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Abstract A design-oriented numerical model for the
analysis of RC, FRC, and RC-FRC tunnel sections
exposed to fire with different spalling parameters is
presented. The numerical model is conceived in two
steps: the first is the determination of the temperature
field in the cross-section exposed to fire according to
the spalling parameters; and the second is the deter-
mination of the bearing capacity of sections based on
the thermal field in the section. At last, a parametric
study was conducted to evaluate the effect of the fire
curve, the spalling parameters, the reinforcement type,
and the rebar’s concrete cover on the bearing capacity
of the sections. The results showed that the use of FRC
as total or partial substitution to RC mitigates the fire-
related reduction in the bearing capacity of the
sections. Moreover, increasing the RC concrete cover
is beneficial only if thermal spalling is avoided. When
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thermal spalling occurs, the FRC and RC-FRC solu-
tions yielded the lowest reductions in the bearing
capacity among the reinforcement solutions tested.
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1 Introduction

Fiber reinforced concrete (FRC) is a composite
material that may partially or totally replace the
reinforced concrete (RC) in structural applications. In
the last decades, a steadily increase trend in the
amount of urban tunnels built with FRC pre-cast
segments was verified due to the benefits provided by
adding randomly distributed fibers into concrete [1].
When comparing the structural behavior of RC and
FRC segments, the results of a full-scale experimental
campaign show that the same load level conditions
may be reached by FRC segments with advantages in
terms of performance and cost [2]. The performance
benefits are mostly related to the enhanced material’s
response to impact, diffused, and concentrated loads
during the storage, transportation, and assembly of the
pre-cast segments, as well as improved corrosion
resistance [3-5].

In the last three decades, pernicious effects of fire
were reported in several tunnels in Europe [6].
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Table 1 Input parameters adopted for the thermo-mechanical
simulation

Property Input value
H (mm) 400
B (mm) 1000
fea MPa) 45
fr3a (MPa) 3.0
fsa (MPa) 434
Initial temperature (°C) 25
Concrete density (kg/m®) 2400
Specific heat (J kg=' K™ 900
Convective heat coefficient (W m™2 K™Y 25
Thermal conductivity (W m™! Kfl) 1.6
Emissivity 0.9

Because of this, researchers focused on evaluating the
mechanical properties of FRC as a function of
temperature [7—14] and developed progenitive full-
scale experimental programs to evaluate the reduc-
tions in load bearing capacity and the deformation of
the tunnel rings during fire [15]. In 2018, Di Carlo
et al. [16] proposed a numerical model capable of
assessing the bearing capacity of FRC sections
considering different geometries, materials’ proper-
ties, and fire scenarios. The numerical model
employed a staggered analysis in which the thermal
model computes the temperature distribution along the
cross-section and the mechanical model computes the
moment-axial (M-N) interaction envelopes based on
the equilibrium equations. The aforementioned model
was later implemented by other researchers in litera-
ture for the parametric analysis of a FRC subway line
tunnel in the city of Sdo Paulo, Brazil [17].
Moreover, advances have been reported in under-
standing the complex mechanisms governing the
occurrence of thermal spalling in concrete, especially
related to the influence of the materials’ properties, the
section geometry, and the fire scenario [18]. This
phenomenon negatively affects the bearing capacity of
tunnels [19] mostly due to the reduction of cross-
sectional area, which may reach more than 50% in
severe cases [15, 20]. In this sense, some predictive
numerical models capable of estimating the occur-
rence of thermal spalling in plain concrete and FRC
have been developed at micro- and meso-scale
[21-24], however engineer-oriented models focused

on the design of tunnels are scarce. More than that, the
effect of spalling on the temperature distribution in the
cross-section is often disregarded and this might lead
to unsafe designs.

The current guidelines provide limited amount of
information regarding the influence of fire and thermal
spalling on the bearing capacity of FRC sections, as in
state-of-the-art reports published by the ITA [25] and
the fib Bulletin 46 [26]. The importance of evaluating
the effect of spalling on tunnels is highlighted in the fib
Bulletin 83, however the state-of-the-art report does
not provide any spalling-related parameter to evaluate
the fire resistance of tunnels [27]. Moreover, the fib
MC-10 does not provide parameters oriented to the
fire-design of FRC structures with or without the
occurrence of thermal spalling [28]. Therefore, it is
noticeable the lack of studies and parameters related to
the effect of thermal spalling on the bearing capacity
of tunnel segments. As a consequence, there are
limited design-oriented tools to assess the fire safety
conditions of TBM tunnels.

In this sense, the current paper presents a thermal—
mechanical model to calculate the bearing capacity of
RC, FRC, and hybrid RC-FRC sections exposed to fire
considering the occurrence of thermal spalling. The
bending bearing capacity is assessed by means of the
bending-axial force (M-N) interaction envelopes,
which are computed considering the distribution of
temperatures and the respective mechanical properties
in the cross-section. Finally, a parametric study
varying the fire curve, the spalling parameters, the
reinforcement type, and the concrete cover was
conducted. Therefore, the results represent a valuable
reference for standards and guidelines, as well as for
designer’s focused on tunnel structures.

