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LIST OF SYMBOLS

Introduction

Common symbols and abbreviations used throughout the dissertation are listed
below. Specific symbols which are not listed may be used locally and in a specific
context. It is worth mentioning that some symbols may be used for a different
meaning in a specific context. This local use of the same symbol has been accepted
in case of conventions in literature.

Roman symbols

A cross-sectional area [

A, area of the concrete cross-section filnm

As floor area of fire compartment fin

Ag total area of the reinforcement [fim

At total area of enclosure (walls, ceiling and floor, including
openings) [

Aw total area of vertical openings on all walls’[m

a, width of the damaged zone [mm]
width [mm]

concrete cover thickness [mm]
factor depending on the curvature distribution (chapter Il)
[-]

specific heat of boundary of enclosure (section 1V.3.2)

[J/kgK]

Co integration factor [-]

G coefficient which depends on the distribution of the first-
order moment [-]

¢, (0) specific heat at temperatuddJ/kgK]

d effective depth [mm]

E load effect [KN] [kNm]

e eccentricity [mm]



€o
€2
€14
€2d

Ecm

initial eccentricity [mm]

second-order deflection [mm]

first-order eccentricity [mm]

eccentricity due to the deformation of the compression
member [mm]

design value of modulus of elasticity of concrete [NAnm
secant modulus of elasticity of concrete [N/fhm

maximum permitted eccentricity [mm]

fictive modulus of elasticity [N/mAh

bending stiffness [Nnn?]

eccentricity taking into account imperfections [mm]

design value of bending stiffness-fihn?]

design value of modulus of elasticity of reinforcement at
ambient temperature [N/nfin

elastic modulus of the reinforcement at temperature
[N/mm?]

maximum permitted eccentricity to the centroid [mm]
maximum permitted eccentricity along the x axis [mm]
maximum permitted eccentricity along the y axis [mm]
characteristic 0.2% proof-stress of reinforcement [Nflnm
design value of concrete compressive strength [Njmm
characteristic compressive cylinder strength of concrete at 28
days [N/mnd]

mean value of concrete cylinder compressive strength
[N/mm?]

design value of concrete tensile strength [NAnm
characteristic axial tensile strength of concrete [Nffm
compressive strength of concrete at tempera&tji/mny]
characteristic tensile strength of reinforcement [Nfinm
design yield strength of reinforcement [N/dfim

characteristic yield strength of reinforcement [N/fhm

heat [J]

height [mm]

height of the occupancy (chapter 1V) [m]

weighted average of window heights on all walls [m]
second moment of area of concrete cross-sectiorf|[mm
second moment of area of the reinforcement fmm

radius of gyration of the total reinforcement area [mm]



Ke(Bm)

Moz, Moz

Mogq

M;
Mc

Ms
My

moment of inertia of the reduced concrete sedtiom?]
moment of inertia of the reinforcing bars [rfim

effective length factor [-]

moisture content by weight (%) [-]

coefficient in function of concrete compressiveessr and
shortening strain (chapter I1) [-]

factor which depends on the concrete strengtts ¢Has
factor which depends on the axial force and thad#rness
[-]

factor for effects of cracking, creep etc. [-]

mean reduction coefficient [-]

reduction coefficient for concrete strength afiraction of
the temperature at point M [-]

model uncertainty for the load effect [-]

model uncertainty for the resistance effect [-]

correction factor depending on the axial load [-]

factor for the contribution of the reinforcemesit [

factor for taking account of creep [-]

length [m]

effective length at ambient temperature [m]

effective length at elevated temperatures [m]

bending moment [kNn]

dimensionless bending moment of a column at nbrma
temperature conditions [-]

first-order end moments [kih]

first-order moment, including the effect of impeafions
[KN-m]

second-order moment [kix]

design value of bending moment for concrete-fRN
design moment [khin]

design value of bending moment for reinforcingsiaiN-m]
design value of bending moment along the x axisiii
design value of bending moment along the y axi&rii
relative design moment [-]

axial load [kN]

load level of a column at normal temperature ¢k [-]
relative axial load [-]

buckling load [kN]



Npal

1/R,

< < <o

value of n at the maximum moment of resistance [-]
design value of normal force for concrete [KN]
design value of relative axial force [-]

design value of the axial force [kN]

design value of normal force for reinforcing bars [kN]
relative load capacity [-]

opening factor [-]

number of segments [-]

probability of failure [-]

number of parallel zones in the width w [-]
resistance effect [kN] [ki]

moment ratio [-]

curvature [1/m]

maximum curvature [1/m]

distance between nodes [m]

time [sec/min/h]

coefficient of variation [-]

displacement [m]

distance to neutral axis [mm]

Greek symbols

r
Y:Y1:Y2

Vi

convection coefficient [W/AK]

coefficient taking into account long term effects on the
compressive strength and unfavourable effects resulting
from the way the load is applied [-]

coefficient taking account of long-term effects on the tensile
strength and of unfavourable effects [-]

value of sensitivity factor of resistances [-]

angle of the bending axid¢gree]

coefficient taking into account creep (section 11.1.2) [-]
factor which depends on the distribution &faind 29 order
moments (section 11.1.3) [-]

target reliability (chapter VI) [-]

coefficient for natural fire curves [-]

coefficients depending on the column dimensions,
reinforcement ratio, effective depth and material properties



5c1,e

EC,CF (G’ e)
€c,tn(0)
Ectr (0,06)
€c,t0t(6)
€cu1
€cu1,0

Ef

sI‘l’l
€mech(gn)
€sd

€

&s(0)

partial factor for concrete [-]

partial factor for modulus of elasticity of concrete [-]

partial factor for reinforcement [-]

difference [-]

strain [-]

ratio of the maximum permitted eccentricity (chapter VI) [-]
compressive strain in the concrete at the peak stbs f
compressive strain in the concrete at the peak stress
f. o at temperaturé [-]

creep strain of concrete at temperatufd

thermal strain of concrete at temperat@ife]

stress dependent strain of concrete at temperatife

total strain of concrete at temperatarg]

ultimate compressive strain in the concrete [-]

ultimate compressive strain in the concrete at temperéture
emissivity of the fire [-]

surface emissivity of the member [-]

mechanical strain [-]

strain of the reinforcing bars at the top layer [-]

strain of the reinforcing bars at the bottom Igyer

thermal strain of the reinforcing steel at temperatufé
characteristic strain of reinforcement or prestressing steel at
maximum load [-]

total strain due to bending along the vertical axis [-]

total strain due to bending along the horizontal axis [-]
design value of yield strain of reinforcement [-]

ratio of concrete strain to concrete strain at peak stress
(section 11.1.1) [-]

distance between the calculated point and the centroid point
[mm]

reduction factor for the design load level [-]

temperature [°C]

gas temperature [°C]

surface temperature of the member [°C]

effective radiation temperature of the fire environment [°C]
the curvature of a cross-section subjected to a load effect of
0.8 Meq[1/m]

maximum design curvature [1/m]

VI



Per

Xo
Xbal

mean value [-]

dimensionless bending moment capacities along the x axis
[-]

dimensionless bending moment capacities along the x axis
[]

slenderness ratio [-]

thermal conductivity [W/mK]

limit of slenderness ratio [-]

dimensionless axial load [-]

density at elevated temperat@rékg/ md]

stress [N/mrf

Stephan Boltzmann constant (section I11.2) [-]

standard deviation (chapter VI) [-]

compressive stress in the concrete [NAinm

steel stress [N/mfh

cumulative normal distribution function [-]

configuration factor which measures the fraction of the total
radiative heat leaving a given radiating surface that arrives at
a given receiving surface [-]

effective creep ratio [-]

curvature [1/m]

curvature at the reference point [1/m]

curvature at the maximum moment of resistance [1/m]
mechanical reinforcement ratio [-]

Other symbols

) reinforcing bar diameter [mm]
Abbreviations

FEM finite element method

fi fire

FORM first-order reliability method

HSC high strength concrete

KLE guasi-linear theory of elasticity

NSC normal strength concrete

VIII



SCC
SLS
ULS

self-compacting concrete
serviceability limit states
ultimate limit state






SAMENVATTING

Brand is een van de strengste ontwerpsituaties en speelt bijgevolg een belangrijke
rol in het ontwerp van betonconstructies en betonelementen. Brand heeft niet alleen
een effect op de betonsterkte, maar ook op de structurele stijfheid en stabiliteit van
betonelementen. Daar een betonkolom meestal onderworpen is aan zowel verticale
krachten als aan buigmomenten afkomstig van platen en balken, is het ontwerp met
betrekking tot brandwerendheid niet eenvoudig.

Het mechanisch gedrag van betonkolommen in geval van brand kan ingeschat
worden met de vereenvoudigde methoden of tabellen uit EN 1992-1-2 (2004).
Sommige bepalingen en voorspellingen blijken echter onveilig te zijn voor
sommige gevallen in vergelijking met experimentele gegevens. Bovendien zijn
sommige vereenvoudigde methodes, die gebaseerd zijn op een ontwerp bij gewone
omgevingstemperaturen en nog moeten gevalideerd worden in
brandomstandigheden, te conservatief. Vanuit zowel de veiligheid als economisch
oogpunt, dienen de getabelleerde waarden die opgenomen zijn in Eurocode 2
(2004), te worden herzien. De huidige vereenvoudigde methoden voor het concreet
ontwerp van betonkolommen moeten worden aangepast voor toepassing onder
brandomstandigheden.

Tweede-orde-effecten spelen een belangrijke rol bij het ontwerp van kolommen
onderworpen aan axiale belastingen en buigende momenten. De norm EN 1992-1-
1 (2004) verduidelijkt de voorwaarden waarbij de tweede-orde-effecten getoetst
moeten worden. Er wordt gesuggereerd dat tweede-orde-effecten verwaarloosd
kunnen worden wanneer de slankheid onder een bepaalde grenswaarde ligt. Echter,
bij brand is deze grenswaarde voor de slankheid niet meer dezelfde omwille van de
schade veroorzaakt door de hoge temperaturen. Bijgevolg moet het
toepassingsgebied van de tweede-orde-effecten voor betonnen kolommen worden
herbekeken.

In dit proefschrift wordt een numerieke rekentool gepresenteerd, gebaseerd op een
discretisatie van de doorsnede rekening houdend met tweede-orde-effecten. De
basis van deze berekening is hetyMiagram, dat een iteratieve berekening

toelaat van de tweede-orde-effecten voor elk van de beschouwde knooppunten, in
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plaats van gebruik te maken van een maximale kromming (zoals aangenomen bij
de vereenvoudigde methoden) om het maximum buigmoment voor een gegeven
axiale belasting te berekenen. Hierdoor kan het maximum buigmoment
nauwkeuriger berekend worden dan met de vereenvoudigde methoden. Om de
voorgestelde rekentool te valideren zijn een reeks vergelijkende simulaties gedaan
op basis van de experimentele resultaten van de Technische Universiteit van
Braunschweig (Hass, 1986), van de Universiteit van Luik (Dotreppe, 1993), en van
Lie (1993).

Op basis van de fundamentele theorie en de validatie van de rekentool zijn de
tabelwaarden gegeven in Eurocode 2 (2004) herberekend met de numerieke tool.
Uit de berekeningen blijkt dat de bepalingen in de Eurocode enerzijds niet veilig
zijn voor het geval van een mechanische wapeningsverhouding gelijk aan 0,1 en
0,5 indien de axiale last groot is. Bij hoge mechanische wapeningsverhoudingen
(w = 1.0) zijn de tabelgegevens dan weer te conservatief, wat resulteert in
inefficiént en oneconomisch materiaalgebruik. De voorgestelde tabelwaarden in dit
proefschrift laten een nauwkeuriger berekening van het ontwerp van betonnen
kolommen in brandomstandigheden toe.

Op basis van kwantitatieve simulaties met de rekentool zijn ook sommige van de
bestaande vereenvoudigde methoden nagezien, hetgeen leidt tot de volgende
vaststellingen:

(1) Er wordt vastgesteld dat de 500 ° C isotherme methode een efficiénte en
eenvoudig te gebruiken methode is om de interactiekrommen van kolommen bij
brand te voorspellen. Echter, voor kleine dwarsdoorsneden (minder dan 200 mm x
200 mm) of kolommen die langer dan 90 minuten aan een standaardbrand
volgens de norm ISO 834 blootgesteld worden, is de voorspelling met deze
vereenvoudigde methode zeer conservatief. Voor deze gevallen wordt aangeraden
om een isotherme met een hogere kritieke temperatuur te hanteren tijdens het
brandwerendheidsontwerp.

(2) Om de tweede-orde-effecten te berekenen wordt vaak gewerkt met de
nominalestijfheidsmethode bij normale temperaturen. Deze methode is een
vereenvoudiging die bewezen heeft, veilig genoeg te zijn bij het ontwerp van
kolommen. Echter, de interactiecurves verkregen met de
nominalestijfheidsmethode zijn te conservatief in het geval van slanke kolommen.
Hoewel de capaciteit berekend met de KLE- methode gegeven in de Nederlandse
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norm NEN 1995 een lichte overschatting oplevert bij omgevingstemperaturen,
liggen de interactiecurves berekend op basis van de KLE-methode dichter bij de
numerieke resultaten dan deze berekend met de nominalestijfheidsmethode. Bij
hogere temperaturen is de aanname van de stijfheid van de kolom verkregen met
de helling van het moment-kromming curve op 0:8lgens de Nederlandse
voorschriften (NEN, 1995) niet meer van toepassing. Een waarde die overeenkomt
met een hoger buigmoment wordt aanbevolen voor de aangenomen stijfheid bij
brand.

(3) Imperfecties kunnen niet verwaarloosd worden bij slanke kolommen bij in acht
name van tweede-orde-effecten. Op basis van een parameterstudie bleek dat de
brandduur en de excentriciteit een belangrijke invloed hebben op de impact van
imperfecties. De slankheid, evenals de afmetingen van de doorsnede hebben een
significant effect op de imperfecties onder een aantal specifieke voorwaarden.

(4) De toepassing van de methode gebaseerd op de nominale kromming zoals
gegeven in ddib Model Code 2010 (2013) werd uitgebreid voor toepassing bij
brand, op basis van een parameterstudie. Het besluit is dat enkel de slankheid een
belangrijke invioed heeft op de voorspelling van de tweede-orde-effecten met de
voorgestelde vereenvoudigde formule. Bij dezelfde axiale belasting nemen de
verschillen tussen de doorbuigingen verkregen met de vereenvoudigde methode en
de numerieke resultaten toe naarmate de slankheid stijgt. Echter, de
vereenvoudigde formule heeft reeds bewezen gemakkelijk bruikbaar en veilig te
zZijn voor de voorspelling van tweede-orde-effecten in kolommen blootgesteld aan
brand.

Eurocode 2 (2004) voorziet enkel minimale afmetingen met betrekking tot een ISO
834 standaard brand, maar bevat geen informatie over hoe structurele elementen
en samenstellen van elementen zich zullen gedragen in een echte brand of bij
blootstelling aan een koolwaterstoforand. Omdat de weerstand tegen een
koolwaterstofbrand vereist is in sommige specifieke situaties en slechts weinig data
beschikbaar is voor het ontwerp van betonkolommen blootgesteld aan
koolwaterstofbranden, is een aanvulling van de tabellen uit EN 1992-1-2 (2004)
belangrijk. In dit proefschrift zijn koolwaterstoforanden verder onderzocht en
getabelleerde waarden zijn voorzien. De rekentool is aangepast aan een case study
waarin kolommen werden blootgesteld aan natuurlijke branden.
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Na vergelijking van de resultaten op basis van de koolwaterstofbrand met de
tabellen voor een ISO 834 standaardbrand, wordt opgemerkt dat de
brandwerendheid tegen een koolwaterstofbrand kan leiden tot zeer hoge eisen.
Verder zijn enkele specifieke voorbeelden van kolommen onderworpen aan
natuurlijke branden onderzocht. Zowel boven- als ondergrenscurven zijn ingevoerd
om de brandwerendheid van kolommen te onderzoeken wanneer de temperatuur
begint te dalen. De resultaten tonen aan dat de tweede-orde-effecten niet significant
zijn wanneer de axiale kracht laag is. Bij grote excentrische belastingen, daalt het
maximum opneembaar buigmoment van de kolom eerst continu tijdens de brand,
waarna een lichte stijging optreedt tijdens de afkoelingsfase. Bijgevolg kan de
waarde gebaseerd op de ondergrenscurve bepalend zijn voor de
minimumafmetingen voor deze specifieke brand.

Zoals eerder vermeld, zijn tweede-orde-effecten meer uitgesproken wanneer de
axiale belasting aangrijpt met een zekere excentriciteit. Dit verschijnsel komt niet
alleen voor bij éénassige buiging maar ook bij scheve buiging. Ook kolommen
onderworpen aan scheve buiging moeten dus onderzocht worden. In
ontwerpsituaties bij gewone omgevingstemperaturen bevatten zowel EN1992-1-1
als ACI318 richtlijnen voor het ontwerp van kolommen onderworpen aan scheve
buiging. Echter, het effect van brand op kolommen onderworpen aan scheve
buiging is niet in de bepalingen vermeld. Het is belangrijk om het mechanisch
gedrag van kolommen bij scheve buiging gecombineerd met brand te evalueren en
dus extra onderzoek te verrichten naar richtljnen voor het
brandwerendheidsontwerp.

De toepasselijkheid van de meest gebruikte vereenvoudigde formule voor scheve
buiging, namelijk de Bresler benadering, wordt met behulp van de ontwikkelde
rekentool onderzocht voor betonkolommen onderworpen aan een ISO 834
standaard brand.

Op basis van de simulaties met de ontwikkelde rekentool wordt aangetoond dat de
door Bresler (1960) voorgestelde waarde 1,0 voor de coéffigiéheen goede
benadering is wanneer de dimensieloze axlalecht v > 0,4 bij normale
omgevingstemperaturen. In een conservatieve benadering kan deze waarde

(1,0) gebruikt worden voor alle axiale krachten bij normale temperaturebeze
coéfficiént is meestaelegen tussen 1,00 ~ 2,00 bij hoge temperaturen. Echter,

net zoals bij normale omgevingstemperaturen is de range van 1,00 ~ 1,50 ook
aanbevolen voor y(v) in het geval van brand als v = 0,15 ~ 0,4. De
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conservatieve waarde 1.00 kan ook gebruikt worden voor y(v), terwijl een

grotere waarde alleen aanvaardbaar is voor specifieke situaties in geval van

brand die verder zijn toegelicht in hoofdstuk VI. Op basis van parametrische
studies bij normale omgevingstemperatuur en in geval van beang(v) = 1.0
worden voorgesteld voor andere kolomdimensies, wapeningsschikkingen, en
wapeningsverhoudingen als een conservatieve vereenvoudiging. Maar, zoals
gezegd bevat dit werk ook enkele minder conservatieve resultaten voor een aantal
specifieke situaties.

Omdat variaties van de geometrische configuraties, de betondekking en de
betondruksterkte significante verschillen in interactiediagrammen kunnen
veroorzaken, kan een probabilistische evaluatie gebruikt worden om het
veiligheidsniveau van betonkolommen bij brand te evalueren. De rekentool werd
aangepast om rekening te houden met onzekerheden omtrent essentiéle parameters
zoals betondruksterkte, vioeispanning van de wapening en betondekking. Op basis
van “ruwe” Monte Carlo simulaties en rekening houdend met het door Van Coile
(2015) voorgestelde model voor balken en platen, zijn de probabilistische
evaluaties verkregen door het bepalen van de kansdichtheidsfunctie voor de
weerstand van betonkolommen bij brand. Op basis van de interactiecurves bepaald
bij het onderzoek naar scheve buiging, is een parameterstudie over het gedrag van
betonkolommen rekening houdend met onzekerheden uitgevoerd.

Uit de vergelijking van het referentie interactiediagram met de probabilistische
evaluatie bij normale omgevingstemperaturen blijkt dat er een goede overeenkomst
is. Omdat er geen streefwaarde van de betrouwbaarheid beschikbaar is voor het
geval van brand, zijn de probabilistische berekeningen een belangrijk instrument
om de betrouwbaarheid van de voorgestelde ontwerpregels te evalueren bij brand.
De tweede-orde-effecten zijn meer uitgesproken bij toenemende brandduur en bij
toenemende slankheid.

Samengevat kunnen we stellen dat de voorgestelde numerieke rekentool eenvoudig
te gebruiken is en zeer efficiént is om de brandwerendheid van betonkolommen te
evalueren. Bovendien verschaft de rekentool meer inzicht dan de vereenvoudigde
werkwijzen voor het brandwerendheidsontwerp die beschikbaar zijn in de
literatuur.
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SUMMARY

Fire, as one of the most severe design situations, has an important influence on
concrete structures and structural members. It does not only affect the strength of
concrete, but also the structural stiffness and stability. A concrete column,
compared to other structural members, has most often to cope with vertical forces
and bending moments from slabs and beams. The fire resistance design of concrete
columns turns out to be rather complicated.

In order to find out the mechanical behavior of concrete columns in case of fire,
simplified methods as well as tabulated values are provided in EN 1992-1-2 (2004).
However, the provisions and predictions, on the one hand, are considered unsafe
for some cases when compared to experimental data. On the other hand, simplified
methods which are adopted at ambient temperature still need to be validated for
fire conditions while some others which have been already widely accepted in case
of fire are considered sometimes over-conservative. From both the safety and
economical point of view, the tabulated values provided in Eurocode 2 (2004)
should be reconsidered and the current simplified methods for concrete column
design at ambient temperature should be adjusted to be applicable for fire
conditions.

Further, second-order effects play an important role for columns subjected to axial
loads and bending moments. In EN 1992-1-1 (2004) the conditions where the
second-order effects need to be considered are explained. Furthermore, it suggests
that the second-order effects can be neglected when the slenderness ratio is below
a certain limiting value. However, with respect to fire, the limit of slenderness ratio

is not suitable anymore due to the damage caused by the high temperatures. Hence,
the application area of adopting second-order effects for concrete columns needs
to be reconsidered.

In this dissertation, a numerical calculation tool is presented. This tool is based on
a discretization of the cross-section taking into account second-order effects. The
basis of this calculation tool is depending on g kélationship which allows an
iterative calculation respectively for each of the calculated nodes considering
second-order effects instead of adopting the maximum curvature for each nodes
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(assumed by the simplified methods) to obtain the bending moment capacity for a
given axial load. As a result, the corresponding bending moment capacity is more
precise than that obtained with the simplified methods. Furthermore, a number of
comparisons have been done with experimental results from the Technical
University of Braunschweig (Hass, 1986) and the University of Liege (Dotreppe,
1993) as well as Lie (1993) in order to validate the proposed calculation tool.

Based on the fundamental theory and the validation of the tool, the tabulated values
provided in Eurocode 2 (2004) are recalculated with the numerical tool. It is found
that Eurocode provisions on the one hand are not safe for the case of a mechanical
reinforcement ratio equal to 0.1 as well as a mechanical reinforcement ratio equal
to 0.5 when the axial load is large. On the other hand, tabulated data is found to be
too conservative for high mechanical reinforcement ratios (.0), which results

in inefficient and uneconomical solutions for practice. Considering structural
safety, the tabulated data obtained in the current work provide more precise
proposals for the design of concrete columns exposed to fire.

Furthermore, some of the existing simplified methods are discussed based on
guantitative simulations with the calculation tool, which leads to the following
observations.

(1) The 500°C isotherm method is proven to be an efficient and easy-to-use method
to predict the interaction curves of columns in case of fire. With respect to small
cross-sections (less than 200 mn200 mm) or columns with fire exposure times

of more than 90 minutes to the standard ISO 834 fire however, the prediction with
this simplified method is very conservative. Hence, for these cases, a higher critical
isotherm temperature is recommended for the fire resistance design.

(2) Considering second-order effects, the nominal stiffness method is widely used
at ambient temperature. This method, as a simplification, is proven to be safe
enough for the design of columns. However, the interaction curves obtained with
the nominal stiffness method are too conservative in case of slender columns. The
capacity calculated with the KLE-method provided by the Dutch code (NEN, 1995)
is slightly on the unsafe side at ambient temperature. However, interaction curves
with the KLE-method are closer to the numerical results than those from the
nominal stiffness method. Regarding elevated temperatures, the stiffness of the
column obtained with the slope of the moment-curvature curve assumed a§ 0.8M

in the Dutch guidelines (NEN, 1995) is not applicable anymore. A value
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corresponding to a higher bending moment is recommended for the assumed
stiffness in case of fire.

(3) Imperfections cannot be neglected for slender columns considering second-
order effects. Based on the parametric study, fire duration and eccentricity have an
important influence on the effect of imperfections. The slenderness ratios as well
as dimensions of the cross-section have a significant effect on imperfections under
some specific conditions.

(4) The application of the curvature approximation method provided bfilthe
Model Code 2010 (2013) is extended to the application of fires, based on a
parametric study. Furthermore, it is concluded that only the slenderness ratio has a
significant influence on the prediction of the second-order effects with the proposed
simplified formula. The difference between the deflections obtained with the
simplified method and the numerical values increases in function of the slenderness
ratio in case of the same axial load. However, the simplified formula is proven to
be easy-to-use and safe for the prediction of second-order effects of columns
exposed to fire.

Moreover, Eurocode 2 (2004) only provides minimum dimensions with respect to
an ISO 834 standard fire, but this standard fire does not provide information on
how structural members and assemblies will behave in an actual fire or when
exposed to a hydrocarbon fire. As resistance to hydrocarbon fires may be required
in specific situations and little data is available on the design of concrete columns
exposed to hydrocarbon fires, extending the tables from EN 1992-1-2 (2004) with
respect to this more severe design fire is important. Therefore, hydrocarbon fires
are investigated in the dissertation and tabulated values are provided. Further, the
calculation tool is also adapted for a case study when columns are subjected to
natural fires.

Comparing the results for the hydrocarbon fire with the tables obtained for the ISO
834 standard fire, it is noted that fire resistance to the hydrocarbon fire may result
in very stringent requirements. Furthermore, some specific examples are given in
case of columns subjected to natural fires. Both the upper limit and lower limit
curves are introduced to investigate the fire resistance of columns when the fire
temperature begins to decrease. The results prove that second-order effects are
insignificant when the normal force is low. When the eccentric loads are large, the
maximum bending moment of the column firstly decreases continuously during the
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fire, and then shows a slight increase during the cooling phase. As a result, this
value based on the lower limit curve could be considered when determining
minimum dimensions for this specific fire.

As it is mentioned before, second-order effects are more pronounced in case an
eccentricity is associated with the axial load. This phenomenon of loaded columns
does not only occur in case of uniaxial bending but also in case of biaxial bending.
Therefore, it is important to investigate columns subjected to biaxial bending as
well. For design situations in case of ambient temperature, both EN1992-1-1 and
ACI318 provide guidelines for the design of columns in case of biaxial bending.
However, the effect of fire on these columns subjected to biaxial bending is not
mentioned in the provisions. It is important to evaluate the mechanical behaviour
of columns in case of biaxial bending combined with fire and, hence, to perform
additional research in order to provide guidelines for their fire resistance design.

The applicability of the classic Bresler approximation which is the most used
simplified formula in case of biaxial bending, is investigated for concrete columns
subjected to an ISO 834 standard fire in case of biaxial bending, using the
developed calculation tool.

Based on the simulations with the developed calculation tool, it is shown that 1.0
for the coefficieny(v) proposed by Bresler (1960) is an acceptable approximate
value when the relative axial foroe> 0.4 at ambient temperature. As a
conservative consideration, this value 1.0 can be adopted for all the axial forces at
ambient temperature. Further, this coefficigfit) is mainly situated between 1.00

~ 2.00 at elevated temperatures. However, as at ambient temperature, a range of
1.00 ~ 1.50 is also recommended ¥¢v) in case of fire whem = 0.15 ~ 0.4.
Furthermore, a conservative value 1.00 can be usgd\pwhile a larger value is

only possible for specific situations in case of fire, for which some guidance
however can be found in the results reported in chapter VI. Based on parametric
studies at ambient temperature as well as in case ofyfivg,= 1.0 can be
suggested for other column dimensions, reinforcement arrangements and
reinforcement ratios as a conservative simplification. However, as mentioned this
work also presents less conservative results for several specific situations.

Since variations of the geometric configurations, the cover thickness, as well as the

concrete compressive strength might cause significant differences to interaction
diagrams, a probabilistic evaluation can be considered to evaluate the safety level
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of concrete columns during fire exposure. For this purpose, the calculation tool was
adapted to take into account uncertainties which may exist with respect to basic
parameters such as the concrete compressive strength, the reinforcement vyield
stress and the concrete cover. Based on crude Monte Carlo simulations and
considering the model proposed by Van Coile (2015) for beams and slabs, the
probabilistic evaluations are obtained by determining the probability density
function of the resistance of concrete columns during fire exposure. Further, based
on the interaction curves obtained for the investigation of the case of biaxial
bending, a parametric study on the behaviour of concrete columns taking into
account uncertainties is performed.

Comparing the reference interaction diagram with the probabilistic evaluation at
ambient temperature, it is seen that they are in a good agreement. Since there is no
explicit target reliability available for the case of fire, the probabilistic calculations
provide an important tool to evaluate the reliability of proposed design guidelines
during fire. Furthermore, it is observed that the second-order effects are more
pronounced with increasing fire duration and with increasing slenderness ratio.

In conclusion, the proposed numerical calculation tool is easy-to-use and very
efficient to evaluate the fire resistance of concrete columns and provides more
insight than the simplified methods for the fire resistance design available in
literature.
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[.1. Background and context of the research topic

Although fire on the one hand was a keystone in the development of civilization, on
the other hand, it is a threat to life, property and environment. Fire disasters already
happened in times of early civilization. With respect to severe fires recorded in the
history, the first one was dated back to 64 A.D. as an urban fire spread to the entire
city of Rome and lasted for five days (Flemmer et al., 1999). Fire disasters still
occur nowadays due to the inadequate use of chemicals, gases, electrical
equipement and consumer electronics, household products or as a result of lighting
fires, etc. As a result, it has mostly a direct effect on the buildings and hence it is
important to study the fire influence on structures.

Fire, as one of the most severe conditions, has an important impact on concrete
elements and structures. It does not only affect the strength of concrete, but also
the structural stiffness and stability. A concrete column, compared to other
structural members, has most often to cope with vertical forces and bending
moments from slabs and beams. Consequently, it is essential to find a reliable and
practical way to establish interaction curves for the overall structural behaviour of
concrete columns subjected to fire. The structural European Standard EN 1992-1-
1 (Eurocode 2, 2004) provides a simplified calculation method for second-order
effects in case of ambient temperatures. However, Eurocode 2 (2004) refers only
briefly to the second-order effects in case of fire. As such, the necessity was
formulated to find a coherent analytical methodology for second-order effects
under fire, preferably verified using FEM simulations and experimental data.
Hence, an analytical calculation tool is presented in this dissertation in order to
investigate second-order effects of columns in case of fire.

This Ph.D. research consists of five parts: firstly, the simplified methods provided
by Eurocodes as well as some other codes are briefly discussed; secondly, an
analytical calculation tool is presented and validated with the experimental data;
further, based on the analytical tool, tabulated tables for the fire resistance are given
for interaction curves of columns taking into account different parameters and
optimizations are proposed for the current simplified methods; further, the
calculation tool is extended towards biaxial bending combined with fire; finally, a
probabilistic analysis is performed.



[.2. Material properties at elevated temperatures

I.2.1. Thermal and physical properties of concrete

Thermal conductivity is the property of a material to conduct heat. Harmathy
(1970) proposed that the thermal conductivity would have a linear decrease with
increasing temperature when the temperature is below 700°C. Further, Lie (1993)
found out that the major influencing factors are moisture content, type of aggregate
and mix proportions. As such, the thermal conductivity for both siliceous and
carbonate aggregate high strength concrete (HSC) were compared and the tests
indicated that the thermal conductivity of siliceous aggregate concrete is higher
than that of the carbonate concrete in the temperature range of 200°C to 800°C.
This is due to the higher crystallinity of the siliceous aggregates as compared to
that of the carbonate aggregates. The higher the crystallinity, the higher the thermal
conductivity and its rate of decrease with temperature (Lie, 1993). The effect of
aggregate type on the thermal conductivity of high strength concrete (HSC) is
similar to that of normal strength concrete (NSC) (Harmathy, 1970).

Specific heat is the amount of heat per unit mass, required to change the
temperature of a material by one degree and is generally expressed in terms of
thermal capacity which is the product of specific heat and density (Kodur, 2014).
Lie (1972) figured out that the specific heat increases with increasing temperature
— the first increase of specific heat at 150°C is caused by evaporation of free water
and the second one is caused by the removal of crystal water from the cement paste.
Considering the moisture content is the determining factor on specific heat below
temperatures of 200°C, Schneider (1982) found out that around 100°C initially wet
concrete shows an apparent specific heat nearly twice high as the oven dried
concrete. Further, Kodur and Sultan (2003) investigated the influence of aggregate
type on the specific heat. For calcareous aggregate concrete, the specific heat shows
a peak at temperatures near 150 and 400°C, while there is a small peak at 500°C
for siliceous aggregate concrete. When the temperature is above 600°C, the specific
heat of the calcareous aggregate concrete is generally higher than that of the
siliceous aggregate concrete. In EN 1992-1-2 (Eurocode 2, 2004), an estimated
value of the specific heat as a function of temperature at 3 different moisture
contents of 0%, 1.5% and 3% is provided.

The thermal diffusivity of material is defined as the ratio of the thermal
conductivity to the volumetric weight specific of the material (Harmathy, 1970). It
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measures the heat from an exposed surface of a material to inner layers. The larger
the diffusivity, the faster the temperature rises at a certain depth in the material
(Kodur, 2014). Kodur and Sultan (2003) studied high strength concrete in this
regard and concluded that the type of aggregate has a significant influence on the
thermal diffusivity. For siliceous aggregate concrete, the thermal diffusivity
increases with temperatures up to 700°C and then remains constant. The increase
in thermal expansion near 550°C can be attributed to the transformation of quartz
in siliceous aggregate. This could contribute to spalling (Harmathy 1970). For
carbonate aggregate, the thermal expansion increases sharply with temperatures
above 500°C. This can be partly attributed to the dissociation of dolomite, which

is present in carbonate aggregate. Above 800°C, the thermal expansion of the HSC
has a slight decrease, due to further dehydration and shrinkage of the concrete (Lie,
1972). In EN 1992-1-2 (Eurocode 2, 2004), functions for the thermal diffusivity
coefficient (thermal elongation) are provided for normal concrete with siliceous
and calcareous aggregates (Fig. 1.1).
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Fig. 1.1: Total thermal elongation of concrete

With respect to mass loss, Lie and Kodur (1995, 1996) indicated that the type of
aggregate also has an influence. The mass loss for both concrete types is hardly
observed until about 600°C (about 3% of the original mass). Between 600°C and
700°C, the mass of carbonate aggregate concrete drops considerably with
increasing temperature. Above 750°C, the mass loss again decreases slowly with
temperature. The substantial mass loss and decrease in density for carbonate
aggregate concrete is caused by the dissociation of the dolomite in the concrete.
This endothermic chemical reaction is expected to be beneficial in preventing
spalling of concrete (Lie, 1993). In the case of siliceous aggregate concrete, the



mass loss remains insignificant even above 600°C. In Eurocode 2 (2004), the
density as a function of temperature is defined.

The constitutive model of heated and loaded concrete consists of four parts: thermal
elongation, stress dependent strain, transient strain and creep strain (Anderberg et
al., 1976). The expression of the total strain is written as:

sc,tot(e) = sc,th (9) + EC,O' (0' e) + Ec,tr(o-l 9) + sc,cr(cl er t) (Il)

wheree, 1, is the total strain of concrete at elevated tempez®);
g.th IS the thermal elongation of concrete at elevégetperaturd;
g, IS the stress dependent strain of concrete edteld temperature;
g 1S the transient strain of concrete at elevatetperaturd;
g.cr IS the creep strain of concrete at elevated teabpeo;
o isthe stress in the concrete;
t is the time (related to the creep dependent deformations).

The transient strain and creep strain are often considered together and then form
the so-called transient creep strain. The transient creep strain is consisting of the
implicit model and the explicit model. The most commonly used implicit transient
creep strain material model is given by EN 1992-1-2 (Eurocode 2, 2004). The
thermal elongation of concrete is increasing with temperature. The main
influencing factors are the type of aggregates, the water content, the heating rate,
etc. The model provided in Eurocode is proven to be applicable for the heating
phase during a fire (Gernay & Franssen, 2010). However, concrete can lose an
additional part of its strength during cooling. Therefore, Annex C of EN 1994-1-2
(2005) recommends an additional reduction of 10% on the residual strength after
cooling down.

Regarding the explicit material model, the total strain is actually— as previously
mentioned— a sum of four parts: thermal strain, instantaneous stress-related strain,
transient strain and creep strain. Tao (2008) compared the explicit material model
given by Anderberg & Thelandersson (1976), Diederichs (reported by Youssef,
2007), Terro (1998) and Guo (2003) for the normal strength concrete and also
presented formulations for the transient strain of self-compacting concrete. Later,
Lu (2015) compared the explicit material model proposed by Tao (2003) with
Eurocode 2 (2004), it showed that the total strain from Tao’s model was slightly



lower than that of the EC2 model (2004) for the same stress level and that the
difference was increasing with increasing compressive stress.

I.2.2. Thermal elongation of reinforcing and prestressing steel

In EN 1992-1-2 (Eurocode 2, 2004), the thermal elongation of reinforcing steel and
prestressing steel are shown in Fig. 1.2, respectively. The thermal elongation of
reinforcing steel increases with temperature up to 750°C and then remains constant
till 860°C. When the temperature reaches values above 860°C, the thermal
elongation increases again. The thermal elongation of prestressing steel has an
almost linear increase with temperature.
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Fig. 1.2: Total thermal elongation of steel

[.3. Mechanical properties and spalling at elevated
temperatures

With respect to reinforced concrete columns, mechanical properties of concrete and
steel need to be specified. In EN 1992-1-1 (Eurocode 2, 2004), the mechanical
properties of concrete, reinforcing and prestressing steel at ambient temperature
(20°C) are provided. The behaviour of concrete and steel material properties at
elevated temperatures are readily available in literature.



1.3.1. Concrete under compression

Regarding the strength of concrete at elevated temperatures, Malhotra (1956) found
out that a predominant influencing factor is the aggregate-cement ratio. Concrete
with high aggregate-cement ratio undergoes a smaller proportional reduction in
strength compared to concrete with low aggregate-cement ratio. In 1985, Schneider
(1985) reported that the type of aggregate and applied load also have significant
influence on the compressive strength of concrete at elevated temperature.
Concrete with siliceous aggregates exhibits the largest amount of strength
reduction compared with that of calcareous or lightweight aggregates. However,
the strength of concrete in the stressed state is apparently higher than that of in the
unstressed state during the heating process. Based on the experimental data, the
stress-strain relationships of normal weight concrete with siliceous or calcareous
aggregate concrete at elevated temperatures are provided in EN 1992-1-2
(Eurocode 2, 2004), seghapter 1l . Eurocode shows the relationship of the
compressive strength of concrete in function of temperature and indicates that the
reduction of compressive strength is low when the temperature is below 400°C.
However, the compressive strength of concrete decreases significantly above
800°C.

