &g 112 _1
= D-rons S dx = - =——===0500
g T e gt €2 TLa T2 (497
AE AE °

4.3.3 Conservation of the internal energyi A«

In accordance with Sectigh2.3 the transformation factors for elastic and plastic respamnse,
derived from equatio(4.30). However, in the caswith bars there is no moment present.
Instead there is a normal force, which ultimately gives:

1 SN2
K., =—pn—d
k.el Fus E]a X (458)
1 LN?
K., =——pn—d
k,pl R U, !:]EA X (4.59)
4.3.4 Summary of the transformation factors
As with the case with the beam, the principle of energy conservation gives that
k. =k¢ (4.60)
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according tdBiggs 1964)which ultimately means that
k., =0.500 (4.62)

when looking at the transformation of the drop weight to a SDOF sy$tam).in turn, means
that the factor beforB(u)in equation(4.62) becomes 1.

Consequently hedifferential equation for the equivalent SD@if bars system can, similarly
to beamsbe written as

kmF,barrnt#"- R(U) = F(t) (462)

In this case, howeveksl 1, aswasthe case for beams. This means that both the transformation
of the mass and the transformation of the load affects theadgnt SDOF system for bars. The
transformation factors for a bar are summariretiable4.2.

Table4.2 Transformation factorfor a bar.

Case Material Km ke kk Koo bar
response
q(x.t)
T
v Elastidplastic  0.3333 0.5000 0.5000 0.6667
EAL

4.4 Equivalent 2DOF-system

Since he model itself assumes lumped masses for the different structural members, it has the
effect that the mass equations will be uncoupled when creating a 2DOF system. This means
that the beam and bar SDOF systguresented in previous chapters can be aduéain one

2DOF system in accordance wkigure4.10.

Mie| bar

Rie %

Mp,e N Mue : mee | PEam
Rie % Ree %/

In accordance witlsection3.4, where the equation of motion for a 2DOF systedeisved, it
can be stated that:

Figure4.10 Two SDOF system becomes @DEOF system
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Mé#H+Ku =0 (4.63)

if linear elastic material is assumedhere

M = g*(‘-; W‘Z‘g (4.64)
and
CEN 409
This ultimately becomes:
and
2 AE _AE g
K=¢ R A, 4! e
e L L L> H

where index 1 is for thbarand index 2 is for thbeam If elastglastic response is assumed,
equation(4.63) is instead expressed as:

M#é+R =0 (4.68)
where
eR -R @
R=¢ C 4.69
& R R+Ry (469

R1 andR: arefoundusing equatiori2.14), which can be written:

ek @ if ucu,,

Ry i usug, (470

SinceR depends on the size of the load and, more importantly in this case, the displacement, it
must be updated in each time step when calculating the response using the Central Difference
Method.

The massspring system described has, in this caserucial flaw if comparing its results with

the real behaviour of the bedndrop weight system. Thaternal resisting force of the spring
between the masses (denokg in Figure4.10) only has a valuseparatedrom zeroif the

spring is in compression. If the spring is in tension, and the bar is moving away from the beam
(which is the case if the collision is e.g. purely elastic), there is nothing that connects the two
members, so the stiffness in this case must be zero.
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This is not captured if using the conventional method of derivikagdescribed by
equation(4.70), so in order to capture this behaviour, equabn0) is extended to

&k, if ucu,,
R={R, if u>ug, 4.71)
b o if uc¢o

4.4.1 Maximum internal resistance,Rm

Regarding the maximum plastic resistarne, it obviously differs depending on if it is the
beam or the bar that is considered. For the beam, the maximum internal resistardesived
by looking at the moment capacity of the beam subjected to a poirf ioatie middle of the
spansimilar toFigure4.9. The naximum moment of the beam is then expressed as

M Eq = —— (472)

If the beam is loaded until it fails in bending, equa(4ii2) can be rewritten as

AM 4
L

F = =R (4.73)

which is the maximum plastic internal igs1g force of thebeam.

This force does not take the seléight of the beam into account, however. The-welight
acts as a static load on the beam, but will have an influence of the dynamic reldpansetic
loads effect the dynamic response is gdah(Johansson 2014)n short, the selfveight can
be taken into account by modifying the internal resistance in acumaéthFigure4.11. This
way, Rm,modiS used in the 2DOF modahd will be slightly lower than the original value, hence
the selfweight will make the response slightly more prone to plasticize.

Rm,mod

Fsta
" u
Figure4.11 Influence of static loads on the dynamic respoBssed or{Johansson 2014)

Rm.modis then calculated as

2
= Mea_ GL (4.74)
L s

I?m,r'nod = Rm - Fsta

if it is the selfweight that is considered as the static load, whésehe seHweight [kN/m].
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For thebar, the maximum internal reganceRm can be derived from the definition of normal
stresgequation(2.8)):

s=Fy i=Fn (4.79)
wheref is the strength [Pa]. Using thigx ultimately becomes

R, = f ”22 (4.76)

if a circular impact area is assumed, where the diameter of the impact zone.

The value of the strength depends on what is happening at impact. Apart from the resistance of
the bar, the lo@l behaviour of where thigar hits the beam must also be considesttbwn in
Figure4.12. This local zone will not have the stiffness properties ofetiitee beam, but will

be reduced to thiecal stiffnessof the concrete itsel

Vi Ll, El, m, Al V1

N
l/ \_/——>
\
1

< Lo, E2, My, |2 2 '

Figure4.12 The bearrdrop weight system and the equivalent transformed 1sya#sg
system.

This means thdm of thebarlocal impact zone will have a value between:

,Udz

2
fcc m A
4

T CR.CA, 4.77)

wherefcc is the concrete compression strength famglthe yield strength of the steel in the.
The values ofcc are in thaangeof 25 40 MPafor ordinary concrete, arfdof the stel is often
in the range of 2500 MPa for ordinary steel. This means that the valuewatan differ
vastly,at most with a factor of 10.

However, the influence of lateral confinement described in Se2tibhwill have an ect on

the lower bond of equatidd.77). The concrete compression strength will be higher in the
impact zone due to the lateral confinement provided by the surrounding material in the beam.
Strain rate effects will also have affect on the concrete strength, making it strongee
increase oRm due to thee effect is uncertain, but it will probably have a value that BtBnes

higher than the value & usingfcc only.
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This is not treated in the current version of Eur@gdout the fact that the strength of the
concrete increases locally is treated in @Bgverket 2004)where a modified value &k could
be obtained.

4.4.2 Transformation factors

The \alues of the transformation factors of a bar accordifigbide4.2 in Sectiord.3.4are the
theoretical values, only taking the properties of the bar into account. It can be discussed,
however, how thse valuesorrelateto the real behaviour of the system. The derived values for
the barcome from the assumptiorthat both the elastic and plastic deformation shape is
triangular according to the right partlfjure4.13. This gatement is based on the fact that the
base is fixed, which is not entirely true for the 2DOF system, since the base of theegiang

on the other mass of the system, i.e. the transformed beam.

FO | ux) qx.b)  u(x)

24 3 jh

Figure4.13 Different displacement shapes of a bar, depending on the applied load.

If the compression of the bar is disregarded, and only the movement of the base (i.e. the beam)
is considered, the bar will move as a rigid body anditbelacement shape will look like the
left part ofFigure4.13.

In the experiment, thenly T if any1 part that will plasticize in the drop weight will be close to
the part that hits the beam, making the plastic influenceeadigplacement shape looking like
in Figure4.14.

u(x)

plastic
zone ,/ \

Figure4.14 Displacement shape of the bar in the experiment

In reality, the behaviour will be soméere in between the described shapes, and the influence
of the respective shape depends on the stiffness of the springs in the systems. If the bending
stiffness of the beam is high, the shape will have more influence of the triangular shape, since
the basef the bar will resemble a fixed support more. If the bending stiffness of the beam is
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low, however, the bar will behave more like a rigid body and the shape will have more
resemblancéo the pure rectangular shape.

Low ki High ku
(More influence of the (More influence of
rectangular shape) the triangular shape

Figure4.15 Influence on the displacement shapes from the boundary conditions.

Since the influence of the boundary conditions has an effect on the displacement shape, it will
also have an influence on the transfaiorafactors of the bar. The cases described in previous
sectionshave assumd ideal behavioursin Sectiord.3 an ideal triangular shape, with the
corresponding transformation factors derived from this shape is presented. théhen
displacement shape is ideally rectangular, the transformation factérbewd.0 since the
displacement are constant(X) = u = us) along the member. To show this, equa(aib) is

used:

1 L , uz
K, = dx= L]|=1.000 .
n= g el (479

In accordance with equatida.26), A, kk andkmris also 1.0. To conclude, it can be stated that
the transformation factors for the bar is going to be in between the values of the ideal cases
depending on t he sahdithe bagmecerdingmlfabled.Bie A support o
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Table4.3 Transformation factors for a bar, influence of the boundary conditions.

