15(?

//

\{{, Z

N

4&{ ANANCES

82

Y

o

2}

=

==

Design with Regard to Blast- and
Fragment Loading

Master's Thesis in the Master's programme StrudtiEagineering and Building

Performance Design

KARL-JOHAN EK
PAR MATTSSON

Department of Civil and Environmental Engineering
Division of Structural Engineering

Concrete Structures

CHALMERS UNIVERSITY OF TECHNOLOGY
Goteborg, Sweden 2009

Master’s Thesis 2009:81







MASTER’S THESIS 2009:81

Design with Regard to Blast- and Fragment Loading

Master’s Thesis in th®laster’'s programme Structural Engineering and Bun¢dl
Performance Design

KARL-JOHAN EK

PAR MATTSSON

Department of Civil and Environmental Engineering
Division of Structural Engineering
Concrete Structures

CHALMERS UNIVERSITY OF TECHNOLOGY
Goteborg, Sweden 2009



Design with Regard to Blast- and Fragment Loading
Master’'s Thesis in théMaster's programme Structural Engineering and B¢l
Performance Design

KARL-JOHAN EK
PAR MATTSSON

© KARL-JOHAN EK & PAR MATTSSON, 2009

Examensarbete 2009:81

Department of Civil and Environmental Engineering
Division of Structural Engineering

Concrete Structures

Chalmers University of Technology

SE-412 96 Goteborg

Sweden

Telephone: + 46 (0)31-772 1000

Chalmers Reproservice /Department of Civil and Earwnental Engineering
Goteborg, Sweden 2009



Design with Regard to Blast- and Fragment Loading

Master’'s Thesis in théMaster's programme Structural Engineering and B¢l
Performance Design

KARL-JOHAN EK

PAR MATTSSON

Department of Civil and Environmental Engineering
Division of Structural Engineering

Concrete Structures

Chalmers University of Technology

ABSTRACT

When a bomb detonates a blast wave is created l@dcase of the bomb is
fragmentized into many fragments, which are rel@éaggth a very high initial
velocity. The fragmental impact is commonly consadein a simplified way, but
studies carried out shows that fragments, combivi#d the blast load, can seriously
damage a reinforced concrete structure if the deimm takes place close to a
building. Hence, focus in this project is to sintalthe fragments and their effects in a
more advanced way and investigate how these reditfts from simplified analyses.

A simply supported, reinforced concrete beam, vgdometry and reinforcement
configuration corresponding to a civil defence ®relvall, is to be analysed. The
blast wave is consistently applied as an uniforbtributed load with a constant
duration and amplitude. The fragmental impact oa thher hand is analysed in
various ways to see how the structural responsanplified analyses differ from

more advanced ones. The fragmental impact and na¢iioet into the concrete is also
analysed, where the beam loses bearing capacitgnass.

To be able to analyse such a complex problem,igandinite element analyses have
been performed in the general finite element prmogna ADINA. The results
obtained in these analyses have been comparedultsrebtained by single degree of
freedom analysis and simplified hand calculatioornger to verify the FE-results.

Concerning the impact of the fragmental loads appez, it turned out that
simplified and more advanced analyses, generatatasiresults. However, when the
loss of stiffness and mass, due to fragmental patn@t of the beam, are taken into
account, this have significant influence on its ayinc behaviour.

Key words: Explosion, impulse load, fragment lodéthst load, dynamics, single
degree of freedom system (SDOF).
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SAMMANFATTNING

Nar en bomb detonerar skapas en tryckvag, varvioblems mantel fragmenteras och
mangder av splitter frigors med mycket hog begysetestighet. Splittrets paverkan
pa en konstruktion behandlas ofta pa ett forendddt men utforda studier visar att
splitter tillsammans med stétvagen patagligt keadsken armerad betongkonstruktion
som ligger i nara anslutning till explosionen. Fekuletta projekt ligger darfor pa att
simulera splitter och dess inverkan pa ett mer sgaat satt for att kontrollera hur
resultaten skiljer sig gentemot férenklade analyser

En fritt upplagd, armerad betongbalk med geometih @rmeringskonfiguration

motsvarande en skyddsrumsvagg analyseras. Stotb@amdlas konsekvent som en
jamnt utbredd impulslast, med konstant varaktighgt amplitud, medan splittrets
inverkan pa balken analyseras pa olika satt foruattersoka hur responsen fran
forenklade analyser skilier sig mot mer avanceralleen splittrets anslag och

intrangning i betongen analyseras, varvid balkelofér lastkapacitet och massa.

For att kunna analysera sadana komplexa problem tiamberoende, finita
elementanalyser utforts i det generella finita edatprogrammet ADINA. Resultaten
fran dessa analyser har jamforts med forenkladeaihetgégradsanalyser samt
férenklade handberékningar for att kunna verifresultaten.

Rorande inverkan av splitterlastens utseende sigaitrenklade och mer nyanserade
analyser ge likvardiga resultat. Nar balkens fdrhs styvhet och massa, i samband
med splitterintrangning, beaktas visar sig dettakdba en betydande inverkan pa
balkens dynamiska beteende.

Nyckelord: Explosion, impulslast, splitterlast, tstigslast, dynamik, enfrinetsgrad—
system (SDOF).
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Notations

Roman upper case letters

Vil

Area

Equivalent area in state 1

Equivalent area in state 2

Area of concrete

Area of reinforcement in tension zone

Area of reinforcement in compression zone
Width of cross section

Young’s modulus

Young’s modulus for concrete, mean value
Fictive Young’s modulus for the beam, concerniteges1 and 2
Young’s modulus for steel

Force

Concrete force

Load when first crack appears

Equivalent load

External load corresponding to the plastic capacit
Load when the reinforcement starts to yield
Steel force in tensioned reinforcement bars
Steel force in compressed reinforcement bars
Internal resisting moment

Height of cross section

Impulse, moment of inertia

Moment of inertia for state 1

Moment of inertia for state 2

Moment of inertia for state 3

Stiffness

Stiffness in the elasto-plastic range

Stiffness in state 1

Stiffness in state 2

Length

Mass, Moment

Fragment distribution factor

Equivalent mass

Bomb shell mass

Internal resisting moment

Moment when the reinforcement starts to yield
Pressure

Positive peak pressure

Negative peak pressure

Load, mass of explosive

Internal resisting force, distance from the detimmato the structure under
consideration

Equivalent resisting force

Maximum internal resisting force

Internal static force
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"y Internal dynamic force

$ Duration of positive phase
$ Duration of negative phase
% External energy

% Internal energy

Yoy, Kinetic energy

Flexural resistance
Elastic flexural resistance
Plastic flexural resistance

Roman lower case letters

( Acceleration

) Damping constant

* Effective height of cross section

* Distance between the top reinforcement and thepcessed edge
+ Height of the elastic zone of the cross-section

, Compressive strength for concrete

, Yield stress for concrete

, Stress for which concrete cracks

' & Characteristic yield stress for reinforcement

- Impulse intensity

- Positive impulse intensity

- Negative impulse intensity

Mass

Fragment mass

Number of fragments

Momentum

Atmospheric pressure

Distributed load

Time

Arrival time for the pressure wave

Time increment

Displacement

Displacement when first crack appears

Elastic displacement

Displacement corresponding to the ultimate load

Displacement when the reinforcement starts talyiel

Displacement velocity

Acceleration

Velocity

Initial velocity

Coordinate, height of compression zone

Centre of gravity

; Coordinate

< Coordinate, distance from neutral axis to a certavel of the cross-
section

< Distance between reinforcement in tensile zonethaadeutral axis

gg(ﬂ(ﬂ(ﬂ(ﬂ(ﬂw

© 0
=

.©
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< Distance between reinforcement in compressive aodehe neutral axis

Greek lower case letters

Relation between the Young's modulus between @acrand
reinforcement, parameter considering the shapkeeoblast wave
Stress block factor

> Stress block factor

? Strain

?6 Strain rate

? Strain in concrete

?@ Strain in compressed concrete

?a Strain in tensioned concrete

?B Ultimate compressive strain in concrete

? Steel strain

? Steel strain in compressed reinforcement

? Yield strain in steel

47? Difference in strain

C Reduction factor for the elasticity of modulus

D= Transformation factor for the internal force

D Combined transformation factor for the internat®and external load
D Transformation factor for the mass

De Combined transformation factor for the mass andreal load
D- Transformation factor for the external load

G Density

f Diameter

H Stress

H Concrete stress

He Concrete stress in compressive zone

Ha Concrete stress in tensile zone

H Stress when the beam goes from linear elastde@ally plastic response
H Steel stress

H Steel stress in compressed reinforcement

H Yield stress

I

Angular frequency
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1 Introduction
1.1 Background

Explosives are used for many different purpose®day’s society. In the building
industry explosives are used as an efficient metba@tmolish structures and to make
space for roads and railways. Explosives playhia tontext, an important role in
order to improve the infrastructure.

Explosions can, on the other hand, also be a thioedtoth society and for human
beings and explosives are unavoidable tools duwag and terrorist attacks. An
explosion can also occur by accident and cause ldagnage. These kinds of actions
may be devastating and there is a need to implev&riowledge about explosions in
order to make society more resistant against suehts.

Swedish Rescue Service Agencies (Raddningsverkat) for several years run

projects concerning explosions and their impaatsprevious projects most of the

focus has been either on the blast wave or on feagjtoading, while the combined

load part from these two often has been eitherewtgdl or simplified approximately.

However, it has been discovered by recent resqagbpanen, 2009 and Nystrom,
2008) that the fragmental load plays a substaptidl of the total damage obtained by
the blast- and fragment loads.

1.2 Aim

The main goal for this work is to increase the klealge about how explosions affect
concrete structures. A structure subjected to coatbblast load and impact loading
is studied, but focus will be on how fragments franbomb should be considered
when a structure is subjected to an explosionhikithesis different ways to apply the
fragmental load are studied and should result somemendations and guidelines
about how fragments should be taken into account.

1.3 Method

Literature studies have been done in order to nlktaobwledge and understanding
how structures behave when they are exposed tardgriaadings. The studied case
is taken from the Swedish shelter regulations, Radgverket (2006), and is
analysed using a SDOF system (single degree addreg and hand calculations and
compared to the “true” behaviour which is obtaitgda commercial finite element
software.

1.4 Limitations

Concrete is a complex material, which requires aded calculations, and hence
simplified material behaviors have been used ia fnoject. These are linear elastic,
ideally plastic and bi-linear elasto-plastic makproperties. Material effects such as
shrinkage, creep, temperature and the dead wesghoti considered in the concrete
calculations.
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A reference case from Raddningsverket (2006) isl usethis thesis where a civil
shelter is exposed to impact from an explosion. TGsmetry and material
requirements are chosen in accordance to the tegnda stated in
Réaddningsverket (2006).

The fragmental impact which occurs during the pextiein phase will not be analysed
in this project, instead an approximated methodi uadich simulates the removal of
concrete, is used.

1.5 Outline of the report

The outline of the report can be divided into bakmory (Chapter 2), conditions and
choices (Chapter 3), FE-model (Chapter 4), Req@tsapter 5) and conclusions
(Chapter 6).

Chapter 2 is an introduction to explosions and comprehensive way describes the
loads and their effects. It also describes imporngeants in a general way for a good
understanding in the rest of the report, such astenals, basic concrete material
properties and how to analyse it, basic dynamiosl single degree of freedom-
system.

Chapter 3 can be seen as a continuation of cha@ptée conditions and choices for
further analysis is presented. A more careful dpgon of the loads is presented and
also how the subdivision of the fragment loadseidgrmed.

Chapter 4 describes the FE models, the input aettdnaw the models are built up.

Chapter 5 presents the results from the analymighé linear elastic, plastic as well as
the elasto-plastic response. Displacements arelynaiesented and compared to the
results obtained by SDOF and simplified hand cakiohs. The results from the
removal of material due to the loads are also ptesein chapter 5. After each section
in this chapter, a conclusion regarding the rasyltesented.

Finally, Chapter 6 is a discussion where the resark concluded and the authors give
their own reflections and recommendations about titevfragmental load should be
considered.

1.6 Comments about references

Large parts of the theories presented in this tepor based on, and sometimes
directly collected from other reports. This meahattthe reader is sometimes not
referred to the main source but referred to a tepwere material from the main
source is used and where the reference to the soairce can be found. The theory
presented in this report is mainly based on thieviehg reports; Johansson and Laine
(2009), Leppéanen (2009), Nystrom (2006) and Nyst(2@08).

Material has also been collected from RA&addning®ter2006), in swedish:
Myndigheten for samhéallsskydd och beredskap, denaéeVISB in this report. This is
an authority responsible for unifying, coordinatirand supportive tasks prior to,
during and after emergencies in Sweden. This aiyheras formed from three
existing national government authorities on the Jastuary 2009. Former reports
might refer to the Swedish Rescue Services Ageneiesh was one out of the three
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former authorities. MSB has published the SwedikRItBr Regulation (SR) which
will be an important reference in this work.
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2 Basic theory
2.1 Outline

A structure subjected to an explosion will have @mplex behaviour. Good
knowledge about the properties of the load, theersdtresponse, the dynamical
behaviour of the structure and analytical tools)ésessary in order to analyse the
response of the structure. Basic theory within ¢heabjects is presented in this
chapter.

2.2 Explosions

2.2.1 Orientation

A bomb consists of a charge with a certain amodirexplosives and a shell with a
certain mass. A bomb can be seen as stored pdtemtexgy which will be
transformed into mechanical work when the bomb rmlts. The impact on a
structure from an explosion can be divided into aetpfrom the blast wave and
impact from fragments which are released when tdmathbcase cracks.

2.2.2 Blast wave

When the charge detonates, a blast wave with hrgespre and temperature will
spread out from the centre of the detonation, seer&2.1. The pressure will
decrease with increasing distance from the detomatentre and the pressure front,
referred to as the blast wave, will travel in sgpeic speed. A blast wave consists of
a positive and a negative phase and an idealizee vgaillustrated in Figure 2.2. As
can be seen, the positive phase is followed bygathe one.

Centre of detonation

The pressure and temperature
in the blast front decreases w
increased distance to the centre
of detonation

Figure 2.1  Schematic figure for detonation in .air
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Pressure
A

Positive phase
/7 Negative phase

The duration of the shock wave is very short amdidlad is applied very sudden. The
loading velocity for a shock wave can be compa@dther types of loads, see
Figure 2.3. The reference case is a static loadwisiequal to 1 and for example, the
creep is 100-1000 times smaller and a blast loag i® 100 million times larger.

Blast front

» Time

Figure 2.2 Idealized blast wave

Creep Statical Earthquake Impact Blast load

0001 001 01 1 10 100 1000 10* 10° 10°® 10" 108

Figure 2.3  Difference in loading velocity betweeffedent types of loading, the
values are obtained in relation to static load. RraRaddningsverket
(2006).

2.2.3 Fragments
2.2.3.1 Fragmentation

In addition to the blast wave, fragments will béeased during the explosion. The
appearance of the fragmentation process is diredtcted by the properties of the
bomb. This is why the properties and geometry efitbmb has to be known in order
to predict the fragmentation.

When the bomb detonates, very high pressure isrgiukinside the bomb. The case
will expand and tensile stresses are generatedncpile envelope to crack into small
fragments, see Figure 2.4.
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Bomb

Shear crack

Figure 2.4  Fragmentation process of the case, Lappd2009).

A bomb consists of a charge with a certain amodnéxplosives and a case, see
Figure 2.5. The case consists of a nose, a taibanehvelope. The distance from the
surface of the bomb to the outer parts of the ahagrormally much thicker in the
nose and the tail compared to the envelope, songgthinat also affect the
fragmentation process.

The fragments will be thrown out at high velocitieglirections indicated by the light
grey segments in Figure 2.5. The nose and tail valseparated from the bomb and
thrown out in opposite directions as indicated gy darker arrows in Figure 2.5.
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/

Charge
Envelope | . Envelope

\

Figure 2.5 Schematic geometry of a bomb with tleegghand the parts of the case
with direction for how these parts behave whenctierge detonates.

A structure that is hit by fragments will be expdbge an impact load that not only
will increase the load on the structure but alsmally damage the structure. How the
structure is damaged depends on the magnitudeeofrigmental impact and the
properties of the structure itself. Three phenomergan occur; penetration,

perforation and scabbing. These will be explainedhie following sections with a

schematic description in Figure 2.6.

SRR

i

Crater formation VZI{E; ;

1:_%"%& | Scabbing

Penetratio £ -‘l‘% 5

Figure 2.6  Different fragmental impacts, Leppan2ad9).
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2.2.3.2 Penetration

A fragment that hits a concrete structure will geste into the structure. The concrete
close to the surface will crush and a crater isnfxt i.e. spalling. In regions close to

the crater the concrete will substantially cractl #re effective height of the structural

part will decrease, resulting in a reduced beacaggacity for the structural part. The

reinforcement can also be cut off or get damaged,tiae bond between concrete and
reinforcement may decrease due to vibrations irctimerete during the penetration.