Based on the experimental results of compressive tests performed on concrete
specimens heated to pre-specified temperatures, a number of models exist in
literature. Anderberg and Thelandersson (1976) firstly carried out tests in order to
determine stresses as well as deformations of concrete specimens under torsional
loading in case of high temperatures and then proposed a model for the mechanical
behaviour of concrete in compression under transient temperature conditions.
Afterwards, the model of Lie et al. (1986) was used by Lin et al. (1995) to
investigate the behaviour of repaired concrete columns after fire. Later, Meda et al.
(2002) compared the mechanical decay of high-performance/high-strength
(HPC/HSC) concrete and normal concrete and investigated the influence of
temperature on interaction curves for these two types of concrete columns.
Moreover, in order to develop the stress-strain relationship of high-performance
concrete, Cheng et al. (2004) tested four types of HSC for different temperatures
considering different concrete strength, type of aggregate as well as the addition of
steel fibers. Later, Li and Purkiss (2005) made comparisons between the existing
available models for the mechanical behaviour of concrete at elevated temperatures
and gave recommendations on the use of these models. Finally, Youssef and
Moftah (2007) compared the predictions of Lie (1992) and Eurocode 2 (2004) with
the experimental results of Abrams (1978), Pettersson (reported by Lie, 1992) and
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Khoury (1985). The results showed to be closely correlated for concrete with light
weight and carbonate aggregates. For concrete with siliceous aggregates, the
predictions of the Eurocode model (2004) matched better with the experimental
results.

1.3.2. Tensile strength of concrete

In EN 1992-1-2 (Eurocode 2, 2004), the reduction of the characteristic tensile
strength of concrete is given if the tensile strength needs to be taken into account
when using the simplified or advanced calculation. The tensile strength of concrete
normally is to be ignored.

Only very few research have been performed on the tensile strength of concrete at
elevated temperatures. Bazant and Chern (1987) proposed a model based on the
experimental data from Anderberg and Thelandersson (1976) to calculate the
tensile resistance of concrete at elevated temperature. Li and Guo (1993) suggested
a simplified formula for the tensile strength of concrete at elevated temperature. A
linear relationship is widely used to represent the pre-cracking behaviour. Terro
(1998) suggested using for the part after cracking, a linear degrading branch that
joints the point of cracking and a point on the horizontal axis with a strain of 0.004.
Finally, Youssef and Moftah (2007) compared all the models above and gave some
recommendations.

1.3.3. Reinforcing steel and prestressing steel

In order to investigate the reduction on the strength of steel at elevated
temperatures, tests and numerical analyses on mechanical properties of structural
steel have been carried out since the last century (Cooke, 1988). Woolman and
Mottram (1964) firstly tested the tensile properties of steel up to 800°C. Later,
Crook (1980) examined the tensile strength properties of hot rolled mild reinforcing
bars up to 700°C under isothermal test conditions. The experimental data showed
that the variation of the elastic modulus at 550°C had reduced to about 65% of that
at ambient temperature. Further, Anderberg (1978) made a comparison between
four different types of reinforcing steel at 400°C and 600°C. The results indicated
that all these reinforcing steels had a similar stress-strain relationship at 400°C and
600°C. Based on tests, Anderberg (1988) proposed an analytical behaviour model
to simulate the mechanical behaviour of steel. In EN 1992-1-2 (Eurocode 2, 2004),



the stress-strain relationships of reinforcing steel as well as prestressing steel are
provided based on the results of the research proposed by Anderberg (1988).

Moreover, Topcu and Karakurt (2008) tested the residual mechanical properties of
two types of reinforcing bars (ribbed and plain reinforcing bars with diameters
between 10 mm and 16 mm) subjected to 20, 100, 200, 300, 500, 800, and 950°C
for 3 hours. Comparing splitting tensile strength, elongation and toughness values,
the plain reinforcing bar is less affected than the ribbed reinforcing bar at elevated
temperatures. Finally, the behaviour of both ribbed and plain reinforcing bars of
relatively small diameter at elevated temperature as well as in terms of post-fire
residual properties have been investigated by Elghazouli et al. (2009). The results
show that the post-cooling residual properties of both hot-rolled and cold-worked
reinforcing bars remain almost the same until the temperature reaches 400°C.
However, when the temperature reaches 600°C, the residual ultimate mechanical
strain is shown to be about 50% in hot-rolled bars and about 150% in case of cold-
worked bars.

1.3.4. Spalling

Spalling of concrete structural members can occur in case of fire. However, it is
still complicated to predict the spalling due to its random occurrence. Connolly
(1995) carried out an experimental investigation on the spalling of concrete at
elevated temperatures and categorized spalling into four distinct types: aggregate
spalling, corner spalling, surface spalling and explosive spalling. Eurocode 2
(2004) states that explosive spalling is unlikely to occur when the moisture content
of the concrete is less than k% by weight. If the moisture content is above k%, type
of aggregate, permeability of concrete and heating rate should be considered. A
value k = 3 is recommended. Annerel (2010) summarized that the main factors
affecting spalling are the heating rate (especially above 3°C/min), the permeability
of the material (a denser concrete is more sensitive for pore pressure built up, for
example HPC and SCC), pore saturation level (especially above 2-3% moisture
content by weight of concrete), the presence of reinforcement and the level of
externally applied load.
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I.4. Real fires, standard fires and parametric fires

A real fire in a compartment with adequate ventilation normally consists of three
stages: pre-flashover, post-flashover and the decay period. Flashover occurs when
the majority of the exposed surfaces in a space are heated to their auto-ignition
temperature and emit flammable gases. In case of fire developing into flashover,
the whole compartment will be engulfed by flames and smoke. After the flashover,
the fire enters a fully developed stage with the maximum heat release rate and a
steady burning rate. Subsequently, the rate of burning decreases as the combustible
materials is consumed and the fire goes to the decay phase. Hence, the structural
fire safety issue is depending on different fire scenarios and behaviours when
determining the available safe evacuation time as well as the structural bearing
capacity.

The nominal curves are idealized simplified fires represented by a temperature-
time relationshipfib bulletin 38, 2007). These nominal fire curves define the gas
temperatur®, in the compartment as a function of the exposune ti and are

used for fire resistance testing of components in accordance with European
legislation (Van Coile, 2015). In order to investigate the temperature distribution
of structural members in case of fire, the heat transfer is obtained from the given
gas temperature by considering radiation, convection and conduction.

In EN 1991-1-2 (2002), the standard temperature-time curve (ISO 834 standard
fire) and the hydrocarbon curve are expressed as Eq(l.2) and Eq(l.3), respectively.

0, = 20 + 345log 5+ (1.2)
®; = 20 +1080 (1- 0.325e %167t 0,675 e725") (1.3)

where@, is the gas temperature in the fire compartment [°C]
t is the time [min]

The convection coefficient of the standard fire is:
o, = 25W/m?K (1.4)

The standard temperature-time curve ISO 834 (Fig. 1.3), also known as the
cellulosic curve is used for standard fire tests for most structures and the
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hydrocarbon curve is used for specific structures with a risk of hydrocarbon fires
(EN 1991-1-2, 2002).
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Fig. 1.3: The standard ISO 834 temperature-time curve

In addition, considering a more realistic fire scenario, a highly recommended fire
curve to adopt is that of the parametric fire curve as outlined in EN 1991-1-2
(2002). Unlike a standard fire, the parametric curve reaches a post flash-over phase
where the fire-load density is completely burned-out and a cooling phase occurs
contributed by the ventilation.

A number of large-scale standard fire resistance tests have been performed on
reinforced concrete structural elements in standard fire testing furnaces (e.g. ASTM
2011, 1SO 1999) since the mid-1990s (Bisby et al., 2013). Regarding to concrete
columns, fully restrained reinforced concrete columns were tested in case of a
standard fire at the Technical University of Braunschweig in the 1970s (Klingsch
et al.,, 1977, Hal3 and Klingsch, 1980). Furthermore, a summary is given in the
Ph.D. thesis from Hal3 reporting on 47 reinforced concrete columns (1986). Later,
a total number of 25 tests have been carried out in Belgium in case of an 1ISO 834
standard fire (Dotreppe et al., 1996).

Compared to a standard fire, hydrocarbon fires can cause violent explosive spalling
in concrete structures, especially in HSC due to the fact that hydrocarbon fire has
a significant increase in temperature in the initial period of fire (i.e. it reaches

1000°C in only 8 minutes) (Ta et al., 2011). Ta (2009) carried out tests to compare
the behaviour of normal strength concrete and high-strength concrete walls
subjected to both an ISO 834 fire and hydrocarbon fire curves. Further, Ngo et al.
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(2013) investigated two polypropylene fibres added HSC walls under hydrocarbon
fire conditions. Furthermore, a number of tests have been done for the fire
resistance of high strength concrete columns in case of hydrocarbon fire exposures
and guidelines are proposed by Kodur (2003). Finally, critical factors governing
the fire performance of high-strength concrete systems are given in (Kodur and
Phan, 2007).

According to the reviews on concrete structures exposed to parametric fires (Bisby
et al., 2013), only one large-scale natural fire test of a ‘real’ multi-storey concrete
building appears to have ever been performed. Bailey (2002) presented the results
of a natural fire test on a full-scale, seven-storey cast in-place concrete building
that was performed at the UK Building Research Establishment (BRE) Cardington
test site. Due to the fact that there is no reliable experimental data, mathematical
models or design specifications for predicting the fire resistance of reinforced
concrete structural members under realistic fire scenarios, numerical studies are
mostly adopted (Sadaoui et al., 2013). Gernay and Dimia (2011) adopted SAFIR
software to study the structural behaviour of concrete columns in case of natural
fires including the cooling down phase. At the same time, Dimia et al. (2011)
studied on the collapse of reinforced concrete columns subjected to natural fire
conditions during and after the cooling phase of the fire. Further, a parametric study
on concrete columns subjected to natural fires considering different fire load
density was investigated in (Wang et al., 2014) and reporttghpter |V. Finally,
optimum design solutions for a concrete slab exposed to natural fires are given by
Van Coile et al. (2014).

[.5. Available experimental results and analytical
methods

With respect to concrete columns exposed to fire, Lie et al. (1984) carried out tests
to study the influences of concentric loads, cross-section, moisture and aggregate
type on the structural fire resistance. At the same time, experiments were done at
the Technical University of Braunschweig, Ghent University and the University of
Liege on the fire resistance of columns with different slenderness ratios (Dotreppe
et al., 1999). HaR (1986) tested the fire resistance of 47 columns with different
cross-sectional sizes, steel sections, concrete strengths and load ratios. The main
parameters affecting the behaviour of reinforced concrete columns at elevated
temperatures and their influence on the fire endurance have been examined by the
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experimental tests executed at Ghent University and the University of Liége
(Franssen and Dotreppe, 2003).

Meanwhile, based on other experimental data, a mathematical approach to predict
the fire resistance of circular reinforced concrete columns was developed in (Lie
and Celikkol, 1991). This method was further developed in order to include
rectangular cross-section columns (Lie and Irwin, 1993). Dotreppe et al. (1999)
developed a computer code to simulate the structural behaviour under fire
conditions. Meda and Gambarova (2002) made comparisons between the M-N
interaction curves for normal-strength concrete and high-performance concrete.
Most recently, Kodur and Raut (2012) proposed a simplified approach to predict
the fire resistance of reinforced concrete columns under biaxial bending. Van Coile
et al. (2013) developed a cross-sectional calculation model in order to calculate the
bending moment capacity for a concrete beam exposed to fire in the framework of
reliability calculations. This model was further used as a basis for the lifetime cost
optimization of the structural fire resistance of concrete slabs (2013).

It is common that columns are subjected to bending moments. Whitney (1947)
proposed an approximate formula for the design of uniaxially loaded columns. This
formula is applicable to columns with reinforcement symmetrically placed in single
layers parallel to the axis of bending. However, it was pointed out by Nawy (1986)
that Whitney’s formula is not safe enough under some loading conditions. In the
ACI design handbook (1978), design charts are presented in case of uniaxially
loaded columns.

Regarding columns subjected to fire, it is reported that uniaxial bending and axial
restraint are the two most important factors for the fire resistance analysis of
column elements (Tan and Nguyen, 2013). Benmarce and Guenfoud (2005) tested
twelve high-strength columns in fire under two heating rates at different load ratios
and restraining levels. It was found that the maximum deformation is independent
of the rate of heating and the load that has been applied during the tests.
Furthermore, Wu and Li (2009) presented the fire performance of eight axially
restrained reinforced concrete columns under a combination of two different ratios
and two different axial restraint ratios. It was observed that the maximum
deformations during the expanding phase were influenced mostly by the load ratio
and hardly by the axial restraint ratio. For a given load ratio, the axial restraint ratio
had an influence on the development of axial deformations during the contraction
phase beyond the initial equilibrium state. More recently, Tan and Nguyen (2013)
tested six full-scale axially-restrained reinforced concrete columns subjected to
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different levels of uniaxial bending and initial applied load. The lateral deflection
of columns at elevated temperatures is affected by both eccentricity and initial load
level. The development of thermal-induced restraint increases with increasing
eccentricity but decreases with initial load level.

Considering columns commonly subjected to biaxial bending, Bresler (1960) first
proposed a design formula for columns subjected both to compression and biaxial
bending based on numerical simulations as well as test results. Parme et al. (1966)
further developed the formula proposed in (Bresler, 1960) and adapted it to
determine the required size for the columns. Chen and Shoraka (1972) computed
moment-thrust-curvature relations for reinforced concrete short columns in biaxial
bending at different load levels. For the case of long columns, ACI Building Code
(1971) provided the moment magnification factors for the design of columns with
the magnified biaxial moments according to a given axial compressive load.
Further, Bousias et al. (1992) investigated the experimental behaviour of slender
flexure-dominated reinforced concrete columns in eight biaxial load paths under
constant axial load. The results showed strong coupling between the two
orthogonal directions of bending, which increased energy dissipation. Regarding
the fire condition, Raut and Kodur (2011) presented a macroscopic finite element
approach for modeling the fire response of concrete columns under biaxial bending.
Recently, Tan and Nguyen (2013, 2014) investigated the effects of symmetrical
biaxial bending, restraint ratio and concrete strength on the structural behaviour of
reinforced concrete columns at elevated temperatures and proposed a simplified
model to determine the thermal-induced restraint forces.

[.6. Simplified methods provided by standards and
provisions in order to determine the load bearing
capacity of concrete elements

EN 1992-1-2 (Eurocode 2, 2004) allows two methods for determining section
resistance in case of fire: the 500°C isotherm method (Anderberg, 1978) and the
zone method proposed by Hertz (1981).

The 500°C isotherm method is based on the analysis of a humber of fire tests
carried out on flexural reinforced concrete elements. This method is applicable to
a standard fire exposure or any other fire scenarios with an openingGaztor
0.14 m'/2. The method of 500°C isotherm is relatively simguhel may be applied
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for all cross-section shapes and different heating scenarios, but it also has some
limitations (Chudyba & Sega, 2013). It was experimentally verified for structural
members made of normal strength concrete (NSC) that were subjected to failure
due to exceeding the capacity of tensile reinforcement and usually not heated from
the compressive side. For compressed members, especially when the eccentricity
of the axial force is small, the load bearing capacity may be overestimated with the
500°C isotherm method in case of fire for members made of high strength concrete
(HSC) (Meda & Gambarova, 2002) (Bamonte & Meda, 2005k(5e2008). The
differences in results obtained from the 500°C method for HSC members may to
some extent be reduced by assuming a lower than 500°C level of limit temperature
(as high strength concretes are characterized with faster reduction in compressive
strength with increasing temperature in comparison with normal strength concrete)
(Meda & Gambarova, 2002).

The zone method retains the philosophy of the 500°C isotherm method, but
considers a more complex and realistic reduced section, whose dimensions depend
on the temperature distribution. Also, the characteristics of the concrete in the
reduced section (compressive strength and Young’'s modulus) depend on the
temperature distributionfip bulletin 46, 2008). Cyllok and Achenbach (2009)
considered the effect of the hindered thermal strains on the compressed
reinforcement by a reduced strength of the reinforcing steel. Zilch et al. (2010)
introduced the thermals strains in their proposal for the use of the zone method.
Finally, Achenbach and Morgenthal (2015) developed the zone method to an
enhanced method, to consider the effect of the hindered thermal strains of the
reinforcement.

With respect to second-order effects, a general method and two simplified
methods— the general method, the curvature method and the stiffness method—
are introduced in Eurocode 2 (2004).

The general method is based on non-linear analysis, including both material and
geometric non-linearity. This method was introduced and was verified with
experimental data for predicting the behaviour of slender columns by Westerberg
(1971). Furthermore, it was proven to be valid also for high strength concrete
(Claeson, 1998). For non-linear analysis as a design tool, the safety design format
has been the subject of various proposals (CEB/FIP bulletin 239, 1997). In the
commentary to Eurocode 2 (2008), the design should satisfy two basic criteria: 1)
it should be possible to use the same set of material parameters in all parts of the
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member in order to avoid discontinuities and computational problems; 2) it should
be compatible with the general design format based on partial safety factors. As
currently used in the Eurocodes, the general method can be used for direct design
applications, but its main application is probably to serve as a basis for developing
simplified methodsfib bulletin 16, 2002).

The curvature method, also named as model column method (CEB/FIP bulletin
123, 1977), is based on the effective lengémtl an estimated maximum curvature
and is primarily suitable for isolated members with constant normal force and a
defined effective length (Eurocode 2, 2004). Robinson et al. (1975) provided a
more fundamental basis than curvature method, so-called curvature-based
approach in line with the major steps of the “sinusoidal total eccentricity method”.
This method is also described by Mari and Hellesland (2003) with some
explanations and application conditions.

The stiffness method is based on nominal values of the flexural stiffness, taking
into account the effects of cracking, material non-linearity and creep on the overall
behaviour (Eurocode 2, 2004). In this method, the nominal second-order moment
is determined by linear analysis and the design moment can be expressed by means
of a magnification factorfip bulletin 16, 2002). For design purposes, a simple
formulation of stiffness, with correction factors for the concrete term but not on the
reinforcement term, is provided by the Swedish code BBK 94 (1995). In EN 1992-
1-1 (Eurocode 2, 2004), a correction factor is also proposed on the reinforcement
term. Furthermore, a quasi-linear theory of elasticity (KLE) method is illustrated
in the Dutch concrete code NEN 6720 (NEN, 1995). The KLE-method makes it
possible to determine the physical non-linear behaviour for a concrete structure
while using the linear theory of elasticity.

Considering second-order effects, imperfections have an influence on the moment
capacity of columns, especially for slender columns. EN 1992-1-1 (Eurocode 2,
2004) points out that allowance should be made in the design for uncertainties
associated with the prediction of second-order effects. Lie et al. (1984, 1996) firstly
considered an estimated eccentricity as the effect of imperfections to compare with
the experimental data of concrete columns exposed to fire and combined with
concentrated axial loads and later in case of steel columns filled with reinforced
concrete. Then, Becque and Rasmussen (2007) investigated the interaction of local
and overall buckling of stainless steel I-shaped columns with experimental and
numerical methods. Further, Schillinger et al. (2010) developed a finite element
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based methodology for the stochastic buckling analysis of imperfect I-section
beam-columns. Karmazinova and Melcher (2013) expanded the research to steel-
concrete composite columns.

As the general method, the curvature method and the stiffness method are often
used for the design of structural members, they are also discusseabier Il.

The two simplified methods show a wide deviation when compared to the general

method and they are not suitable for all the columns. Therefore, one of the main

aims of the Ph.D. research is to give suggestions for the application of these

simplified methods as well as the use in case of fire.

[.7. Contemporary research challenges

With respect to concrete columns subjected to fire, most research efforts have been
focusing on experimental analysis, numerical analysis and the application of

simplified methods. Experiments can indicate the performance of columns in case
of fire precisely. However, they are time and cost consuming as well as they are
labour-intensive. Besides, a number of tests are required to conclude the fire
resistance of columns taking into account parameter variations and considering
uncertainties. Therefore, analytical approaches and simplified methods are more
used (sometimes after calibration based on the existing experimental data).

Considering second-order effects of columns, the general method, the curvature
method as well as the stiffness method are mostly used. The general method is good
for its accuracy and flexibility. However, it requires the use of a computer to find
solutions (CEB/FIP Bulletin 123, 1977). Regarding the curvature method and the
stiffness method, they are proven sometimes to be over-conservatichdpber

).

In order to investigate the performance of columns in fire conditions, in EN 1992-
1-2 (Eurocode 2, 2004), on the one hand, tabulated tables of the required minimum
dimensions and the axis distances are provided in case of an ISO 834 standard fire
of different fire durations. As guidelines for the design, however, they are proven
to be sometimes on the unsafe side compared to experimental dathasts

IV). On the other hand, simplified methods provided by Eurocode 2 (2004), the
500°C isotherm method for example are often considered too consensaiéve (
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chapter V). Moreover, in EN 1992-1-2 (Eurocode 2, 2004), no tabulated data is
available for design on the basis of a more realistic fire scenario.

Further, columns are not always subject to the pure uniaxial bending. The influence
of biaxial bending is also very important. This effect on columns could be more
significant in case of fire. In EN 1992-1-1 (Eurocode 2, 2004)iandodel Code

2010 (2012), a simplified criterion proposed by Bresler (1960) is introduced to
evaluate the biaxial bending capacity of columns. However, this so-called Bresler
approximation has not been validated to be used in case of fire yet. Furthermore,
the parameters which determine the application of this approximation in case of
fire should be discussed.

The fire resistance of a structural member is known if its material properties,
geometrical properties and actions can be precisely known. However, uncertainties
always exist due to randomness inherent in nature and the limit of human
knowledge (Ayyub and Mc Cuen, 2003). To the best acknowledgement we have
been now on the fire resistance of a structural member, however, one should realise
that the material or geometrical properties and actions on the structure are of a
stochastic nature and hence the response of the structure cannot be determined with
certainty (Benjamin and Cornell, 1970). Therefore, a probabilistic treatment is
preferential to come to design proposals.

[.8. The outlines and objectives of this thesis

The main goal of the expected research is to investigate the second-order effects of
columns in case of fire. As the first step of the investigation, a literature review has
briefly been provided irchapter I. The developments in the field of thermal
properties (radiation, conductivity and convection) and mechanical properties of
concrete as well as steel in case of fire has been introduced. Further, different types
of fire curves have been presented. The application of standard curves, hydrocarbon
curves and parametric curves was discussed. Furthermore, the current simplified
methods provided by standards and literature as well as experimental and numerical
simulations have been explained. Finally, based on all the studies on the second-
order effects of concrete columns exposed to fire, drawbacks and applications of
the existing methods have been pointed out.
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With respect to simplified methods for columns at ambient temperature, a general
method and two simplified methods (curvature method and stiffness method)
provided in Eurocode 2 (2004) are presentechapter Il. Meanwhile, a nominal
stiffness based method— KLE method— provided by the Dutch standard NEN
6720 (1995) is introduced. Considering columns at elevated temperatures, two
simplified methods— the 500°C isotherm method and the zone method— as well
as an equation for the equivalent stiffness of the reduced concrete section are
proposed in EN 1992-1-2 (Eurocode 2, 2004). Finally, an example is given to
quantify differences on interaction curves of columns at ambient temperature
comparing the curvature method and stiffness method with the general method,
taking into account different slenderness ratios. The same columns are investigated
in case of an 1ISO 834 fire using the equivalent stiffness provided by Eurocode 2
(2004).

In chapter Ill, a cross-sectional calculation tool is presented to investigate the
combination of axial force and bending moments in columns exposed to fire.
Firstly, the material model and thermal transient model for the calculation tool are
introduced. The temperature distribution obtained with the tool is compared with
Eurocode 2 (2004). Further, the structural model is presented taking into account
second-order effects. In order to have an idea of the number of iterations needed to
obtain convergence, a parametric study is investigated for different fire durations
in case of an ISO 834 standard fire, slenderness ratios and axial loads. Finally,
interaction curves calculated with the tool are validated on the basis of
experimental data from Meda et al. (2002), background documents of Eurocode 2
(2008), Lie et al. (1984), and experimental data from the Technical University of
Braunschweig (Hass, 1986) and the University of Liége (Dotreppe, 1993).

As the calculation tool has been verified with experimental data, the influence of
fire parameters such as different fire scenarios, exposed faces as well as fire
durations on the load bearing capacity of columns in case of uniaxial bending are
presented irchapter IV. Firstly, the thermal analysis is illustrated for both a
circular cross-section and a square cross-section. Then, a square cross-sectional
column with different exposed faces is investigated. Temperature distributions as
well as interaction curves are illustrated. Further, the upper limit and the lower limit

of the thermal conductivity are adopted, respectively. The differences on the
temperature distribution and interaction curves are discussed. Finally, the effects
of three types of fire curves are analysed: an ISO 834 standard fire, a hydrocarbon
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fire and natural fires provided in Eurocode 2 (2004), taking into account different
configurations, reinforcement ratios, axial loads and slenderness ratios.

Tabulated design guidelines provided by Eurocode 2 (2004) for the fire resistance
of columns in case of an ISO 834 standard fire are compared with the results
obtained with the calculation tool.

The existing simplified methods provided in codes and literature such as the 500°C
isotherm method (Eurocode 2, 2004), KLE method (NEN 6720, 1995) are not
explicitly mentioning their application areas. What is more, the parameters which
might have significant influences are not introduced. Therefore, a parametric study
adopting the numerical calculation tool is presenteadhapter V. Simplified
methods and formulas— the 500°C isotherm method (Eurocode 2, 2004), the KLE
method (NEN 6720, 1995)— a simplified formula taking into account
imperfections as well as a curvature-based method are discussed. Finally, some
suggestions and references are proposed for the application of these simplified
methods and formulas.

For standard design requirements, both EN 1992-1-1 (Eurocode 2, 2004) and ACI
318 (2011) provide guidelines for the capacity design of columns, as well as the
design criterion in case of biaxial bending. For biaxial bending capacity of
columns, a simplified method (the so-called Bresler approximation) is proposed by
Bresler (1960) and is adopted in many standards (i.e. EN 1992-1-1, ACfil818,
Model Code and etc.). However, the effect of fire on these columns subjected to
biaxial bending is not mentioned in the provisions. In order to validate the
application of that approach for columns subjected to fire, the basic assumptions
and the calculation models adopted in the tool in case of biaxial bending are firstly
presented ikhapter V1. Furthermore, the results obtained with the calculation tool
are validated with experimental data from Tan (2013). Then, the applicability of
the Bresler approximation is discussed considering a parametric study executed by
using the developed calculation tool. Furthermore, suggestions are given for
adopting the Bresler approximation in case of fire. Finally, a probabilistic
evaluation is made to investigate the effect of the variability of the basic model
parameters.

Finally, chapter VII gives an overview of the main conclusions and general

discussions, summarizes advantages and drawbacks of the developed calculation
tool and methods and also proposes possibilities for further research.
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CHAPTER Il

SIMPLIFIED METHODS
PROVIDED IN EUROCODE 2 FOR
COLUMNS EXPOSED TO FIRE
TAKING INTO ACCOUNT
SECOND-ORDER EFFECTS




[I.1. Simplified methods for columns at ambient
temperature

Concrete columns not only bear vertical loads, but also forces induced by the
connection with beams and slabs. As it is complicated to simulate the real structural
behaviour of beam-columns, simplifications are usually made. In EN 1992-1-1

(Eurocode 2, 2004), a general method and two simplified methods, the curvature
method and the stiffness method, are introduced. Conditions of equilibrium and
strain compatibility need to be satisfied at the level of cross-sections. As a
simplification of these simplified methods, the critical cross-section as well as a

relevant variation of the curvature over the column length is taken into account for
the calculation of interaction curves for columns. Furthermore, a quasi-linear

theory of elasticity (KLE) method has been introduced in the Dutch concrete code
NEN 6720 (NEN, 1995).

11.1.1. General method

The general method is based on a non-linear second-order effects analysis.
“General” here refers to the fact that the method can be used for any cross-section
of any shape, any axial load and first order moment, any boundary conditions, any
stress-strain relations, uniaxial or biaxial bending etc. The general rules for
applying such non-linear methods are (Eurocode 2, 2004):

(1) The non-linear analysis can be used for both ULS (ultimate limit states) and
SLS (serviceability limit states), assuming an adequate non-linear behaviour for
materials;

(2) Any inelastic deformation implied by the analysis should be checked for the

ultimate limit state;

(3) The influence of previous load applications may generally be neglected in case
of static loads and a monotonic increase of the intensity of actions is assumed;

(4) The material characteristics which represent the stiffness in a realistic way shall
be considered taking into account uncertainties.

For slender structures, where second-order effects cannot be neglected, stress-
strain curves for concrete and steel shall be used for the overall analysis.
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Fig. 11.1: Stress-strain relation for structural analysis presented in Eurocode 2 (2004)

The stress-strain curve for concrete under short term uniaxial loading shown in Fig.
1.1 is given by:

oc _ _kn-n?
fom  1+(k—2)7 (I.1)
wheren = :—C

cl

€. IS the strain at peak stress
k= l-OSEcm x |€c1| /fcm

Eq. (11.1) is valid for O <q.| < Ecu1| Wheree.,, is the nominal ultimate strain.

Stress-strain diagrams of typical reinforcing steel provided in Eurocode 2 (2004)
are shown in Fig. 11.2.
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Fig. 11.2: Stress-strain diagrams of typical reinforcing steel presented in Eurocode 2 (2004)

The vyield stress,f (or the 0.2% proof stressz) and the tensile strength &re
obtained as the characteristic value of the yield load and the characteristic
maximum load, respectively, in direct axial tension, each divided by the nominal
cross-sectional area. The elongation at maximum fqjicéor Class A, B and C is
given in Annex C of EN 1992-1-1 (Eurocode 2, 2004).

Further, considering the imperfections of a column in case of an eccentric load N
(see Fig. 11.3), a general homogeneous solution for the sideway displacement v(x)
expressed as Eq. (11.2) is given by Archer (1978).

Fig. 11.3: Basic calculation model
. N N
v(x) =Asm\gx+Bcos\/%x+Cx+D .2)
The boundary conditiom= 0 at x =0 and x = |, and
M = EI— = Ne (11.3)
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enable to find the following solution for the sideway displacement

1—cos\/§1 N N
v(x) = —e sin [=x+cos [=x—1 (1.4)
sin\lgl 2 El

In Eq. (11.4), e is the eccentricity of the external load. Based on EN 1992-1-1
(Eurocode 2, 2004), the stiffness of the column can be evaluated ag.0mMéase

of a cracked section while 0.8E can be considered in case of an uncracked
section, where Eis the design value of the modulus of elasticity of concrete
(Eca = Ecm / Yre, the recommended valuewf. = 1.2 as well as the modulus of
elasticity E:m are provided in Eurocode 2 (2004)) anéslsecond moment of area

of the column. Members that are not expected to be loaded above the level which
would cause the tensile strength of the concrete to be exceeded anywhere within
the member, should be considered to be uncracked. The value of the design tensile
strength §qis defined as.q = aciferko.0s/Yc: Wherey, is the partial factor for
concrete v. = 1.5) anda,; is a coefficient taking account of long-term effeais

the tensile strength and of unfavourable effects, resulting from the way the load is
applied (the recommended value is 1.0).

In Eurocode 2 (2004), creep is taken into account by multiplying all strain values

in the concrete stress-strain diagram with a factorpgly, wheregg; is the
effective creep ratio.

11.1.2. Curvature method

The curvature method is based on a lateral deflection v (shown in Fig. I1.3), which
is determined by the effective length and an estimated maximum curvature of the
column. The design moment is:

Mgq = Mggq + M, (11.5)

where Mggq is the first-order moment, including the effect mierfections
M, is the nominal second-order moment

M2 = NEd' ey (”.6)
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where Ngq is the design value of the axial force
e, Is the deflection of the calculated point of theuctural member
(expressed as v in Fig. 11.3)

e, = (1/R)13/c (1.7)

where 1/R is the curvature
lo is the effective length
c is a factor depending on the curvature distribution; ¢ = 10 is normally
used.

1/R=K, K, 1/R, (11.8)

where K. is a correction factor depending on the axiadlloa
K, is a factor for taking account of creep

_ Dhy—ng
Ke =2t < g (11.9)

Ngq

where ng = i the relative axial force
cled

Ngq is the design value of the axial force

Asfyq
Acfeq

n,=1+w,w=

Ny, IS the value of n at the maximum moment of reststathe value 0.4
may be used

A is the total area of the reinforcement

A. is the area of the concrete cross-section
Ko =1+ B@er =1 (1.10)

where @ is the effective creep ratio

=035+ Jex _ L; A is the slenderness ratio
200 150
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&
1/R, = o:sd (1.11)

fyad
where g,4 = 2%
yd Esg

dis the effective depthl = g + ig; i is the radius of gyration of the total
reinforcement area

11.1.3. Stiffness method

This method is based on the nominal stiffness of slender compression members
with an arbitrary cross-section, which is estimated by the expression (11.12):

El = K Eql. + K Eql, (11.12)

where E.4 is the design value of the modulus of elasticftgancrete
I. is the moment of inertia of the concrete crasgisn
E; is the design value of the modulus of elastioftthe reinforcement
I, is the second moment of area of the reinforcenadrdut the centre
of gravity of the concrete
K. is a factor for effects of cracking, creep etc.
K, is a factor for the contribution of the reinforcam

The factors listed in (11.13) can be adopted in Eqg. (11.12) when the geometric
. . Ag
reinforcement I’a'[l(?q— > 0.002

Ko=1
Ke = kiky /(1 + @er) (1.13)

where @ is the effective creep ratio

k, is a factor which depends on the concrete streta#ls &, = /f/20
[MPa]
k, is a factor which depends on the axial force aedkbndernesk, =
n-2 <020 n=-EL the relative axial forced is the
170 Acfeq
slenderness ratio
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As a simplified alternative, the following factors may be used in (11.12) \A:fhen
0.01:

K,=0
K.= 03/(1 + 0.5¢.) (I1.14)

Considering the second-order moment, the total design moment may be expressed
as (I1.15) resulting from a linear analysis:

_ B
MEd = MOEd(l + (NB/NEd)_l) (”15)

where Mggq is the first-order moment
Ngq is the design value of the axial load
Ng s the buckling load based on the nominalrstgt
B is a factor which depends on the distribution Bfahd 29 order
moments. For isolated members with constant cross-section and
axial load, the second-order moment may be assumed to have a
sine-shaped distribution.

B=m"/co (11.16)

where ¢, is a coefficient which depends on the distributafnthe first-order
moment (for instance;, = 8 for a constant first-order moment,
co = 9.6 for a parabolic and 12 for a symmetric triangular
distribution etc.).

[1.1.4. KLE-method

The KLE-method is based on the quasi-linear theory of elasticity. In clause 7.2.3
of the Dutch standard NEN 6720 (NEN, 1995), it is stated that the stiffness of the
concrete column equals the stiffness of the same structure subjected to a load of
0.8Meq. This is based on the assumption that 8M an average between the
bending moment in the ultimate limit state (ULS) and the serviceability limit state
(SLS). In Fig. 1.4, a quasi-linear model for the stiffness is presented.
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Fig. 11.4: Quasi linear stiffness according to Fig.ure 21 of NEN 6720
The stiffness of the structure can be acquired by determining the curvature of a

cross-section subjected to a load effect of O&. Mhe resulting stiffness equals
to:

El, = 28MEd (11.17)

Ko.8MEd

where ¥, gmeq IS the curvature of a cross-section subjectedivac effect of 0.8
MEeg

The fictive modulus of elasticity; s subsequently determined by dividing &ith
the second moment of inertia of the uncracked cross-section.

Once the stiffness is estimated, the buckling load can be calculated as:

Np = ZEl (11.18)

where Ely is a representative bending stiffness
Nsg is the buckling load
lo is the effective length of the column
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Considering the buckling load of columns subjected to fire, this method will be
discussed ichapter V more extensively.

[1.2. Simplified design methods for columns at elevated
temperatures

With respect to the fire in a compartment, estimation of the temperature of gases is
of importance. Enclosure gas temperature resulting from fire can vary greatly
depending on the position in the enclosure. Since we are concerned mainly with
that period of the fire during which structural damage would occur, the pre-
flashover stage may be neglected as average temperatures are relatively low.
Further, as the time frame at the post-flashover stage is relatively long (often 0.5 to
3 hours), the fire is assumed to have caused flashover at a very early stage and the
design fire is usually given as a temperature-time curve (Drysdale, 1999). In order
to simplify the fire to a temperature-time curve, the most commonly used
assumption is the one-zone model, where the entire compartment is assumed to be
filled with fire gases of uniform temperature. The calculations have a basis in the
energy and mass balance of the compartment and the objective is to arrive at a
temperature—time curve covering the whole process of fire development (Karlsson
& Quintiere, 2000). Based on the assumption, temperature-time curves are adopted
to investigate the fire resistance of concrete columns in the current research.

Furthermore, buckling of concrete columns is a major issue in fire design, since
heating of the columns will result in damage of the outer layers of the member as
well as a decrease of the modulus of elasticity at the inner layers. Due to the
combination of a decrease of the material strengths and a reduction of the stiffness,
second-order effects can be significant in case of fire although their effect is
sometimes negligible at ambient temperature. Moreover, the second-order effects
become even more explicit when considering non-uniform heating along the height
and perimeter of a column, as it would appear in reality. Hence, an easy-to-use
method is required to study the behaviour of columns in case of fire. In EN 1992-
1-2 (Eurocode 2, 2004), two simplified methods — the 500°C isotherm method
and the zone method — and an equation for the equivalent stiffness of the reduced
concrete section are proposed.
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11.2.1. 500°C isotherm method

The 500°C isotherm method is applicable to a standard fire exposure as well as any
other time-heating regimes which cause similar temperature fields in the structural
member exposed to fire. The hypothesis of the 500°C isotherm method is that
concrete at a temperature of more than 500°C is neglected in the calculation of the
load bearing capacity, while concrete at a temperature below 500°C is assumed to
retain its full strength (Eurocode 2, 2004). However, the temperature of the
individual reinforcing bars is taken as the real temperature in the center of the bar.
It is worth pointing out that the reinforcing bar whose temperature is in excess of
500°C is included in the calculation of the ultimate load-bearing capacity of the
fire exposed cross-section.

11.2.2. Zone method

The zone method is only applicable to the standard temperature-time curve.
However, this method is more accurate than the 500°C isotherm method especially
for columns. The basic principle of this method is that the fire damaged cross-
section is represented by a reduced cross-section ignoring a damaged zone of
thickness aat the fire exposed sides (Eurocode 2, 2004). The reduction of strength
and cross-section for sections exposed to fire is shown in Fig. I1.5, whsrtha
thickness of a damaged zone of the cross-section at the fire exposed &ggs, k

is a reduction coefficient for concrete strength at point M.

dz dz

Fig. 1.5: Reduction of strength and cross-section for sections exposed to fire

Take a column with two opposite sides exposed to fire for instance, the division
into zones for use in calculation of strength reduction is shown in Fig. 1.6, where
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the half thickness of the column is divided into g>(§) parallel zones of equal
thickness.

