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1. Introduction

Since the early studies on heat-exposed concrete in the past
century, reinforced concrete (R/C) structures showed good per-
formance in fire thanks to some typical features of cement-based
materials such as incombustibility and low thermal diffusivity.This
latter property allows the external heat-damaged layers to protect
the inner core from attaining too high temperature, even in the
case of long fire durations. On the other hand, however, concrete
mechanical properties are significantly influenced by high tem-
perature (mainly above 400-500 °C). In particular, deformability is
affected by both the thermal damage and the presence of further
components of the load-induced deformation, namely the time-
dependant creep strain and the temperature-induced transient
strain. These two latter contributions of deformation proved to be
of primary importance in modelling concrete at high temperature
[1-4], being the cause of both a reduction of concrete apparent
stiffness, with the ensuing enhancement of second-order effects,
and a relaxation of the thermal stresses. This is one of the reasons
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why axially-restrained heated specimens do not collapse because
of the thermal stresses induced by restrained thermal dilation.
Clearly, to accurately evaluate the structural behaviour of any gi-
ven heat-exposed R/C member, all the aforementioned strain
components must be suitably taken into account: in redundant
structures, because deformations and displacements influence the
internal forces; in slender columns subjected to an eccentric axial
force [5], because of the role played by second-order effects.

Within this context, a few constitutive models have been pro-
posed in the past, taking into account creep and transient strains
both explicitly or implicitly (by defining a single total load-induced
strain component, which lumps instantaneous load-induced
strain, creep and transient strains). Among the different formula-
tions proposed in the literature, the four models investigated in
the present paper are those by Anderberg and Thelandersson [6],
Khoury and Terro [7], Schneider et al. [8] as well as the stress—
strain law included in Eurocode 2 - Fire Design (EC2) [9]. The
former three models define explicit transient and creep strain
components, while the latter is an implicit formulation.

The present study aims at numerically simulating a number of
well-documented full-scale tests on R/C columns exposed to
Standard Fire, with three main objectives: (a) to assess the re-
levance of critical issues such as creep and transient strains, and
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second-order effects, (b) to verify the reliability of a Beam Finite
Element analysis to numerically simulate the structural response
of R/C members in fire, and (c¢) to make a systematic comparison
among the abovementioned constitutive models. To this end, an
ad hoc Beam Finite Element (FE) code has been developed by using
a Fortran solver and GID as pre- and post-processor. A preliminary
study on the same topics was already performed in 2010 [10].
It is worth underlining that, because of their typical loading
conditions (prevailing axial force), columns are best-suited to
highlight critical aspects related to concrete behaviour in
compression.

Generally speaking, the simulation of heat-exposed R/C struc-
tures in fire would require the solution of an hygro-thermo-me-
chanical problem. If spalling is neglected, however, the hygral
framework can be disregarded and only the thermo-mechanical
problem can be dealt with. This can be performed by using either
3D FE [2,7,11] or 1D FE models [12-15]. In the present study, since
spalling is not considered, the thermo-mechanical problem only is
taken into account and a Beam FE code is preferred, because of the
simplicity in implementing and the convenience for structural
design (where a simple and time-saving approach is surely pre-
ferable). As a matter of fact, in the literature also simplified ana-
lytical models for the evaluation of the time to failure of slender
R/C members have been proposed for simple loading and restraint
conditions [16,17].

2. Concrete behaviour in compression during heating
2.1. Concrete kinematics in hot conditions

The kinematics of concrete during heating is characterized by
the presence of four contributions, namely: thermal strain &u(T),
instantaneous stress-related strain €,(s,T), transient strain &¢(a,T),
and creep strain &.(o,T,t). Hence, the load-induced strain
&g.tr.cr(0, T, t) is the sum of three contributions: £(a,T), €u(,T), and
oo, T t).

The thermal strain ey, represents the variation of the specific
length induced by heating; it is a function of temperature only and
is mainly influenced by the aggregate type. The thermal strain is
usually measured on heat-exposed unstressed specimens.

The instantaneous stress-related strain €, occurs instantaneously
in heated concrete at a given temperature upon the application of
an external load (= instantaneous load-induced strain). It is usually
worked out by means of simple compression tests on specimens
heated at a reference temperature T.

The transient strain &, is an additional contribution to the strain
induced by load and seems to be related mainly to the properties
of the cement paste. As such, it could be reduced by increasing the
quantity of aggregates [18]. The transient strain plays a very im-
portant role during heating, because it represents the largest
contribution to the load-induced strain. The most important fea-
tures of the transient strain include: (a) occurrence only during
first heating [19]; (b) irreversibility; and (c) stress-, time- and
temperature-dependency (though time-dependency becomes
negligible for temperatures above 100 °C [1]). It is generally eval-
uated via compression tests performed on specimens heated up to
collapse under a constant sustained level of stress o.

