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Abstract

Fire loading of concrete tunnel linings is characterized by various physical, chemical, and mechanical processes, resulting in spalling of near-
surface concrete layers and degradation of strength and stiffness of the remaining tunnel lining. In this paper, the governing transport processes
taking place in concrete at elevated temperatures are considered within a recently published fire-safety assessment tool [Savov K, Lackner R,
Mang HA. Stability assessment of shallow tunnels subjected to fire load. Fire Safety J 2005; 40: 745-763] for underground structures. In
contrast to consideration of heat transport only [Savov et al.], a coupled thermo-hydro-chemical analysis, simulating the heat and mass
transport in concrete under fire loading, is performed, giving access to more realistic temperature distributions as well as gas-pressure
distributions within the tunnel lining. These data serve as input for the structural safety assessment tool considering, in addition to the
temperature dependence of mechanical properties, the effect of the gas pressure on the strength properties of the heated lining concrete. The
combination of the two analysis tools (coupled analysis of governing transport processes and structural safety assessment) is illustrated by the

fire-safety assessment of a cross-section of the Lainzer tunnel (Austria) characterized by low overburden (shallow tunnel).

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

When concrete is subjected to elevated temperatures,
various physical (e.g., evaporation, condensation, water and
vapor advection, vapor diffusion, heat conduction and
advection, phase expansion), chemical (e.g., dehydration,
thermo-chemical damage), and mechanical (e.g., thermo-
mechanical damage, cracking, spalling) processes take place.
If this situation is simulated by means of an uncoupled
thermal analysis, taking no mass transport into account, the
temperature increase within the structure is significantly
overestimated. This can be illustrated by comparing numer-
ical with experimental results (see, e.g., [2]). This over-
estimation is explained by the neglect of (i) heat sinks
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associated with physical and chemical processes and (i) the
cooling effect in consequence of mass transport. This
discrepancy between experimental data and numerical results
obtained from uncoupled analyses as well as the need of
safety-assessment tools for tunnels subjected to fire loading
led to the development of more realistic models, considering
heat and mass transport in a coupled manner [3-17]. Hereby,
the governing equations are discretized in space by means of
finite elements [3—7,11-16] or finite volumes [8-10,17] and are
solved with respect to the primary state variables,' i.c.,

(1) the temperature 7,
(2) the gas pressure p®, and
(3) the capillary pressure” p° [3-7].

'The number of primary state variables is equal to the number of
governing balance equations.

The capillary pressure may be replaced by the saturation S,, [8—10], the
vapor density p®" [11], or the molar mass fraction of water vapor in gas
[12,13].
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Nomenclature ¢%, ¢®" prescribed mass flux of dry air and water vapor
[kg/(m?s)]
{A4), localization tensor (dimensionless) qsv convective mass flux of water vapor [kg/(m?s)]
b slip-flow constant (Pa) q" prescribed mass flux of water [kg/(m?s)]
¢ specific heat capacity of concrete [kJ/(kg K)] e prescribed heat flux [kJ/(h m?)]
¢, ¢, specific heat capacity of gas and water [kJ/ qr, qI  convective and radiative heat flux [kJ/(h m?)]
(kg K)] r pore radius (m)
d thickness of tunnel lining (m) R radius of tunnel cross-section (m)
d spalling depth (m) RH relative humidity of concrete (dimensionless)
dy” final spalling depth (m) S Eshelby tensor (dimensionless)
Dy effective diffusivity of concrete (m?/s) Sw degree of saturation (dimensionless)
E Young’s modulus (MPa) Swo initial degree of saturation (dimensionless)
fe compressive strength of concrete (MPa) Sw, S residual and critical degree of saturation
St tensile strength of concrete (MPa) (dimensionless)
fy yield stress of reinforcement steel (MPa) t time (s)
I volume fraction of different phases in concrete T temperature (°C)
(with re{m... cement matrix, a... aggregates, Ty initial temperature (°C)
l... liquid phase, g... gas phase}) (dimension- T prescribed temperature at inner surface of
less) lining (°C)
h specific enthalpy of vaporization (kJ/kg) T it critical temperature (°C)
K stiffness of soil spring-element related to Tm, AT equivalent temperature load (°C), (°C/m)
average radius of tunnel cross-section (N/m) u, u displacement of tunnel lining (m)
k, bulk modulus of different phases in concrete v vertical displacement at top of tunnel cross-
(with re{m... cement matrix, a... aggregates, section (m)
l... liquid phase, g... gas phase}) (MPa) Vo vertical displacement at top of tunnel cross-
Kint intrinsic permeability of concrete (m?) section at beginning of fire loading (m)
k, k absolute permeability of concrete (m?) X horizontal coordinate (m)
k&, kK™ relative permeability of concrete to gas and Xi, Xxo actual and original coordinate of kth node (m)
water (dimensionless) y vertical coordinate (m)
L level of loading (%) o reduction factor for compressive strength of
Y specific enthalpy of dehydration (kJ/kg) concrete (dimensionless)
Filgehydr Water source term due to dehydration [kg/ or thermal expansion coefficient (1/°C)
(m?s)] Bs cubic thermal expansion coefficient of concrete
Tilyp ~ Water source term due to vaporization [kg/ (1/°C)
(m>s)] Pe convective mass-transfer coefficient (m/s)
M,, M,,, M, molar mass of air, water, and gas (kg/mol) A thermal conductivity of concrete [kJ/(hm K)]
n porosity of concrete or number of finite Aeett effective thermal conductivity [kJ/(h m K)]
elements (dimensionless) w8, u  dynamic viscosity of gas and water (Pas)
p*™  atmospheric pressure (Pa) v Poisson’s ratio (dimensionless)
pS, p®  capillary and gas pressure (Pa) Vin Poisson’s ratio of the cement matrix (dimen-
o, p§  initial capillary and gas pressure (Pa) sionless)
P, p®  prescribed capillary and gas pressure at inner p, pe  apparent density of concrete (kg/m?)
surface of lining (Pa) p° solid-phase density (kg/m?)
Db bubbling pressure (Pa) P gas density (kg/m?)
P&, p® pressure of dry air and water vapor (Pa) p&, p& density of dry air and water vapor (kg/m?)
ey prescribed vapor pressure of the surroundings pv water density (kg/m?)
(Pa) (pcy)err effective thermal capacity of concrete [J J(m* K)]
pE saturation vapor pressure (Pa) o stress in reinforcement steel (MPa)
22 water pressure (Pa) ) macroscopic tensile stress in concrete (MPa)
P overpressure acting on porous network (con- 14 degree of hydration (dimensionless)