M ch(()m)
—
o | K(69)
k(&) k(62)
I —
k(1)
w w

Fig. 11.6: Division of a column, with the opposite sides exposed to fire, into zones for use
in calculation of strength reduction andvalues

As it is shown in Fig. 11.6, the mean reduction coefficieng Is expressed as:

k

_ 09

cp — ?:1 kc (ei) (||.19)

where ¢ is the number of parallel zones in the width w
w is half the total width
p is the number of segments

The width of the damaged zone may be calculated as:

ke,
a, =w[l— lq;(—erl’v[)] (1.20)

wherek.(6y) denotes the reduction coefficient for concrete at point M (see Fig.
I1.5)
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11.2.3. Equivalent stiffness of columns

According to EN 1992-1-2 (Eurocode 2, 2004), the effective length of the column
in case of fired, i may be taken as equal tpdt ambient temperature as a safe
simplification. In order to obtain a more accurate estimation of the second-order
effects of columns in case of fire, the decrease of its stiffness should be taken into
account. A reduced cross-section of a column presented in Annex B.2 of Eurocode
2 (2004) may be used. The equation of the equivalent stiffness of the reduced
concrete section is given by:

(EI)Z = [kc(eM)]z “Eo Iz + Es(e) sz (“21)

where k.(8y) is a reduction coefficient for concrete at point M (see EN1992-1-

2B.2)
E. is the elastic modulus of the concrete atmal temperature
I7c is the moment of inertia of the reduced gete section

E;(6) is the elastic modulus of reinforcement at elevated temperatures

I is the moment of inertia of the reinforcibgrs

[1.3. Examples

In order to show the differences between these methods on interaction curves of
columns, a comparison is made between the curvature method, the stiffness method
and the general method based on Eq. (11.4). First, a simply supported column is
chosen as a basic model. The properties of this column are: cross-section 300 mm
x 300 mm, 4 bars of diameter 25 mm and concrete cover 30 mm; 20°C concrete
compressive strengthkf= 80 MPa, mechanical reinforcement ratic= 0.2 and
Young’s modulus of steels& 2x10° N/mn?. Considering second-order effects of

columns for different slenderness ratibs 0, 35, 70, 105 and 140, interaction
curves are shown in Fig. 1.7, whate= —E4 andm, = —E4d_ A.is the cross
Acfeq Acfeqh
sectional area of concrete;id the cross sectional area of the reinforcing bays, f
is the design value of concrete compressive strengtis, the design yield stress
of the reinforcement, N is the design value of the applied axial force and sl
the design value of the bending moment. It is worth mentioning thatJQ.4E
adopted in case of a cracked section (see Fig. 11.7) while.d),&Etaken for an

uncracked section when the general method is considered.
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Fig. 11.7: Comparison of interaction curves of columns for different slenderness ratios
adopting the general method, the stiffness method and the curvature method

As it can be seen in Fig. 11.7, both simplified methods show a rather wide deviation
when compared to the general method. However, the curvature method predicts
comparatively reasonable results for low to moderate slenderness, although the
prediction is too conservative in case of high slenderness ratios. This is because the
factor K defined by Eq. (11.9) gives no reduction of the curvature at all ini€ase

< 0.4, and in case of high slenderness ratios this parameter is always less than 0.4.
The same holds for the stiffness method. The prediction from the stiffness method
is always more conservative than the one from the curvature method. It is worth
pointing out that the prediction of the bending moment capacity from these two
simplified methods in case af= 35 is sometimes on the unsafe side.

Further, the equivalent stiffness given by Eq. (1.21) is adopted to calculate the
columns shown in Fig. Il.7 exposed to an ISO 834 fire. Interaction curves of
columns for different slenderness ratios in case of fire durations equal to 30
minutes, 60 minutes and 90 minutes are presented in Figs. 1.8, 1.9 and 11.10,
respectively.
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Fig. 11.8: Interaction curves for columns of different slenderness in case of an ISO 834 fire
for a fire duration of 30 minutes

The dotted lines in Fig. 11.8 represent the first-order relationship between normal
force and bending moment for different eccentricities e/h and a slenderness ratio

= 0. The intersections of the dotted lines with the interaction curdef@rindicate

the maximum resisting normal force for the different eccentricities considering
first-order effects. In Fig. 1.9, both a first-order relationship (solid line) between

n" and m and a second-order relationship (dashed line) are visualized. From Fig.
11.9, we can see that second-order effects are significant in case of slender columns.
It shows the first-order effects of bending momeniss\Ne and the second-order
effects of bending moments ;M NA. Further, as it is shown in Fig 1.9, based on

the slenderness ratio there are three modes of failure of reinforced concrete
columns, i.e. short columns which consider the column failure mode due to pure
compression, material failure which happens when the stresses in steel and concrete
reach their yield stress and stability failure for which the reinforcement steel and
concrete reach their yield stress even for small loads and fail due to lateral elastic
buckling.
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Fig. 11.9: Interaction curves for columns of different slenderness in case of an ISO 834 fire
for a fire duration of 60 minutes

In Fig. 1.9, second-order effects in the case of columris0140 are much larger

than first-order effects, while for the caselof 35 the second-order effects are
smaller. Therefore, second-order effects need to be considered in case of slender
columns. In addition, comparing the cases at 0 min, 30 min and 60 min fire
duration, it is found that the load bearing capacity of columns decreases slightly
during the fire from O min to 30 min, while there is a significant reduction from 30
min to 60 min.

Finally, Interaction curves of columns for different slenderness in case of an ISO
834 fire for a fire duration of 90 minutes are presented in Fig. 11.10.
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Fig. 11.10: Interaction curves for columns of different slenderness in case of an 1ISO 834
fire for a fire duration of 90 minutes

In Fig. 1110, it is seen that the maximum bending moment capacity of the cross-

section in case of 90 minutes fire is about two third as that in case of 60 minutes
fire and 45% as that in case of 30 minutes. Considering second-order effects of
columns exposed to fire, the decrease on the moment capacity is more significant.
Therefore, it is important to investigate the behaviour of columns in case of fire.

[1.4. Conclusions

The curvature method and the stiffness method are mostly used to obtain the
capacity of columns at ambient temperature. It is proven that these two simplified
methods are applicable at elevated temperatures. Compared with the general
method, the curvature method predicts comparatively reasonable results for low to
moderate slenderness, although the prediction is too conservative in case of high
slenderness ratios while the stiffness method always gives conservative results for
the given example. As a simplification, both these methods can be used for
evaluating the fire resistance of columns. However, the results obtained with the
simplified methods are not precise enough to be taken for the fire resistance design.
Therefore, it is significant to investigate the parametric influence of these methods
and to adapt them for the application in case of fire.
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Furthermore, with respect to 500°C isotherm method and the zone method, they
are often adopted for calculating the capacity of the structural members exposed to
fire. However, the results obtained with the 500°C isotherm method are over
conservative ¢hapter V) and the zone method can be only used in case of a
standard fire. Hence, it is necessary to find an efficient calculation tool which can
be adopted for all kinds of time-heating regimes and fire scenarios.

Above all, simplified methods may be adopted to predict interaction curves of
columns in case of ambient temperature and fire. However, these predictions are
sometimes either not safe or too conservative. Hence, it is essential to find and
validate an easy-to-use design tool to analyze the fire resistance of columns.
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CHAPTER I

NUMERICAL METHODS FOR
SLENDER COLUMNS EXPOSED
TO FIRE TAKING INTO ACCOUNT

SECOND-ORDER EFFECTS




Structural fire analysis consists of an integrated approach of both transient thermal
analysis and structural analysis. Transient thermal analysis, on the one hand, is a
procedure to obtain the temperature distribution by considering fire effects and its
influence on the material density, the thermal conductivity, the specific heat
capacity and the convection coefficient. On the other hand, the structural
deformations as well as the stress and strain increase in the case of fire are
guantified using a structural analysis. In this chapter, a numerical tool which
includes both the thermal and the structural analysis is elaborated.

[11.1. Material models

In order to study the combination of axial force (N) and bending moments (M) in
columns subjected to fire, a numerical method is introduced, based on cross-section
calculations and the material models of EN 1992-1-2 (Eurocode 2, 2004).

I11.1.1. Concrete

/11.1.1.1. Stress-strain relationship for concrete

The stress-strain relationship shown in Fig. 1ll.1 is defined by two parameters: the
compressive strengtlsfand the straig., g corresponding tocf. The values of

these parameters are a function of the concrete temperature. As a conservative
approach, the tensile strength of concrete is normally neglected (Eurocode 2, 2004).
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Fig. Ill.1: Mathematical model for stress-strain relationship of concrete under compression
at elevated temperatures

/11.1.1.2. Thermal and physical properties of concrete

(1) Thermal elongation

In EN 1992-1-2 (Eurocode 2, 2004), the thermal steajp(6) of concrete is
determined with reference to the length of concrete elements at 20 °C:

Siliceous aggregates:

Eem(0) = —1.8%x 107 +9 x 107°0 + 2.3 x 107118 for 20°C< 0 < 700 °C
€ctn(0) =14 x 1073 for 700°C <0 < 1200 °C

Calcareous aggregates:
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Eem(0) =—12%x 107+ 6 x 107°0 + 1.4 x 107110 for 20°C< 0 < 805 °C
€cn(0) =12 %1073 for 805°C <0 < 1200 °C

(2) Specific heat
The specific heatpd0) of dry concrete (moisture content 0%) is determined as
follows:

Siliceous and calcareous aggregates:

cp(8) = 900 (J/kg K) for 20°C< 0 < 100 °C
cp(8) = 900 + (6 — 100) (J/kg K) for 100°C < < 200 °C
cp(8) = 1000 + (8 — 200)/2 (J/kg K) for 200°C <9 < 400 °C
cp(8) = 1100 (J/kg K) for 400°C <9 < 1200 °C

wheref is the concrete temperature (°C)

In Fig. 111.2,c,(8) (J/kgK) is illustrated for different moisture contents of 0%,
1.5% and 3%.

»(8) [KJ/kg K]

22
2 “\ u=3%
1,8 - '

’ \r/
1,6 \ [ u=15%
1,4 D

1,2 :

1
0,8
0,6
0,4
0.2

0

R

u=0%

0 200 400 600 800 1000 1200
a[°C]

Fig. 111.2: Specific heat in case of moisture contents of 0%, 1.5% and 3% by weight for
siliceous and calcareous concrete
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As shown in Fig. 1.2, for concrete that is not fully dry, the specific hgéi)c

starts to show a local peak at 100 °C, then it remains constant between 100°C and
115°C and finally it decreases between 115°C and 200 °C; for dry concrete, it is
assumed that,€0) increases linearly from 900 J/kg K at 100°C to 1000 J/kg K at
200°C. For other moisture contents, a linear interpolation is acceptable (Eurocode
2, 2004).

Considering water loss, the variation of density with temperature is defined as:

p(8) = p(20°C) for 289€C< 115 °C
p(8) = p(20°C) - (1 — 0.02(8 — 115)/85) for 115°G 6 < 200 °C
p(8) = p(20°C) - (0.98 — 0.03(6 — 200)/200)  for 200°G< 6 < 400 °C
p(8) = p(20°C) - (0.95 — 0.07(6 — 400)/800)  for 400°G< 6 < 1200 °C

(3) Thermal conductivity
The thermal conductivity. of concrete is given between lower and upper limit
values in EN 1992-1-2 (Eurocode 2, 2004).

The upper limit of the thermal conductivite of normal weight concrete is
calculated by:

A. = 2 — 0.2451(8/100) + 0.0107(6/100)2 [W/m K] for 20°C< 6 < 1200 °C

wheref is the concrete temperature (°C)

The lower limit of the thermal conductivity. of normal weight concrete is
determined by:

A = 1.36 — 0.136(8/100) + 0.0057(6/100)? [W/m K] for 20°C< 6 < 1200 °C

wheref is the concrete temperature (°C)

Temperature profiles in Annex A of EN 1992-1-2 are based on the lower limit of
thermal conductivity.
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l11.1.2. Reinforcing steel

/11.1.2.1. Stress-strain relationship of reinforcing steel
The stress-strain relationship of reinforcing steel shown in Fig. II.3 is defined by
three parameters: the slope of the linear elastic raggéE proportional limitg,
and the maximum stress levglyf
O A

pY

-

Ewpo Esyo Ene Sw.og’
Range Stress(6) Tangent modulus
€sp,0 eEg Esp
<e< b 2 ( )2 05 b(ssy,e - S)
Espo = €= &yp fspo —c+—[a* —(&sy0 — &) 1™ >
a y a[a? — (e — £gy0) 1°°
€y < € < Est9 foyo 0
€~ &0
Esy0 < E< Egup fsyo[l —————— )
> o Y €su,0 — Est,p
€= Esup 0 -

f ve
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(esy6 — €sp6)Eso — 2(fsy0 — fip,)

C

Fig. 111.3: Mathematical model for stress-strain relationships of reinforcing steel at elevated
temperatures
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/11.1.2.2. Thermal elongation of reinforcing steel
In EN 1992-1-2 (Eurocode 2, 2004), the thermalisiggy of steel is determined
with reference to the length at 20 °C:

£,(0) = —2.416 X 10™* + 1.2 x 10750 + 0.4 x 107802 for 20°C< 0 < 750 °C
£5(0) = 11 x 1073 for 750°G: 6 < 860 °C
£5(0) = —6.2x 1073 + 2 x 10750 for 8602 < 1200 °C

[11.1.3. Comparison of material models

In order to verify the numerical tool, a comparisirthe material model adopted
in our numerical tool and the model based on fesits Meda et al. (2002) is shown
in Table Ill.1. Further on in this chapter, intedian curves based on these two
material models are compared and discussed.
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Table IIl.1: Comparison of material models
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[11.2. Transient thermal model

The heat transfer and temperature calculation is based on Fourier's law for
conduction, Newton’s law for convection and Stefan-Boltzmann's law for
radiation. Consequently, the heat flow between nodes of a cross-section can be
calculated by setting up relationships within a time-dependent matrix. For the
transient heat calculation, we need to distinguish between two cases: elements
which are directly exposed to the surroundings and elements located in the interior
of the column. The heat flow of the external surface area directly exposed to the
fire is governed by (Eurocode 2, 2004):

AH= o (0g—0py) + ¢ &y - & - 0 [(0; +273)* — (0, +273)*] (lIL.1)

where a. is the coefficient of heat transfer by convectidf j?K]
¢ is the configuration factor which measures the fraction of the total
radiative heat leaving a given radiating surface that arrives at a given
receiving surface

€m IS the concrete surface emissivity of the membgr 0.7

g is the emissivity of the fire, generally takenla®

o is the Stephan Boltzmann constant (= 5.67 %W n?K*4)

0, Is the gas temperature in the vicinity of the &rposed member [°C]
0, is the effective radiation temperature of the irzironment [°C]

0., is the surface temperature of the member [°C]

The heat flow between internal surfaces in one direction (shown in Fig. 111.4) is
calculated as Eq. (I11.2) which is derived from Fourier’s law (Eurocode 2, 2004):
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Fig. Ill.4: The heat flow between internal surfaces

AH =2, A DT

[W/m?]
whered, is the thermal conductivity
A is the surface area
T;, T, are the temperatures of the internal surfaces [°C]

S is the distance between nodes [m]

(I11.2)

As the first step for the node temperature calculation, the cross-section under
consideration is discretized into small elements. A Ixthmmm square is selected

as a basic calculation element. Considering different boundary conditions (fire
duration, exposed surface, heat transfer direction, etc.), a program implemented in
(Matlab, 2013) has been developed in the current work to calculate the temperature

distribution for different fire exposed surfaces.
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Fig. 11.5: Cross-section discretization

The temperature distribution of the cross-section is first calculated with the
proposed methodology and validated by a comparison with the finite element
program (DIANA, 2012) and Eurocode 2 provisions (Fig. 11l.6). For the
temperature simulation, the lower limit of the thermal conductivity, a concrete
moisture content of 1.5% and a concrete density of 2300 kgkrconsidered.

Black dashed line- MATLAB
Colorful dashed line- DIANA
Black solid line- Eurocode 2

(@)

Black dashed line- MATLAB
Colorful dashed line - DIANA
Black solid line - Eurocode 2

(b)
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Fig. 111.6: Comparison of the temperature distribution calculated using the proposed
methodology implemented in a Matlab routine, with graphs given in EN 1992-1-2 and
results obtained with the finite element program DIANA at (a) 30 min, (b) 60 min, (c) 90
min, (d) 120 min

From Fig. 111.6, it becomes clear that the temperature distribution prediction from
the newly developed routine (Matlab, 2013) is in good agreement with EN 1992-
1-2 Annex A (Eurocode 2, 2004) and the results obtained from the finite element
software analysis (DIANA, 2012).

Consequently, node temperatures from this temperature calculation will be
implemented into the cross-sectional structural analysis model (also implemented
in a routine (Matlab, 2013)) to calculate interaction curves of columns exposed to
fire.

The thermal strain of concrete can be considered for different types of aggregates.
Taking siliceous aggregates for instance, a formula of the thermal strain presented
in EN 1992-1-2 (Eurocode 2, 2004) is adopted in the calculation performed within
this Ph.D.:

Ecn(8) = Min{—1.8 X 107 + 9 x 10760 + 2.3 x 1071103,14 x 1073}  (IIl.3)

with 6 the node temperature
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[11.3. Structural model

The same cross-sectional discretization as used for the temperature calculation is
used for the structural analysis. The mechanical strain is expressed as ftitlows (
Bulletin 46, 2008):

€mech(En) = €tot ~ &h = €0 + XoN ~ &t (111.4)

whereg, is the total strain
€n IS the thermal strain
g, Is the strain at the centroid
Xo Is the curvature
n s the distance between the calculated point and the centroid point

In EN 1992-1-2 (Eurocode 2, 2004), the transient strain is implicitly considered in
the mechanical strain term. The stress-strain curves of concrete and reinforcing bars
given in Eurocode 2 (2004) are adopted in this paper.

In Fig. ll.7, the relationship between the total strain, the thermal strain and the
mechanical strain is illustrated.

gC gc,m
. < \ /
o= i “/
a /
o £ Esth | .Ecm
JE| - —
b Total strain  Thermal strain  Mechanical strain

Fig. I1l.7: Total, thermal and mechanical strain

In order to obtain the cross-sectional structural resistance, various possibilities of
limit state design are explained in (Caldas et al., 2010) and shown in Fig-dll.8

limit state is conventionally attained whene&f .y, in any fiber of the cross-
section or reinforcement reaches its temperature-dependent compressive strain
limit value ¢, taken from a stress-strain curve. Compressiomsteae considered

to be positive.
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@) (b)

Fig. 111.8: (a) Temperature distribution along the height direction; (b) strain profiles and
strain limits (Caldas et al., 2010)

Assuming the geometry and temperature profiles in all cross-sections identical to
the critical one, deflections along the column are obtained taking into account
second-order effects.

EN 1992-1-1 (Eurocode 2, 2004) states that second-order effects may be ignored if
the slendernessis below a certain valugm.

_ o (Il .5)

where

lo is the effective column length

| is the second moment of area

A is the cross-sectional area

A=1/1+0.20¢«)

B=y(1+2w)/n'

C=17-ry,

@ is the effective creep ratio; ¢f¢ is not known, A =0.7

w = Asfyq / (Acfeq) is the mechanical reinforcement ratiowifis not known, B =
1.2

As is the total area of longitudinal reinforcement
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n' =N _ ./ (Acfcq) is the relative normal force

r'm = Mo/Moz2 is the moment ratio

Mo1, Moz are the first-order end momenj®l,,| = |Mg,|

For slender columns, second-order effects will need to be considered. In order to

solve the problem, the cross-sectional calculation tool is further extended to take

into account second-order effects and different slenderness ratios. In this paper, a
basic column model with two hinged ends and loaded by an eccentric load at each
end is investigated.

As Fig. 111.9 shows, bending moments m in the case of a transverse force N = 1 can
easily be obtained and the deflection v is calculated as:

v=Y[mzdx (I1.7)

with M the bending moment at the local cross-section
El the stiffness of the cross-section

z
i
y

— I

-?JJJJ\\ \lLL[

v

4
m T
uu \\

Fig. 111.9: The bending moment diagram in the case of a transverse force N = 1

Further, the bending moment M, in a loaded column (shown in Fig. 111.10) can be
written in the form:

M = [yodA (111.8)
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5 4 i --------------------- neutral axis

Fig. 111.10: The relationship between the straiand the curvaturg

Fig. 111.10 shows thab = % = s and hence the axial strains given by the ratio

y/R . Equivalently, 1/R (the curvatuge) is equal to the through-thickness gradient
of axial strain. It follows that the axial stress at a distance y from the neutral axis
of the column is given by

o = Exy (111.9)
wherey is the local curvature of the column

Thus, Eq. (111.8) can be expressed as:

M = [y(ExydA) = xE [ y*>dA (11.10)
Considering the second moment of area [ y2dA, Eq. (111.10) can be written as:

M = xEI (1.11)
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Hence% in Eq. (11.7) can be replaced lyyand the equation can be expressed
as:

v =Y [ m.xdx (11.12)

From Eq. (I1l.12), it is seen that the Mrelationship is required in order to obtain

the deflection along the column. For a first-order analysis, the bending moment is
considered to be constant along the column when one considers the column
subjects to two equal moments (with opposite signs) at the end of the column.
However, second-order effects always occur and these play a predominant role in
case of column subjected to fire. Hence, the column along the height is divided into
segments to consider the deflection at different nodes. Further, based on the cross-
sectional analysis, a calculation tool is developed to obtajnchMtves as well as
interaction curves of columns based on a second-order analysis.

As the first step of the calculations, the curvajuie case of the first order bending
moment can be obtained based on the cross-sectional calculation. Deflections at
any position of the column are calculated according to Eq. (I11.12). Then, additional
bending moments caused by deflections under the eccentric loads (or equivalent
end moments) are obtained. Next, a neworresponding to the new bending
moment can be found from the cross-sectional calculation. This procedure is
repeated until the bending moment converges and further iterations do not alter the
bending moment significantly.

In order to have an idea of the number of iterations needed to obtain convergence
taking into account second-order effects, a simply supported column with a cross-
section of b x h = 300 mm x 300 mm, 20°C concrete compressive strggibf

MPa, reinforcement yield strength=f 500 MPa and Young’s modulus of steel E

= 2x10° N/mn?is investigated for different fire durations (in case of an ISO 834
standard fire), slenderness ratios as well as axial loads.

(1) Fire duration

First, the bending moments M in function of the number of iterations (performed
for the second-order analysis) are shown in Figs. 111.11 to 111.13 for a column with
a height of | = 3 m (slenderness ratie- 35, I/b = 10) in case of fire durations of

0 min, 60 min, 90 min, respectively and an axial load N = 495 kN (n = 0.1) at an
eccentricity of 0.026 m.

56



—— first-order moment
— first iteration

2 L ——second iteration
——third iteration

—— fourth iteration

1 ’ —— fifth iteration

Elevation in column|m]
N
!

seventh iteration

tenth iteration

1 J S N Y O N
0 50 100 150 200

M [kN-m]

Fig. Ill.11: Relationship between the bending moment and the number of iterations
performed for the second-order analysis in case of a fire duration of 0 min
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Fig. 111.12: Relationship between the bending monaerd the number of iterations
performed for the second-order analysis in case of a fire duration of 60 min
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Fig. 111.13: Relationship between the bending moment and the number of iterations
performed for the second-order analysis in case of a fire duration of 90 min

From Figs. 111.11 to II.13, it can be seen that for such a given eccentricity, the
second-order effects are not very significant. As a result, the bending moment
converges very soon at ambient temperature (less than 3 iterations) while it takes
more iterations to find the solution at elevated temperatwed % is used as a
convergence criterion). It is observed that for longer exposure times, more
iterations are needed. However, for most of the short columns (B) the
calculations can converge with less than 7 iterations.

(2) Slenderness ratio

For analysing the influence of the slenderness ratio on the number of iterations
performed for the second-order analysis, a fairly long fire duration of 90 minutes

is chosen. The bending moments M in function of the number of iterations are
shown in Fig. I11.14 for a column with height | = 6 m (slenderness katid70, I/b

= 20) in case of an axial load N = 495 kN (n = 0.1) at an eccentricity of 0.026 m.
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Fig. 11l.14: Relationship between the bending moment and the number of iterations (up to
10) in case of a slenderness ratio of 70 and a fire duration of 90 min

Unlike short columns, the increments of the bending moment for slender columns
are not always getting smaller with the number of iterations (shown in Fig. 111.14).

In order to investigate the relationship of the bending moment capacity and iterative
times for this column, the number of iterations (7, 10 and 13) are compared in Fig.
[11.15, Fig. 111.16 and Fig. Ill.17, respectively.

6
E .
= 5 ——first-order moment
£ 4 | ; ;
= ‘ ——first iteration
g 3
£ ——third iteration
§2
.ﬁ i fifth iteration
z1 N
% ‘ ——seventh iteration

0 ‘ ‘

0 50 100 150
M [kN'm]

Fig. 111.15: Relationship between the bending moment and the number of 7 iterations in
case of a slenderness ratio of 70 and a fire duration of 90 min
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Fig. 111.16: Relationship between the bending moment and the number of 10 iterations in
case of a slenderness ratio of 70 and a fire duration of 90 min
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Fig. 111.17: Relationship between the bending moment and the number of 13 iterations in
case of a slenderness ratio of 70 and a fire duration of 90 min

Figs. 111.15 to 111.17 show the relationship of the bending moments along the height
of the column and the number of iterations. The first-order moments in case of an
axial load N = 495 kN are obtained with the calculation tool as 20.6 kN-m (after
13 iterations), 22.5 kN-m (after 10 iterations) and 26.2 kN-m (after 7 iterations),
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respectively. From Figs. 111.15 to Ill.17, it can be seen that the calculation cannot
always get convergence with only a few iterations in case of slender columns. In
the following, a difference between consecutive staps 1% is used as a
convergence criterion and the number of iterations is limited to at maximum 50
for slender columns in case of fire. If the difference between consecutive steps
cannot reach < 1% after 50 iterations, the column is considered to fail.

(3) Axial load

Finally, an axial load of 1485 kN (n = 0.3) at an eccentricity of 0.026 m is applied
on a column with height | = 3 m (slenderness ratie 35, I/b = 10) in case of a
fire duration of 60 min. The bending moments M in function of the number of
iterations are given in Fig. 111.18.
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Fig. 111.18: Relationship between the bending moment and the number of iterations in case
of a fire duration of 90 min and an axial load of 1485 kN

For the same given eccentricity, the first-order moments (shown in Fig. I11.18) are
three times as indicated in Fig. l11.13. However, as for the case of an axial load of
F = 495 kN, convergence is obtained (difference between consecutive\steps
1% in this case) after 7 iterations when the axial load is 1485 kN.

Based on the investigated cases, the slenderness ratio has the most significant
influence on the number of iterations. In order to obtain reliable interaction curves,
the difference between consecutive stepsl% is used as a convergence criterion

and the number of iterations is limited to at maximum 50. It is worth mentioning

61



that due to the finite precision of the computations performed, the interaction
curves might show a few minor jump points.

I11.4. Validation of interaction curves

I11.4.1. Validation of interaction curves based on cross-seictnal
calculations

In order to verify the calculation method, the results obtained for the specific case
of a square column with a cross-section of 600 >80 mm, 24 bars with
diameter 20 mm and a concrete cover of 50 mm, 20°C concrete compressive
strength §c = 40 MPa, reinforcement yield stress=f 430 MPa and Young's
modulus of steel & 2x10° N/mn¥ are compared to the results from Meda et al.
(2002), where the same dimension of columns, reinforcement, strength and
Young’s modulus of concrete and reinforcement at ambient temperature were used
for the analysis. There are two differences between the calculation model from
Meda et al. (2002) and the current calculation: first, the compressive strength of
concrete at elevated temperatures in (Meda et al., 2002) is based on experimental
data (Meda et al., 2002), while the current method is based on EN 1992-1-2
provisions (2004). Secondly, stress-strain laws of concrete in compression at
elevated temperatures used in (Meda et al., 2002) are different (see Table IIl.1)
from the EN 1992-1-2 (2004) prescriptions.

The results of the interaction curves in the case of fire exposure at all sides are

. . . . . . Nc+N M:+M
visualized in Fig. 111.19 considering = Qandmx = f‘:;'hzs, where N, M,
C

fcbh
Ns, Msare design values of normal forces and bending moments about the x-axis
(see Fig. 111.8) respectively for concrete and steel reinforcement, b is the width of
the cross-section and h is the height of the cross-section.
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Fig. 111.19: Comparison of calculated interactiamees with results available in (Meda et
al., 2002)

Fig. 111.19 indicates that interaction curves anih and 30 min obtained from the
proposed numerical method are more conservativerdggults presented in (Meda
et al., 2002). The origin of the differences arkatesl to the different material

models that have been chosen. For stress-stragiddwoncrete in compression,
elastic and perfectly-plastic stress-strain cuaresadopted in (Meda et al., 2002),
whereas decreasing branches in the stress-strais dase considered in the
proposed method. As a result, the correspondingmar bending moments are
a little smaller than those in (Meda et al., 2002)e differences are largest when
the temperatures of the column are low.

Subsequently, also cases of columns with 1 to 4segh surfaces are compared to
the data from Caldas et al. (2010) who used theesaput parameters as Meda et
al. (2002). The cases of columns with differentasgul surfaces subjected to the
ISO standard fire at 90 minutes and 300 minutes baen illustrated in Fig. 111.20
and Fig. ll.21, respectively.
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Fig. 111.20: The effects of different exposed surfaces on M-N interaction curves in case of
an ISO 834 standard fire and a fire duration of 90 minutes
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Fig. Ill.21: The effects of different exposed sugaon M-N interaction curves in case of
an ISO 834 standard fire and a fire duration of 300 minutes

From these two diagrams shown in Fig. 111.20 and Fig. 1l.21, it can be seen that
the effects of different exposed surfaces subjected to fire are not significant at the
beginning of fire. As the fire duration increases, the difference of the interaction
curves between different considered cases becomes more significant. After 300
minutes fire, the load capacity in case of 4 faces exposure can be only half as that
in case of 1 face exposure.
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Based on comparisons, the results obtained with the developed calculation tool
prove to be very close to results found in (Meda et al., 2002) and (Caldas et al.,
2010).

I11.4.2. Validation of interaction curves based on theoretical and
experimental data considering second-order effects

In this section, interaction curves that consider second-order effects are
respectively compared with results obtained from the background document of
Eurocode 2 (2008) and experimental data (Lie et al., 1984).

First, a basic column model with two pinned ends and the same material parameters
as in the background document (2008) of Eurocode 2 (i.e. concrete grade C80/95,
o = 0.2,0es= 0) was chosen in order to validate once again the accuracy of the
calculation tool. The interaction curves are shown in Fig. 111.22, whei® the
eccentricity of the axial load andis the deflection at the mid-height of the column
caused by the eccentric load. As a first step of the calculation, the interaction curve
for A = 0 at normal temperature is obtained with the general method provided in the
background document (2008) of Eurocode 2 and shown in blue dots. Further, the
deflection e caused by the eccentric load is calculated with Eq. (111.12). In order
to obtain the interaction curve taking into account second-order effects, an example
is given fori = 35. Since the initial eccentricityy @nd the deflection .eare
calculated, the first-order moment and the second-order moment are indicated with
a light blue line and a light red line in Fig. Il1.22, respectively. The intersection
between the red line and the blue dots predicts the design value of the axial load.
Hence, the design value of the bending moment taking into account second-order
effects is a corresponding moment to the design load value, which is located on the
blue straight line. The same calculations are performed for the slenderness ratios
of 70, 105 and 140. Finally, interaction curves (solid lines) calculated with the
analytical tool are compared with interaction curves (in dots) obtained with the
general method and provided in the background document (2008) of Eurocode 2.

65



0.24 e current work 2 = 0

02 e current work 4 = 35
current work A = 70

0.16
= current work 4 = 105

m. [_] 0.12 === current work 4 = 140

m= n" €0 0O Eurocode background document A = 0
O Eurocode background document 1 = 35
Eurocode background document 2 = 70

0
0 / X . X Eurocode background document 4 = 105

0 Eurocode background document 4 = 140

Fig. 111.22: Interaction curves for columns of different slenderness: comparison with
background documents of Eurocode 2 (2008)

From Fig. 111.22, it can be seen that results obtained with our calculation tool are
in agreement with results provided in the background document (2008) of
Eurocode 2.

Subsequently, this method is adopted to study the second-order effects of columns
exposed to fire. A series of twelve reinforced concrete columns were fabricated and
tested by Lie et al. (1984). In order to validate the performance of the developed
cross-sectional calculation tool, two of the clamped reinforced concrete columns
with siliceous aggregates were chosen to compare. The geometry and material
properties of these two columns are as follows: cross-section of 305 mm x 305 mm,
length of 3810 mm (measured from end plate to end plate), 4 bars with diameter 25
mm and a concrete cover of 48 mm; 20°C concrete compressive strerg8b f

MPa, reinforcement yield strength=f 415 MPa and Young’s modulus of steel E

= 2x10° N/mn?. The same experimental fire curve as well as geometric and
material properties as in the experimental test setup are taken into account. The
calculation model as well as the deflection shape is illustrated in Fig. 111.23, where
L is the length of the column, K is the effective length factor, v is the lateral
deflection of the column at mid-height apds the curvature of the column at mid-
height.
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DEFLECTION CURVATURE

Fig. 111.23: Basic column model and deflection shape (Lie et al., 1984)

Considering the clamped end conditions, a factor K = 0.6 was used to calculate the
effective length of the columns as it was recommended in (Lie et al., 1984).

In the standard fire test, concentric axial loadsl883 kN and 1778 kN were
applied to the columns (A and B, see Table I11.2), respectively, whereas in practice
there is always some eccentricity of the load. A minimum eccentricity is specified
for structural design in ACI (1977), CSA (1977) codes and also in Eurocode 2
(2004). Hence, in the calculation model proposed by Lie et al. (1984), the axial
load is assumed to have an eccentricity of 2.5 mm in order to compare with
experimental data. Finally, the columns failed in compression after 2 hours 50
minutes and 2 hours and 26 minutes of the ASTM-E119 standard fire, respectively.
Considering the same failure time, calculations for different axial loads are
performed. The maximum allowable eccentricities are obtained for different axial
loads and are given in Table III.2.
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Table 111.2: Comparison of fire resistance of columns subjected to second-order effects
with experimental test observations (Lie, 1984)

Test case A B
Fire duration (hr : min) 2550 2:26
Eccentricity (mm| Load (kN) Eccentricity Load (kN)
(mm)

) 0 1603 0 1887
Current calculation modeT 11 1335 18 1790
1.9 1237 2.3 1778
2.7 1172 3.1 1758

Experimental results (Lig 0~ 2.5 mm 0~25mm

1 177

et al., 1984) (assumed) 333 (assumed) 8

It can be seen that maximum eccentricities of 1.1 mm and 2.3 mm are obtained
with the calculation tool for Column A and Column B under the given experimental
loading conditions. Hence, the results are in good agreement with experimental
data obtained by Lie et al. (1984).

Further, two more comparisons have been performed with respect to tests from the
Technical University of Braunschweig (Hass, 1986) and the University of Liége
(Dotreppe, 1993), respectively.

The first group of tests are from the Technical University of Braunschweig (Hass,
1986). 39 reinforced concrete columns were tested in case of the ISO 834 standard
fire. Among them, 7 simply supported columns with a cross-section of 200 mm x
200 mm are chosen for comparison. The configuration of the columns as well as
the material properties are shown in Table Ill.3. The results from experiments and
analytical calculations are also given.

Table I11.3: Comparison of fire resistance of columns subjected to second-order effects
with test data from the Technical University of Braunschweig (Hass, 1986)

Cover . fe f . - Fire
No. [thicknes Reinf. 2 ’ 2 Height | Eccentricity duration F v Cal/Exp
(mm) (mm) | (N/mm?) |(N/mm?)| (M) (mm) (min) | Exp. Cal.
1 20 4020 29.0 487 3.7¢€ 0 58 42C 371 0.88
2 20 4020 29.0 487 4.7€ 0 48 34C 32t 0.96
3 20 4020 37.0 487 4.7¢ 1C 49 28C 281 1.00
4 20 4020 37.0 462 4.7¢ 2C 36 24C 311 1.30
5 20 4020 37.0 462 4.7¢ 6C 49 17¢C 178 1.05
6 20 4920 37.0 41€ 4.7¢ 10¢C 53 13C 12€ 0.97
7 20 4920 39.0 443 5.7¢ 1C 40 20€ 25C 1.20
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The simulation is based on the failure time provided by the tests. It is seen in Table
I11.3 that there are some differences between the results of the numerical tool and
the test results. However, for most cases, the numerical values are in reasonable
agreement with the experimental results.

Furthermore, 16 simply supported columns subjected to fire were investigated by
the University of Liege and Ghent University (Dotreppe, 1993). An ISO 834
standard fire was adopted. 6 columns with cross-section of 300 mm x 300 mm are
compared.

The configurations and the material properties of the columns as well as the
maximum axial loads are listed in Table 111.4.

Table 1Il.4: Comparison of fire resistance of columns subjected to second-order effects
with test data from the University of Liege (Dotreppe, 1993)

Cover . f, f . . Fire
No. |thicknes Tni::; ’ 2 ’ 2 Height | Eccentricity duration| PO Cal/Exp
(mm) (N /mm®) |(N/mm)| (M) | (mm) |7 o] Exp. | Cal.
1 25 4016 31.6 57¢ 3.8 2C 0 200C | 2161 1.08
2 25 4016 32.3 57¢ 3.8 0 61 95(C 1221 1.29
3 25 4016 32.8 57¢ 3.8 0 12C 622 561 0.90
4 25 4016 32.7 57¢ 3.8 2C 12¢ 22C 221 1.00
5 40 4016 31.8 57¢ 3.8 2C 128 34¢ 372 1.07
6 25 4025 27.9 591 3.8 2C 12C 47¢ 364 0.77

It can be seen that the maximum axial loads calculated with the numerical tool are
in good agreement with the experimental data.

From Tables 111.2, 111.3 and 1Il.4, it is observed that the experimental results are in
close agreement with the predictions by the calculation method developed in this
thesis. Hence, this tool is further adopted for practical applications.