The creep strain €. has basically the same features of creep at
ambient temperature, but with higher values, due to the effect on
the rate of bond breakages of both temperature and water micro-
diffusion between capillary and gel pores [20]. It can be de-
termined by means of compression tests on specimens heated to a
reference temperature T and subjected to a given stress ¢ main-
tained for a time duration t.

As confirmed by experimental evidence [2], the principle of

superposition can be assumed; then, the total strain &, can be
expressed by Eq.(1):

eior(0, T, £) = e(T) + £5(0, T) + (0, T) + £¢(0, T, 1) (1)

Both transient and creep strains bring in a significant increase of
the load-induced strain, thus making concrete apparent stiffness
lower: as already mentioned, this effect has both pros (lower sensi-
tivity to restrained thermal dilation thanks to the relaxation of
thermal stresses [4]) and cons (higher sensitivity to second-order
effects [4,5]). Whether the former or the latter prevails is something
that cannot be foretold, due to the several variables involved in the
problem, such as geometry, structural layout, boundary restraints,
etc. For common values of fire duration, however, the creep strain
plays a minor role compared to the transient strain, and is often ei-
ther neglected or lumped into the transient strain [21].

The models (that implicitly or explicitly include transient and
creep phenomena) considered in this paper will be indicated as
follows:

Model 1: Anderberg and Thelandersson's model [6];

Model 2: Khoury et al.'s model, developed at the beginning of
the 80s, and later refined by Terro [7] for structural
applications;

Model 3: Schneider, Schneider and Franssen's model [8];

Model 4: EC2's model [9].

The main features of the aforementioned models will be now
briefly recalled.

2.1.1. Model 1: Anderberg and Thelandersson
Anderberg and Thelandersson [6] defined transient and creep
strains separately, as expressed in Egs. (2) and (3):

eulo, T) = ktrﬂ;i‘é) Eth
C

(2)

elo, T, t) = 5.3.10-4.0(‘2%).Fe3,04410‘3-(r-20)
f 3 (3)

being ki a constant ranging from 1.80 to 2.35 for ordinary con-
crete, depending mostly on aggregate type (for siliceous ag-
gregates the recommended value is k,=2.35), f.?° the cylindrical
compressive strength at 20°C, f. the cylindrical compressive
strength at temperature T, and t the time expressed in hours.

It is worth noting that the transient strain depends on the
temperature only, through the thermal strain &. On the other
hand, the creep strain depends on both time and temperature.
Considering, however, that according to Egs. (2) and (3) the creep
strain attains significantly smaller values than the other strain
components, generally, the dependency of the load-induced strain
on time is limited.

2.1.2. Model 2: Khoury and Terro

Khoury introduced the concept of load-induced thermal strain
(LITS) as the contribution to the load-induced strain caused by
heating in addition to the purely elastic strain occurring at room
temperature. LITS was evaluated starting from the analysis of
several experimental results obtained at high temperature (up to
600 °C, [1,2,7]) and can be expressed by means of Eq. (4) [7]:

LITS(s, T) = £(0, T) + (0, T) + e, T) — Ei = g0, T) — eg(T)
0
(o2 (o2
_° _ T -2
EO gc,tr,cr(o' ) Eo (4)
where Ey is the initial tangent modulus of concrete in virgin
conditions.



The instantaneous stress-related strain is then divided into two
contributions: (a) purely elastic strain at room temperature, taken
into account by o/Ep, and (b) thermally-induced instantaneous
stress-related strain caused by the decay of the elastic modulus
with temperature, taken into account by LITS together with creep
and transient strains.

LITS is defined as a function of stress and temperature, while
time-dependency is neglected, as reported in Eqgs. (5) and (6):

LITS(0.3f,2°T) = — (43.87 — 2.73T — 6.35.1072T?
+2.19-1074T% - 2.77-1077T%)-107° (5)

LITS(s, T) = LITS(0.3£,%°, T)[0.032 + 3.226;20]

C

(6)

Once the relation between stress and instantaneous stress-re-
lated strain &, is defined (for instance by assuming the stress—
strain diagram proposed by Schneider [22]), the expression of
transient and creep strains, &y = Eu+E&c, Can be obtained by
subtracting the instantaneous stress-related strain &, from
€otrer = LITS+a/Eo.

