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Abstract

Geometrical damaged models of earthquake damaged reinforced concrete beams under post-earthquake fire are established
and simulation analysis of thermal fields are performed. Based on a large number of earthquake damage examples, the
geometrical damage of reinforced concrete beams are defined as cracks and spalling. Based on this information, some
geometrical parameters are proposed to form the damage model of RC beams in ABAQUS. The thermal fields of reinforced
concrete beams under post-earthquake fire are calculated in the end. It is found that cracks and spalling as the geometrical
parameters for earthquake damaged beams is reasonable. Meanwhile, the locations of cracks and spalling affect the thermal
fields of post-earthquake fire reinforced concrete beams dramatically.
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1. Introduction

. )

According to statistics from earthquake damage, it is found that post-earthquake fires (PEF) usually occur
with high probability and the loss caused by PEF is even more severe than the loss from the earthquake itself [1-
3]. Thus studying the mechanical properties of structures under PEF, although complex and difficult to predict,
is extremely important [4]. In the February 4, 1975, China Haicheng (M7.3) earthquake, there were more than
700 deaths and more than 7,000 injured by PEF [5]. In January 17, 1995, after the Kobe earthquake in Japan, in
addition to a large number of casualties caused by the housing collapse, the most serious disaster was caused by
PEF and more than 500 people died from PEF [6]. In the September 21, 1999 Chi-Chi earthquake in Taiwan
(M7.3), from the survey in the most severly affected seven counties, there were 161 PEF disasters in seven days
[7]. These real life examples from so many earthquakes shows the importance of PEF research and more
attention should be paid to studying this area not only to discover the potential for severe structural damage
during a PEF, but for the development of more strict design requirements to alleviate this potential PEF hazard
to structures.

Many scholars have focused their research on the fire resistance of structures under PEF and have
received a great deal of encouraging results. Data obtained from PEF in the Kanto earthquake regarding wooden
structures was analyzed by Kawasumi et al. [8] They documented the relationship of fire ratio and collapse ratio
of wooden structures. Keisuke et al. [9] created a fire spread model of a city based on its physical structures.
According to the fire statistics by the US Geological Survey [10], the relationship of fire ratio and earthquake
intensity was recognized. Pucinotti et al. [11] studied the earthquake damage to steel frames with refractory
material and, using numerical simulation, compared the thermal field of damaged joints and undamaged joints.
The results showed that the destruction of the beam-column joints makes thermal conductivity higher than that
of undamaged joints. Oreste et al. [12] performed a seismic test of four beam-column joint specimens and then
applied the fire load on them. The results indicated that the joint could withstand fire load for about 15 minutes,
and the performance of the precast joint was better than that of the composite joint. Wu et al. [13] had done a
great deal of research on the influence of heat conduction on the cracks of concrete structures. In their
experiment, ten concrete specimens (nine with pre-made cracks of varying widths and one without cracks) had
been tested in fire to investigate the effect of cracks on temperature distributions of concrete members subjected
to PEF. From experimental investigations and numerical calculations, it was found that the temperatures
measured on the surface of the concrete specimens with the pre-made crack were generally lower than those on
the central cross section of the non-cracked control specimen. When the crack is less than 3 mm wide, the
influence of the crack width on the temperature distributions is negligible, As the crack width increases, the
temperatures rise slightly.

Although there has been much research about fire resistance, most of which are focused on the
performance of steel structures while only a small part of which is involved in the mechanism performance of
RC structures or RC elements under PEF. Because earthquakes damage the RC structures or elements before a
fire, the mechanical properties of earthquake damaged RC structures or elements under high temperature must be
different than those of undamaged RC structures or elements. Therefore, it is necessary to continue to research
more aspects of this area. Damaged RC beams were categorized as to the extent of the crack and spalling
damage first, then the model with two geometrical parameters comparing crack depth and relative spalling width
were investigated. Based on numerical simulation in ABAQUS, the calculated results regarding thermal field
and bearing capacity of the RC beams under PEF were analyzed.