Ideal displacement shape km ke Kk koY

u(x)

0.333 0.500 0.500 0.667

E,AL

u(x)

X
T 1.000 1.000 1.0000 1.000

EAL

If looking at the combined transformation factes only, it can be stated that depending on
the shape of the displacement of the barfdbwor will have a value in the range:

0.667¢ k.- ¢1.00C (4.79

In the case covered in this report, the stiffness of the bar will be large compared to the stiffness
of the beam, hence:

k__- 1.000 (4.80)

mF
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5 Experiment and FE-modelling

5.1 Introduction

The experimerst performed and further described in Sect#o? is simulated using finite
element (FE)software This chapter describes the set up and parameters of the performed
experimers, andthe theory and choice of pertinent indata for the differerafélyses.
Different material models, meshing etc. will be discus$aa simplified FE-modekaremade

using ADINA (ADINA R & D Inc. 2015)explained in SectioB.3 and a more advancétE-

model is created using EBYNA (LS-DYNA 2014b) (Section5.4). The intentionwas to
compare the results from theB&-models with theexperimerdl results andat a later stage
evaluate how well the models folledthe real behaviour of tHeaded beam

5.2 Experiments

The tests described in this chapt&asa part of a PhD project carried out by Jonas Ekstrom at
the department of Civil and Environmental Engineering at Chalmers University of Technology.
They servd as a predest for the main test series conducted at a later stage, wastieyond

the sope of this thesis. The experiment setwgsinspired by(Agardh et al. 1997vhere a
concrete beam was gabted to a falling drop weighThe main purpose of the test semess

to contribute to the understanding of the influence of impact loading on concrete structures, by
obtaining reasonable test results that can be compared to results from calculatdsy Aod
secondary purposeasto investigate whether high speed recording and the use of an analytical
softwarewas a viable method to perform such tests, and to make suggestions on how this
method can be improved in further research.

5.2.1 Test setup

A concretebeamwasplaced ortop of tworoller supportsnade of steelThe beanwassimply
supported with no restraints in the upwards directtiown inFigure5.1 andFigure5.2. One
side of heconcrete beawaspainted white and a black pattemasspread oveapproximately
half of the white backgrounth order for thevisual contrastto be enhancedA high speed
cameravasplaced directly in front of the beaisnd wadacing the painted sid& wasassumed
that the reaction of the beamould be close tosymmetric Due to these symmetry conditions,
only half of the beanwasincluded in the camera framé&his saveddata storage and aeidito
the resolution qualitpf therecorded picturesTwo lampswereplacedin front of the beam in
order to have optimal lighting conditions for the high speed camera recording.
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.90 , 1000 90

Figure5.2  Test set upn the laboratory. Photby Jimmy Lovén

Above the centre of theeam,therewasa device to pull up and release the drop weighe
device consistedf threeslender rods forming a long cage that dieelthe drop weight tahit
the centre of the beam, showrFigure5.3.
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Figure5.3  Test set up showing the drop weight deviRteoto by Erla Sara Svavarsdottir.

At the top of the cage,sample truss systemasplaced to pulthe drop weight up to the desired
height. The drop weight itselfasa cylindrical steel rod with a rounded tip, dimensions are
shown inTable5.1 and the cross section is stoin Figure5.4. A holewasdrilled in the centre

of the drop weighin orderfor an accelerometeéo be placethside However, he accelerometer
turned outo be malfunctional and did therefore not contribute to the experirasumits. After
pulling the drop weightip itwas releaseftom thetruss systerby pulling on a leverallowing

it to accelerate towards the beam.
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Table5.1 Properties of the drop weight.

Length[mm] 260
Diameter mm] 80
Weight [kg] 10.093
Radius of rounded tiprim] 400
Steel type 1.4301/07
Modulus of elasticityE [GPa] 200
0.2% strengthfo.2 [MPa] 270
Ultimate steel strengtlfy [MPa] 600
0
— A
|1
|1
|1
|1
© ||
0 |1
|1
|1
|1
10
— 4
o (.
= .25 |
3 40 [mm]
of m=10.093kg
|/ 80 |/ —r=400

Figure5.4  Crosssection of the drop weight.

A sensomwasplaced in the lower end of the drop weight cage. When the drop weightipasse
the sensor, it activatiethe recording of tb high speed camera, which then documetie
impact of the drop weigldn the beam iad the followingresponse athe beam
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The rumber of components in the drop weight systesskept to a minimum. The simplicity
of the systemwvasconsidered to be important sincaliows for aclearervisualisation of what
washappening in each fa

Thetest was performed on 16 beams accordintatae5.2, all having the same dimensions as
shown in

Table5.3. Seven of those beams contained fibre reinforcement and three were plagteconcr
with no reinforcement. Those beams were not within the scope of this thesis. The remaining
beams were six reinforced plane concrete (RPC) beams with reinforcement arrangement as
shown in

Table5.3 andFigureb.5.

Table5.2 Beams used in the experimental series.
Plain concrete (3) PC
Reinforced plan concrete (6) RPC
Fibre concrete (3) FC
Reinforced fibre concrete (4) RFC

Table5.3 Properties othe RPCbeams

Height [m] 0.10
Width [m] 0.10
Length m] 1.18
Span ] 1.00
Number of tested beamg [ 6
Reinforcement diameteii [mm] 6
Number of tensile reinforcemer
2
bars f]
Number of compression
: 2
reinforcement bars]
Concrete covefdistance to
: 20
centre of reinforcementjim]
Reinforcement class][ K500GT
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Figure5.5  Crosssection of the concrete beam

For the first RPC bearthe drop weightvas released frora height of3.5m, and it was then
decided to increase the drop height tor.9 he result fronthe firsttestwasdisregarded in
the analysisn this thesissince the drop heightasdifferent.

The concrete beams that do not contain fibwese all cased from the same mixturelhe
concrete mix description can be seeatle5.4.

Table5.4 Description of concrete mixture for plane concrete and plane reinforced
concrete specimens.

Concrete constituents Description Amount [kg/rd]
Cement CEM II/A-LL 425R 335
Limestone filler Limus 40 (Nordkalk) 160
Sand Natural from Skdllunga (Udum) 747.3
Aggregates 8mm Crushed 268.9
Aggregates 6mm Crushed 717.1
Superplasticiser MasterGlenium 51/18 (BASF) 0.268
Water 184.3
w-C ratio 0.55

In order to get material properties for the concrgpecimensverecasedfor testing purposes
usingthe same concrete batch. The specinveer® both cylinder and cubic with dimensions
according tdCEN 2009aand(CEN 2009b) Compressive strength tests using cylinadesge
performed 28 days after casting amg@ia 45 days after casting, which is the day after the drop
weight experimentswere performed. The tests followd the procedures described in
(CEN 2009a) A tensile strength test usiragibic concete sampleas prescribeCEN 2009b)
wasperformed 45 days after castinighe resulting valuefor all concrete strength testan be
seen inAppendix C In Table5.5 the calulatedaverage valuefromall the testedpecimens
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are shownTheyrepresent the mean values of the material strength. These valuesdate us
calculate the modulus ofasticity as:

o 03
E,,, = 226G 8 (5.1)
g -

wherefemis the mean compressive strength of a cylindé&Paand the resulting value fé&cm
is in GPagas presented I(CEN 2004) The resulting valuegre shown inrable5.5.

The theoretical fracture energy of the concredscalculatecaccording tqFib 2013)using the
following equation:

G, =73, *° (5.2
The fracture energyasalso determined using test resdt®wn inAppendix C Both values

are shown inmable5.5. The test result valu@asconsidered to be the true value amaksused
in further simulations and calculations.

Table5.5 Mechanicalproperties of the dried concrete mix.

Mean compressive stretigpf cylindersafter 408
28 daysfem [MP4| '
Mean compressive strengthi cylindersafter 45 5
45 daysfem [MPa] '
Mean tensile strengthf cubesafter 45 days, 3.08
feem [MPE] '
Modulus of elasticityafter 28 daysEcm [GPa] 33.5
Modulus of elasticity fier 45 daysEcm[GP4 34.7
Theoretical fracture energs [N/m] 145
Fracture energy from test resyl@ [N/m] 113

The steel for the reinforcement barasalso tested in order to get more accurate values for the
strength properties than the averagties. The test deridghe strength properties by testing
the tensile strength of the steel by pulling some of the bars in the batch until failubars
weretested, and the averaged strength properties derived from the tests are Shaivle5i6.
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Table5.6 Mechanical properties of the reinforcement bars.

Mean ultimate tensile strength of

reinforcementfu [MP4| 665
Mean yield strength of reinforcemeft[MPa] 610
Y o u nrgodwusof reinforcementEs [GP4 200

It can be noted that the reinforcement class K500G T, which means that the mean yield
strengthwas expected tbearounds50MPa. By doing this test, @ouldbe stated that the mean
yield strength of the steeh ithe reinforcement bars thaasused for this experiment K1%
higher, i.e 610MPa.

The test data for the concrete and reinforcement iesteown inAppendix G together with
methods of deriving the values

5.2.2 Digital Image Correlation

The results of the experimeantreobtained from the recording$ the high speed camera. The
camera captures a frame everg ms (5000fps) giving a rather detailed documentation of the
process.The resolution of the recording K024x 512pixels. The data obtained from the
pictureswasanalysed using methodcalled Digital Image Correlation (DIC). Theethodis

based on the movements between pixels in the footage and uses the pattern painted on the beam
to locate displacements and straimshe materialTherecording equipmenwasprovided by

SP Technical Research Institute of Sweden

The DIC software that wereused to extract the results from the high speed recomiasy
ARAMIS, (GOM 2016) It wasdeveloped for optical measurement systems and is intéaded
provide a verification of FEimulations and help to improve material models used in modelling.
The software detects surface coordinates in 3D and uses them to document all deformations.
Rigid body movement can be eliminated to provide an accurate. rélsalextracted data can

be provided invarious formats, for example numerical data, colour scaled figures and movies.
The numerical datawasused to compare experimental results to all types of models, 2DOF,
ADINA and LS-DYNA. In addition, the colour sad figureswas used to compare crack
patterrs from experiment® theones simulated usinthe LS-DYNA model.

Sincethe DIC is capable of capturinigtailed information about deformations and straimsre
wasno need to include strain gauges and otheasmeng equipment in the experiment. This
allowedfor a relatively simple experiment set up while still maintaining hegkel of accuracy
in the test resultsThe advantages of using DIC are discusse8dation5.2.3along wih a
comparisorand discussion abopteviaus experimentsoncerning impact loading on concrete
members.