2.1.3. Model 3: Schneider, Schneider and Franssen

Schneider et al. [8] keep the recoverable component (elastic
strain &) separated from the irrecoverable — or partially irrecov-
erable - components (plastic, creep and transient strains); then
the instantaneous stress-related strain is divided into an in-
stantaneous elastic component &, and an instantaneous plastic
component &p, as expressed in Egs. (7)-(10).

eor(0, T, £) = e(T) + eei(0, T) + epi(0, T) + e(0, T) + eo(0, T, £) - (7)

o(t)
E(T, ) (8)

gel(T- (l) =

E(T, a) (9)

a(t)
D=1+ ¢)=——=
Ec,tr,cr(g ) ( (P)E(T) (_10)
where a=q(t)/f2° takes into account the influence of the load
history, k is a function (see [8]) and ¢ is the transient creep function
defined via Eqs. (11) and (12):

¢ = Gtanh (T - 20 °C) + Gtanh (T - T,) + G (11)

% = 0.3107w% +2.2.107% < 2.8.107 (12)

being w the moisture content expressed in % by mass, and Cy, Gy,
Cs, and T parameters that can be determined according to [8]. It is
worth noting that the transient creep function does not depend on
time.

The term ¢ o(t)/E(T) comprises plastic, transient and creep
strains, and also part of the elastic contribution. The model takes
into account the influence of the load history on the decay of
concrete mechanical properties during heating through coefficient
a. As shown in Eq. (10), however, the influence of the load history
on the load-induced strain is negligible, according to the available
experimental results [8].

The instantaneous stress-related strain &, taking into account
both elastic and plastic contributions, is defined according to
Schneider [22]; hence, the expression of transient and creep
strains, &.cr, can be obtained by subtracting &, from €, trcr-

2.14. Model 4: EC2

In order to simulate concrete mechanical response during
heating, it is also possible to follow the approach suggested by
EC2, in which the total strain is split into two components only
(implicit formulation):

gtot(”v T)= Sth(T) + Sc,tr,cr(o-v T) (]3)

Obviously, the use of Eq. (13) requires &+ to be properly
defined in order to take into account all the strain components
induced by the load, such as the instantaneous stress-related
strain, the transient strain and the creep strain. On the other hand,
this implicit formulation greatly simplifies the iteration procedure
that is required in a non-linear numerical analysis.

2.2. Stress-strain relations

The relationship between stress and instantaneous stress-re-
lated strain, that is common to the models illustrated in the pre-
vious section, is generally described by means of the formulation
proposed by Schneider [22], as expressed by Eq. (14) and plotted
in Fig. 1a for different values of temperature:

3£5fCT

85[2 ’ (_’ﬂ (14)

being f.” and e." the cylindrical compressive strength and the
strain at the peak stress at temperature T, respectively.

The strain at the peak stress can be expressed by means of the
expression suggested by Franssen [23], as reported in Eq. (15) and
plotted in Fig. 1b:

o(T) =

el =25107 + 41.10°%(T - 20) + 5.5-10°(T - 20)
<1010 (15)

In EC2's model, although the strain &, . lumps together all
strain components except for the free thermal strain, it is once
again expressed by means of Eq. (14), but much larger values of
the strain at the peak stress " are adopted with respect to those
suggested by Franssen [23]. In this way, all the load-induced
components of strain are implicitly taken into account by in-
creasing concrete deformability.

The descending branch in EC2's model can be expressed by
either a linear or a non-linear curve (this latter being implemented
in the present study) from the compressive strength f.” to zero
when the ultimate strain £, is attained (Fig. 2).

In Fig. 1b the comparison among the values of &, provided by
EC2 and by Eq. (15) [23], and the peak values of the load-induced
strain &g rerpeak  €valuated according to the three explicit
models is presented. It is worth observing that up to 500 °C, the
peak strains &g, tr.cr.peak €valuated according to Models 1 and 2 are
close to each other and higher than both the peak strains £, (EC2,
Model 4) and &g trerpeak Of Model 3: the deformability of
Models 1 and 2 in the ascending branch is larger than that of
Models 3 and 4.

In Fig. 1c the initial tangent stiffness of the stress - load-in-
duced strain relation, o(& «cr,), according to the different models is
shown, while in Fig. 1d the same values are normalised with
respect to the tangent stiffness of Model 4. It is clear that up to
600 °C Model 4 exhibits the largest stiffness, while Models 1 and
2 are very close and characterized by the largest deformability. For
higher values of temperature, the situation strongly changes, even
though stiffness becomes quite negligible (less than 5% of the
value at room temperature). As for the values of f.T and &', re-
ference can be made to the provisions of EC2 [9]. In Fig. 2a-f, the
stress — load-induced strain diagrams obtained via the four models
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for different temperatures are shown, together with the in-
stantaneous stress—strain law by Schneider [22].

