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ABSTRACT

ABSTRACT

The resistance of concretelsttures exposed to extreme loading conditions such as explosion,
impact, industrial accidents, tsunami, earthquake or their combination represents one of the
major topics in research today. Such loading conditions are characterized with high loading
ratesoften acting in conjunction with fire exposure. Especially vulnerable are the structures
located in the seismically active areas with high level of urbanization and proximity to
HAZMAT landfills, which additionally exacerbate fire conflagrations. Thehavor of
concrete changes significantly when exposed to elevated tempsrasuiing in the decrease

of its mechanical properties. Reinforced concrete (RC), when exposed to high temperature
culminates in a simultaneous thermal behavior of its two coast#usteel and concrete, that
should be considered ihe analysis. It is also known th#te resistance, crack patteand

failure mode in concrete are strongly influenced by the loading rate. The dynamic response of
RC structures previously exposed fiee changes significantly when compared to initially
undamaged RC structures.

The main objective of the present work igucher improvehe existing rate sensitive thermo
mechanical model for concrete throughe following (i) the implementation of
experimentally obtained thermal dependemdeconcrete fracture energy ithe thermo
mechanicamodel, (ii) the calculationof concrete thermally dependent meadbahproperties
by means of ndocal (average) temperature afiig to perform parametrictady on fastening
elements and RC frames in order to investigate the interaction betwederheally induced
damageand mechanical behavior of structures

The experimental investigations in the present work indicated thabtteeetdracture energy
has a declining tendency with the temperature increase, measured on small asidethid
concrete beams. This is implemented intttermaemechanicamodel and its indicatedthat
the decrease of fracture energy haslatively mildinfluence on reaction Waes in terms of
loading rate. However, its effect on the fracture patternsreactiontime historiescan be
considered amoresignificant The influence of the ndocal temperaturés validated against
the experimental results carried outR@ frameswvhich had beethermally predamaged and
subsequentlyoadedwith impact Currently there are almost no models that can realistically
predict the structural behavior at this level of compleXtyrthermore, @arametric study is
carried out to shouwhe irffluence ofpreloading osingleheaded studnchor and anchor group
with two and four studs, on the residual concrete edge failure capacity after fire expbsure.
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anchos areexposedo fire and loa@d in shear, perpendiculr the free edge of the comte
member up to failure, in both hot and cold state (after cooling). The influence of different
geometry configurations and initiabnditions such as the edgetdisce, embedment depth,
anchor diameter and duration of fire on the lbadring behaviorfaanchorss investigatedlt

is demonstrated that the preloading aasongnegativeinfluence ortheresiduaload-bearing

capacity otthe concrete

Finally, thenumerical parametric study is performed to investigate the influence of fire duration
andthe loading rate on the resistarmfdRC framesThe response of the RC structsgongly
depends on whether it whmded in hot or residual (cold) state, i.e. after being naturally cooled
down to ambient temperature. Furthermore, an extensive nuimamniestigation on the
influence ofpostearthquake fire on the residual capacity of RC frames with and without ductile
detailing isconductedThe numerical investigation encompassed the validation of the thermo
mechanical model in terms of temperaturgtrihutions, thermal deflections and lel€aring
capacity against the test data and subsequent parametric analysis with different levels of fire
exposure ranging from 15 to 120 min.
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Die Widerstandsfahigkeit von Betonkonstruktionen unter nwlikung extremer
Belastungsbedingungen wie z.B. Explosionen, StoBwirkungen, Industrieunfallen, Tsunamis,
Erdbeben oder deren Kombination stellt heute eines der Hauptthemenfelder in der Forschung
dar. Derartige Lastfélle sind durch hohe Belastungsrateangekichnet, die oft in Verbindung

mit Brandeinwirkung auftreten. Besonders geféhrdet sind Bauwerke, die sich in seismisch
aktiven Gebieten mit hohem Urbanisierungsgrad und in der Nahe von Sondermiuilldeponien
befinden, was Brandausbriche zuséatzlich begijinddas Verhalten von Beton andert sich
erheblich, wenn dieser erhohten Temperaturen ausgesetzt wird, was zu einer Abnahme der
mechanischen Eigenschaften fiihrt. Im Stahlbeton (R)mt es im Brandfall zu einem
gleichzeitigen warmeinduziertem Verhalten beiden Komponenten Stahl und Beton, welches

bei der Analyse beriicksichtigt werden sollte. Zudem ist bekanrg, diEasWiderstand das
Rissbildund das Schadensbild im Beton stark von der Belastungsrate beeinflusst werden. Das
dynamische Verhalten vdtahbetonkonstruktionerdie zuvor einem Feuer ausgesetzt waren,

andert sich signifikant im Vergleich zu urspriinglich ungeschadijsmbetonkonstruktionen

Das Hauptziel der vorliegenden Arbeit ist es, das bestehéastabhangigetherme
mechanische Modellfir Beton durch die folgenden Aspekte zu erweitern: (i) die
Implementierung der experimentell ermittelten thermischen Abhangigkeit der
Betonbruchenergién das thermomechanische Mode(ii) die Berechnung der thermisch
abhangigen mechanischen Eigenscimaftedes Betons mit Hilfe der nichtlokalen
(durchschnittlichen) Temperatur und (iii) die Durchfiihrung einer parametrischen Studie an
Befestigungselementen und HRahmen, um die Wechselwirkung zwischen der thermisch

induzierten Schadigung und dem mechanisdhenhalten der Strukturen zu untersuchen.

Die experimentellen Untersuchungen in der vorliegenden Arbeit zeigen, dass die
Betonbruchenergie bei Temperaturanstieg tendenziell abnimmt, was an kleinen und
mittelgro3en Betonbalken gemessen wurde. Diese Erkiseatrwerden in das thermo
mechanische Modell implementiert und es wird gezeigt, dass die Abnahme der Bruchenergie
einen relativ geringen Einfluss auf die Werte in Bezug auf die Belastungsrate hat. Die
Auswirkung auf die Risilder und die Kraftreaktionsv&iufe kann jedoch albedeutender
angesehen werden. Der Einfluss der nichtlokalen Temperatur wird anhand der experimentellen
Ergebnisse validiert, die an thermisch vorgeschadigten und anschlisRebioklasteten
(dynamisch belastetgiRC-Rahmen durchgeflihwurden.Derzeit gibt es fast keine Modelle,
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die das Strukturverhalten auf diesem Komplexitatsnivealistisch vorhersagen konnévit

Hilfe der parametrischen Untersuchungen wird der Einflus¥ddaelastungon Einzelbolzen

und Bolzengruppen auf derBetonkantenbruch nach Brandbeanspruchung gezdig.
Kopfbolzenwerdenzuerstdem Feuer ausgesetzhd nach der Brandbelastung, sowohl im
heiRen als auch im kalten Zustand (nach Abktihlung), quer in die Richtung der freien Kante des
Betonbauteils bis zum rBch belastet. Der Einfluss der Geometrie (Randabstand,
Verankerungstiefe, Bolzedurchmesser) und Branddauer auf das Tragverhalten von Ankern
wurde wntersuchtEs wird gezeigt, dass die Vorbelastung einen starken negativen Einfluss auf
den Betonkantenbriacnach der Brandbelastung aufweist.

Zudem wird eine numerische Parameterstudie durchgefiihrt, um den Einfluss der Branddauer
und der Belastungsrate auf den Widerstand vorRRlBmen zu untersuchen. Das Verhalten der
RC-Strukturen hangt stark davon ab, obsdién heil3en oder im erkalteten Zustand, d. h. nach
langsamer Abkuhlung auf Umgebungstemperatur, belastet werden. Des Weiteren wird eine
umfangreiche numerische Untersuchung zum Einfluss eines Brandes nach einem Erdbeben auf
die Resttragfahigkeit von RRahmen mit und ohnduktile Bewehrungsfuhrundurchgefihrt.

Die numerische Untersuchung umfasst die Validierung des ther@obanischen Modells
hinsichtlich der Temperaturverteilung, der thermischen Durchbiegung und der Tragfahigkeit in
Abhangigkeit der Verschsdaten und eine anschlieRende parametrische Analyse mit

unterschiedlichen Brandbeanspruchungsgraden von 15 bis 120 min.




CONTENTS

CONTENTS

1. INTRODUCTION .ttt eeeie ettt nene et e b e e e st e eemme e anees 1
1.1 Background, motivation and problem statement...........ccooeeiiiiicceeiiiicieee e, 1
1.2 Research obJECHVES ... 5
1.3 SCOPE OF tNE WOIK.....eeeeieieiieiee e e e eeeer s e e e e e e e e e e e e e e e nnneeeeeeees 6
2. LITERATURE REVIEW .ot emmr e 1.
2.1 Concrete at extreme loading CONAitiQNS........ccooveieeeeiiiieeeiiie e eeeeeeeeeeeeeeviveeeeeeeeeen ]
2.1.1 Behavior of concrete at elevated temperatures................evvvicceeeeeeeeveennnnnnns 8
2.1.1.1  Fire [0ad (SCENAIIOS)....uuuuuiiiiiieeeeeeeitieeeiie e s e e e e e e e eeeeeeeeeeetrnnneeeeeeeeeeeennnn 3
2.1.1.2 Mechanical properties Of CONCIeLE............ueiiiiiiiiiiieeeiiiiiiieieeee e 10
2.1.1.3 Thermal properties of CONCrete............oooviiiiiiemn e 16

2.1.2 Concrete SPalliNg.......oooooiiiiiiiit e e e e e aan 19
2.1.3 Behavior of concrete subjected to high loading rates..............ccoovvvceeeeen. 21
2.2 Steel at extreme loading CONAItIANS........cccviiiiiiiiiiiii e 25
2.21 Behavior of steel at elevated temperatures...........cccceeeeviiiccceiieeee e 25
2.2.1.1 MechaniCal ProPErtiES.........uuuueeiiiiiiiiiiieeeiieieieeee e 25
2.2.1.2 Steel thermal and physical properties............cccccuvurmiimemnieiiiiiinieeeeee. 27

2.2.2 Behavior of steel subjected taghiloading rates............coooeeiiiiiiiieee e 29
2.3 Combined thermal and static/dynamic loading..............ccccccmmniiieiiiciiiiiiie 33

2.3.1 Influence of fire on anchors loaded in shear perpendicular to the concrete38dge

2.3.1.1 Design provisions for fasteners loaded in shear exposed to.fire......36

2.3.2 Dynamic behavior of concrete at high temperatures...............ccooevveeeeeennn. 38
2.4 Behavior of concrete structures subjected to seismic loading................cceeeeeenene 41
2.4.1 Structures subjected to pastrthquake fire.............vvvviiiiiiiiceeeee e, 41
/228 T ©0] o o411 153 o] SRRSO 43
3. EXPERIMENTAL INVESTI GATIONS ...ttt 45
3.1 Measurement Of fraCture ENELGY........uiiiiiiiiiiiii e ceeeie e e 45
3.1.1 Influence of temperature on fracture energy........cccceeeeeevvivimmmeeiiiineeeeeeeninnnn. 45
3.1.2 Methods of determining fracture ENErgY...........veeeeiiiiiiiicceriiee e e eeann 47
3.1.3 Parameters affecting the work of fracture (Idadisplacementurve)............... 49
3.2 Experimental investigation: temperature dependent fracture energy.................. 52
T R I T o] (=T o F= T = (o o PR 52
3.2.2 Thermal EXPOSUIE....... ittt et e e e ree e e e e e e e e e aaa e e e eas 55

Behavior of concrete structures subjected to static and dynamic loading after fire expostage |



CONTENTS

3.23 Small CONCrete SPECIMENS........ccciiviiieieiiieeeee e e e ettt emr e 57
3.2.4 Midsized cONCrete SPECIMENS. .......coiiiiiiiiiiteeee e eeeeneeeeeneeeees 60
3.2.5 Fracture energy MeasUIeMENLS.........ciiiiiiiuuuuiaaaeaa e e e eeeiiae e e e eeeee s 64
3.2.6 Tensile Strength...........ooooi e 65
G TR T O] o] U] (0] o PP UPPPPOPPRRN 66

4. THERMO -MECHANICAL MODEL FOR CONCRETE AND THE 3D FE

ANALY SIS ittt e e 68

4.1 INEFOTUCTION....cciiiiiiiei e e et ieet e e e e s e ee e e e e s s e e e e e s smmnssnnnnneeeeeees ] 68
4.2 Microplane mechanical model with relaxed kinematic constraint....................... 69
4.2.1 Isothermal constitutive law for concrétéMicroplane model........................... 69
4.2.2 Cyclic loading in the microplane model..............ccccvviviieemiiiiiiiiiiiiieeeeeeeee 2
4.2.3 Microplane model fOr Steel.........oouviiiiiiiii e 73
4.2.4 RAE SENSIIIVITY . ..uurieiiiiiiiiiiiii et ee bbb eeenanes 74
4.3 Thermomechanical COUPIING.......ccccouiiiiiiiiiiiiieeei e 75

4.3.1 Thermally dependent mechanical properties in the microplane model.......76

T H A I 1= 0 = I3 = 1 80
4.3.3 Nonlocal temperature MOEL.............uuiiiiiiiiiieeeiiiiii e 82
4.3.3.1  FOrMUIALION. .....ceitiiiiiieis e eennee e e e e e e e e e e e e eeeeeeenennee 82
4.3.3.2  Weight FUNCLION........ooi e 83

4.4 3D FE AQNAIYSIS....coooeiiiiiiiici i eeee e e e e ———— e e e e e 85
4. 41 StatiC ANAIYSIS.......ccooiiiieeei oo a e r—— 86
4.4.2 Nonstationary (transient) thermal analysis...............cccccviiiicccreeeiviiicceeenn 86
4.4.3 Transient dynamic analySiS......cccoeiiiiiieiiiiiiieeei e 388
4.5 CONCIUSIONS ...ttt ettt e et et e e e e e e e eeeteeeeeataaaaeeeaeeeseesssammneeeaeeeessaaanns 389

5.  INFLUENC E OF EXPERIMENTALLY OBTAINED FRACTURE ENERGY

ON DYNAMIC RESPONSE OF THE CT SPECIMEN .......ccovviiiiii e 90

o0 A 11 £ Yo [1 o 1o 1R OO 90
5.2 Experimental studies of plain concrete CT specimen subjected to thermal and

AYNAMIC [O@ING......cooiiiiiiii et e e e e e e e e e e e e e e as 91

5.3 FE analysis of CT SPECIMENS........ciiiiiiiiiiii i eeieeee ettt eseeee e e e e e eeeanes 4

5.3.1 FE discretization and material properties............coeeeeieiiiieemeriiiiiiee e, 94

5.3.2 Results of the numerical analySiS.........cccuuiiiiiiiiiiemrice e eeee ) 95

5.32.1 Dynamic behavior of thermally undamaged CT specimen............... 96

5.3.2.2 Dynamic behavior of thermally prdamaged specimen (200°C)......... 97

Behavior of concrete structures subjected to static and dynamic loading after fire expoRage |



CONTENTS

5.3.2.3 Dynamic behavior of thermally prgamaged specimed@0°C)........... 101
I A O] o o] 815 (0] - P PUPPRRRT 105

6. INFLUENCE OF PRELOADING ON THE CONCRETE EDGE FAILURE

OF STUD ANCHORS AFTER FIRE EXPOSURE .......ccooeiiiiiiiiiiee e 106

G A [ 01 o o 18 o 1o o TR PRSP 106
6.2 Geometry and material PrOPErtiesS........coovvvviiiveiiimee e eeerens 108
6.3 NUMENICAl ANAIYSIS.......ceeieeieieiiii e ereer e e e e e e e e e e e e e aeeee s 109
6.3.1 Geometry, material properties and FE model................ccovvieeeeieiieeee, 109
6.3.2 Verification of the model...........ooooiiiiiiiii e 111
6.3.3 Parametric STUAY .........couuiiiiiiiiiiiii e 113
6.3.3.1  SINGIE ANCNOTL.......cciiiii e 113
6.3.3.2  Group of @nNCNOIS.........coooiiiiiiii e 117

6.4 CONCIUSIONS .. .ciiiiiiiiiiiiiiii s st e e s e e e e e e e s eanns s e e e e e e e eeeaeeeeeeeesannneeeeeeeeeeeeees 119
7. RC FRAME SUBJECTED TO THERMAL AND DYNAMIC LOADING ......... 121
4% T | 11 o o 18 o o o RSP 121
7.2 Finite element @nalySiS.........ccccuuiiiiiiiiiieeeii e 122
7.3 Experimental study and verification of the numerical model....................cceeee. 123
7.3.1 Geometry, FE discretization and material properties.............ccccoevvvceeenne. 124
7.3.2 Loading history (fire exposure and side iMpPacL)..............eveeeeeiiieeevveeeeeenen. 127
7.3.3 Comparison of the experimental and numerical results.................ccvveeee. 129
7.4 ParametriC STUTY . .....coouiiiiiitiiieeeeieeeiiibbbbbi e e e e e e s eeeess e e e e e et e e e e e e e e e e e e e e s ammmeeeeeeas 132
7.4 L STALIC ANAIYSIS.....uuuiiiiiiiiiiiiii e 132
7.4.2 DYNAMIC AQNAIYSIS.....ouiiiiriiiiiiiie e e e ceeerss e e e e e e e e e e e e e e eeees e e e e e e e e e e eeeeeeeeanaanaee 135
7.4.3 Rate SenSitiVity STUAY.........ccceeeiiiiiiiiiiieeee e 138
48 T O] o o111 153 o PR 141

8. RC FRAME SUBJECTED TO THERMAL AND CYCLIC LOADING

(POST-EARTHQUAKE FIRE) ...ciiiiiiiiiiieeiei e eennn s 143

S 200 R 01 1o Yo [ T £ o PSSR 143
8.2 Experimental studies on RC frame structunegostearthquake fire scenatrio........ 143
8.2.1 SeiSMIC 108U tEST......iiiie e eeee e 146
B.2.2 I LS.ttt e e e 148
8.2.3 RESIHUAI TEST....eiiiiiiiie e 150
8.3 FE model, initial and bour@aly conditions.............ccoiiii i 150
8.4 Validation of the thermanechanical model..............ccoiiiii e 155

Behavior of concrete structures subjected to static and dynamic loading after fire expdzage |l



CONTENTS

8.4.1 Simulated seismic load (cyclic analySiS)........cccceevveieeeiiiieeeiiiieee e, 155
8.4.2 Fire simulation (thermal analysis)..............uiiiiiiiiiieecc e 156
8.4.3 ReSIdUal 8NaAlYSIS......ccoiiiiiiiiiiii e 162
8.5  ParametriC StUAY........oii ittt ieee et e e e e e e e as 166
8.5.1 Thermal exposure according to ISO 834 fire CUtVe..........ccceevviiiiiicceneenn. 166
8.5.2 Residual capacity (ParamEL STUAY)........cvvriiiiiiiiieeiiiiieeee e 172
S 3 I O] o o] 181 (0] o - U PUPPURRT 175
9.  CONCLUSIONS AND OUTLOOK ...ttt eeeee e 176
BIBLIOGRAPHY oottt ee e s st e e annnrss s nnnnees 179
CURRICULUM VITAE .ottt eenat et e et e e e e e s s rmeeas 196

Behavior of concrete structures subjected to static and dynamic loading after fire expéage |V



LIST OF INDICES

LIST OF INDICES

Microplane model

., stress [N/mm?]
- strain [-]

- total strain tensor for concrete [-]

- mechanical strain tensor [-]

- free thermal strain tensor [-]

- thermemechanical strain tensor (LITS) [-]

- normal componertdf the microplane strain [-]

- volumetric component of the microplane strain [-]

- deviatoric component of the microplane strain [-]

- K effectivedeviatoric component of the microplane strain [-]

- shear component of theieroplane strain [-]

- K effectiveshear component of the microplane strain [-]

- principal tensile strain [-]

- macroscopic strain rate tensor [sY]

., normal component of the microplane stress [N/mm?]
., volumetic component of the microplane stress [N/mm?]
, deviatoric component of the microplane stress [N/mm?]
” shear component of the microplane stress [N/mm?]
” principaltensilestress [N/mm?]
S sphere surface [mm?]

1 Kronecker d#a (operator) [-]

ki, m directions of shear microplane components [-]

O uniaxial stresstrain relations for volumetric component [N/mm?]
O uniaxial stressstrain relations for eviatoric component [N/mm?]
O uniaxial stresstrain elations for shear component [N/mm?]
r discontinuity function [-]

- maximum value of the effective microplane strain [-]

- minimum value of the effective microplane strain [-]

0 unloadingreloading tangent moduli [N/mm?]
O initial elastic stiffness moduli [N/mm?]
C secant stiffnessoduli [N/mm?]
" positive peak stress [N/mm?]
- positive peak strain [-]

" negative peak stress [N/mm?]
- negative peak strain [-]

Behavior of concrete structures subjected to static and dynamic loading after fire expoBage V



LIST OF INDICES

| empiricallychosen constant between 1 and 0 [-]

i empirically chosen constant between 1 and 0 [-]

a internal miroplane model parameter [-]

b internal miroplane model parameter [-]

p internal miroplane model parameter [-]

q internal miroplane model parameter [-]

o Fo: material rate constants []

i crack spacing [mm]
W representative volume (nlmcal analysis) [mmq]
| nonlocal weighting function [-]

Thermoi mechanical coupling

t time [s]

ot time step [s]

d relative temperatre (model dependent) K]

To absolute reference temperature K]

T temperature (local) K]

Y temperature (nontal) K]

O Youngos modul Toss20°€ concrete [Nmm?
temperaturalependent damage paramgt&foungo6s mo

1A (concrete) ¥

O, Youngos nsteaanTh=u2 °Co f [N/mm?]

O yield strength of stedlp = 20 °C [N/mm?]

" concrete uniaxial compressive strengtii at20°C [N/mm?]

1k temperaturalependent damage paraerd compressive strength (]
(concrete)

Q concrete uniaxial tensile strengthTat 20°C [N/mm?]