2. Mechanical parameters of concrete and reinforcement under high temperatures
2.1 Mechanical parameters of concrete under high temperature

From the European Code EC2 (2005) [14], thermal conductivity of concrete is shown in Eq.(1) and Eq.(2),
which are the upper and lower limit of thermal conductivity separately, taking the average value of the two
equations as the basis for the thermal analysis of concrete.

Upper limit of the equation:
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Lower limit of the equation:

4, =1.36-0.136x(——)+0.0057x (——)* 20 <T £1200C
100 100 @)

Where Xc is thermal conductivity of concrete.

From the European Code EC4 (2005) [15] , the heat capacity of concrete quality and the coefficient of
thermal expansion are shown in Eq.(3) and Eq.(4). The density of concrete pc is taken as a constant value 2400
kg/m®.

900 20C <T, <100C
900+ (T ~100) 100°C <T, <200°C
° " |1000+ (T - 200)/2 200C <T, <400°C
1100 400C <T, <1200°C @)
A {—1.8><10'4 +9x10°T +2.3x10°1T®  20C <T, <700C
14x107 700C <T, <1200°C %

Where Cc is heat capacity of concrete quality, A is the coefficient of thermal expansion of concrete.

The elastic modulus of concrete E: and the compressive strength fa at high temperature are chosen from
literature [16] which are shown in Eq. (5) and Eqg. (6) respectively.

E] /E, =0.83-0.0011T  60°C<T<700C 5)

fa 1

f_~ 1+16(T/L000)°

cu

(6)

Where Ec and fcu are the elastic modulus and the compressive strength under common room temperature,
respectively..

The relationship of concrete stress-strain is shown in Equation (7).

2.2x-1.4x* +0.2x° x<1

| X x>1
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Where, fe , o G : fe and °° are the compressive strength and peak strain of

ordinary concrete under high temperature separately.
2.2 Mechanical parameters of Reinforcement under high temperature

The density, elasticity modulus and yield strength of reinforcement in thermal analysis are chosen from
literature [17] shown in Eq.8 and Eq.9. The density of steel ps is 7800 kg/m”.

Bl =1 /e ®)
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Where T is the temperature, E, is the elasticity modulus, fy is the yield strength, fy is the tensile strength.

2.3 The basic assumptions of temperature field analysis

In order to simulate conditions of the concrete beams under high temperature, some basic assumptions are
proposed in temperature field analysis [18-19].

(1) 1SO 834 standard heating curve is used as input heat wave.
(2) Room temperature air is uniform.

(3) RC beams are considered as a homogeneous material, whose thermal conductivity is uniform and
isotropic.

(4) The thermal field contribution of internal reinforcement and bond slip between reinforcement and
concrete is not addressed. This would be a good area for deeper study.

3 Calculation model of damaged RC beams
3.1 Damaged survey of RC beams in earthquake

Even though the damage to RC structures is different with varying earthquake intensities, some rules are
useful to follow using a statistical survey of the damage to RC structures in some previous earthquakes. Table 1
shows the percentage of relative damage to RC structures in selected earthquakes. 'Slight damage' means there
are some small local cracks on the elements and rebar is not exposed, 'moderate damage' means there is some
local spalling of the concrete cover and reinforcement is exposed but not buckling.