crete) (MPa)

Cdehyar degree of dehydration (dimensionless)

In [3-7], the displacement field u is added to the list of
primary state variables, allowing consideration of thermo-
hydro-chemo-mechanical couplings. In contrast to the

models formulated in [3—13], only the temperature 7 and
the gas pressure p® are used as primary state variables in
[14-17].
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In engineering practice, however, the highly non-linear
temperature distributions in concrete members resulting
from fire loading are commonly converted into (and
replaced by) linear temperature distributions (given by
the temperature 7y, (°C) in the middle plane of the lining
and a constant temperature gradient AT (°C/m) over the
lining thickness). In contrast to the complex temperature
distribution, 7T, and AT can be easily considered in
standard software tools developed for the (linear) analysis
of beams and frames (see, e.g., [18,19]). The drawback
of such a simplified structural analysis is two-fold. First,
the stress state within the tunnel lining resulting
from mechanical loading prior to temperature loading
(i.e., self-weight of the lining and load of the surrounding
soil) is not considered within the determination of the
restraint forces due to thermal loading that lead to T,
and AT. Second, a linear-elastic analysis of the tunnel
structure disregards stress redistribution due to the
development of plastic regions within the structure. In
order to avoid this questionable conversion of the
temperature loading, analysis tools, taking the non-linear
temperature distributions as well as plasticity of the lining
material into account, have been developed (see, e.g.,
[1,20-23)).

Departing from the safety-assessment tool presented in
[1], thermo-hydro-chemical couplings, based on the gov-
erning equations outlined in [3-7], are incorporated in this
paper. The respective finite element (FE) formulation and
its extension to prescribed spalling histories are outlined in
Section 2. Section 3 contains a brief review of the structural
“beam-spring”” model presented in detail in [1], which is
applied to a cross-section of the Lainzer tunnel (Austria),
characterized by low overburden. The respective results are
presented and discussed in Section 4.

2. Coupled thermo-hydro-chemical model
2.1. Finite element formulation

Within the proposed extension of the safety-assessment
tool, concrete is treated as a multi-phase medium,
consisting of solid, liquid (water), and gaseous (water
vapor and dry air) phases. The governing macroscopic
balance equations® are solved in a fully coupled manner
with respect to the main state variables, i.e., capillary
pressure p° (Pa), gas pressure p® (Pa), and temperature T
(°O) [3-71:

(1) Mass balance equation for the water phase (water
vapor and liquid water, involving the solid mass

3In contrast to [3-7] (i) gravitational effects were not considered, (ii) the
sign of the mass source term associated with dehydration of the cement
paste, ritgehydr [kg/(s m?)], was changed, and (iii) the dehydration process
was described by the hydration degree ¢ (dimensionless) instead of the
degree of dehydration genyar (dimensionless).

balance equation):

o™

oSy
n(p" — gw) o

+n(l — )—+ nSy,
— (1 = n)B o= + (p* ng)SW]E

kk'® kik™
—div (pgw s gradpg> —div <pw G gradpw)

i M ()
div lp Mé D.grgrad e 1
(1= mIp®(1 = Sy) + p"Sy10p* 0¢
o’ 0¢ Ot
mdehyd

[ng(l - W) + prW] + mdehydr (1)

(2) Mass balance equation for the dry air phase (involving
the solid mass balance equation):