2 Thermo-mechanical numerical model

This section presents the fundamental concepts for the
development of the thermo-mechanical numerical
model to assess the bearing capacity of the sections
exposed to fire. The heat transfer model was based on
the Fourier heat transfer equation [16, 17] and applied
to the tunnel segments, while the mechanical model
was based on the work of Di Carlo et al. [16]. The
numerical model implemented for this study is based
on a staggered analysis that decouples both thermal
and mechanical problems, the thermal spalling
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phenomenon being simulated by imposing spalling
(R,,) and section lost (s, ) rates. Even though the model
developed simplifies the strongly dependent thermo-
hygro-mechanical phenomena, it is valid and suit-
able for pre-design purposes.

2.1 Heat transfer model

The heat transfer through an isotropic solid body can
be described by the Fourier heat transfer equation, as:

V(KT) +Q = pC (1)

where K is the thermal conductivity; c is the specific
heat; p is the density; Q is the volumetric heat flux; T'is
the temperature; and ¢ is the time. The heat transfer
though concrete may be described in one-dimension
planar conduction with no internal heat generated
when considering a concrete fully hardened. This
assumption may be considered in the central zone of
the segments, which represents the greatest portion of
the element. However, the regions of contact between
segments may be better described by a two-dimension
conduction since lateral heating may influence the
temperature distribution [29], which needs to be
addressed in future research. Based on this assumption
and the discussion provided, Eq. 1 reduces to:

T\ or
«(52) =5 @)
where o = %

In this sense, a numerical model based on the finite
difference method (FDM) was developed to solve the
Fourier heat transfer equation. The space—time domain
was divided in preset constant values (discreate
approach) and the differential equations were approx-
imated by FDM. The numerical model adopted a
closed space—time domain R:

R={(z1):0<z<L,0<t<tp.} (3)

where z is the spatial variable; L is the length of the
cross-section; ¢ is the time related variable; and t5,, is
the maximum duration of the fire event. The points
within the space—time domain are equidistant and

identified according to:
z=>G0—-1)Az, i=12,...,n (4)

tj:(j*I)At, j:1727"'7m (5)

where n and m are the number of points and time
instants, being Az = L/(n — 1) and A=tz /(m—1).
The computation of the second derivatives of the
temperature with respect to the spatial variable at a
point z € R were solved by the FDM approach, as:

T _ T(z+Az,1) = 2T(z,1) + T(z — Az,1)
0z2 (Az)*

(6)

while the first derivative of temperature related to
time is computed as:

OT _T(zt+Ar) —T(z1) )
or At

Substituting the Eqs. (6) and (7) into Eq. (2) it is
possible to determine an equation to compute the
temperature at t = j + 1 given that the temperature at
the ¢ = j is known, which is described as:

Tiji1 = (1= 2k)Tyj + k(Ti1j + Tio1y) (8)

where k = aAt/Az>. The FDM results are stable if the
condition 20cAt < Az? is satisfied. Considering that K is
a function of temperature, a change in temperature
scale is convenient to solve the thermal problem (see
Di Carlo et al. [16]). Nevertheless, the numerical
results obtained considering the independence of K
from T were found to be sufficiently accurate from the
design point of view when these were compared with
the profiles presented in Di Carlo et al. [16].

2.2 Initial and boundary conditions

The room temperature thermal equilibrium is consid-
ered at the beginning of the numerical simulation. The

net heat flux (}i,,e,) transferred from the fire source to
the surface of the FRC segment is the sum of the heat

flux components convection (h.) and radiation (h,),
according to the Eq. (9):
h.net - }ic + h.r

= 0.(Ty = T,) + ¢ [(Tf +273) (T, + 273)*

©)

where o, is the convective heat transfer coefficient (in
W m~? K1) ¢ is the Stefan-Boltzmann constant (in
W m 2 K_4); ¢ is the dimensionless emissivity
ranging from O (perfect reflector) to 1 (perfect
absorber); T is the temperature of the fire source at
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Fig. 1 Illustration of the heat transfer model developed

a given t value; and Ty is the temperature at the surface
of the FRC segment at given ¢ value. Figure |
illustrates the heat transfer model developed consid-
ering the heat flux transferred and the convection
described by the discretized Fourier heat transfer
equation.

The effect of spalling is considered in the bearing
capacity of FRC segments by reducing the height of
the section (H) during the fire event accordingly. This
reduction is implemented during the thermal simula-
tion of the composite and results in a cross-section that
varies as a function of time. The spalling rate (in mm/
h) and the maximum depth of spalling (in mm) are
considered the input parameter for simulating the
spalling process. These parameters may be determined
based on an experimental program using vertical fire
simulators and a concrete mix representative of the
segment [30]. In these experimental programs, spal-
ling initiation time versus depth diagrams are often
used to determine the spalling rate [31]. The spalling
rate is established to compute the time required for a
concrete thickness (Az) exposed to elevated temper-
ature to be spalled, by applying the Eq. (10).

3600.Az
ty = =

(10)

sp

where t,, is the time required for one discretized unit
of Az to be spalled (in seconds); Ry, is the experimen-
tally determined rate of spalling (in mm/h); and Az is

the spatial subdivision of the section (same employed
in Eq. 4). Therefore, the concrete thickness measuring
Az are removed from the thermal analysis every £,
seconds until the maximum depth of spalling is
reached.

