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a b s t r a c t

The research aims at developing a new multiaxial constitutive model for concrete in the fire situation. In
addition to validity at the material level, a crucial feature of a constitutive model is the applicability at the
structural level; yet for concrete in fire there remains a serious lack of models combining reliability and
robustness. The theoretical aspects and validation of the new model, which rely on a plastic-damage
formulation, have been the subject of a former publication; they are briefly summarized here. This paper
explores the capabilities of the concrete model for being used in a performance-based structural fire
engineering framework. Several examples of numerical simulations by non-linear finite element method
are discussed, with emphasis on practical applications that are demanding for the material model. In
particular, it is shown that the simulations using the new concrete model succeed in capturing, at am-
bient temperature, the crack pattern in a plain concrete specimen and the influence of the loading path
on reinforced concrete (RC) slabs. At high temperature, the presented applications include a RC slab
subjected to furnace fire and a large-scale composite steel–concrete structure subjected to natural fire. In
the numerical analyses, no parameter calibration was required on the particular concrete type, except for
the uniaxial strengths and tensile crack energy which are to be defined case-by-case. The results illus-
trate the reliability and numerical robustness of the model. Also, they suggest that satisfactory prediction
of structural behavior in fire can be obtained when no additional data is available on the specific
properties of the particular concrete mix that is used in the project, as is often the case in practice, by
using standard values of parameters.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Advanced computational mechanics is a very powerful tool for
investigating the behavior and the performance of structures
subjected to fire. The last decades have seen significant advances
in the development of these numerical methods. Owing to the
increase in computing power and to the development of new
concepts and theoretical tools, the capabilities of numerical
methods have evolved from prescriptive evaluation of simple
structural elements towards performance-based assessment of the
fire behavior of complex structures. This evolution is necessary to
improve understanding of the behavior of buildings in fires.

Since a few years, it has appeared that a significant new frontier
in the development of the numerical methods lies in the proper
modeling of the behavior of concrete material. Indeed, the

numerical analysis of structures in fire requires reliable and robust
temperature dependent constitutive models for the load-bearing
materials used in the structure such as, for instance, steel and
concrete. Despite the wide use of concrete material in civil en-
gineering, modeling of concrete thermo-mechanical behavior re-
mains a challenging issue for engineers. This is mainly due to the
complexity of the concrete behavior characterization and to the
severe requirements for material models raised by the develop-
ment of performance-based design. Recurrent issues of concrete
models are their lack of numerical robustness and their large
number of parameters, both limiting the practical applicability of
the models in real engineering projects.

Considering this situation, research efforts have been dedicated
to the development of an advanced constitutive model for con-
crete in the fire situation which meets the requirements of
structural fire engineers. At ambient temperature, research in
computational mechanics has shown that the combination of
continuum damage mechanics (CDM) with plasticity theory offers
a very interesting theoretical framework for efficiently modeling
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the mechanical behavior of concrete material [1–9]. Yet, the de-
velopment of concrete plastic-damage models at high temperature
has been hardly treated in the literature. Nechnech et al. [10]
proposed an interesting contribution which highlighted the in-
terest of plastic-damage models for concrete at high temperature,
but their model was not applied to practical examples of structural
fire engineering, except for the very simple case of simply sup-
ported reinforced concrete beams. In the present work, it was
decided to adopt the plastic-damage approach to develop a new
multiaxial constitutive model for concrete in the fire situation. The
model includes a number of original contributions, in particular
regarding the modeling of transient creep phenomenon, the
combination of the theories of elastoplasticity and damage at high
temperature, the implementation of temperature-dependent re-
lationships for the material parameters and the numerical in-
tegration of the constitutive laws in a finite element code. It has
been developed for normal strength concrete. As the aim of the
model is not to capture spalling, it should be used carefully when
this could be an issue such as, for example, with some high-
strength concretes. Above all, the model has been designed for use
in real applications of structural fire engineering; therefore, em-
phasis has been put on combining an advanced constitutive model
with a robust numerical implementation. Also for enabling prac-
tical usefulness, the model has been based on a limited number of
physical parameters. Incorporation of all these features in a model
for concrete at high temperature contributes to fulfill the need for
robust and reliable constitutive models in structural fire
engineering.

It is noteworthy that advanced concrete models are needed for
modeling of reinforced concrete structures in fire, both when
these structures exhibit failure in concrete (e.g. cracking or
crushing) or in other structural materials. Indeed, running a nu-
merical analysis until failure may be demanding for the concrete
material model whatever the structural failure mode. For instance,
the development of tensile membrane action in composite slabs in
fire has been extensively studied in the last years. Simulation of
this behavior requires accommodating the several transitions be-
tween tension and compression in the concrete slab caused by
thermal strains as well as by transition from a bending load
transfer mode to a tensile membrane action mode. A robust and
reliable concrete model is therefore needed, whether failure
eventually occurs in the steel reinforcement, or by excess of
compression in the concrete slab, which is a failure mode that is
captured by the model.