1 temperaturalependent damage paramétéensile strength (]
(concrete)

“Op concrete fracture energy Bt20°C [N/mm]

1 temperaturaependent damage paramétéracture energy []
(concreté model I)

1 temperaturalependent damage paraméteensile strength []
(concreté model II)

A B, C model constants for the definition of LITS [-]

a characteristic length [mm]

i coordinate®f the contributing point (ndacal formulation) [mm]

() coordinates of the averaging point fiacal formulation) [mm]

Q maximum aggregate size [mm]

Behavior of concrete structures subjected to static and dynamic loading after fire expézage VI



LIST OF INDICES

FE analysis

0 crack width [mm]

Q mean element size [mm]

\% volume of the FE element [mmq]

_ thermal conductivity [W/mK]

&) specific heat capacity [J/kgK]

th heat transfer coefficient [W/m?K]

" density [kg/m?]

) internal heat source [J]
normal on the surface [-]

Tm temperatue of the medium K]

W surface of the element [mm?]
volume of the element [mmq]

f backward difference coefficiefdirect time integration method)  [-]

0 mass matrix [kg]

6 nodal accelerations [m/<]

0 damping matrix [Ns/m]

0 nodal velodies [m/s]

Q resulting nodal forces [N]

Q external nodal forces [N]

Q internal nodal forces [N]

Fracture energy measurements and numerical studies

O macroscopic fracture energy (tension) [N/mm]

0 area underneath thead displacement curve (Peterson method) [mm?]

0 total mass of the beam [ko]

0 gravity constan(9.806) [m/s7]

1 maximum deflection at the ultimate peak [mm]

) width of the beam [mm]

Q depth of the beam [mm]

W depth of the crack [mm]

0 a length of the beam [mm]

S distance between the supports in a TPB test [mm]

0 qlistance between the notch tip and the upper beam sliokam [mm]

ligament)

0 the crosssection area of the beam ligament [mm?]

0O compressive Youp6 s modul us [N/mm?]

) area under the entire loalsplacement curve (RILEM) [mn?]

Behavior of concrete structures subjected to static and dynamic loading after fire expgeéages\VIl



LIST OF INDICES

) area under the curve AMBA [mm?]

) work of fracture (Guinea, Planas and Elices model) [J]

Y displacement at the point A [mm]

Y displacemenat the point B [mm]

P load [N]

0 peak load [N]

3 Poi ssonébés ratio [-]

i tensile strength of concrete [N/mm?]

fe compressive strength of concrete [N/mm?]

., bending strength [N/mm?]

| size effect coefficient [-]

O enthalpy of tle system [J]

, conversion degree of the reactants [-]

| temperature expansion coefficient of the concrete [1/K]

! apparent specific heat [J/kgK]

Wk shear resistance at ambient temperature [N]

Q the nominal diameterfdastener [mm]

a the effective load transfer length [mm]

Qp cube compressive strength [N/mm?]

Q mean concrete cylinder compressive strength [N/mm?]

0 R projected area of the failure surface for the anchor group [mm?]

o projected area of the fully developed failure surface for a singl

O R anchor [(mm’]

Wk shear failure of anchor groups [N]

& characteristic resistance of concrete edge failure at 90 min of 1 IN]
exposure

& i characteristic resistance of concrete edge failure at 120 min of IN]
exposure

0 design shear resistance as obtained EN19941-2 [N]

ol reduction factor for stresstrain relationship of concrete at high (]
temperature.

W design shear resistance as obtained #@h318 [N]

S distance between the anchors [mm]

Pet embedment depth [mm]

da anchor diameter [mm]

C edge distancésingle anchor) [mm]

C1, C2 edge distance (anchor group) [mm]
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1. INTRODUCTION

1. INTRODUCT ION

1.1 Background, motivation and problem statement

The behavior of concrete and steel components subjected to elevated temperatures differs
substantially from their behavior at ambient temperature (Khoury,al S85neider, 1988je

Borstand Peeters, 198 a k euc hi , 1993) . ltds one of the
where most of the current design codes provide simplified guidelines for the design of RC
structures to withstand fire (EN 19922:2010. Part 1.2; IS 456:2000; ASTM E27482a;

ACI 216.1:-14 Fire code). However, if the loading rate, complexity of the structure, earthquake

or preloading conditions are combined with fire exposure, the task of predicting structural

behavior becomes more demanding.

The physical processes that take place ntoete at high temperatures represent the foundation

for realistic modeling and have already been discussed and ddscribpen det ai | ( Ba
Thongutai, 1978 Bagant & Kapl an, 1996; Khou.rThe et al
mechanical properties of concrete decrease significantly with the increase of temperature as
well (Schneider 1988) whereby the recuperation &l gieoperties upon cooling differs from

that of concrete. In recent years, the influence of loading velocity on the behavior ef quasi

brittle materials has been intensively investigated (Dilger et al., 1978; Reinhardt, 1982; Banthia

et al., 1987; Bentur el., 1987; Curbach, 1987; Bischoff and Perry, 1991; Reinhardt and
Weer hei j m, 1991, Cu s aali, 2015; 02012); Thedlgadiogl rate e t é
influences thetructurabehavior by two effects:)the timedependent growth of micreracks

or the viscous behavior of ¢hconcrete between cracks and Yarious influences of inertia

such as formation and path of the macracks, nodinear behavior of the material (hardening

or softening) and inertia at the structural level. Although both eff@asalways present,
depending on the material and tbading ratethe first or the second influence is predominant.

In the case of concrete, as a quaditle material, the first influence dominates for medium and

high load velocities. The secondirdlnc e domi nates for very fast,
al., 2011), whereby the influence of high strain rates on the behavior of the material should not

be neglected here either.

Principally, the resistance of the material increases with increbsdgg rate and above a
certainloading ratethe increase is progressive. The numerical investigations show that this
progressive increase in resistance is due to the inertia and not to the strength of the material.

However, this is very difficult to proveybexperiments, as it is not possible to filter out the
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influence of inertia completely in the experiments. This is because the experiments to determine
the dynamic properties of the material are carried ostroicturege.g. concrete cylinders) and
in swch investigations, various inertial effects are always present, especially at very high strain

rates.

The extremely rapid loads not only influence the mechanical behavior of the concrete, but also
thetypeof f ai | ur e ()OBpded dnexpariémtalaand .nymerkzd ibvéstigations it

has been confirmed (Ogbol't et al ., 2006) tF
bending or pulling of concrete shear connectors) the Mode | failure changes to the Mode I
shear failure mode with increasingalling speed. The phenomenon can be explained by the
influence of boltretal, 2006 2011f 20X5hebehayioDdf concrete at high

strain rates and simultaneously at high temperature has been relatively little studied so far. In
principle, there are two load scenarios: (1) thermally induced damage due to fire exposure and
subsequent dynamic loading. These cases would be viable from the safety aspect, e.g. explosion
or impact as a consequence of fire outbursts; (2)-fRresscenario aftedynamic or cyclic

loading, e.g. a fire conflagration after an earthquake would represent a relevant scenario for
engineering applications.

An unloaded test specimen under high temperature expands unhindered (free thermal
expansion). The same test undeecimanical load shows a completely different overall

el ongation behavior. The effect that I|-eads t
induced thermal strain” (LITS) (RILEM.998). The transient creep is significantly larger than

the creemf concrete loaded at normal temperature. Numerical investigations on thecaéso

of concretehave shown that the reason for such behavior is the interaction between the load

i nduced damage and the free thermalinggdtrains
building components, both strain components have a significant influence on the behavior of

the components under fire load.

The decrease of the mechanical properties of the concrete at high temperature as well as the
nontelastic strains and relagly high pore pressure lead to damage and to a decrease of the
load-bearing capacity aftructures Explosive or norexplosive spalling (erosion) represent a

maj or type of damage of t he do2008,r2@l4; eakmarni i t s
et al., 2014; Sharma et al., 2016). Damage in the concrete caused by thermal stress has a
significantimpact on the behavior of the concrete under dynamic load. With this in mind, there

are virtually no test results available in the literature.
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1. INTRODUCTION

Up to now, the design rules for reinforced conc(&€) structures exposed to fire loads have
mostly been of grescriptive nature (minimum cover and minimum dimensional requirements),
which are insufficient and are not based on sound mechanical principles. Due to the lack of
rational and preventichased design methods, several incidents including the collapise of
structure due to fire exposure or simply inability for reparation after fire outburst have occurred
in the past. Some of the wddhown recent natural hazards that led to the structure collapses
subjected previously to complex loading scenarios megdiabove are the San FernandsSA

(1971); Kobe Japan(1995; Marmara, Turkey (1999)Fukushima Japan(2011) and Chile
(2014) earthquake$igurel-1a andb). Most of these hazardous events caused uncontrollable
fire conflagratims in residential and industrial buildings followed by anotterardous event
(earthquakkor a series of explosions. The design guidelines for providing an adequate level of
fire or seismic resistance are made separately and do not link these two(8hahtst al,

2017). If the structure collapses during the fire, there is a very high probability of personal
injury, which is an unacceptable scenario for civil engineers and must be prevented. However,
prescriptive design models cannot guarantee sufficeafety against the collapse BIC
structures exposed to fire. The safetyroR& structure against fire load can only be guaranteed

by reliable models that are able to take into account the complex phenomena mentioned above.

Figure 1-1. (a) London fire in 2017(b) the aftermath of the Kobe earthquake in 1888 (c)
the Sharjah tower blazen 2012(Source: sebibliography).
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In cases where the struptuis fire resistant, damage that occurs is in the form of a concrete
spalling, exposing reinforcement and culminating in degraded material properties. Few
examples of structures that resisted fire without collapsieghown in Figure 1.1c. Once the
structure has been exposed to fire, it is necessary to assess whether the structure is capable of
fulfilling its postfire function or whether remedial action is requir@dhe procedures are
required to qualify the structure functionally and structurally arestimate the type and extent

of repairs required (quantitativay well Non-destructive investigations to estimate the extent

of the decrease in material properties are necessary, but not sufficient to estimate-the load

bearing capacity of the structurea postfire scenario.

The evaluationof seismically damaged RC frame structures pointed out the facthibat
structures constructed before the hR70s were especially vulnerable to earthquakes due to
the absence of a reliable seismic design sutheainforcement ductile detailimgthe beam
column jointand supported columngherefore, hilding code requirements for seismic design
and detailing of RC have changed significantly since thelfiitDs, in response to observed
earthquake damage and mcreased understanding of the importance ofildudetailing of
reinforcement(Shah et al., 2006 Since earthquakes are very often regarded as a low
occurrence but highonsequence event, it is difficult to account for all possible loading

scenarioshat could occur and to pinpoint the location of the impact.

The postearthquake scenar(®EF) encompasses the event of fire expespreceded by an
earthquake Structural members of an RC frame subjected to cyclic load representing an
earthquake event arslibsequently exposed to fire are still not investigated enough. Several
experimental tests on fudicale concrete structures that have been done in the past decade will
be used for the validation and calibration of themmechanical model implemented ira8D

finite element{FE) program.
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1. INTRODUCTION

1.2 Research objectives

The main objectives of the presented work can be summavigethe followingmilestones

1.

Investigate the influence of preloading and fire duratiba singleanchorand anchor
groupswith two and bur studson theresidual concretedgecapacity loaded in shear,
perpendiculato thefree edge of concrete member.

Investigate the influence of thermal and dynamic load or their combination on the
response of RC structures from the numerical pointent.

Preform experimental investigation on small and-simkd plain concrete beams to
determine the influence of temperature on fracture energy up to 600°C.

Update the existing therrmoechanical model with the experimentally obtained data
and perform pametric numerical analysis on CT specimens subjected to high loading
rates.

Find the causes for the horizontal displacement underestimation of thermally pre
damaged RC frames subjected high loading rates.

Implementation of the ndocal temperature fieldhithe existing ratelependent thermo
mechanical microplane model in order to properly calculate the reduction of concrete
mechanical properties in the case of combined thermal and dynamic load.

With the improved thermanechanical model, predict correcthetresponse of the RC
structure subjected to successive thermal and dynamic loading.

Investigate the influence of structural inertia and loading rate on the dynamic response
of the RC structure.

Validate the thermanechanical model against the experimedtth of RC frames in

the PEF scenario in terms ofleformations during the initial seismic analysis,
temperaturedistributiors, thermal dilatations andbad-carrying capacity aftethe

residual cyclic analysis.

10.Investigate numerically the influence of thestearthquake firdased on the ISO 834

fire curveon the residual capacity of RC frames with and without ductile detailing.

Behavior of concrete structures subjected to static and dynaadiin¢pafter fire exposure Page b



1. INTRODUCTION

1.3 Scope of the work

Within the scope of the present work, the influence of thermally induced damage on the static
and dynamic behaor of plain and reinforced concrete structures will be investigated. Particular
attention will be paid on the fire duration times, rate of loading, the complexity of the
reinforcement configuration, the deterioration of concrete mechanical properats/ated
temperature and the loading boundary conditions. The thereatanical model will be
validated against each of the study cases and subsequently a parametric analysis will be carried

out.

Although the influence of temperature on tiencrete loatbearing capacity witlsingle and
group of fasteners in both hot and cold state has already been invesfigated2018) the
influence of preloadingf single and anchor groups the residual concrete capacity after fire
exposurein both hot and coldésidual) statstill has to be properly appraisdd.that manner,
an extensive parametric stuthcluding different geometry configurations and initial conditions

(fire exposure duration} carried out to investigate the effect of preloading

The secongart of the numerical study will be focused on the response of RC frame under
combined thermal and dynamic loading conditions. Pasgtibylthe influence of the nomtal
temperature field on the reduction of concrete mechanical properties and the dgspoinse

of the RC structure is investigated. Furthermore, the contribution of the rate sensitive

constitutive law for concrete on the dynamic structural resistance and failure mode is examined.

Fracture energy was assumedbéothe reason for the mismhatbetweerthe experimental and
numerical results in the preceding numerical st{Riyta, 2018)To get a better insight on the
influence of temperature on fracture energy, an experimental study including small and mid
sized specimens has been carried g obtained temperature dependence was implemented
in the exising thermemechanical model and subsequently, B study under the same

boundary conditionas in the experimentascarried outagain.

Furthermore, a large part of the numerical study deaticated to the numerical investigation

on the influence oPEF on the residual capacity of RC frames with and without ductile
detailing. The numerical study initially focuses on the validation of the numerical model in
terms of temperature distributiothermal deflections of structural members and the residual
capacity of the RC frames against the experimental results. Subsequently the influence of fire
duration, considering the same loading sequence as in the experiment, on the load bearing

capacity ismumerically studied.
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2. LITERATURE REVIEW

The following text encompasses four subject matters concerning the behavior of concrete and

steel under various loading conditions with the emphasis on temperature and dynamic loading:

(i) Concrete behavior under extreoading conditions (elevated temperature and high
loading rates),
(i)  Steel behavior under extreme loading conditions,
(i) Preliminary work on the subject of thermal and dynamic loading,

(iv)  Behavior of concrete subjected to seismic loading andgao#tquake firdPES).

In the previous chapter, a short summary prasidedas to what these types of extreme loading

conditions could culminate in.

2.1 Concrete at extreme loading conditions

Theuse ofterminologyfor extreme loading conditions will dartherin thetext considered as
thecombination oboundary conditions consisted of fire exposure and/or dynamic loading. To
evaluate correctly the results of the experimental work and numerical investigations, one must
understand the complex processes occurring in cananet reinforced concrete (RC) structures
underextreme loading condition¥he behavior of concrete under fire exposure is a complex
phenomenon, especially because concrete contains water that clhkaaggsdgate state when
heated whereby thffee waterbehaves differently from physlly or chemically bounded
water. Moreover, aggregates can change their crystal structure (quartz) or lose mass
(limestone). Oftendue to boundary conditionthethermal expansion is preventegsulting in
constraining fores andstrong temperature gradientisat materialize in the event of fire
resulting inthermally inducedstressesThe creep and relaxation, which may be increased at
high temperatures, play an important rakwell The deterioration of concrete mechaati
properties subjected to elevated temperature can be attributed to (Arioz O., 2007):

() Physca chemical changes in the cement paste,
(i)  Physca chemical changes in the aggregate,

(i)  Thermal incompatibility between the aggregates and the cement paste.

The chem-physical processes occurring in concrete and its constituents at different
temperature levels are illustratedRigure 2-1a. An example of the concrete microstructure

based on silic@walcareous aggregates at 600°C is showsigare2-1b.
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(a)
30-120°C  30-300°C 120-600°C 450-550°C 570°C 600-700°C 780°C 600-900°C  T=>1100°C
Release of Dehydration of Release of Decomposition Transformation Decomposition of CSH  Recrystallization Decarbonation Melting of
evaporable non-evaporableor remainder of  of Ca(OH), from o to B-quartz  and formation of B-C,S of unhydrated of limestone concrete
water chemically bound evaporable and Ca(OH), — CaCO + H,0 cement aggregate

water in cement gel non-evaporable
water

Figure 2-1. (a) Physical and chemical changes that occur in ceteat elevated temperatur
and(b) themicrostructure of concrete based on siticalcareos aggregates heated to 600
(Hager et al., 2013)

2.1.1 Behavior of concrete at elevated temperatures
2.1.1.1 Fire load (scenarios)

Structural members exposed to fire will react differently depending on the temperature gradient,
utilized fuel, the oxygen supply ordlpresence of wind. To ensure a consistent comparison of
the structural sensitivity to fire, the temperattinee (T-t) curves, known also as design fire
curves are used. These curves are classified by their heating gradient, area of application
(tunnel, tain, car fires etc.) or the scenarios typeable2-1 provides an overview of the fire
design curves for different fire scenariadile the RWS and RABT curve are described below

RWS (Rijkswaterstaat) curve

For the purpose advaluation of tunnel protecting materials, the RWS curve was proposed for
the worstcase scenario, i.e. a 5C fael, oil or petrol fire in a tunnel. It is characterized with

high thermal gradients, reaching 1200°C in the first 10 minutes and furthexsaedce1350°C.
RABT curves

The RABT curves represent a scenario with fire developed in train and car acditierrapid
increase in temperature to 1200°C where it remeonstanfor about one hour is observed,
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followed by a linear cooling branch tee room temperature.

Table2-1.Fire design curves for different fire scenarios

Design fire
curve

Equation

Area of application

Standard 1ISO
834

Y ¢mothl Qw p

All fire design
scenarios

Eurocode! Y ¢moop m@® Yy ™ p@ 8 External fire curve
Hydrocarbon CTop Tyt @ C® % X 8 Ignition of oil, gas,
curve (HC) chemicals etc.

N based ortheHC
modified HC Y CTopcym T C® P @ y® 8 Curve but with
curve

increased safety
requirements

In the present workthe standard ISO 83designfire curve is utilized in the parametric

numericalsimulations For comparison, the nanal design fire curves are plotted Figure

2-2a.
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Figure 2-2. Design fire curves (a) and the clarification of the temperature states for the
numericalanalysis (b)

Since the majority of the numerical study is performed in either hot ostaii{residual state),

a schematic description of these terms is givafigare2-2b. Loading in hot state is referring

to application ofthe load or displacement when the specimen or structure is still at high
temperature. The cold state refers to results obtained after the specimen has been cooled down

to ambient conditions from its corresponding target temperature.
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2.1.1.2 Mechanicalpropertiesof concrete

Thermal expansion of concrete

When sibjected to elevated temperature, concrete undergoes a nonlinear expansion. As already
mentioned, due to the difference in therm@pertieof its constituents, the complete concrete
microstructure is exposed to miestrains, micrecracking and overall deterioration process.
Indeed, a large amount of concrete strength degradation can be linked to the imparity of volume
expansion between the concrete and the cement paste.

(a) (b)
3 q 0.5 -
Sandstone || Concrete - different T | Bazant & Kaplan (1996)
2.5 1 Tt Lime:tone aggregate types 4"/’ 0 -_é-;ﬂ.:::i-‘:\“‘: Y T T 1
_____ Basalt S~ &y
= = _ 00\ N, 600 800
.% 2 4| Granite .§. 05 - Y
o Pumice N
215 4 B
T 15 Bazant & Kaplan (1996) % -1 4
x :
[} 1 £
o 4
g E“ 15 - Crowley (1956)
S5 A _‘c: ------- Phileo (1958)
-2 4| ---- Harada etal.(1972) | el h
0 ! ! ! ! L | Cruz and Gilen (1980) -
0 200 400 600 800 1000 -2.5 -
Temperature [°C] Temperature [°C]

Figure 2-3. Linear thermal expansionof different aggregate&) and a change in lengtbf
cement pastfrom different sourcegb) asa function of temperature

Aggregates and cement paste behave and expaatckdity when exposed to high temperature
(Bagant and Kapl an, 1996 ; Khour vy, 2006) . N a
limestone, granite or pumice undergo a constant thermal expansion with the increase of
temperaturg although significant differeces ocur between different aggregate types
Hardened cement paste, on the contrary, expaittisawmaximum dilatation of 0% in the

first stage of the heating phase, up to 150°C and then shortly before the temperature reaches
300°C it starts to shrinkand continuedo contract to about 1.6 2.1%% at 800°C. This
expansiorcontraction behavior of the cement paste above 100°C can be attributed to the loss

of evaporable water and to different dehydration temperatures of various hydrates in the paste.

Freethermal strain

Since the aim of this study was to investigate the structure response after the first heating, no
heating cycle regime was introduced as a boundary condition. Therefore, the following text will
focus on the straisasodbheat opgdcdaoalengThbet Aé

with the increase of-fnteap eadrmd wicleodadd T Dampto n@ it
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have different propertieS he t her mal st rfan eme d TSQ mp sn d rhte difl
that developin the nordrying concrete when it is exposed to elevated temperature without

any applied load. For drying concrete, thermal strain and shrinkage are normally determined
together and are considered assoapar abl e. With thatinotion
further in the text is related to both shrinkage and thermal strains.

18 ~
Sandstone -
16 - £ S~

— — = Quartzite 4 = -

14 4 Limestone 4

12 4 |----- Basalt

— - = Expanded clay
10 A

e

Strain [%]

o N B~ O
1

| = Schneider (1982)

0 200 400 600 800 1000

Temperature [°C]

Figure 2-4. Thermal expansion of concrete with different aggregates

Load induced thermal strain

Experimental evidence suggests tthrmechanically loaded concrete upon virgin heating
experiences a quasistantaneous loaithduced thermal strain (LITS). The understanding of

the origin of LITS is crucial for a reliable assessment of structures affected by fire. Khoury et
al. (198%) nota the difference in strain, which develops in a concrete specimen, loaded in
compression and exposed to elevated temperature compared to an unloaded concrete and
referred it to as LITS.