Therefore, every t,, seconds the spalling condition
is reached, which results in the removal of the
currently active Az layer that is closer to the fire
source. The removal of the Az layer occurs by moving
the position of the surface affected by fire (i.e. T;.; )
one discretized Az unit toward the interior of the FRC
and the spalled layer is disregarded in the heat transfer
model implemented. In summary, the model takes into
account that the heat transferred by the fire source, in
the form of A, and #,, begins to affect an inner region
of the specimen (see Fig. 1), without considering the
spalled layers. The aforementioned process occurs
until the maximum depth of spalling accepted by the
designer is reached. The considerations regarding the
changes in the mechanical model as spalling occurs
are provided in Sect. 3.2.

2.3 Thermal and physical properties of FRC

The thermal conductivity (K), specific heat (c), and
density (p) of the FRC are time-dependent properties.
In this sense, the changes in K, ¢, and p are assumed to
vary similarly to plain concrete by the equations
provided by the Eurocode [32]. The specific heat of
concretes produced with siliceous and calcareous
aggregates vary with temperature according to the
Eq. (11).

900, 20°C<T<100°C

o(T) = 900 + (T — 100), 100°C<T <200°C
~ ) 1000 + (T —200), 200°C<T <400°C
1100, 400°C<T <1200°C

(11)

where ¢ is the specific heat of concrete (in
J.kgfl K™"); and T is the temperature (in °C). The
changes in density of concrete occurs due to the
dehydration of hydrated products and consequent
water loss, which may be computed by a multilinear
equation as:



Materials and Structures (2021)54:219

Page 5 of 18 219

s 20°C<T<115°C
p,{l—%}, 115°C<T <200°C
T) = 03(T -2
p(T) pel0.08 = QBT =200] 55500 o7 < a00°C
200
03(T — 4
o {0.95 - W}, 400°C <T < 1200°C

(12)

where p is the density of concrete as a function of
temperature (in kg m>); py is the density of concrete at
room temperature (in kg m~>); and T is the temperature
(in °C). The concrete density at room temperature was
considered to be 2430 kg/m3, based on the work of
Serafini et al. [30]. Lastly, the thermal conductivity of
normal-weight concretes exposed to temperatures
between 20 and 1200 °C can be determined by the
average of lower and upper limit values given by:

T T\
Ky =2 —0.2451 (ﬁ) +0.0107 (ﬁ)

K, =136 —0.136(——) + 0.0057 - ’ (14)
L= ' 100 ' 100

(13)

where K is the upper limit for the thermal conduc-
tivity (in W m~! K™Y; K, is the lower limit for the
thermal conductivity (in W m™! K_l); and T is the
temperature (in °C).

3 FRC bearing capacity

3.1 Constitutive law

The constitutive law employed is based on a stress-
block approach defined by the design compressive

strength (f.;) and the design post-crack tensile strength
for the ultimate crack-opening (fr..q), as show in

Fire-exposed surface

Fig. 2 Stress-block constitutive law adopted for the FRC

I

Fig. 2. The mechanical properties of the composite are
influenced by the increase in temperature, which is
computed by the use of coefficients of mechanical
degradation as reduction factors in literature [12] and
in design guidelines [32, 33].

In this context, the FRC compressive strength was
calculated as a function of temperature based on the
cylinder compressive strength and the respective
coefficient of mechanical degradation, as:

fck,R

c

fL‘d,T =K. (15 )
where f ., is the design compressive strength at a
given temperature (in MPa); K. is temperature-
dependent coefficient of mechanical degradation;
ferr 1 the characteristic compressive strength at room
temperature (in MPa); and v, is the partial safety
factor, which is taken as y. = 1 in case of fire events
[28]. The mechanical degradation of f.y and fy, are
represented by K. and K, respectively, and defined as
a function of temperature according to the values
prescribed by the Eurocode [32], as shown in Fig. 3.
The Ky value is based on the reductions in the yield
strength of hot rolled steel.

The behavior in tension is computed based on the
rigid-plastic model presented by the fib Model Code
2010 [28] and the tensile strength for ultimate limit
state (ULS) condition may be determined by the EN
14,651 three-point bending test procedure [34]. The
design post-crack tensile strength of the composite can
be calculated as a function of temperature, as:

Jrak 1
Sruar = Kry—— . —

3 (16)

where fr,,, 7 is the design post-crack tensile strength
associated with the ultimate crack-opening (in MPa);
Kry, 1s the coefficient of mechanical degradation for

Sc, inf fl'/m/, 7
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the post-crack tensile strength as a function of
temperature; and fgs, is the characteristic flexural
tensile strength relative to the ULS at room temper-
ature (in MPa). The mechanical degradation of fgq is
represented by Kpy,, which is defined as a function of
temperature according to the experimental results
obtained by Serafini et al. [12] and presented in Fig. 3.
In cases where reinforcing steel is considered, the
design yield strength of steel (f;,) is reduced according
to the yield strength reduction factor (K,) prescribed
by the Eurocode [32], as described in Eq. (17).
fsd,T = I(sy-fsy-i (17)
VF
where f,; is the design yield strength of steel (in
MPa); K Sy' is the coefficient of mechanical degradation
for the yield strength of steel as a function of
temperature; and f, is the characteristic steel yield
strength at room temperature (in MPa).