[11.5. A parameter study

Since the numerical calculation tool has been validated with experimental data, a
parametric study is discussed. Simple examples are given taking into account the
influences of fire durations, dimensions, reinforcement ratios, axial compression

ratios and eccentricities, concrete cover thickness and slenderness ratios.
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l11.5.1. Influence of fire duration on the cross-sectional capacity

Similarly as Fig. 111.6 has shown the temperature distribution of a column with a
cross-section of 300 mm x 300 mm in case of an ISO 834 standard fire of fire
durations of 30 min, 60 min, 90 min and 120 min, the same column and fire

durations is used here to perform a parameter study. The interaction curves of the
column with reinforcement ratio of = ':S—iyd = 0.5 and a cover thickness ¢ = 25

¢ C(Ii\IC+NS m = Mc+Mg
0.7(Acfca+ Asfya)’ " 0.7(Acfeq+ Asfya)h’
N¢, M¢, Ns, Msare the maximum axial forces and bending moments for concrete
and reinforcement respectively, b is the width of the column and h is the height of
the cross-section. The paramefigr= a..f. /Y. is the design value of concrete
compressive strength with. the partial factor for concrete ang. a coefficient
taking into account long term effects on the compressive strength and unfavourable
effects resulting from the way the load is appligd € 1.5 anda.. = 0.85 as
recommended by Eurocode 2 are adopted). The parafpeterfy/ys is the
design yield stress of the reinforcement wjth= 1.15 as recommended by
Eurocode 2. Ais the cross-sectional area of concrete anid e cross-sectional
area of the reinforcement.

mm are given in Fig. 1ll.24, where=
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Fig. I11.24: Interaction diagrams of the investigated column in case of an ISO 834 fire with
fire durations of 0 min, 30 min, 60 min, 90 min and 120 min

Fig. 111.24 indicates the influence of fire durations on the interaction curves of a
column. It is seen that the decrease of the moment capacity in case of a small axial
load is barely observed at the first 30 minutes. However, the load capacity in case
of a fire duration of 2 hours is less than half of the load capacity at ambient

70



temperature. Further, the axial compression ratio corresponding to the peak
moment decreases with increasing fire duration.

111.5.2. Influence of column dimensions on the cross-sectional capacity

In order to investigate the influence of the column dimensions on the resistance in
case of fire, a cross-section of 500 mm x 500 mm, but the same reinforcement ratio
of ® = 0.5 and the cover thickness ¢ = 25 mm as the cross-section of 300 mm x
300 mm analysed previously. The interaction curves of these two columns
subjected to an ISO 834 fire in case of a fire duration of 120 min are shown in Fig.
111.25.

0.35 —— 300mm x300mm
—— 500mm x500mm

0.20

m [-]

0.15

0.10

0.05

0.00 T 7 T T |
0.0 0.5 1.0 1.5 2.0 2.5

Fig. 1I1.25: Interaction diagrams of two different size of columns subjected to an ISO 834
fire and a fire duration of 120 min

Fig. 111.25 shows interaction curves of two different sizes of columns subjected to
an ISO 834 fire and a fire duration of 120 min. The maximum moment capacity of
the 500 mm x 500 mm column is about twice that of the 300 mm x 300 mm column
while the pure axial load capacity is 1.4 times higher compared to that of the 300
mm x 300 mm column. It is worth mentioning that the axial compression ratio

corresponding to the peak moment is about the same.
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[11.5.3. Influence of the reinforcement ratio on the cross-sectional

capacity

Columns with a cross-section of 300 mm x 300 mm and three different
reinforcement ratios of 0.1, 0.5 and 1.1 are compared. The interaction curves in
case of an ISO 834 fire and a fire duration of 120 min are given in Fig. 111.26.

—n=0.1
0.35 4 o= 0.5

0.30 4 o=1.1

m [-]

0.15 4
0.10

0.00 T — T T d
0.0 0.5 1.0 5 2.0 2.5

n[-]

Fig. 111.26: Interaction diagrams of columns with different reinforcement ratios in case of
an ISO 834 fire and a fire duration of 120 min

Fig. 111.26 indicates that the load capacity decreases with the decreasing concrete
characteristic compressive strength (the increasing reinforcement ratio) in case of
a same cross-section. The difference between the maximum moment capacity is
not significant for these three columns after 2 hours fire. However, the axial
compression ratio corresponding to the peak moment decreases with increasing
reinforcement ratio in case of a same cross-section.

l11.5.4. Influence of axial compression ratio and eccentricity on the
cross-sectional capacity

From the previous results, it is already clear that the moment capacity increases
first and then decreases with increasing compression ratio. The maximum
permitted eccentricity decreases with increasing compression ratio. The value of
the axial compression ratio corresponding to the peak moment is influenced by the
fire duration and the reinforcement ratio of columns. The difference of the axial

compression ratio corresponding to the peak moment in case of the same
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reinforcement ratio and the same fire duration but with different sizes of cross-
section is not so significant.

111.5.5. Influence of the cover thickness on the cross-sectional capacity

A comparison in case of a fire duration of 120 min is given between two columns
with the same cross-section of 300 mm x 300 mm and a reinforcement ratte of
0.5, but with different concrete cover thickness ¢ = 25 mm and ¢ = 45 mm,
respectively (Fig. I11.27).
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0.0 0.5 1.0 1.5 2.0 25

Fig. 111.27: Interaction diagrams of columns with different cover thickness in case of an
ISO 834 fire and a fire duration of 120 min

Fig. ll1.27 indicates the influence of the cover thickness. It is obvious that the
moment capacity in case of ¢ = 45 mm is much larger than that in case of ¢ = 25
mm in case of a fire duration of 120 min. Therefore, it is a very important step to
determine the cover thickness of columns when the fire resistance design is
required. Further, it is noticed that the axial compression ratio corresponding to the
peak moment keeps approximately the same in case of different cover thicknesses.

111.5.6. Influence of the slenderness ratio on the effective cross-

sectional capacity when considering second-order effects

Finally, the second-order effects are taken into account. Besides the full cross-
sectional capacity, different lengths of the column (300 mm x 300 mm) are

considered, i.e. 1 meter, 2 meters and 3 meters in case of a fire duration of 120 min.
The interaction curves are presented in Fig. 111.28.
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Fig. 111.28: Interaction diagrams of columns with different slenderness ratios in case of an
ISO 834 fire and a fire duration of 120 min

It is observed that the moment capacity as well as the load capacity decreases with
increasing length (and increasing slenderness ratio). The load capacity in case of
the 3 m column is less than half of full cross-sectional capacity. Furthermore, the
value of the axial compression ratio corresponding to the peak moment decreases
with increasing slenderness ratio. This value decreases to 0 when the length of the
column reaches 3 meters in the case investigated.

[11.6. Conclusions

A cross-sectional calculation tool was presented in this chapter. Comparing with
experimental data, this tool is first validated for predicting interaction curves,
deflections as well as the fire resistance of columns in case of fire.

Based on the parametric study on the influence of fire durations, dimensions,
reinforcement ratios, axial compression ratios and eccentricities, concrete cover
thickness and slenderness ratios, the following conclusions can be made:

(1) The fire duration has a significant influence on the capacity of columns. With

respect to an 1SO 834 standard fire, the capacity decreases with increasing fire
duration.
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(2) For the column with the same reinforcement ratio and the same cover thickness,
the larger the cross-sectional size is , the better fire resistance it has. The axial
compression ratio corresponding to the peak moment is about the same in case of
the same fire condition.

(3) The load capacity as well as the axial compression ratio corresponding to the
peak moment decreases with decreasing concrete characteristic compressive
strength (increasing reinforcement ratio).

(4) The value of the axial compression ratio corresponding to the peak moment is

influenced by the fire duration, the reinforcement ratio and the slenderness ratio of

columns. The effects of cross-sectional column size and cover thickness are not so
significant.

(5) The cover thickness has a significant influence on the fire resistance of columns.
(6) The fire resistance decreases significantly with increasing length (slenderness

ratio) of columns. Therefore, the second-order effects should be considered to be
very important for the fire resistance design of columns.
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CHAPTER IV

DESIGN OF REINFORCED
CONCRETE COLUMNS EXPOSED
TO FIRE IN CASE OF UNIAXIAL
BENDING USING TABULATED
DATA

Most of the results in this chapter have been published in Wang L. J., Caspeele R., Van Coile R. &
Taerwe L. “Extension of tabulated design parameters for rectangular columns exposed to fire taking
into account second-order effects and various fire mod&faittural Concretel6(1), 17-35, 2015.



The developed calculation tool has been introduced and validated in the previous
chapter. In this chapter, the influence of different fire scenarios, number of exposed
faces as well as fire durations are investigated in case of uniaxial bending. Three
types of fire curves are considered, i.e. an ISO 834 standard fire, a hydrocarbon fire
and natural fires as defined in Eurocode 2 (2004) are discussed. Biaxial bending is
not considered here, but will be the subjeathdpter VI.

IV.1. Influence of the fire exposed faces on the
temperature distribution

As a first step of the calculation, the heat transfer is studied based on a cross-
sectional analysis. Again, the lower limit of the thermal conductivity, a concrete
moisture content of 1.5% and a concrete density of 230Clegarconsidered. As
shown in section IIl.2 for the temperature distribution of a square cross-section
exposed at all faces, the same calculation for a circular cross-section is first
analysed. Then, a square cross-sectional column with different exposed faces such
as one-face exposure, two-faces exposure, three-faces exposure and four-faces
exposure is investigated. Furthermore, interaction curves are calculated
considering different exposed faces. Finally, the temperature distribution of this
square cross-section is investigated considering different thermal conductivity
curves (the upper limit and the lower limit). Interaction curves of the cross-section
are discussed adopting limits of the thermal conductivity.

IV.1.1. Circular cross-section

A column with a circular cross-section and a radius of 150 mm, a concrete moisture
content of 1.5% and a concrete density of 2300 kggnshosen to be compared
with the temperature distributions given in Eurocode 2 (2004). The temperature
distributions of the cross-section in case of an ISO 834 standard fire for fire
durations of 30 min, 60 min, 90 min and 120 min are shown in Fig. IV.1.
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Fig. IV.1: Comparison of the temperature distribution calculated using the proposed
methodology implemented in a Matlab routine (dashed line), with graphs given in EN
1992-1-2 (solid line) in case of an ISO 834 fire with fire durations of 30 min (a), 60 min
(b), 90 min (c), 120 min (d)

IV.1.2. Rectangular cross-section

So far, it has been proven that the proposed calculation tool could be used for both
a rectangular cross-section and a circular cross-section. In order to investigate the
influence of different exposed faces, a square column is considered. A cross-section
of 300 mmx 300 mm, the same as in Fig. Ill.6, with a concrete moisture content
of 1.5% and a concrete density of 2300 kgjisndiscussed in case of an ISO 834
standard fire. In Fig. 1V.2, the temperature distributions for one sided exposure (a),
two adjacent sides exposure (b), two opposite sides exposure (c), three sides
exposure (d) and four sides exposure (e) are given in case of a fire duration of 120
minutes.
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Fig. IV.2: Temperature distributions calculated using the proposed methodology in case of
one sided exposure (a), two adjacent sides exposure (b), two opposite sides exposure (c),
three sides exposure (d) and four sides exposure (e) under an ISO 834 fire with a duration
of 120 min (values in °C)

The material properties used for the consequent structural analysis are: 20°C
concrete compressive strengtk 55 MPa, reinforcement yield strengh=f500

MPa and Young’s modulus of steel=E2x10° N/mn?. Based on the temperature
distributions obtained in Fig. IV.2, the interaction curves for these five cases are

. . . Nc+N M:+M
resented in Fig. IV.3, with= ——=—3>—— andm = ——<—3—— where
p g 0.7(Acfcq + ASfyd) 0~7(Acfcd + ASfyd)h

N¢, M¢, Ns, Msare the maximum axial forces and bending moments respectively
for concrete and reinforcement, b is the width and h is the height of the cross-
section.

0.40 4 4 sides exposure
0354 3 sides exposure
—— 2 adjacent sides exposure
0304 2 opposite sides exposure
0.25 1 side exposure
7 0.20
€ 0.154
0.104
0.05
0.00 . ) . ‘F——
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Fig. IV.3: Interaction curves obtained with the proposed methodology in case of different
fire exposures

It is seen that the moment capacity decreases with increasing number of exposure
faces for a given axial load. Hence, as a conservative consideration for the fire
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resistance design, interaction curves of columns in case of 4 sides exposed to an
ISO 834 standard fire are proposed for columns exposed on more than one side.

Considering the upper limit and the lower limit of the thermal conductivity
provided by Eurocode 2 (2004), the temperature distributions in case of an ISO 834
fire and a fire duration of 120 minutes are shown in Fig. IV.4 (for the same case
study as before).

Using upper limit ~ Using lower limit

for conductivity i for conductivity
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Fig. IV.4: Temperature distributions in case of an ISO 834 fire and a fire duration of 120
minutes taking into account the upper limit (left) and the lower limit (right) of the thermal
conductivity

It is observed that the heat transfers much faster when the upper limit of the thermal
conductivity is adopted. The difference of the temperature in the core of the cross-

section could be around 100°C after 120 minutes of a standard fire exposure.

Finally, based on the calculated temperature distributions shown in Fig. IV.4, the
corresponding interaction curves are obtained and given in Fig. IV.5.
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Fig. IV.5 Interaction curves of columns in case of an ISO 834 fire and a fire duration of
120 minutes taking into account the upper limit and the lower limit of the thermal
conductivity

It is seen that the thermal conductivity has a more significant influence on the
interaction curves in case of high axial loads. The difference in bending moment
capacity in case of an ISO 834 fire with a fire duration of 120 minutes amounts to
29% between adopting the upper limit and the lower limit. Hence, it is important
to make it clear which curve is adopted for the thermal conductivity when the
structural fire analysis is required.

IV.2. Comparison of calculated 1ISO834 standard fire
resistance times of rectangular concrete columns with
EN 1992-1-2 tabulated values for different slenderness
ratios and eccentricities

With respect to fire resistance of columns in braced structures, EN 1992-1-2
(Eurocode 2, 2004) provides tables with the minimum required cross-section and
concrete cover for different slenderness ratios and 1SO 834 standard fire durations.
In order to compare with EN 1992-1-2 (Eurocode 2, 2004), the same input data has
been used for the numerical method described above. In EN 1992-1-2 (Eurocode
2, 2004), the moisture content of concrete for all the tabulated tables is 1.5% and
this value is further adopted for all the fire calculations in this investigation. It is
worth mentioning that explosive spalling is unlikely to occur when the moisture
content of concrete is less than 3% (Eurocode 2, 20id4Bylletins 38, 2007).
Hence, explosive spalling is not taken into account for all the cases in this paper.
The effect of imperfections is considered as an eccentricitif@00 as mentioned
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in EN 1992-1-1 (Eurocode, 2004), whegéslthe effective length of the column.
Other parameters, like the reinforcement raﬁoz(zs—iyd) and load eccentricity (e)
cled

are varied over the different tables, e= 0.1, 0.5, 1.0; e = 0.025b, 0.25b, 0.5b
(or 0.025h, 0.25h, 0.5h). Tables with allowable parameter combinations in case of
an 1SO 834 fire with fire durations of 30 min, 60 min, 90 min and 120 min are

. . N¢+Ng .
illustrated (Tables IV.1 to 1V.9), with = Thea+ Aaya) as proposed in EN 1992-

1-2 (Eurocode 2, 2004), where i the cross sectional area of concretdsAhe
cross sectional area of reinforcing barg, i the design value of concrete
compressive strengthyqfis the design yield stress of reinforcement, Ns are
maximum axial forces respectively for concrete and reinforcement, b is the width
of the column and h is the height of the cross-section.

It is worth mentioning that columns in braced structures with a width up to 600 mm
are investigated in order to make a comparison with Eurocode 2 (2004). For those
which demand a width greater than 600 mm, a particular assessment for buckling
is required (Eurocode 2, 2004).
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Table IV.1: Minimum dimensions and concrete covers for reinforced concrete columns with rectangular section (ISO 834). Mechanical
reinforcement ratio = 0.1. Low first order moment: e = 0.025b with €0 mm

Fie Minimum dimensions [mm] : Column width»b [mm]/axis distance a [mm]
resistance g Columns exposed on more than one side
n=0.15 n=0.3 n=0.5 n=0.7
standard fire hydrocarbon firg standard fire hydrocarbon fir standard fire hydrocarbon firgj standard fire hydrocarbon firg
Numerical Numerical Numerical | Numerical Numerical Numerical Numerical Numerical
. Eurocode 2 N . Eurocode 2 N Ny Eurocode 2 N . Eurocode 2 N
calculation calculation | calculation calculation | calculation calculation calculation calculation
R30 30 150/25 150/25 150/25 150/25 150/25 200/25 150/25 200/25
40 150/25 150/25 150/25 150/25 150/25 200/25 150/30:200/25  150/25 250/25
50 150/25 150/25 150/25 200/25  |150/30:2200/25  150/25 250/25 200/25 300/35:350/25
60 150/25 150/25 150/25 250/35:300/25|1200/35:250/25  200/25 | 300/50:350/25 [300/30:350/25  250/25 | 350/50:400/25
70 150/25 200/25 200/25 150/25 | 300/35:350/25/300/50:350/25  250/25 | 350/50:550/25 [350/50:450/25  300/25 | 500/50:550/25
80 150/25 200/25 250/25 200/25 | 350/50:600/35|350/50:500/25 250/30:300/5500/50:600/45 |450/50:600/25  350/25 | 550/60:600/45
R60 30 150/25 200/25 150/25 200/25 200/25 200/40:250/25|  200/25  200/30:250/25250/50:300/25
40 150/25 200/25 150/30:200/25  150/25 | 200/40:250/25(200/30:250/25  200/25 | 250/50:300/25 |250/40:300/25  250/25 350/25
50 150/25 200/40:250/25200/30:250/25  200/25 | 250/50:350/25/250/50:300/25  250/25 | 350/50:400/25 |350/35:400/25  300/25 450/25
60 |150/30:200/25  150/25 | 200/40:300/25)250/40:350/25 200/40:250/p550/50:500/25|350/50:400/25 250/40:300/R5500/50:550/25 [500/40:550/25 350/30:400/2550/60:600/25|
70 200/25 250/50:350/25{350/50:400/25 250/30:300/R%00/50:600/45/500/60:600/25 300/40:350/p5  600/60 550/40:600/60 450/35:550/p5  600/80
80 200/25  200/30:250/25350/50:550/25/500/60:600/45 250/40:300/R5 550/60  [550/60:600/60 400/30:450/p5 O] 0] 550/60:600/35 O]
R90 30 150/25 200/25 200/25 250/25 250/25  200/50:250/45 250/50:300/25 |250/40:300/25 250/30:300/R5  350/25
40 200/25  150/35:200/25 250/25 200/35:250/25 200/30:250/P250/50:300/25(250/50:300/25  250/25 350/25 300/50:350/25  300/25 400/25
50 [200/35:250/25  200/25 | 250/50:350/25250/40:350/25  250/25 | 300/50:400/25(300/50:450/25  300/25 450/25  |450/50:500/25 350/50:400/25 550/25
60 |200/35:300/25 200/35:250/2250/50:500/25)350/50:550/25 250/40:300/p%500/50:600/25/500/60:550/25 350/35:400/p5  600/80 600/60  450/50:550/25 0]
70 |250/50:400/25  250/25 | 350/50:550/25/500/60:600/45 300/35:350/R5 600/80  [550/60:600/80 400/45:550/p5 O] 0] 600/40 O]
80 |350/50:500/25 250/30:300/25 550/60  |550/60:600/60 350/35:400/p5 600/80 0] 550/40:600/2p 0] 0] 0]
R120 30 200/25 250/25 250/25 250/25  [250/50:300/25  250/25 300/25 300/50:350/25 300/45:350/2800/35:450/25
40 250/25 300/25 250/40:300/25  250/25 | 300/50:350/25(  350/25 300/25 350/25 400/50:450/25  400/25 | 500/35:550/25|
50 |250/40:350/25  250/25 | 300/50:350/25/350/50:400/25  300/25 | 400/50:500/25( 500/25  350/50:400/45 550/40:600/25 |550/40:600/25 450/50:500/R5 600/25
60 |250/50:400/25  250/25 | 350/50:600/25500/60:600/25  350/25 550/60 600/25  450/40:500/45 0] 600/80 550/50 0]
70 |350/50:500/25 250/50:300/2500/50:600/35  600/60 400/25 600/80 600/80  500/60:550/45 0] O] O]
80 500/25 300/25 600/80 600/80  450/40:500/45 ® 0] 600/45 0] 0] 0]

*(1) Requires a width larger than 600 mm.



Table IV.2: Minimum dimensions and concrete covers for reinforced concrete columns with rectangular section (ISO 834). Mechanical
reinforcement ratio = 0.1. Moderate first order moment: e = 0.25b with¥0 mm

Minimum dimensions [mm] : Column widthb [mm]/axis distance a [mm]

Fire N
resistance Columns exposed on more than one side
n=0.15 n=0.3 n=0.5 n=0.7
standard fire hydrocarbon flre standard fire hydrocarbon fire standard fire hydrocarbjpon fire standard firg hydrocarbon fire
Numerical Numerical Numerical Numerical Numerical Numerical Numerical Numerical
) Eurocode 2 ) ) Eurocode 2 ) ) Eurocode 2 ) ) Eurocode 2 )
calculatior calculatior calculatior calculatior calculatior calculatior calculatior calculatior

R30 30 150/25 150/25 150/25 200/25 200/25  200/30:250/45 300/35:400/25 400/25  300/30:35(/25 500/25

40 150/25 200/25 200/25 | 150/30:200/35 300/25 |350/35:400/25  300/25 | 400/50:500/25| 500/25  500/40:550/45550/40:600/45|

50 150/25 200/40:250/25  300/25 200/40:250/45400/35:500/25|450/50:500/25 350/40:500/p5550/40:600/45 |550/60:600/25  550/25 ®

60 150/25 250/35:350/25400/50:450/25 300/25 | 500/50:600/35/550/40:600/25  550/25 0] ® 600/30 ®

70 200/25 300/50:500/25{500/40:600/25 350/40:500/R%50/60:600/45 [©) 550/30:600/2p O] O] ©

80 |300/30:400/25  250/25 | 500/35:600/35  600/45 550/25 0] © @ @ ©
R60 30 150/25  150/30:200/p200/40:300/25  250/25  200/40:300/45300/35:400/25(350/50:400/25 300/40:500/p5400/50:550/25 500/25 550/60:600/80)

40 200/25  200/30:250/25250/50:350/25{300/50:400/2%5 300/35:350/R5100/50:600/35|  500/25  450/50:550/35 550/60:600/80 |550/60:600/25 550/40:600/p5 @

50 |200/35:300/25 200/40:300/2300/50:600/35450/50:500/25 350/45:550/p%50/60:600/45(550/60:600/25 550/30:600/B0 0] 0] 600/55 ®

60 |300/50:500/25 250/35:400/2800/50:600/35550/60:600/25 450/50:550/p5 600/80 [©) 600/35 O] O] ®

70 |400/50:500/25 300/40:500/p%50/60:600/45  600/80 550/30:600/45 O] [©) 600/80 O] O] ®

80 |500/40:600/45 400/40:550/p%50/60:600/80) ® 600/30 ® @ 0} 0} @
R90 30 |200/35:300/25 200/40:250{2850/50:400/25{300/50:400/25 300/40:400/R350/50:550/25|450/50:500/25 500/50:550/p5500/50:600/45 [550/60:600/45 550/40:600/p5

40 |250/40:400/25 250/40:350/2800/50:600/35{400/50:600/25 350/50:550/P500/50:600/45|550/60:600/45 550/35:600/R5 @ O] 600/50 0]

50 |350/50:500/25 300/40:500/2800/50:600/45550/60:600/455 500/60:550/P5 600/80 [©) 600/40 0] 0] ®

60 |400/50:600/45 300/50:550/p%50/60:600/804  600/80 550/45:600/45 O] ® O] O] ®

70 |550/60:600/45 400/50:550/25 600/80 0] 600/45 O] ® 0] O] ®

80 |550/60:600/60 500/60:600/p5 (O @ 0} @ 0} 0} @
R120 | 30 | 250/50:450/25 250/50:350{2800/50:350/25/400/50:500/25 400/50:550/p%00/50:600/35(500/60:600/25  550/25 | 550/60:600/80| 600/60  550/60:600/45 ®

40 300/50:500/25 400/50:600/45|500/60:600/25 500/50:550/p%50/60:600/80|  600/80  550/55:600/45 O] ® (0]

50 |450/50:550/25 400/50:550/2550/60:600/804  600/60  550/50:600/45 @ ® 600/60 @ O] 0]

60 |500/60:600/45 500/50:550/R5 600/80 600/80 550/55:600/30 0] ® 0] 0] ®

70 |550/60:600/80 500/60:600/25 0] 0] 600/60 0] ® O] O] ®

80 600/80  550/50:600/25 ® ® ® [0) ® ® [0)

*(1) Requires a width larger than 600 mm.



Table IV.3:

Minimum dimensions and concrete coerseinforced concrete columns with rectangulatise (ISO 834). Mechanical

reinforcement ratio = 0.1. High first order moment: e = 0.5b witk 200 mm

e

Fire Minimum dimensions [mm] : Column widthwb [mm]/axis distance a [mm]
resistance r Columns exposed on more than one side
n=0.15 n=0.3 n=0.5 n=0.7
standard fire hydrocarbon flre standard fire hydrooarfire| standard fire hydrocarbon fife standard fire  |hydrocarbon fir
Numerical Numerical Numerical Numerical Numerical Numerical Numerical Numerical
calculatior Eurocode 2 calculatior calculatior Eurocode 2 calculatior calculatior Eurocode 2 calculatior calculatior Eurocode 2 calculatior

R30 30 150/25 250/35:300/25  450/25  400/40:550/35 500/25 550/40:600/125  550/25 0} ® [©)

40 200/25 300/35:400/25500/40:550/25  550/25 550/60 ) 550/35:600/3p O] ® O]

50 |300/30:400/25 250/30:300/2800/35:500/25 600/25  550/30:6000/25 @ ® ® @ O]

60 |400/50:450/25 300/40:550/2500/50:600/35 ) 600/50 0} ® ® ® ®

70 |500/40:550/25 400/40:550/2550/60:600/45 ® ® @ @ @ @

80 [550/40:600/25  550/25 @ @ @ @ @ @ @
R60 30 | 300/30:400/25 300/35:500{2850/50:550/25 550/25 500/50:530/25550/40 [©) 550/50:600/4p O] O] ®

40 |400/50:550/25 350/40:550/2500/35:600/35 600/25 550/40:600/30 @ O] O] O] [©]

50 550/25  450/50:550/25650/60:600/45 ©} 550/50:600/4p @ @ @ @ @

60 |550/40:600/25  550/30 @ @ 600/80 @ @ @ @ @

70 600/60 550/35 O] ® ® ® ® @ [©)

80 0] 550/40 ® ® @ @ @ @ [©)
R90 30 350/50:550/25 400/50:600/45550/60:600/45 550/45:600/40 O] O] 600/80 ) @) [©)]

40 |450/50:600/45 500/60:600/3650/60:600/80) ) 550/60:600/5p 0} ® ® @ ®

50 |550/60:600/45  550/40 600/80 @) 600/80 O] O] O] O] [©]

60 |550/60:600/60 550/50:60045 (O @ @ @ @ @ @

70 0] 550/60:600/50 ©) ©) ©) ©) ©) ® ®

80 ® 600/70 ® ® ® ) ©) ) @
R120 | 30 | 450/50:600/25 550/40:600(3600/50:600/8() 600/6C 550/5p ® @ @ @ @

40 |500/60:600/45 550/50:600/4550/60:600/80) ) 600/70 O] ® ® @ [©)

50 |550/60:600/60 550/55:600/60 (@ ® ® ® ® @ [©)

60 600/80  550/60:600/%0 ® ® ® ® ® @ 0]

70 0] 600/70 ® ® @ @ @ @ O]

80 @ @ @ @ @ @ @ @

*(1) Requires a width larger than 600 mm.



Table IV.4: Minimum dimensions and concrete covers for reinforced concrete columns with rectangular section (ISO 834). Mechanical
reinforcement ratie@ = 0.5. Low first order moment: e = 0.025b with €0 mm

Fire Minimum dimensions [mm] : Column widthnb [mm]/axis distance a [mm]
resistance r Columns exposed on more than one side
n=0.15 n=0.3 n=0.5 n=0.7
standard fire hydrocarbon fye standard fire hydrocarbop fire standard fire hydrocarhon fire standard fire hydrocgrbon fire
Numerical Numerical Numerical Numerical Numerical Numerical Numerical Numerical
) Eurocode 2 ) ) Eurocode 2 - ) Eurocode 2 ) ) Eurocode 2 )
calculation calculation calculation calculation | calculation calculation calculation calculation
R30 30 150/25 150/25 150/25 150/25 150/25 150/25 150/25 200/25
40 150/25 150/25 150/25 150/25 150/25 200/25 150/25 200/25
50 150/25 150/25 150/25 150/25 150/25 200/25 200/25 250/25
60 150/25 150/25 150/25 150/25 150/25 250/25 200/30:250/25 300/35:400/25|
70 150/25 150/25 150/25 200/25 200/25 150/25 | 300/35:350/25[  300/25 250/25 | 350/50:450/25
80 150/25 150/25 150/25 200/35:250/25250/30:300/25 200/30:250/2800/50:450/25(350/35:400/25  300/25 | 400/50:600/40
R60 | 30 150/25 150/25 150/25 150/40:200/29  150/25  150/30:200/25200/35:250/25 200/25  200/35:250/25250/35:300/25|
40 150/25 200/25 150/25 200/35:250/25 200/25 250/35:300/25] 250/25  250/30:300/25300/35:400/25
50 150/25 200/25 150/35:200/25 200/35:250/25200/30:250/25 200/40:250/2550/50:350/25|300/30:350/25 250/40:350/25850/50:450/25|
60 150/25 200/35:250/25 200/25 200/30:250/25250/35:300/25250/40:350/25 250/30:300/2850/50:450/25|350/40:450/25 300/40:450/23150/50:600/40
70 150/25 200/35:250/25 200/25 200/35:250/25250/50:350/25350/40:450/25 250/40:350/2%100/50:600/40,400/50:600/45 350/45:600/25 600/60
80 150/25  150/35:200/25200/35:250/25(  250/25  250/30:300/25300/35:400/25350/40:550/35 300/40:500/25150/50:600/60/400/50:600/45 450/50:600/85 600/60
R90 | 30 150/25 200/25 200/25  150/40:200/25200/35:300/25200/30:250/25 200/40:250/28250/50:300/25(250/35:300/25 250/40:300/25800/50:400/25
40 150/25 200/35:250/25|  200/25  200/35:250/25250/35:300/24 250/30:300/25 300/35:400/25 300/40:400/25 350/50:500/25
50 150/40:200/25 200/35:300/25(200/30:250/25 200/45:250/2250/50:400/25300/40:400/25 250/45:350/2550/50:500/25(350/40:550/25 350/45:550/25 600/40
60 200/25 250/35:300/25|250/30:300/25 250/35:300/2800/35:450/29350/40:500/25 300/45:400/25 600/40 550/50:600/45 400/50:550/25 600/60
70 200/25 | 200/35:250/25250/35:350/25| 300/30:400/25 250/45:350/2800/50:550/25350/40:600/45 350/45:600/25 600/60 600/60  550/50:600/45 600/80
80 |200/30:250/25 200/45:250/p250/50:400/25| 300/35:400/25 250/50:400/2850/50:600/40  600/60  400/50:600/35 600/80 @ 600/60 0]
R120 | 30 200/25  150/35:200/R%00/35:250/25|  200/25  200/40:250/25250/35:300/25250/35:300/25 250/45:300/25800/50:350/25|300/40:400/25 350/45:500/25850/50:500/25
40 200/25 250/35:300/25|250/30:300/25  250/25 | 250/50:350/25300/40:400/25 300/45:350/2850/50:450/25(350/40:500/25 400/50:550/25150/50:550/25
50 |200/30:250/25 200/40:250/%50/50:350/25| 250/40:350/25 250/45:300/2800/50:450/25350/40:500/25 350/45:450/25100/50:600/40{500/50:600/45 450/50:600/25 600/60
60 |200/30:300/25 200/50:250/R250/50:450/25| 300/40:400/25 300/45:350/2800/50:600/40500/50:550/50 400/50:550/25 600/60 600/80  500/60:600/35 O]
70 |250/30:350/25 250/35:300/R250/50:450/25| 350/40:550/25 350/45:450/2800/50:600/40  600/60  500/50:600/40  600/80 @ 600/45 O]
80 | 250/40:400/25 250/45:300/p250/50:600/40| 350/40:600/45 400/50:550/2850/50:600/6Q  600/80  500/60:600/45 ® [©) 600/60 )

*(1) Requires a width larger than 600 mm.



Table IV.5: Minimum dimensions and concrete covers for reinforced concrete columns with rectangular section (ISO 834). Mechanical
reinforcement ratio = 0.5. Moderate first order moment: e = 0.25b with¥0 mm

Fire Minimum dimensions [mm] : Column width-b [mm]/axis distance a [mm]
resistance * Columns exposed on more than one side
n=0.15 n=0.3 n=0.5 n=0.7
standard fire hydrocarbon ffe standard fire hydrocarbop fire standard fire hydrocarbon fire standard fire hydrocgrbon fire
Numerical Numerical Numerical Numerical Numerical Numerical Numerical | Numerical
N Eurocode 2 N N Eurocode 2 N N Eurocode 2 N N Eurocode 2 N
calculatior calculatior calculatior calculatior calculatior calculatior calculatior calculatior
R30 | 30 150/25 150/25 150/25 150/25 150/25 200/25 200/25  200/30:250/25  300/25
40 150/25 150/25 150/25 150/25 200/25 150/25 250/25 250/25 = 300/45:350/2800/35:450/25
50 150/25 150/25 150/25 200/25 200/25  200/30:250/25 300/25 350/40:450/25 450/35:500/25|
60 150/25 150/25 150/25 200/35:250/24  300/25  250/30:300/25350/50:450/25/450/35:500/25 500/30:550/25 600/40
70 150/25 150/25 150/35:200/25 250/35:300/25350/40:450/25 350/30:400/23150/35:550/25|550/35:600/25 550/35:600/30 0]
80 150/25 200/25 200/25 200/30:250/25300/50:400/25400/35:500/25 400/40:500/25 600/40 @ 600/50 O]
R60 | 30 150/25 150/40:200/25(  150/25  150/35:200/25200/35:250/2  250/25  250/35:350/25300/35:350/25/350/30:400/25 350/40:550/25150/35:500/25|
40 150/25 200/25 200/25 200/30:300/25250/35:300/25  300/25  300/35:500/25350/35:450/25|450/35:500/25 450/50:600/30 600/40
50 150/25  150/30:200/25200/35:250/25(  200/25  200/40:350/25250/50:300/25350/40:500/25 300/45:550/25 550/25  |500/50:600/25 500/30:550/25 600/60
60 150/25  150/35:200/25200/35:300/25(250/30:300/25 250/40:500/25 300/25  |500/35:550/25 400/45:600/80 600/40 600/60 600/45 0]
70 200/25  200/30:300/25250/35:300/25| 300/40:400/25 300/40:500/2800/50:550/25550/50:600/45 500/40:600/85 600/60 @ 600/80 O]
80 200/25 | 200/35:300/25250/35:400/25| 350/40:450/25 350/40:600/2950/50:600/40  600/60  550/55:600/40 ® ® O]
R90 30 150/35:200/25 200/35:300/25(200/30:250/25 200/45:300/2250/50:400/25300/40:400/25 300/45:550/25850/50:450/25(450/35:500/25 500/50:600/40  600/40
40 200/25  200/35:250/25250/35:300/25| 250/30:300/25 250/45:500/2800/50:450/25350/40:450/25 350/50:600/2%450/50:600/40550/50:600/45 550/50:600/45 600/60
50 |200/30:250/25 200/40:300/p250/50:400/25| 300/30:400/25 300/45:550/2850/50:500/25500/35:600/25 500/50:600/85  600/40 600/80 600/55 ®
60 |200/30:300/25 200/50:400/R250/50:450/25| 350/40:450/25 350/50:600/2850/50:600/40  600/45  500/55:550/45 600/60 O] 0]
70 |250/35:350/25 300/35:500/R800/50:450/25| 350/40:550/35 400/50:600/35 600/40 600/80 600/50 ® ® O]
80 |250/40:400/25 300/40:600/R800/50:600/25| 500/50:600/45 500/55:600/40  600/60 ® 600/80 O] @ 0}
R120 30 | 200/30:250/25 200/45:300{2850/35:300/25| 250/40:350/25 300/45:550/2800/50:450/25350/40:450/25 450/50:600/2%100/50:600/40,500/50:600/45 500/60:600/50  600/60
40 |200/30:300/25 200/50:350/R250/50:400/25(300/40:450/25 350/50:550/R850/50:550/25350/40:600/45 500/50:600/40  600/40 600/60 600/55 @
50 |250/35:350/25 250/45:450/p250/50:450/25| 350/40:550/25 450/50:600/2800/50:600/4(550/50:600/45 500/55:550/45 600/60 ® 600/80 0]
60 |300/40:450/25 300/50:500/R800/50:600/40| 350/40:600/45 500/45:600/40 600/60 600/80  550/60:600/60 ® ® O]
70 |300/40:450/25 350/50:550/R850/50:600/40|550/50:600/45 500/50:550/45 600/60 @ 600/75 ® O]
80 | 350/40:600/25 400/50:600/R%00/50:600/40 600/60  500/55:600/40 600/80 0] [©) ® ®

*(1) Requires a width larger than 600 mm.



