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Kurzfassung

Im Rahmen der KIRAS-Projekte (Osterreichisches Forderungsprogramm fiir Sicherheits-
forschung) 813794 und 824781 ”Sicherheit von Hohlraumbauten unter Feuerlast (2008-
2012)” wurde der Brandfall in einem Tunnel untersucht. Der Beitrag der vorliegenden Ar-
beit zu diesem Projekt umfasste die experimentelle Charakterisierung des Verhaltens von
Beton unter Brandeinwirkung (sowohl auf der Material- als auch auf der Strukturebene),
die modellmaflige Beschreibung sowie die Beriicksichtigung dieser Modelle im Zuge nu-
merischer Simulationen. Die Arbeit gliedert sich in fiinf Publikationen:

Publikation A (”Experimentelle Untersuchung der Verzerrungen von Beton und Ze-
mentstein unter hohen Temperaturen”) beschreibt die experimentelle Untersuchung des
Verformungsverhaltens an zylinderformigen Probekorpern. Neben den radialen und axi-
alen Verzerrungen bietet diese Publikation auch einen ersten Einblick in die Entwicklung
der elastischen Materialparameter (E-Modul, Querdehnzahl) mit zunehmender Temper-
aturbelastung.

Publikation B (" Thermo-mechanisches Verhalten von Beton unter hohen Temperaturen:
Von der mikromechanischen Modellierung zu Sicherheitsbetrachtungen von Tunnel im
Brandfall”) behandelt die Entwicklung der Verzerrungen von Beton unter kombinierter
mechanischer und thermischer Beanspruchung. Mithilfe einer differentiellen Formulierung
der Verzerrungen, die anhand der experimentellen Ergebnisse aus Publikation A validiert
wurde, wird der Einfluss des modifizierten Materialverhaltens auf die Strukturantwort
von Tunnelquerschnitten dargestellt.

In den Publikationen C (”Unterirdische Betonrahmen unter Brandbelastung: Teil I —
Grofibrandversuche”) und D (” Unterirdische Betonrahmen unter Brandbelastung: Teil 1T
— Simulation der Grobrandversuche”) werden die im Sommer 2010 durchgefithrten Gro$-
brandversuche in zwei Teilen beschrieben. Teil I beinhaltet die experimentellen Beobach-
tungen (Temperaturverteilungen, Verschiebungen, Verdrehungen, Rissentwicklung bis hin
zum Abplatzverhalten). Teil II beschreibt die numerische Simulation der Grofibrandver-
suche unter Berticksichtigung von verschiedenen Materialmodellen, der beobachteten Ab-
platzungen sowie des kombinierten mechanischen und thermischen Verformungsverhaltens
von Beton aus Publikation B.

Abschlieiend wird in Publikation E (”Der Einfluss des Rechen- und Materialmodells auf
die Strukturantwort bei der Simulation von Tunnel unter Brandbelastung”) der Einfluss
des gewahlten Materialmodells auf die Berechnung von Tunnelstrukturen unter Feuerlast
untersucht. Durch Vergleiche der Schnittgroflen und Verformungen werden Beurteilun-
gen zwischen den jeweiligen Materialmodellen (z.B. linear-elastisches Materialverhalten
+ aquivalente Temperatur vs. elasto-plastisches Materialverhalten + nichtlineare Tem-
peraturverteilung) moglich.

Die in dieser Arbeit prasentierten Ergebnisse sollen helfen, das Verhalten von Beton bei
hohen Temperaturen besser zu verstehen und weiters eine Hilfestellung im Hinblick sowohl



auf die Tunnelbemessung als auch auf die Sicherheitsbhewertung von bestehenden Tunnel
unter Brandeinwirkung bieten.



Abstract

In the framework of the KIRAS-projects (Austrian Security Research Program) 813794
and 824781 " Safety of underground structures under fire loading (2008-2012)”, the effect of
fire in tunnels was investigated. This work contributed to the research project by covering
the experimental characterization and modeling of the behavior of concrete subjected to
fire loading (on the material as well as on the structural scale) as well as consideration of
these models within numerical simulations of tunnel cross-sections. The work consists of
five publications:

Publication A (”Experimental investigation of strain behavior of heated cement paste
and concrete”) describes the experimental investigation of the deformation behavior of
cylindrical specimens. Besides the radial and axial strains, first insight into the temper-
ature-dependent evolution of the elastic material parameters (Young’s modulus, Poisson’s
ratio) is given.

Publication B (" Thermo-mechanical behavior of concrete at high temperature: From
micromechanical modeling towards tunnel safety assessment in case of fire”) deals with
the evolution of strains under combined mechanical and thermal loading. A differential
strain formulation is introduced and validated by means of the experimental observations
from Publication A. Finally, the influence of the proposed differential strain formulation
on the structural response is illustrated by means of numerical simulations of tunnels.