3.2 Cross-sectional modelling

The procedure begins with the thermal simulation
performed based on the procedure presented in
Sect. 2. After the thermal simulation is completed,
the distribution of temperatures is available in the
points of the cross-section for every instant of time,
respecting the subdivisions adopted in Eq. 4 and
Eq. 5. Once the temperature and the constitutive
relationship of the FRC at that temperature are known,
the equations for the rotational and translational
stability of the cross-section can be written as:

Nsc

N =B fua 1) Az + fua 1) (0.8 — ngc.Az) —
i=1

+ Ny Asu dey(Ts'u~X)'ﬁl - nsl-Aslfsd,(TYhX) -ﬂz

[g—Az.(i—l

2

Nt

Nge

Zﬁ'd<(TI) Az,
i=1

M=B

+

Tt H
Zf Frud,(Toynp41) Az [5
=1

H
“+nyg, .Asu de,(TmA,Z) . (7 -

H
_>} + fed, (1) (0.8x — nge Az). [5

1
— (nst — i+ E) AZ:| +thud«,(TA)-(H —Xx — nS,.Az). |:— — X —

1.0 < o \ —K,
1 ~ ==Ky,
\‘ \'. .. Ksy
08 - ~~~ \.
= A .
8 - S \
g \‘ ..
G .
= 0.6 = \"
.2 v\
k3t i *\
S B
o 04 - \
a7 N
\\‘ A
02 - \ .'\
0.0 L] I L] I T I 1 ' L] I 1
200 400 600 800 1000 1200

Temperature (°C)

Fig. 3 Temperature-dependent coefficient of mechanical
degradation for f,. and fr,,

where n, is the quantity of subsections in the cross-
section; ny,. is the quantity of compressed subsections
located within 0.8x; ny, is the quantity of subsections
subjected to tensile stresses; 7T is the temperature at
the position of the neutral axis; T g, is the temper-
ature at distance 0.2 x from the neutral axis; ny, is the
amount of rebars in the upper region of the section
(extrados); ng is the amount of rebars in the lower
region of the section (intrados); Ay, is the cross-
sectional area of steel (unitary) in the upper region; A,
is the cross-sectional area of steel (unitary) in the
lower region; H is the initial height of the segment; d,

Zmed’(Tn;*ﬂxiJri) .AZ 7fFr”ds(Tx)'(H —X— n‘Vt'AZ)]
i=1

(18)
0.8x

Bx — ng.. Az
08+ ——+1——
X + ) }

H

H—x—ngy.Az
2

2
dsl) -ﬁZ

(19)

2

H
dm) By + g A fea ) (E -
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is the concrete cover at the extrados; dy; is the concrete
cover at the intrados; and the f§; and the [, variables
compute the signal for the contribution of rebars in the
rotational and transitional stability equations accord-
ing to Eq. (20) and Eq. (21), respectively. The latter is
required since the failure planes are accounted by
inputting a vector of neutral axes x contained between
the intrados and extrados of the FRC segment, which is
posteriorly necessary for assessing the M—N interac-
tion envelopes.

dsu_x .
Bi=o du—u 757 (20)
0 ifx:dsu
(-x_H"‘dsl) . H d
By=1< |x—H+dy ifx # (H = dy) (21)
0 ifx:(H—dSl)

According to the discussion provided in Sect. 2.2,
the spalled layers are removed from the analysis
whenever the spalling criteria is reached. The mechan-
ical model computes the spalled layers by setting the
respective coefficient of mechanical degradation at
those layers to zero (i.e. K. = Kgy, = Ky = 0). The
adoption of this procedure means the formulations
presented in Eq. 18 and Eq. 19 remain the same even
when spalling is considered. However, the mechanical
contribution of the spalled layers to the overall bearing
capacity is null due to being factored by zero in
Egs. 15-17.

(a)

3.3 Validation of the model

The validation of the thermal model was conducted by
exposing steel fiber reinforced concrete (SFRC)
prismatic specimens to a vertical fire simulator,
following the same experimental procedure presented
by Serafini et al. [30]. The experimental setup and
heating regime aimed to reproduce the heating con-
ditions at the intrados of a tunnel lining. Prismatic
specimens measuring 150 x 150 x 550 mm were
produced containing thermocouples positioned at
preset distances of 3, 6, 9, 12, and 15 cm from the
surface subjected to fire. The prismatic specimens
were positioned in structural masonry wall and
exposed to a unifacial heat regime following the
HFC (Fig. 4a). The validation of the mechanical
model was carried out by testing the fire-exposed
prismatic specimens under bending according to EN
14,651 [34], being the region closer to the fire
maintained facing downward during the test (Fig. 4b).