Table IV.6: Minimum dimensions and concrete covers for reinforced concrete columns with rectangular section (ISO 834). Mechanical
reinforcement ratio = 0.5. High first order moment: e = 0.5b witk @00 mm

Fire Minimum dimensions [mm] : Column width-b [mm]/axis distance a [mm]
resistance * Columns exposed on more than one side
n=0.15 n=0.3 n=0.5 n=0.7
standard fire hydrocarbon ffe standard fire hydrocarboh fire standard fire hydrocarbon fire standard fire hydrocgrbon fire
Numerical Numerical Numerical Numerical Numerical Numerical Numerical | Numerical
N Eurocode 2 N N Eurocode 2 N N Eurocode 2 N N Eurocode 2 N
calculatior calculatior calculatior calculatior calculatior calculatior calculatior calculatior
R30 30 150/25 150/25 150/25 200/25 250/25  250/35:300/25 400/25 500/25  500/40:550/25 550/25
40 150/25 150/25 150/30:200/25 250/25 350/40:400/25 300/35:450/25 450/25 550/25 550/30 600/40
50 150/25 150/25 200/25 200/30:250/25  300/25 450/25  400/40:500/25 550/25 600/45  550/50:600/40 O]
60 150/25 200/25 200/35:250/25 350/35:400/25500/35:550/25 450/50:550/25 600/40 ® O]
70 150/25 200/25  |300/30:350/25 250/40:400/850/35:500/25550/35:600/25 500/40:600/80 @ O] @
80 150/25 200/35:250/25| 400/35:450/25 300/40:500/2%50/35:550/24 ® 550/50:600/4 O] @ @
R60 | 30 150/25 = 150/30:200/p500/35:250/25( 200/30:250/25 200/40:450/2800/35:400/25450/35:500/25 450/50:550/33150/50:500/25 550/50:600/40 600/60
40 150/25  150/35:200/25200/35:300/25(250/30:300/25 250/40:500/2850/35:400/2§  500/25  500/40:550/35  600/40 ® 600/60 ®
50 200/25  200/35:300/25250/35:300/25|  350/25  300/45:550/25400/50:500/25550/50:600/45 500/55:550/40  600/60 ® 0]
60 200/25  200/40:500/25250/35:350/25| 400/35:500/25 400/40:600/3@50/50:600/24  600/80  550/50:600/45 ® ® 0]
70 |200/30:250/25 200/40:550/R800/35:400/25| 500/35:550/25 500/40:550/85 600/40 ® 600/60 ® [©) O]
80 |250/30:300/25 250/40:600/R850/35:500/25| 500/50:600/45 500/45:600/35 600/60 ® ® ® ®
R90 | 30 |200/30:250/25 200/40:450{2350/35:400/25| 300/30:400/25 300/50:500/2850/50:450/25500/35:550/25 500/55:600/40 600/40 ® 600/80 ®
40 |200/30:300/25 200/50:500/p250/50:400/25 350/35:450/25 350/50:550/3800/50:550/25550/50:600/45 550/60:600/50 600/60 ® [©)
50 300/25 | 250/45:550/25250/50:450/25| 450/35:500/25 500/45:550/40 600/40 600/80 600/60 ® ® ®
60 |250/35:400/25 250/50:550/3(B00/50:500/25|500/50:550/35 500/50:550/45 600/60 ® 600/80 ® ® O]
70 |300/40:450/25 300/50:550/35850/50:600/40) 550/50:600/45 600/80 O] ® ® ®
80 |400/35:450/25 350/50:600/3%00/50:600/40) 600/80 550/60:600/30 ® O] ® ® ®
R120 30 | 250/35:350/25 250/50:550{2850/50:450/25| 350/40:450/25 500/50:550/4@00/50:600/40550/50:600/45  550/50 600/60 ® O]
40 |300/40:400/25 300/50:600/R300/50:500/25(350/40:600/25 500/55:550/4850/50:600/40  600/60  550/60:600/55 ® ® ®
50 |300/40:450/25 400/50:550/3800/50:600/40|500/50:600/45 500/60:600/45 600/60 @® 600/80 ® ® O]
60 |350/40:500/25 450/50:600/4(850/50:600/40| 600/45 550/50 600/60 O] ® ® O]
70 |350/40:600/45 500/50:550/4%50/50:600/40| 600/80 550/60:600/35 ® O] ® ® O]
80 | 350/40:600/45 550/50:600/4%50/50:600/40| [©)] 600/70 ® [©) ® ® O]

*(1) Requires a width larger than 600 mm.



Table IV.7: Minimum dimensions and concrete covers for reinforced concrete columns with rectangular section (ISO 834). Mechanical
reinforcement rati@ = 1.0. Low first order moment: e = 0.025b with €0 mm

Fire Minimum dimensions [mm] : Column widthnb [nm]/axis distance a [mm]
resistancg * Columns exposed on more than one side
n=0.15 n=0.3 n=0.5 n=0.7
standard fire hydrocarbon fire standard fire hydrocarbon fire standard fire hydrocarbon fire standard firg hydrocarbon fire
Numerical Numerical Numerical Numerical Numerical Numerical Numerical Numerical
N Eurocode 2| N Ny Eurocode 2 N Ny Eurocode 2 N . Eurocode 2 Ny
calculation calculation calculation calculation calculation calculation | calculation calculation
R30 30 150/25 150/25 150/25 150/25 150/25 150/25 150/25 200/25
40 150/25 150/25 150/25 150/25 150/25 150/25 150/25 200/25
50 150/25 150/25 150/25 150/25 150/25 200/25 200/25  150/30:200/45 250/25
60 150/25 150/25 150/25 150/25 150/25 200/40:250/25  200/25  200/30:250/45300/35:350/25!
70 150/25 150/25 150/25 150/25 200/25 150/30:200/45250/35:300/25250/35:350/25  250/25 | 350/50:450/25
80 150/25 150/25 150/25 200/25 200/25 200/25  200/30:250/25300/35:350/25300/35:400/25 250/30:300/R550/50:550/25
R60 30 150/25 150/25 150/25 150/40:200/25 150/25 200/40:250/25  200/25  200/40:300/45250/35:300/25!
40 150/25 150/25 150/25 200/25 200/25  200/30:250/25200/40:300/25  250/25  250/35:350/45300/35:400/25
50 150/25 150/40:200/25 150/25  150/30:200/45200/40:250/25|200/30:250/25 200/40:250/p250/50:350/25  300/25  250/40:350/45350/50:450/25
60 150/25 150/40:200/25|150/30:200/25 150/40:250/25200/40:300/25 250/35:300/25 300/35:450/25/350/40:450/25 300/40:600/P5100/50:600/45
70 150/25 200/25 200/25  200/35:250/35250/35:300/25|300/35:400/25 250/40:400/R3850/50:500/25400/50:600/45 350/40:450/3%00/50:600/45
80 150/25 200/40:250/25(200/30:250/25 200/40:300/25250/35:400/25|300/50:450/25 300/40:550/p800/50:600/45450/50:600/45 350/45:450/40 600/60
R90 30 150/25 150/25 200/25 200/40:250/25 200/40:250/25 250/50:350/25250/35:300/25 250/45:600/p500/50:400/25!
40 150/25 200/25 200/25  200/35:250/35250/35:300/25|250/35:300/25 250/35:350/R250/50:400/25300/50:450/25 300/45:600/3B50/50:600/25
50 | 150/30:200/25 150/35:2002200/40:250/25|200/30:250/25 200/40:250/25250/50:350/25|250/50:400/25 250/45:400/R300/50:600/25400/50:550/25 350/45:600/B3450/50:600/45
60 200/25  150/40:250/25200/40:300/25|200/40:250/25 250/55:300/P5250/50:450/25|300/50:450/25 300/45:550/p800/50:600/45450/50:600/35 400/50:600/40 600/60
70 200/25  200/35:250/25250/35:300/25|250/35:300/25 300/35:350/P5250/50:450/25|400/50:600/35 350/45:600/B850/50:600/45  600/60  550/50:600/45  600/80
80 |200/30:250/25 200/40:2502250/35:400/25|250/50:400/25 300/40:500/25300/50:600/45|450/50:600/45 350/50:600/40 600/60 600/80  550/65:600/35 ®
R120 | 30 200/25 = 150/40:200[p5 200/25 200/40:250/25 200/45:250/25250/50:300/25|250/50:350/25 250/45:400/p300/50:400/25 300/50:400/25 400/40:600/p850/50:500/25
40 200/25  200/30:250/25200/40:250/25(250/35:300/25 250/25 | 250/50:350/25(250/50:400/25 300/45:400/R300/50:500/25/400/50:600/25 400/50:600/B@450/50:600/25
50 |200/30:250/25 200/40:2502250/35:300/25|250/35:350/25 250/35:300/25250/50:450/25|300/50:550/25 350/40:550/p800/50:600/25450/50:600/45 550/45:600/40  600/25
60 | 200/40:300/25 200/45:250/2250/50:400/25|250/50:400/25 250/45:400/25300/50:600/25|400/50:600/35 400/50:600/p350/50:600/25  600/60  550/60:600/30  600/80
70 |250/35:300/25  250/25 | 250/50:450/25|300/50:450/25 350/35:450/25300/50:600/25(500/50:600/45 550/40:600/B5 600/25 600/80 600/70 ®
80 | 250/35:400/25 250/35:3002250/50:450/25|300/50:600/35 350/40:550/25350/50:600/25 600/60  550/50:600/45 600/80 ® ®

*(1) Requires a width larger than 600 mm.



Table IV.8: Minimum dimensions and concrete covers for reinforced concrete columns with rectangular section (ISO 834). Mechanical
reinforcement ratio = 1.0. Moderate first order moment: e = 0.25b with¥0 mm

Minimum dimensions [mm] : Column width-b [nm]/axis distance a [mm]

Fire N
resistancg Columns exposed on more than one side
n=0.15 n=0.3 n=0.5 n=0.7
standard fire hydrocarbon fire standard fire hydrocarbon firg standard fire hydrocarbon fjre standard fire hydrocarbon fir
Numerical Numerical Numerical Numerical Numerical Numerical Numerical Numerical
N Eurocode 2 N N Eurocode 2 N N Eurocode 2 N Ny Eurocode 2 N
calculatior calculatior calculatior calculatior calculatior calculatior calculatior calculatior
R30 | 30 150/25 150/25 150/25 150/25 150/25 200/25 200/25  200/30:300/35 300/25
40 150/25 150/25 150/25 150/25 150/25 250/25 250/35:300/25 250/30:450/R550/50:400/25
50 150/25 150/25 150/25 150/25 200/25 250/25 350/40:400/25 300/35:500/R53150/50:500/25!
60 150/25 150/25 150/25 200/25 250/25  200/30:250/45300/50:400/24  450/25  400/40:550/45500/50:600/25
70 150/25 150/25 150/25 200/40:250/25|  300/25  250/35:300/45400/50:450/25500/50:550/25 500/35:600/B®%50/50:600/60
80 150/25 150/25 200/25  150/30:250/45  250/25 350/40:400/25 300/35:500/p%50/50:550/2  600/35  500/60:600/35 ®
R60 | 30 150/25 150/40:200/25|  150/25  150/30:200/45200/40:250/25|  200/25  200/40:400/45250/50:350/25 300/35:350/25 300/50:600/30  450/25
40 150/25 150/40:200/25|150/30:200/25 150/40:250/25200/40:300/25|250/35:300/25 250/40:500/p800/35:400/25  450/25  400/50:600/35500/50:600/25
50 150/25 200/40:250/25|  200/25  200/35:400/45250/35:300/25(  300/25  300/40:600/25400/50:450/25500/50:600/25 500/45:600/4(550/50:600/45
60 150/25  150/30:200/25200/40:250/25/200/30:250/25 200/40:450/25250/50:400/25|400/50:450/25 400/40:600/B@50/50:600/25  600/45  550/40:600/40  600/80
70 150/25  150/35:200/25200/40:300/25(250/35:300/25 250/40:550/25300/35:450/25|450/50:550/25 450/45:500/B%50/50:600/45 ) 600/60 ®
80 150/25  200/30:250/25200/40:300/25(300/35:350/25 300/40:550/25350/50:450/25/500/50:600/35 500/50:600/40 600/60 ) 600/80 ®

R90 30 | 150/30:200/2! 200/25 | 200/40:250/25(200/30:250/25 200/40:300/P5250/35:350/25|250/50:350/25 250/40:550/R800/50:450/25450/50:500/25 500/50:600/#500/50:600/45
40 200/25  200/30:250/25200/40:300/25(200/40:300/25 200/50:400/P5250/50:400/25|300/50:450/25 300/50:600/B850/50:600/45500/50:600/35 500/60:600/50  600/45
50 200/25  200/35:300/25250/35:300/25|250/35:300/25 250/50:550/25300/50:450/25|450/50:500/25 400/50:600/4600/50:600/45  600/60 600/55 600/80

60 [200/30:250/25 200/40:400/2250/35:400/25/300/35:400/25 300/45:600/25300/50:600/25|500/50:600/35 500/50:600/45 600/45 0] 600/70 O]
70 |200/40:300/25 200/45:450/2250/50:450/25/300/50:450/25 300/50:600/85400/50:600/45|  600/60  550/55:600/90  600/80 O] O]
80 | 200/40:300/25 200/50:5002250/50:450/25|400/50:550/25 400/50:600/B5450/50:600/45|  600/80 600/55 @ @ @
R120 | 30| 200/30:250/25 200/40:250(2850/35:300/25|250/35:300/25 250/50:400/P5250/50:450/25|300/50:550/25 450/45:600/3@00/50:600/25500/50:600/35  600/60 | 550/50:600/25
40 |200/40:300/25 200/45:3002250/50:400/25|250/50:400/25 300/40:500/P5300/50:500/25(400/50:600/35 500/50:600/B&50/50:600/25  600/45 0] 600/25
50 | 250/35:300/25 250/40:4002250/50:450/25|300/50:450/25 400/40:550/R5350/50:600/25 550/50:600/45 550/50:600/25 ©) O]
60 |250/35:400/25 250/50:450/2250/50:450/25(400/50:600/25 400/50:500/85400/50:600/25|  600/45 600/55 600/25 O] O]
70 |250/50:400/25 300/40:500/2800/50:600/25(450/50:600/35 500/45:600/85450/50:600/25|  600/80 ® 0] [©] O]
80 | 250/50:450/25 300/50:550/2800/50:600/25|500/50:600/35 500/60:600/§10650/50:600/25 ® ® ® [©)

*(1) Requires a width larger than 600 mm.



Table IV.9: Minimum dimensions and concrete covers for reinforced concrete columns with rectangular section (ISO 834). Mechanical
reinforcement ratio = 1.0. High first order moment: e = 0.5b witk @00 mm

Fire Minimum dimensions [mm] : Column width-b [mm]/axis distance a [mm]
resistance * Columns exposed on more than one side
n=0.15 n=0.3 n=0.5 n=0.7
standard fire hydrocarbon fire standard fire hydrocarbon firt standard fire hydrocarbon|fire standard fire hydrocarbon fire
Numerical Numerical Numerical Numerical Numerical Numerical Numerical Numerical
N Eurocode 2 N N Eurocode 2 N N Eurocode 2 N N Eurocode 2 N
calculatior calculatior calculatior calculatior calculatior calculatior calculatior calculatior

R30 | 30 150/25 150/25 150/25 150/25 200/25  200/30:300/35 300/25 500/25  500/30:550/25500/50:550/25|

40 150/25 150/25 150/25 200/25  [250/35:300/25 250/30:450/R850/50:400/24  500/25  500/40:600/30550/50:600/25|

50 150/25 150/25 150/25  150/30:200/45  250/25  |350/40:400/25 300/35:500/p5 450/25  |550/50:600/25  550/35 600/45

60 150/25 150/25 200/25  200/30:250/25  250/25 450/25  350/40:500/25500/50:550/24 [©] 550/50 [©)

70 150/25 150/25 200/30:250/25 200/30:300/25  300/25 500/25  450/50:550/45550/50:600/24 [©) [©)

80 150/25 200/25  |250/35:300/25 250/30:350/P5350/50:400/25(  550/25  500/35:600/30  600/45 O] @
R60 | 30 150/25 200/25 200/25  200/35:450/45250/35:300/25|  350/25  350/40:600/30  450/25 550/25  550/45:600/40  600/45

40 150/25  150/30:200/25200/40:250/25|200/30:250/25 200/40:500/P5300/35:350/25|  450/25  450/50:500/35500/50:550/25  600/45 600/60 [©)

50 150/25  150/35:250/25200/40:300/25|250/35:300/25 250/40:550/R5300/35:400/25|500/50:550/25 500/40:600/3%50/50:600/45 [©)] 600/80 [©)

60 200/25  200/30:350/25200/40:300/25|250/50:300/25 300/40:600/25350/50:450/25(550/50:600/25 500/50:600/40  600/60 O] @

70 200/25  250/30:450/25250/35:300/25|350/40:450/25 350/40:600/B0450/50:550/25(  600/45  550/50:600/45 ® 0] 0]

80 200/25 | 250/55:500/25250/35:400/25|450/50:500/25 450/40:500/85450/50:600/45 ® 600/70 ® ) )
R90 30 200/25 = 200/35:300/R250/35:300/25|250/35:300/25 250/50:550/25300/50:450/25|  450/25  500/50:600/40400/50:600/44  600/80 600/70 [©)

40 |200/30:250/25 200/40:4502250/35:400/25|300/35:400/25 300/50:600/80300/50:450/25|500/50:600/25 500/55:600/#550/50:600/45 O] O]

50 | 200/40:300/25 200/45:500/2250/50:400/25|300/50:450/25 350/50:600/5400/50:600/25/550/50:600/35  550/50 600/60 O] 0]

60 | 200/40:300/25 200/50:5502250/50:450/25|400/50:450/25 450/50:600/10450/50:600/45|  600/80 600/60 ® 0] 0]

70 |250/35:300/25 250/45:600/3300/50:450/25|450/50:600/25 500/50:600/4#5600/50:600/45 [©] 600/80 ® O] O]

80 |250/50:400/25 250/50:500/3800/50:550/25|500/50:600/35 500/55:600/45  600/45 O] ® [©) O]
R120 | 30| 250/35:300/25 200/50:450{2850/50:450/25|300/50:450/25 450/45:600/25350/50:550/25|450/50:600/45 550/55:600/5600/50:600/24 0] [©)

40 |250/35:350/25 250/50:500/2250/50:450/25(350/40:450/25 500/40:600/B0400/50:600/25|550/50:600/45  600/65 600/25 0] 0]

50 | 250/50:400/25 300/40:550/2800/50:500/25|400/50:600/25 500/50:600/85450/50:600/25 600/60 [©] ® [©) [©)

60 | 250/50:450/25 350/45:550/2800/50:600/25|450/50:600/35 500/60:600/#0600/50:600/25 O] ® [©) O]

70 |300/50:450/25 450/40:600/3@50/50:600/25|550/50:600/45 550/60:600/50  600/25 0] ® O] O]

80 |300/50:600/25 450/45:600/3@00/50:600/25|  600/60 600/65 600/25 ® [©) @ ®

*(1) Requires a width larger than 600 mm.



From the tables above and comparing these with the tabulated data provided in
Eurocode 2 (2004), it can be seen that the tables from Eurocode 2 (2004) are not
safe for the case of a reinforcement ratio of 0.1, as well for a reinforcement ratio of
0.5 when the axial load is large ¥n0.5). On the other hand, some minimum
dimensions are overly conservative in case the reinforcement ratio is 1.0.

Finally, based on Table 1V.1 to IV.9, an approximate value can be found on which
the design can be based using an interpolation value for a minimum cross-section
design in case of columns (the reinforcement ratio being no more than 1.0 and the
slenderness ratio being no more than 80 and the fire duration being no more than 2
hours) subjected to an ISO 834 fire. As the calculation tool has been validated, the
tabulated data recalculated with the tool is strongly recommended to be used in
order to update Eurocode 2 for the fire resistance design of reinforced concrete
columns.

IV.3. Extension of the tabulated data for concrete
columns exposed to hydrocarbon fires and natural
fires

Eurocode 2 (2004) only provides minimum dimensions with respect to an ISO 834
standard fire, but this standard fire does not provide a true indication of how
structural members and assemblies will behave in an actual fire or when exposed
to a hydrocarbon fire. As resistance to hydrocarbon fires may be required in
specific situations and little data is available on the design of concrete columns
exposed to hydrocarbon fires, extending the tables from EN 1992-1-2 (2004) with
respect to this more severe design fire is important. Hence, the same analytical
method is used to determine the required cross-section characteristics for columns
exposed to these other fire curves.

Hydrocarbon fires represent the burning of for example gasoline pool fires and are
widely used when designing technical facilities and tunnels. Natural fires account
for the fire loads, openings and thermal properties of surrounding structures and
decrease in intensity once the fuel has been burned.
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IV.3.1. Fire resistance of columns subjected to hydrocarbon fires

The hydrocarbon temperature-time curve is given by (Eurocode 2, 2004) and
shown in Fig. IV.6:

®g = 20 +1080 (1- 0.325e 0167t 0,675 e725") (IV.1)

where@, is the gas temperature in the fire compartment [°C]

t is the time [min]

1200
1000

__ 800
&, 600
400
200

0 20 40 60 80 100 120
t [min]

Fig. IV.6 The hydrocarbon fire curve

The same material properties and boundary conditions as in EN 1992-1-2
(Eurocode 2, 2004) are considered in case of this hydrocarbon fire. The minimum
required cross-sections of columns at 30 min, 60 min, 90 min and 120 min are
shown in the same tables as in case of the ISO 834 standard fire (Table 1V.1 to
IV.9).

IV.3.2. Fire resistance of columns subjected to natural fires

Unlike a nominal fire curve, a natural fire model takes into account how the
environment, density of combustible materials and ventilation will affect the
development of the fire. The temperature-time curves in the heating phase are given
by (Eurocode 2, 2004):
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0y = 20 +1325(1- 0.324e7 %2 - 0.204e7 7Y — 04727 1°Y)  (IV.2)

whereg, is the gas temperature in the fire compartment [°C]
t* =tx T [h]
with t time
r=[9" /% 1
b = ,/(pcA) with the limits: 100< b< 2200 [J/mMsY2K]
p density of boundary of enclosure [kgm
¢ specific heat of boundary of enclosure [J/kgK]
A thermal conductivity of boundary of enclosure [W/mK]
O opening factor® = A, /h,, /A, with the limits: 0.02< 0< 0.2 [m]
Ay total area of vertical openings on all walls’Im
hy weighted average of window heights on all walls [m]

A total area of enclosure (walls, ceiling and floor, including openingd) [m

Besides considering standard 1SO 834 fires or hydrocarbon fires, the developed
calculation analysis can also be used when columns are subjected to natural fires.
Interaction curves of columns are derived here for natural fires considered for
dwellings and offices. The fire load densities are listed in Table IV.10.

Table IV.10: Occupancy-specific fire load densities [MJ/m

Occupancy Mean Standard DeviatiorL 80-Percentile
Dwelling 780 234 948
Office 420 126 511

In EN 1992-1-2 (Eurocode 2, 2004), the mean value of the fire load density is
provided for the typical occupancy and the characteristic value is proposed to be
the 80-percentile of a Gumbel distribution. In this case, the same fire compartment
as (Zehfuss, 2007) is adopted for both the case of a dwelling and an office with A
= 16 nt, height h = 3 m, area of openings, A 8 nt, total area of enclosing
components (including openings) A 80 ntand average height of openings=h
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2.50 m. The temperature-time curves for the dwelling and the office are given in
Fig. IV.7 (a) & (b), respectively.

600
500
400
300
200

100

0 1000 2000 3000 4000 5000 6000 7000 o 1000 2000 3000 4000

t [sec] t[sec]

(@) (b)

Fig. IV.7: Specific temperature-time curves considered for the analysis: (a) dwelling; (b)
office

It is worthwhile to note that these natural fires start to decrease after about 50 min
in the dwelling and 30 min in the office.

Next, a square column subjected to these fire conditions is analysed. The cross-
section is 300 mm x 300 mm, with one diameter 32 mm reinforcing bar in each
corner and a concrete cover of 25 mm; concrete compressive st MPa,
reinforcement yield strength £ 500 MPa and Young’s modulus of steel=&

2x10° N/mn?. The reinforcement temperature as a function of the fire exposure
time is shown in Figs. IV.8 and IV.9, for the two fire simulations respectively.
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Fig. IV.8: Temperature-time diagram of the reinforcement bars (dwelling)

Max 6,

/
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Fig. IV.9: Temperature-time diagram of the reinforcement bars (office)

It can be observed that the reinforcement temperature begins to decrease at 75 min
(4500 sec) in the dwelling and 60 min (3600 sec) in the office. Considering plastic
damages and strength losses of concrete material, the stress-strain relationship for
cooling down is not the same as for increasing fire temperature. However, no
specific guidelines are given in Eurocode 2 to calculate the cooling down branch.
In order to solve this problem, an analytical method is proposed. This analytical
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approach, on the one hand, supposes that there is no strength recovery of the
concrete and adopts the same stress-strain model to calculate the upper limit curve
during the cooling down period (considering perfect recovery). On the other hand,
it considers that the stress-strain model associated with the maximum local concrete
temperature obtained during the fire is maintained. In this way, a lower limit curve
can be obtained (considering no recovery). As a result, the real bending moment
capacity of columns should be located between these two curves. The current
analytical tool, however, has not been validated for the full cooling phase yet. The
maximum local concrete temperature is a simplified and conservative way to
predict the fire resistance when the fire temperature begins to decrease. Take the
dwelling for instance: upper and lower limit curves (Figs. IV.10 and 1V.11) in the
case of different normal forces are calculated, where M is the bending moment
capacity, n = Measi/ (0.7(Ac fea + As fya)) as proposed in EN 1992-1-2 (Eurocode

2, 2004). It is worth mentioning that an additional reduction of 10% on the residual
strength is recommended for the cooling phase when the implicit transient creep
strain material model provided in Eurocode 2 (2004) is adopted (EN 1994-1-2,
2005).

350 -

300 4§ .
—s— n=0 (lower limit)
—o— n=0 (upper limit)

250 4 —v— n=0.1 (lower limit)
4 —&— n=0.1 (upper limit)
- —=— n=0.2 (lower limit)
2 4 —o— n=0.2 (upper limit)

; —
M [kN-m] —+— n=0.3 (lower limit)

—%— n=10.3 (upper limit)

150

100 A

50 4

0 2000 4000 6000
t [sec]

Fig. IV.10: Maximum bending moment of columns during the fire in case of a dwelling
(n<0.3)
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—e— n=0.4 (lower limit)
n= 0.4 (upper limit)
n=0.6 (lower limit)
n= 0.6 (upper limit)
n=0.8 (lower limit)
n= 0.8 (upper limit)
n= 1.0 (lower limit)
n= 1.0 (upper limit)

[
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o
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1111411
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(=]
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Fig. IV.11: Maximum bending moment of columns during the fire in case of a dwelling (n
>0.3)

Fig. IV.10 indicates that the maximum bending moment does not decrease much
when the normal force is low (n is less than 0.3). This is because second-order
effects are insignificant in case of axial loads with small eccentricities. As soon as
n reaches 0.3, the maximum bending moment decreases significantly when the
eccentric load is increasing. It is worth mentioning that the lower limit curve
increases again when the reinforcing bars are cooling down. Comparing the curves
in Fig. IV.11, it is observed that the lower limit curve does not decrease much
further below the most critical point of the upper limit curve. The same analysis
has been performed for an office in case of a natural fire and the maximum bending
moments in function of fire duration are shown in Table IV.11.
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Table IV.11: Maximum bending moment of columns during natural fires in case of an office

! 0 0.1 02 03 04 05 06 0.7 08 09 1
t (min)
Perfecti No |Perfect| No |Perfect] No | Perfect| No | Perfect| No |Perfect| No |Perfect| No | Perfect| No | Perfect| No | Perfect| No | Perfect| No
TECOVENYECOVETy TeCOVery recOVery| recovery Iecovery recovery Iecovery Tecoven{ recovery reCoVery recovery recovery reCOVery reCovery recovery| reCOVery|recovery recovery|recovery recovery| recovel
0 188 | 188 | 241 | 241| 290| 290 326 324 34 dp 3P 3} 3P P 1 71 P38 (238|199 199 |154
15 188 | 188 | 241 241| 290| 290 3§ 32 34 M 33 /L P8 298 65 65 P29 |229 |187 187 | 143
30 183 | 183 | 237| 231| 2718| 2180 291 29 29 297 210 210 2B6 236 97 97 58 |18 |16 | 116 73
45 182 | 182 | 235 234| 272| 210 283 27 27 206 244 237 200 193 66 5 26 |17 |86 80 48
60 233 269 274 259 21 188 144 112 75 36
75 273 259 21 188 143 111 73 33
20 72 3?2




Take the case of n = 0.3 for instance, the possible range of the maximum permitted
bending moment curve during cooling down is indicated as the shaded area in Fig.
IV.12.
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Fig. IV.12: Range of maximum bending moment during a natural fire when n = 0.3

Further, the lower limit curve can be adopted to calculate interaction curves of
columns for different slenderness ratios. Take the same material properties and the
same cross-section as mentioned in Section 1V.1.2 for instance, interaction curves
based on the lower limit curve at the most critical time for the dwelling and the

office are provided in Figs. 1V.13 and V.14, wiih= — Netfs  andm =
0.7(Acfca + Asfyq)
Mc+Mg

7 (Actoq + AtyaJh where N, M¢, Ns, Msare maximum axial forces and bending

moments respectively for concrete and reinforcement, b is the width of the column
and h is the height of the cross-section.
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0.4

ml-]

Fig. IV.13: Interaction curves of columns at 75 min of fire (dwelling)

m[-]

0,0 0,5 1,0 1,5 2,0
n[-]
Fig. IV.14: Interaction curves of columns at 60 min of fire (office)
Finally, natural fires with a fire load density which ranges from 200 k&/h000
MJ/n? are investigated. Minimum required dimensions of columns for different

slenderness ratios and different n values are provided in Table 1V.12 for the case
of a reinforcement ratim = 0.5 and eccentricity e = 0.025b with>el0 mm, in
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Table 1V.13 for the case @f = 0.5 and e = 0.25b with<100 mm and in Table
IV.14 for the case ab = 0.5 and e = 0.5b with<200 mm.
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Table IV.12: Minimum dimensions and concrete covers for reinforced concrete columns;
rectangular section. Mechanical reinforcement rat0.5. Low first order moment: e =
0.025b with e 10 mm (natural fires)

Fire load Minimum dimensions [mm] : Column width.f){mm]/axis distance a [mm]
densities Py Columns exposed on more than one side
(MJ/m'] n=0.15 n=03 n=05 n=07
200 30 150/25 150/25 150/25 150/25
40 150/25 150/25 150/25 150/25
50 150/25 150/25 150/25 150/25
60 150/25 150/25 150/25 150/25
70 150/25 150/25 150/25 200/25
80 150/25 150/25 200/25 300/25
400 30 150/25 150/25 150/25 150/25
40 150/25 150/25 150/25 150/25
50 150/25 150/25 150/25 200/25
60 150/25 150/25 150/25 250/25
70 150/25 150/25 200/25 300/25
80 150/25 150/25 300/25 350/25
600 30 150/25 150/25 150/25 150/25
40 150/25 150/25 150/25 150/25
50 150/25 150/25 150/25 200/25
60 150/25 150/25 200/25 300/25
70 150/25 150/25 250/25 350/25
80 150/25 150/25 300/25 550/25
800 30 150/25 150/25 150/25 150/25
40 150/25 150/25 150/25 200/25
50 150/25 150/25 150/25 250/25
60 150/25 150/25 200/25 300/25
70 150/25 150/25 300/25 400/25
80 150/25 200/25 350/25 ()
1000 30 150/25 150/25 150/25 150/25
40 150/25 150/25 150/25 200/25
50 150/25 150/25 200/25 250/25
60 150/25 150/25 250/25 350/25
70 150/25 200/25 300/25 500/25
80 150/25 250/25 400/25 ®

*(1) Requires a width larger than 600 mm.
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Table IV.13: Minimum dimensions and concrete covers for reinforced concrete columns;
rectangular section. Mechanical reinforcement rati0.5. Moderate first order moment:
e = 0.25b with & 100 mm (natural fires)

Fire load Minimum dimensions [mm)] : Column width.b[mm]/axis distance a [mm]
densities A Columns exposed on more than one side
[MI/n] n=0.15 n=03 n=05 n=07
200 30 150/25 150/25 150/25 150/25
40 150/25 150/25 150/25 200/25
50 150/25 150/25 150/25 300/25
60 150/25 150/25 200/25 400/25
70 150/25 150/25 300/25 500/25
80 150/25 150/25 450/25 600/25
400 30 150/25 150/25 150/25 200/25
40 150/25 150/25 150/25 250/25
50 150/25 150/25 200/25 400/25
60 150/25 150/25 250/25 500/25
70 150/25 150/25 450/25 @®
80 150/25 250/25 500/25 @©
600 30 150/25 150/25 150/25 250/25
40 150/25 150/25 200/25 300/25
50 150/25 150/25 250/25 450/25
60 150/25 150/25 400/25 600/25
70 150/25 200/25 500/25 @®
80 150/25 300/25 @ ©)
800 30 150/25 150/25 150/25 250/25
40 150/25 150/25 200/25 400/25
50 150/25 150/25 300/25 500/25
60 150/25 200/25 450/25 ®
70 150/25 250/25 550/25 @®
80 150/25 300/25 ©) @
1000 30 150/25 150/25 200/25 300/25
40 150/25 150/25 250/25 450/25
50 150/25 200/25 300/25 550/25
60 150/25 250/25 450/25 ®
70 150/25 300/25 ©) @
80 150/25 400/25 ©) O]

*(1) Requires a width larger than 600 mm.

104



Table IV.14: Minimum dimensions and concrete covers for reinforced concrete columns;
rectangular section. Mechanical reinforcement rato0.5. High first order moment: e =
0.5b with e< 200 mm (natural fires)

Fire load Minimum dimensions [mm)] : Column width.b[mm]/axis distance a [mm]
densities A Columns exposed on more than one side
MI/] n=0.15 n=03 n=05 n=0.7
200 30 150/25 150/25 200/25 450/25
40 150/25 150/25 300/25 500/25
50 150/25 150/25 400/25 550/25
60 150/25 200/25 450/25 600/25
70 150/25 250/25 550/25 @
80 150/25 300/25 ) ©)
400 30 150/25 150/25 300/25 500/25
40 150/25 150/25 400/25 550/25
50 150/25 200/25 450/25 ©
60 150/25 250/25 550/25 ©
70 150/25 350/25 ® @
80 150/25 400/25 O )
600 30 150/25 150/25 350/25 500/25
40 150/25 200/25 500/25 600/25
50 150/25 250/25 500/25 ©
60 150/25 350/25 600/25 ©
70 150/25 450/25 ® @
80 150/25 500/25 ) ©)
800 30 150/25 150/25 350/25 550/25
40 150/25 200/25 450/25 ©)
50 150/25 300/25 550/25 ©
60 150/25 350/25 ® ®
70 150/25 450/25 @) )
80 200/25 550/25 @) @
1000 30 150/25 200/25 350/25 550/25
40 150/25 250/25 500/25 ©)
50 150/25 300/25 600/25 ©
60 150/25 450/25 @ @
70 200/25 500/25 @) @
80 250/25 600/25 @® @

*(D Requires a width larger than 600 mm.
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Tables 1V.12 to 1V.14 illustrate the minimum required dimensions of columns
exposed to natural fires. It can be noticed that a conservative minimum required
dimension 250 mnx 250 mm corresponding to a maximum slenderness ratios of
80 and a fire load density of 1000 M3/oan be suggested for all fire densities
above in case of n=0.3 when the first order moment is low. However, the minimum
required dimension is increasing quickly with increasing normal force due to the
high first order moment. As it is shown in Table IV.14, a width higher than 600
mm is required when the slenderness ratio is more than 50 and the fire load density
is 400 MJ/mdin case of n = 0.7. It is worth noting that only the parameters provided
in Zehfuss (2007) are discussed herein considering different fire load densities.
However, the calculation tool can be easily adopted for any parametric fire.

IV.4. Conclusions

In this chapter, the minimum dimensions of columns in case of ISO 834 standard
fire are determined and some comparisons with experimental results are provided
in order to validate the obtained calculation tool. It is found that Eurocode
provisions on the one hand are not safe for the case of a reinforcement ratio equal
to 0.1 as well as a reinforcement ratio equal to 0.5 when the axial load is large. On
the other hand, tabulated data is found to be too conservative for high reinforcement
ratios (w = 1.0), which results in inefficient and uneconomical solutions for
practice. Considering an economical aspect as well as the safety issue, the tabulated
data obtained in the current work provide more precise proposals for the design of
concrete columns exposed to fire.

Furthermore, the application area is extended to other fire scenarios. The minimum
column dimensions are determined for hydrocarbon fires. Comparing the results
for the hydrocarbon fire with the tables obtained for the ISO 834 standard fire, it is

noted that fire resistance to the hydrocarbon fire may result in very stringent

requirements.

Moreover, some specific examples are given in case of columns subjected to
natural fires. Both the upper limit and lower limit curves are introduced to
investigate the fire resistance of columns when the fire temperature begins to
decrease. The results prove that second-order effects are insignificant when the
normal force is low. When the eccentric loads are large, the maximum bending
moment of the column firstly decreases continuously during the fire, and then
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shows a slight increase during the cooling phase. As a result, this value based on
the lower limit curve could be considered when determining minimum dimensions
for this specific fire.

With respect to natural fires, the results suggest that the design value for the
maximum bending moment first increases with increasing axial load, then
decreases when a certain axial load is exceeded. Further, the maximum bending
moment shows no apparent reduction due to the natural fire when the axial load is
low. Moreover, the bending moment capacity shows a slight increase when the
column is cooling down. However, the design bending moment is determined by
the minimum value during natural fires. Finally, tabulated values are listed for the
determination of minimum required dimensions of columns exposed to natural fires
for different fire load densities.
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CHAPTER V

EVALUATION OF SIMPLIFIED
CALCULATION METHODS FOR
SECOND-ORDER EFFECTS IN
CASE OF UNIAXIAL BENDING
AND AN ISO 834 STANDARD FIRE




Simplified methods provided by code provisions as well as the numerical tool have
been presented in previous chapters. The applicability and validity of these
simplified methodologies is discussed in the current chapter, using the developed
numerical tool.

V.1. Parametric study on applicability of the 500°C
isotherm method

Comparing calculations with results available in literature, it is found that the
500°C isotherm method does not always well predict the resistance to bending
moments and axial forces. Hence, a parametric study is executed to figure out the
applicability range of the 500°C isotherm method.

First, a simply supported column with all the surfaces subjected to the standard fire
is chosen as a basic calculation model. The interaction curves obtained by the
500°C isotherm method are compared with numerical results of columns with
cross-sections 150 mm 150 mm, 200 mnx 200 mm and 250 mm 250 mm.

The mechanical reinforcement ratio of all four columns is 0.5. The interaction
curves in case of fire durations of 30 min, 60 min and 90 min are shown in Figs.

. . . N¢+N
V.1, V.2 and V.3, respectively, considering=————— and m =
P y ny 0.7(Acfcq + Asfyq)
Mc+Mg

7 (Actoq + Acy )’ where N, M¢, Ns, Msare design values of normal forces and
bending moments respectively for concrete and steel reinforcement, b is the width
of the column and h is the height of the cross-section. Note that, taking into account

the EN 1992-1-2 provisions, 0.7 was chosen as reduction factor for the design load
and included in the dimensionless parameters m and n.
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—#—  Analytical 150x150

0.30 - —o— 500°C_150x150
—¥—  Analytical 200%200
—a— 500°C_200x200
0.25 -

—m—  Analytical 250250
500°C_250x250

_ 020
=
0,15
0,10
0,05
0,00
0,0 0.5 1.0 1.5 2.0
n[-]

Fig. V.1: Comparison of the 500°C isotherm method (designated ‘500°C’) and the

numerical results (designated ‘Analytical’) for interaction curves of columns in case of 30
minutes standard fire

0.35
—#— Analytical 150150
0,30 —o— 500°C_150x150
—w— Aunalytical 200200
. —e— 500°C_200%200
0.25 1 e —m— Analytical 250x250

500°C_250=250

m [-]

2.0

Fig. V.2: Comparison of the 500°C isotherm methagbignated ‘500°C’) and the

numerical results (designated ‘Analytical’) for interaction curves of columns in case of 60
minutes standard fire
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—#— Analgtical 150x150
0.30 —o— 500°C_150%150
—¥— Analgtical 200<200
—i— 500°C_200<200
—#— Analstical 250x250
—0— 500°C_250%250

m]-]

Fig. V.3: Comparison of the 500°C isotherm method (designated ‘500°C’) and the
numerical results (designated ‘Analytical’) for interaction curves of columns in case of 90
minutes standard fire

Fig. V.1 indicates that the 500°C isotherm method can predict interaction curves
well for all these three cases during the first 30 minutes of fire. In Fig. V.2, it is
seen that the differences with the simplified method for the cross-section 150 mm
x 150 mm become apparent at 60 minutes of fire, because the concrete area whose
temperature is above 500°C still makes a contribution to the load bearing capacity
of the column. However, the approximation of the 500°C isotherm method is at the
conservative side. In case of the 90 minutes fire duration shown in Fig. V.3, the
500°C isotherm method is not appropriate for columns with small cross-sections
since the temperature of the majority of the concrete section is over 500°C and
hence the simplified approach yields over-conservative results.

