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Abstract

Concrete insulation properties and chemo-physical stability up to 400-500°C generally prevents
concrete structures from collapsing in fire. Consequently, the safety assessment of reinforced
concrete members — and specifically columns — is a must past any severe fire. This post-fire
assessment should be based on reliability considerations, as many uncertainties are associated with
both the fire evolution and the residual mechanical properties of the materials. The reliability
considerations should clarify whether the column has an adequate safety level for its intended post-
fire use. An easy-to-use reliability-based assessment method is presented in this paper to determine
the bearing capacity of a reinforce concrete column after a fire, and the safety performance of the
method is investigated. The proposed method is shown to be at the same time easy to use and very
reliable.
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1 INTRODUCTION

Often fire exposure is not so severe as to result in structural failure of the concrete structure.
Consequently, a post-fire assessment is necessary to determine if the concrete members can be used
without repair or rehabilitation or are in need of strengthening. Up to now only a limited number of
studies focusses on this post-fire assessment, see e.g. (Venazi et al., 2009), (Kodur et al., 2013),
(Robertson et al., 2015) and (Ahmed and Khalid, 2015). These studies are based on a deterministic
calculation of the load bearing capacity and do not consider the desired level of safety. The safety
level is, however, of paramount importance because also the design of new structures is
fundamentally based on obtaining a target reliability index or safety level. For example, EN 1990
(CEN, 2002) specifies a target reliability index of 3.8 for the design of new members (50 year
reference period and moderate consequences of failure). Furthermore, uncertainties are associated
with both the fire duration and the effect of elevated temperatures on the residual mechanical
properties. If the post-fire assessment of the concrete member is to be acceptable, it has to be in
agreement with the fundamental considerations used for the design of new concrete members.
Consequently, the post-fire assessment is necessarily based on reliability considerations.

An easy-to-use and reliability-based method for the post-fire assessment of concrete slabs has been
presented in (Van Coile et al., 2014). The method is based on a limited number of analytical
equations and a pre-calculated graph, which together allow to determine the allowable load on a
slab after fire exposure, considering a specified target reliability index g; (for example g; = 3.8). In
this paper an adaptation of the method for fire-exposed concrete columns is summarily presented,
and the obtained safety level (i.e. the performance of the method) is evaluated.

2 METHOD FOR THE POST-FIRE ASSESSMENT OF CONCRETE COLUMNS

The proposed post-fire assessment method utilizes a pre-calculated graph, called an Assessment
Interaction Diagram or AID, in order to obtain a specified target reliability index f:. The AID is
based on the limit state function Z, given by Eq. (1) where R is the resistance (including model
uncertainties Kg and Kg), G is the permanent load effect, and Q is the imposed load effect. While R
is described by a lognormal distribution, G follows a normal distribution and Q a Gumbel
distribution in accordance with (Holicky and Sykora, 2010). The permanent load effect G and the
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imposed load effect Q are related by the load ratio y = Qx / (Qx + Gk), with the index k indicating
characteristic values. As Gk (predominantly self-weight) is well known or can be easily assessed,
determining the maximum allowable load after fire reduces to determining the maximum allowable
characteristic value Qy of the imposed load.

The AID for S50+ = 3.8 (50 year reference period) is given in Fig. 1. Note that the reference period
determines the period over which the uncertain maximum for the imposed load Q is determined,
and does not relate directly to the design life for the structure.

When the mean value ur and coefficient of variation Vg of R, and the mean value uc of G are
known, the point in the AID given by ur/uc on the vertical axis and Vg on the horizontal axis
indicates the maximum allowable load ratio ymax through the pre-calculated curves. The ymax is
directly related to the maximum acceptable characteristic value of the imposed load Qy through Eq.
(2), with G = ug as specified by (Holicky and Sykora, 2010). Note that interpolation can be used
when the point in the AID does not correspond exactly with one of the given curves. Furthermore,
the AID is indifferent to the type of structural member considered, and is generally applicable.

Z=R-(G+Q) (1)
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Fig. 1 Assessment Interaction Diagram for g, = 3.8, 50 year reference period

In order to apply the AID for determining the maximum allowable characteristic value of the
imposed normal force Nok on a centrically loaded square concrete column after fire exposure, the
mean and coefficient of variation of the residual normal force capacity Ngres have to be assessed.
This assessment is based on the well-known “reduced- or effective-section approach” which relies
on a reference isothermal line (in general the 500°C isotherm and therefore the method is often
referred to as the “500°C method” — see for instance (Kodur et al., 2013) for an application to the
post-fire assessment of columns). Probabilistic analyses supporting the use of the 500°C isotherm
for the post-fire assessment of concrete columns have been presented in (Van Coile, 2015).

According to this 500°C method, the strength of the concrete heated above 500°C is neglected,
while the remaining concrete is taken into account considering the initial 20°C compressive strength
fc200c. For the reinforcement the local temperature-dependent residual yield stress is taken into



account. The applied model for the temperature dependent reduction factor ki, s for the residual
yield stress has been presented in detail in (Van Coile et al., 2014), and is based on (fib, 2008).
Considering a square concrete column exposed to fire from four sides, the analytical formula for the
residual normal force capacity is given by Eq. (3), with parameters as given in Table 1 and iso the
depth of the 500°C isotherm. The parameters Ksres and isgo are dependent on the temperature
distribution inside the column cross-section.

