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ABSTRACT
The aim of this work is to bring the exact - Thermo-mechanical - analysis of reinforced
concrete columns under fire exposure to the level of a structural engineering design office
maintaining the high degree of scientific basis for the analysis.
The basic principles of mechanics involved in a thermo-mechanical analysis are the same
as when designing a composite bridge deck with differential strains due to creep and
shrinkage of the concrete plate element as against the steel member across the cross
section. In the case of a column exposed to fire the differential material properties across
the section which is temperature dependant and thermal strains inducing residual forces
have to be resolved und considered while determining the bearing capacity of the column.
The proposed method is based on the moment-curvature method and discretizes the
temperature zones across the column section. This is done by defining the cross section of
the column as a composite section. The section is divided into layers identical to the
temperature fields determined with a 2D-Heattransformation analysis of the column
section to be analysed. The EC2 has provided the basics for a scientific method of analysis
which enables the structural engineer to estimate the safety level of the structural member
under fire conditions. The proposed method of exact analysis uses commercial structural
engineering software, to perform the geometric and material non linear analysis with
thermal properties, the fire exposure can be 1 face to 4 faces heating and the column
section shape is not restricted.
The steps involved are:
• 2D – Heat transfer analysis of the cross section with a given time temperature curve
for the required fire rating time.
• Generating a composite column section with layers identical to the temperature
fields and assigning the temperature dependant material properties to the layers of
the composite section.
• Induce the thermal expansion due to temperature across the cross section of the
composite zones in the longitudinal direction of the column.
• Model the column with the respective boundary conditions and perform a
geometric and material non linear analysis.
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SOFTWARE
Sofistik Modules
HYDRA
AQUA
GENF
STAR3

A Finite element Heat transfer analysis programme
General section definition module
System generation module
A Space frame non linear analysis programme.

INTRODUCTION
Geometric and material non-linear analysis is the standard procedure in the stability
analysis of slender reinforced concrete columns under compression.
The application of this procedure under fire conditions is complicated due to the
temperature dependant non linear material properties of concrete and reinforcement steel.
Numerical simulations with a FE-software is possible, however this method is time
consuming and not practical for the use in a design office, and has hence been restricted for
use at the research institutions.
This paper deals with the analysis of a reinforced concrete column under fire conditions
according to the moment-curvature method using commercial engineering design office
software STAR3 from the SOFISTIK package.
The column section is created as composite section consisting of zones identical to the
temperature fields obtained from a 2D-Heattransfer analysis of the concrete column
section. The zones are identified with individual Material properties which are temperature
dependant und the reinforcing steel rebar’s are assigned the temperature of the zone where
the steel reinforcement is placed. The material properties and thermal strains are according
to the EC 2 Temperature curves for concrete and steel.
MECHANICAL BASICS FOR THE ANALYSIS

Stress-Strain relationship for concrete and reinforcing steel under elevated
temperatures according to EC 2
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Fig 1: Stress-Strain relationship for concrete under compression under elevated
temperatures according to EC 2
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Fig 2 Stress-Strain relationship for reinforcing steel at elevated temperatures
according to EC 2

Thermal expansion according to EC 2 for concrete

Eq.1

Fig 3: Thermal expansion of concrete according to EC 2

Thermal expansion according to EC 2 for reinforcing steel

Fig3 Thermal expansion of reinforcing and pre-stressing steels according to EC 2

Eq. 2

TECHNICAL THERMODYNAMICS
Heat transfer

Fig 5 : Thermal conductivity of normal concrete and light concrete vs. Temperature

Fig 6 : Specific heat capacity of concrete

The FOURIER equation for heat transfer through a solid body is written as:
δT = λ ( δ2T + δ2T + δ2T )
δt
ρC ( δx2 δy2 δz2 )

Eq.3

t
- time
T
- temperature
Thermal material properties
(Temperature dependant)
ρ
- density
C
- Specific heat capacity
λ
- Thermal conductivity
The heat flow calculation within a fire exposed concrete section is not a closed equation
which can be solved since the thermal material properties C and λ are variables with
temperature dependency and hence the heat flow calculation has to be performed with
variables which are in turn temperature dependant, which is only possible with numerical
methods.

BASICS OF MECHANICS AND DESIGN
Moment - curvature relationship M-N-κ
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Bild 7: Moment-curvature relationship with a constant normal force
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Mcr : Crack moment – tensile strength of concrete exceded.
Mcr= (fctm-N/Ac ).Wc
fctm
tensile strength of concrete
Wc
section modulus
Concrete section area
Ac
yield point of compression reinforcement εs
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yield point of tension reinforcement

Fig 8: Stress-Strain relationship of reinforcing steel

Point 4:

limit strain of concrete

εcu

-3.5 °/oo

Due to the non linear material behaviour of a reinforced concrete section the load
deformation curve is constructed with the moment curvature relationship.
M = ε1-ε2 =κ
EI
h

Internal sectional resistance at normal temperautres
In the stability analysis of a reinforced concrete column, the bearing capacity is determined
by resolving the internal resisting force by assuming a strain level for steel εs and fixing
the limit strain for the concrete εcu . The possible thrust generated with this assumption is
compared with the external action of axial force and moments due to second order effects.
The ultimate load bearing capacity is determined when for a given vertical load the tension
reinforcement yields and the limit strain for concrete has been reached, this thrust is known
as the balance force Nbal. The maximum possible moment resistance for a section is
governed by this balance force.
Under normal temperatures and for a symmetrically reinforced concrete section the
balance force can be determined by assuming the strain plane as shown in fig. 9.

x

Fig 9: Internal resistance and bearing moment fort he assumed strain plane.