0Sy 0p&
—np= S (1 = 5,) L

oT
(1 — )1 = Sy)B. —
p(1 =1 =SB
rg
—div (pga % grad pg)
u
. M, M, pE
_ g ad (2
div lp Mé Degrgrad (pg )]
(L=l = $,)3p* 3¢
N ps o¢ ot
- (1 = ) @

(3) Enthalpy balance equation:

oT
(Pp)esr e

™™

kk'® kk
- (pgclg) — grad p® + p¥e) —— gradpw) grad T
0

— diV()Neffgrad T) = —mvaph — I/i’ldehydrl? (3)
with
0Sy op™ oT
fyap = — Y = Y(1 — wPs =
Tilyap np* = nSw o + % (1 — n)Syp, A
. k™ (1 —n)p% Sy, 0p® 0¢
d w o d w) \* W Pw VPV
+ div <p o gradp ) S o o1
Tidchydr
- pw SW d hyd + mdehydr (4)

Eqgs. (1)—(4) were obtained by introducing Darcy’s law
for pressure-driven flow of water and vapor, Fick’s law for
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diffusional flow, and Fourier’s law for heat conduction.
Moreover, the following constitutive relations were em-
ployed:

o Kelvin—Laplace law (definition of the relative humidity
RH (dimensionless)),

e Clausius—Clapeyron equation or Hyland—Wexler for-
mula, relating the saturation-vapor pressure p*** (Pa) to
the temperature 7 (°C),

® Young-Laplace equation, relating the capillary pressure
p° (Pa) to the pore radius r (m),

e Clapeyron equation (ideal gas law), and

e Dalton’s law (definition of partial pressures of water
vapor, p#¥ (Pa), and of dry air, p** (Pa)).

Additionally, the following relationships were deter-
mined from experimental data (for details, see Section 4.1):

® Degree of hydration ¢ (dimensionless) versus tempera-
ture T (°C), with <0 during heating, extracted from
thermogravimetric measurements (see, e.g., [24]).

e Saturation S, (dimensionless) versus capillary pressure
p° (Pa) and temperature T (°C) [25-29], which can be
deduced from MIP or sorption-isotherm experiments.

e Intrinsic permeability k;, (m?) versus temperature T’
(°C), determined from permeability experiments [2].

® Relative permeabilities to water and gas (kK™ (dimen-
sionless) and k' (dimensionless)) versus saturation S,
(dimensionless) [4,30-32], extracted from permeability
experiments.

The boundary conditions (BC) within the employed FE
formulation are defined by (i) prescribed values for the
temperature (7) and for the pressures (52 and p°)
(Dirichlet’s BC), (ii) prescribed heat fluxes ¢’ and mass
fluxes (¢%, ¢®7, and ¢") (Neumann’s BC), or (iii) heat and
mass transfer fluxes (Cauchy’s BC) introducing heat and
mass-transfer parameters (yielding convective and radiative
heat flux, ch and qu , respectively, and convective water-
vapor flux ¢£%). The resulting set of governing equations is
discretized in space and time and solved by means of a
Newton—Raphson iteration scheme.

2.2. Consideration of spalling

In order to simulate heat and mass transport processes in
case of spalling of the tunnel lining, the one-dimensional
(1D) model* of the coupled FE formulation presented in
the previous subsection is extended towards a moving
boundary, representing the actual location of the spalling
front, denoted as dy(z) (m) (see Fig. 1). Hereby, the FE
nodes characterized by x;<d,(f) are deactivated except for
the closest node to the spalling front. This node (kth node
in Fig. 1), however, is shifted to the actual location of the

“Based on the geometrical properties and the loading conditions found
during tunnel fires, a 1D FE model is employed.

front:  spalling rear
surface | front surface
L d(?)
L 2 k| <. FE nodes ... n |n+1
3 12 H ... finite elements ...n
o | o Tnt1 |

Fig. 1. One-dimensional FE model taking moving spalling front into
account (n: number of finite elements, dy(7) (m): spalling depth, x;o (m):
original location of kth node).

spalling front, with x; = dy(¢), allowing us to consider
spalling according to the prescribed spalling history. It is
worth mentioning that, since spalling depends on numer-
ous parameters (such as moisture content, heating rate,
mechanical loading, etc.), the prediction of the risk and the
amount of spalling is a very complex task and presently
subject of intensive research. Within this paper, prescribed
spalling histories are considered which were derived on
basis of experimental observations/data collected within
the fire experiments presented in [33].

3. Structural model for safety assessment of tunnel linings

The numerical model that is used to analyze tunnel
structures mainly depends on the type of the surrounding
soil and the depth of the tunnel [34]. For example, in case
of tunnels with high overburden and/or in hard/medium-
hard rock or highly cohesive soil, the load-carrying
capacity of the surrounding soil is taken into account by
plane-strain and 3D-FE models. In case of tunnels with low
overburden and/or in soft soil (which are subject of this
work), the load-carrying capacity of the surrounding soil is
neglected by using a “beam-spring” model [35]. During fire
loading, the soil loads the weakening tunnel support
structure, which can cause its collapse.