Heated Loaded and heated

S S
S %////% _____ T S

Figure 2-5. Schemat description of LITS strain components developing in a concrete
specimen for: heated state (a), Loaded state (b) and combined loaded and heated state (c)
(adapted from Torreli et al., 2016)
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The LITS can be obtained by subtracting the free thermahstra an unloaded control
specimen subjected to the same thermal load as the loaded one and the elastic strain at ambient
temperature from the total straifigure2-5). Anderberg and Thellandesson (1976) performed
a series of mesurements where the LITS component was deteEtgdré2-6b). The results
were plotted for a cylindrical concrete specimen having 75 mm in diameter and 150 mm in
height. It is evident that concreté lawer load levels (up to 22% of fc) expands with the
increase of temperature. Hewer, at higher load levels (4bof fcand more) concrete starts to
undergo contraction.

(a) (b)

Temperature [°C]
0 200 400 600

=
N

Anderberg & Thelandersson (1976) | 0=0

[uny
8}

-- 0=0.225fc

=
(=]

Strain [%o]
Strain [%o)

S AN O N MO ®

0 200 400 600 800 1000 1200
-10 - E Temperature [°C]

Figure 2-6. Master LITS curves (a) aridtal elorgation of concrete during heating in unloaded
and loaded condition (uniaxial compressidh) of concrete as a function of temperature

An important feature of LITS is that is occurs only during the first heatyode and it is
irreversible upon cooling=igure2-6adisplayst he fmaster 0o LI TS curves
(2006), which are plotted as the difference between free thermal strain and strain from various
load levels. LITS are independent of the initial moisture contentirfsealed conditions and
temperatures above 250°C. Furthermore, LITS are also independent of the aggregates nature
for temperatures up to 400°C and on the heating rate when the rate is lower than 5°C/min
(Torelli, 2016). The experimentally measured valudsl®S exceeded the expected creep and
elastic strain increments during the Hdanload tests (Schneider et al., 1988; Thelandersson,
1974 and 1982). This led to an introduction of an additional strain component that occurs during
the first heating, refrred to as TS (transient strain). It is important to note that it is very difficult

to measure directly the isolated transient strain. For unsealed specimens, the TS is consisted of
two components, the drying creep manifesting itself from th@ccurrence of accelerated

drying process during heating and a moisture flux independent compdnemgient thermal

creep- (Hansen et al., 1966).
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Concrete Youngb6és modul us

The increase in temperatutauses the formation of rapid shtinhe creep, which ultimately

|l eads to the decrease of Youngo €comespbondstos . Us
the | oading duration of 15 min. Since the Yo
stiffness, a reduction in stiffness leadsatoeduction of the modulus. The breakage of bond
contacts between the aggregates and the cement paste in the microstructure causes the reduction
in stiffness at high temperatures. The type of the aggregate has a significant influence on the
reductionofte Youngdés modulus with temperature. Li
decrease in elasticity modulus, while siliceous the highest (Schneider, 1982; Cruz, 1966).
Aoyagi et al. (1972) showed that the relative elastic modulus decrease is more prdnounce

the high strength concrete that in the low strength concrete. Abrams et al. (1979) indicated that
prolonged heating up to temperatures of 230°C causes a further reduction of the elasticity
modulus. This reduction was turned out to be several timgsrl#tan that measured in short

term tests.

1.2 4

—O— Quartzite
—A— Expanded clay

—&— Limestone
—&— Sandstone
—@—Basalt

o
(o]

Relative Young's modulus
E(T)/EZ"C []
o o
IS o

o
N

0 200 400 600 800 1000 1200

Temperature [°C]

Figure 2-7. Relative elasticity modulus of conaeds a function of temperature (adapted from
Schneider1982)

Concrete compressive strength

Compressive stretig of concrete at ambient temperature depends upon-oe&tent ratio,
aggregatgaste interface transition zone, curing conditions, aggregated type and size,
admixtue typesand type of stresstate(Mehtg 2006) At high temperature, compressive
strengthis highly influenced by room temeure strength, rate of heatiagd binders in batch

mix (such as silica fume, fly ash, and slégydur, 2014) Abrams (1971) published the results

of compressive strength tests on concrete cylindrical specimens nthdéiffarent types of
aggregate (calcareous, siliceous and lightweight expanded shale) heated to temperatures from
200 to 1600°F (93 to 870°C). Some of the results are showigure2-8. The compressive

Behavior of concrete structures subjected to static and dynaadiin¢pafter fire exposure Page [L3



2. LITERATURE REVIEW

strength, tested in hotagé, gradually declines up to 650°C where the reduction amounts to

75% of its initial value.

1.2 4 —&— siliceous (DIN EN 1-2, 2004)
—H— Calcareous (DIN EN 1-2, 2004)
c 1 —=A— Carbon (Abrams, 1971)
o —&— Siliceous (Abrams, 1971)
s - -G - Sandstone (Zoldners, 1960)
= 0.8 A - 3 - Gravel (Zoldners, 1960)
$ - - A - Morita (1992)
> o -4 - Morita (1992)
a a.., 0.6 —&— Khoury (1999)
g % —e— Abramhs, 1971
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T
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Figure 2-8. Relative compressive strength of concrete as a function of temperature

Schneider (1982) comparedetliinfluence of temperature on compressive strength for three
different aggregate types: Limestone, Expanded clay and Quartzite. A rather constant relative
strength is observed up to 300°C for all three aggregate types. However, with the increase of
temperéure, the concrete with expanded clay exhibits the strongest reduction, while Limestone
and Quartzite aggregates react approximately the same. Note that the tests were performed on
unsealed specimengigure 2-9b displays differentbehavior of various concrete types
depending on whether they have been tested in hot or cold state. It can be observed that the cold
state negatively influences the relative decrease of compressive strength compared to its
counterpart irthe hot state. Cocrete material suffers greater thermally induced damage when

it has been cooled down to ambient temperature, hence the drop in strength.

(a) (b)

—B-Limestone (Schneider, 1982) . ——Carbonate - hot

——Lightweight - hot
—&Siliceous - hot
—A—Carbonate - cold

—A—Expanded Clay (Schneider, 1982)

—o—Quartzite (Schneider, 1982)

] —<Lightweight - cold
—&=—Siliceous - cold
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Figure 2-9. Relative compressive strength of concretehwdifferent aggregates (a) and
comparison between the hot and cold state (b) as a function of temperature
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Concrete tensile strength

Most of the tests to determine the tensile strength at elevated temperatures are carried out using
the cylinder splittingest method. Concerning the mix proportions, the relative reductions of
tensile strength are lower for concretes of lower original compressive strength, i.e. lean
concretes with lower cement content indicate lower reductions in stredcjtheider 1989.

The reduction of concrete tensile strength with temperature is strongly influenced by the type
of the aggregate as well, such as that the reduction of tensile strength of calcareous aggregate
is as twice as high as siliceous aggregate concrete at 500 nkgasuring tensile strength in

direct tension tests at different temperatures, Felicetti (2000) deduced that residual (cold) state

does not influence theoncretaensile strength reduction, i.e. it is the same as in the hot state.
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—&— Gravel (Zoldners, 1960)
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Figure 2-10. Relative tensile strength of concrete as a function of temperature

Concrete density

The density of concrete depends mainly on the density of its aggregates and their moisture
content in the temperature range betw@0 and 150°Crigure2-11 shows a comparison of
density change with temperature increase for different concrete compositions. Schneider (1982)
pointed out that the specimens previously stored at 20°C and 65% relative humidity, w
heated from 20 to 150°C, gave off relatively little water and therefore underwent a small change
in density. It appears that Harmathy (1970) used a rather dry limestone concrete since it
exhibited a density decrease from 150°C to the start of decaido(@00°C), compared to the
concrete from Hildenbranet al.(1978) with the medium moisture range, which showed a very

minor decrease in the density.
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Figure 2-11. Density of concrete with different aggyates as a function of temperature

Furthermore, concrete made with siliceous aggregates exhibits a somewhat steeper decline in
density in the range between 20 and 700°C, due to the greater thermal expansion of quartzite.
The reason why siliceous aggregmare in the similar range of density decline as the concrete
with gravel aggregates is the addition of quarzitic sand as fine aggregate.

Fracture energyf concrete

Currently, it is generally accepted that fracture energy first increases with tempenatto
300°C and then decreasesieTsummary and an overview of the literature concerning the
behavor of concrete fracture energyealevated temperatures is provided in Chapies it is

a part of the experimental study.

2.1.1.3 Thermalpropertiesof concree

Concrete thermal conductivity

Thermal conductivity is described as the ability of material to conduct heat and it is defined as
the ratio of the heat flow rate to temperature gradient. At normal temperatures, the thermal
conductivity of concrete is nrally dependent on the moisture content at the time of the heating
and the conductivity of the aggregates. Harmaty (1970) indicated that the behavior of the
cement paste heated up to 1000°C does not show any significant changes in thermal
conductivity. As sbwn inFigure2-12, in the temperature range between 400 and 800°C there

was an increase in thermal conductivity for linoe® reported (Hildenbrand et al., 1978
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general, however, it can be stated that it redusignificantly with the temperature increase.
The recommendations of the EN 1992 {2004) are plotted iRigure2-12b. for comparison.

(@) (b)
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Heat conductivity A [W/mK]
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Figure 2-12. Heat conductivity of concrete with different aggregates (a) and from thEORBR
Part 1-2 (b) as a function of temperature

Concrete specific heat capacity

Specific heat capacity is defined as the amount of heat per unit mass required to raise the
temperatre by 1°C (or K). It is important to note that the E1) for specific heat capacity

does not applyfithe phase change is taking place due to the isothermal latent heat release. If
the heating process is accaanped by chemical reactions of phase transitions, the resulting

enthalpy is a function not only of the temperature but also the degree of conversion of the

reactants into the products (Bagant and Kapl
~ 170 o Q, . }U"O’Q’
© rove 1o d QY (2-1)

where, is the conversion degree of the reactant (HD), & is the apparent specific heat and

H is the enthalpy of the system. The first term on the right handrsketg (2-1) represents the
contribution of the sensible heat to the specific heat (no phase change) and the second term is
the latent heat contribution (phase transition of the reactais)ontribution of the tant heat

is significant and can be several times higher than the sensible heat due to the absorption of heat
in the dehydration reactions (:880°C). A review of the effect of temperature on the specific

heat capacity increase for various concretesnssarized irFigure2-13a. The curves indicate

that for some siliceous and limestone aggregate concretes the specific heat increases up to

700°C. Depending upon whether or not the decarbonation of limestone igrttkexcount,
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Hildenbrandet al. (1978 reported an increase in specific heat from 1.65 to 3.6 kJ/kgK.
Principally, the specific heat of concrete is very dependent on the moisture content having a
rapid increase when the specimens are heated from initiatlgtate to 90°QFigure 2-13b).
Harmathy and Allen (1973) performed tests on 16 different concretes at temperatures up to
650°C and the rate of heating 5°C/min. It was reported that the specific heat of carazete

not very sensitive to either the type of the aggregate or the mix proportions.
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Figure 2-13. Heat capacity of concrete with different aggregates (a) and with diffe
moisture leved (b) asa function of temperature

Pan et al. (2016) conducted a series of measurement tests with tbhpdrmattynamic method
based on the mixing principle and applied it to determine the specific heat of concrete at
temperatures up to 600°C. It was establighedi the specific heat increases linearly within the

range of thermal storage applications of -B00°C.

Concrete thermal diffusivity

Thermal diffusivity measures a rate of heat transfer through a medium, i.e. how fast a material
reacts to a temperatuchange. It is obtained by dividing the thermal conductigityith the
multiplication of heat capacitg, and density’, which is also called the volumetric heat
capacity. Thermal diffusivity is, better formulated, a term describing the balance between th
passage of heat and the heat storage, because a greater thermal diffusivity does not necessarily
manifest itself in a better heat dissipation. Principally it means that the higher the diffusivity is,

the faster will be the temperature increase in innacete member region.
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Figure 2-14. Thermal diffusivity of concrete as a function of temperature

Figure2-14 depicts the thermal diffusivity of different types afncrete with the temperature
increase. The rapid decrease of diffusivity with temperature is observed, tswiitgal value

reduced to 5% after 400°C. For example, the limestone diffusivity reduction is attributable to

its mostly constant heat capgcand rapidly reducing thermal conductivity with temperature
(density is mostly constant). Schneider (1982) states that this decrease takes place because of

the influence of the moisture content reduction on concrete density and thermal conductivity.

2.1.2 Concrete spalling

Concrete spalling ia phenomenon occurring in an area close to the surface of concrete when
exposed to elevated temperature and it can be divided to: @xposive and (ii) explosive
spalling. The norexplosive spalling occurs due tcetthermally induced stresses and related
damage of concrete surface. The explosive spalling, however, presents a greater risk taking

places suddenly (explosion) and it materializes with the release of high kinetic energy.

One of the three theories for tmatiation of explosive spalling in concrete, there pressure

spalling theory assumes that the process itself is associated with the moisture transport in the
region close to the surface. The moisture travels fundamentally in both directions, tonand fr

the fireexposed surface. One part evaporates towards the heated surface and the other part,
having a large percentage of moisture transported towards the inner region of the concrete,
condensates upon reaching cooler area. When the inner region bdathynsaturated, it is
preventing the moisture close to the surface to advance to that region resulting in the one

directional moisture transport (evaporation outwards to the heated surface) and tog lodild
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pore pressure. When the pore pressure escHesl tensile strength of concrete, explosive
spalling occurs. (Shorter & Harmathy, 1968&¢yerOttens, 197p

I
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Figure 2-15. Explosive spalling on a concrete structural meml@urce seebibliography).

In the second theory, thieermal stress spalling,is assumed that the severe thermal gradients
occurring in the region near to the heated surface lead to a thermal shock that causes spalling.
Saito (1965) initiated theory where the explosive spalling is commenced by thermal stresses
leading to a compressive failure. He has pointed out that the spalling caused by compressive
failure occur mainly in prstressed concrete members where the tensile cracking in thd centra
region is restricted. The specimens withoutgtress or longitudinal restraint exhibited reduced
compressive forces near the heated surface due to the internal tensile cracking. Dougill (1972)
indicated a shortcomi ng d¢rete isSaanonlinead matetighanod r vy ,
therefore, the failure does not necessarily occur when the compressive stresses reach a
maximum at a certain point. He pointed out that the explosive nature of the failure could be

described with a type of a spring effealised by internal tension region.

The combined porpressure spalling theory assumes that the main cause of the explosive
spalling is the combined action of the accumulated pore pressure and the thermally induced
compressive stresses in the region exgdsdire. In a premise pointed out by Zhukov (1970),

the material strength of concrete can be compared with the summation of the superimposed
stresses developed within a heated concrete specimen. Khoury (2000), based o6 Eledov
proposed a sketch sieribing explosive spalling based on this thedngre2-16). This was

recentlyconfirmed by means of numerical simulations which clearly showed that the pore
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pressure together with thermally induced stressesecavs x pl osi on spalling (

was shown that the pore pressure is a trigger, i.e. it initiates the explosive spalling.
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Figure 2-16. Explosive spalling caused by a combined action of thermasssseand pore
pressure (Khoury, 2000based on Zhukov, 1970)

2.1.3 Behavior of concrete subjected to high loading rates

Dynamic effects in concrete materials and RC structures can be introduced by applying a rapid
load of short duration into structural elerhemherefore, the interactions occurring in the
contact zone between the impacting bodies is considered as impact of impulsive loading. From

the load velocity viewpoint, dynamic load can be classified into four groups:

Table2-2. Loadclassification(Sierakowski et al1985)

Load Classification t/tresp” Type of load
o Conventional testing of
Quaststatic >4
concrete
_ Transient loading on
Quastimpact F1l
structures
Impulsive and Impact <0.25 Kinetic energyplast loads
Shock loads < 10° High energy explosives

* t/trespiS the ratio of load duratior)(to characteristic response tinmiesf)
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Dynamic loads typically occur during events like projectile impact, earthquake, blast wave
propagation, vehicle cidion with buildings, bridge collapse etc. The behavior of concrete
materials under dynamic load differs greatly from the gstagic one. This is due to the strain

rate influence on the strength, stiffness and ductility and the influence of the fosréa at
structural and micrarack level.Figure 2-17 summarizes different strain rates for different

loading conditions.

Strain Rate ¢ (sec™)

107 106 10 10% 107 1072 10! 10° 10! 102 102 10* 10°
1 1 1 1 1 1 1 1 1

i i i |
1 1 1 1

| creep quasi - static intermediate | high | very high |

| inertia forces neglected inertia forces activated |

conventional load frames vibration exciter Tylor-anvil impact
(hydraulical, electro-mechanical) drop hammer  Hopkinson Bar  explosions

Figure 2-17. Loading range with respect to strain eaard corresponding experiments.

Principally, the response of the structure is affected by time dependent loading through three
effects (Reinhardt, 1982; Bi schoff and Perr.y
2005y, Pedersen et al ., 2006 ; teOepdndehcyoftbagroaihg. , 20
microcracks (influence of inertia at mieoback level), (ii) through the viscous behavior of the

bulk material between the cracks (creep of concrete or viscosity due to the water content) and

(iii) through the influence of iméa, which can significantly change the state of stresses and
strains of the materi al ( O ¢-brittle mategals sueH as, 201
concrete, the first two effects are important for relatively low and medium strain rates. The third
effect, the influence of the structural forces, dominates, however, at higher strain rates (impact

and explosion). In principle, the resistance of the material increases with incrieasiimy

ratg and above a certaloading ratehe increase is proggsive. The numerical investigations

show that this progressive increase in resistance is due to the inertia and not to the strength of
the material. However, this is very difficult to prove by experiments, as it is not possible to filter

out the influencef inertia completely in the experiments. This is because the experiments to
determine the dynamic properties of the material are carried ostruwsture§e.g. concrete

cylinders) and in such investigations, various inertial effects are always presertiadly at

very high strain rates.

Figure 2-18 showsthe dynamic increase factor (DIBhtained by various researchers the

effect of loading rate oapparentensileand compressivetrength of concret@alvar and
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Ross 1998 Freund, 1972a, b; Reéiardt, 1982; Dilger et al., 1978anthia et al., 1987,
Bi schoff and Perry, 19 9Reinhaite2005i0¢ ibjo 20189 9 2|
Larcher, 2009 Furthermore, the rate sensitivity of concrete is different in ¢ensind

compressionKigure2-18).
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Figure 2-18. Dynamic increase factdor concrete loaded in tensioM@lvar and Ross, 199

Hwang et al., 2020(a) and compression (Bikoff and Perry, 1991) (b) as a function of strain
rate.

Low-level loading rates that correspond to gisdatic conditions could be achieved with the
conventional testing methods with hydraulic or eleatrechanical machines. At these loading
rates, ineitiis not important and can be neglected. However, at high and very high strain rates,
the influence of inertia is significant and must be accounted for. Suitable experimental tests at
high loading rates are Tyl@anvil impact test, the split Hopkinson liast or the modified split
Hopkinson barEven numerically, it is difficult to evaluate the direct dynamic uniaxial tensile
behavior of concrete since, at high loading rates, the failure always occurs locally, near the
loading points. Therefore, under dynic loads, the problem is studied through indirect tests
such as split Hopkinson bgests (Zielinski et al., 1982Rossi et al., 1994; Weerheijm et al.,
2007).

Split Hopkinson bar tegHopkinson, 1914Kolsky, 1953) is widely used for determining the
dynamic compressive and tensile strength for concrete and steel materials. Its theory is based
on the urdaxial wave propagating through elastic media. The procedure requires placing a small
specimen between two identical long bars equipped with strain galige projectile is then
launched against one bar inducing a compressive longitudinal elastic wave that propagates into
the incident bar. Only a portion of the wave is propagated in the specimen from the incident

bar, while other portion is conducted thgh the output bar. However, several research studies
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(Wu et al., 2005; Li and Meng, 2003) indicated that the SHPB test are reliable only for ductile
materials such as metals and that the apparent dynamic strength enhancement beyond the strain
rate of 1004 is strongly influenced by the hydrostatic stress effect due to the lateral inertia
confinement in the SHPB test. Li and Meng (2003) further emphasized that the apparent
dynamic strength increase due to the strate effect may lead to the overedicton on the

dynamic strentp of quasibrittle materials.

The strain and strain rate is obtained by applying the theory of uniaxial wave propagation

through an elastic body:

- = - ,Q (‘) (2‘2)

(2-3)

whered corresponds to the wave propagation veloeitys the strain coming from theave
reflection in the output bandL is the specimentfeg t h olt(etag, R014). The stress the

lO- 0 2
” o ( I)

whereE, Aand- are Young's modulus, cresgctional area and strain due to transmitted pulse
in the transmitter bar, respectively, whde is the crossectional area of the specimdrhe
setup of the bar, as well as the initial impact velocity ortésted materials can be easily

changed to achieve different loading conditions and stedés.

The extremely rapid loadsfluencenot only the mechanicalehaviorof concrete, but also the

typeof fail ur e ()OBpteddnexperimentalland numaridal ibvestigations it has
been confirmed (Ogbol t [Eems(a.g. uniaxia?ténBi@é)berdihngat f C
or pulling ofanchor boltsthe Mode | failure mode changes to the Mode Il shear failure mode

with increasing loading speed. The phenomenon can be explained by the influence of inertial
forces (Ogbollt20t al ., 2006, 201
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2.2 Steelat extreme loading conditions
2.2.1 Behavior of steel at elevated temperatures

2.2.1.1 Mechanical properties

Stresd strain relationship at elevated temperature

Kodur et al. (2011) performed a series of tests investigating the influence of tempanathee
stressstrain curvefor tension. The steel type A325 was tested and evaluated at eight
temperaturedvels ranging from 20 to 800°Ch@& corresponding stressrain curves are plotted

in Figure2-19. At 20 and 250°C, a lineaelastic response up to the yielding point is observed
followed by the plastic nonlinear behavior after the ultimate stress is reached. At 400°C, steel
material goes into softening and experience a slight reduction in strength. At S8Q0aGkit
exhibits further softening and large deformations, with peak and yield stresses occurring in
early stages. At higher temperatures, the failure strain increases due to higher ductility.
Furthermore, thepecimens subjected to lower heating ratesprone to the influence of high

temperature creep, which affects the sts#ssin curve
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Figure 2-19. Stress strain relationship of steel (a) and thiimate, yield, and shear strefs)
asa function of temperature for steel type A325 (adapted from Kodur et al.,.2011)

Yield stress and modulus of elasticity

The yield stress and the modulus of elasticity are generally obtained from tensile tests due to
the elimination of geometric instabiés and the confinement of specimen. Furthermore, there
is a lack of experiments obtained from compressive tests and it is assumed that the modulus of

elasticity for streel is the same for compression state (Kodur, 2010).
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Figure 2-20. (a) Relative yield stress of steel as a function of temperature (adapted from Kodur
et al., 2010@and (b) relative residual yield stress upon cooling.