5.2.3 Reflection on previous experiments

The topic of impact loading has beem subject ofinterest among researchers in the recent
decades and it is benehl to reflect upon the previous work that has been done in the field.
The idea of using DIC to extract experimental results fioop weight impact loadinthough

is relatively new. Recent developments in high resolution digital camera technology hae/e ma
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this method possible. Previous experiments have relied on gauges, accelerometers, load cells
and other similar devices to capture the reaction in systems subjected to impact loading.

Early experiments focused on testing fibre reinforced condr®€)(to, among other things,
determinethe impact strength &fRC. A method proposeinh (Barr & Bouamrata 988) was
inspired by attempting to simplify these types of experiments and provide a reasonably priced
testing equipment. A drop weight apparayplying multipleblows to a concrete specimen

was suggestedThe set upconsised of a drop weight that calibe released from a certain
height, and a guiding systahmatdirecedthe drop weight dowtowards a concrete beam which

was simply supported. This concepiasthe basis of many other experimettiat followed

even though they madyavefocusedon singleblow testsand/or concrete without fibres

A drop weight experimenwherea force transducer, an aterometer and strain gauges were
being usedo capture the impact response of concrete beamsdescribed if{Wu et al. 2015)
The impactmechanisnusedconssted of many differet parts. The hammer that exerted the
impact haca curved tup made of another mate¢@uminium or rubberand wasaimed to it

the force transducer that hhden placed on top of the concrete be@he force transducer
recordedhe total force between thap and theconcretespecimerregardless of the rebound
of the beam. Acording to(Banthia et al. 1989}he total force consisteaf two components,
deforming foce and inertial force, that had lve identified and separated in order to estimate
the displacemenof the beanrmumerically. This added certain complexity to the analysis of
test results and many walgave been proposed to estimate these force componergguce
the extent othis problem.

In some cases, boundary conditions have been engineered to minimreddbad of the
concrete beamAn extra set of roller supports above the beamdbe usedsome have placed
a pad of EPS foam on top supisoto soften the reactiofHao et al. 2014and others have
equipped steel fraes around the ends of the beérujikake et al. 2009)These solutions
createl a certain degree oixation, so that the beam could &t considered as perfectly simply
supported

In other caseshe boundary conditions wekept as simply supported artde amount of
deforming force wasgstimated using elastic theofyu et al. 2015pr by recording reaction
forcesin the support@and calculating the deforming force based on that (Bd&eimani &

Banthia 2014)

The high speed camera and DIC technology pravadeew way of dealing with this problem
since the camera could effectivelgptureboth the rebound and tlésplacements the beam.
This mehod reducethe complexity of the experiment set ap,previously mentionett might
however be problematic to accurately determine which movements bdlnthe rebound
and which belongd to the deformation of the beam and some discussion has beenomad
whether to adjust the boundary conditions in forthcoming test series.

Friction between the drop weightéthe surrounding equipment coblel a source giroblems

to some degree, this wdscussed ifiBanthia et al. 1989)he accelet#on of the drop weight
might reducdoelow the acceleration of gravitg)(due to friction. This effect wasot considered

in the tests covered by this thesg)ce the conta between the dpweight and the control
rods turned out to be negligiblg might be of advantage to verify this assumption by placing
a workingaccelerometer in a strategic place mreferably by measuring the acceleration of
the drop weight using I@ andapply markings téhe drop weight itself

The shape of the drop weight cowdry betweerdifferent experiments, a round tipped bar
similar to the one used in this experiment has been widely used. Another shapeingaased
in (Soleimani & Banthia 2014)where the drop weight hadthinner front making the upper
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limit of the impact area smaller. For a rod such as thaleseribed in Sectioh.2, it couldbe
difficult to estimate the impact area, since it can range fremgle point to the full diamete
of the rod.This might be a interestingsubject of further investigation.

The results and conclusions of tmentionedreportsabovewerenot within the scope of this
thesis, but might be interesting whewmaluating similarities of these results andrésults from
this report.

5.3 FE-modellingT ADINA

5.3.1 General

In order to simulate the behaviousing relatively simple FEmodek, the problemwas
modelledin two ways usinghe finite element software ADINAADINA R & D Inc. 2015)
Firstas a simply supported beam with a point mass attached using a spring, shigunai.6.
This modelwas denotedADINA model 1 Second, the drop weightas modelled as a rod
instead of a pint mass according féigure5.7. This modelwasdenotedADINA model 2 The
point massnd the rod, respectivelgregiven an initial velocity in order to simulate the impact
on the beam, similar to the 2DOF model.

< L2, Enli, A2, }2 <

Figure5.6  The model used in the first ADINA analy@®INA model ], with a point
mass hitting a beam

Vi l L1, E1, }1, A1

R(u)1 %

> L2, Enli, A2, }2 <

Figure5.7  The model used in the second ADINA analSiRINA model 2, with a rod
hitting a beam

The spring in the first model represedithe same stiffness parameters and ultimately the same

value as the spring described in Sectlof) while the stiffness of the spring in the second model
wasset to a very high valuén ADINA model 2 the springvasonly there to make sure that
the beam and the r@dte n contact. Thactualstiffness of the rod wasandled by the elements
in the rod itself.
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5.3.2 Element types and properties

For the two models in ADINA, Hermanbeam elementwasused when modelling the beam.

When having a simply supported beam where the strains are small, this type of étement
beneficial to use andiaslikely to provide good results when conducting dynamic analyses.
The elementdiadconstant cross sections, and 2 nodes per eleifieatnaterialproperties of

the beamelemens wererestricted to being homogeneous and isotrogpicequivalent cross
section paramnters valid for the entire cross section must be derseebection5.3.4for more
information This means that the results of interest when looking at the analyses in AANA
displacementsf the beam, velocities etc. framyglobal point of view, and not cracking patterns,
strain rate effects etc. as can be done with more detailed element types (e.g. 3D solid elements).

In ADINA the user has the option of choosing 2D or 3D beam elen&itslements use 7
integration pointover the cross section to calculate searched quantities, and this cannot be
altered. However, f using 2D elements, itvas possible to state the desired number of
integration points manually. Thigasan advantage because more control of the calculation is
obtained. According t¢Carlsson & Kristensson 2012j having to many integration points,

the result can be less accurate than having a smaller amount of integration points. This
behaviour is shown iRigure5.8.

fy fy

fy fy

3 b)

Figure5.8  Stress distribution using) 7 integration points o3 integration pointsBased
on (Carlsson & Kristensson 2012)

When using 7 integration points, ADINA calculates the stress distribution usifigiegéee
polynomial, while for 3 integration points the stress varies line&ilyen the complexity of 7
integration points, 3 integration poirgseused inADINA models 1 and 2.

In ADINA, the beam elemenwasable to consider not only transverse anatiohal degrees
of freedom, but axial movements as well. In this sense, the finite element in ARASIAMIx
of a theoretical beam and rod element, showfigare5.9.
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Figure5.9  Degrees of freedom for a beam element in ADINA.

This maddt possible to model the rod BMDINA model 2as2D beam elements as well, with
a Young6s modulus equal to the actual Youngo

5.3.3 Boundary conditions

In the experimerst the boundary conditionsere created to resemble a theoretical simply
supported beam as much as possible. The besrsupportedy two rolls, whichrestedon a
hard surface. This metiiat the actual beamere going tdehave as a simply supported beam
as long as it waetdto move down, i.e. in the negativedyrectionaccording toFigure5.10.
When the beam waad to lift from the supports, however, themasnothing stopping it. This
was, at lestin theinitial analysesnotcoveredn the ADINA modelsin ADINA model 1and

2 the beanwasmodelled as a theoretical simply supporbeam, i.e. fixed athe supportsn
boththe positive and negativedirection. This means that the results déf#in the FEmodels

in ADINA compared to the L®9YNA model and the experimeaitresults, it only after the
beamreached zero velocity and s&dto move in the opposite direction. More about this in
Chapter6. Furthermore, théeam isfixed in the xdirectionat one suppoytto prevent rigid
body motion in the models.

L.

e e

Figure5.10 Boundary conditions for the FEodels in ADINA.
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5.3.4 Material models

ADINA is not good at recognizing cracksstatell when using beam elements. The software

will instead use the stiffness of an uncracked cross section, whichasil overestimate the

stiffness of the member. In order to get around this problem, an equiYatem n g 6 s mo d u |
can be derivewvith the approach described in Sectiba.2 see alsd-igure5.11.

=

A

Real response

feq -IT- —— —

Simplified respons

Ei
Eeq
u
Figure5.11 EquivalentYangdés modul us
The equivalent Your3 modul us iis stated by multilplying

(which isapproximated tdec) with the ratio between the moment of inertia in state Il and I,
respectively:

E.=-"F (5.3)

The stiffness in ADINAwasthen the same value as it would have been if the stiffness of the
fully cracked beam would have been derived the conventional way (using a moment of inertia
for the cracked section), shown:by

(EI)FEM = Egql :IliElh =g, (5.4)

The input values fothe stiffness properties in ADINAvere derived in Appendix B and
Appendix F

However, his way of working arounthe stiffness problem iIADINA has consequenceBy
altering the Youngos ficiondl phlysica mdamung,dhe spaed of the t h a t
pressuravavetravelling within the bearwill be somewhatltered, since the speed is defined
according teequation(3.88). This phenomena andgieffects are described more thoroughly in
(Andersson & Karlsson 2013) can be concludedhough that the influence of the wave speed

is negligible, if the value oEn does not differ more than with a factor of around 25. In this

thesis, thdactorbetween theeal and the altered value Bwill not exceed, so the influence

of the wave speed is considered small enough.
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Figure5.12 Study of the influence of different E for the response of a beam subjected to a
point load(Andersson & Karlsson 2012)

A similar principlealso holdsor the yield strength of the elementfidtional yield strength
valid for the entire cross section is derived by dividing the moment capacity of the beam with
the section modulug/[m3]:

_MR
foa =y

el

(5.5)

As in Sectiord.4.], the selfweight needs to be considered. In a similar marmieris reduced
to Mrdamodby reducing the moment resistance with the moment due to tizakbygamplemented
selfweight:

MR.n’odzMR_ Mg (56)
Hence:
M mo
feqrmd = VTI d (5.7)

el

Since the beam elements in ADINveremodelled as elastoplastiEsqandfeqgmoawerethe only
parametes needed for thematerial model for the beam.