Within the employed ‘“‘beam-spring” model [1], the
tunnel lining is represented by layered finite beam elements
(see Fig. 2(a)). The layer concept enables consideration of
(1) spalling of the tunnel lining by deactivation of the
respective layers and (i) assignment of temperature-
dependent material parameters of concrete and reinforce-
ment steel to the remaining layers. The beam elements are
supported at the nodes by spring elements (see Fig. 2(b)).
The stiffness K (N/m) of these springs is related to the
specific subarea of the tunnel wall associated to the node,
the Young’s modulus £ (MPa) of the surrounding soil, and
its Poisson’s ratio v (dimensionless) (for details, see [1]). In
order to account for the zero load-carrying capacity of the
soil under tensile loading, the stiffness of the spring
elements is only activated when the spring is subjected to
compressive loading. In case of tensile loading, K is set
equal to zero. This enables for a realistic description of the
behavior of the surrounding soil in case of low overburden
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(a) (b)

|ground surface
A |

Fig. 2. Illustration of (a) layered finite beam element (containing concrete
and steel layers) and (b) beam-spring model [1].

and soft soil. The external load of the surrounding soil is
applied at the FE nodes.

The mechanical behavior of concrete and steel is
modeled by plane-stress elasto-plastic material models.’
In case of concrete, a multi-surface plasticity model is used,
with the Drucker—Prager and the Rankine criterion
describing compressive and tensile failure, respectively
(for details, see [1]). For description of the mechanical
behavior of steel, a 1D model is used, referring to the strain
component in the direction of the steel bars. In both cases,
associative hardening plasticity is employed. Details on the
employed failure criteria, the hardening laws and the
temperature dependence of the material parameters can be
found in [1]. The temperature dependence of strength and
Young’s moduli of concrete and steel are described by
design curves according to international or national
standards [36,37], giving, e.g., the compressive strength of
concrete as

fc(T) zf.c ! O((T), (5)

where o(7) (dimensionless) is a temperature-dependent
coefficient, with 0<o(7)< 1. Hereby, the reduction factor
o(T) is correlated with the maximum temperature reached
in a certain point of the structure during fire loading,
hence, f.(T) = fo(Tmax)- In contrast to the safety-assessment
tool presented in [1], tensile loading in the out-of-plane
direction resulting from gas pressure within the pore space
is considered within the plane-stress elasto-plastic material
model for concrete (see Fig. 3). Taking into account the
mainly biaxial compressive state of loading of the tunnel
lining close to the heated surface, the effect of the out-of-
plane loading by the gas pressure on the strength properties
is considered by

(6)

FATop) = fo-oT)- (1 Z(”)),

(D)

where X(p) (MPa) is the macroscopic tensile stress perpendi-
cular to the heated surface, representing the overpressure

SBecause of the rather small thickness of the tunnel lining compared to
the radius of the tunnel, the normal stress component perpendicular to the
lining surface is set equal to zero.

(a)

Fig. 3. (a) Consideration of out-of-plane tensile stress X(p) within
Drucker—Prager failure criterion for concrete, and (b) linear decrease of
/e with increasing out-of-plane loading.

atm

p = p¥—p*™ (MPa) acting on the porous network, and f(7)
(MPa) is the temperature-dependent tensile strength of
concrete (see, e.g., [36,37]). The macroscopic tensile stress
2(p) is related to p by the continuum-micromechanics
approach outlined in [38], giving

2(p)=Ffg-p- (A ()

where f, = (1-Sy)n (dimensionless) is the volume fraction
of the gas phase subjected to pressure p (MPa) (with S,
(dimensionless) as the liquid saturation and » (dimension-
less) as the porosity). (A4, (dimensionless) represents the
so-called localization tensor, reading for the case of
spherical inclusions

-1

fr

— 8
1+ St ®

(), = [1=5))
where f, (dimensionless) and k., (MPa) are the volume
fraction and the bulk modulus of the rth phase, respec-
tively, with re{m...cement matrix, a... aggregates, I...
liquid phase, g... gas phase}. In Eq. (8), S (dimensionless)
represents the Eshelby tensor specialized for spherical
inclusions, with S = 1/3(1 +v,,)/(1—vy,), where v, (dimen-
sionless) denotes Poisson’s ratio of the cement matrix.

4. Application

The coupled analysis tool for the safety assessment of
tunnels subjected to fire loading is used to investigate the
performance of a cross-section of the Lainzer tunnel
(Austria) (see Fig. 4(a)). Fig. 4(b) shows the cross-section
of the lining in detail. The plastic mat (made of a layer of
polyethylene laminated to a polypropylene (PP) mat) was
installed prior to casting of the tunnel lining in order to
ensure unrestrained movement of the tunnel lining along
the shotcrete shell. During fire loading, this mat may act as
an impermeable layer to water and vapor. On the other
hand, gaps between the shotcrete shell and the concrete
tunnel lining may allow the water and vapor to expand in
the circumferential and/or longitudinal direction. In the
numerical analysis, these two limiting cases are considered
by prescribing the respective BC at the outside of the tunnel
lining, i.e., (i) sealed and (ii) unsealed conditions.
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(a) (b)

d=04m

04m 0.3m

surrounding soil

_____ _/I______

shotcrete lining

+0.00 y
-0.35

plastic mat, d = 3 mm

concrete tunnel lining

Fig. 4. Geometric properties of the considered cross-section of the Lainzer
tunnel: (a) dimensions of the tunnel and (b) cross-section of the tunnel
lining.