As shown inFigure 2-20a, the yield dress of steetemains constant until approxX0@C and

then decrease as temperature increases. This can be attributed to the nucleus of iron atoms in
steel moving apart due to the rising temperature, resulting in reduced bond strength and thus
the reducegield stress and modulus of elasticity. Variable test conditions, such as the heating
rate and strain/load rates are responsible for the large scatter of da2@@f~urthermore

steel upon cooling exhibits remarkable recovery capabilities. Acaprtinthe literature
(Takeuchj 1993, steel, when cooled down from 800°C, recovers about 80% of its initial yield
stress valuéFigure2-20b). The Eurocode, ASCE and Poh (2001) models are plotted and used

as areferencéherelate Youngds modul us of steel as a f
Figure2-21.
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Figure 2-21. Relative elasticity modulus of steel as a function of temperature adapted from
Kodur etal., 2010)
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Thermal strain and thermal elongation

Thermal expansion (elongation) of steel is evaluated as the percentage of change in length
compared to its original length, as showrfFigure2-22. Principally, steel exhibitan almost

linear increase in length with the increase in temperature, with the exception of high carbon
steel, which displays a plateau in the range-800°C. This is due to the phase change, taking

place in that temperature range and energy absorbbaiprocess is used for the changes in
the microstructure.
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Figure 2-22. Thermal elongation (a) and Thermal strain (b) of steel as a functio
temperature.

In the cooling phase, thermal straihsteel (low, medium and high carbon) follows a constant
trend Figure 2-22b.). This is due to the microstructural changes that occur when steel
undergoes heating and cooling cycles.

2.2.1.2 Steel thermal and physical perties

Thermal properties such as thermal conductivity and heat capacity of steel are influenced not
only by the change in temperature but by the chemical composition (carbon content) as well.

The most common methods for determining these two thermagépropi es | stfaahe of st
and the Atransiento test met hods. The | atte
capture the physcochemical changes that occur in steel material.

Thermal conductivity of steel

The thermal conductivity of mild stkeat room temperature is in the range from 45 to 60 W/mK.
The increase of the carbon content in steel leads to the increase of the thermelivapnd

(Yafei et al., 2009)Kodur et al.(2011) compared the thermal conductivity of high strength
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structuralsteels A36, A325 and A490 in the heating and cooling phases. Thermal conductivity
of all three specimens was dropping gradually with the increase of temperature with the lowest
values of steel A490 because of its high carbon content. However, with tleasecof
temperature the influence of the carbon content diminishes and it is negligible after 700°C (at
approx. 700°C steel undergoes phase change). At 735 °C thermal conductivity drops to 28
W/m°C for all three types of steel. After cooling, as tempeeadecreases, thermal conductivity
increases to its initial value. Thus, without taking the microstructural changes that occur as a
result of temperature variation into account, the thermal conductivity of steel is similar in the

heating and cooling phases.

60 1

Thermal conductivity A [W/mK]

ASCE model

20 4 —#— Powel (1956)
- - == EC3 model
- -G - Dale & Prasad (2007)

10 ~ - -3 - Rempe & Knudson (2008)
- = - Yawata (1969)

0 T L] T T 1
0 200 400 600 800 1000

Temperature [°C]

Figure 2-23. Thermal conductivity of steel as a function of temperature

Specific heat capacity of steel

The specific heat coefficients of conventional steel is aroundi4800 kJ/kgK at room
temperatue. The specific heat gradually increases with temperature up to 600°C following by

a faster increase rate in the temperature range between 600 and 700°C. At 735°C a sudden jump

to 15001700 kJ/kgK takes place. Moreover, the specific heat capacity froncétle@ Part-1

2 reaches even s of 5000 kJ/kgK at its peak. The reason for this is that the microstructure

of steel, when heat above 700°C, undergoes a transition fromcbedg t e r e & ecauwhi itce ofi |
tofacecent er elda ucsu keind tfed cryst al s t rriobssubstantal. I n 1
amount of thermal energy in the form of latent heat, resulting in the sudden increase of heat

capacity.
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Figure 2-24. Specific heat capacity of steel (adapted from Kodur et280) (a) andthe
relative density of steel (B a function of temperature

Density of steel

Density and Poissonbs coefficient o f steel
temperature. Nonetheless, mass density has a slight declining teadendy Poi ssonds r
slightly increasing #nd with increasing temperatuas shown irFigure 2-24b (Clark, 1953

Costes, 2004). However, this data is available and could be useful to infer other constitutive

pamameters, such as shear modulus.

2.2.2 Behavior of steel subjected to high loading rates

As in the case of conceetmaterials, the behavior ofesi and steel structures is strongly
influenced by the loading rate. It was demonstrated that the progressiasaareesistance
relying on tensile strength, such as concrete, is attributed primarily to inertia ¢Gaststis
2011; Ogbolt etal 201b)ltis @ell kEndwn thd endtalic materialsuch as

steel of hightoughness and ductility, do hexhibit sigrficant strain rate sensitivitfBoyce et

al. 2007).The influence of the strain rate on the response of steel is shdsguie2-25. The

steel loaded in a tensile test and the strain rates vaoiedf0002 to 200/s. The strain rates up

to 200/s have obviously no influence on the resistance of the steel material. This can be
attributed to théahomogeneityof steel, unlike concrete, and nporosity with very few defects.
Nevertheless, steel exhibits strong sensitivity to the loading rate. Due to the strain rate

insensitivity and its ductility, its loading rate dependency comes primarily from inertia.
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Figure 2-25. Strain rate sensitivity of steel @ated from Boyce et al., 2007)

Inertia that manifests itself when steel is subjected to high loading rates can be divided into
three parts: (i) inertia at the crack tip related to high nonlinearity of steel, (ii)destdication
zone and (iii) struct@l inertia.Steel exhibits ratélependent resistance and failure modes, crack

branching and decreases of ductility with the increase of loading rate.

O g b etlat (2016 investigated the problems related to the dynamic fracture of steel by
performing anumerical analysis on a compact tension specimen. A 3D finite element code
based on the microplane model for steel was employed, discussed and verified. The predicted
crack patterns from the analysis for loading rates 0.002, 1, 50 and 100m/s was pkdwitted.

the loading rate of 50 m/s no crack branching phenomena was observed, i.e. single crack and
mode | failure was observed. However, at loading rates around 90 m/s, soon after the crack
initiation at the notch tip, the crack branched into two cracksil&iphenomena was observed

in the experimental tests (Bousquet et al., 2011).

Bousquet (2011) performed a study that encompassed the physical mechanisms of cleavage
cracks and criteria related to the brittle fracture of steel. A compact tension specaden

from 16MND5 /A508) grade ferritic steel, used in a French Pressurized Water Reactor (PWR)
vessel ring blank was used in the experimental work. Pravel, Rossol and TBrahsl et al.,

2008; Rossoll, 1993; Tanguy, 2Q01ave already studied this kinflsteel subjected to dynamic
loading but the range of strain rates were up to 5.5/s. In the study performed by Bousquet the
experiments were done with SpHbpkinson Pressure Bar for a strain rate range frofridlO

10* /s and for seven temperatures frai#5°C to 25°C. The fracture tests and the observation

of the CT specimen surface exhibited two kinds of crack path, a straight and branched crack.

The branching crack appear at high loading rates, which increases the effect of the plastic zones.
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Hahnetal. (1973) discusssthe behavior of the unstable fracture and arrest in steel materials
(4340 Steel). From the results of crack speed and arrest measurements compared with the results
from the dynamic analysis the conclusion has been made that theana@he inertia forces

in the equation of motion substantially improve the prediction of crack spzedk
propagation, arrest and possible retaining events in specimens of finite geometry.

One of the most convenient ways to evaluate dynamic chasticterof deformation in
materials like metals and alloys is by using the Taylor amwvilod impact test (Taylor, 1948;
Whiffin, 1948). Principally, at the end of the rod colliding with anvil, the trigie stresses are
developed and should these stressesed the corresponding dynamic yield strength of the
material, the plastic wave will appear and propagate thorough the cylenggng permanent
plastic damageln the part of the rod, where stresses do not exceed yield diefictrmation
remains elast (Wilkins et al., 1973 Volkov et al. 2017). Further development of experimental
methods made it possible to track deformation of the sample during impact with high time
resolution and record the oscillation profile of the back surface of the rod wseg |
interferometry (Eakingt al., 200%. The occurrence of plastic mushrooming, i.e. "mushroom"
deformation shape of the rod end is often appearing as the result of deformation for a number
of metals and alloysBprodin et al., 2015Rakvag et al., 2013)Five distinct failure and

fragmentation modes in the Taylor bar impact test are showigime2-26.

o=l0="0—

(a) Mushrooming (b) Tensile splitting (c) Shear cracking
o W
@
\")17

(d) Petalling (e) Fragmentation

Figure 2-26. Deformation and fracture modes in the Taylor bar impact teak(Rg et al.,
2013).
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The dynamic increase factor (DIFr steel materialoadedin tensionshown inFigure2-27
andobtaned from the dynami c an atlaly2019 sleadyshowshe CT
that up to the strain rate of approx. 100/s there is a linear increase of DIF {logesuvale.

However, for higher loading rates, a progressive increase in DIF isveldsehich yields a
conclusion that the progressive increase in resistance is closely related to inertia generated at
the crack tip. This means that two inertia effects are taking place, inertia at the crack tip and
structural inertia of the specimen, whasmntribution is linearly proportional to the loading

rate. At a critical value of strain rate the crack starts to branch and the resistance of the material

increass.
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Figure 2-27. Relation of the dynaminicrease factor and strain rate at the onsétcracking
(Ogbolt )t al., 2016

Kazenawa (1981) performed tests to examine the brittle crack propagation and arrest on
structural steels on doubtension and doubleantilever type (DCB) specimens. The riglat

of DIF factor with material toughness (apparent) and crack velocity was experimentally
obtained. According to tests, toughness increases progressively after the crack velocity reaches
its critical value. However, it should be noted that thmogressie increase of resistance
(apparent strength) andughnesgapparent toughness), is besauwf the effect of inertia and

is not the consequence of hay material strength or higheraterial toughness O ¢ bebal, t

2016.

Due to the steel insensitivity to strain rate, true toughness should be independent of the crack
velocity and strain rate. More realistically would be to decrease the stress intensity factor while
keeping toughness constant (Freut®2a,1972). However, the stress intensity factor should

be in that case obtained from dynamic and no gstasic analysis, which must account for

inertia effects.
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2.3 Combinedthermal and static/dynamic loading

2.3.1 Influence of fire on anchors loaded in sbar perpendicular to the concrete edge

The decrease in the mechanical properties of concrete and steel due to thermally induced
damage causes a decrease of thelb@aling capacity of fasteners and a significant increase of
deformations. Moreover, thernhalinduced strains and the associated constraint stresses can
also have a strong influence on the resistance of fastéméne past, the behavior of fasteners
under fire exposure was mainly investigated by anchor manufacturers as part of approval
procedires. The Eurocode 2 provisions for fasteners under fire were proposed based on the
anchor failure tests under tension and shear loads tested in different laboratories and
summarized by Reick (2001). Since steel as a reinforcement material is consideredeid
protected against high temperature fire events with various sprays, castings and claddings, the
emphasis in this work will be on the concrete faillitggehausen & Reick (1996) invagated

a total of 21 fasteners including theil;ng hangers, idplacementontrolled expansion
anchors, undercut anchors, and headed .bBksck (1998) conducteddditional 6 tests on
loaded reinforced concrete slabs to measure the temperature distribution in the concrete and
along the fastener. Based on these té¥sck (2001) developed a proposal for the design of

fasteners under fire exposure.

Per i gk ichrried GQueardextgnsivexperimental ancumericalstudy to investigate the
influence of the fire exposure of single and anchor groups located closavagdrom the
concrete edge on the load bearing capacifjne anchors were loaded with tensile load
employing the fire boundary conditions on one and siges of the concrete member
Principally, the anchor embedment depth had a significant influendkeoresidual tensile
capacity. It was observed that the anchors located close to the edge experienced a greater
sensitivity in terms of load bearing capacity reduction whensited fire was impose@&ased

on these investigations, the design rules weza firoposed.

Mirza and Uy (2009performed aseries of numerical studiés investigatehe influence of
temperature on composigteel anchors loaded in shedbserving the results, some
inconsistencies were recorded between the experimentally me&somgerature distribution

and the numerical analysis. Specifically, the high thermal conductivity of steel was not
encompassed by the model reflecting in slower temperature elevation in the area around the
steel anchor. However, the loalip curves were im good agreement with the expeirmetnal

data. The relative resistance after 10 min of fire exposure was reduced by 35% compared to its
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value at ambient temperature. The relative resistance reduction equation as a function of time

was recommended.

Wang (2@.2) simulated the pusbut tests using a nonlinear 3D thermechanical coupled
model. It was reported the higher thermal conductivity of steel increases significantly the
difference in temperature distribution between the headed stud and the surroondigec

The difference that was obtained from the numerical simulation was 100 to 150°C leading to
faster deterioration of the shear connectors. A negative displacement was observed in the
specimens with solid and composite slabs caused by major thetpaaiston. Due to high
temperatures at the bottom layer of the concrete specimen, failure occurred in an overturning
mode with a reduced lodakaring capacity. Overall, it was verified that the themexhanical

model can properly simulate the headed sbeanectors in pushut tess subjected to elevated

temperature.

Mashiri et al. (2017) experimentally tested the behavior of shear connectors at both ambient
and elevated (posire) temperature conditions subjected to posh tests. The tests were
perfamed on thermally prdamaged specimens heated up to 200, 400 and 600°C. The results
indicated the reduction in resistance and the increase of ductility with the tempearataase

The load capacity reduction in the case of headed stud specimensavdsdéo be 25, 43 and

60% at 200, 400 and 600°C, respectively. Furthermore, no yield failure was observed in the
shear connectors at both ambient and-fipstemperature conditions.

Tian, (Tian et al.,2018a; Tian et al., 2018b; Tian, 2019) perforassties okexperimental and
numerical investigations on stud fasteners loaded in shear perpendicular and towards the free
edge of the concrete member at high temperature up to failure. Since it was found that there are
still very few experimental studieis, addition to the numerical studies, missing, fire tests were
carried out for single and group fasteners (double and quadruple fasteners) close to the concrete
edge. In the numerical and experimental studies, both geometry (edge spacing, anchorage depth
and bolt diameter) and concrete properties (condz@@'25 and C40/50) were variedl total

of about 190 tests on single fasteners and 50 tests on group fasteners were pérfa tests

were then used to calibrate and verify the themezhanical modgbreviously implemented

into a 3D finte element (FE) codeStudies of the anchorage behavior were conducted at
elevated temperature and ambient temperature after héadldgtate, residual state). The cold

state was found to have a most critical imgacthe reduction of the lodakearing capacity of

the single and group of anchors. This is explained by the fact residual mechanical properties of

cementitious composites are known to worsen after codiaged on the experimental tests
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and numerical simations a design formula is proposed, which accounts for the influence of

the high temperature on the residual cilyaof anchors loaded in shear.

Fuchs et al. (199%)roposedhe CC (concrete capacity) method for predicting the fastening
capacity of britle failures (concrete breakout) in uncracked concrete. He compared the
fastening capacities of concrete obtained with the CCD method with the design
recommendations of AClI Committee 349 and a large number of test results. The comparison
was made for 36 fésners, close and far from the edge, under tensionflwagingle and double
fastenings loaded with shear load towards the edge. Further, the following equation for the

prediction of the concrete edge failure load of a single anchor in comasteropsed

—_— 8

wp Q 2aT1Q 2'Qp awd (2-5)

5¢

where
Q = the nominal diameter of fastener, which equates shank diameter d for heaged stud

a = the effective load transféength, which isetfor anchors with constant flexural stiffness

over the length of the anchor

@ = isthe edge distance measured from the longitudinal axis of the anchor perpendicular to

the free edge of concrete.

Several conclusions can beadin from Eq. (25). The failure loadvy, is strongly influenced
by the edge distana® to the power of 1.5. This diffefsom the strength theory whethe
exponent is set to 2. Furthermore, the failure load is proportional to the nommeteliaf the
fastener and the compressive strength, but a lesser extent than to the edge didtance.

eqguation is mainly valid for anchewith adiameter under 25 mifTian, 2019)

Hofmann et al(2004) and Hofman2005) proposed a more accurate eqoatfor obtaining
the mean shear resistance of a single anchor in-anagked concrete at ambient temperature
(Tian, 2019)

o 0810Q I O 'Qp (2-6)
where aj ® 8 and ™®HOQ jo 8.
Equation (23) can be rewritten as:

OF 0% YOQ I O0Q ab (2-7)
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where™Q is the mean concrete cylinder compressive strength measured on a cylinder with

dimensions of 158 300 mm.

Grosser (2012) summarized the previous research ddtee @ubject of shedoaded anchors
closeto the concrete and conducted a series of test&quation for predicting the resistance
of anchors close ttheedge and loaded perpendicular to the free adggeobtained

. 8
wp p@®IA 0Qp OO ™ Dalp @ (2-8)
where all of the terms are in analogy with previous Equatio#sai2d 26).

The shear failure of anchor groupan be calculated using the @@thod by means of
projected agas Fuchs et al., 199Fligehausen et al., 2006

(@}

h

W 0 (2-9)

[@}]
fmy

where 0  representshe projected area of the fully developed failure surface for a single
anchor idealized as a figdyramid with heighto and base lengths tband 30, which equals
4.50: 0 f, is the projected area of the failure surface for the anchorage as defthedsrlap

of individual idealized failursurfaces of adjacent anch@ss3®); wy, refers to Eq. (5).

1.5¢,

1.5¢, s | 15

Figure 2-28. Projected area for pair of anchors close to the edge acc. to E®) (2dapted
from Eligehausen et al., 2006

2.3.1.1 Design provisions for fasteners loaded in shear exposed to fire

An overview of the design formulas for fire resistance of anchors loaded in shear is shortly
discussed. The design formulas given with a 90% confidewektheat over 95% of the failures

occur above the calculated resistance limit state.

Behavior of concrete structures subjected to static and dynaadiin¢pafter fire exposure Page B6



2. LITERATURE REVIEW

Eurocode 2 EN 1992

The design method in Eurocode 2 (European Committee for Standardization, 2018) covers only
fasteners exposed to fire from one side only. If the @a@pecimen is loaded with fire from
multiple sides, additional geometric requirements should be conside®d 300 m&» and
2hef). The characteristic resistance of concrete is only provided for 90 and 120 min of fire

exposure according to EN 135Q1

The following design formuléor shear resistanagas proposed by Hofmann (2005):
®wF QOQ I O'Q and (2-10)

whereQ = 1.7 for cracked concrete
= 2.4 for uncracked camnete

The characteristic resistance of concrete edge failure for headed stud in concrete exposed to fire

up to 90 minutes and 120 minutes reads:

W B & wo j for fire exposure up to 90 min (2-11)
&)

b & w | for fire exposure up to I2min (2-12

Note that the above given Equations do not give an insight whether the specimens is loaded in
hot or cold (residual) state. Based on the equatiord @nd 212), the resistance of a single
anchor after fire exposure of 90 and 120 min is reduced t&ddlarkd 146 of its value at

ambient temperature, respectively.

Eurocode 4 EN 1994-2

The fire resistance of composite steel and concrete connectors is plynoip@ined by
applying a partial factor for the strength of the material and for the concrete failure subjected to

shear load is as follows:

0 f 0 D (2-13
whered s the design shear resistance as obtained ENM9941-1 (European Committee
for Standardization2004b) andQ;, is thereduction factor for stresstrain relationsh of

concrete at high temperature.
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ACl| 318

Currently the fire resistance and fire safety design of fasteners are not covered in the ACI 318.
However, the design formula for the concrete edge failure of a single anchor in cracked concrete
loaded in shearvas determinedccording td~uchs et al. (1995):

o xoumaoara ° o QodE [ (2-14)

For the uncracked concrete, the Eq-12) should be multiplied by 1@1ian,2018)

2.3.2 Dynamic behavior of concrete at high temperatures

In the literature, adrge numbeof studies are available for concrete loaded under high loading
ratesat ambient temperature and eveore on thermally exposed concrete structures. However,
there is a relatilg low number of studie$or the structures that are eoged to corhined
loading, e.gimpact after firg(Li, et al. 2012; Huo et al., 2013; Caverzan et al., 2013; Weidner
et al., 2015; Colombo et al., 2015; Zhai et al., 2016)

The behavior of concrete at high strain rates and simultaneously at high temperature has been
relatively little studied so far. In principléhere are two load scenario9: fiamageof concrete

due to temperaturl®ad and subsequent dynamic loading. Such cases are refevaatfety,

e.g. in case of an explosian impact during a fire load and)(iFire loading after dynamic
loading, e.g. the occurrence of fire after an earthquake iselixant scenario for practical

application.

For the first scenario, the behavior of concrete at relatively low temperature gradients is
decisive. The behavior afoncretestructuresunder high temperature changes very much
compared to the behavior at normal temperatu
physical processes that take place in concrete at high temperatures, which are the basis for
realisticmodel | i ng, have been discussed and descri
& Thongut ai 1978, Bagant & Kapl akhoutyd®6).) and
An unloaded test specimen under high temperature expands unhindered (free thermal
expansion). The same test under mechanical load shows a completely different overall
elongationbehavior The effect that leads to this difference is called "lmahliced thermal

strain” (LITS) (RILEM,1998).As mentioned before, thaimerical investigationsn the meso

scale have shown that the reason for such behavior is the interaction between-ithdulozdi
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damage and the free ther mal st rribote strdimlBognj a
components have a significant influence on the behavibeafomponents under fire lodthe

decrease of mechanical properties of concrete at high temperature as well asdlastion

strains and relatively high pomessure lead to damage andlexzrese of the loatbearing

capacity A major type of damagsi s pal |l ing (erosion) of the <coc
al., 200%, 2008, 2014; Lakhani et al., 2014; Sharma et al., 2016). Daofagencrete by

thermal stress has an impact on the behavior of the concrete under dynamic load. In this respect,
howe\er, there are virtually no test results available in the literalire.sources available in

the literature are mainly focused on investigation of steel under combined thermal and dynamic

load (Song et al., 2000)

He et al. (2011) carried out several dynatests using the split Hopkinson pressure bar with
concrete at different temperatures (200, 400, 600 and 800°C) in hot state. He concluded that
with the temperature increase, tmmpressivalynamicresistancef concrete decreased and

the compressivealormation increased. Furthermore, he pointed out that concrete at higher
temperatures tends to be more straite sensitive with the exception of the case at 200°C. Li

et al. (2012) performed similar experiments on concrete cubes and cylinders, o on ¢
(residual) state. It was found out that the thermal exposure to 400°C to be the critical point
concerning the change of mechanical properties. Further, a strongrateadependency was

recorded with the temperature increase.