In ADINA model 1, the springbetween the beam and the point massst have pertinent
attributes When the mashit the beam, and as long as it pustiee beam down, it must have
had an elastic behavioun accordance with Seon 4.4 However, as soon as the mass$ g
negative velocity (i.ewentup) all stiffness valueganistedsince the drop weight and the beam
in the real case are not connected with anything in tension. The shape of the matildbr
the spring iINADINA model 1is shown inFigure5.13.
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compression

v

tension

Figure5.13 Behaviour of spring in the FEhodels

In ADINA model 2 thedrop weightis initially assumed to have a purely elastic behaviour,
whichwasconsidered a reasonable assumption since the drop weight is much stronger than the
concrete it is hittingAn analysis to see the influence of the materiatlet of the drop weight

was madeto velfy this assumptionshown inAppendix H The spring connecting the drop
weight and the beamasonly there to make sure that there is contact between the drop weight
and the beam. The behaviour of the spragidentical to he one iPADINA model 1(but with

different stiffnessedp ensure that the contact between the drop weight and the beam danishe
when in tension. The actual stiffnegastaken care of by the beam elements of the drop weight.

5.3.5 Meshing and time steps

Regardhg the size of the elements of the beam in the ADINA models, it must be certified that
the number of elementgashighenough in order to have accurate results. A convergence study
showedthat 60 elements over the length of the bganesatisfactory redts for ADINA model

1. This amount of elements for the bearas alsaused inADINA model 2 and the rodvas
modelled with 100 elements, which is considered good enough for the analyse®rénat
performed.The convergencstudy is shown i\ppendix H

In the analysem ADINA, an implicit methodvasused (more about direct integration methods

in Section5.3.7). This means tt the solutionwas unconditionally stable, and a resuwhas
obtained regaidss of the time step. However, in order to get good and accurate results, the
reasoning in SectioB.5 regarding size of the time stepmsused.Even though an implicit
method does not have a critical time step per sgadstill deemed to bénportant that the

time step can capture the wave propagation in one element:

I r
Dt, == [—I 5.8
cr c E el ( )

This means that the time stepsinfluenced by the mass and stiffness of the strattlements
in the systemAs mentioned in Sectiod.5, equation5.8) will in most cases be a value that is
too high, and the actual time step can accordirfddbansson & Laine 201Bg estimated by:
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Dt ¢f t, (5.9)

The duration of the loadh, canbeestimatel in the2DOF modeleven though the load consists
of an initial velocity. By plotting the reaction force in the drop weight over time, an indication
of the duration of the load is obtained.

60 T T T T — T T T
Drop weight ‘

50 M 1

o
[e)
T
1

Reaction force [kN]
[\ W
(e (e

O 1l | L L L L L L

0 5 10 15 20 25 30 35 40 45
Time [ms]

Figure5.14 Reaction force of the dpoweight, used to get an estimation of the load duration.
The figure is extracted from the 2DOF model.

As can be seen frigure5.14, the drop weight hithe beam several times during the firstsgl
when using the 2DOF modealoit wasinterpretedhat the load duration lasts for that amount
of time.

Another argument for thaize of thetime steps of the modelgasthat the experiment uda
frame rate on the high speed camana in the DIGtransformation of 0.2ns. This impliel that

the chosen time step shouldwell under this value, in order to get similar results to compare
with.

With this given, a checlwvasfirst made in order to see that theriticalo time stepwas not
reached if having time steps of well under .

ptent, = |1, =229 ho167° 0.011ms (5.10)
= 599410

Secondly, the second argument in equafto®) was checked using the information in
Figure5.14:

100 100
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This meas that

eDt =0.01Ims
Dt ¢ j 1 0.14ms (5.12)
[ 02ms

The running time of the analyses, both in FEM and for the 2DOF maaaihosen to 45ns.
At this time, all important initiathain of events are considered to have happened.

With the factors described aboven mind, 4500 time steps over the analysis timere
considered to capture the events in a good way. Hence, the time step of the aredyses
Dt = 0.01ms (5.13

This size of the time stewasfine for ADINA model 1, but when the rodvas modelled in
ADINA model 2 the wave speed of the rbdd tobe taken into accoums wellin order to get
results thatvereaccurate enagh. The rodvasmuch stiffer than the beam, so the wave speed
differed

Coeam= | 5 = 59900 _; 5e s (5.14)
U 2400
E, 20000°
Cdropweight= \ 7 = W =5032/s (515)

Due to this, theéime step neestito be significantly lower ilADINA model 2 In Appendix H
this can also be seen in the convergence study, since 4500 timdastepshow sasifactory
results. The time step sineeded in theorwas

Dt ¢ Dt, = / 79009 8°° 0.0005ns (5.16)
Eren © 1120000° ¢ 100 2

This would mean that approximately 88G0fie steg wereneededHowever, & concluded in
Appendix Dand shown irFigure5.15 andFigure5.16, the response when usirg8000 time
stepsweregood enough, whictvaswhy thiswasused inADINA model 2

In Figure5.16, it can be noted that there is a significant difference in impulse between the
different timestep analyses in ADINA model 2, the analysis with lesser amount of time steps

is somewhat below the other analyses, while when increasing the number of time steps the
solution converges towards the other solutions. This supports the discussion in previous
paragraphs, and shows the need for more time steps when modelling the rod, even though the
actual difference in deformation is relatively low (about 3% of the total deformation, see
Appendix D.
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Figure5.15 Convergence study f&{DINA model 2different time steps.
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To conclude, the different parametérat werechosen ér the analyses regarding meshing and
time steps are displayed Trable5.7.

Table5.7 Mesh size and time steps for the models in ADINA.

ADINA model ADINA model
Parameters

1 2
Numberof elements in beam 60 60
Number of elements in bar - 100
Time step 0.0lms (4500) 2. 5¢es (

5.3.6 Choice of load application

The velocity of the drop weight at impact can be calculated theoretically by using the fact that
the potential and kinetic energy of the drop wegyletequal at rest:

mgh:%\? v =./2gh (5.17)

When the drop weighwasreleased from 5.8, the theoretical value of the velocity is:

v=./2gh=./20®.82(3.5 =104m/s (5.18)

The value of the initial velocity has a high influermethe reponse of the system, so the
accuracy is of great importance.

In Appendix O the derivation of the speed in one case is shown, and similar tertbyer
values for the velocities for each beamm the test seriesan be derivé which are shown in
Table5.8.
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Table5.8 Initial velocities for the beams in the test series, derived using digital image

correlation.

Test beam Veloci[tr)r/]gi impact
RPC1 10.46
RPC2 10.35
RPC3 8.26

RPC4 10.45

RPC5 10.43

RPC6 10.40

The velocity of RPC3wvas lower due to the different drop height described earlier. The
velocities of the restf the beams correladequite wél with the theoretical value, the small
difference an be explained by small differences in drop height, scatter in measurements etc.

The value of the initial velocity in the ADINA analysgasbased on the values of RPC2, which
showed a representative response in the experifeebection6.3). Hence:

Vi, rey =1035M/s (5.19)

Since thdoad on the systemvasimplemented as an initial velocity of the drop wejghere is
no external force per se that influences the systdma nitial velocity, howeverresuledin
reaction forces in the structural models, accordirfgigore5.17.
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Figure5.17 Reaction force/aaamulated impulse over time.

The reaction faces are hard to read since the scatti&rgein the plot. However, one way to
get a sense of the magnitudasto look at the accumulated impulse over time that affect the
system. By doing this, it can be shown in a clearer way what effect the weitbaity has on

the beam, as is shownkigure5.17.

5.3.7 Solution methods

There are a number of direct integration methods that can be chosen in ABiNAplicit
methodwasused for the ADINA analys unlike the 2DOF model, whetiee explicit Central
Difference Method was used.

The implicitmethods available in ADINA are the Newmark method, the Wittonme t hod a n
the Bathe composite methothe Wilsond met hod i s just a version
and will not be used. The Newmark method is based on generalized Taylor seriss and
explaned in detail in(Craig Jr & Kurdila 2006)The Bathe composite meth{8athe 2007)s

a method used when the Newmark method has troubles conserving energy and momentum, i.e.
being unstable. By default, ADINA uses the Bathe composite method whichsaeilbalused

in the ADINA model in this thesis. A short study that compares Newmark and Bathe is shown

in Appendix H which concludes that the use of the Bathe composition method can be used to

get satisfactory results.
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5.4 FE-moddling T LS-DYNA

5.4.1 General
The content in this section is based on thellYSNA manual(LS-DYNA 2014b)

The computer program was created to perform stress anaflysisictures subjected to impact
loading and dates back to 1976. It has been developed continuously ever simce@nd
considered to ba very powerful FE analysis toahd is widely used within the automotive
industry.

A free interface called LrePst4.2 is available from the manufacturer. In this sttioy
interfacewasusedas a preand postprocessto create models and view results. The actual
computatiorwasperformed through an external server that contains the fel'YSA licensed
software

The choices made in the modelling regarding element generation and material werdels
based orexperience gained in previousatets thesis work of other students within the same
field and the descriptions provided in the-DS'NA manual.