Both the experimental and numerical fire-induced
temperature distributions are presented in Fig. Sa.
These results allow confirming that the errors of the
thermal model are below 11% for ¢ = 120 min,
independently of the depth in the SFRC specimen.
Likewise, it is to be remarked that errors decrease as
the exposure time ¢ increases, the maximum error
being below 42% (t < 20 min) in all cases. The latter,
however, is not significant from the design perspective
since the drop of bearing capacity starts to be
noticeable for time exposure superior to 15 min, at
which the thermal model provides reliable results.
Therefore, the thermal model resulted to be capable of

b)

EN I465I —

Fig. 4 a Prismatic specimens positioned and b bending test configuration
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Fig. 5 a Fire-induced temperature distribution and b M, n/M, g considering the experimental and numerical results

predicting the distribution of temperatures within the
section, with sufficient accuracy for structural design
purposes, especially when considering long-time fire
exposures.

For validation purposes, the resisting bending
moment at CMOD = 2.5 mm (M, g) was determined
based on the load-CMOD curves by imposing equi-
librium conditions. The M,, g was then compared to the
bearing capacity obtained numerically (M,n) by
computing the ratio M, /M, g (Fig. 5b), which pro-
vides information on both the model accuracy and the
margin of safety respect to the experimental results.
Likewise, the results presented by Agra [35] were also
been included into the database in order to increase the
representativeness of this validation. In this regard, it
must be remarked that Agra used the same materials
and proportions, while also following the experimen-
tal procedure exposed in Serafini et al. [30]. However,
Agra tested smaller prismatic specimens of
100 x 100 x 350 mm, which does not affect the
results of this validation.

The results presented in Fig. Sb permit to draw the
following conclusions regarding the mechanical
model validation: (1) the mean M, /M, g for room
temperature is 1.04 (CoV = 20.8%), which confirms
the capability of the model to predict the bearing
capacity of SFRC elements subjected to normal
temperature. Moreover, this CoV = 20.8% is aligned
with the expected variability of both the post-cracking
flexural strength of SFRCs and the accuracy of the
constitutive equations and material partial safety

factors provided in the fib MC-2010 for simulating
the post-cracking response of SFRC specimens [36].
And (2), for post-fire conditions, the average M, n/
M, is 0.64 (CoV = 14.7%), which denotes that the
mechanical model yields to conservative results, with
rather low dispersion of the results (taking into
account the intrinsic scatter of the SFRC post-cracking
mechanical properties [37]). This may be justified by
the adoption of constitutive equations that may not
precisely represent the thermal-related changes in
mechanical properties (i.e. distribution of the damage
along the cross-section), but are in favor of safety and
accepted in the design guidelines [27, 28]. Based on
the outcomes of these validations, the prediction
capacity and accuracy of both models were found to be
satisfactory and sufficient for the purpose of this
research.

4 Numerical investigation

In light of the discussions provided in the previous
sections, a parametric investigation was conducted
aiming to assess the effect of fire in the bearing
capacity of the RC and FRC sections. The space—time
domain was discretized considering Az = 2.5 mm and
At =1 s, which were values employed to validate the
thermal model when comparing to the results obtained
by Di Carlo et al. [16]. The following scenarios were
employed to assess the deterioration of bearing
capacity on RC and FRC sections exposed to fire:
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(I) A conventional RC with Ag = 792 mm? on the
upper region and lower region of the sec-
tion. This value was chosen since it is minimum
longitudinal reinforcement ratio for compressed
members according to the fib MC-10, which
aims to ensure the ductility response in case of
cracking due to transient loads related to
transportation, stacking, and manipulation of
the segments. The sensitivity to fire action was
evaluated on a RC section with a concrete cover
of ¢ =30 mm (RC30) based on the XC4
exposure class prescribed by the fib MC-10
[28], and another RC section with ¢ = 50 mm
(RC50).

(2) A FRC 45 3c composite without any steel rebar
reinforcement. This solution can be used in
those lining stretches along which low-moder-
ate forces are expected and minimum amount of
reinforcement is required, in which the conven-
tional rebar reinforcement is replaceable by
fibers. Likewise, local reinforcement is required
to control splitting and spalling cracks due to the
thrust of the jacks during excavation.

(3) A FRC 45 3c composite with the same steel
reinforcement described in (1), being identified
as RC30-FRC for the hybrid option with
¢ = 30 mm, and RC50-FRC for the one with
¢=50mm. This hybrid reinforcement
approach could be of technical interest in those
stretches along which the external forces are
demanding in magnitude and/or cracking is
expected due to the thrust of the TBM, resulting
in the need for additional reinforcement to
control cracking.

These possible configurations for the cross-section
of the tunnel were analyzed in this paper as a function
of the temperature-time pattern numerically obtained,
based on the fire curve adopted and the axial load ratio
applied. Table 1 shows the input parameters adopted
for the thermo-mechanical simulations conducted in
this study.

4.1 Effect of fire curve and reinforcement type

First, the simulation was conducted considering one
mild fire scenario and one severe fire scenario, thus
following, respectively, the ISO 834 and the HFC fire
curves. These fire curves were employed on the RC,

FRC, and RC-FRC solutions. Moreover, the reduction
in bearing capacity is presented for two axial loading
conditions: (1) considering simple bending to be
representative of lining stretches or sections where the
axial load is low in magnitude (i.e. N/A..fcq25 «c = 0);
(2) considering a 0.20 axial load ratio to be represen-
tative stretches placed at medium-large buried sec-
tions. Figure 6 illustrates the changes in bearing
capacity of the sections exposed to the HFC and the
ISO 834 fire curves. At this moment, the analysis is
conducted without considering the occurrence of
thermal spalling.