4.1. Material properties

Table 1 contains the input parameters for the coupled
analysis (details on the mix design of the considered
concrete can be found in [2]). The mechanical parameters
of concrete and reinforcing steel used within the structural
analysis are listed in Table 2.

4.1.1. Dehydration of heated concrete

The degree of hydration £ (dimensionless), with & = my,/
Mo (Where my, (kg/m?) is the actual amount of chemically-
bound water and my, (kg/m’) is the initial amount of
chemically-bound water due to hydration that is present
prior to heating), is defined as a function of temperature
(see Fig. 5). This function, which can be extracted from
thermogravimetric measurements (see, e.g., [24]), is used
for determination of the rate of weight loss of water due to
dehydration 7itgenyar [kg/(s m?)] (see Egs. (1)~(4)), defined as

o¢

—Mho 5, ©)

It is worth mentioning that hydration of concrete is
temperature-dependent and, in addition, also dependent on
the relative humidity (i.e., the vapor pressure). However,
the inversion of the hydration process in order to obtain
the constitutive relation for dehydration is not straightfor-
ward. Because of lack of experimental data concerning the
dependence of the dehydration process on the relative
humidity, the dehydration process was described as a
function of temperature only.

Mgehydr =

4.1.2. Saturation in heated concrete
According to [27], the saturation Sy, (dimensionless) is
related to the capillary pressure p© (Pa) by

o 1/(=m)] ™
1+(ﬁ—c) ] , (10)
b

the applicability to concrete of which was shown in [28,29].
In Eq. (10), pg (Pa) is the so-called bubbling pressure

Sy =

(defined as the minimum value of p° on a drainage capillary
pressure curve, at which a continuous gas phase exists in
the void space) and m (with 0<m<1) is a constant
parameter. In order to implement the above described
model into the FE code simulating concrete at elevated
temperatures, Relation (10) was extended by replacing the
(constant) bubbling pressure pf by a temperature-depen-
dent polynomial function [25,26], yielding (see Fig. 6)°

-m
E, 1/(1—m)
1 —p° . 11
+ (A'p ) (11)

N

Sy =

4.1.3. Permeability of heated concrete

The dependence of the intrinsic permeability ki, (m?) on
temperature was derived from experimental results pre-
sented in [2,42] (see Fig. 7). In case of (compressible) gas
flow, the absolute permeability k (m?) (see Eqs. (1)—(3)) is
— due to the so-called slip-flow phenomenon-dependent
on the gas pressure, reading [43]

r =kim<1 +ﬁ), (12)
pg

where b (Pa) is the so-called slip-flow constant. Within the
analyses, b = 1 x 10°Pa is considered. In case of (incom-
pressible) water flow, no slip-flow effect exists. Hence,
k= kint'

As regards the relative permeability of partially satu-
rated porous media, various models exist. In [30,31], the
relative permeability to water is given by [4,30,31]

™w SW—S{N A
k =(ﬁ) : (13

where Sy, (dimensionless) is the residual saturation (the
porous medium cannot be dewatered further) and A,
(dimensionless) is a constant parameter. The relative

°The temperature-dependent parameters in Eq. (11) are defined as

As =p; for T<100°C and
As:Bs+(p%_BS)

T-100 \* T—100 \?
2 -3 1
<Tcm - 100) (Tcm - 100> *

for T>100°C,

and

Terit — To\ ™
E,= <#—TO> for T<(Terit — Zs) and

Z
for T>(Tcril - Zs)a

N, N,
Es = Es,() |:*ST + 1- 7S(Tcrit - ZS):|
s

with

S

Hereby, B, (Pa), N, (dimensionless), and Z, (°C) are constant parameters,
with the latter governing the transition over the critical temperature
Teriy = 374.15°C.
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Table 1
Properties of lining concrete for the coupled analysis

Input parameter Initial value (at Temperature dependence Source

To=20°C)
Thermal conductivity, A [kJ/(hm K)] 6.72 A= 40—0.006 (T—T,) for T<800°C [25]
Density, pe (ps) (kg/m?) 2362 p = po+0.3(T—Ty) (33]
Specific heat capacity, ¢, [kJ/(kg K)] 0.90 ¢p = ¢po+0.0005(T—Tp) for T< Ty = 374.15°C [25]
Porosity, n (dimensionless) 0.142 n = ny+0.0001(7—-Ty) [39]
Intrinsic permeability, ki, of concrete with 1.22x 10716 See Fig. 7 [2]
0kg/m> PP-fibers (m?)
Intrinsic permeability, k;,, of concrete with 4.58 x 10716 See Fig. 7 [2]
1.5kg/m> PP-fibers (m?)
Specific enthalpy of vaporization, / (kJ/kg) 2486 h = 267.2Tii—T)° for T< T, = 374.15°C [40]
Specific enthalpy of dehydration, /:* (kJ/kg) 796 - [41]
Table 2 p“ = 0.1 MPa