The penetration depth can, according to Leppan@d92be approximated as:

KLND, 1OFpglc

@vC
9J TAF for 9S TTLI.

and (2.1)

VXY, 1Zpgel
‘J 1R

\ wiLr. € for 9~ TTLT. ©F

wheremny is the mass of the fragment kqf, v is the velocity of the fragment when it
hits the structure imfi/d andf. is the compressive strength of concreteRial

Penetration depths as function of the velocity ffagments with different mass are
presented in Figure 2.7.

>

SRR ER

/
s
//
s
=
e

12

LA NN NON

N

&

Figure 2.7  Penetration depths as a function of eijofor different fragment
masses.
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2.2.3.3 Perforation

Perforation is the same as penetration with thierdihce that the fragment penetrates
through the beam. As a rule of thumb Leppéanen (R@®8ans that, if 70 % of the
concrete member is penetrated, perforation willocc

2.2.3.4 Scabbing

When the fragment hits a concrete structure, ektgudt the back side may occur, so
called scabbing. This happens because the presswe in the concrete created by
the fragment impact will be transformed into a tensvave at the back side of the
beam, causing the concrete to crack. This is agrhenon also influenced by the
blast wave.

Leppanen (2009) refers to Krauthammer, who meaatsa$ a rule of thumb can be
used what concerns scabbing, which follows: if finegts are penetrating 50 % or
more of the members’ thickness, scabbing will occur

2.2.3.5 Fragmental distribution

The complexity of the geometrical properties ofanb results in a non uniformly

distribution of fragment when the charge detona#ssmentioned in section 2.2.3.1,

the tail and the nose will remain fairly intact atidown out as large masses in
opposite directions, see Figure 2.8. The smallnfiraxigts released from the envelope
will be thrown out as a relatively concentrated swaAccording to Leppénen (2009)

it is a good estimation to say that 60 percenthef total mass of the case will be
thrown out as small fragments within an angle ofdégrees as shown in Figure 2.8,
which shows a simplified bomb compared to Figuée 2.

The fragmental impact from a bomb on a structutebei very different depending on
the position of the bomb when it detonates, i.¢hef structure is exposed to the small
fragments within the swarm or for the large fragtsenade up of the nose and talil.

Nose direction

Tail direction
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Figure 2.8  Simplified figure of a bomb with fragrtadn distribution after
detonation.

2.2.3.6 Fragment velocity

The initial velocity of a fragment directly aftdre fragmentation is a function of the
amount of explosives inside the bomb and the mh#iseccase and can, according to
Leppanen (2009), be calculated as:

8,J KW]]I T + A2V sg (2.2)

whereQ is the mass of the explosives avidis the mass of the bomb shell.

The velocity of a fragment is decreased by theresistance as a function of the
distance from the centre of the detonation andntlhss of the fragment itself. The
velocity of a fragment at a certain distance frdm tentre of the detonation is,
according to Leppanen (2009), defined as:

8 J 8 1+ 1dZRH Vi —¢ (2.3)

whereR is the distance from the centre of the detonatiod. is the mass of the
fragment. Fragment velocities as function of fraghmaass at a distance of 5 meters
are presented in Figure 2.9.

Figure 2.9  Relation between striking velocities andss for a distance R=5 m,
initial velocity of 1950 m/s and 125 kg TNT.

It can be observed that fragments with larger nvaiishave higher velocity at a
certain distance than fragment with smaller makss i due to that the air resistance
can decelerate a lighter fragment more efficientlye effect is most obvious when
the fragmental weight is less than about 5 gram.
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2.2.3.7 Fragment mass distribution

When the bomb envelope cracks, fragments with rdiffe mass (i.e size since the
envelope consists of homogenous material) are seteaThe mass distribution of
these fragments is different for different kindsbombs.

Leppanen (2009) uses the following empirical exgices to calculate the mass
distribution:

| —k
+ m

(2.4)

where/ 4 4 is the number of fragments with a mass larger thagri, is the total

mass of the case amd, is a fragment distribution factor depending on tyy@e of
bomb.

2.3 Dynamic modification of concrete

A concrete structure exposed to dynamic load behaliferent compared to a
structure exposed to static load, especially foméanse impulse load with very short
duration. This can partly be described by the stinat response which behaves
differently due to the time effects and also thetemal properties changes
substantially.

The strain velocity?&lescribes how fast the material deforms and iseéfas the
strain per unit time:

20 (2-5)

4%
The faster the load is applied to the structure, liftgher the strain rate will be. In
experimental tests it has been discovered thainfoeased strain rates the dynamic
magnification factor, defined as the relation betwehe dynamic and the static
strength, increases for concrete in both comprassiod tension. The dynamic
magnification factors are presented in Figure Zah@ Figure 2.12 for compression
and tension respectively with varying strain veliesi.
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Figure 2.10 Relation between dynamic magnificataartor and strain velocity for
compressed concrete. Raddningsverket (2006).
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Figure 2.11 Relation between dynamic magnificatamtor and strain velocity for
tensioned concrete. Raddningsverket (2006).

The behaviour can be explained by study the crathspwhen the material cracks,
see Figure 2.12. When a concrete structure is expts a static load, the material
will find the most energy efficient way to reachldee. Since the aggregates are
stronger than the paste, in normal strength, thekcwill go through the paste and
around the aggregate to find “the weakest way” wstatic loading is applied. For a
dynamic load with short duration the material wihd the fastest way to reach
failure. The crack will now go straight through tpaste and the aggregate. More
energy is consumed in the latter case and thises@ason for an increased resistance
can be assumed for a dynamic load with short camati
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Static Dynamic

Microcracks—\

*1 \ Macrocracks—"| =

Ballast

Paste

Figure 2.12 Principle crack paths for static andndynic loads respectively. Based
on Raddningsverket (2006).

A concrete beam subjected to a dynamic load willave different compared to a
static case. When the load is applied very fagetiban be local failures in the beam
before other parts of the beam and the supports areaware of the load. This can
be explained by that it takes a certain time fer itiformation to be spread out along
the beam. The velocity for which information isegd in concrete is approximately
3500 m/s. Hence, for a beam with a length of 2i7will take 2.7/(2-3500) 0.39 ms
for the information of a load acting in the mid e to reach the support. Hence, it
will take a total of 0.78 ms for the information go to the support and back to the
loaded midsection again. The phenomenon is illtedran Figure 2.13 where a typical
example of direct shear failure is shown.

(

N |

Zones with risk of cracking

Figure 2.13 Principle initial behaviour of beam $atted to a dynamic uniformly
distributes load.

2.4 Materials

2.4.1 Material responses

The response of a structural system when subjeotadcertain load depends on the
material responses in the structural parts andbthendary conditions between the
parts. This is why it is important to predict thaterial response in a structural part in
order to predict the global response of the strat&ystem.

The true response of a building material exposedl ltad is often complex with both
linear and non-linear stages. It is, however, fibssio simplify the behaviour in a
satisfactory way. Ideally elastic, plastic or etaptastic responses are examples of

CHALMERS, Civil and Environmental Engineerindlaster’s Thesis 2009:81 13



simplifications of a complex material response. Skhahree responses will be

explained in the following sections. Of these siifigdtions, the bilinear elasto-plastic

is the most realistic response of a reinforced pEiacstructure and closest to the true
behaviour, but the elastic and plastic are alsdyaed in order to increase the

understanding.

2.4.1.1 Linear elastic material

The relation between stress and strain in the dieésstic material response can be
seen in Figure 2.14. The stressis linearly proportional to the strain,and the curve
originates from Hook’s law:

HJ 17 (2-6)

whereE is the Young’s modulus.

When the load is removed for a structure with Iineastic response the member will
go back to its original position and the materiall vmot gain any permanent
deformations.

/e /I

(@) (b)

v
v
[

Figure 2.14 Linear elastic material response, whigkis the material response and
(b) the structural response.

Since the material properties are linear, the inateresisting force will also behave
linearly. That means the resisting foré&e,which the structure gains when it deflects,
is linearly proportional to the deflection, i.e.:

J 15 (2-7)

whereK is the system’s stiffness.

2.4.1.2 |deal plastic material

The relation between stress and strain in the igkdtic material response can be
seen in Figure 2.15. The body will stay undeforrasdong as the applied stress is
lower than the yield stress,. Once the yield stress is reached, though, tlaesivill
iIncrease without increased stress.
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Figure 2.15 Ideal plastic material response, wh@gis the material response and
(b) the structural response.

The internal resisting forceR, for a body with plastic material response that is
exposed to a loadk, can be expressed as:

J for n i.e. 5J ] (2-8)
J for o] ie. 5p]

whereR,is the maximum internal force.

2.4.1.3 Bilinear elasto-plastic material

The bilinear elasto-plastic material response ésrabination of the linear elastic and
plastic response and is equal to the linear elassiponse until the material/materials
yields. As can be seen in Figure 2.17 the mategeaponse will be plastic after

yielding is initiated. The deformation after yieidiis unlimited assuming ideal plastic
material behavior. When the structure is unloadeat #he yield stress is passed, the
response will follow the linear elastic stiffnessshown in Figure 2.17.

y A E— Rm A E—
1 1
1 1

/[ Unloading /T Unloading
/7 and reloadin /¥ and reloadin

1 1

1 1

L » L »

» » u

() (b)

Figure 2.16 Bilinear elasto-plastic material resgenwhere (a) is the material
response and (b) the structural response.
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In the plastic response the structure will, if pagshe yield strength, gain permanent
deformations and also consume much more energy a@upo the linear elastic
response for the same load.

The expression for the internal force needs toibigled into two intervals, one for
the elastic part and another one for the plastit; pae equations (2-9).

J 15 For c¢n (2-9)
J For S ¢

whereK is the stiffness of the systems a@Rgdis the maximum value of the resisting
force.

2.4.2 Theory of plasticity and plastic hinges

A beam with elasto-plastic material response thagxposed to a bending moment
will start to yield when the moment give rise teess in the outer fibres in the most
critical section that is equal to the yielding steof the material. The material will

have elastic response until yielding is reached.cAis be seen in Figure 2.17a the
stress distribution will be linearly distributed evthe height of the cross section as
long as the stress is equal to or less than thdiygestress in the outer fibres. When
the moment increases further, more fibres hasetial yn the cross-section in order to
increase the internal resisting moment, see Figuréb. When all fibres over the

height of the cross section have reach the yielditrgss, see Figure 2.17c, the
maximal internal moment is reached, the plastic emm
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(@)

(b)

c - B o

Figure 2.17 Stress and strain distribution for beanbjected to pure bending when
a) yielding starts in the outer, most stressedefihib) parts of the cross
section has yielded and c) the whole section heldedl.

The internal resisting moment can be calculated as:
J'MH (2-10)

whereZ is the flexural resistance anglis the yield stress.

The flexural resistance can for a partly plastictise be calculated according to
equation (2-11) and Figure 2.18.

A 4A

©3 1g—"

il 2-11
v TK (2-11)
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Figure 2.18 Stress distribution when the crossisacgjoes from elastic to fully
plastic.

When the material starts to yield, Figure 2.17a, stress distribution is equal to the
elastic stress distribution and the flexural regise is:

A A A

0 2-12
Jotay Y (2-12)

The flexural resistance for a fully plastic sectiéigure 2.17c, is:

A
1 2'13
J ~ (2-13)

When the beam reaches its fully plastic capacityhie most stressed section, the
majority of the deformations will occur in this reg, which will generate a large

plastic rotation. This rotation will be rather cemt¢rated, which makes it possible to
assume that all the deformation takes place in thaggon. A small, deformable

element over which all the deformations occursalied a plastic hinge and for a
simply supported beam a failure mechanism is formmb@n one plastic hinge is

created in the most critical section, i.e. the sadtion, see Figure 2.19.

M
|

Plastic hinge

Figure 2.19 Plastic hinge for a simply supportecine

2.5 Simply supported reinforced concrete beam

2.5.1 Mechanical properties

A simply supported, reinforced concrete beam walvér different behaviour for
different load magnitudes. The stiffness of thenbdar a certain load magnitude will
be strongly influenced by the material propertidsconcrete and steel and the
geometrical properties of the cross section. Thliferent states: uncracked, cracked
and failure, can be distinguished for the beam. @dteaviour of a reinforced concrete
beam can be described by the load versus displadteriation shown in Figure 2.20
with its various states.
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As long as the beam is uncracked, i.e. the tessiéss in the concrete is lower than
the tensile strength, the bending stiffness oftibam is high and the reinforcement
has small influence on the member’s stiffness. displacement will increase linearly
for an increased load and the beam is said to btate I.

The concrete cracks when the tensile stress inmibgt critical section reaches the
tensile strength for concrete. Tensile forces willv be carried by the reinforcement
and the stiffness in the cracked sections will dase. When the load increases, more
and more sections will crack but the displacemeitt still increase linearly for
increased load. The beam is said to be in state Il.

When the load is further increased, the tensikesstin the reinforcement will finally
reach the vyielding stress. The beam will now geplastic behaviour and the
displacements increases for almost constant logulitase. A small increase of the
load is possible due to strain hardening in thefoecement and/or increased internal
lever arm due to reduced height of the compreszmre. Either, the compressive
stress in the concrete will exceed the maximum dapand the concrete will get
crushed in compression or the tensile strengtthénreinforcement is passed and a
tensile rapture occurs in the beam. The beam dstedie in state lll.

Finally, the beam cannot endure the load and thaltebe a flexural failure. The
failure can be either ductile or brittle dependomgthe relation between the quality
and arrangement of reinforcement and the qualith@foncrete.

Load,q

A Strain hardening, / a

maximum capacit | |
is achived o ~—__ | _
Ultimate load Xl J{ u
(state 1) ™\

\
,\ Plastic \\ Ductile
behaviourin \ behaviour
concrete/

AN reinforcement | _
Concrete  (state Il) \\& Brittle
cracks behaviour
(state 1)

[
»

Displacementuy

Figure 2.20 Schematic figure of the response oéiaforced concrete beam with
ductile as well as brittle behaviour, based on Json and Laine,
(2008).

The load versus displacement relation in Figur® 2riay be simplified in order to

simplify the calculations. Figure 2.21b shows a nwn choice of a simplified tri-

linear load versus displacement relatibg.is the load for when cracking occurs and
Ucr the corresponding displacement aigis the value for the load when the ultimate
capacity of the concrete is reached apdhe corresponding displacement. The curve
can be even more simplified by a bi-linear loadsuer displacement curve, see
Figure 2.21a. Such a simplification is possibledtm when the displacements are
known to be large. The area under the load-displac¢ curve can be seen as

CHALMERS, Civil and Environmental Engineerindlaster’s Thesis 2009:81 19



consumed energy while the beam deflects and tHereiifce in consumed energy
between the tri-linear the bi-linear curve will helatively small when the
displacements are relatively large. In Nystrom @0 is stated that the effect of
using a tri-linear material response compared bdiaear response is very small and
that is also why the bilinear material responsadispted in this thesis.

I:CI‘ I~ .
First crack occurs

.
N

» U » U
Ucr Upl Upl

(a) (b)
Figure 2.21 Simplified load versus displacemenatiehs; a) common choice of

simplified load versus displacement curve, b) leatsus displacement
curve used in this report.

2.5.2 Analysis of cross-sections subjected to bending
2.5.2.1 Orientation

Analysis of a reinforced concrete section has tpdreormed for each state since the
behaviour of the cross section changes when theren cracks and when the
reinforcement yields. Assumptions and theories &malysis in each state are
presented in the following sections.

2.5.2.2 Assumptions

The following assumption has been made in ordealculate the response for a cross
section:

The section is assumed to be subjected to pureirgemchich means that no
axial force is present.

The strain distribution is assumed to be lineaistrdbuted over the cross-
section with full interaction between concrete atekl.

Concrete in tension will be neglected for a crackection even if the concrete
can carry a small part of the tensile forces.

It is assumed that the steel will yield before thlemate capacity of the

concrete in the compressed edge is reached.

In state | and state Il linear elastic responsassumed for both steel and

concrete:
«H J M (2-14)
HJ M7 (2-15)
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2.5.2.3 Reinforced cross section in state |

Figure 2.22 shows a double symmetric cross sedtiostate | subjected to pure

bending. The centre of gravity will coincide withet neutral axis (where the normal

stress is zero). The tensioned reinforcement iseplan the tensile zone at a distance
Zs from the neutral axis.

<J* 9 (2-16)

The compressed reinforcement is placed in the cesspd zone at a distarggfrom
the neutral axis.