For the assumed strain plane of limit strain for concrete and yielding of tension
reinforcement delivers the following balance force.
ΣN=0
-Nbal + Fs1 = Fs2 + Fc

Eq.4

Fs1 = As1.fy
Fs2 = As2.fy

tension reinforcement yields
compression reinforcement yields

Fc = αR.X.b.fcd

concrete compression force

Internal resistance at elevated temperatures
Under elevated temperatures the concrete and steel material properties are temperature
dependant and the temperature varies across the cross section, in addition to this due the
restraint of the thermal expansion of steel and concrete residual thrusts are generated which
have to be resolved (Thermo-mechanical analysis).
The scientific basis for the thermo-mechanical analysis is documented in the EC 2, for
further analysis the section is defined as a composite section with zones which are then
assigned with the temperature dependant material properties.
The concrete zones for Temperatures T1 – T5 are assigned with the Material # Mat #1 –
Mat#5, for the reinforcing steel the individual temperature dependant stress- strain curves
are assigned.
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Fig10: Qualitative residual stress due to axial restraint force equiliabrium at elevated
temperatures.

Σ Nfi = 0
-Nbal fi+ Fs1 (θ) - Fs1,th (θ)= Fs2,th (θ)+ Fs2 (θ)+Σ Fc,th(θ)+ Fc(θ)
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Eq.5

Steel tension force at elevated temperature
compression force in steel due to restraint of thermal expansion (tension zone)
compression force in steel due to restraint of thermal expansion (compression zone)
Compression force of steel under elevated temperatures
Residual compression force in concrete due to restraint of thermal expansion
Compression force of concrete at elevated temperatures.

Strains
The total strain

εtot under elevated temperatures contains the following components:
εtot = εth +εload +εcreep + εtr
Eq. 6

εth thermal expansion
εload Load dependant strain
εcreep Creep strain
εtr Transient strain
The EC 2 Stress – Strain curves under elevated temperatures include the high temperature
creep strains, according to EC 2 Creep Strains during the fire can be neglected. The thermo
mechanical analysis has to account for the εth and εload.
Thermal strains εth
Assuming the section remains in Plane and the axial elongation of the column is restraint
internal thrust forces develop which vary across the section; the thrust maximum is at the
centre of the column as the thermal expansion and Stress-Strain relationship are
temperature dependant. Fig. 10 shows a qualitative form of the thrust across the section
The thermal strains are induced as initial strains in the material law by shifting the stressstrain curve along the base line, such that the max. Thrust at zero strain is initially
activated.
The thermal strains for concrete and reinforcement steels can be calculated according to
the EC 2 values shown in equations 1 and 2.
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Fig 11: Material law with SHIFT for concrete at T=400 ° C
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Fig 12: Material law with SHIFT for reinforcing steel at T=400 ° C

VERIFICATION CALCULATIONS
Heattransfer analysis of HYDRA
Calculation parameters:
2D – Heattransfer analysis for a concrete section of 300x300 mm .
Temperatur-Time curve :
Standard temperature time curve according to ISO 834
Θg = 20+345*log*(8*t+1)

Eq. 7

Emissivity of concrete surface 0.4
Convective heat transfer coefficient on the hot surface αc = 25 W/(m²K)
The validation is accomplished by comparing the temperature lines with those of the
published EC 2 lines for a similar section and time.
1
A

B

2

Bild 13: Temperature zones acc. to A) EC2

B) to HYDRA

Temperature zone comparison at:
Punkt 1 600 ° Line parallel to column side
Punkt 2 400 ° Line in the diagonal , reveals a good correlation.
Thermal strains of concrete and reinforcing steels.
Concrete thermal strain
In order to verify the shift action of the material law two tests are performed. Test 1 is
restricting the expansion of the test column by applying an equivalent thrust force and test
2 is allowing a free expansion of the column.
The numerical test is performed on a test column 400 mm x 400 mm, for reasons of easy
review the test column will be assigned only one material law, and the stress-strain curve
for T=400 °C is chosen. At this temperature the thermal strain εc(θ ) according to EC 2 is
4.89 °/oo and the respective pressure due to restraint for the section is 16.43 Mpa and
results in a thrust force of 2.63 MN.
The numerical simulation for test 1 is performed for the column with an external force of
2.61 MN which shows zero strains as a result – see print out of the calculation.
For test 2 the resultant strain of 4.89 °/00 is shown in the print out.

Test 1: Sofistik print out with zero strain as a result of an equivalent external thrust force
and shifted material law of concrete.