Huo et al. (2013perfamed a series afompressivalynamic tests to investigate the influence

of fire exposure on the concrete dynamic behavior. The tests were performed in the cold state
after being cooled down from 100, 300, 500 and 700°C using a SH®@&sIdeduced that the
Dynamic Increasedctor (DIF) decreases with the increase in temperature. However, the DIF

increased with the increase of strain rate.

Weidmer et al. Z015) showed that thestrength ofnormal strength concrete (NSC) is
permanently reduced after high tesngture fire exposure, even when the structure is cooled
down to ambient temperature. He investigated the influence of temperature on NSC and fiber
reinforced concrete (FRC) cylinders in hot and cold state. A conclusive comparison of the
cylinder compresse strength at various elevated temperatures was made and it was shown that
NSC heated to 204°C and cooled down exhibited 80% higher dynamic compresstance

than those at higher temperatuuesler static load.

Colombo et al. (2019tudied the evdrof an explosion (internal blast event) inside a tunnel

with geometrical parameters same as the one in the metro line in Brescia. The aim of the study
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was to devise a design procedure that can provide a valuable tool for engindesskithe
safety of atunnel in thecase of an explosive event. After a series of dynamic analysis were
carried out in order to reproduce the blast event, pregsymgse diagrams for underground
tunnels were generated and an ultimate limit state criterion that includeblés interaction

is presented. Furthermore, he compared the quantitative performance eakifib@rced
layered solution with the traditional RC one and indicated, in terms of all loading domains
(impulsive, dynamic and quasiatic), that the layereakition performs better. Further, it was
shown that the fiber reinforced layered solution gives better results in terms of internal and
external bending moments for all fire exposure times in comparison with the traditional RC

solution.

Zhai et al. 2016 performed a series of model tests on RC beams in order to investigate the
performance of RC structures subjected to blast after fire exposure. The tested RC beams were
2500 mm long with square cresection of 200 mm side length and were being expos@d to

and 120 min of fire. The beams were then transported to the blast site where they were loaded
by detonating 7 kg of rock emulsion explosive. The test results showed that the peak and
residual displacements of the RC beams increased linearly with éheluration and the
thermally damaged beams suffered greatertastced damage as opposed to the undamaged
ones. After 90 and 120 min of fire exposure, the peak and residual displacement were 51.4%

and 123.0%, respectively, larger than that measuredeotinérmally undamaged besm

Ruta(2018) conducted a series of experiments to study the effect of thermally induced damage
at 200°C and 400°C on the dynamic properties of concrete compact tension specimens. The
specimens were loaded in tension under ciffe displacement rat¢d40- 4000 mm/s)n the

cold (residual) statel'he results indicated thtite increase of resistance due to the loading rate,
decreases with temperature elevation. Due to the degradation of mechanical concrete properties
at high tenperatures, for temperature of 400°C almost no increase of resistance was observed.
The evaluation of crack patterns showed that the change of crack pattern is observed for test
series at 400°C at high loading ra(e8000 mm/s), changinigom branching fdure mode to

a crack profile with two single cracks.
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2.4 Behavior of concretestructures subjected to seismic loading

Earthquakes are very often regarded as adogurrence but highonsequence event and it is
difficult to account for all possible loadimgenarios that could occur. The most vulnerable part

of the reinforced concrete (RC) structure, when subjected to shear load, is theobeam

joint. By designing the section of beams and columns in a way that the reinforcement bars reach
yield stress biere the concrete reaches its limiting strain in compression under bending
moment, the shear failure could be avoided. (Sharma, 2013). To improve the performance of

the bearrcolumn jointsa retrofit solutions recommende@Pampanin et al. 2006)
2.4.1 Structures subjected to postarthquake fire

Several existing experimental and numerical studies that include a PEledpbsfuake fire)

or FFE (firefollowing earthquake) scenario consist of three stages: loading the RC structures
in a quasistatic cyclic maner to a certain maximum story drift corresponding to different
performance levels, i.elO (immediate occupancy)LS (life safety) and CP (collapse
prevention), unloading the structure ang@sing it to fire and finally @forming a monotonic
pushover tobtain the residual capacity. Although laigmale fire conflagrations can be caused

by a number of destructive events, earthquake definitely takes the precedence.

RC frame is a heterogeneous structure consisted of steel and concrete, which exhéit differ
thermal characteristics at elevated temperatures. Since concrete has a low thermal conductivity
compared to steel, when an RC structure is exposed to elevated temperature without being
subjected to cyclic load, the steel reinforcement bars are prbtbgtehe concrete cover.
However, in a PEF event involving a high temperature fire exposure, major concrete spalling
occurrences are observed. During spalling (explosive), large pieces of concrete are being
detached from the structural members leavingstiel directly exposed to fire.

Sharma et al. (2012) was first to investigate the behavior of RC frames exposed to fire. The RC
framehas been first been subjecteddteral cyclic story drift (simulated earthquake) which

was followed by the exposure mompartment fire. Although massive spalling and high
temperatures were recorded in several locations along the structural members, no global
structural failure was observeBased on the design modificatiortbe damage during initial
mechanical loading @se was first noted in beams rather than in colurfine experimental
results in terms of temperature distribution, releor displacements and strainsheams,

columns and slabs were provided.
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Ronagh & Behnam (2012) performed a sequential nonlinearsasatywhich the RC frames

were exposed to PEF scenario. The analysis encompassed two RC frames designed based on
ACI 318-08 code with different geometriels{1.5H andL=3.5H). The concrete material used

in the analysis was NSC with compressive strengtB5oMPa and reinforcement steel bars

with yield stress of 400 MPa. A constant live and dead load with magnitude 2.5 kPa and 8.0
kPa, respectively, was imposed on the slab. The frames were first exposed to gravity load
(constant) and fire exposure beforengesubjected to monotonic pushover, i.e. bgnghed

to arrive at three different lateral displacements corresponding to three different performance
levels (IO, LS, CP). Successive loading, consisting of gravity loads, lateral loads and fire
exposure waperformed using software SAFIR, while the pushover analysis is carried out in
the SAP2000 software according to FEMA356. Analysis results suggest that the structures that
suffered greater damage from the initial earthquake loads experienced lowerdiamcesthan
lesserdamaged structures. This can be a consequence of the residual lateral displacements,
degradation in stiffness or the direct exposure of steel to fire as a result of the concrete cover
removal during spalling. Furthermore, it was obseérilat the fire resistance of the frames is

mostly dependent on the resistance of the beams.

Behnam & Ronagh (2013) further experimented with the effect of PEF on the load bearing
capacity of the RC structures. The investigated frames were initiallycsedbj» a lateral load

with a peak ground acceleration (PGA) of 30g. The structure was then exposed to fire according
to ISO 834 and natural fire curves. An extensive numerical analysis was performed to
investigate the time taken for structures weakeneddrthquake and fire to collapse. As a
benchmark, a case with fuanly scenario without earthquake fgfamage was investigate as

well. From the fire resistance viewpoint, it was established that that the structures damaged by
earthquake exhibited highemuwmerability to fire than undamaged ones and behavior of
structures exposed to ISO 834 fire curve behaved differently than the ones exposed to natural

fire curves.

Demir et al. (2020) investigated the behavior of seismically loadeesdale reinforced
concrete columns after fire exposure. The aim of the parametric study was to analyze the
influence of the fire duration and the thickness of the concrete cover on the average reduction
of the maximum load. An extensive crushing (spalling) of concrete eoddhe initial yielding

of longitudinal reinforcement resulted in the flexural failure of columns. Naturally, an
observation was made that the fire exposed columns exhibited lower load capacities that the
reference thermally undamaged columns. The realuati the average maximum bearing load

was found to be 13%49%, and 19%or fire durations of 15, 60 and 90 min, respectively. Since
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the residual tests were performed in the cold state and steel strength was assumed to recover
completely, the decreaselateral load capacity is mostly impacted by the deterioration in the
concrete material properties. This was the reason why the load bearing reduction at 60 and 90
min were approximately the same. The monitored ductility in columns was approx. the same
for all fire duration except column heated to 90 mm, which exhibited lower ductility. With the

increase of the fire duration, the initial stiffness decreased.

Wen et al. (2018) carried out an experimental and numerical study to determine the structural
perfomance of seismically damaged RC beams subjected to PEF scenario. The RC frames were
first tested in a shake table test and subsequently the thermal field distribution, the bearing
capacity and reduction coefficient were validated with the numerical mod&BAQUS.
Cracking and spalling were determined to be the main factors influencing the bearing capacity
during the shake table experiment. Formula for determining the bearing capacity reduction
coefficient of RC beams subjected to a PEF event is propdkedeffect of thermal spalling

on the flexural capacity of the beam proved to have a significant influence. The prediction

equations for the reduction factor of the flexural bearing capacity is proposed.

2.5 Conclusions

Exposure to fire, high temperature dients and high loading rates have a considerable
influence on the behavior of concredad RCstructures, as they in isolated or successive
sequence, change significantly the mechanical and thermal properties of concrete material. In
this chapter, an ovelew of existing research on the following topics was summari@gd:
Mechanical and thermal properties of steel and concrete under thermal, dynanomaied
thermaldynamic loading(ii) the behavior of thermally prgamaged anchors under shiead
perpendicular to the edgéiji) RC structures undatynamic loads exposed to fir@y) the

influence and aftermath of pesarthquake fire on the load bearing behavior of RC structures.

The literature overview indicatethat the aggregate type and moistwontent (curing
conditions) have a significant impact on the reduction of mechanical and thermal properties of
concrete with the temperature increase. High loading velocities do not only influence the
mechanical behavior of concrete (stredétte dependae) but also the type ofifare (Mode |
changes to mixed modailure). Furthermore, steel exhibits sensitivity on the carbon content
on elevated temperature and the phase change occurring-800UD. Steel materials under

dynamic loading do not exhibgignificant strairrate sensitivity. However, for high loading
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rates (>10/s) a progressive increase in DIF (resistance) in tension is observed which indicates
that the progressive increase in resistance is closely rétated inertia at the crack tis a

consequence of high ductility of steel.

Thermally induced strains and the @sated constraint stresseave a strong influence on the
resistanceeductionof fastenersAfter 15 min of fire exposure, the reduction of resistance can

be more than 50%f the reference resistandehe studies havehown that the reduction in the

load bearing capacity is more pronounced when the fasteners were loaded in cold state (after
being cooled down ttheambient temperature) than in the hot state.

There is a relavely small number of published papers the topic ofRC structures under
dynamic loads exposed to firfehe dynamic response of the RC structures is influenced by the
temperature state (hot or residualeyahe RC structure is loaded in. The reasonhis are the
recoverycapabilitiesof steel in the cold state. The D{fesistancedf concrete decreases with

the temperature increase.

RC structures subjected to seismic and subsequently thermal load are understudied from the
numerical poinbf view. The numerical studigadicatethatit is difficult to simulate a realistic
response of the structure subjected to a PEF scenario. The effect of tharfiupiake fire on

the residual capacitygf RC frameswas predominantlynvestigatedn the experimeral tests

and the need for a suitable numerical tool that can link the seismically damaged structure with

the thermally induced damage during the fire exposure is needed.
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3. EXPERIMENTAL INVESTI GATIONS

3.1 Measurementof fracture energy

3.1.1 Influence of temperatureon fracture energy

In fracture mechanics, it is assumed that the energy required to extend the crack is supplied by
the energy released through the systermduthe crack propagation (Naus et al., 1974; Krausz

and Krausz, 1988lt is generally acceptdatat the fracture is a thermally activated rate process
implying that the energy of thermal vibration is responsible of the atom bond rupture that
constitutes the mechanism of fracture (Cottrell, 1964). Since the thermal vibrations are
statistically distibuted, defined by the Maxwell distribution, the rise in temperature increases
the probability that the atomdbs eneBgyawbul d
and Prat1988. This suggests that the rise in temperature would inctbagateof growth of

fracture

Fracture energ{work of fracture)is calculated ashe integral under the stressack opening

curve and wherthe concrete iexposed to temperature, the curve becomes flatterg
ductile). The dependence of the tensile stoegsk openingurve on the temperature elevation

is shownFigure 3-1b from the experiments carried out by Schneider (1982). The already
mentioned decrease of the modulus of elasticity and strength is clearly visible. Up to date, ther
has been a limited number of studies measuring the fracture properties (fracture energy and
fracture toughness) with the increase of temperature. The experimental studies analyzing the
influence of temperature on the fracture energy of normal strengthiete (NSC) have been
limited to wedgesplitting methods (Yu et al., 2012) and three point bending tests on notched
preheated specimenB @ ¢ and tPrat, 1988 Baker, 1996; Zhang et al., 2000; Nielsen and

Bi | a2002tB o g nétalk 2018). Most of these tests exhibited an incrdaseease
tendency with the increase of temperature.

The measurements of Zhang Bi | a(20D2) showedthat the fracture energy initially
increases with increasing temperature and reaches its maximum value at aboufF8ROeC (
3-14). This increase is explained firstly by the progressive hydration and secondly by the
increased frictiorbetween the individual aggregate grains due to thermal expansion. A further
increase in temperature above 300°C leads to increased microcracking, dehydration and
degradation of theement paste. This leads tdexrease of the fracture energy. At about’600

the value meased at 20°C is reached agalie tests were performed on the concrete beams
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of dimensions 108 100n 500 mm and an initial notch depth of 50 mm in a three point bending

test.

Yu et al. (2012) experimentally investigated the influen€demperature on the residual
fracture properties of NSC using the wedge splitting tests. The specimens had a notch of 80 mm
height and 3 mm thickmss, each with dimensions of 160500 300 mm. He observed that the

weight loss of the specimens graduallyirea s ed wi t h the increase of
modulus was decrease to 7.18 GPa at 600°C, indication a net drop of 78%. The fracture energy
Gr and fracture toughnegs both experienced an increadecrease tendency with the increase

of temperatureAccording to Yu et al., the mechanism for the increas@dns the thermal

damage making the crack path more tortuous, passing around the aggregates instead of through
them. The initial fracture toughne&s, was observed to decrease monotonically ki

temperature elevation. The tests were carried out in cold (residual) state

Yu et al. (2016) studied the influence of elevated temperature on the residual fracture properties

of high strength/high performance concrete C80 and C100 with compresengihst of 76.5

and 965 MPa, respatively. To avoid spalling, 0% polypropylene fibers (PP) were added to

the admixture. It was found out the fracture energy of both concretes, as well as both initial and
unstable fracture toughness decreased with temypenaicrease. In the case of HSC, the bond
between the cement paste and the aggregates has not deteriorated as much as in the case of NSC
resulting in the cracking of aggregates in numerous locations and inducing a much flatter crack

surface. The tests weecarried out in cold (residual) state

(a) (b)
I A NSC (zhang & Bicanic, 2002)  —&— HSC (Zhang & Bicanic, 2002) |
E ¢ HSC80Concrete (Yuetal, 2016) # HSC100 (Yuetal., 2016) i
e TrendlineHSC80  ------ Trendline HSC 100 .
i X SFRC (Bosnjak et al., 2018) + HyFRC (Bosnjak et al., 2018) i
__________________________________________________ 1.2 -
1.8 1 Schneider (1982) || —— 20°c
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Figure 3-1. Relative fracture energy of concrete as a function of temperature (aeive
stressstrain curves at different temperature exposurasacold state (b).
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B 0 ¢ net ah (RO18) conducted a series of tests to determine the influence of high temperature
on the mechanical and physical propertiesigh strength concretédSC) with and without

steel fibers. Three types of HS%&reinvestigate: normal concrete (NC) without fibers, steel

fiber reinforced concrete and a hybrid reinforced concrete with both steel and*IP@fibers.

It was pointed out that the presence of fibers increased the fracture energy by two orders of
magnitude compaceto NC throughout the complete temperature range. Both fiber reinforced
concretes had a decreasing tendency of fracture energy with the increase in temperature. The

tests were carried out in cold (residustBte

3.1.2 Methods of determining fracture energy

The fracture energy, as raeasure of specific (averagehergy consumptiomlue tocrack
propagation, can be measured using various methods, some of which will be summarized in

this chaptewith thefocus on the three point bending tg#tkalilpour et al. 2019)

Peterson method

Peterson (1980) discussed the possibility of determining the energy reled&estdigected to

three point bending test by using the LEFM when the maximum load is known. In fact, to obtain
the correct amount of fracture enegythe notched beam, the amount of input energy via force
applied on the top midspan of the rectangular beaationand the beam weight should be
eqgual to the energy consumed by the crack propagation. He pointed out that the weight of the
beam could be tad outin Eq. (3-1), if the length of the beam is as twice as the distaateden

the supports. Peterson 980 proposed a couple of weight compensation methods to
compensate for the weight of the beam and to eliminate the midspaoent in short beams.

The following equation can be used to calculate the fracture enetggiimg the weight of the

beam:

0

0 0°Q
4 3-1
= (3

®»Q

where0 is the area underneath the ladidplacement curve where theassof the beam is
excluded;M is the total mass of the beamjs the gravity accelation;] is the maximum
deflection at the ultimatpeak d is the depth of the bearbthe beam width andthe depth of

the crack.
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Hillerborg recommendation (RILEM

Hillerborg (1985) put forward certain geometrical parameters such as span, temthand

Dmaxfor determining fracture energy. He also proposed a set of requiremethistfoee point
bending testing, some of which are: (1) the
than three times the maximum size of the aggregajeth@ minimization of the energy
absorption effect from then zone outside the fracture area; (iii) the stiffness demand on the
machine should be | imited. RI'LEM (1985) base
the following equation for obtainintpe fracture energy:

w aq

° —ZTo o

(3-2)

where the parametebs d, a and] represent the same dimensions as irPersonrmethod;

w is the area under the entire ledidplacement curved & ¢a ,whered isthemass
between the two supports aad is the portion weight which is not connected to the machine
but follows the beam up to failure. Hilleborg (1988)posedhat the initial depth of the initial
notch should not be less than 1/3 of the specimen depth.

Guinea, Planas and Elices model (Khalilpour, et al., 2019)

As one of the important factors influencing the measurement error of fracture energy according
to Guines, Planas and Elices are: (i) eggwdissipation, (ii) using fixed rollers as supports and
(iii) effect of weight on fracture energy and the tail of the load displacement curve.

B
P’y ideal test

Load, P
AN

\

N\

p‘, actual test

3

Displacement, U

Figure 3-2. Loaddisplacement curv@adgpted fromGuineaet d., 1992).

Theequation forobtaining the work of fractureas proposed
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w w C = (3-3)

6 6 6 2 7 7, 2 (3'4)

where® is the area under the cundIBA, Y andY are the displacements at the point A
and B andA s a constant derived from the K§-4) suggestety Guineaet al.(1992.

European standard

The European standard method for testing conanetallic fiber implies the usaf specimens
with the length in the rang®50 mm>Xp X700, mm with the maximum aggregate size of 32
mm and the maximum length of the metallic fiber of 64 (BSEN, 2007). The recommended
notch size is to be 25 minl with one side of the frame being fixed with a slider and the other
with rotating fixture. The LVDTs are used in the experiment for midspan deflection
measurement.

Other methods of obtainingdtture energy include: the four point bending test, compact
tension test, wedge splitting test, uniaxial tensile test,-isd®pendent test and meso

mechanical modeling.

3.1.3 Parameters affecting the work of flacture (loadi displacement curve)

Watercement atio (w/c)

The water to cementatio can affect the interfacial transition zofi€Zz), i.e. the aggregate
paste interfaceavith thicknessapprox. between 10 and 5@n. The interface zone has lower

strength than aggregates and the cement paasrddcziet d., 1996).

240 A

120 A

Gg [N/m] (log. scale)

—A— Hassanzadeh etal,, 1998 ~—é— Hillerborg, 1985
—O&— Hillerborg, 1985 -G - Wittman et al., 1988
-3 - Wittman et al., 1988 - - - Bharatkumar et al., 2005
- =& - Casuccio et al., 2008

T T

60

0.25 0.35 0.45 0.55 0.65 0.75
W/C ratio

Figure 3-3. Normalized fracture energys@s a function of water to cement ratio
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By reducing the water to cement ratio, the porosity between the paste and the ITZ decreases
resulting in a stroger paste and as a consequence, the bond strength increases. Having this in
mind, it is more likely that the cracks will not pass around the aggregate but rather through the
aggregate. From the fractal theory perspective, concrete with lower water torairaénigher
strength) will have a smoother cracking surface.

Adggregate size

The interfacial zone properties and the aggregate size, distribution and surface texture can have
an important role in resisting the crack opening (Khalilpowal.e2019; Siegar et al., 2007
Increasing the biggest dimension of aggregate in concrete with similar water to binder ratio,
fractal dimension increase resulting to an increase in fracture energyefYaln 2001).
Furthermore, the aggregate properties lime the sype and smoothness influence the crack
control capacity with smoother aggregates having a decrease in fracture éradiaghambj

et al.,1984). Some of the works reported the increase in fracture toughness with the increase of

aggregate size or bydreasing the coarge-fine aggregate ratioQjaccioet al, 1993)

1.9

- A —Issaetal, 2000 —&— Mihashiet al., 1991

. . G =
—o— Beygietal, 2014 —H— Wittman et al., 1988 —/"’%“j’
1.7 4| —&—vanetal, 2001 - & - Zhangetal, 2010 _é/@.:ﬂ/«ﬂ

1.5 A

13 A

1.1 A

Normalized fracture energy G,

0.9

Maximum agreggate size D, [mm]

Figure 3-4. Normalized fracture energyr@&s a function of maximum aggregate size (left) and
the aggregate size effect on the crack pattoncrete (ight, Chenet al, 2004)

Size of the specimen and notch/depth ratio

It is well known that the fracture process zone (FPZ) largely influences the crack propagation

and the energy required to its growth. Furthermore, as the size of theteosgeeimen

increases, the relative size of the process zone decreases leading to a conclusion that the
infinitely sized specimens aresicen dependent (Bagant et al ., 19
an increase in fracture toughness and the fractal dimensions. Spearemental studiedgsa

et al.,2000 show that if the dimension of the specimen is three times enlarged, the fracture
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toughness and the stress intensity factor significantly increase. However, the stable fracture
energy remains almost a constant irresipe of the specimen size, the unstable fracture energy
increases with increasing ligament length. Stable fracture energy is taking place during the
crack stable extension (peeitical crack growth) and the unstable energy is occurring in the
fracture peod, where the stored energy is completely released until the deformation reaches

its maximum value and the load fails to zero (Xu et al., 2006).