Further, a column with a cross-section of 200 mm@00 mm is investigated in case

of a reinforcement ratio of 0.1 and 1.0, respectively. The interactions between
respective values of the bending moment and the axial load are illustrated in Table
V.1 and Table V.2.
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Table V.1: Comparison of interactions between m and n based on the 500°C isotherm
method and the full cross-sectional method in case of a reinforcement ratio equal to 0.1

Bending moment
Axial load Fire duration | (500°C isotherm/ full
cross-sectional methofl)

n[l (min) m [-]

0 30 0.06/ 0.07
0.2 30 0.19/0.20
0.4 30 0.20/0.21
0.6 30 0.12/0.12

0 60 0.03/ 0.03
0.2 60 0.12/0.14
0.4 60 0.07/0.10

0 90 0.11/0.13
0.2 90 0.05/ 0.09

Table V.2: Comparison of interactions between mrabdsed on the 500°C isotherm
method and the full cross-sectional method in case of a reinforcement ratio equal to 1.0

Bending moment
Axial load Fire duration | (500°C isotherm/ full
cross-sectional methog)

n[-] (min) m [-]

0 30 0.27/0.28
0.2 30 0.34/ 0.34
04 30 0.32/0.33
0.6 30 0.25/ 0.26

0 60 0.18/ 0.18
0.2 60 0.21/ 0.23
0.4 60 0.17/0.19

0 90 0.07/ 0.08
0.2 90 0.09/ 0.11
0.4 90 0.03/ 0.06

From Tables V.1 and V.2, it is seen that the reinforcement ratio is not a decisive
parameter with respect to the performance of the 500°C isotherm method compared
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to the fire duration. As a simplified calculation, the 500°C isotherm method could
generally predict the fire resistance of columns sufficiently accurate. However, it
is not suitable for cases when the fire lasts 90 minutes or more. However,
considering the values in these tables, the bending moments calculated with the
500°C isotherm method in case of specific axial loads are approximately half of
the values obtained by the numerical method after 90 minutes of fire. Hence, 500°C
should not always be chosen as the critical temperature for the columns particularly
in the case of small cross-sections combined with a long fire duration as this might
yield a very conservative result.

Finally, the critical isotherm value is evaluated and discussed for the concrete
columns with respect to an ISO 834 fire at 90 min. Both 550°C and 600°C are taken
into account as critical temperatures and then compared with the 500°C isotherm
method for a column with reinforcement ratio 0.5 combined with cross-sections
200 mm x 200 mm and 300 mm x 300 mm respectively (Table V.3 and Table V.4).

Table V.3: Comparison of interactions between m and n based on the 500°C/ 550°C/
600°C isotherm method and the full cross-sectional method in case of an ISO 834 fire at
90 minutes (cross-section 200 mm x200 mm)

Axial load Bending moment Bending moment
(Full cross-sectional methogl(500°C/ 550°C/ 600°C isotherm methg
n[-]
m[] m[]
0.2 0.1 0.07/0.09/ 0.11
0.3 0.07 0.04/ 0.06/ 0.09
0.4 0.04 0/ 0.03/ 0.05
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Table V.4: Comparison of interactions between m and n based on the 500°C/ 550°C/
600°C isotherm method and the full cross-sectional method in case of an ISO 834 fire at
90 minutes (cross-section 300 mm x300 mm)

Axial load Bending moment Bending moment
(Full cross-sectional methogl(500°C/ 550°C/ 600°C isotherm methg
"t m m
0.2 0.18 0.16/ 0.16/ 0.18
0.3 0.17 0.15/ 0.15/ 0.17
0.4 0.14 0.11/0.11/0.13
0.5 0.09 0.08/ 0.08/ 0.10
0.6 0.06 0.05/ 0.05/ 0.07
0.7 0.03 0.01/0.01/ 0.03

Table V.3 shows that the full cross-sectional results are located between the
isotherm method based on the critical temperature 550°C and 600°C, while the 500
°C method gives very conservative results. Hence, 550°C is suggested to be used
as the critical isotherm value for this small cross-sectional column. However,
differences between the bending moments obtained with the 500°C isotherm
method and the full cross-sectional numerical method (shown in Table V.4) are not
so apparent in case of a cross-section of 300 mm x300 mm. As a result, the 500 °C
method could still be used for such a case.

The 500°C isotherm method is proven to be an effective and conservative method
to predict fire resistance. However, for some cases like columns with small cross-
sections (less than 200 mm200 mm) or columns exposed to an ISO 834 standard
fire of over 90 minutes, a higher critical isotherm temperature is recommended for
the fire resistance design.

V.2. Parametric study on buckling of concrete columns
exposed to fire

In EN 1992-1-1 (Eurocode 2, 2004), a simplified method—the stiffness method is
introduced. This method presents a calculation model based on an estimated
nominal stiffness, which is further adopted to predict the design moment of the
cross-section with respect to the bending moment and the axial force. At the same
time, a quasi-linear theory of elasticity (KLE) method is illustrated in the Dutch
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concrete code NEN 6720 (NEN, 1995). The KLE-method makes it possible to
determine the physical nonlinear behaviour for a concrete structure while using the
linear theory of elasticity. The nominal stiffness method and the KLE-method in
common are both based on an estimation of the stiffness and are proven to be
adequate for determining the second-order effects of braced columns at ambient
temperature. With respect to fire, a reduced cross-section as well as a relevant
stiffness is proposed in EN 1992-1-2 (Eurocode 2, 2004). However, the KLE-
method has not been verified at elevated temperatures. Therefore, the applicability
of the KLE-method in case of fire still needs to be investigated.

V.2.1. Interaction diagrams at ambient temperature

First, a simply supported column is analysed, having a cross-section 300 mmx 300
mm, 4 bars with diameter 32 mm and concrete cover 25 mm; concrete compressive
strength § = 55 MPa; reinforcement yield stress=f 500 MPa and Young's
modulus of steel & 2x10° N/mn?. As it is verified that the numerical method has

a good agreement with experimental data ¢begter 11 ), this numerical method,

but also the stiffness method as well as the KLE-method are adopted to obtain
interaction curves of columns for different slenderness ratios, #e35, 70 and

105, at ambient temperature. The interaction diagrams are shown in Fig. V.4, where

N¢+N M¢+M .
n' = —=—and m=——, N, Mc, Ns, Msare design values of normal forces and

fobh fexbh2’
bending moments respectively for concrete and steel reinforcement, b is the width
of the column and h is the height of the cross-section.

0.25 =+ =KLE Method

02 e o e Stiffness Method

— Full Cross-sectional Method
= 015

b

0.1

0.05

Fig. V.4: Interaction diagrams of columns at ambient temperature for slenderness ratios 35,
70 and 105 adopting the KLE-method, the stiffness method and the developed numerical
method
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In Fig. V.4, itis observed that at ambient temperature, the difference of the bending
moment capacity obtained from these three approaches increases with the
slenderness ratio. This difference between the KLE-method and the numerical
method is no more than 7.0% in the range of all the permitted axial loads in case
of slenderness ratios 35 and 70, while it reaches at maximum 26.2% (n = 0.3) in
case of the slenderness ratio 105. It is worth pointing out that with the numerical
method, the bending moment capacity decreases significantly when the axial load
is about to reach the maximum load capacity. This is because the effect of
imperfections is taken into account as an initial eccentricity, which leads to a
significant bending moment in case of a large axial load. Comparatively, the KLE-
method has a good agreement with the numerical method. However, the prediction
of the load capacity with the KLE-method is not always on the safe side in case of
slenderness ratios 35 and 70, while the results of the stiffness method are too
conservative for slender columns.

V.2.2. Interaction diagrams at elevated temperatures

Further, the same columns with slenderness ratios 35, 70 and 105 are used in case
of a four-sided exposure to an ISO 834 fire. As the numerical tool has also been
verified to be adopted in case of fire (sbapter Il ), the respective values of the
bending moment capacity obtained with the KLE-method are compared with
results from the numerical calculation in case of fire durations of 30 minutes, 60
minutes and 90 minutes (Table V.5).
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Table V.5: Comparison of respective values of the bending moment capacity in case of fire
durations of 30 minutes, 60 minutes and 90 minutes with the KLE-method and the
numerical method

Fire duratior] SlendernesgAxial load n Bending moment m [ (2)-(1)
(min) ratio. [-] [ KLE- Numerical| == %
method (1)] method (2)
0.1 0.14 0.13 -7.7
0.3 0.15 0.14 -7.1
35 0.5 0.11 0.1 -10
0.7 0.05 0.05 0
30 0.9 0.01 0 -
0.1 0.11 0.09 -22.2
70 0.2 0.08 0.07 -14.3
0.3 0.04 0.05 20
105 0.1 0.05 0.06 16.7
0.1 0.11 0.1 -10
60 35 0.3 0.09 0.08 -12.5
0.5 0.03 0.03 0
70 0.1 0.05 0.05 0
% 35 0.1 0.06 0.05 -20
0.3 0.02 0.02 0

Table V.5 shows that the results obtained with KLE method are basically in
agreement with the results calculated with the tool. However, it is not always safe
to implement the traditional KLE-method for predicting the stiffness as well as the
bending moment capacity of columns in case of fire. This risk occurs mostly when
the axial load is rather small and sometimes in case the axial load is about to reach
the maximum load capacity. Among the effects of all the parameters, we can see
that the differences on the bending moment capacity between the numerical method
and the KLE-method increase significantly in function of the fire duration. This is
probably because the slope of the moment-curvature diagram, which represents the
stiffness (presented in Fig. 11.4) after the point of Ge8bhanges significantly and

this value of the slope is not representative for the stiffness in case of fire. Hence,
it is necessary to investigate the changes of the stiffness of the column in function
of the fire duration and find a safer value which represents the stiffness to evaluate
the bending moment of columns in case of fire.
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Next, the cross-sectional numerical calculation tool is adopted to find a point of the
moment-curvature curve which can represent the stiffness of columns in order to
extend the applicability of the KLE-method to the case of an ISO 834 fire. The
aforementioned columns of slenderness ratios 35, 70 and 105 are studied in case of
fire durations of O minutes, 30 minutes, 60 minutes and 90 minutes. The ratio of
the bending moment corresponding to the respective value of the stiffness to the
bending moment capacity of columns in case of different axial loads as well as
different fire durations in case of slenderness ratios 35, 70 and 105 are listed in
Table V.6.

Table V.6: Comparison of the ratio of the bending moment corresponding to the respective
value of the stiffness to the bending moment capacity in case of fire durations of 0
minutes, 30 minutes, 60 minutes and 90 minutes based on the numerical method

Senderness ratio [-]
L=35 A=T70 % =105
Fire duration [min] Fire duration [min] Fire duration [min]
AX':l[!‘])ad 0 £ 60 % 0 30 60 0 30 60

0.1 0.99 0.97 0.96 0.93 0.97 0.93 0.79 0.96) 0.74 0.3
0.2 0.98 0.94 0.93 0.65 0.96 0.93 0.63 0.84 0.3
0.3 0.98 0.95 0.93 - 0.94 0.52 - 0.68
0.4 0.99 0.97 0.52 - 0.87 0.61 - 0.6
0.5 0.98 0.93 0.61 - 0.85 0.57 - 0.55
0.6 0.98 0.93 0.57 - 0.85 - -
0.7 0.98 0.91 - - 0.86
0.8 0.99 0.88 - - 0.8
09 0.99

1 0.98

11 0.97

From Table V.6, it is observed that the ratio of the assumed average bending
moment to the bending moment capacity decreases in function of the fire duration
as well as in function of the slenderness ratio. An interpolation value can be used
for columns with intermediate slenderness ratios in case of an ISO 834 fire of
intermediate fire duration. It is worth pointing out that a higher ratio than 0.8 is
suggested as a simplification for the stiffness of the column adopted in the KLE-
method. Although 0.8l is indicated to be less conservative for the KLE-method,
the difference on the bending moment (shown in Table V.5) between the KLE-
method and the numerical method is less than 10.0% in case of the slenderness
ratio 35 and the fire duration 30 minutes, while it is 7.0% at ambient temperature.
It means that the slope of the moment-curvature curve betweer£0a88l1 Mgy

varies very slightly in case the column is not too slender and the fire exposure does
not exceed 30 minutes. However, the slope of the moment-curvature diagram at

118



0.8Meq cannot always be used as the stiffness of the column considering the
evaluation according to Table V.5. Hence, it is suggested to replace 0.8 by the
respective coefficient which is larger than 0.8 as presented in Table V.6.

V.2.3. Validation

In order to verify the proposed coefficients shown in Table V.6, a column with a
different cross-section 400 mm x 400 mm, but the same reinforcement ratio 0.5
and the slenderness ratio 35 is investigated. The differences on the interaction
relationship of columns exposed to an ISO fire 834 with fire durations of 0 minutes,
30 minutes, 60 minutes and 90 minutes are illustrated in Table V.7 adopting the
proposed coefficients for the KLE-method in case of the slenderness ratio 35 and
these are compared with the results from the numerical method.

Table V.7: Comparison of respective values of the bending moment capacity in case of fire
durations of 0 minutes, 30 minutes, 60 minutes and 90 minutes with the KLE-method
(using the proposed alternative coefficients) and the numerical method

Fire duration Axial load Bending moment m _H
[min] n[H KLE-method Numerical
(1) method (2
0.1 0.15 0.16
0.3 0.2 0.2
0 0.5 0.19 0.19
0.7 0.15 0.15
0.9 0.1 0.1
1.1 0.05 0.05
0.1 0.15 0.15
0.3 0.17 0.17
30
0.5 0.14 0.14
0.7 0.09 0.09
0.1 0.13 0.13
60
0.3 0.13 0.13
90 0.1 0.1 0.1

In Table V.7, it is seen that the difference is very small after the correction is used
for calculating the stiffness of columns with the KLE-method.
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Comparing the KLE-method with the stiffness method and the numerical method
at ambient temperature as well as with the numerical method at elevated
temperatures, the following conclusions are obtained:

(1) The bending moment capacity predicted with the KLE-method is in good

agreement with the results from the numerical method. However, the capacity
calculated with the KLE-method is slightly on the unsafe side, while the results

obtained with the stiffness method are too conservative.

(2) The stiffness of the column obtained with the slope of the moment-curvature
curve for 0.8My as prescribed in the Dutch regulations (NEN, 1995) is not
available in case of fire. A value corresponding to a higher bending moment is
recommended for the assumption of the stiffness in case of fire.

(3) The ratio of the assumed bending moment to the bending moment capacity is
given for slenderness ratios 35, 70, 105 in case of fire durations equal to 0 minutes,
30 minutes, 60 minutes and 90 minutes. An interpolated value can be adopted in
the range of the slenderness ratio from 0 to 105 and the fire duration from 0 to 90
minutes of an 1SO 834 fire exposure. The proposed values have been validated for
another case and yield robust results.

V.3. Effect of imperfections

In EN 1992-1-1, an equivalent initial eccentricity is proposed for the imperfection
of columns. Based on this simplification, imperfections are incorporated as an
initial eccentricity in a first order calculation and are further used to obtain
interaction diagrams taking second-order effects into account. Furthermore, EN
1992-1-1 (Eurocode 2, 2004) points out that allowance should be made in the
design for uncertainties associated with the prediction of second-order effects. To
our knowledge, however, no parametric study has been performed so far in order
to investigate the effect of imperfections on columns exposed to fire. Therefore, it
is essential to study parameters that influence the effects of imperfections.

First, a simply supported column at ambient temperature is analysed: the cross-
section is 300 mm x 300 mm, with one diameter 32 mm reinforcement bar in each
corner and concrete cover 25 mm; concrete compressive strength3 MPa,
reinforcement yield stresg £ 500 MPa and modulus of elasticity of stegkE2 x
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10° N/mn?. The effect of imperfections on the load capacity of columns for
different slenderness ratios is investigated. Fig. V.5 shows the respective values of

the load capacity m(= ﬁ) of columns for the slenderness ratio (30,
. cled slyd

40, 50, 60, 70, 80) in case of different first order moments. Three types of first
order moments are studied: a low first order moment (e = 0.025b willDenm),

a moderate first order moment (e = 0.25b withZ00 mm) and a high first order
moment (e = 0.5b with € 200 mm), where e is the eccentricity and b is the width

of the cross-section. In Fig. V.5, the bars present respective values of n in case of
different first order effects and the shaded bars show the relative increase due to
imperfections.

25
B low first oxder noreent
6 % [ roderate first oxder morent
2,0 ’ 9% 1o B high fist order rorent
0

15%
18 %

05 4

0,0 -

30 40 50 60 70 80
Slenderness ratio [-]

Fig. V.5: The effect of imperfections on the load capacity of columns for different
slenderness ratios in case of a low first order moment, a moderate first order moment and a
high first order moment (ambient temperature)

From the figure we can see that the influence of imperfections on columns becomes
more apparent with increasing slenderness ratio at ambient temperature. It is
noticed that this influence increases from 6% (slenderness ratio 30) to 22%
(slenderness ratio 80) in case of the low first order moment. It indicates that
imperfections cannot be neglected in case of slender columns, especially when
combined with a low first order moment at ambient temperature.

Next, an 1ISO 834 standard fire is adopted to investigate the effect of imperfections
in fire conditions. Four different comparisons are made (see Table V.8) each time
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considering parameter variations for one of the four parameters, i.e. dimensions of
the cross-section, reinforcement ratio, slenderness ratio and fire durations. For all
these cases the influence of eccentricities is investigated.

Table V.8: Parametric study on the influence of imperfections (i.e. eccentricities)

Comparisor Dimensions Reinforcemen] Slendernesg Fire duration

Group No. (mm x mm) ratio ratio (min)
300 mm x 300 mm 0.5 60 0, 30, 60, 90
300 mm x 300 mm 0.5 40, 50, 60, [70 60
300 mm x 300 mm| 0.1, 0.5,1.p 60 60
150 mm x 150 mm

4 300 mm x 300 mm 0.5 60 60

600 mm x 600 mm

_Mc+Mg
7(Acfcd + Asfyd)h
shown in Fig. V.6 taking into account different fire durations.

For the first set of parameters, interaction diagrams (0 ) are

0.35
—+#— 30 min_ no imperfections
0,30 - —C— 30 min_ imperfections
' —-¥— 60 min_ no imperfections
- e=0.5b —&— 60 min_ imperfections
0,25 —#— 90 min_ no imperfections

90 min_ imperfections

m [-]

n[-]

Fig. V.6: Interaction diagrams of a column in case of an ISO 834 fire at 30 min, 60 min
and 90 min of fire exposure (Group No. 1)
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The effect of imperfections (Fig. V.6), in case of a low first order moment (e =
0.025b with e> 10 mm), first has a slight increase from 15% (at 0 min) to 20% (at
30 min), and then drops from 20% (at 30 min) to 6% (at 90 min). However, for
other cases, the influence of imperfections is getting lower with the temperatures
of columns increasing. The imperfections have almost no influence on the
interaction curves when the ISO 834 fire lasts 90 minutes.

The second set of parameters presents the effect of the slenderness ratio (Fig. V.7).

0,35
———+———  slenderness ratio 40_ no imperfections
0.30 4 ——0—— slendemess ratio 40_ imperfections
? ——-—v-——slendemess ratio 50_ no imperfections
e=0.5b —=a——  slendemness ratio 50_ imperfections
0,25 ——-m—— slendemness ratio 60_ no imperfections
——o——  slendemess ratio 60_ imperfections
— —% —  slenderness ratio 70_ no imperfections

slendemess ratio 70_ imperfections

m[-]

0.0 0.5 1.0 1.5 2.0
n[-]

Fig. V.7: Interaction diagrams of columns (slenderness ratios 40, 50, 60, 70) exposed to an
ISO 834 fire after 60 min fire exposure (Group No. 2)

Fig. V.7 indicates that the effect of imperfections increases slightly with increasing
slenderness ratio. However, no significant additional effect is observed compared

to that at ambient temperature.

Fig. V.8 shows the effect of the reinforcement ratio on the influence of
imperfections.
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—-e— reinforcement ratio 0.1_ no imperfections
0.30 4 —o— reinforcement ratio 0.1_ imperfections
2 —-v— reinforcement ratio 0.5_ no imperfections
=0.5b —o— reinforcement ratio 0.5_ imperfections
0.25 - & = —-a— reinforcement ratio 1.0_ no imperfections
—o— reinforcement ratio 1.0_ imperfections
20 4
— 020 e=025b
= 0.15 -
0,10 -
0.05 4 e=0.025b
0,00
0.0 0,5 1.0 1.5 2,0

n[-]

Fig. V.8: Interaction diagrams of columns (reinforcement ratios 0.1, 0.5, 1.0) exposed to
an ISO 834 fire after 60 min of fire exposure (Group No. 3)

In Fig. V.8, itis clear that the influence of imperfections on the maximum allowable
bending moment under fire exposure decreases with an increasing reinforcement
ratio when the first order moment is low (e = 0.025b with¥ mm). However,

this observation does not hold in case of a high first order moment (e = 0.5b with e
< 200 mm) for which Fig. V.8 illustrates only a minor influence of the
reinforcement ratio. Hence, the reinforcement ratio is not an important parameter
of imperfections.

The influence of imperfections for different sizes of the cross-section is quantified
in Fig. V.9.
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—-+— 150 mmx150 mm_ no imperfections
0.30 4 —o0— 150 mmx150 mm_ imperfections
4 —-v— 300 mm=300 mm_ no imperfections
e=10 56 —e— 300 mmx=300 mm_ imperfections
0.25 1 - —-a— 600 mm=600 mm_ no imperfections
. 600 mm=600 mm_ imperfections
0,20 4
- .
= 0,15 4
0,10 4
0.05 A e=0.025b
0,00 R
0.0 0.5 1.0 1;5 2.0

Fig. V.9: Interaction diagrams of columns (cross-section 150 mmx150 mm, 300 mmx300
mm, 600 mmx600 mm) exposed to an ISO 834 fire after 60 min of fire exposure (Group
No.4)

Firstly, it is observed that in Fig. V.9 imperfections have more effects on columns
with a larger cross-section if other properties are kept the same. Secondly,
imperfections are very important when the initial eccentricity is very low or in case
of a pure axial load. In the case of the column with cross-section 600 mmx600 mm,
the ideal load capacity under compression is more than twice as the one considering
imperfections. Hence, it would be quite unsafe to neglect imperfections when
performing the fire resistance design of columns.

In general, no matter how the configurations of the columns are and no matter
whether the columns are at ambient temperature or exposed to fire, the
imperfections have significant effects on the load capacity of columns under
compression. Furthermore, the resistance without considering imperfections could
be overestimated by a factor 2 compared to the case when considering
imperfections at elevated temperatures. Two main reasons can be given for this
effect. First, the imperfection is considered as an initial eccentricity, which causes
a more significant bending moment under a large axial load. Secondly, the
maximum allowable bending moments of columns decrease fast with increasing
temperature of columns, but the imperfections are considered to remain the same
as at ambient temperature. Therefore, the bending moment caused by imperfections
will present an increasing proportion of the total bending moment in case of fire.
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Based on the comparison of the results from the parametric studies, the following
observations can be made:

(1) Fire duration (temperature)

The effect of imperfections is generally getting smaller in function of the fire
duration time because the relative importance is higher compared to the centric
loading case. However, this effect cannot be neglected in case of slender columns
combined with low first order moments.

(2) Slenderness ratio

The higher the slenderness ratio becomes, the more influence the imperfections
have. Nevertheless, due to the second-order effects, this influence decreases in
function of the fire duration time.

(3) Eccentricity

The effect of eccentricities in form of a low, moderate and high first order moment

was investigated. The results indicate that imperfections have more effects on
columns in case of a low first order moment. The reason for this is that the bending
moment associated to imperfections has a relatively high influence on the first
order moment if the eccentricity is low. To some extent, eccentricity is one of the

most important parameters in the study on the effect of imperfections.

(4) Reinforcement ratio
According to Fig. V.8, the reinforcement ratio is only of minor importance for the
imperfection study.

(5) Dimensions of the cross-section

The effect of imperfections is more apparent on a bigger cross-section in case of
the same slenderness ratio, because the assumed eccenirié@@)(for a certain
slenderness ratio has a minimal influence if the dimensions of the cross-section are
small and the additional bending moment caused by imperfections is negligible.

Hence, with respect to the axial load design under compression, imperfections have
to be taken into account. Further, fire durations and eccentricities have important
influences on the effect of imperfections. The slenderness ratios as well as
dimensions of the cross-section have a significant effect on imperfections in certain
cases (as pointed out in the previous).
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V.4. Improved curvature approximation based on
interaction diagrams

In thefib Model Code 2010 (2013), an approximation of the maximum design
curvature is presented. The design value of the bending moment is:

Mgq = —Nggeq (V.1)

where N is the axial load

€4 is the maximum eccentricity, being the maximum distance between the
compression resultant and the deformed axis of the compression
member;

eq = ej+e;q+enq (V.2)

where e; is the eccentricity due to imperfections, behmggreater value of; =
a;ly/2 ande; = h/300; EN 1992-1-1 (Eurocode, 2004) states that
e; = h/400 may always be used as a simplification for isolated
columns in braced systems; is the effective length of the

compression membety200 > o; = 0.01/,/1, = 1/300 (lo in m)
e;q is the first-order eccentricityg,;q = —%; M, 4 is the first-order
d
moment
e,q is the eccentricity due to the deformation of tbenpression member,
2
€9 = K'1‘—1"; Co is the integration factor accounting for the curvature

Co

distribution along the membeky, is the maximum design curvature:

1
_ Esd~&d
Kq = h_zc (V3)

whereegq, €4 are the strains of the reinforcing bars at theatughthe bottom layers
h is the height of the cross-section

c is the cover thickness
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The maximum design curvature may be obtained wgth= f,4/E; andegy =
- yd/Es-

Further, three simplified methods are provided to calculate the integration factor ¢
in thefib Model Code 2010 (2013):

The first method is assuming the value of the integration factor as:

co = m? (V.4)

which is based on Euler’s elastic buckling theory.

Based on Eg. (V.3) for the maximum design curvature of point B shown in Fig.
V.10 the second method provides an equation to obtain a more accurate value of
the maximum design curvature for any point between A and B:

! !
_ . Esd~&d — Nu—Ng \  Esd~&d
Ka = Ky h-2c (nu—nbal h-2c (V.5)
whereK, = % is a correction factor depending on the axial load (see Eq.
u~pal
(V.9))
h is the height of the cross-section
C is the cover thickness
n=1tw
_ Asfyq
Acfed
_ Nga
Ma = Acfed
Npal is the value of n at maximum momentiseancemn,,; ~ 0.4

(point B is shown in Fig. V.10)

Assuming the distance between the reinforcing bars as 0.9h and the reinforcement
yields at both sides, Eq. (V.5) can be simplified as:
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_ (Bu~nd \  _Eyd
Kd_(nu—nbal 0.45h (V.6)

Eg. (V.6) is based on interpolation adopting a linearized interaction diagram shown

in Fig. V.10. It is worth pointing out that at point B, the reinforcement yields at
both sides of the column at ambient temperature, so that the curva&#e(i%.
Considering the curvatune = 0 at point A, the curvature in point C can be

obtained by a linear interpolation from Eq. (V.6).
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Fig. V.10: Simplified representation of interaction curves

Since the integration factop is based on the curvature distribution, the first and

the second methods both adopt an estimated maximum curvature to determine the
value for ¢ However, with realistic assumptions concerning the distribution of
curvature, the third method proposes a more refined value of the integration factor
co which can be calculated on the basis of the values of the various integration
factors ¢

2 N LM N

Co=m"—+51 (1 —— V.7

0 ot R (V.7)
1

where ¢is a coefficient which depends on the distribution of the first-order moment
(for instance, ic= 8 for a constant first order moment,=9.6 for a
parabolic and 12 for a symmetric triangular distribution etc.)

As a first step of the curvature method, it is essential to figure out the coefficient
K which is depending on the axial load. In order to determinéh& value of gy
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has to be obtained first. In Eurocode 2 (2004), an approximation value 0.4 is
adopted for gwat ambient temperature as a simplification. However, this value
might not be suitable in case of fire. Hence, interaction curves of columns exposed
to fire in case of different reinforcement ratios are investigated in order to obtain
values of pyat elevated temperatures and further to develop the application of the
simplified method to an 1ISO 834 standard fire.

A column with a cross-section 300 mm x 300 mm and a cover thickness 25 mm is
analysed for different reinforcement ratios of 0.1, 0.5 and 1.0 in case of an ISO 834
fire with a duration of 0 min (ambient temperature), 30 min, 60 min and 90 min.

Interaction curves of columns at ambient temperature are obtained in Fig. V.11,

wheren’ = :hifd, m, = ;\fl—'j‘fi, b is the width of the cross-section, h is the height of
(o (o

the cross-section.
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L6\ —0=05
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12- \
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Fig. V.11: Interaction curves of columns at ambient temperature for reinforcement ratios
0.1,0.5and 1.0

On the basis of Fig. V.11, it is seen that can be considered as 0.4 also for
columns with different reinforcement ratios. Further, interaction curves are
presented in Fig. V.12, Fig. V.13 and Fig. V.14 for the same columns, considering

N M¢+M . . .
—Ed andm = ——<——— as explained in section V.1 that 0.7 as a
bhf. 0-7(Acfcd + Asfyd)h

reduction factor for the design load in case of fire. The figures illustrate the
behaviour for a fire duration of 30 min, 60 min and 90 min, respectively.

n =
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Fig. V.12: Interaction curves of columns for reinforcement ratios of 0.1, 0.5 and 1.0 in case
of an 1SO 834 fire with a fire duration of 30 minutes
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Fig. V.13: Interaction curves of columns for reirdement ratios of 0.1, 0.5 and 1.0 in case
of an 1ISO 834 fire with a fire duration of 60 minutes
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—n=0.1
1.6 —n=05
1.4 —m=1.0

0.0 0.1 0.2 0.3 0.4

Fig. V.14: Interaction curves of columns for reinforcement ratios of 0.1, 0.5 and 1.0 in case
of an ISO 834 fire with a fire duration of 90 minutes

From Fig. V.12 to Fig. V.14, we can see that the valugpas well as’ (overall)
decreases with fire duration. As a simplification, it is observed that the interaction
curves in case of n not less thagy rcan still be approximated by a linear
relationship.

In order to check the accuracy of the simplified method, the maximum curvature is
investigated using the developed numerical tool. First, a column with a cross-
section 300 mm x 300 mm, @82 bar in each corner and a cover thickness 25 mm

is chosen. The column with the same material properties as section 111.3 (1) is
investigatedThe bending moment—curvature diagrams based on the numerical
calculation tool at ambient temperature in case of different axial loads are

illustrated in Fig. V.15, wherg’ = ]Ijhifd, M is the bending moment capacigyis

the corresponding curvature, point B is the peak point which represents the
maximum design curvature axigh, €,) are strains of the reinforcement at point B.
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Fig. V.15: The bending moment—curvature diagrams of the column at ambient
temperature and the strain distribution at point B at ambient temperature

Fig. V.15 shows the relationship between the bending moment and the curvature
in case of different axial loads. It is worth mentioning that at the peak of the curve
in case of n' = 0.4, the strain of the reinforcing bars in the tensile zone does not
equal the limit strain because the reinforcing bars not exactly yield at the both sides
in case of n' = 0.4. However, as a simplificatiofa,#0.4 may always be used.

Since our numerical calculation method is based on the strain distribution of the
cross-section which has the same basis as the second method using Eg. (V.5) or a
more simplified formula Eq. (V.6), the comparison is made in order to develop the
second method to the application of fire. The values of the curvature obtained with
the simplified formula Eq. (V.6), the simplified calculation based on the interaction
curves adopting Eqg. (V.5) as well as the numerical tool are listed in Table V.9.
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Table V.9: Comparisons of the maximum design curvature obtained with the simplified
formula, interaction diagrams based calculation and the numerical method

Curvaturg

[1/m]| Simplified Simplified Numerical | & - B®-®

formula formula values ((;3) ((()/30;
n' Eq.(V.6) (1)| Eq.(V.5) (2 ©)
0.4 0.019 0.025 0.025 24 0
0.5 0.017 0.023 0.031 45 26
0.6 0.015 0.02 0.025 40 20
0.7 0.013 0.017 0.019 32 11
0.8 0.011 0.014 0.015 27 7
1 0.007 0.009 0.011 36 18

12 0.003 0.004 0.005 40 20
1.34 0 0 0 — —

It is observed that Eq. (V.6) gives very conservative results for the maximum
design values. The difference at ambient temperature could reach 45% in this case.
Hence, it is not an economical way to use this simplified formula for the design.
Comparing with the simplified formula Eq. (V.6), the prediction based on Eg. (V.5)

is closer to the numerical values. However, the prediction is still conservative.
Therefore, an improved formula is derived for the calculation of the maximum
design curvatures (which will be in the following extended to the case of fire).

In order to find a simplified way to determine the maximum design curvature at

ambient temperature as well as in case of fire, the strain distribution obtained with
the numerical tool is investigated. The aforementioned column which has been
investigated at ambient temperature is further adopted in case of an ISO 834
standard fire. Considering the effect of a fire duration of 30 minutes, the interaction
curves and the mechanical strain distribution in case of the maximum design

curvature are shown in Fig. V.16 and Fig. V.17, whete bl\;';d
_ Monw i
0.7(Acfeq + Asfyg)h’

, m=

and compression is positive.
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Fig. V.16: The interaction curve of the cross-section in case of an ISO 834 fire of 30
minutes

From Fig. V.16, it is seen thag.nis between 0.3 and 0.4. In order to figure out the
applicability of Eq. (V.3), strain distributions along the central axis in case of n =
0.3, 0.4,0.5,0.7 and 0.9 are illustrated in Fig. V.17.

—n=0.3
) —n=05
k=) n=07
e —n=0.9

002 -0.01 0 001 002 003
e[-]

Fig. V.17: The strain distribution of the maximum design curvature of columns exposed to
an ISO 834 fire of a duration of 30 minutes in case of the axial load n = 0.3, 0.4, 0.5, 0.7

and 0.9

135



Fig. V.17 shows the strain distribution of the nmaMim design curvature of
columns in case of a fire duration of 30 minutes $een that the strain distribution
is nonlinear due to the effect of thermal straimwéver, the slope of the strain
diagram in the central part of the cross-sectiowlseto be a constant in case of a
30-minutes fire. That means that with respect éorttaximum design curvature in
case of fire, an assumption of a linear strairrithistion for the core of the cross-
section is feasible at least for a small fire doratAs a basic calculation principle,
the maximum design curvature in case 0.4 where the strain at the centroid of
the cross-section equals 0 is used at ambient tetoype. Hence, the same
calculation condition which is required fofaris proposed in case of fire. As such,
an improved formula, developed from Eq.( V.6), lisgnsed:

Ka = (D) pal (V.8)

Ny —Npal

Taking the curves in Fig. V.13 for instance, thaistdistribution along the height
h between 50 mm and 250 mm is assumed to be lindwre the temperature is
below 100 °C and there is no reduction on the aecstrength. Since the
mechanical strain at the centroid of the crossi@e@pproaches 0 in case of n =
0.4, the curvaturg = 0.055 1/m is adopted ag,, and Ra= 0.4.

Next, the same column is investigated in casefokaluration of 60 minutes, 90
minutes and 120 minutes. Based on the calculatitmthe numerical tooly,, =
0.080 1/m and pa= 0.4 are obtained in case of the fire duratiomti@utes while
Xpal = 0.096 1/m and pa= 0.3 in case of the fire duration 90 minutgs, =
0.094 1/m and pa= 0.3 in case of the fire duration 120 minutes. Tfeximum
design curvature obtained with Eq. (V.8) and thenerical values are shown in
Table V.10.
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Table V.10: Comparisons of the maximum design curvature obtained with Eq.(V.8) and the numerical method in case of fire

Curvaturg
[1/m] Simplified calculation based on Eq. (V.8) (1) Numerical values (2) (2)(;)(1) (%)

n' Fire duration [min] Fire duration [min] Fire duration [min]

n" 30 60 90 120 30 60 90 120 30 60 90 120
0.3 — — 0.096 0.094 0.084 0.1 0.096 0.094 — — 0 0

0.4 0.06 0.078 0.077 0.062 0.06 0.078 0.08 0.064 0 0 4 6

0.5 0.053 0.065 0.058 0.031 0.054 0.07 0.06 0.042 7 3 26
0.6 0.045 0.052 0.038 — 0.046 0.06 0.042 — 2 13 10 —
0.7 0.038 0.039 0.019 — 0.038 0.044 0.02 — 0 11 5 —
0.8 0.03 0.026 — — 0.032 0.032 — — 6 19 — —
0.9 0.023 0.013 — — 0.026 0.018 — — 12 28 — —

1 0.015 — — — 0.018 — — — 17 — — —

11 0.008 — — — 0.008 — — — 0 — — —




Table V.10 illustrates the maximum design curvature to be used in Eq. (V.8). The
results calculated with Eq. (V.8) are more conservative than the ones from the
numerical method. However, the difference is quite reasonable and safe enough to
predict the deflection due to the second-order effects as well as the bending moment
capacity. It is worth pointing out that the critical point B shown in Fig. V.10 is at n

= 0.4 in case of a fire duration of 30 minutes and 60 minutes while n = 0.3 in case
of a fire duration of 90 minutes. As a simplification, n = 0.4 may always be used in
case of fire although the prediction of the maximum design curvature is even more
conservative than results calculated based on the curvature at the real critical point
B.

In order to verify the applicability of Eq. (V.8), parameters like dimensions, the
reinforcement ratio as well as the slenderness ratio are investigated. Three groups
of parametric variations are listed in Table V.11.

Table V.11: Parametric study for accessing the validity of Eq. (V.8)

Comparisory  Dimensions | Reinforcement Slenderness
Group No. (mm x mm) ratio ratio

150 mm x 150 mm

1 300 mm x 300 mm 0.5 0
500 mm x 500 mm
2 300 mm x 300 mm 0.1,0.5, 1.0 0
3 300 mm x 300 mm 0.5 30, 40, 50

In the comparison of these three groups, the maximum design curvatures in case of
an 1SO 834 fire of a fire duration of 60 minutes are used.