<J* 09 (2-17)
A
cl
e 0o 0 00 Jd, j
ch
d
M h - *

Center of
gravity 74/X ZI
(CG)

A ®eeee S

< / €2

b

Figure 2.22 Double symmetric cross section in stateith strain distribution,
subjected to pure bending.

The moment of inertia for a cross section in stai@n be calculated by neglecting the
relatively small contribution from the reinforcenten

t uc
il 2-18
J = (2-18)

The stress in the concrete at a certain lev®kalculated as:
Ho<gd —< (2-19)
The stress in the steel is calculated as:
HJ=IMHo<g (2-20)
HJ=IMHo<g (2-21)

where is the ratio between the Young’s modulus of steel @oncrete:
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Sy (2-22)

The section will start to crack when the stresthienmost tensioned edge reaches the
concrete tensile strengthy;, and the moment for which cracking occurs can hew
calculated by rearranging the terms in equatiohqp-

(2-23)

2.5.2.4 Reinforced cross section in state Il

In state Il the section is assumed to be crackedcancrete in tension is neglected,
see Figure 2.23.

cl cl

% E
X %ACC ; GHo<gd H\=
A He<gJ 7 0<g

—Fictive concrete stress

As / l—sHc<cJ HV=
— 1 e oeoeee

<
N
4+—0
N

/
S /

c2 c2

Figure 2.23 Double symmetric cross section in sthtevith strain distribution,
subjected to pure bending.

Calculations in state Il is often simplified by fagng the steel and concrete with an
equivalent cross section. The expression of thévalgunt area for a double symmetric
cross-section in state Il is written as:

J \o=" Tg \ =1 (2-24)
whereAcis the area for the compressed zone, i.e.
Jt19 (2-25)

For a cross section subjected to pure bendingpa.@ormal forces, the heigkf the
compressed zone will coincide with the centre @&vdy of the transformed cross
section, i.e.

9J 9, (2-26)

The expression for the centre of gravity can bdteniby considering an equilibrium
condition as:

9, . .\ —
t9 R\ c=" Tg¢ \ = (2-27)

Oy J
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The expression for the height of the neutral lagar now be written by combining
equation (2-24) and equation (2-27) and rearrangeerms as:

9" . . . o- (2-28)
tr?\o: Tg €9 *c¢c =1 09 *¢J |

wherex can be determined by solving the second ordertequé2-28). The moment
of inertia for a concrete section in state |l ikcaokated as:

t9c | . . -
J 7\ c="Tg €9 * A\ = o*° 9o (2-29)

The concrete stress at a certain distarfcem the neutral layer can now be calculated
in the same way as for the section in state I:

Ho<gd —< (2-30)

The steel will start to yield when the stress ia thnsioned reinforcement reaches the
characteristic yielding stress. The fictive conerstress can be calculated at the
reinforcement layer as:

Ho< gd —< (2-31)

The yield stresd,, can now be expressed as:
, J =THo<g (2-32)

By inserting equation (2-31) into equation (2-32)darearrange the terms the
expression for the moment when the tensile reiefment yieldsMy, can be written
as:

3 (2-33)

2.5.2.5 Reinforced cross section in state Il

In state Il the reinforcement in tension has reaclielding. The compressive stress
in the concrete will increase and the assumptiamutlnear stress distribution is no
longer valid for concrete. The non-linear stresdriiution however can be simplified
with a rectangular stress distribution by usin@etdr . and a factor . which takes
into account the average stress and the locatidheoforce resultant for the concrete
respectively, see Figure 2.24.
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Figure 2.24 Double symmetric cross section in st#itevith strain distribution,
subjected to pure bending.

The failure criteria for a cross-section with fleaucracks and hot-rolled reinforcing
steel subjected to pure bending is limited by treximum compressive strain in the
concrete, ¢ .

78 J XYIT] © (2-34)
When this maximum value of the compressive straiconcrete is reached, the cross-

section is about to fail and has reached its uti@nimit.

The parameters; and . are functions of the strain in the compressed i&@acThe
values for these parameters when the maximum sisameached in the concrete
C25/30 is:

Table 2.1 Concrete parameters in ultimate limittestéor classes C12/15-C50/60,
Engstrom (2008).

¢ | 0.81

¢ | 0.416

The height of the compression zoxean be calculated from the condition that the
sum of the force&. in the compressed concrekg,in the tensile reinforcement and

F< in the compressive reinforcement (assumed to bgpoessed) should be equal to
zero, i.e.:

, M= T9VHD S, J] (2-35)

The stress in the compressed reinforcement is ledédclias a function of the ultimate
strain in concrete and the location of the comm@@ssinforcement.

H 3 f%”s when 257 (2-36)

HJ, when 707 (2-37)

where yield strain for the reinforcement can bewlalted as:
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2 ] (2-38)
The momentM,, when the ultimate limit of the cross-sectionéaghed can now be

calculated by considering the moment around thgileereinforcement as:

gJ =1, Mtrorer > 190\ HI Ico* * (2-39)

(@]

2.6 Load-displacement relations for simply supported
beam subjected to uniformly distributed load

Consider the simply supported beam in Figure 2% beam is subjected to a
uniformly distributed loadF=q-L.

g=F/L

Figure 2.25 Simply supported beam with uniformbtrebuted load.

The maximum moment will occur in the mid section tbE beam and can be
calculated as:

)
=" = =1=J — 2-40
J KrK rKer = (2-40)

If a restriction concerning the moment in the medton is known, the corresponding
load can be calculated as:

g X (2-41)

The stiffness K for the beam in Figure 2.25 canchkulated according to linear
elastic theory as:

XxV

s (2-42)

The deflection u in the mid section can be expikssea function of the applied load
and the stiffness as:
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5J — (2-43)

2.7 Basic dynamics
2.7.1 Orientation

In order to understand how an explosion affectsriete structure, good knowledge
in dynamics is necessary. Basic dynamic expressiudlhbe presented and explained
in the following sections.

2.7.2 Force and pressure

A force can be seen as the capability to accelenaiss. The relation between Force,
F, massm, and acceleratiom, is defined according to Newton’s law of accelerati

J. I (2-44)

PressureR is defined as force per unit arég as:

J_ (2-45)
2.7.3 Momentum, impulse and impulse intensity
For a body with mass and velocityv, the momentunp is defined as:
0J. 8 (2-46)

If the body is subjected to a fordesF(t), during a certain time, see Figure 2.26, the
new momentum can be written:

18gJ . 18\ y 0¢¢*3 (2-47)
{

The integral in equation (2-43) is the change ofmmantum and is defined as the
impulse,l, transmitted to the body.

403 Jy ci¢*3 (2-48)
{
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Figure 2.26 Force acting on a body.
For pressure loads the termpulse intensitys used and is equal to the impulse over a
certain area:

z

-J—Jy cigrs (2-49)

{

2.7.4 Momentum and kinetic energy

Consider a collision between two bodies where ths& body has a massy, and
velocity v; and the second body has a massand velocity, Assuming that the two
bodies are attached to each other after the aniksisee Figure 2.27.

2

—

Vi
—_—
| m
m
Vi2
R
H  (mtmy)

Figure 2.27 Collision between two bodies.
The law of conserved momentum vyields:

. @8@\ . A8aJ C. @\ . AQS@, (2-50)

The unknown velocity for the two bodies, attacheédch other, can be calculated as:
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. B¢\ - a8 (2-51)

8a,J
¢\ A

If the initial velocity of the second body is equal zero, the law of conserved
momentum vyields:

AR
If mp is much larger thamy, equation (2-52) can be simplified to:
) " R
ﬂ:«««««l H%. ceeeeeeeee @8@ J . A8A (2 53)

8g, J

- A

The larger body will stop the movement of the sarabody with a certain force,
during a certain time. This can also be seen asiitijaulse is transmitted from the
smaller body to the larger body during the collisio

The kinetic energy for the larger body is:

. a8A (2-54)
K

Uog, J

Which, by use of equation (2-53) can be written as:

] C. € PS@QA ] A (2-55)

%
% K, K,

The kinetic energy can be seen as external enerdjynaorder to stop the movement,
an equally large internal resisting energy is resgli

2.7.5 Internal energy
2.7.5.1 Concept

In order to stop the movement, or the deflectiara istructural system exposed to an
impulse load, the applied external energy has toebisted by internal energy. The
internal energy in a resisting structure is prodidyy a combination of deformation
and internal resisting forces. A large deflectiequires smaller internal forces than a
small deflection in order to create the same irstieemergy. The energy equivalence
will in the following be described for linear elestplastic, and bilinear elasto-plastic
material response.

2.7.5.2 Elastic Response

For an elastic material, the internal resistingcéofor an elastic response can be
written as:

c5¢J 5 (2-56)

whereK is the stiffness and the displacement.
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The internal resisting energy can be expressedhasatea under the curve in
Figure 2.28 (b) and is equal to:

5015 I 5A 2-57
% J i J ” (2-57)

whereug is the required displacement in order to equaleeinternal energy to the
external energy.

A combination of equation (2-55) and (2-57) yieltle® expression for the elastic
displacement:

2-
5 3 — (2-58)
where is the angular frequency, equal to:
| Je*— (2-59)
R F, k
A A
K
|Fo
r——1 —7,
W, K
u e
m " RIX
R(U)% ' W
> u > u
Uel Ue|
(a) (b) (©)

Figure 2.28 System with elastic response: (a) 8imgigree of freedom system, (b)
Force displacement relation, (c) Energy equilibrilratween external,
W, and internal energy, W

2.7.5.3 Plastic response

For a plastic material behavior, the material capas limited. Thus, the maximum
internal resisting force in the structural systeralso limited. A large displacement
capacity in the system is therefore the only wamtoease the internal energy. This is
why a ductile behavior is to be preferred for asptamaterial exposed to a dynamic
impulse load.

The internal resisting forcdy, is constant in a plastic system, see Figure 2284,
equal to:

c5¢J (2-60)

The internal resisting energy can be written as:
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%J 5 cl5 J I5 (2-61)

whereuy, is the required displacement in order to equélmeeinternal energy to the
external.

The plastic displacement can be calculated by comdpiequation (2-55) and (2-61).

A -
. (2-62)
F F, R
A A
F(t)
r——1 R
m :)T‘U e
W,
> u N W » U
Upi Upl
(a) (b) (c)

Figure 2.29 System with plastic response: (a) ®irggree of freedom system, (b)
Force displacement relation, (c) Energy equilibriloetween external,
W,, and internal energy, W

2.7.5.4 Elastic-plastic response

An elastic-plastic material response is a combamatf elastic and plastic behavior.
The internal resisting forces will increase as acfion of the displacement up to a
certain limit where plastic behavior is reached.

The internal resisting force is defined as:

5«b5S5 o
65CJ & 5 A 5 «

where ug 1 IS the limit for when the material behavior goesni elastic to plastic,
defined as:

5 ¢J — (2-64)

The internal energy can now be calculated:

% J 205 ¢\ K5 (2-65)

The required plastic displacement in order to eégaahe internal and external energy

can now be calculated by combining equation (2&bi) (2-65).
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A
.5 .5« (2-66)
5 @J i - J 5 "

whereuy, is the response for an ideally plastic system. tohad displacement can now
be calculated as:

5 -
5,15 ¢\ 5 (5 \ =« (2-67)
F F, R
A A
F(t)
r—
m :‘Lu Utot = Uel,1 + Upl,1
R We
R(u) -
R Utlot = Uel + upl,l
u : W > U
Uel 1 Utot Uel1 Ukt
(@) (b) (c)

Figure 2.30 System with elasto-plastic responsg: Sagle degree of freedom
system, (b) Force displacement relation, (c) Enemguilibrium
between external MVand internal energy, W

2.7.6 The fundamental equation of motion

A beam subjected to a load F(t), can be seen aslawith a certain mass subjected
to internal and external forces where F(t) is thtemal force acting on the body.
When the beam deflects, an internal resisting fproportional to the deflection will
appear. This force can be seen as a static force.

A I (2-68)

where is a constant which depends on the support comditiand material
properties, and is the displacement.

In addition to the static resistance, a dynamitcstasce will be created proportional to
the velocity. This force can be seen as internatiédn when the beam deflects, see
equation (2-69).

g J)I5 (2-69)

wherec is the damping constant ab@s the velocity for the displacement.
The equilibrium condition according to Newton egoatnow yields:

.5\ )5\ f5J ¢ c& (2-70)

This equation is referred to as the fundamentaheguo of motion.
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In order to simplify calculations regarding the nmadm deflection, the dynamic

internal resistance can be neglected if it is smafugh, i.e. if it marginally affects
the displacement for the time period of interegtisTis the case for an explosion in
which the time to maximum displacement is short gnedequation of motion will be

simplified to:

.5\ f5J % (2-71p

2.8 SDOF system

2.8.1 Orientation

A simply supported beam can be divided into amitéi number of sections. For an
applied load, each of these sections will deflethwdifferent magnitude, i.e. the
beam has an infinite number of degrees of freed®ynsimplifying the problem and
only imitating the first bending mode, see Figurgl? the global shape of the
deflection is approximated in such a way that passible to transform the beam into
a single degree of freedom system, a so called SB&tem, see Figure 2.32.

First bending mode

T~ — 7

Second bending mode

727 ~_

7%\/ \/,97 Third bending mode

Figure 2.31 The three first bending modes.

| a(x.t) ‘
Y H c

I | Re
| RO

Figure 2.32 Transformation of the beam into a stndggree of freedom system.

M

The main goal when transforming the beam into aif©®BBystem is to describe a
motion in a certain point. This point is called tegstem point. It can be chosen
anywhere over the length of the beam but sincertheimum deflection often is of

interest, the system point is usually chosen tinkdde mid span in case of a simply
supported beam.
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The SDOF system consists of a single mass, aneapfdad, an internal resistance
and a damping which all have to reflect the reatey in a satisfied way. The
damping will decrease the amplitude of the osadllatis function of the mass velocity
and its influence will only have considerable ef$eafter a certain periods. This is
why the damping often can be neglected when a hea&xposed to a load originated
from an explosion since it is the largest deflectduring the first period that is of

interest. In order to transform the beam into arfOEBystem equivalent mass, force
and resistance have to be used. Transformatioorfaate derived from assumptions
regarding energy equivalence between the SDOF ded real system. The

transformation factors will be explained (and dedyin the following sections.

2.8.2 Differential equation for an SDOF system
If neglecting the damping, the differential equatfor an SDOF system is:

5\ J c¢%g (2.72)

where notatiore denotes equivalent mass, resistance and loadatesgly.
Equation (2.72) can also be written by means ofstiamation factors as:

C 5\ LCg JECp dg (2.73)

whereM, R andF(t) is the real mass, resistance and load respectively

The definition of transformation factors is givey bquations (2.74), (2.75) and
(2.76).

— (2.74)
cy— (2.75)
oy — (2.76)

Equation (2.73) can be further simplified by intwethg another two transformation
factors:

C
or 32 (2.77)
F
C
Cer J — (2.78)
Cr

It can be shown thatk is equal to ¢ which result in that k¢ will be equal to one,
Nystrom (2006). The final fundamental equation aftion for the SDOF system can
now be written:

Ce 5\ J dg (2.79)
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2.8.3 Transformation factors
2.8.3.1 Orientation

Nystrom (2006) derives the transformation factars the mass, load and internal
force, which all where defined in section 2.8.2.basic knowledge about how to
calculate these factors is, however, necessarydardo better understand problems
that may occur when transforming a beam into an BB@stem. A fundamental

discussion about how to derive the transformatawidrs will therefore be presented
in this section. The reader is referred to Nyst(@@06) for a complete derivation of
the transformation factors.

2.8.3.2 Transformation factor for the mass

The transformation factor for the mass can be tatled using the condition that the
oscillation of the equivalent mass in the SDOF aysthas to generate the same
amount of kinetic energy as for the real beam.

% TF I %y (2.80)

The kinetic energy for the SDOF system can easlgtiated but with the equivalent
mass and its velocity as unknown. The kinetic enéog the beam can be calculated
by summing up the contribution from all infinitesinsections along the beam. The
mass is here known but the velocities for the sastare unknown.

The velocity, or the displacement during a veryrstime, for the system point in the
beam has to be the same as the velocity of the masise SDOF system. The

deformed shape of the beam is, for a point loaa distributed load, known since the
first bending mode is assumed. When the bendingesbthe beam is known, the
deflection in all points along the beam can be esped as function of the deflection
of the system point. Both sides of equation (2.8@h now be divided by the

deflection of the system point and the relationMeein the equivalent and the real
mass can be calculated.

The transformation factor for the mass depends, ttiusa certain load case, on the
deflection shape of the beam and can be calcutatearding to equation (2.81).