The modehadfour main parts in order to simulate the experiment as closely as possible. Those
parts were the roller supports, concrete beam, reinforcement and drop wshghtn in
Figure5.18.

Figure5.18 LSDYNA model set up.

The drop weight presented in Sectm@.1hada hole in the middle to allow for the placement

of an accelerometer. An attempt was made to include this hole in tBeYN& model. The

hole has three different diameters and does not go all the way through the drop weight. The
drop weight also has a curved face on the side that hits the beam. This was possible to model
in four separate parts, but since the geomsatgquite compicated, the attempt to model the
whole drop weight in one part proved to be unsuccessful. The curved edge where the drop
weight hits the beawasimportant, and the elastic reaction of the drop weight as a wlade
important as wellln order to keep thesfeatures the hole in the middle was not includeden

model and instead, the s&lkight of the material in the drop weight wakeaed so that the

total weight remaiedthe same as for the drop weight used in the experimbrg.adjustment

is consideed to have negligable effects on the result.
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5.4.2 Element types and properties

The concrete beamasmodelled using standard solid 3D elements. The standard 3D element
usesonepoint linear reducedintegration and hourglass control. The hourglass control is
important to prevent hourglass behaviour, which is a common problemsshérelements

with reduced integratioare loaded with bending momei&ince the elementsave only one
integration point they will exhibit zero energy deformation modes that ara patt of the
physical behaviour of the elements. As showifrigure5.19, the centre linekeepthe same
length and have the same angle between them even though the angles of the element change
when using reduced integration (iane integration point instead o2 x 2 = 8). There are

not enough integration points within the element to account for the angular displacement,
resulting in an overestimation of these displacemdtesice, sucthourglass behaviour can
distort the reults and render them meaningless.

(iEs)

Figure5.19 Hourglass behaviour of solid 3D elements.

Providing more integration points within the elements would solve the problem, boathat
result in a model that is computationally expensive. Another solution is the previously
mentioned hourglass control, whese callednourglass forces are applied within the element
to resist the excessive hourglass deformation. This method is nqiess&ve as adding more
integration points and has proven to provide reasonable rdsuliS-DYNA there are many
differenttypesof hourglass control availableh& one used in this analysiswhat is called
TYPEG6in LS-DYNA, which is based on enhancassumed strain method.

The reinforcementvas modelled usindoeam elementwith cylindrical cross sectioand the
drop weight and suppontgeremodelled with standard solid 3D elementsvdisnot considered

to be beneficial to model hourglass behaviouthese elements since the local deformations
within the parts are not expected to be large.

5.4.3 Boundary conditions

The reinforcemenvasconsidered to be fully embedded within the concrebés means that

no bond slip between the concrete elements ancti®rrcement elementgasallowed.That

was modelled by defining full restraint between the two parts. The restraint type is called
LAGRANGE_IN_SOLID and is the recommended method of modelling the coupling of beam
elements to solid elemeritsLS-DYNA.

Thebeamwassimply supported on roller supports whighsmodelled by defining an interface
between the top support nodes and the beam Paet.interface connects the beam to the
supports without constraining it, allowing the beam to dislocate from th@guppecessary

The bottom nodes of the roller suppaostsrefully restricted from moving and rotating in all
directions. It proved to be important to restrict movement in more than one row of nodes in the
supports, in order for them nothave odd defanations andoll away(in the modelwhen the

drop weight hits the beam.
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The drop weightvasat firstin contact with the beam in the beginning of the analysis. Similar
to the beansupport boundary condition, an interface betweenbtsm part and the dvo
weight wasdefined.

5.4.4 Material models

The material modehatwasused to model the behaviour thie concreteelementss called

2731 CONCRETE_DAMAGE _ PLASTIC _MODEL (CDPM?2) developed at Chalmers by
Peter Grass(Grassl et al. 2013)The modelwas designed tdbe used for impulse loaded
concrete structuresut can be used for otheimilar materialsas well. The material itselfas

the option to cosiderstrainratedependent mulaxial loadingwhich has been utilized in this
study. The response follows the principles of effective stress plasticity. The material parameters
selected for this modelerethe same as discussedSection5.2.], for clarification they are
shown inTable5.9. The damage in the matenahscalculated based on both elastic and plastic
strain history caused by the loading. The elements loose stiffnesssubjected to stress that
exceeds the plastic limit The input for the damage part of the material model is the measured
fracture energy shown ifiable5.5. In this case it is assumed to be a linear ssa relation
represated with tensile stress and crack width values as showahle5.9 andFigure5.20.

o
uﬂ

ft

Gt

Wu W

Figure5.20 A linear damage curve for tt@DPM2 material model.
The crack width is calculated usieguation(5.20).
2085,
W, = (5.20

t

It order to understand the computational process of strdiS-DYNA, the concept of crack
band widthh, should beclarified. The crack band width represents kiiegth over which the
cracks are assumed to spreBide input for crack widthy, is translated into strait) by using
this factor, as shown in equati@®?21).

e= (5.21)

w
h
In (Johansson 20009 is explained how the crack band widthould bechosen for different
situations. In most cases it is recommended to use the length of one element for crack band
width. However, in the case dfilly embedded reinforcement, i.e. no bond slip between
reinforcement and concrete, the recommended crack band width is the calculated mean crack
spacing,sm. The LSDYNA model used in this analysis has fully embedded reinforcement
however, the CDPM2 matial model performs the damage calculations based on the
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assumption thathe crack band width is the same length as one elefeatinfluence of this
assumption and a sensitivity study regarding fracture energy magnitude can be seen in
Section7.3 The details of the damage formulation can be sedfiass| et al. 2013long

with mathematical derivations of the parameteysd to estimate the damage.

The eccentricity factoe is a parameter used to control the deviatoric strtdiatsformwithin
the ekments of the model as described@rassl et al. 2013 he factois as:

2 2
e=1€ wheree=f oo fe (522)

2- e fo, f2- f2

The factorfuc is the strength of the concrete in equibiaxial direction, calcukged

f.. =1.16CF, (5.23)
Table5.9 Input values for the CDPM2 material model.
Parameter LS DYNA notation Value
Density,} [kg/m?] RO 2400
Modulus of elasticityE [GPa] E 34.7
Poissons ratiay [-] PR 0.2
Eccentricity factor, e-] ECC 0.516
Concrete tensile strengtls, [MPa] FT 3.28
Concrete compressive strengtiiMPa] FC 45.5
Ultimate crack widthyvu [mm] WF 0.069
Strain rate dependent STRFLG 1.0/yes

Other parameters in the model are default values as specifie8-MYNA 2014a)

The material model used for the reinforcement is called (IBASTIC _ KINEMATIC. This

IS a computationally ingpensive material model which is capable of describing elastoplastic
behaviour in beam shell and solid elementd’he material model is capable of considering
strain rate effects, but that option has not been used in this basic Abdeiear stress sain
curve is defined as an input value using yield stress and a value for each sléjpyrege? 1.
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Figure5.21 The bilinear elastoplastic behaviouf material model
00371 PLASTIC_KINEMATIC.

The input values are based on the values derime8ection5.2.1 and are presented in
Table5.10.

Table5.10  Input values for the O0OBPLASTIC _KINEMATIC material model.

Parameter LS DYNA notation Value
Density,} [kg/m?] RO 7850
Modulus of elasticityE [GPa] E 200
Poissons ratiay [-] PR 0.3
Yield strengthfy [MPa] SIGY 6098
Second slope of the bilinear cunge [GPa] ETAN 5844

The drop weight and roller suppowtereboth modelled using 001ELASTIC material model.
The value of the density ifable5.11wasto get the correct value of the mass in the experiment,
since the drop weight has holes tive¢re not modelled in the L®YNA model. The
0017 Elastic materialmodelhas gmple isotropic elastic behaviour and can be used for any
element type in LDYNA. The input values used are shownTable5.11.

Table5.11  Input values for the OO ELASTIC materiemodel.

Parameter LSDYNA notation Value
Density,} [kg/m?] RO 7753
Modulus of elasticityE [GPa] E 200
Poissons ratiqg [-] PR 0.3

It would probablyhave beemmore accurateotadopt a material model that walsistoplastic

with a high plastic limito simulate the stainless steel used in the experiment in detail, but since
most of the response of the drop weight and supp@sexpected to be within the elastic range
the elastic model should provide a result that is accurate endsgindy of thishas been done

in ADINA, shown inAppendix H and theravasno reason to expect different behaviour in
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LS-DYNA. An elastoplastic material model wouldvebeenmore computationally expensive,
and not add much value to the résu

5.4.5 Meshing and time steps

One of the results thatasstudiedwasthe crack pattern of the beam and how rrekated with

the crack pattern detected by the DIC. For the model to be detailed enough to detect strains that
show the crack pattern clearlyrectangulamesh with element size ofrbm waschosen for

the beam. Other results may not require the same detail levah d®seen in a convergence
study on element sizes Appendix H For consistency purposes, othertpam the modehad

the same element size as the beam.

Time steps in the analyswgere automatically calculated by the HSYNA program. These
calculationsverebased on the size of the smallest elements in the model. As was the case for
the ADINA model disussed irBection5.3, the time steps must be capable of capturing wave
propagation in the elements. The underlying equations are explaitiexdnline help manual
(LS-DYNA n.d.). In this model thereverebeam elements and solid elements, the critical time
stepwascalculated for both element types and the smallemasised. For beam elements,

the wave propagation speed is calculatsed

_[E
e \E (5.24)

The wave propagation speeaxiand element lengtlh, are then used to determine the critical
time step as

Dt, =— (5.25

In the case of solid elements, the waropagation speed is calculateith equation(5.26).

g L (5.26)

The critical time step is determined usimuation(5.27)

V.