1.0 :

Properties of lining concrete and reinforcement for the structural safety
assessment

Input parameter Value
Concrete

Young’s modulus E (MPa) 30,000
Poisson’s ratio v (dimensionless) 0.2
Compressive strength f. (MPa) 30
Tensile strength f, (MPa) 3
Thermal expansion coefficient a4 (1/°C) 1x107°
Reinforcing steel

Young’s modulus £ (MPa) 210,000

Yield strength f, (MPa) 500
Thermal expansion coefficient o7 (1/°C) 12x107°

N

0 200 400 600 800 1000
T [°C]

Fig. 5. Degree of hydration versus temperature [25].

permeability to gas is given by [4,31,32]

Ag
Ke=1-— (%) , (14)

where S5, (dimensionless) is the critical saturation (above
which no gas flow exists in the porous medium) and A4,
(dimensionless) is a constant parameter. Within the
numerical analyses, Sy, =0, 4, =6.0, Sy =1.0, and
Ay = 1.0 (see Fig. 8).

c

NT, . = 374.15°C

p¢ = 1000 MPa

0 100 200 300 A 400
T [°C]
Fig. 6. Degree of saturation versus temperature for different values for the
capillary pressure p° = 0.1, 1, 5, 10, 20, 50, 100, 1000 MPa according to

Eq. (11) [25,26] (parameters: py, = 18.624 MPa, m = 0.44, B, = 30 MPa,
Ny=1.2,Z;=0.5°C).

4.2. Initial and loading conditions

Within all analyses, the following initial conditions are
employed: T, =20°C, p§=101,325Pa, p{=55x 10°Pa
(giving, according to Eq. (11), an initial degree of
saturation of S0 = 0.40). The BC at the heated surface
are: (i) direct prescription of temperature T (see Fig. 9),
(i) direct prescription of the atmospheric pressure
p*™ = 101,325 Pa, and (iii) convective mass transfer (with
prescribed vapor pressure of the surroundings, with
P& = 1020 Pa, and a convective mass-transfer parameter
B =0.025m/s). The mentioned BC are prescribed at the
top and the bench of the tunnel. Since the invert is
protected by additional installations required for the track
(see Fig. 4(a)), constant temperature, gas pressure, and
capillary pressure are prescribed there.

The history of the prescribed surface temperature 7 (°C)
was extracted from large-scale fire experiments [33,44],
characterized by exposure of the specimens to temperature
loading typical for tunnel fires (see Fig. 9). The applied
mechanical loading consisted of (i) self-weight of the lining,
with p = 2500 kg/m>, and (ii) soil pressure according to the
geological situation at the considered cross-section of the
tunnel, acting in both vertical and horizontal direction (see
[1] for details).
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Table 3
1200 Analyses performed
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O 800 Analysis Temperature distribution Compressive strength of
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0 F B Uncoupled analysis incl. Je =J(T), see Eq. (5)
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Fig. 9. History of the surface temperature extracted from large-scale fire
experiments [33,44].

4.3. Results and discussion

Within the analyses, the influence of spalling on the
tunnel safety is investigated by prescribing different
spalling scenarios (see Fig. 10) which were derived from

the fire experiments presented in [33] (spalling was
monitored acoustically as well as by means of dynamic
acceleration sensors).

Three analyses were performed (see Table 3), character-
ized by temperature distributions obtained from different
analysis schemes (uncoupled analysis, see, e.g., [41,45], or
coupled analysis, see Section 2) and by disregard/con-
sideration of the effect of the gas pressure on the
compressive strength of concrete (see Fig. 3).

For the case of no spalling (d° = 0), concrete with and
without PP-fibers was compared, indicating an increased
spalling risk of concrete without PP-fibers (for details, see
[2]), which is in agreement with observations during fire
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experiments presented in [33,44]. The uncoupled as well as
the coupled analyses give access to temperature distribu-
tions for the considered spalling scenarios (see Fig. 11 for
ds® = 0.2m). Spalling results in a faster propagation of the
heating front and, therefore, in an increased thermal
loading of the remaining tunnel lining, finally giving higher
thermal degradation of the cross-section as compared to
the analysis with d;° = 0. Comparison of different analyses
(Analyses A—C) shows that consideration of heat sinks
within the uncoupled analysis (Analysis B) results in lower
temperatures compared to the uncoupled thermal analysis
(Analysis A). Furthermore, consideration of mass trans-
port within the concrete structure results in cooling of
shallow regions, leading to a further decrease of the
temperature. In addition, consideration of mass transport
results in heating (to a smaller extent) of deeper concrete
regions, indicated by a kink in the distribution obtained
from Analysis C. Comparison of numerical results with
temperature measurements has shown that, even though
the prescribed surface temperature follows the experimen-
tal temperature history in case of the uncoupled as well as
the coupled analysis, the coupled analysis gives more
realistic temperature distributions (for details, see [2]).