T 50 5goeg A T S0 gggezg A
CJ—y "—%G* J-y -~ ,g% *Q (2.81)
Sc1 5 d‘:g Sc1 5 d‘:g

where M is the mass, u is displacemeng density and A is the cross section area.
2.8.3.3 Transformation factor for the load

The transformation factor for the load can be dmtifrom the condition that the
equivalent load in the SDOF system should creagestime amount of work as the
total load in the real system does.

The work is defined as the force acting on a bodsgng a certain distance. In the
SDOF system the load and the unknown deflectidghasame as for the system point
in the real system.

The load in the real system is known, and the difle shape is assumed for a given
load. The deflection for all sections can now bétam as function of the deflection of
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the system point. The total work in the beam cas te calculated by integrating the
contribution from all infinitesimal section, ovehd length of the beam. When
calculating the transformation factor for the mdssth sides can be divided by the
system point’s deflection, leaving the equivalerté as the only unknown.

The transformation factor for the load can be daledl according to equation (2.82).

oo 92y oc0apr
g = 5c (2.82)

F Scd,
n*
s 1 2C9¢:C*9

2.8.3.4 Transformation factor for the resistance

The transformation factor for the internal resise@oan be derived from the condition
that the equivalent internal force in the SDOF exysshould perform the same work
as the internal resistance in the real system does.

The resisting force depends on material behaviar ianfor an elastic material a
function of the stiffness and constant for a ptastaterial.

The total internal work in a beam is a sum of theknyperformed by moment, shear
and normal forces. The work performed by shear modnal force, though, is
relatively small and can often be negligible. Therkvperformed by the moment can
be calculated by integrating the contribution frewery infinitesimal section over the
length of the beam.

The reader is referred to Nystrom (2006) for a cletep derivation of the
transformation factor for the resistance. The fadan be calculated according to
equation (2.83).

T 0 750 cacs 9c*9
EE J ?yv €c9¢5 ¢9c*9 J 5— : S q - (283)
S( 1 .é( 1 2C9( \:g 9

2.8.3.5 Transformation factors for simply supported beam

Nystrom (2006) derives transformation factors foad and mass for a simply
supported beam with point load and distributed s case 1 and 2 in Table 2.2.
Two additional load situations have been considerdatliis work; see case 3 and 4 in
Table 2.2. These are of interest since they ardikety load situations for fragmental

loading that may occur when a bomb detonates aadfrigments are released.
Derivation of the transformation factors for theotwatter cases can be found in
Appendix J.

The tabled values enable a possibility for simgtifhand calculations when having an
elastic or ideally plastic material response. Fobilnear elasto-plastic material

response however, it is not possible to directly the elastic transformation factor for
the elastic part and the plastic transformatiomofafor the plastic part since a sudden
change of transformation factor will result in aldan loss of energy. That is why an
incremental transition needs to be used. Informatibout how this transition has

been considered in this thesis can be found in Agipe<.
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Table 2.2 Transformation factors for a simply supgd beam.

Material F M ME
| Elastic 1.0 | 0.486| 0.486
Casel | | |
L JEON
L ‘I Plastic 1.0 1/3 1/3
| l | Elastic | 0640| 0504 0.787
Case 2 | | M&L
L L H plastic | 05 1/3 2/3
e Elastic | 0.810| 0499 0.614
Case 3| | |
L L | Plastc | 213 1/3 0.5
] Elastic | 0475| 0512 1.0771
Case 4 | | |
) L | Plasic | 13 1/3 1

2.9 The central difference method

In this project, theCentral Difference Methods used as solution procedure. The
method is a special case of the Newmark Method w#htain values for the
parameters and , which are determined in order to obtain integrat@ccuracy and
stability. The Newmark method is a direct integratisolution method where the
equation of motion is integrated using a numergtapwise procedure. By the term
“direct” it is meant that no transformation of tequations into a different form is
carried out before the numerical integration.

The Central Difference Methot$, according to Craig and Kurdila (2006), perhtyes
most fundamental algorithm for the approximate nueaé solution of second order
differential equations in structural dynamics. Thague that it is a simple method
which is easy to understand and deal with, and msan accurate second order
algorithm. And by vast experience they mean thabise@ order algorithm is often
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required in many engineering problems. The mettsodlso a conditionally stable
algorithm, provided that the time step, is selected to be smaller than a critical time
step t¢r, which depends on the eigenvalues of the iteratiatrix.

In the Newmark method the velocity and displacenag¢mime ., are assumed to be:
54 ¢J 5y \ _OT" Z054\ Z54 (C*3 (2.84)

. o34 (2.85)
5# @J 5#\ 5#'3\ ocT K=g5#\ K=5# @QT
When the parameters alfa,= 0 and delta, = 0.5 the Central difference method is
obtained.

To be able to establish the expression forGeatral Difference Methothe equation
of motion needs to be recalled from section 2.7.6.

5\ «5\ 5 J, g (2.86)

The foundation of th&€entral Difference Algorithms the simple finite- difference
expression:

5¢ ¢ S ¢ (2.87)

SYAN KG

The derivative at time, s approximated by the slope of the line passmgugh the
values of the function at.f and t+1. In order to maintain the consistency of the
approximation, the value of the second derivatsvealculated as the difference of the
first-order forward and backward finite differences

54 ¢ K5y\ 5y ¢ (2.88)
uA

5y J

When the equations (2.87) and (2.88), are insartedthe equation of motion the
following expression is obtained and evaluatednag t t:

T T . . K LT T 2.89
F \ m'%s# @\ F %5#\ F K_U.%S# @J VH# ( )

In case of neglecting the damping the equatior9j2a8ll look like:

T . . K T 2.90
— 54 ¢\ U—%S#\FS#@J,# (2.90)

uA A
For a more accurate establishment of the expresdmrhe Newmark Methodnd

The Central Difference Methaahd a working scheme for the methods the reader is
referred to Nystrém (2006).

CHALMERS, Civil and Environmental Engineerindlaster’s Thesis 2009:81 37



3 The studied case
3.1 Orientation

In order to increase the knowledge about how armosign affects a structural part, a
specific case has been studied. Choices regartdmgeometry of the structure and
the properties of the bomb follow the Swedish d@netegulations, stated by the
Swedish Civil Contingencies Agency (MSB), the auitiyoivhich controls regulations
of civil shelters in Sweden. Other choices and mgdion are based on the theory
presented in chapter two.

3.2 Geometry

Raddningsverket (2006) proposes a standard casenatically shown in Figure 3.1
with the minimal thicknesses of structural memberghe ground slab, walls and the
roof and also the considered distance betweendtmndtion and the affected wall. In
this project, the height where the bomb detonaessumed to be at a height equal to
half the wall's height to simulate a worst casense®. Since the wall is a member of
the civil structure that will get hit by the blastnd fragment loads, a wall strip
consisting of one meter in width is to be analysed.

125 Kg 3J50
TNT
Nl
— e — — 350
7NN
Ground level 290
’ 5000 . [mm]

Figure 3.1  Studied case concerning explosion prefgody Raddningsverket
(2006).

According to Raddningsverket (2006), the wall timeks needs to be at least 350 mm,
and in previous research, Leppanen (2009), Nys(&08), the height of the wall is
set to be 2.7 m and is so in this thesis as wdllth&® measures and data concerning
the beam’s geometry are shown in Figure 3.2 andr€ig.3.

Due to the structural response obtained by dyndoading the wall has to be
reinforced in both the external and the internajeedf the wall, with a maximum
spacing of 200 mm between the bars and no shogedfithe reinforcement in the
field is allowed.

The reinforcement amount at each edge should theeifollowing interval:

0,14%< <1,1% (3.1)
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where is:

(3.2)

GJtI‘*

As = Reinforcement area
b = width of the wall strip

d = effective height

Leppénen (2009) has chosen the amount of reinfaoeto be 516 with a spacing
of 200 mm. This corresponds to an area of 1005/mmand = 0.335 %. The cross
section can be visualized in Figure 3.2. This amoamd arrangement of
reinforcement is also adopted in this thesis.

5C ° ° ° ° °
~ 35(C
® ° o ° °
20C
f16 . =

Figure 3.2  Cross section of the analysed beam.

In the calculations the wall strip is treated asnaply supported beam, see Figure 3.3.
This does not correspond to the true support ciamdih the civil defence shelter. The
real condition is something between simply suppmbréend fixed, but it is a
simplification that makes the calculations easrat 8 good enough for the purposes
in this thesis.

, »

|
| VN W%TSO

270(

— —
el —

35C

Figure 3.3 The simply supported wall strip thaamsalysed.
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3.3 Material

According to R&addningsverket (2006), civil defenskelters should be built of
reinforced concrete with some material specifiaddthe material data used in this
project is presented in Table 3.1 and Table 3.2Herconcrete and the reinforcement
respectively.

Table 3.1 Concrete data used in the calculations.
Concrete data
Class C 25/30
fec 25 MPa
= 31 GPa
2400 kg/n
Table 3.2 Reinforcement data used in calculations.

Reinforcement data

Class B 500 BT
Fy 500 MPa
Es 200 GPa

In this report three simplified material responsa® established with the real
behaviour under consideration. These three respairselinear elastic, ideally plastic
and bilinear elastic-plastic.

A simplified bilinear load-deflection curve to debe the complex behaviour of
concrete is introduced in section 2.5.1. An expoesdor how to calculate the
ultimate moment together with an expression for Itheed-displacement relation is
presented in the same section 2.5.1. The load vatsflection curve for an elasto-
plastic material can be seen in Figure 3.4 andcttreesponding calculations are
performed in Appendix C.

R
A q
S | !
| T I &
| 1= 449.2 kN Tt
A K, i Up=835mm | L Iy

| Ky = 53.8 MN/m
! R=qL
' > U

Up|
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Figure 3.4  Load-displacement curve for simplifiedithear elasto-plastic material
response.

When having elastic response the same stiffne$srabke elastic part of the elasto-
plastic material response is used. The load-dispt@nt curve will look like
Figure 3.5.

R
A q
| I
- v E—e
Ky =53.8 MN/m B
AKH L L D
R=qL
> U

Figure 3.5 Load-displacement curve for linear elasbaterial response.

For an ideal plastic material response the maxinmiarnal force is chosen to be the
same as for the elasto-plastic material resportse |dad-deflection curve can be seen
in Figure 3.6.

R
A q
!
Ro i
u
Rp| =449.2 kN A\/ L A\/
R=qgL
» U

Figure 3.6  Load-displacement curve for ideal plastiaterial response.

3.4 Load

3.4.1 Orientation

As mentioned in section 2.2.1, the impact of anl@sipn on a structure can be
divided into impact from the blast wave and frora fragments. The properties of the
bomb will affect the magnitude and characteristictltese impacts considerably.
Raddningsverket (2006) uses a reference bomb toedéfie load conditions. This
reference bomb, together with impact from the béast fragments, will be treated in
the following sections.

3.4.2 Reference bomb

The bomb has a total weight of 250 kg, 125 kg duhese are TNT explosives and
the remaining 125 kg is shell mass (fragments)déscribed in Figure 3.1, the bomb
detonates 5.0 m from the wall at a height of 1.55 m
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3.5 Blastload

Basic theory about the blast load was presenteskation 2.2.2. An idealized blast
wave was also presented in the same section, lés$ Wwave is presented once again
in Figure 3.7.

po+P"

Pot+ - ___ _ _ "/ _

ta T T

Figure 3.7 Idealized blast wave.

The blast wave, or the pressure as function of torge, consists of a positive phase,
followed by a negative phase. The effect of theatigg phase is often neglected and
will not be considered in this thesis.

The shape of the curve for the positive part canprling to Ekengren et al. (2004),
be approximated as:

~‘$ C!%_l_ — (3.3)

P" is the pressure in the front of the pressure wiavs the arrival timeT" is the time

for which the pressure is positive ands a parameter considering the shape of the
pressure curve. The atmospheric presgylie often not considered in equation (3.3)
since the difference in pressure over boundariea 8tructural part is of interest.

ccJ 0\ T

For the reference case presented eaRiéris equal to 5000 kPal" is equal to
8.974 mst, is equal to 2.66 ms andis equal to 0.5983 in accordance with Leppanen
(2009). The resulting impulse intensity for theigws part is equal to 2800 Pas.

The impulse intensity’ is the area under the time versus pressure corvihé time
T" and can be calculated by excludipg from equation (3.3) and integrate the
expression over the tinig.

The pressure versus time relation for the posiphiase in Figure 3.7 has, in this
thesis, been even more simplified by a triangulave, see Figure 3.8 and equation
(3.4). The impulse intensity, the arrival time ahd peak pressure is the same as for
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the equation used by Leppanen. Furthermore, the greasurd®” will occur after 0,1
ms since a too large increment of the load canltresmumerical problems in the FE
analysis.

!

Figure 3.8  Simplified pressure versus time relatis®ed in calculations made in
this report.

ccgJ | when ] Sincg " ]TI$S ¢
c<gJd ]T—r$d5‘ (o) ) ] T$ cc when (o] ) ] TI$ gS in &
(3.4)
csc J E cZ' 3¢ when 5Sinaoy\ $ ¢
czeJ ] when &5\ $¢oScn”

The timeT" for the simplified curve can be calculated frone @ondition that the
impulse should remain the same:

K- Ktk (3.5)
S TR T

3.6 Fragment loads

Basic theory about fragments and the fragmentaifoness was presented in section
2.2.3.1. It is assumed, in this thesis, that thmlbdetonates with its nose downwards
and its tail upwards which implies that the beanal(wgtrip) will be exposed to a
swarm of relatively small fragments.
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As mentioned in section 2.2.3.5, 60 percent ofcdee mass will strike in a segment
of 40 degrees. From Figure 3.9.a. and equatior) {3ddn be concluded that the total
height of the wall will be within these 40 degréesthe studied reference case.

The percentage of the total case mass hitting bstvgd of 1,0 m in width can now be
calculated by also consider Figure 3.9.b. and égus(3.6) and (3.7).

Ground level

(b)

Figure 3.9  Fragmental distribution from (a), sidedafrom (b), above
u y 3.6
=J — @‘K—‘%J TudJ KL € J Y €J TYTD (3.6)
>0 — @olz—iJ e JTE ] YUD 3.7)

The total amount of fragments striking 1 meterhaf wall then becomes:
I“&‘H Lr‘&w TWVE  J ] JTWVITKYY J TxsY (3.8)

VV]) ¢ ] XL]) ¢ ] ] ] ] ~ ~

The total mass hitting the wall strip will thus be8 kg which, for a wall of height
2.7 m, is equal to 0.67 kgfm
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An empirical equation for how to calculate the mdissribution of the fragments for
a certain bomb was presented in section 2.2.3.@.SHme expression is once again
presented:

I
+

5 ||

J

ed 17 (3.9)

The fragment distributionM,, factor depends on the shape and the propertidseof
bomb. This parameter is not defined for the refeedmomb. However, a similar bomb
(American GP-bomb Mk82) can be used to estimate thkie of My and
Nystrom (2008) estimates this parameter to be 1g758

The total amount of fragments is obtained by pgttin to zero in equation (3.9) and
is equal to 35 552 fragments. The number of fragméarger than a certain mass can
be seen in Figure 3.10.

Figure 3.10 Number of fragments larger than a certaass.

According to equation (3.8) only 1.44 % of thessgfnents will strike the wall which
gives a total number of 526 fragments.

The mass distribution for the fragments can beinbthby dividing the total amount
of fragments into 0.1 g intervals:

.J Te]Te]Ke] XejeT]|Bsss™¢S
The average mass in each interval is calculatedrdity to equation (3.10).

SV ¢ (3.10)

R 2

Equation (3.10) is a simplification of the realtdizution but it is assumed to be a
good enough approximation since the mass intearalselatively small.

The amount of fragments in each interval is catealaccording to equation (3.11).
lw Jdc ¢ 1o 0N ITWY (3.11)

The total mass in each interval can now be caledlast:
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3 My (3.12)

which gives a mass distribution according to Figufl.

\ # SN &

F\

Figure 3.11 Fragment mass distribution for the stddcase.

Striking velocities for the average mass in eacteriial can be calculated by
equation (2.3) and the impulse for each intervalmmaw be expressed as:

J8 1. (3.13)

o f

This gives an impulse distribution according toufey3.12.

Figure 3.12 Impulse distribution from fragments floe studied case.
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3.6.1 Fragmental impact on the beam

The fragmental impact on the beam can be seen pslsm loading since the
fragments hits the beam at very high velocities aridbe decelerated by the beam
during a very short time.

As mentioned in section 2.2.3.2 the fragments wiléo penetrate the beam.
Penetration depths as function of the fragment mdsn the bomb detonates at a
distance of 5 meters are presented in Figure 3k8w These penetration depths are,
compared to more advanced simulations in Nystror@0g8® rather high but
nevertheless show a principal relation between tpathen depth and fragment mass.