Table 1 Statistics showing percentage of RC structures damaged

Intensity of .
Earthquake earthquake No damage Slight damage Moderate damage Severe damage  Collapse
Lancang, China, 0 0 0 0 0
1988 [20] M7.6 12.50% 35.20% 29.20% 8.30% 14.50%
Southern Hyogo, 0 0 0
Japan, 1995 [21] M7.2 65.25% 12.60% 22.15%
Guye, China,
M4.7 93.24% 4.05% 2.70% 0% 0%
1998 [22]
Wenchuan, China
! ! 0, 0, 0,
2008 [23] M8.0 55.74% 34.43% 9.80%
Yingjiang, China, 0 30.04% 27.88% 19.88% 13.83% 8.37%

2011 [24]

According to the statistical data from Table 1, most structures fit under the categories of slight or
moderate damage by crack (shown in Fig.1) and spalling (shown in Fig.2).
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Fig.1 Crack of beam Fig.2 Spalling of beam

3.2 Geometrical parameters of earthquake damaged beams

In order to measure the earthquake damage consistently, crack length, crack depth , spalling width and
spalling length are usually proposed as geometrical parameters in earthquake damage elements. Comparing the

[
parameters of the different damage elements, the relative crack length A is defined as the ratio of crack length
_ d _
I and cross-section height h, the relative crack depth 4 is defined as the ratio of crack depth d and section
b J—
height h, the relative spglling width A is defined as the ratio of spalling width b and section height h, the

h j—
relative spalling height A is defined as the ratio of spalling height h and height h. From most earthquake
examples, it is usually found that the crack length and spalling length have little variation when compared with
each other, therefore, only relative crack depth and relative spalling width are used in the following analysis.

3.3 Earthquake damaged beam model

For investigating the rule of geometrical parameters of earthquake damaged beams in detail, the models of
crack beam and spalling beam are established separately. It should be mentioned that the crack model and
spalling model established in this paper are based on the assumption that RC beams are suffered by slight
damage and moderate damage because the most possibility damage occurred in earthquakes are these two types
shown in Table 1. For the limitation of the scope of the paper, the numerical simulation of thermal analysis and
moment capacity of PEF beams are focused on the slight damaged and moderate damaged beams.

Meanwhile, from literatures [13], [14] and [16] etc., it's shown that fire effect is more severe in isolated
beam than in that of flange beam. In order to study the fire performance of PEF RC beams clearly, for the
primary research, the isolated beams are modeled in this paper without considering the support of floor slab.

3.3.1 Crack beam model

Looking at the data from actual earthquakes and the literature [25], the relative crack length % will be
defined as 0.25 (B1), 0.5 (B2) and 1.0 (B3), which are shown in Fig.3. The crack beam with reinforcement is
shown in Fig.4. Based on the assumptions and relative crack depth of damaged beams, the calculated models of
crack beams are established in ABAQUS [26] which are shown in Fig.5.
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Fig.3 Section of crack beams
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Fig.4 Reinforcement of beam
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Fig.5 Finite element model of crack beams

3.3.2 Spalling beam model

Like crack beams, the geometrical damage dimensions of spalling beams are usually summarized from
actual earthquake damage examples. When spalling occurs at both the upper edge and lower edge of beam, it is
designated as L1 spalling. The spalling at the upper edge of beam is L2 and spalling at lower ends of the beam is
L3. The beam without spalling is LO. The cross-section of spalling beams are shown in Fig.6. From earthquake
examples and literature, where the concrete near the edges of beams are spalled completely, the relative spalling
width and height is designated asnl1.0 and 0.4, respectively. The spalling beam length L is 4.0m and the
thickness of the concrete cover is 25mm. The calculated models of spalling beams are established in ABAQUS
which are shown in Fig.7.
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Fig.6 Section of spalling beams
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Fig.7 Finite element model of spalling beams
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4 Thermal field analysis of PEF RC beams
4.1 Parameters in heating propagation

ABAQUS software is used in this paper for thermal field analysis and bearing capacity calculation of the
PEF RC beams, in which the boundary conditions of heating convection and radiation are selected from
European Code EC2 and EC4 shown in Eq.1 to Eqg.4, in which the convective heat transfer coefficient is
25W/(m < K), integrated radiation coefficient is 0.7, air temperature is taken as 20°C and ISO 834 standard
temperature curve is used as heating curve. Absolute zero is defined as -273°C and Stephen - Boltzmann
constant is taken as 5.67x10-8. In ABAQUS, DC3D8 is used as thermal analysis unit and all these heating
propagation parameters are installed in CAE file.