3. Steel behaviour at high temperature

The total strain in heat-exposed steel consists of three compo-
nents: (a) thermal strain, (b) instantaneous stress-related strain and (c)
creep strain. In the following, the instantaneous stress-related strain
and the thermal strain were evaluated according to EC2.

Experimental results reported in the literature show the occur-
rence of creep phenomena [21,24], which become significant only for
very high temperature and loads applied for long periods. Hence, this
contribution is generally neglected [12], also because it is partially
taken into account (implicitly) in the constitutive law given by EC2.

4. Finite element analysis

In order to investigate the structural implications of the four
presented concrete models on the response of rather simple heat-
exposed R/C members, such as beams and columns, a FE code for
the thermo-mechanical analysis of beam elements has been de-
veloped by using a FORTRAN solver, together with the pre- and
post-processor GID.

Generally speaking, the problem of heat-exposed R/C members
involves a hygro-thermo-mechanical problem, in which the three
layouts are strongly related. In the last years, as a matter of fact, a
few authors have developed numerical analyses regarding all the

aforementioned aspects [2,20,25], leading to complex mathema-
tical models capable of capturing: (a) the pore pressure field due
to mass transport and water vaporisation; (b) the thermal field
considering the heat transferred by the fluids in relative motion
with respect to the solid skeleton; and (c) the development of
stresses induced by restrained thermal dilation and external loads.
These analyses proved to be effective in predicting the experi-
mental behaviour and in getting a deeper insight into the different
physical phenomena, but are rather time-consuming and, therefore,
not very appealing from the structural point of view. Hence, in the
present study, another approach has been pursued. As in the case of
previous works by other authors [4,13,14], the basic assumption that
thermal behaviour influences mechanical behaviour - but not vice
versa - is retained. Moreover, since the spalling phenomenon is not
considered (also in view of the experimental results considered in
the following), the hygral layout is completely disregarded. As a
consequence, the implemented thermo-mechanical analysis is se-
quentially-coupled, and the solution of the problem can be sub-
divided into two parts [4,13,14]: thermal and mechanical analyses.

4.1. Thermal analysis

In the thermal analysis, the effect of heat on the cross section is
applied via convection and radiation, while conduction is considered
inside the cross section. The three phenomena are governed by
Newton's, Stefan-Boltzmann's and Fourier's laws, respectively.

The temperature is assumed to be uniform along the length of
the member as in [4,13,14]; hence, the thermal problem is reduced
to a 2D problem.
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In the present study, triangular elements with three nodes
(hence, with linear shape functions) have been used. The Gauss
quadrature was implemented by using three integration points in
the 2D domain and two points for each side of the triangle in the
1D contour-domain. The non-heated boundaries are considered
adiabatic: this is a conventional choice that proved to be con-
servative [26], because it leads to higher temperatures inside the
section core.

The backward Euler method was used for the integration in the
time domain, as in [2,25]. Being concrete thermal properties
functions of temperature, the problem is non-linear, and its

solution is found by iteration. Within this procedure, convergence
was evaluated by checking the maximum error among all nodal
temperatures of the mesh.

As regards the variation of concrete thermal properties with
temperature, the formulations proposed by EC2 have been used.
As it is usually done in R/C members, the thermal analysis was
performed neglecting the presence of the steel bars [13,14].

To validate the developed code in performing thermal analysis,
a square concrete section (30 x 30 cm?), heated on four sides ac-
cording to the ISO 834 Standard Fire has been numerically mod-
elled, and the results have been compared with the temperature
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profiles given in Annex A of EC2, as shown in Fig. 3. The role of the
moisture is taken into account in the simplified way suggested by
EC2, through the introduction of a peak in the specific heat be-
tween 100 and 200 °C. The comparisons shown in Fig. 3 indicate
that the temperature profiles evaluated by means of the developed
code are in very good agreement with those provided by EC2, thus
confirming the validity of the code implemented for the purpose
of the analyses presented in the following.

4.2. Mechanical analysis

Once the thermal analysis has been carried out, and the tem-
perature is known at any given point of the cross section and for
any given fire duration, the mechanical analysis is performed. The
traditional assumptions concerning slender Euler-Bernoulli beam
elements are mantained as in [14,27], namely: (a) plane sections
remain plane, and (b) negligible shear deformation of the sections.
In all cases, perfect steel-to-concrete bond is assumed, and the
contribution of concrete in tension is neglected.