V.4.1. Effect of dimensions

In group 1, three columns of different cross-sections as listed in Table V.11 are
analysed. The maximum design curvatures obtained with Eq. (V.8) (designated 1)
and the numerical tool (designated 2) in case of a fire duration of 60 minutes are
shown in Table V.12.
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Table V.12: Comparisons of the maximum design curvature obtained with Eq. (V.8) (1)
and the numerical method (2) in case of a fire duration of 60 minutes considering the effect
of different cross-sectional dimensions

Curvature Dimensions [mm x mm]
[1/m] 150 x 150 300 x 300 500 x 500
n & @ [2-D ©w @ |2-® @ o @ |- (o)
@) @) @)
0.3 0.22 0.22 0 — 0.1 — — 0.06 —
0.4 0.165 0.18 8 0.078 0.078 0 0.039) 0.039
0.5 0.11 0.14 21 0.065 0.07 7 0.033 0.035 6
0.6 0.055 0.06 8 0.052 0.06 13 0.028) 0.03 7
0.7 — — — 0.039 0.044 11 0.022 0.025 12
0.8 — — — 0.026 0.032 19 0.017 0.018 6
1 — — — — — — 0.006 0.009 33

Table V.12 indicates that the results obtained with Eqg. (V.8) for all these three
columns are close to the numerical values and all are on the safe side. Hence, it
follows that the prediction is insignificantly influenced by the column dimensions.

V.4.2. Effect of reinforcement ratio

In group 2, columns of different reinforcement ratios are calculated for the
maximum design curvatures obtained with Eq. (V.8) (1) and the numerical tool (2)
in case of a fire duration of 60 minutes and compared in Table V.13.

Table V.13: Comparison of the maximum design curvature obtained with Eqg. (V.8) (1) and
the numerical method (2) in case of a fire duration of 60 minutes considering the effect of
different reinforcement ratios

Curvature Reinforcement ratio [-]
[1/m] 0.1 0.5 1
. @-m @ - @ -
n @ @ |FF2el o @ |220 o) @ 252 @
0.3 — 0.1 — — 0.1 — — 0.1 —
0.4 0.06 0.06 0 0.078 0.078 0 0.092 0.092 0
0.5 0.042 0.042 0 0.065 0.07 7 0.081 0.081
0.6 0.025 0.03 17 0.052 0.06 13 0.07 0.074 8
0.7 0.007 0.014 50 0.039 0.044 11 0.059 0.07 16
0.8 — — — 0.026 0.032 19 0.048 0.066 27
1 — — — — — — 0.037 0.046 20

From Table V.13, it is seen that only the prediction in case of the reinforcement
ratio 0.1 and the axial load 0.7 is too conservative. For other cases, this simplified
calculation is in good agreement with the numerical results.
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V.4.3. Effect of slenderness ratio

Group 3 presents columns for different slenderness ratios. The maximum design

curvatures of the cross-sectional calculation shown in Table V.10 are adopted to

calculate the second-order eccentricity for the slenderness ratios 30, 40 and 50. As
a result, the second-order deflections calculated with Eq. (V.2) (1) are compared

with results from the numerical tool (2) (Table V.14).

Table V.14: Comparisons of design deflections (m) obtained with Eq. (V.2) (1) and the
numerical method (2) in case of a fire duration of 60 minutes considering the effect of
slenderness ratios

Curvature Slenderness ratio [-]
[1/m] 30 40 50
\ -2 - -2
n @ ] D (%) 1) (2 D (%) (€} @ D (%)
0.4 0.053 0.044 17 0.095 0.073 23 0.14§ 0.10¢ 25
0.5 0.044 0.041 7 0.079 0.068 14 0.123 0.1 19
0.6 0.036 0.035 3 0.063 0.056 11 0.099 — —
0.7 0.027 0.026 4 0.047 — — 0.074 — —

Table V.14 indicates that the difference between the simplified equation (V.2) and
the numerical method increases with the slenderness ratio in case of the same axial
load. This difference reaches a maximum of 25% in case of these three columns.
The prediction calculated with Eq. (V.2) is most often in good agreement with the
numerical value and is always on the safe side. Hence, it can be concluded that this
improved formula can be adequately used in case of fire design.

Comparing the effect of dimensions, the reinforcement ratio as well as the
slenderness ratio, it is concluded that only the slenderness ratio has a significant
influence on the prediction of the second-order effects with the proposed simplified
formula. The difference between the deflections obtained with the simplified
method and the numerical values increase in function of the slenderness ratio (in
case of the same axial load). However, the simplified formula is proven to be easy-
to-use and safe for the prediction of second-order effects in columns exposed to
fire.

V.5. Conclusions

In this chapter, the influence of parameters on the simplified methods provided by
codes is investigated in case of columns exposed to fire. It is concluded that:
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(1) The 500°C isotherm method is proven to be an efficient and easy-to-use method
to predict the interaction curves of columns in case of fire. With respect to small
cross-sections (less than 200 mn200 mm) or columns with exposure times of
more than 90 minutes to the standard I1SO 834 fire, however, the prediction with
this simplified method is very conservative. Hence, for these cases, a higher critical
isotherm temperature is recommended for the fire resistance design.

(2) Considering second-order effects, the nominal stiffness method is widely used
at ambient temperature. This method, as a simplification, is proven to be safe
enough for the design of columns. However, the interaction curves obtained with
the nominal stiffness method are too conservative in case of slender columns. The
capacity calculated with the KLE-method provided by the Dutch code (NEN, 1995)
is slightly on the unsafe side at ambient temperature. However, interaction curves
with the KLE-method are closer to the numerical results than those from the
nominal stiffness method. Regarding elevated temperatures, the stiffness of the
column obtained with the slope of the moment-curvature curve assumed a§ 0.8M

in the Dutch prescriptions (NEN, 1995) is not applicable anymore. A value
corresponding to a higher bending moment is recommended for the assumption of
the stiffness in case of fire.

(3) Imperfections cannot be neglected for slender columns considering second-
order effects. Based on the parametric study, fire duration and eccentricity have an
important influence on the effect of imperfections. The slenderness ratios as well
as dimensions of the cross-section have a significant effect on imperfections under
some specific conditions.

(4) The application of the curvature approximation method providdith iodel

Code 2010 (2013) is extended to the application of fire based on a parametric study.
Furthermore, it is concluded that only the slenderness ratio has a significant
influence on the prediction of the second-order effects with the proposed simplified
formula. The difference between the deflections obtained with the simplified
method and the numerical values increases in function of the slenderness ratio in
case of the same axial load. However, the simplified formula is proven to be easy-
to-use and safe for the prediction of second-order effects of columns exposed to
fire.
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CHAPTER VI

SIMPLIFIED METHOD AND
PROBABILISTIC ANALYSIS FOR
EVALUATING THE BIAXIAL
CAPACITY OF RECTANGULAR
REINFORCED CONCRETE
COLUMNS DURING FIRE

Most of the results in this chapter have been published in Wang L. J., Van Coile R., Caspeele R. &
Taerwe L. “Simplified method for evaluating the biaxial capacity of rectangular reinforced concrete

columns during fire.’Materials and Structure$0:37, 2017.



For design situations in case of ambient temperature, both EN1992-1-1 and
ACI318 provide guidelines for the design of columns in case of biaxial bending.

However, the effect of fire on these columns subjected to biaxial bending is not
mentioned in the provisions. It is important to evaluate the mechanical behaviour
of columns in case of biaxial bending combined with fire and, hence, to perform

additional research in order to provide guidelines for fire resistance design.

VI.1. Introduction

With respect to columns subjected to biaxial bending, previously several
experiments have been carried out and a number of analytical methods have been
proposed. Bresler (1960) first proposed a design formula for columns subjected
both to compression and biaxial bending based on numerical simulations as well as
test results. Parme et al. (1966) further developed the formula proposed in (Bresler,
1960) and adapted it to determine the required size for the columns. More recently,
Gil-Martin et al. (2010) introduced a model which could determine optimal
reinforcement solutions for the design of column reinforcement in case of biaxial
bending. However, the applicability of these methods has not been proven in case
of fire. As a first important step, Raut and Kodur (2011) presented a macroscopic
finite element approach for modeling the fire response of concrete columns under
biaxial bending. Recently, Tan and Nguyen (2013, 2014) investigated the effects
of symmetrical biaxial bending, restraint ratio and concrete strength on the
structural behaviour of reinforced concrete columns at elevated temperatures and
proposed a simplified model to determine the thermal-induced restraint forces.
Nevertheless, these important studies do not provide guidelines for column design
in case of biaxial bending for fire exposure. Hence, there exhibits a contemporary
research need to develop an easy-to-use tool is required for the design of columns
in such cases.

In this chapter, the applicability of the Bresler approximation during fire exposure
is first investigated for concrete columns subjected to biaxial bending using the
developed calculation tool. Further, this calculation tool is developed to a case
study on biaxial bending for fire exposure taking into account structural

uncertainties.

In the first part, the approximate calculation methods (the chord method and the
Bresler approximation) used to assess the biaxial bending capacity at ambient
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temperature (Bresler, 1960) (Cedolin, 2008) are introduced. Subsequently, the
Bresler approximation is studied in case of fire.

A stepwise procedure is applied to evaluate the applicability of the Bresler
approximation for fire resistance calculations. First, a cross-sectional calculation
tool is presented which has been validated in (CEB/FIP Bulletin 75, 1971) for
uniaxial bending in case of fire. In section VI.4, the calculation tool is applied to
biaxial bending and validated with experimental data obtained from Tan and
Nguyen (2013). Next, the formula proposed by Bresler (1960) is adopted to
calculate interaction curves of columns subjected to biaxial bending in case of fire
and the developed numerical tool is applied in order to evaluate the performance
of the proposed design approach. Furthermore, the influence of parameters such as
the column dimension, reinforcement ratio and fire duration are investigated and
discussed. Since the calculation tool can be used to obtain interaction curves of
columns in case of biaxial bending for fire exposure, finally a probabilistic analysis
is discussed considering the reliability of the performance of columns exposed to
fire.

VI1.2. Basic calculation methods

Due to the load transferred from beams and slabs, columns are commonly subjected
to biaxial bending. However, the calculation of interaction curves for biaxial
bending in case of concrete structures is quite complicated. Therefore, the ambient
design of columns for biaxial bending is usually made based on simplified methods
and uniaxial calculations (Cedolin, 2008). Two simplified analytical approaches
for ambient temperatures — the chord method and the Bresler approximation
(Bresler, 1960) are presented here.

VI.2.1. Chord method

With the so-called chord method, the uniaxial bending resistance along the x-axis
and y-axis of the column cross-section are calculated independently and a linear
relationship is assumed for biaxial bending:

[ x(v.,) ] +[ bty (vay,) ]: 1 (VI.1)

Hx (v, =0%) uy(v.au=90°)
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wherev is the dimensionless axial load apdandy, are the dimensionless
bending moment capacities along the x and y axis, as defined by (VI.1b), (VI.1c)
and (V1.1d) respectively. The parametgris the angle of the bending axis, with

a, = 0° corresponding to the x-axis ang = 90° to the y-axis.

N

v (VI.1b)
ck
My
b = (V1.1c)
M
by = o (V1.1d)

In equation (VI.1b) to (VI.1d), Ns the design value of the axial load and My

are the design values of the bending moments along the x and y axis respectively,
fekis the 20°C characteristic concrete compressive strength, b is the width of the
cross-section and h is the total depth of the cross-section (see Fig. VI.2.).

When the uniaxial bending capacitigg(v, o, = 0°) andp, (v, a, = 90°) have
been determined, the respective bending capacities for biaxial bending for a
bending axis with angle, from the x-axis can be determined through Eq. (VI.1)

by uy(v, O‘u) = sin(ay)u, (v) and ux(v, O‘u) = cos(ay )y (v).

VI1.2.2. Bresler approximation

Bresler (1960) first proposed to use the modified non-dimensional interaction
equation (VI.2) where the poweng andy, are depending on the column
dimensions, reinforcement ratio, effective depth and material properties.

[ Hx("'“u) " + [ uy(v,au) & = 1 (VI2)

px (v, =0°) by (v,au=90°)

Further, in order to evaluate the validity of the proposed method as well as to
determine the relationships fprandy,, preliminary calculations and tests were
carried out by Bresler on values of the failure load and bending moment
components for a group of five rectangular columns assuming various values for
a, (Bresler, 1960). It was found that for a rectangul@ss-section, the strength
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criteria could be closely approximated by Eq. (VI.2) by assuming an equivalence
with a square cross-section (Bresler, 1960) for wiichy, =y. Hence, a general
strength criterion could be defined according to Eq. (VI.3).

[ i) T [ by (vit) ]V(“) 1 (V1.3)

ux (v.ay=0°) uy(v.ay=90°)
In case of biaxial bending, the same axial load N is taken as was the case for
uniaxial bending. Hence, the first-order bending moments are givenyby M
N-e,(v,a,) and M, = N-ey(v,«,), where g g are the maximum allowable
member force eccentricities which are applied to the end of the column (see Fig.
V1.2), taking into account second-order effects, Eq. (VI.3) can be expressed as:

y(v) yv)

[ ex(v'all) ] +[ ey("'“u) ] =1 (V|4)

ex(v,a,=0°) ey (v,a,=90°)

wherev is the dimensionless axial load as defined by (VI.1b) apg are the
maximum allowable eccentricities for a givemalong the x and y axis as defined
by (VI.4b) and (VI.4c) respectively.

e, = (V1.4b)

e, = (V1.4c)

z|F =z|F

Again My and M, are corresponding to the design values of bending moments along
the x and y axis respectively.

Hence, once the maximum permitted eccentricities for a given axial load are known
for uniaxial bending, the maximum permitted eccentricities in case of biaxial
bending are obtained by taking(v, O‘u) = cos(ay)etots ey(v, O‘u) = sin(a,)eor

into Eq. (VI.4), where,, is the maximum permitted eccentricity to the cedtro

in case of biaxial bending (see Fig. VI.2),, is depending on the value pfv).

For the case of square columns whegév, a, = 0°) = py(v, @, = 90°), the
exponenty(v) can be determined by the situation related,te 4%, i.e. Eq. (VI.4)
is written as Eq. (V1.5) by replacing (v, o, = 45°) = e, (v, a, = 45°):
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vO) - In M] —1In2 (VL.5)

ex(v,a,=45°)

wheree, (v, o, = 0°) is the maximum allowable eccentricity in case of uniaxial
bending
ex(v, a, = 45°) is the maximum allowable eccentricity in case of a
symmertic load applied along an axis undes®
compared to the x-axis

Numerical methods are usually adopted to validate the Bresler approach. Among
all the methods, a cross-sectional calculation is most often used to find out the
relationship between the bending moment and the curvature. Cedolin (2008)
showed a typical moment interaction diagram with the chord and the Bresler
methods and made a comparison with the numerical calculation, as shown in Fig.
VI.1. The Bresler method is conservative (i.e. underestimation of the numerical
solution). This holds true for all configurations where the material models of EN
1992-1-1 (2004) are adopted (Cedolin, 2008). By way of example, the relationship
between dimensionless bending moment capacities along the x and y axis in case
of a, = 3¢ is shown in Fig. VI.1.

0.20
— = Chord
— - = Bresler
B S .
G5 = Numerical
N
N
— 0.10
—‘>} y),(v, a,= 30°)
3
0.05
0.00 =—3%
0.00 0.05 0.20

Fig. VI.1: The moment interaction diagram calculated with the exact numerical method,
the chord method and the Bresler approximation (Cedolin, 2008)

Furthermore, Fig. VI.1 indicates that results obtained with the Bresler
approximation have a good agreement with the numerical calculations. With
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reference to EN 1992-1-1 (2004), the Bresler method has been shown to be reliable
for all practical ranges of the dimensionless reinforcement rasioand
dimensionless concrete cov&(Cedolin, 2008). Hence, the Bresler method has
been validated to calculate interaction curves of columns subjected to biaxial
bending in ambient temperatures, significantly simplifying the evaluation as only
uniaxial calculations are required. In the next sections the application of the Bresler
method for fire design is investigated.

VI.3. Assumptions and calculation models for biaxial
bending during fire exposure

As a simplified method, the Bresler approximation is provided in Eurocode 2
(2004) for the design of RC columns subjected to biaxial bending under ambient
temperature. Herein, the moment resistance of RC columns in case of biaxial
bending is based on the desigh moments of RC columns in case of uniaxial bending
about the two principal axes. In order to figure out whether this method can be
adopted in case of fire, the same calculation theory is presumed. The fire resistant
design of columns subjected to uniaxial bending is a function of the dimensionless
normal force parameterwhich can be determined by provisions or numerical
calculations. The effect of the axial load level is hence incorporated, more
specifically through the-dependent uniaxial bending resistance.

In order to evaluate biaxial bending capacities during fire exposure and to validate
the applicability of the Bresler approximation, a calculation model is presented.
The model is based on a cross-sectional calculation tool developkdgter Il

to predict second-order effects of columns exposed to fire, and is based on the same
principles as Dwaikat & Kodur (2009, 2011) and Kodur et al. (2013). This
calculation tool has a good agreement with the interaction curves calculated in
Meda (2002) as well as those simulated in Caldas et al. (2010) for different fire
exposures. Furthermore, the calculation tool has been verified with experimental
data from Hass (1986) and Dotreppe (1993).

The following assumptions are made: 1) plane sections remain plane; 2) the tensile
strength of concrete is not considered; 3) there is no bond-slip between steel
reinforcement and concrete; 4) imperfections of columns are considered as a bow
imperfection with an initial eccentricity/#00 (as given by EN 1992-1-1 (2004)).
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Further, the stress-strain relationships of concrete and reinforcement bars provided
in EN 1992-1-2 (2004) are adopted.

As the first step in the calculation process, the cross-section is discretized into small
elements. In the calculation model for the examples described in this chapter, a 1
mm x 1 mm square is chosen as the basic mesh size (Fig. VI.2). The

appropriateness of this mesh size for the thermal and structural calculations has
been shown for the calculations given in section 111.2 and section I11.3.

Etot

%N
.

/
ot

Fig. VI.2: Strain distribution and calculation model

In the calculation procedure, the mechanical strain of the solid point shown in Fig.
VI.2 is expressed as follows:

€mech = € T & — & = & + XoN + Xo'T]' — €th (V1.6)

whereg, is the total strain due to bending along the valtaxis, ¢, is the total
strain due to bending along the horizontal agjg,is the thermal strairg, is the

strain at the centroid an@,, x,') are the curvatures about both axesn() are

the distance from the fiber for which the strain is calculated to the centroid along
the vertical axis and the horizontal axis respectively.

In this paper, only symmetrically reinforced square columns with four-sided fire
exposure are considered. Furthermore, if the axial load is applied on the diagonal
of the cross-sectionx(, = 45°), theny, = x," and (VI.6) can be written as:
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€mech = €0 T Xo (T] + T]') — &th (VI7)

The virtual work principle is used to calculate the deflection considering first order
effects. Next, second-order bending moments caused by the deflection are
calculated with an iterative calculation method as elaborated in section III.3.
Subsequently, these are taken into account to calculate the adjusted interaction
diagrams when considering the reduced capacity due to second-order effects.

Since for the situation of square columns with an eccentric load on the diagonal of
the cross-section both the geometric configuration as the load are symmetric, the
bending moment-curvature curves adopted for the x and y axis are the same. Hence,
only one bending moment-curvature curve is required for the calculation of
deflections in both x and y directions in case of a specific axial load.

VI.4. Validation of the calculation model

In order to verify the calculation method, the results obtained for a specific column
with three typical sets of equal biaxial eccentricities, ke g = e = 25 mm, 40

mm and 60 mm are compared to the experimental data from Tan and Nguyen
(2013). Only the three columns from test series “S3” considering symmetric
reinforcement and fire are considered here. The concrete of the S3 columns was
cast with siliceous aggregates of 20 mm maximum size, silica-based sand and a
water/cement ratio of 0.58. The tests were performed 4 months after casting. Each
of the specimens has the same geometry: a nominal length of 3.3 m and a cross-
section of 300 mm x 300 mm, 4 reinforcement bars with diameter 25 mm and a
concrete cover of 30 mm. The average 20°C concrete compressive strength was
measured as. £ 29.3 MPa, the reinforcement yield stregs=f554 MPa and
Young’s modulus of steels& 201 GPa. In the test-setup fourteen butt-welded
chromel-alumel K-type thermocouples were positioned at the three cross-sections
designated as ‘A’, ‘B’ and ‘C’ (shown in Fig. VI.3).
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Fig. VI.3: Detalils of typical test specimen (Tan & Nguyen, 2013)

In the tests from (Tan & Nguyen, 2013), the temperature inside the electric furnace is
initially increased at a rate of 5 °C/min up to 200 °C, then held for 85 minutes at 200 °C
before being increased further to 800 °C at a constant rate of 10 °C/min. Finally, this
constant temperature of 800 °C is maintained until the specimen is deemed to have
failed. The time-temperature curves of selected nodes 1 (rebar), 2 (35 mm from a
column surface), 4 (center of cross-section) and 5 (90mm from adjacent surfaces) at
section ‘B’ are given in Fig. V1.3, together with the temperature obtained with the
numerical tool presented above.
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1 4004 3 1-Test (Tan & Nguyen, 2013)
: 0 2-Test (Tan & Nguyen, 2013)
2 L 4-Test (Tan & Nguyen, 2013)
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Fig. VI.4: Time-dependent temperature curves of selected nodes (1, 2, 4, 5)
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Considering Fig. VI.4, a good agreement is observed between the calculated
temperature and the test results, though there are differences on Node 1 and Node
2 after 210 minutes. These differences might be caused by deviations in the setup
conditions (loading setup, furnace temperatures, etc.), deviations in the heat
transfer (for example the convection coefficient considered), and spalling. As some
limited spalling was observed during the test, this is assumed to be the main reason
for the differences between the measured and calculated temperatures of the outer
layer (Node 1 and Node 2).

The columns mentioned in (Tan & Nguyen, 2013) were tested at 55% of the
ambient buckling load for the given eccentricity. This 55% was considered based
on EN 1992-1-2 (2004), where a reduction factor is specified for the design load in
the fire situation. This reduction factgg is used for the design load level as a safe
simplification sinceng assumes that the column is fully loaded at normal
temperature design. It is worth mentioning that in EN 1992-1-2 (2004), the value
of ng for load combination is given between 0.2 and 0.7.

Adopting the temperatures obtained with the numerical tool (as illustrated above in
Fig. VI.4), the mid-height lateral deflection of columns C3-1-25 (S3, axially loaded
with 860 kN and an eccentricity of 25 mm), C3-2-40 (S3, axially loaded with 680
kN and an eccentricity of 40 mm) and C3-3-60 (S3, axially loaded with 530 kN
and an eccentricity of 60 mm) are presented in Fig. VI.5.
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Fig. VI.5: Comparison of the curves of the mid-height lateral deflection of columns with
tests from Tan & Nguyen (2013)
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In Fig. VL.5, it is seen that the calculated deflections at mid-height increase slowly
and are constantly lower than the test measurements before the fire duration of 210
minutes. The differences of the mid-height lateral deflection between the tests and
our calculation tool are already observed at the beginning (t = 0). This might be
attributed to the difference in actual stiffness behaviour at ambient temperature.
Furthermore, the difference does not increase significantly during the fire. Hence,
spalling is not an explanation of the overall offset. Besides, spalling requires
making more hypotheses which are difficult to justify. Currently, there is no
generally accepted calculation method for considering spalling. Eurocode 2 (2004)
states that explosive spalling is unlikely to occur when the moisture content of
concrete is less than 3%. With an assumption of the moisture content of concrete
less than 3%, spalling is not specifically considered hef@ire to the actual
stiffness behaviour, second-order effects are slightly more pronounced in the test,
resulting in larger deflections compared to the numerical model. Note that the
deflection grows very fast after 210 minutes due to the reduction in the strength of
the reinforcing bars when their temperature exceeds 400 °C. At this point the
calculated deflections start to catch up with the observed deflections, and finally
all of the three columns fail before the fire duration reaches 250 minutes. The
prediction based on the numerical model is close to the experimental data and can
be considered as a good estimation of the failure time. Furthermore, this failure
time is conservatively assessed by the numerical model. It is concluded that the
numerical model gives an acceptable approximation and can be used for parametric
studies and for the development of simplified calculation rules, as is the intent of
this paper.

It is worth mentioning that the validation of this calculation tool in case of uniaxial
bending has been done in section I11.4.2 by comparing the results with 15 groups
of experimental data (Lie et al., 1984) (Hass, 1986) (Dotreppe and Franssen, 1993).
However, with respect to columns subjected to biaxial bending in case of fire, there
are not so many experiments available to compare Wite. test of Tan and
Nguyen (2013) was performed with square cross-sectional columns in case of e
& (a, =45°). Hence, the results obtained with the calculation tool are only
compared with the tests for square columns in case-=oBe Nevertheless, Eq.
(V1.6) still remains valid when other angles are considengd= x,’ in case of

a, = 45°) and therefore Eq. (V1.6) is applied in the calculation tool for other angles
than45°. Considering classical assumptions in cross-sectional calculations, there
is no reason to expect that a deviating performance of the methodology would be
obtained in case af, # 45°.
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VI.5. Calculation of y(v) and parametric study

To illustrate the concepts introduced above and to determine approximate values
for y(v) to be used in structural fire design, a set of parametric studies are

performed, first for ambient temperature and subsequently taking into account fire

exposure.

As Bresler (1960) has already investigated column dimensions, amount and
distribution of steel reinforcement, stress-strain characteristics of steel and
concrete, concrete cover and arrangement and size of lateral ties or spiral under
ambient temperature, further in this paper only the effects of the reinforcement ratio
w and the angle of the bending axigare investigated. With respect to fire, the
parametric study covers the reinforcement ratjdhe orientatiorx of the bending

axis, the fire duration t, the column dimensions, the concrete cover and the number
of reinforcing bars, which the authors believe to be the most important ones with
respect to the fire cas8ince Bresler (1960) introduced an approximation based
on the study of relatively short columns, a limit ratio of the effective length of
columnl to the smallest dimension of the cross-section d equal to 10 is chosen for
all the columns in the paper. Hence, the effect of the slenderness is not discussed
herein.

VI.5.1. Parametric study at ambient temperatures

First, three columns are investigated with the same geometric characteristics—
cross-section dimensions of 300 1800 mm and length of 3 m — but different
reinforcement ratios. The properties of material strengths considered as well as the
different configurations of the longitudinal reinforcement for these columns are

listed in Table VI.1, where the reinforcement raﬂoz A yd . The parametefy =

aefa/Ye is the design value of concrete compresswe slhewgh vy, the partial
safety factor andr,. the coefficient taking into account long term effeon the
compressive strength and unfavourable effects resulting from the way the load is
applied §. = 1.5 anda,.. = 0.85 as recommended by Eurocode 2 are adopted).
The parametef,q = fy/vs is the design yield stress of the reinforcement wit

Y. = 1.15 as recommended by Eurocode 2; i8 the cross-sectional area of
concrete and Ais the cross-sectional area of the reinforcement.
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Table VI.1: Material strength and geometric properties of investigated columns

20°C characteristic | 20°C characteristic Number of ) :
K R . ) Cover thicknes| Reinforcement
No. concrete compressive reinforcement yield | reinforcement mm ratio ®
strength & (MPa) stress f (MPa) bars (mm)
1 65 500 4916 25 0.1
2 55 500 4432 25 0.5
3 25 500 4432 25 11

In Fig. V1.6 results for the coefficiem(v) (at ambient temperatures) obtained with

the numerical calculation tool are compared with valuggwf given in (Cedolin,

2008). As indicated in (Cedolin, 2008) a crude approximatiop@or in the range

v = 0.3 until the column failure is 1.10 to 1.50. The numerical results in Fig. VI.6
confirm this approximation. Note that the valuey@f) are much larger than 1.50
when the axial load is small. This is because the reinforcement bars located furthest
from the biaxial bending axis bear most of the bending moment, which makes the
maximum permitted eccentricity in case of biaxial bending very small.

—uwn=0.1
w=05
o=1.1

(V) [-]

v(v) = 1.50

= y(v) = 1.00

0 T T T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Fig. VI.6: Numerical values of coefficiem(v) at ambient temperature for the investigated
columns

Adopting the calculategl(v) presented in Fig. V1.6 and calculating interaction
curves in case of uniaxial bending with the numerical tool, Eq. (3) is evaluated for
different axial loads. Results for the obtained interaction curves, are illustrated in
Fig. VI.7.
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Fig. VI.7: Moment interaction diagrams for valuesvef 0, 0.2, 0.4, 0.6 at ambient
temperature

The diagrams in Fig. V1.7 indicate that the moment capacity of columns at ambient
temperature reaches a maximum whes around 0.4, which agrees with the
expression (5.34) provided in EN 1992-1-1 (2004). It is worth pointing out that the
interaction diagrams in case of the moderate reinforcement ratios as well as high
reinforcement ratios seem to be approximately straight lines wheh4. Hence,

y(v) = 1.0 can be adopted to predict the moment capacity whel3 in case of
biaxial bending as an approximate calculation.

Finally, in order to figure out whether the valueyé$) in case of symmetric biaxial
bending &, = 45) could also be used for other biaxial bending types as (Cedolin,
2008) indicates, columns No. 2 and No. 3 (Table VI.1) are investigateq for

60°, with an eccentric load = 0.4. The difference between the prediction of the
Bresler approximation and numerical values on maximum permitted eccentricities
in x-axis are compared in Table VI.2, based on the valug\wf= 1.18 and

y(v) = 1.09 obtained in case af, = 45 for columns No.2 and No.3 respectively

as well as the aforementioned valuey©f) = 1.00 as a simplification for both
columns.
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Table VI.2: Comparison of the Bresler approximation and numerical values on maximum
permitted eccentricities in x-axis

No. v(v) Eccentricity (cm) Difference (%)
Bresler approximation Numerical value
2 1.18 5.1 5.5 7.3
2 1.00 4.7 5.5 14.5
3 1.09 8.6 9.4 8.5
3 1.00 8.2 9.4 12.8

From Table VI.2, it is seen that results with the Bresler approximation adopting the
value ofy(v) in case of the symmetric axial load gives good agreements with the
obtained numerical values. Moreover, the prediction of Bresler approximation is
on the safe side for these two columns. The predictionyith= 1.0 is more
conservative than adopting the valuey6f) obtained for the symmetric axial load.
However, as a simplificationy(v) = 1.0 could be adopted in the Besler
approximation to predict the moment capacity in case=060.4.

VI.5.2. Parametric study for columns subjected to fire

In order to apply the Bresler approximation to predict the fire resistance of
columns, the appropriate powefv) has to be determined. The range of
applicability of specific values of(v) is determined in the following by
performing parameter studies, i.e. by considering the effects of different
reinforcement ratios, fire durations, dimensions of the cross-sections, the number
of reinforcing bars as well as the angle of the bending axis.

(1) Reinforcement ratios

First, the three columns mentioned in section VI.5.1 are discussed taking into
account an ISO 834 standard fire. Fig. VI.8 presents the calcwéted
relationship in function of calculated with Eq. (VI1.5) in case of fire durations of
30 minutes, 60 minutes and 90 minutes.
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Fig. VI1.8: Numerical values of coefficiepfv) for columns with different reinforcement
ratios in case of an ISO 834 fire of 30 min, 60 min and 90 min

From the diagrams shown in Fig. V1.6 and Fig. V1.8, it is seen that the lower bound
of the range of almost constant valuey@f) shifts to a value of of about 0.1 in

case of fire durations of 30 minutes, 60 minutes and 90 minutes. It is worth
mentioning that the curves in case of a reinforcement ratio 1.1 increase significantly
in function of fire wherv becomes larger than 0.4 in case of fire durations of 30
minutes and 60 minutes as well as wheaslarger than 0.3 in case of a fire duration

of 90 minutes. As the applied axial load is increasing, the maximum permitted
eccentricity is going down quickly. This decrease occurs more significantly in case
of biaxial bending, which results in an increasg @f).

At ambient temperature, the moment interaction curve is largestwhém (Fig.

VL1.7). Interaction curves are calculated in case of a fire duration of 30 minutes, 60
minutes and 90 minutes. However, the results show that the value of
corresponding to the largest moment interaction curve decreases with increasing
fire duration. Considering the three previously investigated columns for instance,
the valuev corresponding to the maximum moment contour drops to 0.2 ~ 0.4 in
case of a fire duration of 30 minutes and 0 ~ 0.2 in case of fire durations of 60
minutes and 90 minutes. The column with= 0.1 cannot bear any moments yor

= 0.4 in case of 60 minutes ISO 834 standard fire exposure, neither can the column
with w = 0.5 bear any moments for= 0.4 in case of a fire duration of 90 minutes.
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(2) Fire duration

In order to investigate the influence of the 1SO 834 fire duration, a column with a
cross-section of 500 mm 500 mm, length of 5 meters (same slenderness ratio as
columns mentioned in section VI.5.1), cover thickness 25 mm ap@24
reinforcement bars = 0.3) is investigated. The results are illustrated in Fig. VI.9.
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Fig. VI1.9: Numerical values of coefficieptv) for columns with different reinforcement
ratios in case of an ISO 834 fire of different fire durations

In order to explain the behaviour observed in Fig. VI.9, consider again
ex(v,a,=45°)
ex(v,a,=0°)
bending to uniaxial bending). Hence, Eq. (VI.5) could be writtey(@s- In1/e =

In 2. If y(v) increases, so widl. In Fig. V1.9, we can seg(v) firstly decreases with

the fire duration{ = 0.05 ~ 0.15), which means that the relative loss in the column
capacity is more significant in case of biaxial bending than in case of uniaxial
bending for small axial loads. Then, the curves begin to increase with an increasing
axial load. In the increasing branches of the curves in Fig. V1.9, it is seen that the

value ofy(v) mainly remains between 1.00 and 2.00, where the upper limn{tdf

is larger than that of(v) =1.50 at ambient temperature. However, a rangg\of

1.00 ~ 1.50 can be still recommended when0.15 ~ 0.4 during fire. Furthermore,

like at ambient temperature, a conservative value of 1.00 can be ugéd)farhile

a larger value is possible for specific situations {i.€ 0.15) in case of fire.
Finally, the value of(v) increases and is often followed by a slight decrease when
the column is close to failure. This latter phenomenon can be observed clearly after
a fire duration of 50 minutes in Fig. VI.9. This can be attributed to the last
significant decrease of the maximum permitted ecentricity with an increasing axial

(the ratio of the maximum permitted eccentricity in case of biaxial
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load in case of uniaxial bending with an increasing temperature while the decrease
of the maximum permitted ecentricity in case of biaxial bending keeps almost the
same.

As Fig. VL.9 indicates that a range 1.00 ~ 1.50 is also recommendg@ Jorhen

v is between 0.15 and 0.40 during fire, the effect of different valiles= 1.00,
1.10 and 1.50 is shown in Table VI.3, whes 0.4 and the column investigated
in Fig. V1.9 is considered.

Table VI.3: Comparison of the maximum permitted eccentricity in cagévdpf= 1.00,
1.10 and 1.50 when= 0.4

V) Eccentricity (cm Difference (%
Flre(r:iur:;’:l tlorActual valug Simplified |Actual valug (:S;T;E:glt?:n v(v) (D- | Eccentricity
@ value@ ® @ @O | (®-@)B
1.00 11.0 9.7 18.7 11.8
0 1.23 1.10 11.0 10.3 10.6 6.4
1.50 11.0 12.2 -22.0 -10.9
1.00 7.1 6.4 15.3 9.9
30 1.18 1.10 7.1 6.8 6.8 4.2
1.50 7.1 8.1 -27.1 -14.1
1.00 3.9 3.3 26.5 15.4
60 1.36 1.10 3.9 3.5 19.1 10.3
1.50 3.9 4.1 -10.3 -5.1
1.00 1.8 1.7 12.3 5.6
90 1.14 1.10 1.8 1.8 3.5 0.0
1.50 1.8 2.1 -31.6 -16.7
1.00 0.8 0.8 0.0 0.0
120 1.00 1.10 0.8 0.9 -10.0 -12.5
1.50 0.8 1 -50.0 -25.0

From Table V1.3, it is seen that the maximum permitted eccentricity is always on
the conservative side yf{v) = 1.00. On the other hand, it can be inappropriate to
use a value of 1.50 for(v) since it is 14.1%, 16.7% and 25% on the unsafe side
when the fire lasts 30 minutes, 90 minutes and 120 minutes, respectively.
Furthermore, for the column under consideration (i.e. with 0.3) it makes no
significant difference when(v) = 1.10 is adopted. Hence(v) = 1.10 could be
recommended for this type of columns with the slenderness ratio not more than 10
and a reinforcement ratio of 0.3 in case of an ISO 834 firevan@.4.
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(3) Dimensions

In this section, the effect of different column dimensions are investigated. A
column with a cross-section 500 mirb00 mm, cover thickness 25 mm arii32
reinforcement barsu{ = 0.3) is compared with a column with a cross-section 300
mm x 300 mm, the same reinforcement ratio 0.3 and the same slenderness ratio
10. The curves of(v) for these two columns in case of different fire durations are
illustrated in Fig. VI.10.
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Fig. VI.10: Numerical values of the coefficigniv) for columns with different dimensions
of the cross-section in case of different fire durations

As seen in Fig. VI.10, these two columns have similar valugéwffor the same

fire duration and axial load ratios. Hence, as is the case at ambient temperature
(Bresler, 1960), the curves pfv) could be generalised for short columns exposed

to an ISO 834 fire. As long as one considers the maximum allowable capacity for
v under pure compressiony&) curve can be proposed for the design of square
columns with a certaim and the same number of reinforcing bars.

(4) Numbers of reinforcing bars

Further, also the influence of the number of reinforcing bars is investigated. Two
columns with the same cross-section 500 mB00 mm, cover thickness 25 mm,
length of 5 meters and reinforcement ratio 0.3, but with a different number of
reinforcing bars are compared. One is wii82 (one bar in each corner) and the
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other one is with 825 (one bar in each corner and one bar in the middle of each
side).

Table V1.4 illustrates the behaviour pfv) for these two columns with different
configurations of reinforcing bars in case of a fire duration of 0, 30, 60 and 90
minutes.