In Publications C (”Underground concrete frame structures subjected to fire loading:
Part I — large-scale fire tests”) and D (” Underground concrete frame structures subjected
to fire loading: Part II — re-analysis of large-scale fire tests”), the large-scale fire tests
performed in summer 2010 are presented in two parts. Part I contains the experimental
data (temperature distributions, deformations, rotations, crack development, and spalling
behavior). Part II deals with the numerical simulation of these large-scale fire tests
considering different material models, the experimentally-observed spalling depth and the
combined mechanical and thermal strain behavior taken from Publication B.

Finally, in Publication E (” The influence of different computational and material models
in simulation of the structural performance of tunnels unter fire loading”) the influence of
the material model on the simulation results of tunnels under fire loading is investigated.
Comparison of stress resultants and deformations allows an assessment of the investigated
material models (e.g., linear-elastic material behavior + equivalent temperature vs. elasto-
plastic material behavior 4+ nonlinear temperature distribution).

The results presented in this work should provide a better understanding of the processes
taking place in concrete under high temperature, providing assistance to improve the
design and safety assessment of tunnels subjected to fire loading.
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Introduction

Motivation

Fire accidents can seriously harm the structural safety of concrete structures. Especially
in terms of critical underground facilities like tunnels, this can lead to increased danger
and finally collapse of underground structures and — in the worst case — to loss of human
life. During fire exposure, the concrete lining is damaged due to various processes (i.e.,
thermal degradation, spalling (see Figure 1), etc.). Generally, spalling happens during
the first 30 min of thermal loading (high temperature rise up to 1200 °C within a few
minutes), reducing the cross-sectional area of the tunnel lining and therefore considerably
affecting the load-carrying capacity of the structure. In order to assess the safety of
concrete structures subjected to fire loading, the aforementioned processes taking place
in heated concrete must be taken into account.

Figure 1: (a) Failure of a specimen in small-scale experiments (test of cylindrical
specimens subjected to combined mechanical and thermal loading), (b) fi-
nal state of spalling after large-scale fire test exposing the reinforcement
bars

In recent years, micromechanical concepts were employed to describe the behavior of
heated concrete, considering chemical and physical processes at the respective scale of
their occurrence. This step towards micromechanical modeling of building materials in
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general (see, e.g., [2, 42, 57, 58, 61, 62, 63, 85]), and of heated concrete, in particular (see,
e.g., [14]), has drawn benefit from advances in both micromechanics and experimental
characterization of finer-scale properties (see, e.g., [29, 30, 31, 59]), which has led to the
development of so-called multiscale models. Over the last years, great efforts were laid on
the transfer of information from finer scales towards the so-called macroscale (upscaling),
employing either analytical methods, based e.g. on continuum micromechanics (see, e.g.,
2, 22, 55, 59, 60]), or numerical methods using the finite-element method or limit-state
approaches (see, e.g., [9, 23]).

It is well known that the evolution of thermal strains of concrete subjected to combined
mechanical and thermal loading depends on the history of loading (path dependence),
which has been identified in numerous experiments [8, 16, 37, 72, 76]. In the literature,
this effect is referred to as load induced thermal strains (LITS), occurring only during the
first heating of concrete [37]. and depending on the actual stress level in concrete. In order
to consider LITS within modeling of concrete under combined thermal and mechanical
loading, various approaches can be found in the literature [50, 73, 74, 75]. As LITS reduces
the thermal restraint of concrete, it may have a significant influence on the overall behavior
of concrete under thermal loading.

As regards the simulation and design of concrete structures under high temperatures,
the so-called equivalent temperature [39, 64, 78] is usually employed in engineering prac-
tice, simplifying the real non-linear temperature distribution in case of fire loading. This
approach allows the use of beam elements for numerical simulations which are easy to
handle and widespread in present design programs. This approach, however, has some
drawbacks, such as the missing possibility to consider spalling and the assumption of
linear-elastic material behavior. In order to perform more sophisticated numerical sim-
ulations, more realistic analysis tools are required, taking the real non-linear material
behavior and effects like spalling into account.