4.2 Verification of model validity

In order to verify the validity of using ABAQUS software to simulate thermal tests on PEF RC beams
under high temperature, the test temperature values of RC beams from literature [27] are numerically simulated.
The software calculated and literature derived test points are shown in Fig.8 (a) and Fig.8 (b) respectively. The
relative curves of the test and calculated values are shown in Fig.8 (c). The closely correlated data from the
calculated model and field test results from the literature confirms the validity of using the ABAQUS software to
simulate future thermal tests. Therefore, it is reasonable to use ABAQUS models to study the thermal fields of
PEF RC beams.

250 —
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(a) Software calculated values (b) Literature derived test points
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Fig.8 Temperature curves of software calculations and field tests

4.3 Thermal field analysis of PEF RC beams
4.3.1 Thermal field contours of crack beams

The thermal fields of PEF RC beams are calculated in ABAQUS. The I1SO834 is selected as the standard
heating curve. The heating time is from zero to 21,600 seconds. Three sides of the beam are exposed to fire
which is shown in Fig.9. The sectional thermal field contours and the longitudinal thermal field contours of PEF
RC crack beams are shown in Fig.10 and Fig.11 respectively.
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Fig.9 PEF RC beams exposed to fire
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Fig.10 Sectional thermal field of crack beams
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Fig.11 Longitudinal thermal field of crack beams

From Fig.10 and Fig.11, it is clear that the thermal field distribution of the cracks under high temperature
are in mostly a 'U' shape and the depth of the cracks has a great effect on the thermal field of PEF RC crack
beams. When the crack depth increases, the temperatures around the crack increase as well. The greater the crack
depth, the greater the difference in temperature between the crack surface and inside the beam at the same
height.

4.3.2 Thermal field contours of spalling beams

The temperature field contours of spalling beams from zero to 21,600 seconds are shown in Fig.12. This
indicates that the overall temperature distribution of different spalling beams are similar. As the fire time
increases, the thermal field of spalling beams is also gradually changing.
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Fig.12 Thermal field contours of spalling beams

Fig.12, shows that spalling has obvious effects on the thermal field of the beam. The shape of thermal
field contours on the three sides exposed to the fire is increasing as the temperature rises. When the temperature
is lower, the contours have a 'U' shape which indicates the temperature difference between different spalling
beams isn't obvious and the temperature area of the spalling beams at the bottom is lower than that of the same
location of the undamaged beams. As the heating time increases, the inner temperature of the spalling beam
increases as well. The thermal field contours of spalling beams changes from a ‘U’ shape to a 'V' shape, which
indicates that the lower temperature area in the core of the concrete moves from the back side to the top side of
the beam section. Interestingly, the field distribution of different beams is very similar to each other, which
means the spalling location has little effect on the thermal field of beams.
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5 Conclusions
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It is known from earthquake examples that post-earthquake fire poses a severe threat to the damaged RC
elements. Current studies have include very little about the fire resistance of PEF RC elements. For this reason,
the thermal field and bending capacity of PEF RC beams under high temperature are numerically studied in this
paper and the following conclusions can be drawn:

(1) From real earthquake examples and literature, the geometrically damaged types of PEF RC beams can be
divided into two types: crack and spalling. The damaged parameters are usually defined as crack length, crack
depth, spalling width and spalling length.

(2) For the crack beams, the crack has the greatest effect on the thermal field under high temperature. The deeper
the crack, the higher the temperature near the crack resulting in a “U” shaped contour. The most significant
change of the contour occurs around the crack.

(3) The thermal field of the spalling beam is limited by the location of the spalling. The spalling at the bottom
edge of the beam has more effect on the thermal field than that of an upper section of a spalling beam. With
temperature increasing, the low-temperature region moves from the bottom back to the upper edge and thus the
shape of the contour changes from "U" to "V".
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