Table VI.4: Numerical values of coefficiep€v) for columns with a different number of
reinforcing bars at ambient temperature, in case of 30 minutes fire, 60 minutes fire and 90

minutes fire
Reinforcing bars ¢32 y Fire duration (min) Reinforcing bars 25
y(v) y(v)
5.40 0.0 2.27
231 0.1 1.80
151 0.2 1.63
1.29 0.3 1.48
1.23 0.4 0 1.38
1.28 0.5 1.37
1.28 0.6 1.43
1.25 0.7 1.37
1.25 0.8 1.37
1.13 0.9 1.28
4.26 0.0 1.96
1.80 0.1 1.63
1.20 0.2 1.51
1.08 0.3 1.54
1.18 0.4 %0 1.47
1.41 0.5 1.42
1.59 0.6 1.39
1.43 0.7 1.26
4.07 0.0 1.86
1.45 0.1 1.51
1.05 0.2 1.56
1.10 0.3 60 1.66
1.36 0.4 1.41
1.29 0.5 1.11
1.07 0.6 1.00
5.60 0.0 1.76
1.25 0.1 1.67
1.16 0.2 90 1.89
1.31 0.3 1.59
1.14 0.4 1.00
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In Table VI.4, it is observed that the valuey6f) are much larger in case gp32
reinforcing bars when the axial load is very low and these values drop significantly
whenv reaches 0.1. Furthermore, the values/(@f) of these two columns at
ambient temperature change slightly in case f0.3 ~ 0.8. However, the values

of y(v) in case of #32 reinforcing bars vary significantly with axial loads and
fire. The curves in case of)&5 reinforcing bars present a limited variability with

an increasing axial load and fire duration. It is worth mentioning that the value of
y(v) in case of a column with 8 reinforcing bars is falling down to about 1.0 only
when the axial load is about to reach the load capacity and the fire effect on the
tendency ofy(v) is not significant. Although differences are more significant,
y(v) = 1.0 can be considered to remain applicable (but less conservative results
can be obtained from the table).

(5) Concrete cover

Furthermore, the influence of concrete cover is discussed. Two columns are chosen
with the same cross-sectional dimensions 300890 mm and length of 3 m

and the same material properties as column No. 2 (Table VI.1), but with different
cover thicknesses of 25 mm and 45 mm, respectively. Fig. VI.11 shows the
calculatedy(v) relationship in function of in case of fire durations of 30 minutes,

60 minutes and 90 minutes.

6 -

¢ =25 mm (30 min)
— — ¢ =45 mm (30 min)
—— ¢ =25 mm (60 min)
= = ¢ =45 mm (60 min)
i ¢ = 25 mm (90 min)
b ¢ =45 mm (90 min)

(V) [-]

0.0 0.2 0.4 0.6 0.8 1.0 L2

v

Fig. VI.11: Numerical values of coefficiepfv) for columns with different cover thickness
in case of an ISO 834 fire of 30 min, 60 min and 90 min
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Fig. VI.11 indicates that the column with a larger cover has larger fire resistance
with respect tov. Also, this column with a larger cover presents a limited variability
(in terms ofy(v)) with increasing axial load in case of fire. Further, it is observed
that for both columns in case of fire, the valueygd) is close to 1.0 when the
valuev is corresponding to the maximum moment contour (see section VI.5.2.(1)).

(6) Angle of the bending axis

Finally, comparisons are done to verify whether the valug(\gf in case of a
symmetrically applied eccentric load could also be used for other biaxial bending
situations at elevated temperatures. The valugéwfobtained from columns No.

2 and No. 3 (Table VI.1) with an eccentric load 0.4 are considered here again
with o, = 6(7 (see Table VI.5). The difference between the Bresler approximation
and numerical values with respect to the maximum permitted eccentricities in the
direction of the x-axis in case of an ISO 834 fire with duration 30 minutes and 60
minutes is compared in Table VI.5.

Table VI.5: Comparison of the Bresler approximation and numerical values on maximum
permitted eccentricities in x-axis in case of fire

No. | Fire duration (min) y(v) Ec_centrlmty (err - Difference (%)
Bresler approximation Numerical calculatjon

2 30 1.11 3.1 3.4 8.8

2 60 1.44 14 15 6.7

3 30 1.02 6.0 6.9 13

3 60 1.06 3.7 4.0 7.5

It is seen from Table VI.5 thatv) proposed in case of the symmetric load can
reasonably be adopted for other angles for the bending axis, as is the case for
ambient conditions (Parme et al., 1966).

V1.6. Values ofy(v) for different reinforcement ratios

From comparisons of an 1ISO 834 standard fire dependent parametric study, it is
found that as in the case for ambient temperature, the reinforcement ratio as well
as the number of reinforcing bars have an influencg(on

In order to provide comprehensive charts for biaxial bending design, columns

subjected to 4-sided standard fire exposure in case of different reinforcement ratios
and different reinforcing bars arrangement are investigated. It is verified by
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computed values in (Parme et al., 1966) that interpolating the strength of the steel
is feasible. Figs. VI.12 to VI.15 list the diagramsy¢f) andv in case of 4
reinforcing bars and the strength of the steel being 500 MPa for the reinforcement

ratio 0.1, 0.5, 0.9 and 1.2 at a fire duration of 0 min (ambient temperature), 30 min,
60 min and 90 min.

yv) [l

0.0 0.2 0.4 0.6 0.8 1.0 1.2

vl

Fig. VI.12: Numerical values of coefficiepfv) for columns with different reinforcement
ratios at ambient temperature (4 bars)

Y(v) -]

Fig. VI.13: Numerical values of coefficiepfv) for columns with different reinforcement
ratios in case of an 1ISO 834 fire of 30 min (4 bars)
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Fig. VI.14: Numerical values of coefficiepfv) for columns with different reinforcement
ratios in case of an 1ISO 834 fire of 60 min (4 bars)
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Fig. VI.15: Numerical values of coefficiepfv) for columns with different reinforcement
ratios in case of an ISO 834 fire of 90 min (4 bars)

From Fig. VI.12 to Fig. VI.15, it is seen that the valuey (@) in case of steel
strength 500 MPa, on the one hand, changes very slightly with fire whén4.

Hence, a relevant interpolating curve could be given for the design of any
rectangular column of 4 reinforcing bars taking into account biaxial bending
combined with a 4-sided fire exposure. On the other hand, these values increase
with fire whenv > 0.4 in case of reinforcement ratios of 0.5, 0.9 and 1.2. Therefore,
the value ofy(v) in case of = 0.4 could be adopted as a conservative design for

> 0.4 in case of a reinforcement ratio of no less than 0.5. Comparing the influence
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of the reinforcement ratio, the lowest valyév) of 1.0 is observed as a
conservative design value pfv) for columns of a reinforcement ratio between 0.5
and 1.2 in case of the respective value of axial loadibhgtween 0.1 and 0.4
considering an ISO 834 fire duration of no more than 90 minutes.

Further, columns with 8 reinforcing bars respectively located in each corner and
the middle of each side are investigated and the curve&pfre presented in
Figs. VI.16 to VI.19. The results are also reported in Table VI.4.

@ =0.1
—wn=05
61 —— =09

=12

yv) [l

0 T T T
0.0 0.2 0.4 0.0 0.8 1.0 12

v -]

Fig. VI1.16: Numerical values of coefficiepfv) for columns with different reinforcement
ratios at ambient temperature (8 bars)
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Fig. VI.17: Numerical values of coefficiepfv) for columns with different reinforcement
ratios in case of an 1ISO 834 fire of 30 min (8 bars)
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Fig. VI1.18: Numerical values of coefficiepfv) for columns with different reinforcement
ratios in case of an 1ISO 834 fire of 60 min (8 bars)
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Fig. VI.19: Numerical values of coefficiepfv) for columns with different reinforcement
ratios in case of an ISO 834 fire of 90 min (8 bars)

Fig. VI.16 to Fig. VI.19 present the valuesygf) for columns with 8 reinforcing

bars in case of different axial loads and fire durations. It is observed that the fire
duration as well as the axial load has less significant influence on the vaji{e$ of
than on those in case of 4 reinforcing bars. It is worth pointing out that the value of
y(v) shown in Figs. VI.16 to VI.19 changes between 1.05 and 1.75 wisemot

less than 0.1 in case of a reinforcement ratio 0.5, 0.9 and 1.2, while it changes
comparatively sharply in case of a reinforcement ratio 0.1.
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Above all, the calculation tool has been validated with experimental data from Tan
& Nguyen (2013) and has been adopted to develop the application of the Bresler
approximation to biaxial bending for fire exposure by taking into account a
parametric study. However, differences due to initial imperfections on
configurations, cover thickness, as well as the common variability in the concrete
compressive strength might cause significant differences to interaction diagrams.
Therefore, a probabilistic evaluation is required as to evaluate the safety of concrete
columns during fire exposure. In the last part of this chapter, a case study is
investigated using the developed calculation taking into account the structural
uncertainties.

VI.7. Uncertainty quantification of columns subjected
to biaxial bending combined with fire in the
framework of structural reliability-based design

VI1.7.1. Principles of limit states design

Limit state design requires the structure to satisfy two principal criteria (EN 1990,
2002): ultimate limit state (ULS) and serviceability limit state (SLS). The ultimate
limit state is reached when the applied stresses actually exceed the strength of the
structure or structural elements causing it to fail or collapse (i.e. inadequate
strength) while the serviceability limit state is reached when a structure or structural
members cannot remain functional for its intended uses during normal use (i.e.
deflections, vibrations, etc). As the investigations in this chapter related to
structural safety, only ultimate limit states will be investigated further.

In relation to the ultimate limit state, it is required that the resistance R is larger
than the load effect E. For practical applications, however, the resistance R and the
load effect E are mostly based on (simplified) models. As a result, errors or
overestimations might be present when determining R and E. Hence, uncertainties
Kr for the resistance effect ande Kor the load effect have to be considered
(Ditlevsen & Madsen, 1996). The strength criterion of the ultimate limit state can
be represented by the ultimate limit function Z (Eq. (VI.8)), where the strength
criterion is met only if Z> 0.

7 = KgR — KgE (V1.8)
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VI1.7.2. Reliability index B

EN 1990 (2002) states that in Level Il procedures, an alternative measure of
reliability is conventionally defined by the reliability ind@xwvhich is related to P

by:
P = ®(-p) (VL.9)

wherep is the target reliability index

Target values for the reliability indgk for various design situations and for
reference periods of 1 year and 50 years, are indicated in Table VI.6. The values of
B in Table VI.6 correspond to levels of safety for reliability class RC2 structural
members (associated with medium consequences for loss of human life, economic,
social or environmental consequences considerable).

Table VI.6: Target reliability indeg for Class RC 2 structural members

. Target reliability index
Limit state
1year 50 years
Ultimate 4.7 3.8
Fatigue 15t0 3.8
Serviceability (irreversible) 2.9 15

In the reliability-based design value method, design values need to be defined for
all the basic variables. A design is considered to be sufficient if the limit states are
not reached when the design values are introduced into the analysis models. In
symbolic notation this is expressed as :

Eq < Ry (V1.10)

where the subscript ‘d’ refers to design values; E is the action effect and R is the
resistance. This is the practical way to ensure that the reliability prafequal to
or larger than the target value.

It is worth mentioning that the design values of action effectsf resistancessR
can be defined as follows (EN 1990, 2002):
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P(E > Eq) = ®(+0zpB) (VI.11)

P(R < Ry) = d(—agP) (V1.12)

wheref is the target reliability index
ar anday are the values of the FORM sensitivity factors. Vakie ofa is
negative for unfavourable actions and action effects, and
positive for resistancesy andag may be taken as -0.7 and
0.8, respectively. This gives:

P(E > Eq) = ®(—0.7p) (V1.13)

P(R < Ry) = ©(—0.8p) (V1.14)

VI.7.3. A case study taking into account uncertainties

A probabilistic analysis is performed to investigate the effect of the variability of
the basic model parameters. The same cross-section is considered as in the
parameter study, with probabilistic models for the basic variables as given in Table
VI.7, in accordance with (Holicky & Sykora, 2010) and JCSS (2007). As in (Van
Coile, 2015), the reduction factors at elevated temperatures for the concrete
compressive strength and the reinforcement yield stress are modelled by a Beta
distribution where the mean value is taken as the nominal value given in EN 1992-
1-2 (2004).
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Table VL17: Probabilistic models for basic variables, based on (Holicky & Sykora, 2010)
and JCSS (2007): property, dimension, distribution, mean value |, standard deviation
and coefficient of variation V.

Property Dim Dist M c \%
. r.

20°C  concrete compressiveMPa LN fy YR 0.15
strength 20 (fok = 55 MPa) 1-2/,
20°C reinforcement yield stressMPa LN f YRY) 0.07
fy,20 1-,
(fyk = 500 MPa)
Concrete compressive strength - Beta EN 1992-1- pV (Van Coile,
reduction factor (©) at 2 2015)
temperaturd
Reinforcement  yield stress - Beta EN 1992-1- pV (Van Coile,
reduction factor {(6) at 2 2015)
temperaturd
Concrete cover ¢ mm  Beta 25 5 ol
Column width z mm  DET Zom 300 -

Regarding the ultimate limit state and probability of failure of structural members
at ambient temperature, a target reliability inggx, of 3.8 is adopted when
considering a 50 year reference period (see Table VI.6). Hence, based on Eg.
(VII.12), the curve of R < Ry) = ®(—0.8  3.8) = 0.12% is used for reliability
design at ambient temperature here.

In the present study, 10000 Monte Carlo simulations of the interaction diagram are
evaluated. The variability of the obtained first-order interaction diagram can be
visualized by the 5, 50, and 95 percentiles. This is applied in Fig. VI.20 as well as
the curve ofP(R < Ry) = 0.12% for ambient temperature (i.e. prior to fire), in
Fig. VI.21 for 30 minutes of ISO 834 standard fire exposure and in Fig. VI.22 for
90 minutes of ISO 834 standard fire exposure. In all the figures, a comparison is
made with the interaction diagram obtained when considering characteristic values
for the basic parameters (designated as the reference interaction diagram), i.e. f
for the concrete compressive strength, anddr the reinforcement yield stress,

. _ N¢+Ng _ Mc+Mg
with n = 0Tt t AL Y andm = 37 (Actg + AR A ,where N, Mg, N5, Msare the

maximum axial forces and bending moments respectively for concrete and
reinforcement, b is the width of the column and h is the height of the cross-section.
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Fig. VI.20: Interaction diagrams of a column at ambient temperature considering a
probabilistic analysis according to the variables mentioned in Table V1.7

= design value method
0.5 interaction diagram
====5% quantile

= + 50% quantile

....... 95% quantile

Fig. VI.21: Interaction diagrams of a column exposedn 1SO 834 fire of 30 minutes
considering a probabilistic analysis according to the variables mentioned in Table VI.7

173



= design value method

0.5 interaction diagram
04 ====35% quantile
I 0.3
. = + 50% quantile
02 . .:.:.; :-..‘..'
Hoo=Js. 0 e e 95% quantile
0.1 SN
\ . .
N
0 R
0 1 2 3
n [-]

Fig. VI.22: Interaction diagrams of a column exposed to an ISO 834 fire of 90 minutes
considering a probabilistic analysis according to the variables mentioned in Table VI.7

Based on the results presented in Fig. VI.20, Fig. VI.21 and Fig. VI.22, it is clear
that a very large variability exists with respect to the interaction diagrams for
concrete columns subjected to biaxial bending, both at ambient conditions and
during fire exposure. The comparison of the percentiles (i.e. 5%, 50% and 95%
curves) with the full line representing the nominal calculation in accordance with
the normal Eurocode design methodology indicates that the interaction diagram
adopting material and mechanical properties provided by Eurocode 2 (2004) is
situated below the 5% curve. This is in good agreement with the semi-probabilistic
design concept of the Eurocodes where the design value should correspond with a
low quantile of the resistance effect. Furthermore, compared to the 1.2% curve in
Fig. VI.20, the design value method interaction diagram at ambient temperature is
slightly higher only when the respective value of n is more than 0.7. It proves that
the design value method interaction diagram obtained with the calculation tool
corresponds well with the reliability-based design target related to ultimate limit
state and probability of failure of structural members (EN 1990, 2002). However,
when calculating the observed quantile of the stochastic interaction diagram which
corresponds with the analytical value of the Eurocode design methodology in case
of an 1ISO 834 standard fire, a quantile of 0.20% at 30 minutes (Fig. VI.21) and a
guantile of 0.21% at 90 minutes of an ISO 834 fire exposure (Fig. VI.22) are
obtained based on the calculation tool.
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Further, the second-order effects of columns are taken into account. The interaction
diagrams associated to different lengths of columns (3 meters and 4 meters)
exposed to fire durations of 30 minutes are presented in Fig. VI1.23 and Fig. VI1.24,
respectively.
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Fig. VI.23: Interaction curves of a column (3 meters long) exposed to an ISO 834 fire of 30
minutes including uncertainties and second-order effects
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Fig. VI.24: Interaction curves of a column (4 metersg) exposed to an ISO 834 fire of 30
minutes including uncertainties and second-order effects
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In Fig. VI.23 and Fig. VI.24, it is observed that the bending moment capacity
decreases with increasing axial load. Unlike interaction diagrams of the cross-
section shown in Fig. VI.21 and Fig. VI.22, the range of the moment capacity varies
slightly with increasing axial load. Further, the 4 meters long column fails around
3500 kN while the 3 meters long column could bear more than 4000 kN axial load.

The similar interaction curves of these columns in case of a 90 minute standard fire
exposure for a column length of 3 meters, and 4 meters are shown in Fig. VI.25
and Fig. VI.26, respectively.

90 minutes (ISO 834 fire) - 3 m

—— 5% quantile
—8— 50% quantile

—8—05% quantile

0 500 1000 1500
N (kN)

Fig. VI.25: Interaction curves of a column (3 meters long) exposed to an 1ISO 834 fire of 90
minutes including uncertainties and second-order effects
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Fig. VI.26: Interaction curves of a column (4 meters long) exposed to an 1ISO 834 fire of 90
minutes including uncertainties and second-order effects

The same phenomenon is observed as in case of 30 minutes fire exposure, i.e. the
bending moment capacity keeps decreasing with increasing axial load for both of
the columns in case of a fire duration of 90 minutes. For both of the columns, the
moment capacity firstly drops significantly below an axial load of 500 kN. Then,
the decrease reduces between an axial load of 500 kN and 1000 kN. Finally, the
moment capacity decreases significantly until the columns fail. This decrease on
the moment capacity is more significant than that in case of a 30 minutes fire
exposure.

Finally, considering different axial loads, the 5% quantile, 50% quantile and 95%
guantile maximum permitted eccentricities for the investigated columns of 3 meters
and 4 meters lengths are determined in case of fire durations of 30 minutes and 90
minutes. The results are provided in Table VI.8 and Table V1.9, respectively.
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Table VI.8: The 5% quantile, 50% quantile and 95%rgile maximum permitted eccentricities for theestigated columns in case of a fire
duration of 30 minutes

Case Maximum permitted eccentricity (mm)
N =495 kN N =990 kN N = 1485 kN N = 1980 kN N = 2475 kN
guantile
length (m) 5% | 50% | 95% | 5% | 50%)| 95% 5% 50% 95% 5% 506 9% H%  50% 95%
3 38.2 | 439 501 17.1] 198 231 1083 1212 141 711 87 101 496 |6.7.6
33.1| 385| 444 131 158 185 7.1 8 103 44 6.0 7.1 p.2 3.8 9 |4




Table VI.9: The 5% quantile, 50% quantile and 95% quantile maximum permitted eccentricities for the investigated columns in case of a fire
duration of 90 minutes

c Maximum permitted eccentricity (mm)
ase
N =495 kN N =990 kN N = 1485 kN
uantie
5% | 50% | 95% | 5% | 50%| 95% 599 50% 95%

length (m)

3 122 | 149| 182 4.9 5.7 7.1 1.2 2. 2.7

4 6.6 8.7 12.0 1.7 1.7 2.8 — — —




VI1.8. Conclusions

Bresler (1960) and Parme et al. (1966) proposed verified curves for biaxial bending
design constants at ambient temperature. The current research extends the
applicable range of the Bresler method to fire exposure. After a parametric study
on the values of(v), it is concluded that:

(1) y(v) = 1.0 is an acceptable approximate value when the relative axiavforce
> 0.4 at ambient temperature. As a conservative consideration, this value 1.0 can
be adopted for all the axial forces at ambient temperature.

(2) Due to the reduction of the material strength as well as the stiffness of columns
in case of fire, the load capacity of columns decreases withyfirgis mainly
situated between 1.00 ~ 2.00 at elevated temperatures. However, as at ambient
temperature, a range of 1.00 ~ 1.50 is also recommendeg¢vioin case of fire

whenv = 0.15 ~ 0.4. Furthermore, a conservative value 1.00 can be usdd)for

while a larger value is only possible for specific situations in case of fire, for which
some guidance however can be found in the results reported in this chapter.

(3) Based on parametric studies at ambient temperature as well as in case of fire,
y(v) = 1.0 can be applicable for other column dimensions, reinforcement
arrangements and reinforcement ratios as a conservative simplification. However,
as mentioned this work also presents less conservative results for several specific
situations.

Furthermore, based on the evaluation of the developed calculation tool taking into
account uncertainties, it is concluded that:

(1) Comparing the design value method interaction diagram with the probabilistic
evaluation at ambient temperature, it is seen that they are in good agreement.
Although there is no explicit target reliability available for the case of fire, the tool

is an important step to evaluate the Eurocode reliability performance during fire.

(2) The second-order effects are more pronounced with increasing fire duration and
with increasing slenderness ratio. Taking into account the uncertainties associated
with the column characteristics, the results show that the range of the cross-
sectional moment capacity changes significantly for different axial loads while the
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standard deviation of the moment capacity of columns varies less significantly
when second-order effects are considered.
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CHAPTER VI

GENERAL DISCUSSIONS ,
CONCLUSIONS & FUTURE
RESEARCH




VIl.1. General discussions

With respect to concrete columns exposed to fire, guidelines for the fire resistance
design are provided by Eurocode 2 (2004). However, the design values for concrete
columns given in Eurocode 2 (2004) are proven to be not always on the safe side
comparing with experimental data. In order to enable a quantitative analysis, an
efficient and easy-to-use calculation tool is required. For such a purpose, a cross-
sectional calculation method has been developed to investigate the behaviour of
concrete columns exposed to fire taking into account second-order effects. Based
on our work which is presented in this book, advantages, drawbacks as well as the
application of the calculation tool are discussed.

VII.1.1. Eurocode-based and easy-to-use calculation tool for the
temperature distribution of concrete columns

The calculation tool includes two main parts, i.e. a thermal analysis and structural
analysis. For the thermal analysis, the temperature calculation is based on Fourier’s
law for conduction, Newton’s law for convection and Stefan-Boltzmann’s law for
radiation ¢hapter Ill). Furthermore, the thermal conductivity, the specific heat as
well as the density are all based on either theoretic or experimental results provided
by Eurocode 2 (2004). Hence, it is believed that the basis of the calculation tool for
the thermal analysis has a sound basis. Moreover, the temperature distributions
obtained with the tool in case of an ISO 834 standard fire for different fire durations
are verified with those provided by Eurocode 2 (2004). Finally, based on the same
method, the calculation tool can be implemented for columns of different
dimensions and the most common cross-sectional shapes (rectangular, circle) in
case of all types of fire.

The cross-sectional calculation tool for thermal analysis is easy-to-use, efficient
and applicable a wide range of applications. Take a rectangular concrete column
for instance, the calculation tool can be adopted not only for four-face heated
exposure, but also for any set of heated face exposures. As a result, the temperature
distribution can be obtained if the parameters such as fire curves, dimensions of
columns, mesh sizes, the type of aggregates, moisture contents and concrete
densities are given.
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With respect to parametric studies, the calculation tool is not only limited to a
specific column configuration or a standard fire but it can also be adopted for
columns with different properties and in case of standard fires as well as parametric
fires. For example, analyses based on parametric fires such as hydrocarbon fires
and natural fires are presentedimapter IV. Furthermore, the mesh sizes, the type

of aggregates, moisture contents as well as concrete densities are required to obtain
the temperature distribution of columns. For these parameters, the relevant
equations given in Eurocode 2 (2004) are adopted. Considering the mesh of the
cross-section, it has an influence on the accuracy of the temperature distribution. A
1 mmx1 mm square was selected as a basic calculation element for all the
calculations. Comparing the calculated results with the temperature distributions
provided by Eurocode 2 (2004) in case of different fire durations, it shows that they
are in good agreement. It is worth mentioning that there is no generally accepted
calculation method for considering spalling at the moment. However, Eurocode 2
(2004) states that explosive spalling is unlikely to occur when the moisture content
of concrete is less than 3%. With an assumption of the moisture content of concrete
less than 3%, spalling is not specifically considered in the calculation tool (Wang
et al., 2015).

Based on the tool, the temperature distribution of cross-sections (rectangular,
circle) in case of an ISO 834 fire for different fire exposures are presented in
chapter 1l and chapter IV. Further, the temperature differences adopting
different thermal conductivity curves (the upper limit and the lower limit curves)
are shown inchapter IV. Finally, the application of the tool is expanded to
hydrocarbon fires and natural fireshépter 1V).

With respect to the consecutive second-order calculations, the cross-sections of
columns are assumed to be uniform along the length of the column. Non-uniformed

heating along the length of the column is not considered herein. However, this

could be an interesting topic for the further research.

VII.1.2. Efficient tool to improve the current simplified methods

In order to obtain the fire resistance of concrete columns in an easy way, simplified
methods are provided in the standards. For example, simplified cross-sectional
calculations can be used to determine the ultimate load-bearing cross-sectional
capacity and to compare the capacity with the relevant combination of actions
(Eurocode 2, 2004). For such a purpose, two alternative methods are provided by
Eurocode 2 (2004), i.e. the 500°C isotherm method and the zone method. The
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interaction curves obtained with the 500°C isotherm method and the numerical
calculation tool are comparedéhapter V. It is observed that the 500°C isotherm
method can generally predict the fire resistance of columns. However, it is not
suitable when the fire lasts 90 minutes or more in case of an ISO 834 standard fire.
Hence, a parametric study has been performed with the calculation tool and a
higher isotherm temperature is recommended for the fire resistance design.

The 500°C isotherm method and the zone method concern the ultimate load-
bearing capacity at the cross-sectional level. However, second-order effects of
concrete columns have an important effect in case of fire. Regarding second-order
effects, the most used simplified methods—the curvature method and the stiffness
method—are introduced ichapter 1. However, these two methods provided by
Eurocode 2 (2004) are not explicitly explained to be used in case of fire. Hence,
the developed calculation tool was applied to investigate the interaction diagrams
of concrete columns during fire and assess the applicability of the simplified
methods. Inchapter V, the results are compared with those obtained with the
stiffness method and KLE method (NEN, 1995), respectively. Comparing with the
numerical simulations, the stiffness method is too conservative in case of fire while
the KLE method is slightly on the unsafe side. Suggestions are given to improve
these simplified methods.

In addition, Eurocode 2 (2004) suggests to consider imperfections as an initial
eccentricity. Based on the calculation tool, a parametric study on the effect of
imperfections is discussed d@mapter V. It is concluded that no matter whether

the columns are at ambient temperature or exposed to fire, the imperfections have
significant effects on the load capacity of columns under compression.
Furthermore, the resistance without considering imperfections could be
overestimated by a factor 2 compared to the case when considering imperfections
at elevated temperatures. Hence, it is important to take imperfections into account.

Above all, the most used simplified methods provided by standards are discussed
and compared with the numerical results. Based on the comparisons, suggestions
are given for these simplified methods in order to have better results for the fire
resistance design of concrete columns.
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VII.1.3. Extension of tabulated design guidelines for rectangular
columns exposed to fire

In EN 1992-1-2 (2004), tabulated data is provided for assessing columns in braced
structures with a width up to 600 mm and a slenderness ratio up to 80 for a standard
fire exposure. However, the guidelines are not always on the safe side comparing
with experimental results from the Technical University of Braunschweig (Hass,
1986). Hence, these tabulated values have been investigated.

The numerical calculation tool is firstly verified with experimental dathapter

lIl . Then, the tabulated tables are recalculated considering the same columns with
a width up to 600 mm and a slenderness ratio up to 80 in case of an ISO834 standard
fire. Furthermore, more tables are established in case of hydrocarbon fires and

natural fires ¢hapter V).

Based on the recalculated and extended tabulated data, a minimum dimension, a
minimum slenderness ratio as well as a minimum concrete cover thickness can be
obtained for the fire design if the type of fire and the fire duration are given. It is
worth mentioning that these tables are suitable for the most common columns in
case of a standard fire and a hydrocarbon fire. However, due to the fact that a
simplification on the stress-strain relationship is assumed for the cooling down
branch in case of natural fires, a range instead of a design value is given. Besides,
as the natural fire curves depend on the fire density, the opening factor, time, etc.,
an interpolation is not very appropriate for such cases.

VII.1.4. Design of concrete columns subjected to biaxial bending in
case of fire

Simplified methods provided by standards are discussed in the first five chapters.
However, these methods are mainly used for columns exposed to uniaxial bending
at ambient temperature and in case of fire. In EN1992-1-1 and ACI318, a simplified
method for the design of columns is provided for evaluating the structural capacity
in case of biaxial bending. This so-called Bresler approximation was originally
proposed by Bresler (1960). Based on a parametric study with the calculation tool,
the Bresler approximation is discussecthapter VI. Suggestions are given for
adopting this formula to analyse columns exposed to biaxial bending in case of fire.
Hence, the application of this method is extended to be used in case of fire.

Currently, the Bresler approximation is only investigated in case of an ISO 834
standard fire in the thesis. The numerical calculation tool, however, can also be
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used for parametric fires. Although the examples which are givehapter VI

are mostly for columns with a square cross-section in case of a symmetrical biaxial
load @, = 45°), the angle of the bending axis is discussed in the last part of the
chapter. It is proven that(v) proposed in case of the symmetric load can
reasonably be adopted for other angles for the bending axis, as is the case for
ambient conditions (Parme et al., 1966). Columns subjected to different fire
exposures are not discussed herein, although the basic calculation method is the
same.

VII1.1.5. Probabilistic analysis of biaxial bending of columns in case of

fire

Commonly the design value of the load capacity of concrete columns in case of fire
is obtained from a single calculation if all the geometrical and material properties
are considered. However, when one or more of the material or geometrical
properties, or the actions on the structure are of a stochastic nature, the response of
the structure cannot be determined with certainty (Benjamin & Cornell, 1970). So
they are on structural members. Hence, a probabilistic analysis is needed in order
to quantify the structural reliability performance.

The calculation tool was extended with probabilistic models for evaluating
interaction diagrams of columns in case of fire. The curves of a most common used
cross-section are presentecthrapter VI. Based on the calculation, the influence

of the length limit of columns, the applied axial load and the maximum permitted
eccentricity in case of an ISO 834 fire is discussed.

In the thesis, only one typical cross-section was investigated for the time being due
to the fact that the probabilistic calculations performed are time-consuming. In the
future, the influence of more parameters should be investigated.

VIl.2. Conclusions

Chapter | gives a brief introduction on the development of the research of concrete

structures and the behaviour of concrete structures in case of fire. The literature
research covers the subjects of material properties, mechanical properties, spalling,
fire type, simplified methods, experiments as well as analytical methods. Based on
the literature study, contemporary research challenges with respect to the fire
resistance design in case of concrete columns exposed to fire are identified. In
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conclusion, the most urgent work is to find an easy-to-use tool to investigate
interaction curves of columns in case of fire. Therefore, the thesis presents a
numerical calculation tool to accommodate for this.

Further inchapter Il, simplified methods are explained and discussed. An example

is given comparing the general method, the stiffness method and the curvature

method. It is shown that both the stiffness method and the curvature method show
a rather wide scatter when compared to the general method. However, the curvature
method predicts comparatively reasonable results for low to moderate slenderness,
although the prediction is too conservative in case of high slenderness ratios.

Finally, second-order effects are considered adopting the equivalent stiffness. It is

concluded that simplified methods may be adopted to predict interaction curves of

columns in case of ambient temperature and fire. However, these predictions are
sometimes either unsafe or too conservative.

In order to find an efficient way to obtain interaction curves of columns exposed to
fire, chapter Ill presents a cross-section based calculation tool. Comparing with
experimental data, this tool is proven to be applicable for predicting interaction
curves, deflections as well as the fire resistance of columns in case of fire. Based
on a parametric study with the calculation tool, the influence of the fire duration,
the dimensions, the reinforcement ratio, the axial compression ratio, the
eccentricity, the concrete cover thickness as well as the slenderness ratio on the
capacity of columns is investigated. It is concluded that the fire duration, the cover
thickness as well as the slenderness ratio have significant influences on the
behaviour of columns in case of fire. It is worth mentioning that the fire resistance
decreases sharply with increasing length (slenderness ratio) of columns. Therefore,
second-order effects should be considered as very important for the fire resistance
calculation of columns.

In chapter IV, different fire scenarios are discussed. First, the minimum
dimensions of columns in case of ISO 834 standard fire are recalculated and some
comparisons with experimental results are provided in order to validate the
obtained calculation tool. It is found that, on the one hand, Eurocode provisions are
not safe for the case of a reinforcement ratio equal to 0.1 or reinforcement ratio of
0.5 when the axial load is large. On the other hand, tabulated data is found to be
too conservative for high reinforcement raties< 1.0), which results in inefficient

and uneconomical solutions for practice. Furthermore, hydrocarbon fires and
natural fires are investigated. Comparing the results for the hydrocarbon fire with
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the tables obtained for the ISO 834 standard fire, it is noted that fire resistance to
the hydrocarbon fire may result in very stringent requirements. Finally, with respect
to natural fires, the results prove that second-order effects are insignificant when
the normal force is low. When the eccentric loads are large enough, the maximum
bending moment of the column firstly decreases continuously during the fire, and
then shows a slight increase at a certain point during the cooling phase.

The interaction curves obtained with the simplified methods are compared with
those from the calculation tool and presentedhapter V. It is concluded that
these simplified methods are efficient to predict the fire resistance of columns.
First, the 500°C isotherm method is suitable for small cross-sections (less than 200
mm x 200 mm) or columns with exposure times of more than 90 minutes to the
standard ISO 834 fire. Secondly, the nominal stiffness method is proven to be safe
for the design of columns. However, the interaction curves obtained with the
nominal stiffness method are too conservative in case of slender columns. On the
contrary, the capacity calculated with the KLE-method provided by the Dutch code
(NEN, 1995) is slightly on the unsafe side. Thirdly, imperfections cannot be
neglected for slender columns considering second-order effects. Based on the
parametric study, fire durations and eccentricities have important influences on the
effect of imperfections. The slenderness ratios as well as dimensions of the cross-
section have a significant effect on the effect of imperfections. Finally, regarding
to the curvature approximation, only the slenderness ratio has a significant
influence on the prediction of the second-order effects with the proposed simplified
formula.

Chapter VI extends the application of the Bresler approximation from ambient
temperature to fire. After a parametric study on the valug$wf it is seen that

y(v) is mainly situated between 1.00 ~ 2.00 at elevated temperatures. However, as
at ambient temperature, a range of 1.00 ~ 1.50 is also recommenag€d) fior

case of fire whem = 0.15 ~ 0.4. Furthermore, a conservative value 1.00 can be
used fory(v) while a larger value is only possible for specific situations in case of
fire. Based on parametric studies at ambient temperature as well as in case of fire,
y(v) = 1.0 can be applicable for other column dimensions, reinforcement
arrangements and reinforcement ratios as a conservative simplification. Finally, a
probabilistic study is discussed. The second-order effects are taken into account to
investigate the influence of the column length, the applied axial load and the
maximum permitted eccentricity in case of an ISO 834 fire. As the Monte Carlo
simulation procedure developed is computationally expensive at this stage, only
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one of the most common cases, i.e. a cross-section of 300 mm x 300 mm, is
investigated.

Above all, the numerical tool presented herein is proven to be a valid, easy-to-use
and efficient tool. Most importantly, it easily enables quantitative analyses and
provides references to compare with experiments and simulations for the fire
resistance of concrete columns. Furthermore, a calculation tool such as elaborated
herein enables practicing engineers to achieve more accurate results than those
obtained with the simplified methods.

VII.3. Future work

Regarding the fire safety of concrete columns, this dissertation provides proposals
for the fire resistance design for both uniaxial bending and biaxial bending. The
current work, on the one hand, is validated with experimental data and the current
simplified methods. On the other hand, it extends the currently available simplified
methods which were adopted at ambient temperature to be used in case of fire and
it provides proposals for the methods which were used in case of fire to be more
efficiently and more accurately used for fire resistance design. At the moment, the
calculation tool developed can be easily adopted for the fire resistance design of
concrete structural members. This tool could be further developed into a web based
application. In future research, this tool can also be further developed to be used in
a Direct Stiffness Method for the analysis of multi-span frames.

VII.3.1. Generalization of conclusions by more simulations

A large number of simulations have been done in this dissertation in order to obtain
validated proof for the fire design proposals and also give more general and
convincing conclusions. Further, a generalization of conclusions can possibly be
obtained by performing more calculations, for example evaluating the behaviour
of the fire resistance of columns by changing the range of different parameters.

VI1.3.2. Analysis of super columns subjected to fire

With respect to the design of high-rise buildings, often super columns are applied.
These types of columns are commonly using high-performance concrete and a large
number of reinforcement bars or steel profiles which are more significantly affected
in case of fire. Furthermore, the calculation of these super columns is more
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complicated and requires several adaptions of the calculation tool. Evaluating the
behaviour of these columns in case of fire is a topic of great importance.

VI1.3.3. Investigation of concrete column spalling

With respect to concrete columns subjected to fire, spalling is one of the most
discussed topics. Although a number of calculation tools have been introduced in
literature, there exists no generally accepted calculation method to describe
practically the phenomenon of spalling. Apparently, spalling is very difficult to
simulate but important for fundamental research. The effects of spalling on the
performance of columns can be very significant for columns with a moisture
content more than 3%.

VI1.3.4. Optimizing calculation for concrete columns taking into
account uncertainties

Based on the evaluation of the fire performance of concrete columns, a probabilistic
analysis is taken into account and presentedhapter VI. At the moment, it
consumes a lot of time to finish a single set of calculations. Optimizing these
probabilistic calculations is required in order to allow for more calculations in order
to determine the safety level of columns exposed to fire.

VII1.3.5. Post-fire strength assessment of fire damaged concrete
columns

Concrete columns can still bear some loads after fire exposure. It is possible to
evaluate whether the fire damaged concrete columns can still be kept in the
structure and what is its remaining lifetime.

VI1.3.6. Investigation on real-life fires

The heat flux is a very complicated phenomenon. To the best of the author’s
knowledge, there barely exists any simple models which can accurately capture
effects of the heat flux of real-life fires on concrete members. Therefore, most often
an engineering approach is applied to investigate the real-life fire. In this thesis,
such assumptions are made to simplify the heat flux for the structural analysis, i.e.
by simplifying the fire to a temperature-time curve, assuming the entire
compartment is filled with fire gases of uniform temperature, etc. However, the gas
temperatures which can be measured in the experiments and real cases could also
be adopted in the model in order to investigate the differences between the assumed
idealized fires and the real-life fires.
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VI1.3.7. Investigation on the total amount of heat transferred into the
material

In this thesis, the interaction curves of concrete columns are based on the
temperature-time curves, and hence the obtained fire resistance of columns is given
in function of the fire duration. In future research, it can also be considered to
provide the results in terms of the total amount of heat transferred into the material.
As such, one can investigate the consequence of using different temperature-time
curves or different materials and properties, considering the same total amount of
heat transferred.
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