Dt = c O% (5.27)

whereVe is the element volumandAe is the area of the largest element side
The critical time step determined automatically by-D¥NA for this analysis was
@ =0.0006 ms

The time step can be determined manually. In that case, one should do hand calculations and
be sure to select a time step that is sufficiently small to capture the wave propagation. If the
time step is poorly selected, {{BYNA will provide false results. Altering the time step might

be an interesting parameter study to make in further analysis.
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5.4.6 Choice of load application

The dynamic loadwas modelled by defining an initial velocity in the drop weight part. The
intentionwasto compare the refta with the experimental results obtained using DIC for all
the tested beams, special fogussput on comparisons with beam RPC2. Therefore, the initial
velocity waschosen to b& = 10.35m/s the same as the one measured in the velocity study for
RPC2,seeAppendk D andTable5.8. A specific unit weightvasassigned to the drop weight

as well. The velocity of the drop weight proddcan impact when it hithe concrete beam
simulating the real condiins in the drop weight tesill model parts ha@ defined densityqut

in order to save computational tinggavity was not considered in the model. Dead weight was
therefore noiccounted for in this analysis, which is considered to have negligihlema# on

the final result since the span between supports was onty.1.0

5.4.7 Solution methods

The integration method useehsa modification of the CDM, which is the default method in

the LSDYNA program. The CDM calculation process is discussed in Se8ttof This

method is explicit, which means that it relies on previous displacement values to calculate the
next step in the analysis. The main difference between CDM and the modified version that is
used INLS-DYNA is that insead of basing calculations on the displacemeni the previous

time step, they are based on the coordinates) the previous time step. A more detailed
description of the integration method can be foun@BDYNA n.d.). The choice of time

steps is critical when using explicit methods such as this one, in order to capture the behaviour
accurately. Any errors made by having too large time steps will influence the result calculated
in the next time step, and wilérefore accumulate as the calculations proceed.

In general, explicit methods are considered to be more suitable for the FE modelling of dynamic
events. Nevertheless, they can become computationally expensive if the duration of the analysis
is very long. hen switching to an implicit method might be more suitable and it is possible to
prescribe a different integration method in-DSNA. This, howeverwasnot the case in this

study, and the explicit modification of the CDMas wellsuited for the type and aration of

the analysis performed.
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6 Results and comparisons

6.1 Introduction

In this chapter, the results from the different analytical modéEDOFmodel,
ADINA modell-2 and the model from LLOYNA) and the results from the expaentare
presented, evaluatecomparedand discussedrhe respose of the different analyses couid
compared in many different ways, but to get consistency, three difltaggmeésponsesvere
chosen; the displacement of the midpoint over tu(t¢ the crack patterns of the beam a
different time stepandthe displacement over the length of the beam at different timelgteps
Each of theseesponsess evaluated and discussin the sctions belowNot all analyses could
be evaluated for the different kegsponses, however.rgie the 2DOFmodel transformethe
beam nto a point mass, this model cowdly be evaluated using tmeidpoint displacement
responseu(t). Since the two models in ADINA uddéeam elements, these modebsild not
evaluate the crack pattern response, lieeel SDYNA and experimeral results only were
evaluated.

6.2 Verification of the models

Regarding all models, it coulge hard knowing if the indata for the analysigscorrect, as
discussed in Chaptdrand5. There were questions regarding the accuracy of the
transformation factors over time, the actual stiffness of the {aEapweight spring since it
wasdependent on both the strength of the steel in the drop weight and therkogthsof the
concrete at impactamong other factordn order to verify the accacy of the models,
sensitivitychecks werenade to make sure that tresponsef the different members behal/e
in a similarand expectedvay as the rest of the models and the experirhesgalts.To verify
the models used in this thesis, beam velocity, reactiaredoand drop weight velocity have
been analysed and evaluated.

One way of verifying the resultsasto check the velocity over tinfer the system. By doing
so, itcouldbe staed if the analysesehavedimilarly regarding the plastic and elastic response
after impact, described in Secti8rt.1 The velocities of thenidpointin the different models
are displayed ifrigure6.1.
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Figure6.1  Velocity over time fomidpointof the beam.

The experimental beam RPQ2as chosen to represent the experimental resultsch is
discussedn more detaiin Section6.3.1 Judging fromFigure6.1, it couldbe stated that the
modelscorrelatel quite well during the first 1éns, and after that the ESYNA model and
RPC2hadnegative velocityonly, while the other models oscikatarounda fixed point The

fact thatthe LSDYNA modeland RPC2 héinegative velocityand the other models odaiked
around Owasmainly because the 2DOF and ADINA mod&ere not able to lift, but were
attached to the supports at all timescontrastL. S-DYNA and RPC2 lifedfrom the support
andhence theyada velocity below O after a certain time. Tdraplitude ofthe velocity seemed

to correlate quite well between the ADINA models and the 2DOF model and between
LS-DYNA model andthe beamRPC2 respectively.There were of course differences
depending on the complexity of the models, but the appearance of thegltiesl that the
models behasd in a somewhat similar manneRegarding the difference in phase and
frequency of the oscillation&,wasconsidered to be ahinorimportance since itdid not have

a significant effect on the respge regarding displacements and the other quantities studied.
Other than this,ite main thing that diffed wasthat the velocity of the experimental beam
RPC2 seems to be lower in the first1®ms compared to the analytical modélke reason

for this was probably due to a difference in the elastic/plastic impact, which can depend on
strain rate effect$dowever, he verification of the modeisasstill considered accurate enough.

The reaction force in the beam or in the spring between the beam and the dropwasight
another resulthatcouldbe used to verify the modelBhis concept was introduced in order to
get proper values as indata for the ADINA ratsdn Sectiorb.3, and in order to gehore clear
results that handléde extensive scatter in the reaction force/time plot, impulse is plotted in the
same graph, sdegure6.2.
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Figure 6.3 Reaction force of 2DOBNdLS DYNA model only.
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The fact that the ADINA mods had very high peak values of the reaction force according to
Figure6.2 was because the drop weight was modelled with a linear elastic material response
only.

The 2DOF and ADINA models sh@a very good correlation if looking dhe accumulated
impulse. The 2DOF moddlada plastic capacity of the drop weight/beam spring okiS0
which waswhy the reaction force stoppedl this valueAs can be seen, this dibt affect the
impulse valuesThe ADINA mocklsdid not have this regttion of the plastic capacifyout all
modelsstill showedsimilar impulse regardless of tdetailed response of tieaction force. It
can be noted, however, that the-DSNA model also shoed a low limit in reaction force
(shown in a clearer way iRigure6.3), the maximum value of the reaction force at a specific
time was57 kN, which showedhat the limit of 5N for the 2DOF modelvasareasonable
choice.The impulse from the L®YNA model wassomewhat higher than the impe from
the rest of the models. Bhcouldbe because of tHegheraccuracy of this model compared to
the 2DOF/ADINA models. One big difference between theDYSNA model and the other
modelswasthat ittook strainrate effects into account, which migh¢ an explanation for the
larger impulse, since it miglitaveincrease the elastic response of the systemd thus the
initial stiffness of the beanHowever, he LSDYNA model onlytook strain rate effects into
account for the concrete. In the main magsed in this chapter, the reinforcemdiat not take
strain rate effects into accounte. the strength of the reinforcemewsnot increasediue to
dynamic loading

In order to verify the elastic/plastic limitsdito see that the impact behasesnewvhat similar
in the models, it coultde of interest to see the response of the dreight velocity over time,
as shown inFigure6.4. Both ADINA models shoed similar results for the drop weight
velocity, but due to a large scati@ ADINA model 2 (since it has 18000 time stepshe
response from ADINA model 1 only is plotted.
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Figure6.4  Drop weight velocity
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From this itcan be seethat the response of the drop weigbdsquitesimilar for the different
models. As inFigure6.1, the velocity in the RPGR&stwas lower after impact than in the
models, which might be due to the reasons discussed above. An interesting observation in
Figure6.4isthat the LSDYNA modelhada larger value for the velocity after the rebound than

the experimental resujtsneaning that the drop weight in {LYNA hada response thatas

more elastic than in the experimemhis mighthavebeenbecause fomodelling issues for the

drop weight in LESDYNA, since the real drop weigttada hole vhich wasnot considered in

the LSDYNA model It could also depend on uncertainties in the material properties.

Regarding the plastic limit of the drop weight/beamirgpin the 2DOF model, a short study
was made to see the influence it had the response of the system. As already mentioned,
50KkN seenedto correlate well if looking at the response from theBNA model, butthis
studyalsoincluded values of the @#c limit of R1=20 kN andR1=500kN, respectively. The
results and the response of RPC2 are showigure6.5.
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Figure6.5  Velocity of the drop weight to study of the plastigtlmhthe 2DOF model.

As can be seen, iising Ri=500kN the responswas highly dominated byelastic response,

which wasnot the case in the experiment. To get a proper response, the line during the first
15 ms shouldhavebeensmooth, but the velocity &fr 15ms (when the drop weightbouncell
shouldhavebeenas close to the real response as possible. These two factors counteract each
other, and itvasconcluded that 58BN wasa fair choice, whiclirigure6.3 is implying as wdl

It can be concludeftom Figure6.1 to Figure6.4 that theresponse from the different model
gavereasonableesults.The response of all models with timput dataused in this section was
thereforeconsidered eligible for further analysis.
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6.3 Displacement of themidpoint over time

6.3.1 General

Figure6.6 shows the displacement of the midpoint for all the reinforced beams in the
experiment.
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Figure6.6  Results for the displacement of the midpoint for the beams used in the
experiments.