L
/

/

/[
/

Figure 3.13 Penetration depth as function of fragtmaass at a distance R=5m.

The duration from when the fragment strikes thel watil it has been fully stopped
by the wall can be calculated by considering theepation depth and the average
velocity during the penetration, assuming lineaangation, as:

9 _KI9 (3.14)
8350 5

where9 is the penetration depth which depends on thecitglanass and shape of the
fragment.

Leppanen (2009) estimates this time for a 6 graagment to be 0.1 ms. This value
will also be used as an approximation for the fragtioad duration for all fragments,
independently of mass in this thesis.

The time from when the bomb detonates until thgrfrant reach the surface of the
beam can be calculated by assuming linear retardafithe fragment in the air as:
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(3.15)

1444

B,

C!fJ

8,\ 8 (3.16)

B J—¢

By assuming a force-time relation according to Feg8.14 the peak force for a
fragment can be calculated as:

KT Kr. 18 (3.17)
& < <

~ ~

I:peak — — —

ta Tf

Figure 3.14 Load versus time relation for fragments

3.6.2 Combination of fragment and blast load

Figure 3.15 shows the arrival time for the blast&and for a 50 gram fragment as
function of the distance to the centre of the datiom. It can be observed that at a
distance of five meters the fragment and the bimave will hit the wall at
approximately the same time, according to Nystr@®08) which is a worst case
scenario. Since the mass of the fragments areamstant the arrival time for a single
fragment might deviate a little from Figure 3.18c&n however be assumed that the
total amount of fragments will hit the wall with@nrelatively short time period.
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— Blast wave
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Arrival time [ms]
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Figure 3.15 Time when the fragment and the blasveweeaches the beam as
function of the distance to the bomb, Leppanenq00

The fragmental impact will later on be simulatedsaseral point loads and as one
(simplified) uniformly distributed load. When theagments are simulated as point
loads the real arrival time and load amplitude Wwél calculated for each point load,
i.e. for each fragment. However, the duration far load will still be kept to 0.1 ms.

When the fragments on the other hand are simubsexhe distributed load the arrival
time has to be chosen. A conservative assumptiom $ay that the peak value from
the blast load and the distributed fragment loalll @gcur at the same time. This is
also a scenario relatively close to reality and kel used in this work.

Figure 3.16 and Figure 3.17 show the pressure sdmsie relation for the blast load
and for the fragment load respectively and Figuit® 3hows the total load versus

time relation.

Figure 3.16 Load versus time relation for blastdoa
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Figure 3.17 Pressure versus time relation for fragin load when applied as
simplified uniformly.

=+

Figure 3.18 Total load versus time relation for &laand fragment load.

In order to use the same time functions througladiuisimulations, a gap of 0.12 ms
between zero to the time when the blast load dtatdeen left since a large fragment
could hit before the blast load arrives when allgfnent are simulated as separate
point loads.

3.6.3 Simulation of fragments

The simulation of fragments is usually simplified ¢alculations by distributing the
total impulse from the fragments as a uniform pressover the beam. Another
possible simplification, very conservative and erte, is to simulate the total impulse
of the fragments as one point load acting in thedbei of the beam, which would lead
to a maximum displacement in mid span. The modgisteasimulation, though, would
be to use a random generator and let fragmentsdifégrent size and velocity strike
the wall in different points. In order to see hamulations of the fragments affect the
response of the beam, different simulations hdsetoun in between the two extreme
cases.

According to R&ddningsverket (2006), shelters do meed to be designed for
fragments with a mass larger than 50 gram. Thesefibagments with mass larger
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than 50 gram will not be considered in the studgried out her. However, the
impulse generated by these larger fragments withken into consideratic

The choice of how to simulate the fragments in leetwthe two extreme cases car
madein many different ways. However, the main goal hs tproject has been
imitate the reality as good as possible but sélable to see how a proper simulati
close to reality, may differ from a more theoretiocae. By considering the amount
fragments in different mass intervals and also consttertotal impulse in eac
interval a good base for how to simulate the fragimes achieve:

By use of equation (3.9he amount of fragments with mass up to 50 gramsbe
calculated and is equal 511 piecesA good way to simulate these fragments wc
be to use a random generator based on the masbutieh but in such a case t
impulse intensity will not be the same for differeans. Hence, if the impulse shall
constant, which is the objective here, the massdbeofragments has to be chosel
advance. In this report, eight different groupsragjments have been chosen in
interval from zero to fifty grams, siFigure 3.19.

\

AMT

IR !

5 6 7 8

Figure 3.19 Subdivision of fragments into eight groups. Thaltotass of fragmen
larger than 50 g has been transformed to fragmueuiitis less mas

Each group contains a certain amount of fragmerth the same mass. The mass
amount of fragments will furthermore be differemtr fall the groups. As a fir:
simulation, all of the fragments from the same graull be thrown out in one
randomly chosen, point on the beam. In the secandeach grcp will be divided
into two equally sized sub groups and each subpgreili be thrown out in twc
randomized points. This simulation will continuetileach subgroup contains or
one fragment, see Figug20.
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Run 3 IMMMLLL&

Figure 3.20 Simulation of fragments in the threstfruns, containing 8, 16 and 32
groups of fragments.

Since groups and subgroups will be divided intéh2, amount of fragments in each
group has chosen to be multiples of 2. The numb&agment per group in Table 3.3
gives a similar distribution to reality.

Table 3.3 Mass intervals for the subdivided groopsparing the columns 2 and
3 which is the true subdivision and in 5 and 6 dihgsion used in this

project.

Reality Chosen division in this work

Mass[gi]?terval Fragmenty % of total | Group| Fragments % of total
0-0.9 261 51.1% 1 256 50.2%
0.9-34 125 24.5% 2 128 25.1%
34-7.6 63 12.3% 3 64 12.5%
7.6-13.4 32 6.0% 4 32 6.3%
13.4-20.8 16 3.1% 5 16 3.1%
20.8 -29.6 8 1.6% 6 8 1.6%
29.6 -394 4 0.8% 7 4 0.8%

39.4-50 2 0.4% 8 2 0.4%

Total amount 511 aInO(;ﬁLt 510
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The size of fragments in each group can be cakdlly respecting the condition that
the real impulse should remain the same betweennthss interval and the

corresponding group. Even if masses over 50 g nibtbe taken into consideration,

the impulse of these fragments will. The impulsetfeese larger fragments will be

added to the mass interval as function of how langeulse each group contains in
relation to the total impulse up to 50 g. The tatgpulse and corresponding choice of
mass for the groups can be seen in Table 3.4 abpié Bsb. The choice of mass for the
fragments in Table 3.5 has been made by respetttingondition that the impulse for

the different groups should be the same as focohesponding mass intervals.

Table 3.4 The impulse for the various intervalsludeg the extra impulse
obtained from the fragments larger than 50 g.

Mass interval [g] Impulsg % of impulse| Impulse for fragment$ Total
[Ns] from 0-50 g | larger than 50 g [Ns]| impulse

0-09 101,3 3,4% 9,5 110,8

09-34 398,9 13,3% 37,4 4363

3,4-7,6 590,4 19,7% 55,4 6458

7,6 —13,4 592,2 19,8% 55,6 64718

13,4 -20,8 500,4 16,7% 47 54714

20,8 - 29,6 375,2 12,6% 35,2 410}5

29,6 — 39,4 258,8 18,7% 24,3 283|1

39,4 -50 173,6 5,8% 16,3 189,p

Total impulse 0-50 ¢ 2991 281 327p
s foregnent za0g
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Table 3.5 The chosen mass for the various runs edathesponding velocity and

impulse.

Group| Fragmentg Mass [g]| Velocity [m/s]| Impulse [Ns]
1 0,3 1473 110,8
2 2,0 1730 436,3
3 5,5 1824 645,8
4 10,8 1872 647,8
5 18,0 1902 547,4
6 26,7 1923 410,5
7 36,5 1937 283,1
8 48,7 1950 189,9

Total impulse 3272

A total number of 9 different runs are prepare@ $able 3.6. In each run, the same
number of striking points as loads will be chos&hese points will be equally
distributed over the length of the beam. Furtheemeach load will be assigned to
one single, randomly chosen, point.

Each run will be performed five times in order e dow the distribution affects the
deflection of the loaded beam.

Table 3.6 Number of fragments and loads in thesifft runs. The subgroups in
the grey marked zone consist of one fragment andleerefore not be
further subdivided.
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The impulse distributias for run 1 and run 5 are presented in figure &ad 3.22
respectively. The loads ve been randomly distributddr all runs except for run 1.
which will be used as a “worst case scena

Run 1A
800
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400 -

1 2 3456 7 8

Impulse [Ns]

200 -

Run 1B Run 1C
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| |
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1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
Run 1D Run 1E
800 800
Z 600 % 600
9 400 - 4 400
3 3
g 200 g 200
B T oo
1 2 3 4 5 6 7 8 1 2 3 45 6 7 8

Figure 3.21 Impulse distribution for the various cases in ru
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Figure 3.22 Impulse distribution for the various cases in ru

3.6.4 Fragmental load angl¢

As a first step, all fragmds will be assumed to strike the beam at an anfy@0
regardless ofwhere on the beam a fragment strikes. This iseality, only true fol
fragments that strike in the middle of the beamisTassumption will therefor
somewhat overestimate the forces acting closenhacstipport and totally ignore t
horizontal resultant of the forcFigure 3.2a presents one of the load cases in ri
with the 8 fragment groups represented as forceschwiall acts perfectl
perpendicular to the bearFigure 3.23b premts the same load case but where
load angel has been taken into considera
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EERER

Figure 3.23 Fragment load where load angle has, d&ad not been taken into
consideration, (a) and (b) respectively.

If the load angel is taken into consideration, ebdd can be subdivided into two
resultants according to Figure 3.24.

Figure 3.24 Fragment load subdivided into two résads with a certain load angle.

3.6.5 Fragment arrival time

The time from when the bomb detonates until a fragimeaches the wall has been
simplified by assuming that the distance from tkater of the bomb to the striking

points, R, is equal to five meters. This is, astlierload angle, only true for fragments
hitting the mid section of the beam as can be se€&igure 3.25.
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A | L)
Figure 3.25 Distance from the bomb to any pointt@beam.

Since the distance will be underestimated for fragts closer to the supports, the
time from when the bomb detonates until a fragmieathes this point will also be
underestimated. Fragments hitting closer to thepeup will also have somewhat
lower velocity when they arrive, since the distaimcdonger, which results in less
impact for these fragments.

3.6.6 Comments about load angle and arrival time

A simplified model where the fragment load anglecastantly equal to 90and
where the fragment arrival time is independent bere the fragment hit the beam
(i.,e. based on R = 5 m) will be used as a standas® in the simulations. The
difference in load angle and arrival time will hoxee be considered in order to see
deviations compared to the simplified assumptions.
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4 The FE-model
4.1 General description

The concrete wall strip is analysed numericallyusyng the finite element program
ADINA (2008). Two different models are created, osieplified beam element

model and a 2-D solid element model. Both theseatsodre analysed with elastic,
plastic and elastic-plastic material propertiesdascribed in section 3.3. For both
models, an equivalent elasto-plastic material sduwith the same simplified load-
displacement curve as for the real material, Fi@u4e The beam can in this way be
modelled by only one material instead of two; ome €oncrete and one for

reinforcement. By using an equivalent material, B2 models will also be much

more stable, since the simulation of cracking isaomsidered.

The beam element model is used to investigate H@vbeam’s behaviour differs

when the fragmental load is either applied as warioumbers of point loads or as a
uniformly distributed. The 2-D solid element modéhough, is mainly used to

simulate removal of concrete due to the fragmeimtgdact when penetrating the
concrete.

The beam is exposed to a blast load which is a@sg uniformly distributed load,
while the fragment loads are either applied as doumly distributed load or as
randomly distributed point loads correspondingun 1,5 and 9. The fragment loads
can vary between uniformly distributed load andnpdoads because the beam’s
difference in behaviour is to be checked.

In ADINA the loads are applied by using time fuocis to make the simulation more
realistic. In the first case, the blast- and fragmi®ads are applied as uniformly

distributed loads in such a way that they hit tkarb at the same time. In the other
case, the fragment loads are applied with varyimgya times, depending on the

fragment mass and velocity.

Plastic material response is modelled in the saiae ag elastic-plastic response but
the stiffness for the elastic part is increasedubing rotational constraints for the
elastic elements. The support nodes are used dsmmasies and the elastic nodes in
between the supports and the plastic element aad as slave nodes in order to
constrain the beam'’s deflection to imitate thatiassd according to yield theory.

To use the linear elastic, plastic and elastictmamaterial responses, a fictive
young’s modulus and fictive yield strength needsb® calculated. The fictive
Young’s modulus is calculated with the equationd)4nd (4-2), this is achieved by
reducing the Young’s modulus with a constanivhich is the quotient of the moment
of inertias from state | and state Il to get a espntative value for the two states, see
Figure 2.21. This will be input data for the FE-retsdin the elastic as well as the
elastic-plastic analysis.

¥J — (4-1)

(4-2)

(&)
Q)
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Reduction factor for the Young’s modulus
I Moment of inertia in state 1
i Moment of inertia in state 2
Ec1  Young's modulus for concrete in state 1
E., Fictive Young’'s modulus

The ultimate capacity of the beam is calculatedppendix Baccording to the theory
presented in chapter two. The fictive yield stréngin now be calculated according
to equation (4-3).

B (4-3)

My Ultimate moment capacity

, Fictive yield stress used to describe when the bgaes from linear
elastic to ideally plastic response

Z Flexural resistance

4.2 Beam element model

4.2.1 Material properties

A beam element model is used to model the beam dimalified way. The beam
element is a two node element, which in ADINA maydrovided with a maximum
of seven integration points over the height. Thesans, that the cross-section can not
be fully plasticized, but at most acquire a stretede as that shown in Figure 4.1.
Therefore the flexural resistance will be modifedthe basis of the seven integration
points and be used in the input file for FE-analysi

h6 ] '
2 I’y
h/6
hie I
hie | Integration point
- ot—
h/6
he !
- d
fy

Figure 4.1  Maximum stress state over cross seckih seven integration points
in ADINA.
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The flexural resistance has been calculated bygusjuation (2-11) and the following
expression is obtained:

X . (4-4)
1 A
) ws!

The flexural resistance obtained by equation (2-difjers approximately 4 %
compared to the flexural resistance when the cseston can reach its full plastic
capacity, i.e. Z=bf#4.

During the analysis, the models were deformationtrolled by point loads at the
plastic nodes. It turned out that the expectedrmatleresisting force when the beam
reached yielding was not obtained. The reasonHir is unknown but in order to
describe a correct moment capacity of the beanyigdd strength is increase with
another 4 %, i.e.

, J TIwr, (4-5)
where
, I -2 (4-6)

In Table 4.1 the modified input data, concerning material properties for the elastic
and plastic elements are presented. The valuaidoYoung’s modulus and the yield
stress are calculated and described in Appendix B.

Table 4.1 Modified input data for the beam eleménitshe elastic elasto-plastic

response.
Elements Young’s modulus [GPa] Yield stress [MPa]
Elastic 3.86 -
Plastic 3.86 (constraints) 5.358
Elasto-Plastic 3.86 5.358

Since the runs have different numbers of point $odige subdivision of elements will
be different for all the runs, since the points vehthe fragment loads hit must agree
with the nodes in the mesh.

4.2.2 Elastic analysis

In Table 4.2, the number of elements is presentedun 1, 5 and 9 for the elastic
analysis.

Table 4.2 Number of elastic beam elements in ryssahd 9.
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Run Number of elements

Run 1 48
Run 5 188
Run 9 510

The beam elements model can be seen in Figurend.3seonly consisting of linear
elastic elements.

Elastic element W

.

Figure 4.2 Beam element model for the linear etastaterial response.

4.2.3 Elasto-plastic analysis

The plastic hinge phenomenon, discussed in se2t®f is modeled with one elasto-
plastic element in the midsection and the resheflteam with linear elastic elements.
The elasto-plastic element is approximately tenesimsmaller than the elastic
elements. The numbers of elastic- and elasto-platments are presented for run 1,
5and 9in Table 4.3.

Table 4.3 Number of elastic- and plastic beam efgsi@ runs 1, 5 and 9.

Run Number of elastic elements| Number of plastic ements

Run1 32 1
Run 5 188 1
Run 9 510 1

In Figure 4.3 the concept of the beam model isalizad with the elastic and elasto-
plastic parts.
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Elasto-plastic element

Elasticelements

Figure 4.3 Beam element for the beam element niodieé elasto-plastic analysis.

