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Nonlinear Thermo-mechanical Analysis Considering Heat Flow
under Fire Conditions
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Abstract

In this study, a numerical analysis framework for investigating the nonlinear behavior of structures under fire conditions is
presented. In particular, analysis procedure combining fire-driven flow simulation and thermo-mechanical analysis is discussed to
investigate the mechanical behavior of fire-exposed representative volume structures made of steel and concrete, respectively. First of
all, fire-driven flow analysis is conducted using Fire Dynamics Simulator(FDS) in a rectangular parallelepiped domain containing the
structure. The FDS simulation yields the time history of temperature on the surface of the structure under fire conditions. Second,
mechanical responses of the fire-exposed structure with respect to prescribed uniformly distributed loads are calculated by a coupled
thermo-mechanical analysis using the time-varying surface temperature as boundary conditions. Material nonlinearities of steel and
concrete have been considered in the thermo-mechanical analysis. A series of numerical results are presented to demonstrate the
feasibility of the multiphysics structural fire analysis for investigating the structural behavior under fire conditions.

Keywords - fire-driven flow simulation, fire dynamics simulator(FDS), nonlinear thermo—-mechanical analysis,

steel, concrete, structural fire analysis
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Fig. 1 Integrated procedure for the structural analysis
under fire conditions
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o density
u : velocity vector
Y,  : the mass fractions of the individual
gaseous species
D,  : the diffusion coefficient
m,,"" © mass production rate of a-th species per
unit volume
p © pressure
Iy . the external force vector
© the viscous stress tensor
s : the sensible enthalpy
¢"" ¢ the heat release rate per unit volume
¢’ the energy transferred to the evaporating
droplets
q : the conductive and radiative heat fluxes
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Table 1 Properties of steel and concrete at room

temperature(20°C)

Property Steel Concrete
Specific heat(J/g°C) 0.46 0.88
Conductivity (W/m°C) 45.8 1.4
Elastic modulus(GPa) 210 22
Poisson’s ratio 0.3 0.17
Density (kg/m’) 7850 2300
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Fig. 2 HRRPUA curve used in this work
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Table 3 Local test cases for concrete RV
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Fig. 5 Regression of the time history of temperature
computed at the center of the bottom surface of RV
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Fig. 6 Boundary conditions of the finite element

. Maximum
Analysis .. Temperature
cases pressure Plasticity theory condition
(N/mm?)
CIN 16.2 Plastic-damage Room
model temperature
o1y 16.2 Plastic-damage Elevated
model temperature
CON 18.0 Plastic-damage Room
model temperature
02y 18.0 Plastic-damage Elevated
model temperature
03N 19.8 Plastic-damage Room
model temperature
03y 19.8 Plastic-damage Elevated
model temperature
CAN 216 Plastic-damage Room
model temperature
oAy 216 Plastic-damage Elevated
model temperature

model
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sge. $EHF 21 Adle] wek APz Fteo]
Table 2 Local test cases for steel RV
Analysis Maximum .. Temperature
pressure Plasticity theory ...
cases 9 condition
(N/mm”®)
S1IN 360.0 von Mises Room
temperature
S1Y 360.0 von Mises flevated
temperature
S2N 361.8 von Mises Room
temperature
S2Y 361.8 von Mises Flevated
temperature
S3N 363.6 von Mises Room
temperature
S3Y 363.6 von Mises flevated
temperature
S4N 365.4 von Mises Room
temperature
S4Y 365.4 von Mises Blevated
temperature
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Table 4 Maximum displacement at the point A of
steel RV

= N
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>

Distributed load [N/mm’]

Maximum displacement at point A(mm)
Analysis Elevated Room
casoes temperature temperature (A)/(B)
condition condition
(A) (B)
S1 3.5956 x 10° 8.2482 x 107" 4.36
S2 8.4043 x 10" 8.2894 x 10" 10.14
83 1.3728 x 10" 8.3307 x 10 16.49
sS4 1.9262 x 10" 8.3719x 10 23.01

374 stEEMTEEsE =28 M29H H45(2016.8)

_ = N N

Distributed load [N/mm’]

o

o

0 1 2 3 4 3 6 i/ 8 0 1 2 3 4 3 6 i/ 8
Displacement [mm] Displacement [mm]
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at the point A of the concrete cube
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relationship of concrete
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Table 5 Maximum displacement at the point A of
concrete RV

Maximum displacement at point A(mm)
Analysis Elevated Room
casoes temperature temperature (A)/(B)
condition condition
(A) (B)
C1 5.2302 x 10° 3.7662 x 107" 13.88
C2 5.8223 x 10" 4.1847x 10" 13.91
C3 6.4243 x 10" 4.6109 % 10" 13.93
C4 7.0388 x 10° 5.1256 x 10" 13.73
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