The deformed shape of the beam elements is a function of the
6 nodal degrees of freedom (two translations, and one rotation per
node for plane beam elements) via the usual linear and cubic
shape functions for the axial and flexural behaviours, respectively.

The stiffness matrix and the vector of the equivalent nodal
forces are worked out by means of the traditional beam FE theory
for linear elastic problems, taking into account the role played by
the coupling between axial force N and bending moment M that
typically occurs in the case of non-linear constitutive laws [27].

Once the stiffness matrix and the vector of equivalent nodal

forces are assembled, the equilibrium of the structure can be im-
posed by the well known system of equations reported in Eq. (16):

(Ke-Ke)g=Em+E— Kg=1f (16)

where K is the structural stiffness matrix, K. is the geometric
matrix ([4,27], taking into account second-order effects because of
the coupling between axial loads and flexural deformations/dis-
placements), q is the vector containing the nodal translations and
rotations, Fiy, is the vector of the nodal forces equivalent to the
restrained thermal strains, F is the vector of the external nodal
forces. Clearly, the collapse of a structural element is determined
when static equilibrium is no longer possible, namely when the
global stiffness matrix K becomes singular for the first time (global
failure).

The elastic modulus E is defined as secant modulus, that is the
ratio between the applied stress ¢ and the total load-induced
strain &g . Obviously, E is a function of both temperature and
stress, making the structural problem non-linear; hence, the so-
lution requires an iterative process. The convergence has been
evaluated by checking, at each step i of the analysis, the difference
between the external and the internal forces, f and K q, respec-
tively. As regards the convergence of the non-linear problem, the
use of the secant elastic modulus guarantees a higher stability
with respect to an approach based on the tangent elastic modulus,
which is, on the contrary, faster.

The integration along the beam axis was performed by Gauss
quadrature with three points, while the integration on the section
was performed with three Gauss points per triangular element
(the same mesh of the thermal analysis was used).



For the numerical analyses, a generic structural member is
subdivided into different longitudinal segments (at least six beam
elements).

5. General considerations on the structural behaviour of R/C
columns

To draw some general considerations on the different models
presented in the previous sections, and to assess the reliability of
1D numerical analyses in understanding the thermal and me-
chanical response of R/C members, some real columns tested in
the framework of different experimental campaigns on full-scale
specimens are simulated; the results of the numerical simulations
are, then, compared with the test results. Note that (a) all the tests
considered in the following were carried out under a monotonic
fire scenario (ISO 834, ASTM E-119 or similar) with no cooling
phase, and (b) failure was considered to be attained whenever the
testing machine was no longer able to maintain the load applied
on the specimen. Therefore, all the considerations that will be
drawn are relevant for problems where collapse is likely to occur
during the heating phase. Besides, three of the four models that
will be used for simulating concrete behaviour are intended for the
heating phase only, with no clear indication on concrete behaviour
upon cooling. It is worth noting that the columns examined in the
following subsections did not exhibit significant spalling during
the heating phase: therefore, no section reductions were taken
into account in the thermo-mechanical analyses.

5.1. Concentric load

The first set of experimental data consists of three R/C columns
made of siliceous concrete, with square/rectangular section, tested
by Lie and Irwin [28]. In Fig. 4 the cross section and the position of
the reinforcing bars as well as the reference points for the tem-
perature measurements are shown for each column.

Columns 1 and 2 were heated along four sides following the
ASTM E-119 temperature-time curve, while Column 3 was sub-
jected to ASTM E-119 for about 30 min, and then to a temperature-
time law approximated by equation T = 14.88t+831.8, with T in °C
and t in hours (see Fig. 5a). The columns were clamped at the two
ends, with a concentric load applied before the fire and main-
tained constant throughout the test. The data of the different tests
are summarised in Table 1.

In Fig. 5¢ and e, the temperature measured experimentally and
evaluated numerically at the reference points for the two types of
cross section (Columns 1, 2 and Column 3) are shown as a function
of the fire duration: the agreement between numerical analyses
and experimental results is in all cases rather good, especially
beyond 200 °C. Note that the experimental temperature-time plots

a

) N
&0.305 m

concrete cover
48 mm

+ refence point
(13, 64, 152 mm
from the surface)

in Fig. 5¢c were obtained by averaging the temperatures at different
points of the section of Columns 1 and 2 (that are nominally
identical as for geometry and boundary conditions) along the
height of the columns.