For all reinforcement types, the reductions in
bearing capacity were lower for the sections affected
by the ISO-834 than those affected by the HFC,
independently of the magnitude of the axial load. This
difference is more pronounced for lower values of f,
which is a reasonable considering that the ISO-834 fire
curve prescribes lower heating rate and lower maxi-
mum temperature values than the HFC. The reduction
in FRC 45 3c simple bearing capacity caused by the
HFC was 3.5% to 5.5% greater than the reductions
caused by the ISO-834, which shown to be a range
valid for all values of z. Therefore, the FRC solution
showed low sensitivity to the characteristics of the fire
curves, which may be attributed to the distributed
reinforcement and the reduced contribution of the fr,,
to the sectional bearing capacity [16]. In this sense, the
FRC simple bearing capacity reduced by ~ 31%
and ~ 35% after + = 120 min of ISO 834 and HFC
fire curve, respectively.

The RC30 simple bearing capacity reduced by ~

73% and ~ 84% when exposed to the respective
ISO-834 and HFC fire curves after = 120 min,
whereas the RC50 bearing capacity reduced by ~
22% and ~ 35%. Therefore, the increase in concrete
cover considerably reduced the sensitivity of the RC
solution to fire, independently of the fire curve
adopted. This decreased fire-sensitivity is associated
with the lower temperatures developed in steel and the
consequently reduced mechanical deterioration of the
rebars, as shown in Fig. 7. A more rapid increase in
temperature is verified for rebars located at
¢ = 30 mm than for ¢ = 50 mm, which is also more
pronounced when the RC solutions are exposed to
HFC than when exposed to the ISO-834 fire curve.

The hybrid solution RC30-FRC showed a simple
bearing capacity reduction of ~ 59% and ~ 63%
when exposed to the respective ISO-834 and HFC fire
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«Fig. 6 Changes in bearing capacity of the sections exposed to
(a) the ISO 834 and (b) the HEC fire curves

curves after ¢ = 120 min, while the RC50-FRC
showed reductions of ~ 25% and ~ 40%. In this
sense, it is possible to observe that the RC and hybrid
RC-FRC solutions are considerably more sensitive to
the different fire curves than the FRC solution, which
is justified by the considerable contribution of the
localized reinforcement provided by rebars to the
bearing capacity. Moreover, lower reductions in
simple bearing capacity are noticed for RC50 and
RC50-FRC for fire durations lower than ~ 90 min,
which can be attributed to the additional protection to
rebars given by the increase in concrete cover.

Given the severe nature of the HFC, the analysis
henceforth is focused on the results obtained by
sections exposed to this particular fire curve. When
comparing the RC-FRC and the RC solutions, the
RC30-FRC section showed lower reductions than
those observed for RC30, especially for ¢ > 30 min.
Contrarily, the reductions in RC50-FRC bearing
capacity were greater than those obtained by RC50,
especially during the first 90 min of the fire, reaching a
comparable reduction for # = 120 min. These results
show that the addition of fibers to RC sections is
beneficial particularly when the reinforcement

Temperature (°C)
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o
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Fig. 7 Distribution of temperatures and the respective reduc-
tion in the yield strength of rebars

provided by rebars is considerably reduced during
the fire. However, when the rebars remain relatively
unaffected by temperature, a slight reduction in
bearing capacity is noticed due to the deterioration
of the fibrous reinforcement. Therefore, the behavior
of RC-FRC sections is highly dependent on the
position of rebars and is directly associated with the
contribution of fibers to the bearing capacity.

The RC50 and RC50-FRC solutions obtained the
lowest reductions in bearing capacity, except for fire
durations greater than ~ 90 min, in which FRC
yielded lower reductions. Nevertheless, the RC30
solution was the most fire sensitive option among all
the reinforcement solutions and fire scenarios evalu-
ated. When the solutions are axially loaded and
subjected to sagging bending moments, the reductions
in the bearing capacity are considerably mitigated This
was evidenced for all reinforcement types and it
occurs because a failure mode based on the crushing of
the compressive layer that is not affected by fire
occurs. Given the fact that fire affects the flexural
tensile region of the section, RC30 and RC30-FRC
have yielded the greatest reductions in bearing capac-
ity under sagging bending moments with an axial load
ratio of 0.2.

The results showed that the reductions in bearing
capacity are not dependent on the reinforcement type
for axially loaded sections under hogging bending
moments. This non-dependance of reinforcement type
is justified by the greater reduction in the compressive
strength of concrete and the lower influence of the
reinforcement type in this regard. Sections under
hogging bending moments yielded the greatest reduc-
tions in bearing capacity among the axially loaded
sections, which denotes that this condition must be
verified for the fire safety assessment of tunnels.