In contrast to numerical results from the uncoupled
analyses (Analyses A and B), the coupled analysis
(Analysis C) gives information on quantities related to
mass transport. Fig. 12 shows gas-pressure distributions
for a final spalling depth of d° = 0.2 m. Hereby, the plastic
mat located between tunnel lining and shotcrete shell (see
Section 4.1) is considered either as impermeable layer for
water and vapor transport or not (sealed and unsealed
conditions, respectively), representing the upper and lower
limit, respectively, for the gas pressure. The maximum
pressure is apparently not (or only little) affected by the
plastic mat at the outer surface of the tunnel lining. The
pressure distribution between the location of the maximum
pressure and the outer surface, however, varies significantly
for t>30min, where the gas pressure at the outer surface
rises in case the plastic mat is considered as impermeable
layer since water and vapor are hindered from escaping at
that interface. In case the plastic mat is disregarded, the gas

800 T
— 600 T

& 400 1

200 T

0 —~ T = == T T T :>
0 0.05 010 0.15 0.20 0.25 030 035 0.40
depth [m]

Fig. 11. Temperature distributions for different analyses (d° = 0.2m,
t = 10, 20, 30, 180 min).

pressure at the interface between tunnel lining and
shotcrete shell remains equal to the atmospheric pressure.

Within the structural analysis, the tunnel safety is
monitored by the vertical displacement at the top of the
tunnel as well as the level of loading of the circumferential
reinforcement. Fig. 13 shows the vertical displacement
v (cm) at the top of the tunnel for different spalling scenarios.
Hereby, the vertical displacement due to self-weight of the
tunnel lining and soil pressure is indicated by v,. For
dy® =0, v increases gradually until 1 = 52min resulting
from the heat-induced decrease of strength and stiffness of
the lining materials, i.e., concrete and steel. With con-
tinuation of temperature loading, thermal dilation asso-
ciated with the continuous heating of the lining results in
partial compensation of the temperature-induced displace-
ment. According to Fig. 13, an increasing spalling depth
results in an increased compliance of the tunnel structure.
During spalling, v increases rapidly, with the maximum
displacement observed after the final spalling depth d;° is
reached. With continuation of temperature loading, again
parts of the displacement are compensated by thermal
dilation of the remaining lining. In no case, collapse of the

--- impermeable layer ——mno impermeable layer

ot

p? [bar]

4 |

s

0 0.05 0.10 0.15 020 025 030 035 0.40
depth [m]

Fig. 12. Gas-pressure distributions obtained from Analysis C with or
without consideration of impermeable layer (d5° = 0.2m, ¢ = 0, 10, 20, 30,
40, 90, 180 min).
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Fig. 13. History of vertical displacement at top of tunnel obtained from
Analysis C considering different spalling scenarios (vertical displacement
due to self-weight and soil pressure: vy = 6.5 cm).
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Fig. 14. History of level of loading of the outer circumferential
reinforcement at top of tunnel obtained from Analysis C considering
different spalling scenarios.

tunnel is observed, which would be indicated by a sharp
increase of v.

Fig. 14 shows the level of loading in the outer
circumferential reinforcement at the top of the tunnel,
defined as [1]

lo| _ gl

T max{((re(T)) LI/ (T)

where o (MPa) is the actual stress in the reinforcement and
fy (MPa) is the yield strength of the reinforcing steel.
Hereby, concrete cracking is modeled by the smeared-crack
approach. L equals zero in case of unloaded reinforcement
and amounts to 100% when the stress in the reinforcement
reaches the maximum possible loading, given by 1.1f,(7)
[1]. Application of self-weight and soil pressure on the
tunnel structure results in compressive loading of the outer
reinforcement due to bending with L=x10%. During
temperature loading, thermal dilation results in compres-
sive stresses at the heated surface and, therefore in tensile
loading of the outer reinforcement, leading to a reduction
of the compressive loading and, thus, of the level of
loading. When the loading of the reinforcement changes to
tensile loading, L increases again. With increasing spalling
depth, this shift from compressive to tensile loading occurs
earlier in time. Yielding of the reinforcement (starting at
L =73.6% [1]) is observed for the analysis with
dy® =0.3m. As opposed to the other spalling scenarios,
unloading of the outer reinforcement is observed after
t = 36 min in case of d° = 0.3 m, which corresponds to the
time instant at which the maximum displacement is reached
(see Fig. 13). This unloading is associated with thermal
dilation (causing compensation of parts of the vertical
displacement), resulting in compressive stresses close to the
heated surface and tensile stresses at the outside. In case of
dy® = 0.3m, the outer reinforcement is located closer to the
middle surface of the remaining lining after spalling has
finished compared to the other considered spalling
scenarios, explaining the observed unloading of the

(15)
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Fig. 15. History of vertical displacement at top of tunnel for dy = 0.2m
(Analyses A—C).
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Fig. 16. History of level of loading of the outer circumferential
reinforcement at top of tunnel for d{° = 0.2m (Analyses A—C).

reinforcement. As temperature loading continues, L
increases in consequence of the continuous reduction of
Jy(T) (see Eq. (15)). Until the end of fire loading, however,
no further yielding is observed for di° = 0.3m. For all
spalling scenarios and considering the fire loading depicted
in Fig. 9, the level of loading never reached 100%,
indicating some remaining load-carrying capacity.