In Fig. 5b, d and f, the evolution of the elongation is reported for
the three columns, according to both the experimental measure-
ments (grey line) and the numerical simulations (black line). Both
first-order (black dashed lines) and second-order (black con-
tinuous lines) calculations were performed. For these three ex-
amples, moreover, a structural analysis disregarding transient and
creep strains has been performed, by using Schneider’s basic law.
This last model is indicated in the figures as “No LITS” and allows
to highlight the role played by transient and creep strains.

Looking at the plots representing the axial elongation, it is
worth noting that the general trend obtained assuming the dif-
ferent models is the same. The differences among the models are
minimal in the ascending branch, where the deformations are
controlled by the thermal dilation, while they become sizable after
the peak, where the effect of loading and reduced axial stiffness
prevails. Rather good agreement is obtained both in terms of
displacements as well as with regards to the time to failure, as also
shown in Table 2. The lines representing the experimental data, in
fact, lie inside or very close to the region bounded by the nu-
merical results obtained with the four considered models (grey
shaded areas in Fig. 5b, d and f).

Nonetheless, the differences among the models in the time to
failure are much less sizable than the differences in terms of dis-
placements. Eventually, Fig. 5 shows that the introduction of sec-
ond-order effects via the geometric stiffness matrix K. brings in an
important reduction of the failure time, in spite of the clamped
ends and the limited height (3.8 m). Comparing the four models, it
is plain to see that the stiffer the model, the lower the decrease of
time to failure caused by second-order effects. Notably, since the
axial load is concentric and the columns are heated on four sides,
there are no lateral deflections prior to collapse; therefore, the
ultimate situation is attained as a pure bifurcation-type buckling
instability, that is triggered by the singularity of the stiffness ma-
trix. Obviously, this situation is an idealised representation of what
happens in reality, where (a) the temperature inside a furnace and
the temperature profiles inside the section are surely not perfectly
symmetric; and (b) accidental, though small, eccentricities of the
axial loads are always present.

5.2. Eccentric load

A series of full-scale tests on heated R/C columns, made of si-
liceous concrete, subjected to both concentric and eccentric loads
were carried out at the Technical University of Braunschweig [29].
Three full-scale tests involving columns heated according to the ISO
834 Standard Fire and axially loaded with different values of

A4 fixed

Fig. 4. Cross section, arrangement of the bars and location of the reference points for the measurement of temperature - (a) Column 1, (b) Column 2, (¢) Column 3;

(d) boundary conditions; Lie and Irwin [28].
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Fig. 5. Typical temperature-time curves (a), plots of the temperature development as a function of time in three reference points - (c) Column 1,2, (e) Column 3 - and of the
axial elongation during heating - (b) Column 1, (d) Column 2, (f) Column 3 - according to the four models.

Table 1

Geometrical and mechanical parameters of the columns tested by Lie and Irwin

[28].

Column Dimensions

L (m) f, (MPa) f.(MPa) Load

e (mm) Failure

(mm x mm) (kN) (min)
1 305 x 305 3.8 444 36.1 1067 0 208
2 305 x 305 3.8 444 42.6 978 0 252
3 305 x 457 3.8 414 42.5 1413 0 396

Table 2

Time to failure according to the experimental results [28] and to the four numerical
models. t, tey, = numerical, experimental time to failure.

Column 1 Column 2 Column 3
t (min) tftexp t(min) tftexp t(min) texp
Model 1 195 094 240 095 395 1.00
Model 2 192 092 236 094 384 0.97
Model 3 205 0.99 245 0.97 405 1.02
Model 4 202 097 249 099 399 1.01
Experimental 208 - 252 - 396 -




Table 3
Geometry and mechanical properties of the columns tested by Hass [29].

Column Dimensions L (m) f, (MPa) f.(MPa) Load e (mm) Failure

(mm x mm) (kN) (min)
Hass 1 300 x 300 3.76 487 241 710 30 86
Hass 16 300 x 300 476 462 30.7 460 90 75
Hass 21 300 x 300 3.80 418 33.2 780 50 125

eccentricity were simulated numerically. The geometry and
the mechanical properties are reported in Table 3, while the
arrange-ment of the bars and the boundary restraints are shown
in Fig. 6.

The results concerning the evolution of the first-order axial elon-
gation at mid-height are shown in Fig. 7a, ¢ and e (black dashed lines).
As in the columns tested by Lie and Irwin, Models 1 and 2 lead to very
similar results, and are characterized by the largest deformability, while
Model 4 is characterized by the stiffest response. For each model, the
introduction of second-order effects (black continuous lines) causes a
very sizable decrease of the fire resistance. Also in this case, the
differences among the four models are minimal, especially in the
ascending branch. Moreover, both first-order and second-order
calculations bring in time to failure values which are always com-
prised within rather narrow bands (grey shaded areas in Fig. 7).