The theoretical aspects of the model and its numerical im-
plementation in finite element software are presented in another
publication [11]; they are briefly summarized in Section 2. The
former reference also includes the model validation based on ex-
perimental results on concrete samples at both ambient and ele-
vated temperature. The present paper focuses on the model ap-
plicability at the structural level. The aim is to illustrate the cap-
abilities of the concrete model in a performance-based frame-
work; this is done by presenting numerical simulations of ex-
perimental tests on concrete structures, first at ambient tem-
peratures then in the fire situation. Hence, Section 3 presents
applications at ambient temperature and Section 4 addresses ap-
plications at high temperatures. These applications are used as a
basis for discussing the model properties and capabilities. De-
monstrating the practical applicability of a constitutive model
developed at the material scale for structural analysis is an im-
portant step, although it is not so commonly addressed in the field.
Many concrete models are developed with different objectives, for
instance focusing on the proper modeling of the initiation and
propagation of a single crack in a simple concrete member, or on
the modeling of the hygro-thermo-mechanical mechanisms lead-
ing to spalling in heated concrete. Despite all their merits, these

models are presently not intended to be used for more complex
structures; or, at least, their usability to complex structures is not
demonstrated. This usability requires specific properties in terms
of numerical implementation and parameter identification. By
addressing these issues, the present work has practical sig-
nificance for researchers and for practitioners. It makes available a
new model for concrete that is shown to be reliable and robust not
only at the material scale, but also for the analysis of large struc-
tures in fire. It also gives essential information about the proper
use of the material parameters for such applications as well as
interpretation of the results. The model is available in finite ele-
ment software and can be used for research and design projects.

2. Presentation of the model

2.1. Plastic-damage model

In the model, the total strain tensor totε̲̲ is decomposed into
elastic strain elε̲̲ , plastic strain

pε̲̲ , free thermal strain thε̲̲ and
transient creep strain trε̲̲ according to Eq. (1) [10,12]. The sum of
the elastic strain and the plastic strain is referred to as in-
stantaneous stress-related strain ε̲̲σ:

(1)tot el p th trε ε ε ε ε̲̲ = ̲̲ + ̲̲ + ̲̲ + ̲̲

Considering that the plastic behavior occurs in the undamaged
material, the characterization of plastic response can be for-
mulated in the effective stress space following the classical elas-
toplastic theory. The elastic strain tensor is related to the effective
stress tensor σ̲̲̄ by means of the fourth-order isotropic linear-
elastic stiffness tensor C

0
̲̲̲̲ , see the following equation:

C C: : ( ) (2)el p0 0
σ ε ε ε̲̲̄ = ̲̲̲̲ ̲̲ = ̲̲̲̲ ̲̲ − ̲̲σ

Concrete exhibits damage mechanisms which are different in
tension and in compression. In this model, a tensile damage scalar
dt and a compressive damage scalar dc are adopted to capture the
phenomenological effects induced by microcracking in concrete
under tension and compression, respectively. Based on the work
by Wu et al. [6], these two damage scalars are applied to fourth-
order projection tensors to lead to a fourth-order damage tensor D̲̲̲̲,
which is employed to characterize the state of isotropic damage in
concrete, see Eq. (3). This representation of the state of damage
allows representing the effect of the tensile cracks closure on the
material stiffness, when the stress state in the material changes
from tension to compression (unilateral effect):

( )I D : (3)σ σ̲̲ = ̲̲̲̲ − ̲̲̲̲ ̲̲̄

A composite yield surface is used for capturing the concrete
non-symmetrical behavior in tension and in compression; a Ran-
kine yield criterion is used to limit the tensile stresses and a
Drucker–Prager yield contour is used for compression. The equa-
tions of the composite yield surface are written in terms of ef-
fective stresses, see Eq. (4) where κt and κc are the tensile and
compressive hardening parameters, respectively:

f f( , ) 0; ( , ) 0 (4)t t c cσ κ σ κ¯̲̲ ≤ ¯̲̲ ≤

By assumption, damage mechanism is coupled to plasticity in
the model. Consequently, there is no specific threshold for damage
and the evolution laws for tensile and compressive damage are
driven by the accumulated plastic strains (in tension and com-
pression, respectively). From a computational point of view, once
convergence has been obtained in the plastic return mapping al-
gorithm, update of the damage variables is thus an explicit
calculation.

T. Gernay, J.-M. Franssen / Fire Safety Journal 71 (2015) 268–278 269



Download English Version:

https://daneshyari.com/en/article/269801

Download Persian Version:

https://daneshyari.com/article/269801

Daneshyari.com

https://daneshyari.com/en/article/269801
https://daneshyari.com/article/269801
https://daneshyari.com