Note that RPC3 had a significantly lower maximum displacement, due to the lower drop weight
height, as mentioned in Sectibr2.1 Due to this, the results from RPC3 were not regarded
further in the evaluation.

However, there was some scatter in the other beams There could be a number of reasons for
this, e.g. small deviations in drop height, scatter in the measuremersioctsvin the material

etc. In order to be able to evaluate the response from the models with the experiment, one beam
was chosen to be representative for all beams. This was done by comparing the response of the
beams, and picking a beam that had arrnm¢gliate response. The input data based on this
beam was then implemented in the models as described in Chapygrcomparing the
maximum displacements for all the beams, showhiguire6.7, which fiows the results for

the first 10ms of the same response ag-igure6.6, the beam named RPC2 was chosen for
further analysis, given the intermediate response of that beam.
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Figure 6.7 Maximumdisplacementor the beams in the experiment, with RPC2 highlighted.

When this beam was chosen, the numerical models were given the indata (i.e. initial velocity)
that belonged to this beam in order to have a response that represented BRRG2ed\in
Section5.3.6 the initial velocity of all the numerical models was therefore chosen to 4335

The response from the different numerical analyses is showigume6.8. The displacemen
of the midpoint of the beam was of importance to evaluate how the response of the different
models differed with various magnitude from the response of the beams in the experiments.
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Figure 6.8 Displacemat of the midpoint from the different analytical models.

The fact that the response in the-DSNA model had a descending slope while the other
models oscillated around a specific value, was because of how the boundary conditions were
modelled. In LSDYNA, as in the experiment, there was nothing preventing the beam from
lifting from the supports, which was what was happening in these cases. For the-fiitAs

and the 2DOF model, the beam was not able to move indiegtion (vertical direction) at
thesupports, hence the response oscillated around a fixed displacement value.

Since only some models had the ability to lift, the only comparison that was relevant if
considering all the models was the response that took place as long as the reactiortlierce by
supports had a positive value, i.e. was in compresBignre6.9 shows this, and there it can

be seen that the maximum displacement differed with different magnitudes depending on the
model.

CHALMERS, Civil and Environmental Engineering Ma s t e BOMX0ZI1B28s i s 95



35

30

— 25
S
E
(2]
< 20
[}
S
()
15
o
§%]
o —ADINA model 1

10 ADINA model 2

--- 2DOF model
LS-DYNA
---RPC2
5
0
2 4 6 8 10 12 14
Time [ms]

Figure6.9  Maximumdisplacementor the analytical models and RPC2 from the

experiment.

Apart from the fact that the maximum displacement differed, the time for the peak displacement
in Figure6.9 differed aswell. The maximum displacements were derived and compiled into
Table6.1, and the time for the peak values are showrainle6.2.

Table6.1 Difference of maimum displacement.

Model Max. displacement  Difference from
[mm] RPC2[%]

RPC2 23.2 -

2DOF 31.0 33

ADINA model 1 324 40

ADINA model 2 324 40

LS-DYNA 28.1 21

CHALMERS, Civil and Environmental Engineerinylase r 6 s BOMX02-1628

96



Table6.2 Time of maximum displacement.

Model Time of maximum  Difference from
displacemenfms] RPC2[%]

RPC2 8.40 -

2DOF 10.83 29

ADINA model 1 11.14 33

ADINA model 2 11.15 33

LS-DYNA 9.60 15

In order to analyse further, each model was treated separately and discussed in relation to the
beam RPC2 from the experiments.

6.3.2 2DOF and ADINA models

The 2DOF model was the model where the biggest simplifications were made. Both the beam
and the drop weight were treated like two point masses, which were combined in a lumped mass
matrix. Due to the siplicity of the model, the response could be expected to differ most from
the real response. However, accordin@able6.1, this was not the case.

The fact that there was a difference of aroun@a3®r the 2DOF model was notahge, since

the 2DOF model was simplified in a quite extensive way. As can be séaguire6.9, one
interesting observation instead occured if comparing the ADINA models with the response of
RPC2. The difference here was abt@®o, which makes the maximum displacements obtained

in the ADINA models less accurate than the 2DOF model. The response of the ADINA models
and 2DOF model only is shown Kigure6.10, in order to compare these numerical models
with each other.
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Figure6.10 Maximum displacements of the ADINA models and 2DOF model, respectively.

Firstly, it could be seen that the response for the two ADINA models showed very similar
values. The inial response and the response in the peaks were basically identical, while the
models showed a slight difference in the lower values of the oscillation.

Secondly, it could be stated that the difference in maximum displacement for the ADINA and
2DOF models ws quite low (about %). This meant that the results from the ADINA and
2DOF models in one sense could be considered as basically equal. The fact that the frequency
of the oscillation was not equal was not considered as a major issue, since it wabahe glo
response that was of interest, i.e. maximum displacement and elastic/plastic response. As
already stated, one interesting observation was that the displacements of the 2DOF system were
lower than both ADINA models, hence more close to the value eiberimental result. Since

the 2DOF model consisted of a simple msgEng system, it could be expected that the
response compared to the more advancedeBgonse would be less accurate. On the other
hand, if disregarding the response from the real betimadact that the 2DOF model showed
smaller displacements meant that the 2DOF system behaved in a stiffer way than the more
accurate ADINA models. This was reasonable, and one explanation for the divergence in the
response since if modelling the systeithviarger and fewer elements, a stiffer behaviour was
expected.

The fact that the 2DOF response was stiffer than the ADINA models was confirmed when
looking at other reports as well, e¢gndersson & Antonsson 2015yhere the same behaviour
was eperienced.

The reason for the difference in the 2DOF model compared to the experiment response could
partially be explained by the choice of the transformation factors. The factors derived in
Chapterd were based on a fixedgfilacement shape. The displacement shape was not fixed,
however, but altered with time. This was not accounted for in the code for the model. Instead,

a plastic deformation shape was assumed at all times, which was not the case in the early stages
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of the mpact. Displacement shapes of the beam at different times is discussed further in
Section6.4 and the change of transformation factors over time has thoroughly been discussed
in (Andersson & Karlsson 2012y he implementation of the transformation factors on the mass
only would also have effects. iBhmethodology was originally based on SDOF models, and
may not be accurate enough when considering MDOF models, even though the system was
uncoupled. Another way of handling the transformation factors would be to put them on the
different terms in the e@tion of motion separately, instead of only implementing them in the
mass matrix as described in Chapter

The maximum displacement was reached at approximately the same time for the 2DOF and
ADINA models, after about 1ins, which was somewhat after the peak displacement for the
experimental beam (8rs) as displayed ihable6.2. This fact might be explained if assuming

that the impulse was higher in the experimental beams than in the 2DOF and Aiitiéds.

Even though the impulse from the experiment was not there, it can be seen thaDWMBAS

results showed higher impulse than the rest of the models, and this points to that the 2DOF and
ADINA models probably capture the reaction force less wadicating that the impulse in the
experiment was higher as well.

A big issue with the 2DOF and ADINA models, and one explanation to the divergent results if
comparing to the experimental results, was that none of these models were able to capture
strainrate effects, which might have a big influence on the response of the beam in the
experiment, since it may raise the local strength significantly.

In order to get a visualization of the sensitivity of the results regarding the strength of the beam,
a short sudy was made where the yield strength in the reinforcement in the 2DOF model was
reducedand increasedith 10% from the used value in the model, and the results are shown in
Figure6.11.
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Figure6.11 Influence of yield strength on the beam response in the 2DOF model.
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As can be seen, the results differed significantly, and the maximum displacenmahttore
casesare shown irmable6.3.

Table6.3 Difference of maximum displacement of the 2DOF model when altering the yield
strength.
Model Max. displacement  Difference from
[mm] 2DOF [%]
2DOF 31.0 -
2DOF with decreasefg 33.8 9.0
2DOF with increasef) 28.7 -7.4

The difference in displacement of the midpoint if changing the yieddgth in the models was
around 79%, so it can be concluded that the models were fairly dependent on the value of the
yield strength of the reinforcement, and hence, the inflei@h strain rate effects.

If considering the scatter in the yield strength derivation accordidgpendix G it must be

kept in mind that the value used might differ from the real value, and the effect it will have on
the response. This can be one reason for the overestimation of the displacements of the
midpoint.

6.3.3 LS-DYNA

The LSDYNA model was the model that resembled the experiment most, since the detail level
in the model was high. As has been shown in Seéidr, the LSDYNA model was able to
capture the behaviour at the supports in a way that the real experiment did; i.e. separating the
LS-DYNA model from the rest of the models. A comparison of the midpoint displacement over
time for the LSDYNA model and RPC2 is shown kigure6.12.
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Figure6.12 Displacement over time for the IL5YNA model and RPC2, respectively.

As discussedh Section6.3.], the descend in displacement after the peak was due to the fact
that the beam lifts from the supports. The difference in maximum displacements was, according
to Table6.1, 21% where the FEnodel showed a less stiff behavidbhan experienced in the
experiment. The LYNA model was the only model that considered straie effects (at

least in the concrete material model), which is one factor that could explain the fact that the
maximum displacements from LSYNA was lowerthan the results from the other models
since the stratnate effects would increase the strength and stiffness of the beam at impact. The
fact that it still differed to the real behaviour can be due to the fact that it did not capture the
full effect of the increased strength due to the straite effects, since the magnitude of this
strengsth increase was hard to model and estimate, and the fact that the material model for the
reinforcement did not take straiate effects into account. The straaie efects in the
reinforcement could have a large influence of the response of the beam, since an increased
strength of the reinforcement had a considerable influence on the total response according to
Section6.3.2 A parametric widy on the influence of strain rate effect in the reinforcement can

be seen in Section5. Another uncertainty in the model was the difficulty of modelling
geometrical imperfections, which has not been considered in the ioahm@odels of this

report.