Table 4 shows the comparison among the experimental time to
failure (that is represented with vertical dashed lines in Fig. 7) and
those evaluated numerically. Fig. 7b, d and f show the results
concerning the same columns in terms of lateral deflection at mid-
height. The considerations made with reference to the axial dis-
placement are still valid. In this case, the failure becomes more
evident, with the typical increase of the lateral displacement rate
(runaway failure), particularly when second-order effects are taken
into account. Contrary to the case of columns subjected to con-
centric loads, the lateral displacement is not zero, even for low
values of fire duration.

The role played by second-order effects and decay of the
bearing capacity is clearly shown in Fig. 8, separately for Models
1-4 in the case of the reference column “Hass 1”.

Fig. 8a and b show the acting bending moment and the bearing
capacity in bending of the most stressed section as a function of the
fire duration: in the first 20 min of heating, the acting bending
moment, including second-order effects, is rather constant
(=23.4-25.9 kNm), showing that second-order effects are limited;
beyond 30 min, the bending moment reaches a value close to 28
kNm for all the Models, while, at failure, it ranges from 92 (Model
3)to 104 kNm (Model 1).

Therefore, at impending collapse, the moment is up to
4.5 times the initial value. On the other hand, the sectional bearing
capacity, for the imposed axial load of 710 kN, ranges initially
between 162 (Model 1, 2, 3) and 164 kNm (Model 4) and becomes
equal to the external moment at the time to failure (decrease of
36-43%).
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Fig. 8a and b clearly show that: (a) the decay of the sectional
bearing capacity and the increase of the acting bending moment
due to second-order effects both play an important role (probably
the latter more than the former) in triggering the collapse; (b) the
resistant moments evaluated according to the explicit models are
very close to each other, while EC2's model leads to slightly larger
values due to the more soft post-peak branch (see Fig. 2); (c) the
differences in terms of time to failure among the four models are
mostly related to the increase rate of second-order effects
(hence, to the deformability) rather than to strength. Although
Model 3 leads to the lowest value of resistant moment during
heating, in fact, it leads to the highest fire resistance among the
explicit models thanks to its larger stiffness.

Fig. 8a also shows that for the models characterized by the
largest deformability (Models 1 and 2) the dramatic increase of
acting bending moment begins for lower fire durations than for
Model 4 (that is the stiffest): as a consequence, the structural
behaviour seems to be controlled mainly by the ascending branch
of the constitutive law.

An alternative representation of the role played by second-or-
der effects and decay of the bearing capacity is given in Fig. 8c-f,
where the M-N interaction envelopes and the points representing
the external forces are plotted as a function of the fire duration for
Models 1-4. Once more, it is confirmed that (a) the increase of the
acting bending moment and the decrease of the bearing capacity
in bending both play a significant role; (b) no sizable difference
can be observed among the different models in terms of bearing
capacity.

Finally, the curve representing the bending moment due to the
applied loads intersects the resistant moment with an almost
vertical tangent; this means that the time to failure is more sen-
sitive to the correct evaluation of second-order effects (hence, to
concrete deformability), rather than to refinements in the calcu-
lation of the resistant moment.

6. Comparisons between experimental and numerical results

So far, all the considerations were focused on the differences
among the four constitutive models. It is now interesting to compare
the overall ability of the models to correctly predict the time to
failure measured during full-scale tests. To this end, the structural
behaviour of 55 R/C columns tested in the laboratories of the Tech-
nical University of Braunschweig (39 tests) [29] and of the University
of Ghent (16 tests) [30] was simulated numerically, and the time to
failure was calculated according to the four models taking into ac-
count second-order effects. Significant spalling occurred only in four
cases (among the columns tested at the University of Ghent): those
columns were not considered in the simulations.

The numerical results were obtained on the basis of the nom-
inal values of the mechanical properties, as declared by the
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Fig. 6. Cross section and rebars layout of the three columns (a); boundary restraints of columns “Hass 1” and “Hass 16” (b), and of column “Hass 21" (c); Hass [29].
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Fig. 7. Plots of the axial deformation - (a) Hass 1, (c) Hass 16, (e) Hass 21- and of the lateral deflection - (b) Hass 1, (d) Hass 16, (f) Hass 21 - as a function of time, evaluated

numerically according to the four models.

Table 4

Time to failure according to the experimental results [29] and to the four numerical

models. t, tey, = numerical, experimental time to failure.