The results obtained from Analyses A to C are compared
in Figs. 15 and 16, showing little difference until the end of
spalling. Thereafter, the higher temperatures within the
tunnel lining in case of Analyses A and B result in more
thermal degradation of the cross-section and, therefore, in
larger displacements (see Fig. 15). The lower (more
realistic) temperature loading considered in Analysis C
leads to smaller maximum displacements. With continua-
tion of fire loading, the compensation of displacement by
the continuous heating of the remaining part of the lining is
the highest for Analysis A.

As regards the level of loading L (see Fig. 16), yielding of
the outer circumferential reinforcement is observed only
for Analyses A and B. As the temperature loading
continues, L decreases and plastic loading of the reinforce-
ment, characterized by L>73.6%, stops. For Analysis C,
the lower temperature loading results in L <73.6%, hence,
no yielding of the reinforcement is observed.
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5. Conclusions and outlook

In this paper, a fully coupled thermo-hydro-chemical
model simulating the governing transport processes in
heated concrete and a structural safety assessment tool [1]
were combined within a two-step analysis scheme. Within
the numerical model, the influence of temperature and gas
pressure on the stress and deformation state were taken
into account. The analysis tool was used to investigate the
structural performance of a tunnel cross-section character-
ized by low overburden subjected to fire loading and
different spalling scenarios.

The results obtained from the coupled analysis of heat
and mass transport in heated concrete led to the following
conclusions:

o Comparing the gas-pressure distributions for concrete
with and without polypropylene (PP) fibers indicates
that the lower permeability in case of concrete without
PP-fibers results in higher gas pressures and, therefore,
leads to an increased spalling risk (for details, the reader
is referred to [2]). This is in agreement with observations
during fire experiments presented in [33,44].

e Investigation of different spalling scenarios within the
analyses showed that the thermal loading and, therefore,
the thermal degradation of the remaining lining is higher
for increasing spalling depths.

o Consideration of mass transport within the coupled
analysis led to lower thermal loading of the tunnel lining
compared to the uncoupled thermal analysis either with
or without consideration of heat sinks associated with
evaporation of water and dehydration of the cement
paste. Hence, the thermal degradation of the cross-
section is lower in case the (more realistic) temperature
distributions from the coupled analysis are considered.

Within the structural safety assessment, the temperature
and gas-pressure distributions taken either from the
uncoupled or the coupled analyses served as input into
the numerical model. The results obtained from the
structural analyses led to the following conclusions:

e With increasing spalling depth, the compliance of the
tunnel structure as well as the level of loading in the
outer circumferential reinforcement increased. This
resulted in increased vertical displacement at the top
of the tunnel with increasing spalling depth.

e Considering different analyses showed that the lower
(and more realistic) temperature distributions obtained
from the coupled analyses led to a smaller compliance of
the tunnel structure and, therefore, to smaller displace-
ments. With continuation of temperature loading, on
the other hand, the lower thermal loading yielded less
compensation of vertical displacement due to thermal
dilation.

o None of the considered spalling scenarios led to collapse
of the tunnel structure for the considered temperature

loading, even though a reduction of the lining thickness

by 75% due to spalling was considered. In case no

collapse of the tunnel is indicated by the numerical
analysis, the results allow:

(1) estimation of the safety level of the tunnel structure
during as well as after fire loading, which is
important for rescue forces as well as the engineer
or the tunnel owner, and

(2) determination of the necessary amount of repair
measures (e.g., lining thickness that has to be
replaced), leading to an estimation of the repair
costs after a tunnel fire.

Within the structural model, layered shell elements,
considering a tunnel of 1 m length, are used. Hence, the
extension of the employed analysis model to the third
dimension in order to consider 3D structural effects and
the longitudinal variation of temperature loading, is
straightforward. The functions describing the temperature
dependence of the material parameters for concrete and
steel were taken from national and international standards
and represent empirical material functions derived from
experimental data. In order to improve the underlying
functions, multi-scale models on basis of a micromechanics
approach (see, e.g., [46,47]) for the description of material
parameters of concrete and steel under elevated tempera-
tures are currently developed. So far, the effect of the gas
pressure on the structural performance of the tunnel lining
was considered by reducing the in-plane compressive
strength of concrete. Hereby, the gas pressure was
transformed into an equivalent out-of-plane tensile stress.
In future work, this equivalent stress shall be combined
with the in-plane restrained thermal stresses allowing us to
determine the spalling history as a function of gas-pressure,
stress state, and temperature distribution instead of
prescribing a spalling history derived from experiments.
This will allow for combination of the yet-separated parts
of the two-step analysis scheme for the safety assessment of
structures subjected to fire load.
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