N
NR,res = A§kfy,res fy,20°C + (b - 2I500) fc,zocc (3)

Table 1 Parameters for the investigated concrete column

Property Distribution| Dimension Mean CoV
20°C concrete compressive strength . ypoc LN MPa 78.6 0.15
20°C reinforcement yield stress f, 5poc LN MPa 581.4 0.07
Concrete cover ¢ Beta[u+30] mm 25 0.20 (o, =5 mm)
Reinforcement area A N mm? 3217 (4 932) 0.02
Column width b N mm 300 -
Total model uncertainty K LN - 0.9 0.17
Model uncertainty for the resistance Kg LN - 1.0 0.1
Model uncertainty for the load effect Kg LN - 1.0 0.1
Permanent load effect Ng N kN Nk 0.1
Imposed load effect Ng Gumbel kN 0.6Nok 0.35

If the fire can be related to a known fire load and ventilation characteristics, and a numerical
thermal calculation tool is available, a single value for isoo can be determined directly, as well as a
mean value and uncertainty for ks, res (considering the uncertain concrete cover). Alternatively, the
fire can be related to a single (conservatively assessed) 1ISO 834 standard fire duration, and the
temperature profiles given in Annex A of EN 1992-1-2 (CEN, 2004) can be applied. If the fire
severity is not known, probabilities can be assigned to the ISO 834 fire durations given in Annex A
of EN 1992-1-2 through calculation or expert judgment. This is elaborated in more detail in (Van
Coile, 2015), together with the detailed instructions for calculating gsy,res and Vidy,res.

The mean value ur and the coefficient of variation Vg are determined by applying Taylor
approximations. This results in the following set of analytical formulas:
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Considering as an example different deterministic ISO 834 fire durations, evaluation of the above
equations for the column of Table 1, results in ug and Vg as given in Table 2.

Table 2 ugr and VR for the column of Table 1, for different ISO 834 standard fire durations

I1SO 834 standard fire duration tg [min] 30 60 90 120
ur [KN] 7227 6390 5639 4640
Vr [KN] 0.21 0.21 0.21 0.21

When the results of Table 2 are combined with a case-specific assessment of the permanent load ug
(= Nek), the AID of Fig. 1 can be applied and the maximum allowable imposed load determined. In
Fig. 2 the method is applied for a very large number of Ngy, resulting in combinations of maximum
allowable characteristic values of the permanent load effect Ngkmax and the imposed load effect
Nokmax- The curves “prior to fire” indicate the maximum allowable load combinations in accordance
with the Eurocode methodology for the design of new concrete columns.
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Fig. 2 Maximum allowable combinations for the characteristic values of the normal forces Ngyx and Ng.



3 EVALUATION OF THE SAFETY PERFORMANCE OF THE METHOD

In order to evaluate the performance of the post-fire assessment method, the safety levels (reliability
indices) associated with the calculated maximum allowable load combinations of Fig. 2 have to be
determined and compared to the target reliability index of 3.8. To this end a numerical calculation
tool is developed, similar to the model described in (Kodur and Dwaikat, 2008), but considering
post-fire material models. Using Monte Carlo simulations, the distribution describing Ngres iS
determined. Results are visualized in Fig. 3, with A the observed histogram resulting from the
simulations, and LN a lognormal approximation. Based on Fig. 3 and statistical tests, a lognormal
approximation can be used to describe Ng res for the 1ISO 834 fire durations considered above.
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Fig. 3 Observed histogram A and lognormal approximation LN of Ng s for different ISO 834 durations.

Considering the lognormal distribution for Ngres and the lognormal model uncertainties Kg and Kg
given in Table 1, the reliability indices associated with the maximum allowable load combinations
of Fig. 2 can be determined, taking into account the limit state function of Eqg. (1), where R =
Kr'Nrres/Ke. Results are given in Fig. 4. It is observed that the maximum allowable load
combinations indicated by the proposed post-fire assessment method result in a reliability index Sso,
close to the target reliability index of 3.8. Furthermore, the observed deviations are on the safe side.

4 CONCLUSIONS

As fire introduces additional uncertainties in the calculation of the bearing capacity of reinforced
concrete columns, and in order to adhere to the reliability-based approach adopted in the design of
new structures, the assessment of the maximum allowable load for concrete columns after fire
exposure should necessarily be based on reliability considerations. To this end an easy-to-use
reliability-based method has been presented in this paper. As an example, maximum allowable load
combinations (permanent load and imposed load) have been determined for a specific concrete
column, for different ISO 834 standard fire exposures. The reliability index associated with these
maximum allowable load combinations has been calculated using a numerical tool for determining
the residual load-bearing capacity of concrete columns. It is observed that the obtained reliability
index is close to the target value of 3.8, while at the same time resulting in a conservative
approximation.
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Fig. 4 Observed histogram ‘A’ and lognormal approximation ‘LN’ of Ng s for different ISO 834 durations.
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