Hass 1 Hass 16 Hass 21
t (min) t/texp t (min) t/texp t (min) t/texl’
Model 1 79 092 63 0.84 119 0.95
Model 2 81 094 64 0.85 122 0.98
Model 3 86 1.00 68 0.91 128 1.02
Model 4 89 1.03 73 0.97 133 1.06
Experimental 86 - 75 - 125 -

authors of the tests. Where no clear indications were provided,
reference was made either to the reference values of Models 1,
2 and 3, or to the provisions of EC2 for Model 4.

The results are presented through the ratio between
the calculated time to failure (tp04e;)) and the time to failure
measured in the tests (tws:). The values of the ratio tmodel/ttest
were calculated separately for each of the four models,
and four statistical distributions were obtained (Fig. 9; range 0-2).
Clearly, the results characterized by tmodel/trest <1 are on the
safe side.
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Fig. 8. Column Hass 1: plots of the resistant and of the acting moments as functions of time - (a) t <90 min and (b) full plot; (c-f) plots of the M-N interaction envelope

during heating, according to the four models.

The numerical simulations taking into account creep and
transient strains tend to give smaller values of fire resistance than
those measured experimentally; in any case, the overall agreement
between the numerical analyses and the experimental results is
satisfactory. Among the four models, Models 1 and 2 are the most
conservative, with a mean value of tyodel/tiest €qual to 0.83;
Model 4 brings in the best agreement (mean value of 0.96), while
Model 3 is in an intermediate position (mean value of 0.91).

The standard deviations range from 0.25 to 0.27 and are similar

to those commonly found in the literature. Clearly, better results
could be obtained if the temperature-dependant mechanical
properties of concrete used in the simulations were calibrated on
suitable experimental data; herein, reference was made in all cases
to the standard decay curves provided in EC2.

Fig. 10a and b show the ratio between the values of time to
failure evaluated according to the explicit models (Models 1, 2
and 3) and those by EC2 (Model 4). These populations of data
(tModel1,2,3/tModela) have very low standard deviations (from 0.03 to
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0.05) and mean values of 0.86 (Models 1 and 2) and 0.95 (Model
3). Hence, Anderberg and Thelandersson’s and Khoury and Terro’s
models give values of time to failure 14% smaller than EC2 (on the
average), while Schneider et al.'s model only 5% smaller, being
these trends characterized by great repeatability.

It is worth noting that the differences between the numerical
predictions and the test results (represented by standard devia-
tions in excess of 0.20) are surely partly due to the scattering of the
test results alone; as a matter of fact, there are several cases where
nominally-identical test specimens give different results.

7. Conclusions

In the present paper, the results obtained via a Beam Finite
Element code aimed at the thermo-mechanical analysis of re-
inforced concrete members in fire are presented. Four different
constitutive models for concrete compressive behaviour in hot
conditions were considered, in order to highlight the differences
between explicit and implicit formulations of the stress-strain
relationship.

On the basis of the numerical modelling of a significant number
of real-scale tests on R/C columns subjected to Standard Fire, some
general conclusions can be drawn:

® A Beam Finite Element approach, which considers both tran-
sient and creep deformations, and second-order effects allows
to perform numerical analyses consistent with the experi-
mental behaviour of concrete in hot conditions, for both ex-
plicit and implicit constitutive models;

® Second-order effects sizably affect the time to failure of R/C
members subjected to axial load (with or without eccentricity),
even in relatively short columns (3-6 m), this being the reason
why concrete stiffness is a key parameter;

® The time to failure (thus, the fire resistance) increases with
concrete stiffness, because the decrease of the resistant mo-
ment is more than offset by the reduction of second-order
effects;

® The explicit models by Anderberg and Thelandersson, and by
Khoury and Terro lead to very similar results and are char-
acterized by a larger deformability and by smaller values in
terms of fire resistance (expressed in terms of time to failure)
with respect to the other models;

® The model proposed by EC2 - Fire Design is the stiffest and
leads to the highest values of time to failure;

® |n terms of agreement between numerical and experimental
results, the model proposed in EC2 - Fire Design, that is the
most appealing from the designer's point of view because of its
simplicity in implementation, appears to be the best; it is worth
noting, however, that the EC2 provisions could have been ca-
librated on the same database that was used in the present
paper.

Generally speaking, a Beam Finite Element model proved to be
reliable for all the four constitutive models, leading to a rather
good agreement with the experimental results. It is reasonable to
assume that even better results could be obtained, if the im-
plemented constitutive law for concrete was calibrated on the
basis of experimental investigation.
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