Moreover, the results proved that the cross-sec-
tional ductility (represented by the curvature, 7)
increases with the fire duration, as shown in Fig. 8.
This increase was greater for RC30 and RC30-FRC
alternatives, independently of the axial load ratio.
Among the RC and RC-FRC solutions, the RC50 and
RC50-FRC solution have shown similar ductility
increments and obtained the lowest increase in duc-
tility due to the lower effective depth of the reinforce-
ment. For simple bending, the FRC obtained the
lowest increase in ductility after = 120 min. When
the section is subjected to a 0.20 axial load ratio, the
RC solutions and the respective hybrid alternatives
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Fig. 8 Effect of fire on the ductility of the reinforcing solutions when affected by HFC

have shown similar ductility patterns and the FRC
solution had the lowest increase in ductility, which
occurs due to the failure being governed by concrete
crushing. The increase in ductility is greater for axially
loaded sections exposed to hogging bending moments
due to the considerable reductions in compressive
strength of the layers closer to the fire.

4.2 Effect of thermal spalling

In light of the bearing capacity reductions presented in
Sect. 4.1, the effect of thermal spalling was evaluated
considering the HFC since it has proven to be the worst
fire scenario evaluated in this study. Experimental
results in literature demonstrated the dependance
between the onset of thermal spalling and the thermal
gradients in normal-strength concrete without micro-
fibers, in which spalling began at f =2 min when
exposed to RWS fire curve [31]. In order to ensure a
conservative approach, the spalling was considered to
begin at r = 0 min for simulation purposes.

The reduction in bearing capacity of the sections is
evaluated considering two spalling parameters: the
spalling rate (R,p) and the percentage of section lost
(sp). These parameters may be determined by mea-
suring the spalling depth as a function of time in
experimental campaigns using fire simulators and a
concrete representative of the structure [30]. Consid-
ering the parametric nature of this study, Ry, values of
100 mm/h and 300 mm/h were adopted as moderate
and severe spalling rates based on parameters of a
normal-strength concrete without microfibers and with
different moisture contents [31]. The sy, values of 5%,
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Fig. 9 Change in the height of the section as a function of time
and the spalling parameters

10%, and 20% were arbitrarily adopted based on the
hypothesis that greater section losses would represent
extremely severe cases [15, 20]. In this paper, the
spalling rate and section lost values were assumed the
same for FRC and RC in order to isolate the effect of
reinforcement type on the bearing capacity. However,
it is important to remind that the spalling related
variables depend also on the reinforcement type —
which needs to be taken into account for applications
in practice. In this sense, the changes in the height of
the section as a function of time and the spalling
parameters is presented in Fig. 9.
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Fig. 10 Reductions in bearing capacity of FRC 45 3c section as a function of Ry, and s,

Considering the aforementioned parameters, the
deterioration of the FRC section as a function of R,
and s; is presented in Fig. 10. The simulations
considering the thermal-spalling yielded lower resid-
ual bearing capacity than the scenario without the
occurrence of thermal spalling — which is recognized
by the NS identifier (e.g. FRC 45 3¢—NS). For a fire
duration of # = 120 min, the post-fire bearing capacity
seems to be greatly influenced by reductions in s; and
less influenced by the increase in Rg,. This can be
observed for simple bending, as well for sections with
an axial load ratio of 0.20. However, the increase in
R, considerably influences the rate of reduction in the
bearing capacity for the initial moments of fire, with
exception of s = 5%. Regarding the FRC simple
bending scenario, reductions of ~ 40%, ~ 49%,
and ~ 60% occurred for the respective s; values of
5%, 10%, and 20% after t = 120 min. For axially
loaded sections, the worst reductions were verified for
sections under hogging bending moment in which the
bearing capacity reduced by ~ 37%, ~ 46%,and ~

53% for the respective s; values of 5%, 10%, and
20% after t = 120 min.

Figure 11 illustrates the reductions in bearing
capacity of RC30 and RC30-FRC solutions as a
function of Ry, and s;.. Regarding the RC30 section,
the occurrence of thermal spalling reduced the simple
bearing capacity by over 90% within the first 30 min
of fire, with minimal influence of Ry, and sp. This
occurs because the temperature on the rebars increase

rapidly given the proximity with the heated surface
and the occurrence of thermal spalling, as depicted in
Fig. 12. Regarding the RC30-FRC section, the results
indicate that the addition of fibers resulted in a solution
that is less sensitive to thermal-spalling than the RC30
counterpart. The RC30-FRC simple bearing capacity
reduced by ~ 76%, 82%, and 87% for the respective
s;. values of 5%, 10%, and 20% after ¢+ = 120 min.
Even with this consideration, the bearing capacity of
both the RC30 and RC30-FRC sections are drastically
reduced when thermal spalling occurs.

Figure 13 illustrates the reductions in bearing
capacity of RC50 and RC50-FRC solutions. Consid-
ering ¢t = 120 min, the occurrence of thermal spalling
reduced the simple bearing capacity of RC50 sections
by over 88% independently of the s; value. However,
when s; = 5% the rate of reduction in bearing capacity
is slightly lower than for greater s values. For greater
sy, values, reductions of over ~ 80% are registered
within the first 30 min of fire. These drastic reductions
are a result of the rapid increase in temperature of the
rebars due to the reductions in H and the aggravated
thermal field induced in the section (see Fig. 12).
Although the RC50-FRC solution seems to be slightly
less sensitive than RC50, the reductions bearing
capacity were greater than 65% after r = 120 min.