Fibers

Adding fibers of any kind in the concrete mix improves the durability and the mechanical
properties ofhardened concrete including the resistance to fatigue, flexural strength, impact
strength, toughness, vulnerability to cracking and sga(lNanni, 1988; Malhotrat al, 1994.

Fibers differ from themselves in their type (steel, polypropylene, polysthylglass, carbon

etc.), size (length to diameter ratio), volume content, ultimate tensile strength and distribution
(Shahet al, 1971; Gopalaratnaet al, 1991). Fibers have a considerable influence on the post
peak behavior and increase the #iaearfracture properties. Mo et al. (201dgtermined that
adding 0.5 to % of steel fibers in the mixture, the fracture toughness is increased from 6 to 17
times, indicating the effect of steel fibers on the bond between the microcracks. Furthermore,
the hidhest rate of fracture energy increase is associated to steel fibers and the lowest to Basalt
fibers. (Khalilpour et al., 2019)
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3.2 Experimental investigation: temperature dependent fracture energy

3.2.1 Test preparation

The experimental tests for temperature depehfracture energy weparried out at the MPA
laboratory Materialprifungsanstalt StuttggrtThework was performed in two steps; initially

the notched beams wepéaced in the electrical ovesubjected to thermal load and left to cool
down naturallyto the ambienttemperature. In the second step, the three point bending test
according to RILEM test specifications for determination of fracture energy was cartied ou
(RILEM committee, 198p

Test specimensf two different sizesvith their correspondig dimensions are shownkigure
3-5. For consistency and unambiguous comparisdhe nunerical analysis later (Chaptey, 5
the smaller specimertgve beermre-cut from the crackedompact tension specime(STS)
already used ithe dynamic eperimental analysis (Ruta, 2018s shown irfrigure3-6. Since
the CT specimens used in the preceding research wereathedamaged only up to 400°C,
one partof the sliced specimera the ambienttemperature wer additionally heated up to
600°C.

Small specimen Fl
A( % Idc I d=40
L A 5
§=180
/=200 h=25 Detail A -
\s
F
Midsized specimen l
5
._\ 0
d=150
50
A A
5$=600 i b=150
/=700 '
All'in mm

Figure 3-5. Dimensions of the test specimens used in the experiments

The concrete specimens were cui@d/ days under constant temperature of 20°C and relative
humidity (RH) of 100% Subsequentlyhie specimens were exposed to the nadatumidity of
60% for 3 weeks andtarwardstheywere placed in the oven a@® for 2 weeks. Thbeams

were additionally set aside for three months at room temperature to mitiggdesibility of
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any remaining free water in the material. Altogether, 20 smsittexd and 16 midsized
specinens were produced for the tesince the midsized beams were too big for one mixing
batch, the mixing process had to be repeated three fithesoncrete recipe for the midsized

concrete spemensis summarized imable3-1.

Table3-1. Concrete mixture properti€Midsized specimens).

Batch Cement Aggregates w/c Plasticizer  fc Density
- t , 02 24 48 816 - kg/m*  N/mm?  kg/m?
PE - lkgima J mi €9

CEM I

1 305 250 553 410 375 446 0.73 0.0027 46.53 221
CEM |

2 305 250 553 410 375 446 0.73 0.0027 48.06 2.24
CEM |

3 305 250 553 410 375 446 0.73 0.0027 4547 2.25

The cement type for all test specimsevas CEM | | 32.5. The water to cement ratio was taken
as0.73 in the case of midsized specimens in order to eetécstrength of the concrete and to
obtaina smooth and stabile pgstak curve. Additionally, polypropylene fibers (PP) with a
diameter ©15.4>m and a length of 6 mm from the company Baumhuter were added to the
mixture to avoid concrete spalling. Midsized specimens with addition of PP fibers contained
1.5 kg of fibers per mof concrete. A high length to diameter ratio combined with small

diameer leads to more interconnected network of fibers and capillaries.

(a) Room temperature (b) 200°C (c) 400°C

Figure 3-6. Sliced specimens fortineoriginal CT probegsmallspecimens

The uniaxial cacrete compressive strength for midsized specimens was measured before the
tests on three standard 150 mm cubes for every casted miXtabde 3-2). Concrete

compressive strength is then reported as the mean value of those pbcegeess.The
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properties of hardened concrete and waled compressive mean value atenmarized in
Table3-2.

Table3-2. Properties of hardened concretes small (S) and midsizgi) specimens.

. . . . .., Compressive Compres§ive
Mixture  Specimen Specimen Weight Density strengthi
No. No. size* [ka] [kg/m?] streng;h mean value
[N/mme] 5
[N/mmq]
S1* 1 S 7.245 2.162 50.46
S1 2 S 7.338 2.110 46.91 48.96
S1 3 S 7.118 2.124 49.52
M1* 1 M 7.665 2.270 46.82
M1 2 M 7.441 2.210 46.95 46.53
M1 3 M 7.209 2.140 45.83
M2 4 M 7.356 2.180 48.04
M2 5 M 7.518 2.230 47.75 48.06
M2 6 M 7.568 2.240 48.4
M3 7 M 7.598 2.250 45.41
M3 8 M 7.621 2.260 47.55 45.47
M3 9 M 7.598 2.250 43.5

* S smalt M T midsized.

Based on the compressive strength, the concrete propEriesll specimenwere estimated
as: Younghis ®6dGPas Pasi0.48sandnteénsle strengti= 8.8 MPa.
Figure3-7 showsthebeams of both sizes before the TPB test.

(b)

Figure 3-7. Small (a) and midsized (b) specimens before thet@§B.
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3.2.2 Thermal exposure

The specimens were heated up in the dittec XT330from the company Bentrup thatas
equippedwith a preprogrammable temperature history option. This option was mainly used

for adjusting heating gradients and retaining time @ertain temperature level.

Table3-3. Testing procedure and number of specimens used in the tests

Target Size of the Number of : .
temperature [°C] specimen specimens Heating regime
20 150x40x25 4 1°C/min
200 150x40x25 4 1°C/min
400 150x40x25 4 1°C/min
600 150x40x25 5 1°C/min
20 700x150x150 4 1°C/min
200 700x150x150 4 1°C/min
400 700x150x150 4 1°C/min
600 700x150x150 4 1°C/min

The specimens were heate@ with a constant heating rate of 1 °C/min tteeir target
temperatures of 200, 400 and 600°C, where they were kept for another 2 hoursrtaobtai
uniform temperaturghroughoutthe complete specimen. During the heating process, no
extensive thermal spalling occurred in rsided specimens due to theepence of PHbers.

The fiberdosetheir thermal stability at 120°@eltat approximately 160°C armlirnat 320°C.

700 1

600

C
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o
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o
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Figure 3-8. Heating and cooling regime for both specimen sizes and the oven

The s ed temperature time curve (heating regin
interface is depicted drigure3-8. For all test cases, the heating gradient of 1°C/min was kept

the sameFigure 3-9 shows the thermally induced damage (cracks) that occurred during the
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heating and cooling regime in the case of 600°6aih specimen sizeMajority of cracks in

the midsized specimens originate at the notch tip and tortuously propagate tawards
peripheral parts on the side. Positioning the beams in an upward position during heating caused
the initiation of cracks on #hside of the specimerSmallerbeamswere placedn the ovenin

a horizontal positionvithout anymajor cracks observed dtet end of heating regim€&igure

3-9; 600°C).

Figljé3-9. é)bserved cracks after being cooled down from 6001@Gidsized specimeiia and

b) andin small specimeng).

Measured weight loss with the temperature increase indicates that smaller beams lost more in
weight than midsized beamg$igure 3-10). However, smaller beamsxhibited amore
pronounced scatter of results. ef'mitial weight loss atow temperature®ccurreddue the
evaporation of capillary water followed by the weight loss due to the evaporation of gel water
at temperatures of 26000°C and finally the dehydration and decomposition of hardened
cement pastand aggregates at 600°Since different cooling rates have no influence on the

weight loss, these results are comparable (ZhaBgi & a2002).

(a) (b)
10 - ) 10 -
Small specimens | 3 3 | Midsized specimens | "
— 81 . — 81
2 6 e g 6 4 g'_-»"’ ¥
8 T 8
o 3&_." * o PPl
W 4 -~ S 4 - o x
: | : 1
. - x - -
2 - o x --»- Mean values 2 - o ‘ = - Mean values
0 -’ T T 1 0 ""” T T 1
0 200 400 600 0 200 400 600
Temperature [°C] Temperature [°C]

Figure 3-10. Weight loss for different target temperatures: small specimens (a) and midsized
specimens (b)
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3. EXPERIMENTAL INVESTIGATIONS

3.2.3 Small concrete specimens

The first batch of specimerismall sizedwith thedimensionsof 2510 400 200mm (b x d x 1)
were fixed between the rollers in a 10 kN Zwick/Roell maclainé he distance between the
supports where the specimens waeeed onwas set t&¢= 180 mm(Figure3-11d). The three
point bending test was performed onrf@eries of specimens; oneaahbient temperature and
three that were previously heated up to°ZD)@00C and 600°CThe beams weltested in the
cold (residual) state, i.e. after beingoled down to the room tempauree. The testing was

carried out at normal ambient conditiofsgure3-11a).

Figure 3-11. Thermometer (a), Acquisition unit (¥stingmachine (c) ad loading jack (d).

Due to the small dimensions of the specimens, it was inconvenient to mount the LVDT sensors
or clip-on extensometers to measure the crack mouth opening displacement (CMOD).
Therefore, the midspan deflection of tested probes was mdaguoeigh the movement of
loading jack Figure 3-11d) and the information was sent to the computer for displacement
processingKigure3-11b). The data acquisition rate of the ledidplacement results wast to

0.005 s. The distance between the supports at the bottom was set at 180 mm and the loading
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3. EXPERIMENTAL INVESTIGATIONS

speed was kept constant at 0.02 mifie load displacemefit-D) curves from the TPB tests

on small specimens with their correspondingck patterns arghovn in Figure3-12. The test

was aborted at approx. 5% of the corresponding peak load value.
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Figure 3-12. Load displacement curves from the three point bentkst of midsized beam
specimens at: 20°C (a), 200°C (b). 400°C (c) and 600°C (d)

TheL-D curves for the specimens at ambient temperature and at 200°C indicate a brittle failure
after the peak load is reached. Since the midspan displacement was meaghechachine

and not with the LVDT(Linear Variable Differential Transformeor CMOD (crack mouth
opening displacementgauges, the loading nos&as notcontrolledby the crack opening and
exhibited insensitivity in the pogteak zone. I”200°C casea slightly tortuous crack path can

be observedvhich indicates that these specimesseadyexperiencecoticeablethermally
induced damagédn both temperature cases, 20°C and 200°C, in terms ottlefie at peak

di f f er e ans whch endeavent arheatiry .regirSepue €00

and 600°C prior to the TPB test, exhibitedhare pronounced ductile failure with a rounded

load, donot

peak Occurringat high temperature). The initial slope of the ascendnagchesn these two

cases, compared wigpecimens at 20 and 200°C, decreased and the loacanegenerally
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3. EXPERIMENTAL INVESTIGATIONS

flatter and more extendeHBigure3-13 shows theexperimental results in terms of relative peak

load values and the displacement at the onset of cracking astebriuof temperature. The
reduction in average relative peak load values compared to the case at room temperature
amounts to 25.4%, 42.3% and 91.4% at 200°C, 400°C and 600°C, respettieaigsults also
indicate that the displacement at the onset afiking increases with the temperature increase.
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Figure 3-13. Values of peak loads (a) and the displacemerthatonset of crackingb) at
different temperatures from the TPB test of small diezans

Figure 3-14. Observable crack paths at the surface in the complete temperature range and the
crack path difference between specimens arD600°C

The cracked specimens at their corresponding temperatursdeeeshown irFigure3-14. As

the temperature increased, the crack path became more tortuous and the change in specimen
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3. EXPERIMENTAL INVESTIGATIONS

surface color was &erved. Moreover, the crack at 600°C went around tgesgates while
the crack at 20°C through them, which indisatee degradation of the bond betweka
aggregateandthe cement paste as well the existence of the micro cracks in the interface

Z0re.

3.2.4 Midsized concrete specimens

The three point bending (TPB) tests in the case ofsizied specimens were carried out
according to the recomendations of RILEM (RILEM Committee, 1985The beam
specimens, after being left to completely dry out at roanpé&gature for 3 months, were placed
in the servecontrolled hydraulic jack WALTER+BAZDEM 20/600with a maximurmoading
capacity of 20 kN. Three LVDT sensors for tracking the-spen deflection were installed on

each specimen and glued with a molten lethgrvinyl-acetate copolymer.

F
Reference bar for deflection measurement Roller Allin mm
— 13 [--—-------------oomomoo- ! —
| 5 ' Camera frame
| N !
| 50 .
1 1
1 1
' '
%j—x Roller e e ! Roller— %
700
|

Figure 3-15. Complete test setupof) the schematic side view of the specimen in the camera
frame (bottom)
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3. EXPERIMENTAL INVESTIGATIONS

The test setip was equipped with a monitoring unit that hackeording frequency of 05
secondsKigure3-15). The tests were filmed with a GoPro Black 5 camera in order to track the
crack path in real time. To obtain the complete {deplacement curves in reasonable time,

the testing rag was fixed at 0.025 mm/miue to the high sensitivity of the LVDT sensors

that were measuring the midspan deflection, a-fngtpuent oscillation of displacement during

the tests could be observed. To circumvent the oscillation, a program in Matlab®eatesi

to calculate a smoothed function by obtaining the coherent tangents of each point and the
inclination between them. Each point with an inclination higher than 5° was dischigleck

3-16a. shows an examplof the test with frequent displacement oscillations with its
corresponding smoothed curve expressed as a red dotted line. The LVDT connected directly to

the motion regulation channel is showrFigure 3-16b.

(a)
8 -
E— - = Smoothing function i
i Exp_20°C- 4
0 }//WM//MZZ”W///%///M/I e T
0 0.2 0.4 0.6 0.8 1

Midspan deflection [mm]

Figure 3-16. Loaddeflection curve from the TPB test of the #sjdn beam at 20°C and its
corresponding smoothed curfg) and the position of the LVDT sensors (b)

Test results for four target tgrardures at20°C, 200°C, 400C and 600°Cwith their
corresponding load displacement curves are shovigimre 3-17. Between the specimens in
tested casemdividually, no particular peak load deviation has been observed. Tikeritatly

placed beams were each loaded with a constant loadingma@ecby at approx. 5% of the
corresponding peak value, the test was aborted. Therefore, the time of the tests increased with
the temperature level as they became more ductile and neededime to reach the prescribed

test termination loadlhe initial slope of the curve, representing the initial stiffness, decreased
with the temperature increase. Thé® curves at 600°C exhibited expressed ductile behavior
and reduction of peak loadmpared to its value at 20°C. Thagestscatter othe peak loads

and the curves itself was observed at 200 and 400°C.
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Figure 3-17. Load displacement curves from the three poimdb®y test of midsized beam
specimens at: 20°C (a), 200°C (b). 400°C (c) and 600°C (d).

The peak loaslexhibit a strong declining tendency as the temperature increases. Comparing

the average peak loadsf thermally predamaged specimens with the case abiant
temperature, a decline of 25% at 200°C, 50% at 400°C and 90% at 600°C is ddteeted.
highest relative decrease thie peak load was observed at 600¢@npared to the values at
400°C(Figure3-18a).
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Figure 3-18. Values of peak loads (a) and the displacement at crack opening (b) at different
temperatures from the TPB test of midsized beams.
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Thedisplacement at the crack onssta function of tempenate shown irFigure3-18b. With

the increase of temperature, the displacement at which the crack inish¢gghily increasing.

As the temperature increased, the color of the specimen surface changed and tpatlerack
became more tortuous, as showrrigure3-19. Due to the increase in target temperature, the
crack started to circumvent the aggregates instead of going througRigeme 3-20).

20°C 200°C

400°C 600°C

Figure 3-19. The surfaces of midsized concrete specimens after exposure to elevated
temperature and their corresponding crack pattern during the three penting test.

Figure 3-20. Cross section along the craglath of themidsizedspecimens at 20°C (left) and
600°C (righ).
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3. EXPERIMENTAL INVESTIGATIONS

3.2.5 Fracture energy measurements

The fracture energyGr defined as the total energyssipated over a unit area of the cracked
ligament, should be calculated by taking the work of fracture impos#uklaygting force and
the selfweight of the specimen. However, since in the case with smaller beams, theigalf

was not taken in to aoant, the same was also neglected in the chsedsized beams

07 QY

- (3-5
b

0
whereGe is the fracture energy (JAnAig is the area of the ligament i1 is the midspan
deflection (m), and is the load (N).Thefracture energy as a function of temperatarghown

in Figure 3-21 for the tested beamdn the case of smaller beams, a declining trend with the
increase of temperaturarc be observed. The biggestative decreasen fracture energy is
visible at 200°C ana amounts t&/ 1% of the value at ambient conditions. The average fracture

energy at 600°C i61% compared tdts initial value at the room temperature
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Figure 3-21. Fracture energy as a function of temperature given in absolute and relative values
for: Small (a and b) and midsized specimens (c and d)

It should be emphasized that the displacanmethe tests with smaller beams was measured
directly from the loadingack movement and the probes at 20 and 200° showed quite a brittle
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responsdn the post peak zone. Considering this fact, it can be concluded that the fracture
energy at those tempeuaes, measured with LVDT sensors or CMOD method, would be
probably slightly larger Equations(3-6) and (3-7) describe the experimentally obtained
temperature dependence of fracture energy plottédyure3-21.

Small specimens: 0 m oY p& ouc (3-6)

Midsized specimens: "0 MY pStyyy (3-7)

Since the midspan deflection in the case of larger spasiwas measured with the help of
LVDT sensorsand the notch length was relatively largee obtained load displacement curves
were more stable the post peak zone. Althoutite measure@r at 200 and 400°C are similar

to each other, their average valugsmpared withGre at room temperature still show a
decreasindrend. The average valwé fracture energy at 600°C i4% of the iitial value at

room temperature and comparedhe smaller specimengnly 5% higher. The Gr decline at

200 and 400°C is merpronounced in the case of smaller specimens (logarithmic funétion),
spite ofthe heating gradierieingthe samen both case$1°C/min).Having smaller sizethe

small concrete beams reached their uniform temperature much faster causing highdytherma
induced strains in the inner regions. Naturally, this led to higher damage already at 200°C and
400°C and a higher reduction &. This reduction equalized in bottases at 600°C with
approx. 60 of their reference value at ambient temperattighauld be emphasized that for

the purposes of this work, the relative values are more important.

3.2.6 Tensile strength

The tensile strength was obtained by calculatindgpmelingstrengthassuminghe elastic beam

theory formula, o0 "W¢oX) with O as the corresponding peak lo&,as the distance

from the notch top to the upper specimen surfgice length of the ligamengnd S as the
distance between the suppoAscounting for the size effect on the bending strepgthensile
strengthQis calculated a2 , X where , 2.85and 1.64 for small and midsized beams,
respectivelyln both cases, a linear decrease in tensile strength with the temperature increase is
observable. The relative deasewith 95% at 600°C, compared to the case at 20°C, is more

pronounced in the midsized specimens.
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Figure 3-22. Tensile strength as a function of temperature given in absahatesdative values
for: Small (a and b) and midsized specimens (c and d).

3.3 Conclusions

In the framework of the present experimental study, the influence of temperattersde

strength andracture energy was investigatéhe tests were carried out ngithe three point

bending method according to RILEM recommendation on specimenswatldimensions,

small and midsizetheams The results confirmethe initial premise that the fracture energy

has a steady decreasghithe increase of temperature, samnitotensiles t r e ngt h and Yo
modulus. The smaller sized specimens needed less time to reach the uniform temperature across
in the specimen, hence were the inner regions longer exposed to higher temperature. The
difference in reduction between the sipgen sizes was observed already at 200 and 400°C, as

the smaller specimens had higher thermally induced damage during the heating phase. In spite
of this difference, both small and raéized beams had approx. similar 40% reduction of
fracture energy at ®C. Figure3-23 illustrates the comparison of the results from literature
(Zhang andB i | a2002) and the experimental results for both specimen sizes. Had the
fracture energy been measured up to 800°C, the trends indicate that the experimental results

would conjoin in one poinfThe aim of the study was not only to obtain the fractunergy

Behavior of concrete structures subjected to static and dynaadin¢pafter fire exposure Page b6



3. EXPERIMENTAL INVESTIGATIONS

curve but also to determine its influence on the dynamic respoi@SE sifecimenas it will be

discussed later in the numerisalidies

200.0 - —
O Experiment (Zhang & Bicanic, 2002)
Model 1
o 160.0 X Experiment midsized spec.
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Figure 3-23. Comparison of the experimentally obtained fuaetenergy with the data from
literature as a function of temperature given in relative values.
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4. THERMO -MECHANICAL MODEL FOR CONCRETE AND THE 3D
FE ANALYSIS

4.1 Introduction

In order to properly simulate the structural response under complex loading sGenentoas

fire and impact, a proper numeriegdproacthas to be chosen. The norechanical influences

such as firecan have a great impact on the resulting material behavior, cracking phenomena
and the integrity of the structure making the numericadlipten of material failure a very
demanding task. The simultaneous or successive loading of fire (elevated temperatures) and
dynamic loading (impact) can lead to damage localization in a narrow zone accompanied by a
progressive stress relaxation (matesitening).Moreover, when two materials with different
dynamic response in terms of strain rate sensitivity such as concrete and steel are modelled
together, a proper computational approach plays a crucial role. In the upeagF&n MASA
different constutive laws are available (microplane model, plasticity and damage based
model3. However, for the application of tHeE code to the problem at hand, a rdependent
thermemechanical microplane model will be utilized. To account for the temperatluernoé

on the material properties of the simulation constituents, the thermal dependencies of these
properties were implemented in the modebrief description of thenechanicahnd thermal

parts of the microplane model, as well as the implementatitireaforiocal temperature field

in the code will be discussed.