4.3 2D-solid element model
4.3.1 Element mesh and material properties

A 2D-solid, plane stress model is used to be ablenalyze the wall strip in a more
advanced way. The main aim with this model is toutate the removal of concrete
after the fragmental impact has destroyed partsetoncrete surface.

To avoid stress concentrations in the support dwea,support blocks are used to
distribute the stresses and the support condiaomsipplied to the lower face of them,
see Figure 4.4. These blocks are modelled with staeterial properties.

Support blocks
Figure 4.4  2-D solid model with support blocks tmi@ stress concentrations.

In the 2-D solid model, four node elements are usleid means that the flexural
resistance depends on the number of elements, girceumber of elements affects
the total number of integration points over thessreections height. But it turned out
that, for 8 elements or more over the height, s section can be assumed to reach
its fully plastic capacity.
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The input data concerning material properties f@ ¢lastic as well as the elasto-
plastic analysis is presented in Table 4.4.

Table 4.4 Input data for the 2-D solid elementstfte elastic and elasto-plastic
response.
Elements Young's modulus [GPa] Yield strength [MPa]
Elastic 3.86 -
Elasto-Plastic 3.86 4.95

4.3.2 Elastic analysis

In the elastic analysis the mesh is equally sibedughout the beam and the number
of elements can be seen in Table 4.5. In Figuréie=2-D solid model can be seen
with the exception of the plastic part.

Table 4.5 Number of elastic 2-D solid elements.

Number of elastic elements | Number of plastic elemén

441 none

4.3.3 Elasto-plastic analysis

In the elasto-plastic analysis the mesh is diviaéo two elastic parts and one elasto-
plastic part placed in the middle of the beam, Sgare 4.5. This is done to achieve
the plastic hinge phenomenon as discussed in se2itb2. The number of elements
can be seen in Table 4.6.

Table 4.6 Number of elastic- and plastic 2-D sa@ldments in the elasto-plastic
analysis.

Number of elastic elements | Number of plastic elemén

434 7

In Figure 4.5, the 2-D solid model can be seen whth division of the elastic and
elasto-plastic parts and as can be seen the elastit elasto-plastic elements are
equally sized.
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Plastic elemen

Elastic elemen

Figure 4.5 Element mesh for the 2-D solid modethia plastic analysis with the
elastic- and elasto-plastic parts marked out.

4.4  Simulation of removal of concrete due to fragmental
Impact

In this section, a simulation of removal of coneréue to the fragmental impact is
presented. To be able to calculate the penetratiepth for the fragmental impact,
equations are taken from section 2.2.3.2.

When fragments hit the wall strip, penetration witcur and concrete material will be
partly destroyed. This phenomenon causes seri@mas dimmage to a certain depth in
the concrete depending on the fragments mass daditye The material in regions
close to the holes and in between the holes cdonger contribute to the stiffness.
This loss of stiffness is to be modelled, and thiece this behaviour in ADINA,
elements on the outer edge of the wall strip walréemoved.

The 2-D solid element model is used to model tlekaviour, since these elements
enable the removal of the outer edge elements thighremaining elements still
contributing to the stiffness. Both the blast- dragment load are applied and both
loads are only applied as uniformly distributeddea

In this project, three methods for simulating tlemoval of material when the
fragments hit the wall strip have been analysedaWe for all the fragments has been
calculated and a value of about 50 mm is obtaifédte different methods for
analyzing the removal are presented below:

1. The cross-section is initially reduced which me#mst the beam’s moment
capacity and internal resisting force decreasss, thle yield strength needs to
be changed to a somewhat higher value, see catmgain Appendix D.
Hence, the beam is analysed with a height of 300instead of the original
350 mm, i.e. an initial removal of 50 mm of conetetee Figure 4.6.

2. The cross-section is reduced by removing the comdager that gets directly
hit by the fragment load at a certain time. Thisangethat the beam'’s stiffness
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will decrease substantially and the loss of mask a&so influence the
behaviour of the beam. The removal consists of B0 concrete at a time
during loading, when the fragmental load duratisrover,temove= 0.22 ms,
See Figure 4.7.

3. The cross-section is reduced by removing stiffrraaserial in the top layer,
while the remaining part will consist of a mass enall with a significantly
lower Young's modulus to simulate destroyed comcré@his means that the
top layer’s stiffness will disappear while the mash decrease depending on
how much of the mass that is to be removed. Ther ldnat is to be removed is
modelled with two different materials. The concrethich is called the
stiffness material has its original material prajgsrexcept the weight, will be
removed at the time when the fragmental load dumais over, i.etremove=
0.22 ms and another material here called mass ialatgth a low Young'’s
modulus will remain. This enables to avoid redultéhe mass of the 50 mm
layer. A removal of 0, 25, 50 and 100 % of the mas® be analysed. The
amount of removed material for the various casesbeaseen in Table 4.8. In
Figure 4.8, a schematic description explains hosvrémoval of stiffness and
mass takes place.

300

Figure 4.6 Initially reduced cross section with @dght of 300 mm.

> 50

300

Figure 4.7  Cross section when removing all massdiffthess of the top layer.

All the cross sections that is analysed when sitmgahe removal of concrete due to
the fragmental impact, have the same cross seeatmhmaterial properties as the
beam with a height of 300 mm. These propertiesbeaseen in Table 4.7.

Table 4.7 Material data concerning yield stress avidung’ modulus for the
analysed beam with a height of 300 mm.

f, | 5.36 MPa

E | 415 GPa

For the beam, which is modelled with two materialghe top layer, the cross section
with the different layers is clarified in FigureB4.The material and cross section data
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for the different layers are presented in Table Zl%e stiffness material is modelled
with bilinear elasto-plastic material propertiestire midsection and the rest with
linear elastic material properties, while the massterial is modelled with linear
elastic material properties throughout the eneregth.

Stiffness material

300 +

Mass material

Figure 4.8  Cross section when the top layer comgjsdf a stiffness material and a
mass material and the stiffness material layer M removed to
simulate the fragmental impact.

Table 4.8 Masses in the top layer that is to beawed and the remaining masses
for the different cases.

Removal of mass Removed material

el Mass [kg] Modified density [kg/m’]
0 0 2400

25 81 1800

50 162 1200

100 324 0

Table 4.9 Material properties for the two materialhich are modelled in the top

layer.
Material Young’'s modulus | Yield stress (elasto-plast element)
Stiffness material 4.15 GPa 5.36 MPa
Mass material 0.4 MPa -
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5 Results
5.1 Orientation

In this chapter the results from the different ge@l are presented and discussed. The
results obtained using ADINA have been compared erfied with the SDOF
results and with simplified hand calculations whadso are presented in this chapter.

In all the results presented in this section, tlestbload is applied as a uniformly
distributed load and the fragment load is eithguliag as various numbers of point
loads or as a uniformly distributed load and thH#edence in behaviour is to be
checked. All figures concerning displacement asirection of time are treating the
midpoint displacement.

The results from linear elastic and ideally plastialysis are mainly used to verify
the model and to get a better understanding fostihetural behaviour. Focus will be
on the results obtained when using bilinear elasdstic material response which is
the response closest to reality.

5.2 Linear elastic analysis
5.2.1 Beam element model

As a first step to verify the beam element moded, displacement is compared to the
ones obtained by SDOF and hand calculation. InrEi§ul, the comparison between

the beam element model, SDOF and hand calculaipreisented. As can be seen the
results between the different analysis methodgrieeang very well.
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Figure 5.1  Comparison of midpoint displacementstf@ beam model in ADINA,
SDOF and hand calculation. Blast- and fragment losdpplied as a
uniformly distributed load.

In linear elastic analysis, it is possible to supesition different loads and get an
identical result as if the loads where applied tbgeat the same time. This can be
explained by the following expression which caltesathe elastic displacement:

\
5 J:.@\ .AJ @. A (5.1)
where
e JSCg Mi (5.2)

In Figure 5.2 this is presented for the blast- &agment load and by adding the
contribution from the single responses, the t@aponse is obtained.
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Figure 5.2  Midpoint displacements for the singlespense of the blast- and
fragment load and the blast- and fragment loadragtiogether for the
FE beam element model.

A comparison in displacement between when the feagnoad is applied normally
and when the true arrival time, true distance dditiclination of the fragment loads
are considered has been performed. The blast wadd both cases applied as a
uniformly distributed load. In Figure 5.3, run 18presented for the two cases, and as
can be seen, the difference is negligible. The lsdiff¢rence can be explained by the
fact that the force inclination is small and therefthe reduced force perpendicular to
the beam strip is almost the same as the origimal ®he fragment loads are also less
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influencing regarding the displacement comparedthi® blast wave. In further
analysis, the true arrival time, distance and nezdi force will not be considered.

Figure 5.3 Comparison in displacement for run 1 Bew the load is applied
normally and when the true arrival time, force andlination are taken
into consideration.

In Figure 5.4 the results from the linear elastialgsis are presented for run 1. As can
be seen, the difference in displacement betweenvém®us runs and when the
fragment load is applied as a uniformly distributedd is small. Run 1 A is a worst
case scenario, see section 3.6.3, where the ldrggstents are applied in the middle
of the beam with decreasing size towards the s@ppand that is why this
displacement curve differs somewhat from the otimes.

Since the difference in displacement between thmows runs and the uniformly
distributed is so small, a zoomed version of thgioal results is needed to be able to
distinguish the various curves. The zoomed verggresented in Figure 5.5 and as
the figure shows once again, the difference inldgment is rather small.
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Figure 5.4  Displacement for the linear elastic aysa6 Run 1 and when the
fragments are applied as uniformly distributed.
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Figure 5.5 Zoomed displacements for the linear tedasnalysis, Run 1 and when
the fragments are applied as uniformly distributed.
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In Figure 5.6 the displacements for Run 5 are piteskeand it should be noticed that
the difference among the curves are now much sn@lapared to Run 1. It depends
on that it is many smaller point loads applied cared to Run 1 and therefore it
looks more or less like the uniformly distributesbe.

—5 6

e AN
. / \

, AN
N~

Figure 5.6  Displacements for Run 5 and when thgnfrant loads are applied as
uniformly distributed.

In the zoomed version of Figure 5.6, Figure 5.@,displacements are presented once
again. The magnitude differences in displacementagproximately 1 mm for Run 5
compared to run 1 where it is approximately 2 mmn B D has significantly larger
displacement than the other cases which can beildeddy the subdivision, since the
largest fragment group cannot be further dividedhtimto one single fragment. And if
these large fragments strike in the middle of tean the displacement will be
somewhat larger.
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Figure 5.7 Zoomed displacements for Run 5 and whenfragment loads are
applied as uniformly distributed.

The displacements for Run 9 are presented in Fig@eand it reminds much of the
results obtained in run 5. Still there is someat#hce between the cases which can be
described by the subdivision once again. HoweJkcaaes are though very close to
the uniformly distributed curve, which can be measily seen in Figure 5.9.
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Figure 5.8  Midpoint displacements for Run 9 and mviiee fragment loads are
applied as uniformly distributed.
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Figure 5.9  Zoomed midpoint displacements for Ramn@®when the fragment loads
are applied as uniformly distributed.
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5.2.1.1 Solid element model

In this chapter, the results from the 2-D solid elodith linear elastic material
properties are presented. Since the 2-D solid madahly is used for simulating the
removal of concrete, it will only be presented wikie fragment loads applied as a
uniformly distributed load. The displacements anenpared to the ones obtained by
the beam element model in order to verify the model

In Figure 5.10, the displacements for the 2-D safiddel and beam element model
are presented and as can be seen, the curvesnatar,sbut differ marginally
concerning displacement and period.
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Figure 5.10 Midpoint displacements for the 2-D doknd the beam element model
when the fragment loads are applied as uniformégriiuted.

5.2.2 Conclusion

The different analyses methods that have been bs=in element model, 2-D solid
model, SDOF and hand calculation have all generatgdeing results in the linear
elastic analysis.

For all the runs and cases that have been perform#étk linear elastic analysis it
seems to be a good estimation to apply the fragehgmtint loads as a uniformly
distributed load. For each further subdivision, thsults among them tend to differ
less and come closer to the uniformly distributed.o
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5.3 Plastic analysis

A first step in the plastic analysis is to verihetresults obtained by the FE-analysis,
this is achieved by comparing them with the redutisn SDOF and hand calculation.
In Figure 5.11 the displacements are presentedtiferblast- and fragment load
separately and the two loads applied togethethithree analysis methods.

Fragment load

------‘\-----------------1---+----
/ Blast load

Blas- and fraament loe
/ L i L

]

—o0, 123 ---4

Figure 5.11 Midpoint displacements with ADINA-,SDO&hd hand calculation
results for the fragment load, the blast load ahe blast and fragment
load applied together (c).

In section 5.2.1, it was concluded that for linedastic material properties it is
possible to super position the contribution frommiaas loads independently of the
load type. This is not possible when analyzing raicstire with plastic material
properties, as equation (5.3) describes.

e\ A A 5.3
5 Js—c. AgAp.C\.A (-3)
where
e JLCge!Cg MKD 1 (5.4)
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If the plastic displacements from different impuleads are first taken to the power
of two and divided by & and then added, the ted— is not taken into account,

«

which results in a much smaller displacement.

This can also be verified with Figure 5.11, whdre blast- and fragment loads are
applied separately and they do not, if summarizedespond to the curve which both
loads are applied at the same time.

During the analysis, problems occurred when tryiagimitate an ideally plastic
material behaviour, by increasing the Young's maduby a factor hundred for both
the elastic- and bilinear plastic elements. Theltes presented in Figure 5.12 and as
can be seen, the result differs much if comparethéocurve which represents an
increased Young's modulus and constraints for thstie nodes. The difference is not
expected and cannot be explained.

0 /0
/ —0 /0 —

Figure 5.12 Midpoint displacements when the elasticd bilinear elasto-plastic
element’s Young’s modulus is increased with a fauimdred.

5.4 Bilinear elasto-plastic analysis

As a first step in the bilinear elasto-plastic gsel, the FE-results are compared to the
results obtained in SDOF and by hand calculatioorder to verify them. This is done
for the blast- and fragment load separately and @aisen the two loads are applied
together at the same time. The verification is @nésd in Figure 5.13, Figure 5.14
and Figure 5.15 and as the figures shows, therdiftee between the results obtained
by the FE analyses differs to the ones obtainedSBOF analysis and hand
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calculation. Worth mentioning, the SDOF and hanltutation result are agreeing
well.
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Figure 5.13 Comparison in midpoint displacementtfo fragment load applied as
uniformly distributed and analysed with ADINA, SDQ@Rd hand
calculation.
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Figure 5.14 Comparison in midpoint displacement tfug blast load analysed with
ADINA, SDOF and hand calculation.
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Figure 5.15 Comparison in midpoint displacementtfue blast- and fragment load
analysed with ADINA, SDOF and hand calculation.

The moment obtained in midsection of the beam eésgmted in Figure 5.16 and it is
compared to the expected moment curve based omlisptacements acquired in

SDOF analysis. As can be seen, there are dipsanntbment curve for the FE

analysis, which means that the beam does not canssrmuch energy as the SDOF
moment curve. This will influence the displacemesifce the FE analysis needs
larger displacement to reach the same amount efnak energy as the SDOF system,
to level out the external energy. This can be ohthe reasons for the substantial
difference in displacement between the two analysthods.
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Figure 5.16 Midsection moment as a function of twbéained by the FE analysis
compared to the intended moment obtained in theFS&g@lysis.

As Figure 5.16 shows, yielding occurs with tenstb@per side in an early state of
the analysis. The corresponding deformation shapenwhis happens is illustrated in
Figure 5.17.
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Figure 5.17 Yielding in the beam with tensionedarmide at time t = 1.39 ms.

Figure 5.18 Deformation shapes at time t = 4.72and 7.09 ms where the dashed
lines represents the elastic elements as complstelight.
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Moment as a function of time for the sections x.25Q and x = 0.5L is presented in
Figure 5.19 when both the blast- and fragment leae applied as uniformly
distributed. The yield moment for the plastic elemsituated in the midsection is
151.6 kNm and as can be seen, the moment in thersec = 0.25L is by far
exceeding this value in a few time intervals. Thigans, that the model is not
behaving the way it is intended to do and thisaao explain the difference between
the FE beam model result and the SDOF-result and balculation result which is
presented in Figure 5.15.

n — <$ % +
# <$% + —

| M m’M

IR N W

Figure 5.19 Moment when the blast- and fragment lage applied as uniformly
distributed in sections X=0.25L and X=0.5L.

With the bilinear elasto-plastic analysis, it isiaghe plastic analysis, not possible to
super position loads. In case of an elasto-plastterial response, contribution from
both the elastic- and plastic parts of the mategaponse needs to be included to get
the corresponding displacement. Equation (5.5sexuo calculate the displacement
for the bilinear elasto-plastic response.