Strain = 0 under central axial load of 2.62 MN.
Test 2: Sofistik print out showing the resultant strain of 4.89 °/00

Concrete strain 4.89 °/00
Reinforcement steel thermal strain
In this case the concrete is assigned the material property at normal temperature and only
the reinforcing steel is assigned the temperature dependant stress-strain curve of
T=400 ° C. The iteration shows the expected convergence with a total strain of 5.198 °/00
See Print out of the results.

Sofistik print out of the test of thermal strain for reinforcing steel induced through shifting
of the material law along the base line.

Steel strain 5.198 °/00
Verification of the composite section.
The varying material properties of the concrete section in zones is defined in a composite
section. The chosen composite section for the 90 min Fire rating analysis has 9 zones.
The Composite section is analysed with 9 normal temperature material properties and
compared with the results of a standard cross section with one material property and one
zone.
The test column with the following data is taken as a basis:
Concrete
Reinforcement steel
Geometry
Column height

C30
Bst 500
bxd=30x30 cm
Hi=3.40 m

Factored Design load under service conditions:
NG
=
2075 KN
Q
N
=
800 KN
NED =
1.35x2075+1.5x800 ~ 4000 KN
Chosen reinforcement
= 12Ф 28 = 73.92 cm²
Analysis is performed for a pinned supported column
Geometric and material non linear analysis; Pre camber acc. to DIN 1045 , Vo= l/400.
Safety factor for the materials
γc=1.5 Concrete
γs=1.15 Steel

Fig 14.a Composite Section

Fig 14.b Standard section

Results of the analysis with composite section :

Nbal = 4021.7 KN , MED = 49.10 KNM, Relative bearing capacity 1.01 > 1.0

NED = 4000 KN, M2 = 48.84 KNM

Results of the analysis with a standard section:

Nbal = 4033.1 KN , MED = 48.70 KNM, Relative bearing capacity 1.01 > 1.0

NED = 4000 KN, M2 = 48.30 KNM
The bearing capacity and the internal resisting forces are identical in both the cases, the
non-linear thermo-mechanical analysis will be performed with the composite column.
THERMO-MECHANICAL STRUCTURAL ANALYSIS
2D-Heat transfer analysis with HYDRA till T= 90 min.

Fig 15: Temperature zones for T= 90 min acc. To ISO 834 Time – temperature curve, Section size 30x30 cm

Defining the composite section with varying material properties for steel and concrete
With AQUA
Concrete Mat #1 ,
Temp = 900 °
Concrete Mat.# 9 ,
Temp = 100 °
Steel. Temp 400 °
Steel. Temp
500 °
Fig 16 : Composite column section 30x30 cm

NON LINEAR THERMOMECHANICAL ANALYSIS WITH STAR3
The reference column from the verification of composite section is analysed with material
properties under elevated temperatures.

Concrete
Reinforcement steel
Geometry
Column height

C30
Bst 500
bxd=30x30 cm
Hi=3.40 m

Factored Design load under service conditions:
NG
=
2075 KN
Q
N
=
800 KN
1.35x2075+1.5x800 ~ 4000 KN
NED =
Chosen reinforcement
= 12Ф 28 = 73.92 cm²
Analysis is performed for a pinned supported column
Geometric and material non linear analysis; Pre camber acc. to DIN 1045 , Vo= l/400.
Safety factor for the materials
γc=1.5 Concrete
γs=1.15 Steel
Factored Load under fire condition:
NG
=
=
NQ
NED,fi =

2075 KN
800 KN
1.0x2075+0.5x800 = 2475 KN

Under elevated temperatures for a column fixed at the top and bottom by a reinforced
concrete slab, it can be assumed that the ends are fixed against rotation.
Geometric and material non linear analysis; Pre camber acc. to DIN 1045 , Vo= l/400.
Safety factor for the materials
γc=1.30 Concrete
γs=1.00 Steel

Results of the thermo mechanical analysis:

NED,fi = 2800 KN, M2,fi = -29.81/16.81 KNM

Nbal ,fi = 3066.2 KN , MED,fi = -30.46/ 17.26 KNM, Relative bearing capacity 1.09 > 1.0

CONCLUSION
Nbal ,fi = 3066.2 KN , MED,fi = -30.46/ 17.26 KNM, Relative bearing capacity with 8.2 %
reinforcement is 1.09 > 1.0
The ratio of design load under fire and the cold cross sectional resistance is
NED,fi/NRD = 2800/4000 = 0.7 .
This result is marginally better then the fire resistance proof according to the tabulated
values of DIN 4102-T4. Where for a column of this nature the fire resistance is just about
achieved by increasing the reinforcement to the max. of 9 %.
The analysis maintains the high degree of scientific basis of a thermo mechanical analysis
with a relatively low computing effort. The extension possibilities of analysing structural
members outside the tabulated values is the potential of this method.
Further validation of this analysis is in progress under the supervision of Dr.-Ing. Ekkehard
Richter of the iBMB – Fire engineering department – Technical university of
Braunschweig /Germany.
The results will be published at the conference.
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