Since the inclination of the response after the maximum displacement was similar, the velocity
of the beam after the maximum displacement could be assumed to be similar as well, despite
the difference in maximum displacement miigde. This observation was confirmed in
Figure6.1, and to make it more clear, the velocity over time for thélYBIA model and RPC2

are plotted irFigure6.13.
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Figure6.13 Velocity over time of the midpoint for the-DS'NA model and RPC2.

As could be seen if comparifggure6.12 andFigure6.13, the velocity passed zero at the time
where the peak disptement was reached.

6.4 Beam response at supports

An interesting observation of the experimental results was that the beam at an initial stage lifted
from the supports during a short time interval accordin§iture6.14, where a lgght gap
between the support and the beam can be discerned.

Figure6.14 Response of RPC2 after 213, when the maximum lift occurs over the support.

This observation was confirmed by plotting the disptaent of a point above the support over
time, shown irFigure6.15.
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Figure6.15 Beam displacement by the support over time, where negative displacement
represents the beam goingpositive ydirection (vertical direction).

As can be seen, a clear bump took place during the f#sh8. The reason for this could be
investigated more thoroughly by first investigating if the numerical models captured the same
phenomenon. In order ttudy this, an initial analysis was to plot the reaction force of the
support over time, shown kigure6.16. In order to account for the fact that the 2DOF model
has one support spring while the other models rests on 2 sugberspring reaction force in

the 2DOF model is divided by 2.
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Figure6.16 Reaction force over support for the numerical models.

ADINA model 1 and 2 showed very similar response, but due to big saattiee IADINA

model 1 plot, the results from model 2 only is plottedrigure6.16. The oscillation of the
ADINA and 2DOF models around 0 kN was due to the fact that they are attached to the support
and not able to lift, as previsly discussed in ChaptBr Once the oscillation started, at around
15ms, the beam had lifted and these results were therefore irrelevant. The fact that there were
negative values of the reaction forces in the ADINA and 2D©Hets implied that the beam
wanted to lift from the supporigure6.17 shows the same plot &&gure6.16 but only during

the first 18ms, and the plot has been modified so that if the reaction foreaegative, it is
displayed as zero in order to make it resemble the real behaviour in a better way.
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Figure6.17 Reaction force over supports during the first 15ms, adjusted for lift.

Figure6.17 implies that both the ADINA and L-BYNA models had reaction force values of

zero, i.e. wanted to lift in the firstr@s. One interesting fact that the ADINA models showed

was that there was a §mg wherdhielbebnowanted¢éodiftagaint er a
The reason for this might be because it was prevented from lifting the first tirizY N8 had

several bounces after the first reaction. The 2DOF model did not show negative values in the
beginning for the reaction force aetlupport, hence it was not able to capture the lift of the

beam. This is reasonable, since the beam was modelled as a point mass in the 2DOF model, and
the force from the drop weight hit the beam directly, instead of having to propagate through the
beam,as was the case with the other models.

Another interesting observation froRigure6.17 is that the ADINA models showed a big
reaction force after a short amount of time (approxn@s2which should approximately be the
time it took for the shear wave to reach the support, see Sécé@prand then wanted to lift.

The LSDYNA model showed this reaction as well at the same time, but not with the same
magnitude. This implies that the {3YNA did not degnd much on the supports during the
initial phase of the time range, i.e. it was without a big initial reaction in the supports to help
the beam to lift. This is discussed more in Secdidn

The actual displacement of the beabove the supports was not modelled in the ADINA
models at this point, since the node by the support was fixed. For tieYN3 model,
however, the displacement was plotted together with RPERjure6.18.
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Figure6.18 Beam displacement over the support over time, results from RPC2 and the
LS. DYNA model.

As can be seen, the response during the firas Svas basically identical, showing that the
LS-DYNA model capturedhe lift at the support in a very good way.

One way of trying to capture the behaviour using displacements in the ADINA model as well
was to model the beam with slightly modified boundary conditions, resting on two springs
instead of rigid supports, asastin in Figure6.19.

l

,

Z X
Figure6.19 Modified boundary conditions to capture behaviour over supports.

The springs were modelled so that they had a stéfdepending on the steel in the rollers as

long as it was in compression, and as soon as the spring was in tension the stiffness was zero.
This should allow for the beam to lift from the supports initially. The response of this analysis

is shown inFigure6.20, and as can be seen, there was a clear lift starting at the same time as in
the other plots, which showed that it behaved similarly in the ADINA model asMaellmodel
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wasnot, however, able tiet the beam return to theitial position without giving it stiffness as
soon as the beam got downward pointing displacements
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Figure6.20 Beam displacement over the support over time, results from RPE2ZY NS
and ADINA models.

Since the beam would have stiffness as soon as the reaction was positive, and not when it landed
on the support again, the response was somewhat misleading. It can be concluded, however,
that ADINA was able to capture the phenomenon itself.

Since the behaviguafter 5ms showed when the beam has landed on the supports again,
Figure6.21shows the response during the firgh$ only, which clearly shows the resemblance
between the different analyses.
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Figure6.21 Beam displacement over support during the first 4ms.

It can be noted that the ADINA model had a significantly higher displacement during this initial

lift, and the time frame did not correlate as well as desired between thésniddereason for

the longer time in ADINA could be due to the inability for the spring to have zero stiffness,
since as soon as the beam was heading down towards the support, the spring stiffness set in and
affected the response. The other results wla@mly spring supports in the ADINA models (i.e.

u(t) andu(x,t)) were treated in a parameter study in Secfién

It has now been stated that the numerical models were able to capture the phenomenon with
different levels of acuracy, but the reason for the initial lift needed more investigation, and is
evaluated further in Sectidh6.

6.5 Crack patterns

Crack formations due to impact loading are discussed in this settieri® principal strain
wasused as a measuring tool to represent the crack positions andAsidibcussed Section

6.5, the only model able to capture the crack patteasthe LSDYNA model, which was
compared to the crack patterobtained from th experimental results using DIEirstly, the

crack patterns obtained by Di&reinvestigated and then compared to the crack patterns from
the LS DYNA model. In order to keep the presentation of results consistent, all crack patterns
are shown for half Beam and then assumed to be very close to symmetgcaréa whichs

used to display results shownin Figure6.22.
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Figure6.22 Area of beam used crack analysis.

The strains are shown in the form of a contour scale. The contour scale was intended to show
clearly where cracks were forming, in order to do that a value of strain representing a fully open
crack was obtained. As mentioned earlier;[R8NA makes strain calculations based on the
assumption that a crack forms within the length of one elemaeién; the corresponding strain,

Wrack can therefore be calculated using equatoh).

€ ok = —— =——=0.0138=1.38% (6.1)

element

The crack patterns observed in the experiments by the DIC software for all RPC beams with
drop height 5.5n are shown irTable6.4 at four different tme steps. The first time step

t =0.2ms, was the one that showdde initiation of cracks directly aftempact. The second

time stept = 0.8 ms,wasselecte so that all initial cracks could be se@he hird time step

t =2.0ms, showedcracks that form later in the processd finally the fourth time step
t=8.4ms, was taken at themedian time where the beams wexre maximum midpoint
displacementbased on the data presente&ection6.3.

Attimet = 0.2ms, both shear and bendioigcks had started to form in the middle of the beam.
Other parts of the beam, though, had not started to show any reaction. Three types of cracks
could be observed in the beam M8 after impact. The first two types could be seen in the
middle of the bea where there were both bending cracks in the bottom part and inclined cracks

at an approximately 45° angle stretching from the area of impact. Another inclined crack had
started to form as well further towards the support area. The third type coulchde=sgeen

the middle area and the support area where there was a formation of cracks in the upper part of
the beam. The crack pattern observed aften&&howed no such cracks, which meant that
they close rather quickly. This was something that différeh a static load case and will be
investigated in more detail further down in this section. Other cracks propagated between the
observed time steps and some additional bending cracks formed further away from the middle
area. It is of interest to look updow the steepness of the shear cracks interfered with the
bending crack formation. In the cases where the angle of the middle shear cracks was steep, a
large bending crack was able to form outside of the middle crack area (RPC4, RPC5 and RPCS6).
In the caes where the angle wkess steeRPC1 and RPC2) the middle shear crack ended
exactly where the extra bending cracks f or me
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Table6.4 Crack patterns of RPC beams at ffaifferent time steps.

t=0.2ms t=0.8ms

[90]
1.440
1.400

RPC1

1.300

RPC2

1.200

RPC4

1.100

RPC5

1.000

RPC6

0.900

0.800

0.700

RPC1

0.600

RPC2 0500

RPC4

RPC5

RPC6

The inclined crack that formedrthertowards the support area &apedo be ashear crack at
first glance. wever,whenthe crack formations weiavestigated more closely and for more
time steps than the ones providedTiable6.4, it could be seerthat a minor shear damage
occuredin this aea very early in the cracking procesien cracks on top of the beam were
propagating This shear damage weakertbd material and later, when bending cracks extart
to form outside of the middle area, an initiastraight bending crack landed the we&ened
area and followedhe inclinationof the old crackwhen it propagatedSigns of this cracking
behaviour can be seen Trable6.5 where the crack initiation and propagation of RPC2 is
shown.

As mentionedin Section6.2, RPC2 has been selected as a representative beam for the
experiment and was therefoemalysed in more detail. The IL3YNA model has been
fashioned to simulate RPC2 as closa$ypossibleRegardingdetailsfor both the experiment

sd up and the LDYNA model the reader is reffered ©hapter5. The crack patterngrom

RPC2 and the L®YNA model were compared at different time steps, this is shown in
Table6.5. Time step<lose to the time of impact weod special interest since they provitle
information about initial crack formation and propagation.
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