5A (5.5)

5 J 5 \VI‘S

whereuy, is calculated with equation (5.3) anglis calculated with equation (5.1).

The results from this analysis can be seen in Ei§u22 with the blast- and fragment
load applied separately and one curve represeatsvihloads applied together.
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Figure 5.20 Midpoint displacements for the blastdafragment loads separately
and both the loads applied at the same time a®mmlf distributed.
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Figure 5.21 Midpoint displacements for run 1 D whbe fragments are applied
normally and when the true time, force and inchoatof the fragments
are considered.
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When the fragment load is applied, concerning time, true force and an inclination,
the result is more or less the same as when the iapplied normally, this is
presented in Figure 5.21. Hence, these factordowitieglected in further analysis.

The elasto-plastic displacements for run 1 aregotesl in Figure 5.22, where the
broken line represents the fragment load applied asiformly distributed load. It
should be noticed that run 1 A simulates a worséaxenario, where the largest point
loads are placed in the middle, with decreasing s@vards the supports, i.e. a
triangle load, see section 3.6.3.

The difference in displacement between the varroms differs approximately 10 %
with run 1 A not considered. Consequently, to apply load applied as uniformly
distributed seems to be a good estimation for agnfient point loads.

/ \‘¥\___L/

\:

Figure 5.22 Midpoint displacements for run 1 witiinear elasto plastic material
properties.

In Figure 5.23 the displacements for run 5 aregeesl. If these results are compared
to the ones obtained in run 1, the difference gpldicement magnitude in between the
runs is much smaller. The various runs seem toeaggeeven better with the
uniformly distributed line.
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Figure 5.23 Midpoint displacements for run 5 witifinear elasto plastic material
properties.

5.4.1 Conclusion

The FE-results in the elasto-plastic analysis dud agree well with the results
obtained by SDOF and simplified hand calculatiomoTpossible reasons for the
substantial difference were discussed previouslthis section. Though, the results
when applying the fragmental load as a uniformbtributed load still seems to be a
good approximation.

5.5 SDOF results

Values for elastic and plastic transformation festfmr the four different load cases
presented in section 2.8.3.5 and the load case®maa again be seen in Table 5.1.
The corresponding deflection curves when the besaexposed to only the fragment
load with the appearance according to the foureckfiit cases is present in and for
elastic and plastic material response respectively.
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Table 5.1 The cases which are analysed in SDOF.
Casel | | case3 | |
g L g k L i
Case 2 | | Case4
puen JueR
L L ) 1 L 1

Displacements for all the cases with the correspgntransformation factors are
presented in Figure 5.24 and Figure 5.25 with linekastic and ideally plastic

material responses respectively.
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Figure 5.24 Elastic response for beam exposedagnfient load with appearance
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corresponding to four different load cases.
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Figure 5.25 Plastic response for beam exposedagnfient load with appearance
corresponding to four different load cases.

5.6 2-D solid model

5.6.1 Comparison with beam element

In order to verify the results obtained by the Zd&lid model, it is compared to the
results obtained by the beam element model. Thisdsented in Figure 5.26 and as
can be seen, the displacements from the two madféds somewhat.

CHALMERS, Civil and Environmental Engineerindlaster’s Thesis 2009:81 87



\ 0 /2

, |

Figure 5.26 Midpoint displacement comparison fax beam- and 2-D solid element
model.

Since removal of concrete is to be modelled dughto fragmental impact, it is

required to use an explicit solver, because equuhb conditions do not need to be
fulfilled when this solver is used. Hence, a cohisoperformed that the two solver
methods, i.e. implicit and explicit integration sahes, give comparable results. As
Figure 5.27 shows, the two solver methods do ageeewell.
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Figure 5.27 Comparison in midpoint displacement ifoplicit and explicit solver
when using 2-D solid elements.

5.6.2 Results when removing concrete due to the fragmeritampact

The FE-simulation of the removal of concrete duethie fragmental impact is
illustrated in Figure 5.28. As can be seen, the anass in the top layer seems to be
positive for the beam, since the displacement d@se® with increasing removed
mass. A corresponding analysis has been performdteiSDOF-program. The result
is illustrated in Figure 5.29, and it seems thatlthses of mass has the opposite effect
on the beam compared to the results obtained bg-eolid model.

Hand calculations have also been performed in otolarnderstand the behaviour
when beam looses stiffness and mass. The resuit tincs analysis agrees with the
results obtained by the SDOF program, i.e. theerifice in displacement when
removing different parts of the top layer shoulddpeall and tend to increase when
the removed mass increases. For a detailed denvaif these calculations, see
Appendix I.
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Figure 5.28 2-D solid displacements for the difféareanalyse methods when
removing material due to the fragmental impact.
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Figure 5.29 SDOF displacements for the differerdlgse methods when removing
material due to the fragmental impact.
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6 Conclusions

In all the analyses with different material respEg seems to be a good estimation
to apply the fragmental load as a uniformly disitdal load. For each further division
of the fragment groups, the displacements in beivibe cases seems to differ less
and is getting closer to the uniformly distributidplacement.

The force inclination and the true distance betwiendetonation and the wall have
also been investigated, and the difference was se1gill compared to applying the
fragments as a vertical load with a distance of Between the bomb and the wall.
Hence, the fragment load is well approximated agsgia uniformly distributed load
with a constant distance between the wall and gmell)i.e. R =5 m.

In the elasto-plastic analysis, the beam does abae as it is intended to do. The
elastic part of the beam is exposed to moments thare the doubled yield moment
in the elasto-plastic element in the mid sectiosing elasto-plastic elements over the
entire length of the beam would probably resulaimore realistic behaviour of the
beam.

The simplified FE-methods for simulating the fragnat impact used in this thesis do

not correspond to the expected behaviour whictersetated by the SDOF and hand
calculation. The analysis indicates that sometlgnigissing when using SDOF. The

differences is probably due to thayr in SDOF does not correspond to the real
response. Hence, this simple way to model sucbnaptex problem needs to be

further investigated and in this thesis it is mgaipfesented as a way to simulate the
fragmental impact.

Removing concrete in the FE analysis resulted ss ldisplacement than if the
concrete was not removed. However, SDOF and haluwlladons resulted in the
opposite effect, i.e. removal of concrete increaske displacements. This
phenomenon cannot be explained in this thesis atidelr research is suggested.
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Appendix A Input data in analysis

Table A.1 Material properties for concrete qual@®5/30

C25/30
Compressive strengthy 25MPa
Tensile strengthcim 2.6 MPa
Ultimate strain, 0.0035
Modulus of elasticityEcm 31GPa

Table A.2 Material properties for reinforcementadjty B500B

B500B
Yielding stressfy 500MPa
Yielding strain, y 0.0025
Modulus of elasticityEs 200GPa

Table A.3 Geometrical properties of the beam

Length of beaml. 2.7m
Height of beamh 0.359m
Width of strip,w 1m

Area of reinforcement in compressig®, | 1005mnf/m

Distance from compressed edge to

reinforcement in compressio, 0.05m
Area of reinforcement in tensioAs 1005mnf/m
Distance from compressed edge to 0.3m

reinforcement in tensior,
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Appendix B.1  Calculation of cracking moment

The cracking moment for the concrete section inurBgB.1 will be calculated
according to the equations presented in the thesis.

cl

¢ & & O J‘d1 E
Xgc

M d

N P
Center of gravitygg/X z
(CG)
s s 00 e |-
il

c2

Figure B.1 Double symmetric cross section in sthteith strain distribution,
subjected to pure bending.

The location of the centre of gravidity for a daaiBymmetric, uncracked section is:
u_ ] XY
. -J — 3 B-1
9. J 2 =—J] TV (B-1)

The moment of inertia is calculated without consithe reinforcement as:

C T XY
Ce Z B-2
J =) —— I XYUIT] S (B-2)

The cracking stress in concrete is equal to:
Ha J, J KL (B-3)
The cracking moment can now be calculated as:

;0 ] KLIT]"rxyYurT] ©
9. ] TUY

J YXT¢f-. (B-4)
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Appendix B.2 Calculation of yielding moment

The moment for when the tension reinforcement giéfdthe cracked section seen in
figure B.2 will here be calculated.

cl cl

v, ! )
/ As .
X rACC *He<gJd HV=
7/ Heed 7 0<g
//
M .
/ —Fictive concrete stress
L
As / l—sHc<cJ HV=
T T e eeeoe " /
< /
/
c2 c2

Figure B.2 Double symmetric cross section in stitevith strain distribution,
subjected to pure bending.

The expression for the location of the neutral tefpe a cracked section was derived
in section (xx) and can be calculated as:

9A
th-\ =" Te 9 *¢ =1 9 *¢J]c¢ (B-5)
® «9J ] YL«

where is the ration between the modulus of elasticitgtekl and concrete:

g — My Lw (B-6)
XT

The moment of inertia for a concrete section imestbis calculated as:

t 9¢ . . R
I\ =" Te o9 * A\ = o 9¢” ] (B-7)

J \ cLW' TCMT]Y MT] Mo JYL ] IYSA\ LWIIT]IY

'] Prel X° 1YL I VW'IT] 4. 2

]IyL¢
X

The tensioned reinforcement is located at a distajfcom the neutral layer:
<J* 9J]X ]]YLJ] KWs (B-8)
The moment for when the reinforcement yields camn he calculated as:

& Y]] TP VYW T] 2 _
<f - B-9
J——1J CW T KW J TW TW¢f (B-9)
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Appendix B.3  Calculation of ultimate moment

The ultimate moment for the section in figure(xx) Wwe calculated

fck

T

] 7 A S,C<ussss>r91: J=1,1t19
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I o

JHT
o © @ 09

A

Figure B.3 Double symmetric cross section in stitevith strain distribution,
subjected to pure bending.

The expression for the location of the neutral tfayben the ultimate concrete strain
is reached was derived in section 2.5.2.4 and easaltulated as:

9" *g

Lg Mt =19\ | Mgl e b J] (B-10)

® «9J ] JXUs
The yield strain for the reinforcement can be dal®ad according to equation (xx).

7 1% (B-11)

The strain in the compressed and tensioned reifoeat can now be calculated
according to equation B-12 and equation B-13 aedagsumptions can be verified.

¢* " 9¢ d X" ] ]XUg

73 —5— 7 TIXU MXY J]IKYo ? « (B-12)
" *g d XU ]]vg . — _
70 —5—7% TIXU M IXY J ] JITKKM S 2 « (B-13)

The momentMy,, for when the ultimate limit of the section is chad can now be
calculated by consider the moment around the taesdigeinforcement according to
the following equation:

J=1,gMt1OMc* >1090\ 21 I lcv" *¢J (B-14)
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Appendix C  Load-displacement relation

The internal force for when the ultimate momentlq@giated in appendix B.3) is
reached in the mid section can be calculated actptd equation C-1.

x| x I TYTL
J I — I WWK- (C-1)

The stiffness can be calculated according to liredastic theory, the modulus of
elasticity and the moment of inertia in state Irgvealculated in Appendix B.

XxV XXVIXTIT]S VW T] 4 -

Y XX
Sy YTKLC J X

(C-2)

The deflection in the mid section can now be exg@dsas function of the applied load
and the stiffness as:

WWKIT]C
—) —— : . C-3
5 J—J YT J ] IIXXY . J x XY (C-3)
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Appendix D Material and cross section constants

In this Appendix, a representative Young’s moduiusstate | and state Il and the
yield stress is calculated for both the wall simigh H = 350 and H = 300 mm.

H =350 mm

The Young’s modulus is calculated by reducing thauivg’s modulus for concrete
with a factor gamma, which is the quotient of thenment of inertias from state | and
state Il to get a representative value for the $tates.

where¥ is:

¥J — (D-2)

I, and |, are the moment of inertias for the state 1 antk S2arespectively and is
calculated with expressions (D-2) and (D-7) respebt. This gives:

¥J x]X (D-3)
And the corresponding Young’s modulus for the thadess becomes:

73— 20 e (D-4)
¥ XX XLt (

The yield stress is calculated by the following regsion:
NS (D-5)

My Ultimate moment capacity, calculated with exprasgD-14)
, Stress when the beam goes from linear elastice@llidplastic response
Z Flexural resistance
Since beam element in ADINA at maximum have sevaegration points, the

flexural resistance needs to be calculated witls #ept in mind. The following
expression is used:

A LA
With H=0.35m, B =1 m and e = h/6 the yield strbecomes:
3 _B ] TYTLsf-. 3 Y TWe
T T ¢ ( (D-7)
't
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It turned out that the beam element model in ADINK not reach the intended
internal resisting force, therefore the yield stress further modified with 4.22 %:

,J, TTIWKEJ YXYx ( (D-8)

The value above is used in the elasto-plastic amsafgr the beam element model. For
the 2-D solid element model, the same Young’'s maglis being used as the one
presented above in equation (D-4), but the yietdsstis calculated by assuming a
stress state corresponding to a fully plastic ceextion. The vyield stress for the 2-D
solid model then becomes:

s . TYIL¢-.

- - ¢
, J—1 A9 M ( (D-9)

V

By using the same equations as presented abovesi®\ppendix, but inserting H =
300 instead of 350, the following material and sresction parameters are obtained
for the 2-D solid model:

J VTYet ( (D-10)

I YXLe ( (D-11)
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Appendix E ~ Hand calculations for
displacements

In this appendix, simplified hand calculations ceming displacement are presented
in a more detailed way. The formulas used in tpigseadix are taken from Nystrém,
2006 and for a more detailed derivation the re&deeferred to Nystrom, (2006).

In order to verify the results obtained by the FBdel, hand calculations are
performed for both the linear elastic analysis adl \as the bilinear elasto-plastic
material response. In table E.1, the data concgriive geometry, density and
Young’s modulus are presented.

Table E.1 Input data for the hand calculations cnming displacement.

Length (1) 2.7m
Width (w) 1.0 m
Height (h) 0.35m
Density () 2400 kg/nd
Young's modulus (k) | 31 GPa

The total mass, M is to be calculated as the volafrmncrete times the density, see
equation (E-1).

2. 337 17T KKLxY (E-1)

The loads generated by the reference bomb areeirhdind calculations applied as
impulse loads and the magnitude of these loadprasented in table E.2.

Table E.2 Impulse loads.

Blast load (bjas) 7546 Ns

Fragment load flagmen) | 3272 Ns

Linear elastic analysis

In case of linear elastic material properties, displacement for different load cases
can be super positioned, which is not possibleHerbilinear elasto-plastic material
response. In table E.3, the transformations fadtormass, load and internal force are
presented for the simply supported beam which isickered in this project.
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Table E.3 Transformations factors for the lineaastic hand calculations.

P M K MP KP

0.640 0.504 0.640 0.787 1.0

By following formula the displacement can be cadted:

3:(“10»\ S:AAlAAA» (E-Z)
AZCE Ni 2 TEg

ﬂ .>10»1/41/ vJ

where K, is calculated by equation (E-3):

.. XXVIEyx M3 2 (E-3)
EE J TJ YXXTV¢ -

I is taken from Appendix Bnd is equal to:
I VWWIT] 2 2

This calculation gives a displacement @fd4=0.0349 m and this value is compared
to the results obtained by ADINA and SDOF in setha2.

Ideally plastic analysis

In case of ideally plastic material properties, ttasformations factors presented in
table E.4 are being used.

Table E.4  Transformations factors for the ideallggpic hand calculations.

P M K MP KP

0.5 1/3 0.5 2/3 1.0

The following equation is used to calculate theldisement:

0 ] 0%, 105 \ FAAARAS Q" (E-4)
VOV Be M Ace TKIT 5 12

This gives a displacement of:

ﬂ[’10»1/41/ J ] ]XLK ¢ (E'5)

Bilinear elasto-plastic analysis

When calculating the displacement with the bilinekasto-plastic material response,
the contribution from both the elastic and the fagart is calculated and
summarized. The transformation factors for the tplasnaterial properties are
presented in table E.4.
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By use of the equation for displacement in caseledlly plastic material properties,
the displacement for the plastic part is expressed

3 g (E-6)
Ae 1Ace TKIT 4 12

ﬂ[’m»%y J
From the cross section analysis, the ultimate Mdroapacity, M, is equal to:
2 oz J TYILYP (E-7)

The internal resisting force then becomes:

y X2 gk E-
¢ ) —— 3 WK (E-8)
This gives a plastic displacement equal to:

ﬂi>10»1/41/ J ] ]XLK f” (E'g)

The total displacement taking both the elastic gladtic response under consideration
is calculated by following expression:

ﬂ-’1°>>1/41/ (E'lO)

A
ﬂ->1°>>o [RE7Z2% J ﬂ|'>10»1/41/\ W‘J ] ]XMUS”
|, 10»YaY
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Appendix F  Error in Adina when analyzing the
dynamic problem with the explicit

solver with beam elements

During the analysis, problems occurred in ADINA whiresulted in values not
comparable to the ones obtained by SDOF and haledlatons. To solve these
problems many different things were tried and wheimg explicit solver instead of
the implicit, it turned out that for beam elemewith linear elastic material properties
the explicit solution generates displacements atalsh % smaller compared to the
ones obtained by the implicit solver. The curvestifi@ two different solver methods
and the displacement obtained by hand calculataon lie seen in figure F.1. The
maximum value obtained by the implicit method cspands well to the hand
calculated value. As the figure also shows, théopeseems to be somewhat delayed
for the explicit method compared to the implicit.