Two groupsof coupled thermanechanical constitutive models exist currently therme

mechanical modelgleBorstand Peeters, 1988; Lucciband et a
(i) thermehygromechanical model a g and Kaplan, 1996; Gawn et al ., 1999;
al.,2008Peki §§ 2009 :; Te 1. inlhe first graup thee mechani@lOpBerties o

concrete are temperature dependent, while the temperature distribution is independent of the
mechanical properties of the concrete. In the second group, the physical processes that take
place at the micro level are coupled, i.e. there is an interacdbmebn the mechanical
properties, temperature, moisture, pore pressure, hydrationTletse modelsare rather

complex and interesting from a theoretical point of view. Due to the extremely complex
structure of concrete, especially in the cracked stagdhtoretical assumptions of these models

are often very questionable and can therefore lead to @ataesults (e.g. transport ofater

and steam in damaged concrete at high temperatures). Consequently, for practical applications

the first group are wre suitable.

Behavior of concrete structures subjected to static and dynamic loading after fire expdzage p8



4. THERMO-MECHANICAL MODEL FOR CONCRETE AND THE 3D FE ANALYSIS

4.2 Microplane mechanical model with relaxed kinematic constraint

In contrast to classical macroscopic constitutive laws, such as plasticigmage models,
which are based on tensorial invariantsstresses and strains, in the microplane rhdte
material responses computed based on the monitoring of stresses and strains in different
predefinedd i r ect i ons ( )Olhdcorlstitutive kaw far concreten@hé @resent work
is rate sensitive temperature dependent microplane modéthvis an extension of the

mi croplane model with relaxed kinematic cons

4.2.1 Isothermal constitutive law for concretei Microplane model

In the microplane model formulated for concrete, the material is described by the relptionshi
between the stress and strain components on planes of different orientation. These planes can
be interpreted as microcrack planes or as "weak surfaces", such as contact surfaces between the
aggregate and the cement matislip planes inthe theorypfl ast i ci ty (Ogbolt
Few uniaxial stress and strain components are present on the microplanes and no tensor
invariance requirements need to be considered. The tensariance constraints are
automatically satisfied because the microplanesctly reproduce, to some extent, the behavior

at various weak levels in the material. The basic concept of the microplaréwasddefined

by Taylor (1938)The model was subsequent |-workergfdrthemi z e d
modeling of quasbritt | e mat eri als (Bagant & Gh mbBaargoavnat 1
& Ogbolt 1990). The model has leeen clmahged ahdda@apted to obtain a unique
solution for softening materials (replacement of the static constraintgheitkinemat one;

B a g a n t) and dubsBadiently extended to model cyclic and rate sensitive material behavior
(Ogbol t and THe aegsmmused in th® fea@ework of this thesis is based on-the so
called relaxed kinematic constraint concép® g b o I, 2001¢.Eacharlicroplane is defined

by its normal¢ (Figure 4-1). The microplane strains are assumed to be projections of the

macroscopic strain tenser (kinematic constraint). In the integration point of theite

element, normal,( , - ) and two shear mutually perpendicular (,, ;- ,- ) stressstrain
components are considered. To realistically model conbettavior, the normal componeast

further decomposed into volumetiand deviatoric part, ( A - - ).
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Figure 4-1. The concept of the microplane model: Discretization of the unit volume sphere for
every FE integration point in 21iomoplane directions anthe microplane strain components.
Figure4-1 is representinghe implementation of the aforementioned equation in a 3D finite
element. As an example, a solid finite elemeriigure4-1 is consisted of 8 integration points

and the macroscopic strain tensor is first projected to each of that 8 integration points followed
by the spatial decomposition (microplane). The projected strains are further decbrimpose
normal and shear components. Stgsain relations on each microplane are then employed to
determine the respective miestress components. Finally, using the principle of virtual work,

a numerical integration over the total number of microplaepsesenting the material point is

performed to determine the macroscopic stress component

Based on the micrmacro work conjugacy of volumetrateviatoric split and using the defined
microplane stresstrain constitutive laws, theacroscopic stresersor is then calculated as an

integral of microplane stresses over all-gefined microplane orientations:

” ” (.| TH ” ‘s é - - !Qé !Qé - d é d é ,Q “\ (4-1)

WhereSdenotes the surface of the unit radius sphgmenotes Kronecker delta akcandm
are directions of shear microplane caments. The integration in E-1) is performed by

numerical integration using 21 microplanes for the symmetric part of the unit sphere. According
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to present experience,-pbint integration formu a ( Ba g a n t) gises algodd balancké 9 8 6

between results accuracydacomputational effort.

For each componemif the microplane, the uniaxiatressstrain relationships are defined as

follows:
” O - n ” O - h r] ” O - h F" (4'2)

where O, "O and"Orepresent the uniaxial stresgain relations for the volumetric, deviatoric
andshear components. For the deviatoric and shear components, only the effective part of the
strain is usedo calculate the stresBq. (4-2) is then used to calculate the macroscopic stress
tensor fromEgq. (4-1). In order to model the cracking of the concrete realistically for all load

histories, the effectivstrain was used i&q. (4-2). This strain is calculateas follows:
- % -1 - h (4-3)

whereM stands for the corresponding components of the microp\gri2 ), - is the strain
calculated by the projection of the total strainstan(kinematic bond) and is the secalled
discontinuity function, which depends on the strain component and the maximum principal
stress, . The discontinuity function takes into account the discontinuity of the macroscopic
strain field (crackingpt the indivdual levels. It is calculated in a walyat for predominant
tensile loading, the ratio between the positive volumetric and deviatoric strain components
remains constant over the entire loading history remains constant. This function "réiaxes"
kinematic constraint, which is unrealistic for the case of strong localization of strains.
Furthermore, the discontinuity functipnin the smeared crack method allows localization of
strains in both tension and compression failufé® relaxation of the kinematic constraint to
prevent the unrealistic model response for dominate tensile load is what makes this model
unigue, unlike rast microplane models, which are based on the kinematic constraint approach.
(Og b ethlt 20010 g b ethlt 2006).

The further advantage of the model is that the tensorial invariant restrictions are automatically
fulfilled and they donotneedtobbei r ect | y e nf 020@1eTd accoOn fordatge et
strains and large displacements, the Gilemgrange finite strain tensor is used. Furthermore,

to account for the loading history of concrete, the Cauchyotadional stress tensor is

employed Detailed discussion of the features and various aspects related to the finite strain
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formul ation of the microplane model are beyo

2000; OQgbolt et al., 2001).

4.2.2 Cyclic loading in the microplane model

Initiall y , Ba g ant b)anmoducd? tha dimpl{stic eussfor unloading in the framework

of their study, which was focused on monotonic loading. The model was able to represent only
the first unloading and, compared to the experiments, even then shomedesors. Later,
Ogbol Ba @#labR) introduced a new set of rules for unloading, reloading and cyclic
loading considering arbitrary triaxial stress states for each microplanesttae@escomponent.

The virgin loading for each microplane straimmgmonentJoccurs if:

-y- mand - - - - i (4-4)

where- and-  are the maximum and minimum values of the effective microplane strain
(§ that have occurred dar; otherwise unloading or reloading takes place. In the contrast to
virgin loading, the cyclic loading the stresisain relations have to be written in the incremental

form for every microplane strain component (volumetric, deviatioric and shear):

0, 00 for 'Q «HOM andl (4-5)

where O represents the unloadingloading tangent moduli which is generally defined as
(©Ogbolt et al., 2001)

CoL (4-6)

where, and- denote the positive or the negative peak stress and the corresponding strain for
each microplane component using the values - and, ,- for positive and negative
peaks] andf are empirically chosen constants between 1 and @argthe initial elastic
stiffness moduli for th corresponding microplane compondfgure4-2 shows the loading
unloadingreloading rules for the volumetric and deviatoric microplane component. The

loadingunloadingreloading rules for shear are principallyetsame as for the deviatoric
component.
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() (b)

Figure 4-2. Loadingunloading and reloading rules for microplane strain components:
Vol umetric component (a) and deviatoric comp

4.2.3 Microplane model for steel

Currently sever al versions of thentand®mtop!l ane
198%; Bagant et al. 2000a, b; Ogbolt et al . 2¢
model for steel were proposed (Jir8sek and

materials, such as steel, almost exclusively macroscopiclsbdsed on the rate theory of

plasticity are employed. Apart from the-calledvertex effectthese models are principally able

to realistically predict failure of metallic materials under qusaatic loading. However, similar

to the modelling of concte, within the framework of standard finite elements these models are

not capable to predict phenomena related to dynamic fracture of metals, for instance, crack
branching, without additional failure critefaO g b o | t ) The mi¢raplane éhdddl for

steei s based on the modification of t e8&mi cr op
Ogbolt et al. 2001) . Similar to the micropl
(-  h and ) are assumed to be the projections of macroscopic strain tengvith

kinematic constraint) and the the corresponding microplane stresses are computed by
employing, in advance defined, uniaxial constitutive law for volumetric,aflewc and shear
components. However, there are several major differences in modellingogtiésimaterials

like concrete and metals. The nonlinearity of the gbagie materials is mainly attributable to

damage and therefore the constitutive lawsficroplane components are based on the concept

of damage. For metal materials, the nonlinearity is a consequence of the plastic slip, which

insensitive to lateral confinement, and therefore the tensile and compressive strength are the
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same. Furthermoremetals exhibit a phenomenon, called the Bauschinger effect, where the
yield stress is reduced when the material has been previously loaded in the opposite direction

beyond the yield limit. This effect was also successfully implemented in the microplaeé mod

by proposing the following microplane strestgain relationshipg Ogb ol t )t al ., 2 C
Volumetric: 0-, 6 'Op (Linear elastic) 4-7)
Deviatoric: ” 6- O06-, 6 0OyQ% . 3 (Loading)
(4-8)
" 6-, 06 Op (Unloading)
ShearT M,L): , 6-, 0 0OyQ% % (Loading)
(4-9)
” 0-, 0 0OyQ " . (Unoading)

whereC and’O = secant and initial stiffnessf the corresponding microplane componant (
D, T), respectivelya, b, pandq = internal model parameters obtained from the calibration of
the model. The volumetric and the shear components are written in total (secant) form, whereas

the deviatoric comgnent is written in the rate form to account for its cyclic loading history.
4.2.4 Rate sensitivity

The components of the microplane stresses-  (Ms stands for microplane volumetric,

deviatoric and shear component) are calculated from the known microplane Gisaisig

pre-defined microplane uniaxial strés$rain constitutive leat i ons ( Ogbohkt et
rate depedency for each microplane componisnbased on the rate process theoryaambe

written in the following form:

v G
” - ” - P WA E—=
W (4-10)

with | -~ - ando —

where® and® are material rate constants obtained by fittirgtétst data (Dilger et al., 1978

- represents theomponents of the macroscopic strain rate tensae kdeobvious that the

rate magnitude is not measured on the individual microplanes, which would be notebjecti

but on the macroscale. E@-10) applies to all microplane components except to volumetric
compression, which is sasmed to be rate insensitive. This is because for volumetric
compression there is no crack development, i.e. the material is compacted. The rate dependency
in the ratesensitive microplane model for concrete accounts for two effegtshed rate

dependengrelated to the formation (propagation) of the micracks, which is the effect of
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inertia forces at the leVef the micracrack tip, and ()ithe rate dependency due to the viscosity

of concrete (bulk material) betweenthe micre ac ks ( @Kl t et al .,

On the other hand, metallic materials such as steel, that display high toughness and ductility,

do not exhibit significant strain rate sensitivity (Boyce et al., 2007). Up to strain rates of 200/s
there is almost no observable influence of straia on the strength due to its homogenous and
nonporous structure. Because steel is nearly strain rate insensitive but very ductile, its loading
rate dependency comes primarily from inertia, such as inertia at the crack tip that is related to
high nonlineaty of steel, relatively large plastification zone, and ctua | i nerti a. (O
al., 2019

4.3 Thermo-mechanical coupling

In the thermemechanical modelhe influence of temperature is accounted for through the
following( Ogbol t et al ., 2005b)

) Formation of thermal strains: Free thermal strains (FTS) and the hoaded
thermal strain (LITS)

(i) Thedegradatiorof material properties due to thermal damage.
Furthermore,n the here presentéemperature dependent microplane model the overall strain
tensor- is decomposed as followKljoury, 1985; Schneider1986 Thelanderssori,987):

) ) "Y‘i, ) A "Y\i, (4-11)

where:

- - Mechanical strain tensor
- - Free thermal strain tensor

- - Thermemechanical strain tensdclTS)

It is assumed that the mechanical component is decomposed in elastic aeldstiorpart
(plastic and damage part). Here, these strain componermtistaneedrom the constitutive law
(temperature dependenteroplane model). Important to note is the fact the free thermal strain
is stressndependentomponentindit is measured on the unloaded concrée discussed in
chapter 2,le thermemechanical strain is a load dependent component which occurs only in
the firsttemperature cycle (Khoury989%).
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4.3.1 Thermally dependent mechanical properties irthe microplane model

The nonlinear thermal analysis is incremental where the load increment is defined by a time

stepnt. In the present ndel, it is assumed that during thead increment the temperature

remains constant. Consequently, the temperatependent material propies are also

constant during thkewad stepTemperature dependent thermal properties of cantrated on
the recommendations from Eurocode 2 (DIN E{&,12004) have been implemented in the

microplane model. Contrary to this, the mechanical temperature dependent properties depend

on the loading history of the probleiihistemperature dependencytbé mechanical concrete

properties is accounted for in the model based on the experimental evidence.

Youngos 1 Gonadetel u s

80— O
60 —

40

Relative Young's Modulus
E(T)/E? [%]

20

Experimental results A
(Schneider, 1982)
Experimental results B
(Schneider, 1982)
Model

Y I
0 200

T ' I Y
400 600 800

Temperature [°C]

Figure4-3. Concrete Youngds modulus as .a functi

In the present modelhe Yow g 0 s

modul us i s scatap furetioe oft e d

temperaturgas plotted irFigure4-3 (Stabler, 2000):

oY p Ay ©O

(4-12)

1 p TE 181D MQEIMT ] pm

1 r P8 Q¢ | T p T

whereO i s the Youngods

mdok20 °C and a=t(T-Tt) £1609Ceis thet ur e

relative temperature. The depende(:L?2) is implemented in the FE code and it is valid for

standard normal strength concrete. As camligervedjt exhibitsgood agreement with the

experimental evidene ( Peri gki i, 2009).
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4. THERMO-MECHANICAL MODEL FOR CONCRETE AND THE 3D FE ANALYSIS

Compressive strengthConcrete

The model assumes the constant compressive strengtb 8p0°C followed by a linear
decrease to approx. 50% of its initial value at 600°C. From a physical viewpoint, this
phenomena occurs due the falkatt the thermal strains, aggregate locking and frictional
phenomena are even more pronounced than at room temperature whereby at high temperatures,
concree strength decreases due tonmaracks in the matrix and damagetbé cement paste

and aggregate.

(@) (b)
120 L

- B Experimental results
D - - 1 (Schneider, 1982)
@ 100 @<= i 2 = = 100 — __o. - Experimental results
= c (Zhang & Bicanic, 2002)
» J [
O — s Model
= X go+ ® X 8o+ 7
B s Qo

N TR
O oo c
£ 60 - : S 60
g g L Experimental results g =
g = (Schneider, 1982) =
2 40 4 --o-- Experimental results ° 40 -
© (Abrahms, 1971) N (W'
& 1 Model 1

20 T T T T 20 T T T T
0 200 400 600 800 0 200 400 600

Temperature [°C] Temperature [°C]

Figure 4-4. Concrete relative compressiva) (and tensile strengtl{b) as a function of

temperature (Ogbolt et al., 2014)

The temperature dependency i mplemented in t
“Q"Y iA@H"Q

1 s paI VEIT T AT (4-13)

1T P8O TPUOC QI T cqm

where'Q, is uniaxial compressive strengthTat 20°C. The above exposed relation is plotted

together with the experimental dataFigure4-4a.

Tensile strenqgth Concrete

The temperature dependency of the concrete tensile strength and its comparison with the
experimental data form the literature is showirigure4-4b. The trend Bows an immediate

decrease of tensile strength, already at 50°C, with temperature increase.
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Y [ AD G
(4-14)
T r P8 T®D

where "Q, is the uniaxial tensile strength atT =20°C and] =(T-To)/100°C relative

temperature.

Fracture enegy 1 Concrete

In the course of this work, the thermwechanical model will account for two temperature
dependencies of the concrete fracture energy. The first curve (Model 1) has been implemented
by fitting the experimental data obtained by Zhang eR@DZ2). The results indicate the increase

of fracture energy by 60% up to 300°C followed by the decrease to approx. 90% of its initial
value at 600°C. The second curve (Model 2) was obtained by fitting the test data from the
fracture energy measurementsfpamed in the framework of this thesis using the three point
bending test. The experimental data, as discussed in Chagteov@a decreasing tendency

with the temperature increase.

200.0

160.0
120.0

80.0

O Experiment (Zhang & Bicanic, 2002)
Model 1

X Experiment (small specimens)
— — - Model 2

40.0

Relative Fracture energy
Gr (T)/ Gy [%]

0.0

0 100 200 300 400 500 600
Temperature [°C]

Figure 4-5. Fractureenergy as a function of temperature with the implemented curves in the
thermemechanical model

Figure4-5 depicts two curves implemented in the thesmechanical model obtained by fitting
the test data from the ditature and own experimentabrk. The adopted relation for ddel 1
readsP e r i, ZD@9): |

0Y | A Oj

P8t TE X TBIX CIXC QEIM T T (4-15

—1
¢

T h TWPXTE @GX WYo Qi T G
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where'Oy, is the fracture energy at=20°C. The relation representing the second model
curve obtained fromhe experimental investigation emallspecimenss assumed to be a scalar

function that reads:

Y | AD; 'O
(4-16)
1 & mrniYpStYPde inm 7 @

The test data from the fracture energy measurenwntisermally predamaged migized

concrete specimens in the cold siatgivenand discusseith chapter 3.

Temperature dependent mechanical properties of steel

As discussed in detail in Chapter 2, the mechanical behavior of steel changes with #se incre

of temperature. The adopted mechanical relationships dependent on temperature used in the
anal ysis for yield str esHRguradbdP & riu2pt9)olisbotmo d ul u
cases a Hinear reduction with the increase of temperature is adopted.

() (b)
120 120
— ) =
P % 100 ] g p
2 3 | :
O — -

< ST 80 Bf o
7} 0w = R o Op a
? 2w 60 o Ho :
> 3 o
)
> U 40 =
© : R 2 ,
[0) o Experimental results o © o Experimental results
1d 20 + (Kordina & Meyer-Ottens, 1981)| © 20 (Kordina & Meyer-Ottens, 1981)| E

Model o 1 Model

0 —_— 0 —_—
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(©)
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(Takeuchi et al, 1993)

Model

20
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Figure 4-6. The reduction ofelative yield stresq a ) and Youngféteelwitho dul us
temperature increase anthe relative yield stress of steel after recovery upon codlig

(Og b ethlt 2014)
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4.3.2 Thermal strains

Free thermal strains

As already discussed, thermal strains depend on factors such as the type of the aggregate,
connetion between the aggregate and the cement paste or the chemically bound water in the
hydration products. The present model (Perig
but it gives an average behavior of concrete exposed to temperaturé&relssree body, it is

assumed that the behavior of free thermal strains is isotropic, i.e. equal free thermal strains in

all three directionsGartesian coordinate systgnihe following equation is implemented into

the model (Perigkil, 20009):

” |"Y

form 7 @ | 88 4-17)
for7 o | L

wherg is the Kronecker delta, whereid@® relative temperatureis calculated as follows

I Y "YXpmms (4-18)
25 A
= H = Sandstone (Schneider, 1982)
= ¥ = Quartzite (Schneider, 1982)
D\S 20 1 -=-A--Basalt (Schneider, 1982)
c — NoOde] -
g 2 XTI
+— 15 " X
ol '
© X
£ !
-
o 10
< A—A-ﬂ"ﬁ A
Q
p
w 5

Schneider (1982)

0 100 200 300 400 500 600 700 800

Temperature [°C]

Figure4-7. Free thermal strain as a function of t
the implemented curve in the themmechanical model

Figure4-7 depicts the free thermal strain as a function of temperature in concretes with different
aggregate type (Schneider, 1982) and the function implemented in the tmechanical
model. Themodel curve is, as shown, ntinear up to ca. 600°C and the further increase in

temperature has no influence on the free thermal strain.
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Load induced thermal strains (LITS)

Temperature [°C]

700

-12 A ‘\ A

Load induced thermal strain [%o]

-14 - 3
- - - - Experiment scatter (Zhang & Bicanic, 2002) AN
-16 A Model ‘\ \
\ \
-18 - '

Figure 4-8. Load induced thermatrains as a function of temperature under the compressive
load@i -83fco(adapted from Perigkil, 20009)

The typical curvedescribing the LITSor (0 =-0.3fco is shown inFigure4-8. In the present
model, the LITS formation is described with gplarrabolic thermanechangal strain function.

The wuniaxi al (scalar) differential equation

co7 o OISR | S 8 (4-19

4 oy Z e z

GO7 T co7 0O "Q¢iT T

with 7 * describing the dimensionless transition temperature (470°C) between the two
expressions fgr and = (T-To) / 100°C, the relative temperatufiehese two expressions were
introduced ® account for the sudden change in behavior observed in experiments. A, B and C
are constants derived from experiments, which are set in the model to A = 0.0005, B =0.00125
and C = 0.0085.
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4.3.3 Nonlocal temperature model

The emperature in thermmechanical radels usually comes from tHecal transientfinite
element analysis. This is however not always ambiguous whenlgitdsi materials such as
concreteare a part oflynamic problem involving high loading ratég make the thermo
mechanical analysis mom@bjective with respect to the size of the finite elemeatsiew
nonlocal temperaturéeld is introduced. The temperature dependent mechanical properties

concretearethereforecalculated based on the nonlotahperature.