Therefore, the occurrence of spalling considerably
affects the bearing capacity of FRC, RC, and hybrid
RC-FRC sections. The RC30 and RC50 and their
respective hybrid options have shown to be very
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Fig. 11 Reductions in bearing capacity of (a) RC30 and (b) RC30-FRC solutions as a function of Ry, and s,

sensitive to the occurrence of thermal spalling, since
the reductions in H resulted in a more pronounce
exposure of the rebars and aggravated thermal field.
Therefore, the increase in concrete cover had almost
negligible influence in mitigating the reductions in
bearing capacity in thermal spalling scenarios. More-
over, the RC-FRC solutions have shown slightly lower
bending reductions than the respective RC solution,
which indicates that the addition of fibers may mitigate
the reductions. Lastly, the FRC solution have shown to
be the least sensitive option evaluated, especially for
lower s; values. This occurred because of the contri-
bution of fibers to the sectional bearing capacity and
the distributed nature of the fibrous reinforcement.

For axially loaded sections, the sections under
hogging bending moments experienced the greatest
reductions with and without thermal spalling. The
reinforcement type had negligible influence on the
reduction values, which may be attributed to the
failure mechanism being governed by concrete crush-
ing. Therefore, sections subjected to hogging bending
moments yielded the greatest reductions in bearing
capacity among the axially loaded sections, which
needs to be taken into account for applications in
practice.
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Fig. 12 Effect of Ry, and s;, on the tensile strength of rebars in (a) RC30 and (b) RC50 sections

5 Conclusions

In this research paper, a numerical model for the
evaluation of the bearing capacity of cross-sections
subjected to fire loads and the thermal spalling effects
was implemented, taking as basis the model proposed
by Di Carlo et al. [16]. Posteriorly, the model was used
to perform a parametric analysis for which reinforced
concrete (RC), fiber reinforced concrete (FRC), and
the hybrid solution (RC-FRC) were analyzed involv-
ing different axial load levels, fire curves, concrete
cover and thermal spalling parameters. In this context,
based on the results obtained, the following conclu-
sions could be drawn:

(1) Sections exposed to the hydrocarbon fire curve

@

suffered greater bearing capacity reductions
than those exposed to the ISO 834 fire curve,
independently of the magnitude of axial load.
When spalling is inexistent, both FRC and
RC50-FRC solutions proved to be less sensitive
to fire in comparison with the conventional
RC30 solution.

The cross-sectional ductility, represented by the
curvature (), increases with the fire duration.
The increase was greater for RC30 and RC30-
FRC alternatives, independently of the axial
load ratio. For simple bending, the RC50 and
RC50-FRC have shown

similar ductility

3)

4)

®)

increments, while the FRC obtained the lowest
increase in ductility at £ = 120 min. When the
section is subjected to a 0.20 axial load ratio, the
RC solutions and the respective hybrid alterna-
tives have shown similar ductility patterns and
the FRC solution had the lowest increase in
ductility.
The increase in spalling rate (R,,) influences the
rate of reduction in the bearing capacity at the
early stage of the fire, while the increase in
section lost ratio (sp) influence the bearing
capacity at intermediate-final stages of the fire.
This influence was evidenced for all reinforcing
strategies and axial load ratios evaluated in this
parametric study.
The RC sections analyzed experienced a drastic
bearing capacity reduction with the occurrence
of thermal spalling, being greater than ~ 90%
forRC30and ~ 80% for RC50. The increase in
concrete cover had a minor role in mitigating the
reductions of bearing capacity. Although a
considerable deterioration is observed, the
FRC solution yielded the lower reductions in
bearing capacity among all the reinforcing
solutions tested.
The reductions in bearing capacity are lower for
cross-section subjected to axial load and sag-
ging bending moments. This was evidenced for
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Fig. 13 Reductions in bearing capacity of (a) RC50 and (b) RC50-FRC solutions as a function of Ry, and s,

all the reinforcement solutions evaluated in this implemented in this study may be employed to
study, with and without thermal spalling. This determine the bearing capacity of RC, FRC, and
occurs because the mode of failure changes to hybrid RC-FRC solutions. At this end, the results
crushing of the most compressive concrete represent a valuable reference for standards and
layer, which is further from the heating surface guidelines worldwide, as well as for the engineering
and, thus, less affected by fire. However, community given that the procedure serves as a tool
sections subjected to hogging bending moments for the design and rehabilitation of tunnel structures
yielded the greatest reductions in bearing affected by fire.

capacity among the axially loaded sections.

This denotes that this is a critical condition that Funding This work was funded by the Institute for

Technological Research (IPT) and its foundation (FIPT)
through the New Talents Program [grant #N.01/2017 (Ramoel
Serafini)] and partially funded the Conselho Nacional de
Desenvolvimento Cientifico e Tecnoldgico (CNPq) [Grant #
305055/2019—4 (Antonio Domingues de Figueiredo)].

must be verified for the fire safety assessment of
tunnels, especially for deeply buried sections.

Therefore, the results show that the thermal—
mechanical model and the spalling subroutine
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