)

) ™\

) Z: \
= /X

_/) \ \

/) \

N

1)
Figure F.1  Difference in displacements for impHand explicit solver with linear
elastic material properties.

In theory, it is possible with a small differencetlween the two solver methods, but
not as large as the results turned out to be snpituject.

The results differ also for plastic- and for elastiaterial response as can be seen in
figure F.2 and figure F.3.
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Figure F.2  Difference in displacements for imph@and explicit solver with plastic
material properties.
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Figure F.3  Difference in displacements for impliciand explicit solver with
bilinear elasto-plastic material properties.
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Appendix G Different results obtained in
ADINA when using different
number of elements

When the wall strip was analysed in ADINA, a cofie® deformation was performed

for the model with two controlled point loads agtion the plastic elements, see
Figure G.1. This was done in order to control that material properties correspond
to the input data and was only analysed for theehatth two linear elastic parts and

one bilinear elasto-plastic in the middle.

P P

||

N

Figure G.1 Controlled deformation for the bilineatasto-plastic model with two
point loads acting on the elasto-plastic nodes.

When controlling the behaviour for different numioérelements, following numbers
were used: 3, 5, 9, 27, 45, 75, 135, 225 and 3M@b.ifternal resisting forces for the
corresponding number of elements are presentedgurd= G.2. The resisting force
obtained by the analytical solution is also showirigure G.2, and as can be seen, it
differs approximately 4 % from the value that theve tends to reach. This error in
ADINA can not be explained and to be able to geteate results the calculated yield
stress is increased with a factor 0.0422.
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Figure G.2 Internal resisting force for the bilinealasto-plastic model with
different number of elements compared to the nagidorce obtained
by the analytical method.
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Appendix H  Moment and reaction forces

In this appendix is moment and reaction forces eureesl in figures for the linear
elastic and the bilinear elasto-plastic materialpgrties. The moments are presented
in three points along the beam as a function oétiithe three are: the midpoint, a
quarter of the beams length, i.e. 0.675 m and thueeters of the beams length, i.e.
2.025.

Due to amount of data, only a few runs chosen adeanalysed. The following runs
will be presented: run 1 A, run 1 B, run 5 D andfanmly distributed.

Linear elastic results

In the elastic analysis, the fragmental load idiegseparately to see how the beam’s
behaviour differs between the different runs andenviihe load is applied as a
uniformly distributed.

$ & '

—5 6+

Figure H.1  Controlled deformation for the bilineatasto-plastic model with two
point loads acting on the elasto-plastic nodes.
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Figure H.2 Controlled deformation for the bilineatasto-plastic model with two
point loads acting on the elasto-plastic nodes.
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Figure H.3 Controlled deformation for the bilineatasto-plastic model with two
point loads acting on the elasto-plastic nodes.
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Figure H.4 Controlled deformation for the bilineatasto-plastic model with two
point loads acting on the elasto-plastic nodes.
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Figure H.5 Controlled deformation for the bilineatasto-plastic model with two
point loads acting on the elasto-plastic nodes.
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Figure H.6  Controlled deformation for the bilineatasto-plastic model with two
point loads acting on the elasto-plastic nodes.
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Figure H.7 Controlled deformation for the bilineatasto-plastic model with two
point loads acting on the elasto-plastic nodes.
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Figure H.8 Controlled deformation for the bilineatasto-plastic model with two

odes.
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Appendix I  Hand calculations for deflections
when mass is reduced during
impulse loading

Consider figure 1.1 where a simply supported beamxposed to a distributed load

q(t). The beam will, after a certain timg lbose a certain part of its mass. The total
load can be subdivided into two parts; one wheeentlass is indifferent and the other

where the mass has been decreased.

F(t)
| F)=q()-.L
| L
F(t)l
= m()| . vt
I
t
to 01 t2
m(t)
m
m P |
vt
to t1

Figure .1  Impulse loaded, simply supported beanerehpart of the mass is
removed.

The impulse for each of the parts can be calculased

¢Jy 03 (I-1)
{
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AJy 03 (I-2)

z

The momentum just before the beam loses a pats afass can be written:

OcJd . 118eJd . 118\ ] eeee® e8¢ J < (1-3)
-1

The kinetic energy at this energy can, at this tineecalculated as:

|~8A A A
S G, I g, g
K 1 AT KD,

% J (I-4)

KT.

The beam will now lose a certain part of its mdasthis case one seventh of the
height of the beam will be affected by the massovahand a certain proportionof
the mass in this layer will be decreased. The reimgipart of the mass, 1nis
expressed by a factortimes the initial mass, gnThe mass removal is illustrated by
the equations below:

]S=ST
>3 LT: (1-5)
Ced >

By assuming that the energy in the beam is unifpaiidtributed over the volume, the
energy after the mass removal has to decreasethgtsame proportion as the mass
was decreased. The energy after the loss of massovabe written:

A

%op J > 1 %¢ J >rKr@1 (1-6)

We can now calculate the velocity of the remainiagt directly after the mass loss
as:

A 8A

€ €
> J >, | —awe® w8 ] —J 8 -7
K. 1 1K L. € (-7)

We can see that the velocity will be conservedtdube fact that the kinetic energy is
directly proportional to the mass.

The momentum in the body at timeathen the load is removed can be expressed as:
0ad . ¢18aJ . 18\ psss (I-8)

The velocity at timejtcan now, by combine equation (I-7) and (I-8) bétem as:

€y _~A _
8ad =\ 37— (1-9)
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The kinetic energy, or the externally applied eggogin now finally be calculated as:

A
~_C€ A
Y R L N Bt (1-10)
Ypd % I —C .

The displacements can now be calculated for elagtligstic and elasto-plastic
material response with the equations below.

A
A ~_@ A
. JO>r' le r-le \ >T. 1e9‘ where . ¢ J. 1 NRe (I-11)
@ A .
~ ¢ 0
7hge . le ! >T. 1e * where . 16 J . 1ICee (I-12)
5 J
KT
5A
-1
5., J5 \\MS (1-13)
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Appendix J Alternative method to derive
tranformation factors

Transformation factors for load and mass for a §yrsppported beam can usually be
solved from the analytical expressions presentecClapter 2. The expressions
require however knowledge about the deformed shdpeh, for more complex load
situations, can be hard to find.

Consider load case three and four in figure J.1l.eWVinaving plastic material
response, the deformed shape is known and thefdraregion factors can be solved
from the equations presented in Chapter 2. Fotielamterial response however, the
deformed shape is more complex and an analytidatiso is not easy to find. An
alternative solution for the transformation fact@owever possible.

In commercial software for structure analysis,sitpossible to plot the deflection
along a simply supported beam with elastic resp@utgected to a certain load. In
this case ADINA was used.

The shape of the deflection can then be satisfactmscribed by a "4 order
polynomial. When the expression of the deformegsh#x), is known for the actual
load case, it can be inserted in the equationepted in Chapter 2 together with the
expression for the load(x), and the transformation factors can be solved.

Case 3 Case 4
I I
| | | 1
| L I | L I

Plastic response

Elastic response

Figure J.1 Load case 3 and 4.
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Appendix K Transition from elastic to plastic

material response in SDOF

The transformation factors for ideal plastic andaidelastic material response were
derived from the condition that the deformed sheape the material response were the
same independently of the magnitude of the loadtla@dieflection.

When the material response changes during thectiefie as for an elastic-plastic
material response, the transformation factor habetchanged in order to perform
calculations based on the proper shape of defoomdte. the proper internal energy.

The transformation factor for the loag is the same even if the material response
changes but the transformation factor for the massvill change which result in a
change of the combined transformation factar

The transformation factor for the mass is largerelastic material response than for
plastic material response which can be seen ashbatffective mass will decrease
when the response changes from elastic to plasthen using the central difference
method to calculate the deflection for an SDOF@aysthe effective mass has to be
changed during the calculation. A sudden changhekffective mass will however

result in a sudden loss of internal energy whicghtresult in unwanted effects. This
Is why the transformation factor for the mass cafr@ochanged suddenly.

A better way to describe the transition from elastid plastic material response is to
change the transformation factor and the effeatmass gradually. Since the material
response is a function of the internal resistahedransition should also be a function
of the internal resistance.

Figure K.1 illustrates how such a transition candome. For a certain resistance
where the deformed shape starts to change fronticelé®wards plastic, the
transformation factor starts its transition toolifear transition is the simplest one but
more advanced functions for the transition cancfrse be used, the linear transition
is however used in this project.

Another choice that has to be considered is when,what resistance, the
transformation should start. The purpose of thasiteon is to imitate the reality as
good as possible which is why the start point @& ttansition should be consistent
with the behaviour of the material

For reinforced concrete, it can be assumed thatierial response will start to go
from elastic towards plastic at the same interasistance as when the reinforcement
yields.

CHALMERS, Civil and Environmental Engineerindlaster’s Thesis 2009:81 117



Rol |-----mmmme--

Ry f-----

MFel

MFpl

Ry Roi R
Figure K.1  Linear transition for transformation facs.

The results obtained for kappa plastic, kappa ielastd kappa as function of the
resistance are presented in figure K.2
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Figure K.2 Deflection as function of time when gskappa plastic, kappa elastic
and kappa as function of the resistance. The saagis used.
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The effective mass as function of time when chamgiire kappa value is presented in
figure K.3. As can be seen, the duration of thaditeon is very short but it is still not
a sudden loss of energy.

Figure K.3  Effective mass as function of time.
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Appendix L Indata file for ADINA with elasto-
plastic material response

DATABASE NEW SAVE=NO PROMPT=NO
FEPROGRAM ADINA
CONTROL FILEVERSION=V85

*

FEPROGRAM PROGRAM=ADINA

*

COORDINATES POINT SYSTEM=0

@CLEAR

1 0 0 0 0

2 0 134 O 0
3 0 136 O 0
12 O 27 0 0
13 O 0 1 0
@

LINE STRAIGHT NAME=1 P1=1 P2=2
LINE STRAIGHT NAME=2 P1=2 P2=3
LINE STRAIGHT NAME=3 P1=3 P2=12

FIXITY NAME=SIMPLY1

@CLEAR
‘X-TRANSLATION'
"Y-TRANSLATION'
'Z-TRANSLATION'

@

FIXITY NAME=SIMPLY2

@CLEAR
‘X-TRANSLATION'
'Z-TRANSLATION'

@
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FIXBOUNDARY POINTS FIXITY=ALL
@CLEAR

1 'SIMPLY1'

12 'SIMPLY2'

@

CROSS-SECTIO RECTANGULAR NAME=1 WIDTH=0.35000000@00O0,
HEIGHT=1.00000000000000 SC=0.000000000000060T@000000000000,
TORFAC=1.00000000000000 SSHEARF=0.000000000000
TSHEARF=0.00000000000000 ISHEAR=NO SQUARE=NO

kkkkkkkkkkkkkkhkkhkkhkkkkkkkkk MATER IAL kkkkkkkkkkkkkkk kkkkkkkkhkk

MATERIAL ELASTIC NAME=1 E=3.86E9 NU=0.2000000000000,
DENSITY=2400.00000000000 ALPHA=0.00000000000000 NHOIRIP="concrete'

MATERIAL PLASTIC-BILINEAR NAME=2 E=3.86E9 NU=0.2 YELD=5.358e6
DENSITY=2400

kkkkkkkkkkkkkkhkkkkkkkkkkkk E LE M E NTS kkkkkkkkkkkkhkkik kkkkkkkkkkkkhkk
EGROUP BEAM NAME=1 MATERIAL=1 RINT=7 SECTION=1

EGROUP BEAM NAME=2 MATERIAL=2 RINT=7 SECTION=1
RESULTS=FORCES

SUBDIVIDE LINE NAME=1 MODE=DIVISIONS NDIV=14
RATIO=1.00000000000000 PROGRESS=GEOMETRIC CBIAS=NO

@CLEAR
1
3

@

SUBDIVIDE LINE NAME=2 MODE=DIVISIONS NDIV=1
RATIO=1.00000000000000 PROGRESS=GEOMETRIC CBIAS=NO

@CLEAR
2
@
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GLINE NODES=2 AUXPOINT=13 NCOINCID=ALL GROUP=1
@CLEAR

1

3

@

GLINE NODES=2 AUXPOINT=13 NCOINCID=ALL GROUP=2
@CLEAR
2

@

kkkkkkkkkkkkhkkkkhkkkkkkkkk DY NAM ICS kkkkkkkkkkkkkkkkk kkkkkkkkkkkkkk

KINEMATICS DISPLACE=small STRAINS=SMALL UL-FORMU=DEAULT
PRESSURE=NO INCOMPAT=AUTOMATIC RIGIDLIN=NO

MASTER ANALYSIS=DYNAMIC-DIRECT-INTEGRATION

MODEX=EXECUTE TSTART=0.00000000000000 IDOF=0 OVAIAZ=NONE
FLUIDPOT=AUTOMATIC CYCLICPA=1 IPOSIT=STOP REACTION¥ES
INITIALS=NO FSINTERA=NO IRINT=DEFAULT CMASS=NO
SHELLNDO=AUTOMATIC AUTOMATI=OFF, SOLVER=SPARSE

CONTACT-=CONSTRAINT-FUNCTION,TRELEASE=0.00000000(1D
RESTART-=NO FRACTURE=NO LOAD-CAS=NO,

LOAD-PEN=NO MAXSOLME=0 MTOTM=2 RECL=3000 SINGULAR=FS,
STIFFNES=0.000100000000000000 MAP-OUTP=NONE MAP-R8G-NO,
NODAL-DE=" POROUS-C=NO ADAPTIVE=0 ZOOM-LAB=1 AXISzYC=0,
PERIODIC=NO VECTOR-S=GEOMETRY EPSI-FIR=NO STABILIR©O,
STABFACT=1.00000000000000E-10 RESULTS=PORTHOLE FERR=NO,

BOLTSTEP=1 EXTEND-S=YES CONVERT-=NO DEGEN=YES TMC-
MODE=NO, ENSIGHT-=NO

ITERATION METHOD=BFGS LINE-SEA=DEFAULT MAX-ITER=50
PRINTOUT=ALL PLASTIC-=1

**************TI M E FU N CT I O N S*********************** kkkkkkkkkk
TIMESTEP NAME=DEFAULT

@CLEAR

4000 0.00001
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@

wexkBlast load
TIMEFUNCTION NAME=1 IFLIB=1
@CLEAR

0.0 0

0.00012 O

0.00022 1

0.00124 0

004 O

@

e Eragment loads* r+*
TIMEFUNCTION NAME=2 IFLIB=1
@CLEAR

0.0 0

0.00017 O

0.00022 1

0.00027 0

0.04 O

@

kkkkkkkkkkkkkkkhkkkhkkkkkkkkkk Lo ad S********************

***Blast load***

LOAD LINE NAME=1 MAGNITUD=4991071
***Eragment load***

LOAD LINE NAME=2 MAGNITUD=24234412

APPLY-LOAD BODY=0

@CLEAR

1 'LINE'1'LINE'1 0 1 0.00000000000000 0 -1 18 ONO/,
0.00000000000000 0.00000000000000 1 O

2 'LINE'1'LINE'2 0 1 0.00000000000000 0 -1 18 ONO',
0.00000000000000 0.00000000000000 1 O

3'LINE'1 'LINE'3 01 0.00000000000000 0 -1 18 ONO',
0.00000000000000 0.00000000000000 1 O

6 'LINE'2 'LINE'1 0 2 0.00000000000000 0 -1 18 ONO',
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0.00000000000000 0.00000000000000 1 0

7 'LINE'2 'LINE'2 0 2 0.00000000000000 0 -1 18 ONO',
0.00000000000000 0.00000000000000 1 0

8 'LINE'2 'LINE'3 0 2 0.00000000000000 0 -1 18 ONO',
0.00000000000000 0.00000000000000 1 0

kkkkkkkkkkkkhkkhkkkkkkkkkkkhkkhkk TH E E N D kkkkkkkkkkkkk kkkkhkkkkkkkkk
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