4.3.3.1 Formulation

The calculatio of thenonlocal temperature field followthe same principle as in the nonlocal

strain approachBa g ami® ¢ b,dl990; Jirasekt al, 2005). To alleviate the newbjective
temperature influence.g.in the region close to the impact region in the dynamic analysis on
the mechanical properties, a new nonlocal temperature field, that averagdsriguadature

field in a homogenous continuum, has been proposed. The algorithm uses the temperatures in
nodes calculated for a given time step and averagesithd#m representative volume of the
material The parameter that defines the radius of the guegavolume is the soalled
characteristic lengtty,of the nonlocal continuum, which is a material property that defines the
size of the averaging volume and is determined by the size of the inhomogeuoietties
material( Bagant and. Ogbolt, 1990)

The temperature, which is to be averaged, musthosen such that the nonlocal solution
exactly agrees with the local solution in a homogenous temperature field. Firstly, the local
temperature variable is calculated based on the input material data and the boundary conditions
in eachGauss point of theontinuum and subsequently, the nonlocal temperature variable is
obtained from th@eighboringtemperatees in advance defined domafa. In order to define
theinfluence of thenonlocal region around a certain point, a suitable weight function has to be
introduced. Although a weight function that is uniform over a certain finite representative
volume could be used, it is more efficient to use a smooth, Gauss or bell shaped fBnatigra( n t
andOgbol t , T(x)%%he localterhperature variabléhen he corresponding nonlocal

variable is defined as:
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G e | i 0 @i (4-20)

where the bar overscript denotes the averaging operatal = nonlocal weighting function;
x = coordinates of the averaging poisit; coordinates of the contributing poiit= volume of

the entire structurandVr = representative volume.

After implementing the suitable nonlocal weighting function, the temperature imnaipo
calculated as an averagietemperatures in the surrounding Gauss points. The spatial averaging
integral is approximated by a finis&m over all integration poiniis the representative volume
As will be shown later his is proved useful in the current model due to the large temperature

gradients occurring in the zone around the-éxposed surface.

4.3.3.2 Weight function

In order to invetigate the influence of the weight function on the nonlocal temperature
distribution a parametric study was carried out. Three weight functions were implemented
ranging from the largest to the smallest influence of the temperatureighboring Gauss
points (sed-igure4-9).
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Figure 4-9. Initial weight functions used for the calculation of nonlocal temperature: G
No.1 (a), Gauss No. 2 (b) and Bshaped ¢).
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(b) (©)

Bell - shaped Gauss No. 2
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Figure 49. (Continued)

A concrete column with dimensions of 300x300x600 mm was utilized in the simulations. The
column was discretizedwithBoded sol i d el ements with 15 mm
nodes were constrained in thvertical direction and each side was exposed to elevated
temperature (red surfaces kiigure 4-10). The column was initially exposed to 15 mm fire
duration according to ISO 834 fire curve. The temperature distribution was mealsugthe

crosssection of a concrete column after the heating phase.

. Cross-section
N § for temperature
N DS distribution

,,,,,,,, R NS ISR SHSRN , FUN (S

Boundary conditions

~ N ~
h - N

__________________

u, =0

Figure 4-10. The boundary conditions employed in the numerical analysis and the display of
the crosssection ér the temperature evaluation

Figure4-11 shows the results in terms of temperature distribution as a function of the cross
section distance (miteight of the specimen). The effect of the nonlocal temperature can be
observed onl in the region close to the surface since these values deviate from their
corresponding local values. Therefore, the effect of minimizing the temperature influence on
the material properties only ithe surface zone (impact zone) is achieved, where large

localization of damage can occur due to large temperature gradients.
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Figure 4-11. Influence of different shape functions on the temperature distribution across the
crosssection of the model

It can ke seen that the model with the first Gauss function exhibits a median value of surface
temperature in comparison with the other two functions. Consequentiiystmeodified Gauss
distribution functionis adoptedas anonlocal weightindgunction:

i y
i Agb cfpooq:gw hi d§ N a oQ (4-21)

wheredq,represents the characteristic length, which is assumed to be approximately three times
maximum aggregatsize (o= 3dag). Note that if the size of the finite elemergsignificantly

larger than the characteristic length, the nonlocal and local temperatures are the same.
Furthermore, free thermal strains and load induced thermal strains are almtedloased on

the nonlocal temperature, iie. Equdion (4-11) T is replaced withi'Y The main effect of the
norlocal temperaturé&Yis obvious at the exposed concrete surface if the FE are very small. In
such situations thsurface elements get unrealistically damaged and the load transfer from the
exposed surface of concrete wathssiblynot take place.

4.4 3D FE analysis

In the present workhethermemechanical model for concrete is used. The model employs the
temperaturelependent microplane model as constitutive law for concrete stbrmulated
within the framework of continuum mechanidsasedon the principlesof irreversible
thermodynamicsThe nonlinear thredimensional (3D) analysis of concrete and reinforced
concrete (RC) structures is performed in the finite element (FE) program MASA. For given
geometry and material data, FE mesbeserate@nd the initial and boundary conditions for

the calculation are defined. The pr@nd posiprocessing is performed ithe commercial
programFEMAP (Siemens PLM Softwar€016)
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4.4.1 Static analysis

The static analysis is of implicit type, based on the sestdfriess matrixBelytschko et al.,
200]). The finite elemenformulation is the total Lagrange formulationThe equilbrium
between external and internal for¢es). (4-22)] is obtained iteratively by employing Newton
Raphsonterative scheme

O 6 Q m (4-22)

where U s the stiffness matrix) are thenodaldisplacements an@are theexternal nodal

forces.

Damage and cracking are modelled in the framework of smeared crack approach which means
that the crack is smeared owerow offinite elemens. To assure thelgectivity of the analysis

with respect to the size of the finite elements the craokl Im@ethod is use(B a ¢ and Oh,

1983. Furthermore, it should be noted that the area under the compression or $éressen
straincurves multiplied byhe mean elenm sizeh, should correspond to the compression or

tension fracture energyespectively

4.4.2 Nonstationary (transient) thermal analysis

The transient incremental analysiensistsof two parts: (i) the evaluation of temperature
distribution (thermal part)rad (ii) the calculation of stresses and strains dudegradation of
mechanical propertiess a consequence etevated temperatuand mechanical loadinghe
load increment is defined as a time step in which the demynconditionssuch as ambient
temperature or loadchange stepwisén the present nuel, it is assumed that during tlead
increment the temperature remains constant. Consequently, the tempaegmdent material

propeties are also constant during timae step.

The nommechanical art of theproblemis solvedusing direct integration scheme of implicit
type, whereas the equilibrium between external and internal forces is obtained itetatively
employing the NewtoiiRaphsoniterative scheme, the same as in static analysiter
comgetion of the second calculation st@pechanical partthe distributions of the stressasd
strainsareknown The procedure described abqgéaggered solution schems)repeated for

each further time stegptuntil the specified total timeis reacled.
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The first step towards the coupling of the mechanical concrete properties and the temperature

is the calculation of temperature distribution in a continuum (body). In each timg shep

energy conservatiom thev ol ume q, Wwhi c h edias coordingatesy habtelte i n
fulfilled (®)bolt et al., 2005

S T 7T TN TN [ AU

Y'Youhohd w ohodohoi'Y w’T—bwwqm T (4-23)

with T = Temperature =ddeat conductivityc = specific heat qaacity,} = density of the

material, W = internal heat source (if any, e.g. for hydration proces¥es).aplace operator.

Two basic thermodynamic boundary conditions govern the solution of th@-E8), the
Neumann boundary coitidn, where the values of the derivative are specified obdnadary
domain (e.qg. the heat flux) and the Dirichlet condition that specifies the fixed boundary solution
(e.g. the surface temperature). The spatial boundary conditions can be descrildésiviait
type transition law:

RY

— v 4-24
-5 Y (4-24)

wheren = normal on the&oncrete surfagédh = heat transfer coefficienty = Temperature of
the mediumto which the surfacef the concretevolume is exposed to (e.gr temperature).
The temperature distribution is calculated in the current loadbstegolving differentialEq.
(4-23) considering the thermal boundary condition defined by(£84).

In order tosolve the differentiakq. (4-23) numerically using the finite element methadnust
first berewritteninto anintegral (weak form (Belytschko et al. 2001)t the test function is

consideredsstatonary, the following system of linear equations is obta{vaight notation)

&Y 0 Y Y (4-29)
with: 0 w6 _8Q | 0 0Qo (4-26)
and: 8 G0 Ny 6 1"YQo (4-27)
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where N] is the matrix that couples the temperature field with the nodal temperdtajes
represents the connection between the temperature gradient field and the nodal temperatures
is the thermal conductivityi is thesurface area of unit volume aqdis the unit volumeThe
nonstationary, linear Eq4-25) is sdved with a direct Crardicholson integration procedure

with a backward differenceoefficientapplied f = 1), which leads to unconditional numerical
stability. In the direct integration method, the following relationship is assdangke solution

inthe i p step:

Y YOV p Y 1Y (4-28)

whereT denoteghe temperaturandt is time

After thetemperaturalistribution is calculated, the therameechaical coupling is performed.
It is important to note that the cracks and damage in concrete do not influence the temperature

distribution in the structure (Ervine et al., 2012).

4.4.3 Transient dynamic analysis

In the 3D transiengxplicit dynamic FEanalysis tle system of unknowdisplacements in each
time stept is calalated by solving the followingystem of equations (Voigt notatioh)Og b o | t
et al., 2011)

0 60 6 60 "Qo T (4-29)

where 0 is themass matrix,0 is thedamping m&ix, 6 are nodal accelerationsarenodal

velocities andQare the esulting nodal forces. Thesuling nodal forces are calculatad:

Q0 MQ O MQ 0O
with:'Q o6  external nodal forces (4-30)

and " Q 0o internal nodal forces

The system of Eqg4-29) is solved usin@n explicit direct integratioacheme (Belytschko et
al., 2001) The external nodal forces akeown nodal loads. The inteahnodal forces are

unknown andhey are calculated by thetegration ofthe stresses over the fingéements. In
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the FE code used imé numerical study the mass amamping maices are assumed to be
diagonal(O g b ethlt 2011)

45 Conclusions

In the presenthapteythe topics related to the solving of boundaajueproblem in therme
mechanical FE analysis are briefly discussedh@)used thermmechanical model based on
the microplanemodel for concretesi presente@nd thebrief summary of 3D FE procedure
employed in the mechanical cdirthermal analysis is providedii) the implemented rate
dependent thermmechanical microplane modeffigther developedy introducirg a nonlocal
temperature fieldandthe method of obtaining the nlmcal temperature is discussddi) as
will be demonstrated on numerical exampgléystituting thenorlocal temperature field results

in higher objectivity of the simulation at the loading surfateoncrete.
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5. INFLUENCE OF EXPERIMENTALLY OBTAINED FRACTURE
ENERGY ON DYNAMIC RESPONSE OF THE CT SPECIMEN

5.1 Introduction

The aim of the present numerical study wasitestigatehe dynamic response of the compact
tension (CT) specimen using the experimentally obtained fractureyeasrg function of
temperature, implemented in the rate sensitive thamachanical modelThe influence of the
loading rate and temperature on the responseeoC T specimehas been already thoroughly
investigated, numerically and experimentalRufa,2018;09g b et at.,2013. However, the
obtainedpeakreactionsrom the FE analysis at higher temperature ledalsnot correspond
well with theexperimentThis inconsistency of the obtainedetans in terms of displacement
rate can bepossibly contbutedto thetemperature dependence fodicture energyhat was
implemented in theriginal thermemechanicamodel(P e r i, Z089) |

Ogbol t (2@18) paformed a numerical study whehe response of théhermally
undamagedCT specimen under dynamioadwas investigatedwhich was later validated
experimentally. Ruta (2018)sed the same geometry and boundary conditions to investigate
the influence of temperature on the dynamic response of the CT specGingetemperature
dependency of fracture egg used in the preceding FE analyses was taken Hoamg&

Bi | g2002[ As specified in Ruta (2018)h¢ influence of théoading ratewith increasing
temperaturavassignificantly less pronounced in the tests than in the numerical investigations.
The testshow, as illustrated iRigure5-1, that ata temperature of 40C there is practically

no influence of thdoading rateon the resistance. This is explained by the fact that at this
temperature the concrete becomes more brittle and therefore the influence of mehta o
resistance becomes relatively small (as is the case with brittle materials, e.g. glass). Although
the numerical results show the same tendency in principle, the influence of the loading velocity
is much more pronounced than in the te$tserefore, he aim of the presented numerical
parametric study was to investigate the influesfdeacture energy undetevatedemperatures

on the dynamic response of the CT specim&s.discussed before,abed on very few
experiments (Zhang a8 i | a2002),in the original modelt is assumedhat up to the
temperature of about 390 the fracture energy increasmsd then decreaseEhe question is
whether this is possibly the reason for the differences between the numerical and experimental
results.lt was recatly reportedthat with increasing temperature the fracture endegyeases

continuously, snilar to the tensile strengt(Barragan et al 2001). In this mannera new
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numerical study is performed whetee dynamicresponse of th€T specimeriogether wih
the experimentally obtained fracture energgg Section)3vas compared with numerical and
experimental result§om the initial investigatiorfRuta, 2018). In the experimentaists, the
CT specimens were first exposedttee temperatures of 20€C and400°C, cooled down to

room temperaturand then dynamically loaded at various loading rates faiitire.

4  FE analysis room temp.
& 4 FE analysis 200°C
51 o Experimental 200°C
M FE analysis 400°C
O Experimental 400°C
Z 41 o0 A -~ -Trend line experimental 200°C
= 'S - -~ -Trend line expenmental 400°C
c O Ve
S 3 s _; o
5 N ey
8 AT TN
oAl 0
u o
1 <
0 i | |
10 100 1000 10000

Displacement rate [mm/s]

Figure 5-1. Numerically and experimentallgbtained ak reactions as a function of the
displacemat rate for thermally undamaged, pdamaged at 200@ and 400°C obtained both
(Ruta, 2018.

5.2 Experimental studiesof plain concrete CT specimersubjected to thermal and

dynamic loading

Following the experimentabnd numericastudyon dynamic fracture dhermallyundamaged

CT specimens carr i ed Raa(2018piyestiygtéddhe influente ofahle . ( 2
temperature on the dynamic response of the CT specimens. Experimentally tested plain
concrete CT specimens without thermal preloading showed a vedyagreement with the
numerical analysis. Howeveas already mentionethe dynamic response of thermally pre
damaged CT specimens in themerical studgxhibitedsomedeviation fromthe experimental
investigation To investigate the influence of the tpemature dependent fracture energy on the
dynamic response of the CT specimire FE model and boundary conditions utilized in the
presentnumericalstudy were adopted fromthe experimental investigationsf Ruta (2018)

hence @rief summary of the expenentalwork is herediscussed.
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ol Control of
ml . loading rate
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Measure of X ok U . e
reaction force ‘ ‘.
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1

M20x1.5

138

Figure 5-2.Dimensions andhe boundary conditions of the experimentally investigated CT
speci men (Ogbolt et8.al., 2013; Ruta et al .,

Theexperimentallytested CT spemiens were constrained vertically on one side to the top of
the loading machine with the help of a steel frame (depicted with the dark grey deigurie
5-2), where the reaction forces were monitored. The loadappBed on the other steel frame
attached to the second half of the CT specimetihe direction opposite to the constrained

frame

Figure 5-3. Strain gauges placed on the CT specimen and the experirsentp Ruta, 2013

For the evaluation of crack patterns and the crack propagation velocity, optimal visual and
recording conditionsvereprovided The test setup was equipped with two different cameras,
Photron Fastcam APX RS for studying the crack agagpion velocity in the crack notch tip and

an additional camera to record the global cracking process of the complete area on the specimen
(Figure5-3). The experimenivas carried outising the following procedur@uta, 2018) The

CT specimens were initially heated in an ovV:¢
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ser i es B withanmadditidnél set of thermally undamaged specitfatsvasset aside

for obtainingreference valuesin all cases,achat i ng rate of 1 / min was
(Figure5-4). When the temperature reached the prescribed temperature, it was kept constant
for 90 minutes to assure the uniform temperature distribution across #ssection of the

specimen. In the final step of the thermal phase, the specimens were naturally cooled down
inside the oven. Subsequently, the oven doors were unlatched and the specimens were let to

cool down to the room temperature.

500 -

Heating phase, 200°C

— — = Cdlling phase, 200°C

4001 /0| Const. temp 20°C

Heating phase, 400 °C

300 - = = Codlling phase, 400°C

<<<<<<<<< Const. temp 20°C

200

Temperature [°C]

100 1

0 200 400 600 800 1000 1200 1400
Time [min]

Figure 5-4.The thermal phase carried out the experiment (Ruta, 2018)

In the second phaseyrbmic loading with foudifferent loading rates was applied on one metal
frame attached to the specimdime reaction time curve®r different thermal exposures and

loading rates from the experiments are showRigure5-5 and the typical crack patterns are
shown inFigure5-6.

Max. temperature exposure 200 °C

Max. temperature exposure 400 °C

Reaction [kN]
o
Reaction [kN]

1 ©—disp.rate = 3700 mm/s
4 ! ~w¥—disp.rate = 3100 mm/s
—e—disp.rate = 1300 mmv's
—A—disp.rate = 45 mm/s

©—disp.rate = 4000 mm/s
—¥—disp.rate = 3500 mm/s
—e—disp.rate = 1300 mm/s
—a—disp.rate = 40 mm/s

0 ' 0.(3:01 I 00-02 ' 0.0'03 I 0.(3;04 0 ' 0_0Io1 ) 0_(;02 ' 0_603 I 0,(;04
Time [s] Time [s]
Figure 5-5. Experimentally obtained reaction time histories for thermally predamaged CT
specimens at 200°C and 400°C (Ruta, 2018).
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40 mm/s 1300 mm/s 4000 m/s

Figure 5-6. Crack patterns observed in the experiments for thermatirdamaged CT
specimens at 400°C loaded with different displacement rates (Ruta, 2018).

5.3 FE analysis of CT specimens
5.3.1 FE discretization and material properties

To compare thenumerical results of both pesent and preceding numerical studitdse
geometry, boundary and initial conditioneretakenfrom theaforementioneexperimental
tests(Ruta, 2018).The finite elements utilized in the analysis araodle linear strain tetra
elements, as shown Figure5-7. The model is, as in the experimental setup, constrained on
one and loadeth the opposite direction at the end of the other metal profile. The thermal load
is applied on all concrete surfaces facing outwarts corresponds to the experiment as well.
The finite element analysis was carried out using the rate sensitive thexoianical model

for concrete

Metal profiles

Reactive
resin mortar

e 77‘5}
(| AAZ
A
RN RSN
£\

Rt ravavir
A,
e

Figure 5-7. DiscretizedFE model with 4node linear gtain elements&nda detailed view of the
elements around the notch.tip

The discretization was preformed uniformly in the steel material, while the number of elements

around the concrete notch zone was larger than in the peripheral areas. In the noehbe zo
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nodes on the concrete surface are in full contact with the nodes of the steel profikdse

5-1, the mechanical and thermal properties of concrete and steel materials used in the
simulations are summagd. The material parameters that have been utilized in the FE analysis
were the same as in the experiment. The temperature dependent thermal conductivity and heat
capacity are taken according to Eurocod&d (9924: Part 4, 201p

Table 5-1. Mechanical and thermal properties of steel and concrete material used in the
numerical simulatiorof the CTS

Property Steel Concrete

" [ka/m?3] 7800 2130

E [MPq 210000 33140

f.[MP4d] - 39.17

fi [MP4| - 2.97

Gr [N/m] - 52.0
A[-] 0.33 0.18

Cp (J/kgK) 490.0 900

a(W/mK) 43.0 1.36

5.3.2 Results of the mmerical analysis

To investigate the influence éfacture energy othe d/namic response of the CT specimens

a 3D FE numerical study has been carriedusing the proposed temperature depenéent
obtained for small specimenseg ChapteB) thatwas implemented into the Fé®de A total

of 16 simulations have been performedder different loading conditions matching the
experimental setup in the preceding experimental study (Ruta, Z08humerical analyses
consist of two steps: (i) transietitermal analysis is carried out to obtain the temperature
distribution in the CTspecimen and (ii) an explicit dynamic analysis is performed where the
specimen issubjected tofour displacementrates: 45, 1300, 3100 and 3700 mm/s. The
specimens were loaded in the cold state, i.e. before loading they had been cooléaltiewn

ambienttemperature. The summary of the simulations is giveralrie5-2.
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Table5-2. List of investigated cas@s the numerical study

Applied displacement rate [mnh/s

Target .
temperature Expenmen}al Gr dependencyn Numerical Gr dependencyn
and numerical the temperature (Present work) the temperature
(Ruta, 2018) P P
45;1300; 45; 1300; )
20°C increase decrease descending
3100; 3700 3100; 3700
45; 1300; 45; 1300; .
200°C increase deaease descending
3100; 3700 3100; 3700
45;1300; 45; 1300; :
400°C increase decrease descending
3100; 3700 3100; 3700

5.3.2.1 Dynamic behavior of thermally undamaged CT specimen

The first set of simulations wemmed to obtairthe reference values of peak reaas and
fracture patterns from thdynamicanalysisof thermally undamaged CT specimens. Since the
used fracture energy at ambient conditions was the aarirethe previous simulations (Ruta,
2018), he results of the analysisethereforeidentical Typical reaction history response and

failure modes are shown Figure5-8 andFigure5-9, respectively.

FE simulation

Reaction [kN]
o

-2 J|—45mm/s, 20°C
——1300 mm/s, 20°C
-4 9| —3100 mm/s, 20°C

——3700 mm/s, 20°C
-6 1

0 0.0002 0.0004 0.0006 0.0008 0.001
Time [s]

Figure 5-8. Measurel reactions in tems of reactiortime histories fothermally undamaged
CTSwith four displacement rates: 45, 1300, 3100 and 3700 mm/s.

A strong increase in reaction peaks with the increase of loading rate can be obsenved
Figure5-8. This rise can be attributed to the effect of inertia and not to a real material strength

increaseQgbol t e X Tha fted zone2 ifFifjuBe 5-9 represent crackdn terms of
maximum principal strains, which correspond to theckwidth equal or greater thap= 0.1
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