Research objectives and methodology

The main goal of this thesis is the development of a numerical simulation tool being able to
capture the structural behavior of reinforced concrete structures subjected to fire loading.
This tool was developed within the framework of two KIRAS research projects (Austrian
Security Research Program) 813794 and 824781 ”Safety of underground structures under
fire loading”, aiming at an improved understanding of the behavior of concrete at high
temperature in order to finally increase the safety of underground structures subjected
to fire loading. Within this projects, a holistic approach was chosen, covering the three
main parts of assessment of concrete structures subjected to fire loading;:

e Part 1 — Fire:
The first part deals with the computation of temperatures in tunnels in case of fire
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by means of CFD-simulations (see Figure 2) [4]. Hereby, different tunnel cross-
sections (rectangular, arched) are investigated. The temperature distribution in the
cross-section as well as in the longitudinal direction of the tunnel are determined,
providing information for rescue teams as well as design engineers (with the latter
using the temperature loading of the structure within the structural analysis, see
[4] for details).

high ——

HRR (MW)

' 0 20 40 60 80 100 ' 0 20 40 60 80 100

time (min) time (min)

-ﬁ're tests CFD
(a) - (b) (c)

Figure 2: Application of CFD for the simulation of fire in enclosures: (a) type

of fire load, (b) evolution of heat release rate (HRR), and (c) evolution of
surface temperature [4]

e Part 2 — Material:

The second part deals with the characterization of the material behavior of concrete
under temperature loading. Hereby, the intrinsic permeability of various cement-
paste and concrete mixtures is investigated in both the residual (up to 600 °C) and
the hot state (up to 350 °C), where a considerable increase of the permeability of
concrete with PP-fibers between 140 and 200 °C (comprising the melting tempera-
ture of PP-fibers) is observed (see [47] for details). In addition to the experimental
investigation of the permeability of concrete, the mechanisms of spalling are nu-
merically investigated in [84], modeling spalling as a combined thermo-mechanical
and thermo-hydral process, depending on the stress level and the vapor pressure
(see Figure 3). As regards the strain behavior of concrete under combined mechan-
ical and thermal loading, the so-called ”Load induced thermal strains” (LITS) are
investigated [67].

e Part 3 — Structure:
In the final part of the research projects, the behavior of concrete structures under
fire loading is investigated. In addition to the simulation of different tunnel geome-
tries subjected to fire loading [65], highlighting the influence of the material model
on the structural response, the re-analysis of large-scale fire tests is performed (see
Figure 4) [68, 69].
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Figure 3: Illustration of spalling caused by (a) thermo-hydral processes and (b)
thermo-mechanical processes [7, 12, 79

Figure 4: Large-scale fire tests: (a) experimental setup and (b,c) numerical
model/results [68, 69

Within this thesis, contributing mainly to Parts 2 and 3 of the aforementioned research
projects, material models for concrete and modes of structural analyses are developed and
validated by means of experiments:

Experiments

On the material scale, small-scale experiments on cylindrical specimens (with a diameter
of 100 mm and a height of 200 mm) are performed. For this purpose, a test setup is de-
veloped, allowing the conduction of experiments under combined thermal and mechanical
loading [70]. This test setup can be used for determination of the strain behavior as well
as the elastic material properties of heated concrete. The displacements of the investi-
gated specimens are measured with displacement transducers in radial as well as in axial
direction. Steel bars are used to transfer the deformations from the hot test chamber to
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the outside of the testing device, as the displacement transducers cannot withstand the
testing temperature (up to 800 °C). These steel bars are calibrated using a steel cylinder
with known deformation behavior under high temperature. Knowing the displacements of
the specimens under combined thermal and mechanical loading, the load induced thermal
strains (LITS) can be determined. Since the mechanical loading can be varied during the
experiment, small load changes are applied to determine Young’s modulus and Poisson’s
ratio. In addition to the small-scale experiments, the material behavior of concrete under
thermal loading was tested by means of real-scale experiments [66, 68, 69], where con-
crete frames (3 x 6 x 2 m) with different concrete mixtures (with and without PP-fibers)
are heated and monitored as regards temperatures, deformation, rotation, spalling, and
crack evolution. Finally, the collected experimental data is used to build up a proper
validation basis for modeling and simulation of concrete and concrete structures at high
temperatures.

Modeling of concrete

With the experimental basis at hand, a micromechanics-based model is proposed using
continuum micromechanics for homogenization (upscaling). In a first approach, concrete
is subdivided into aggregates, cement paste, and pore space. The micromechanics-based
model is used to determine the effective elastic properties and the free thermal strain of
concrete as a function of temperature. Furthermore, a differential strain formulation is
proposed, accounting for the load-dependency of the thermal strains (LITS) by extending
a model formulation for LITS originally proposed by Thelandersson [75]. The so-obtained
model response shows good agreement with the experimentally-observed load-dependency
of the thermal strain.

Structural simulations

Numerical simulations of the aforementioned large-scale experiments [66, 68, 69] as well
as real-scale structures are performed (i.e., rectangular and arched tunnel cross-sections).
The numerical simulations are performed using thick layered finite elements [71] within
the numerical analysis tool MSC.Marc [48]. These layered finite elements (consisting of
105 layers) were employed, because:

e a significantly lower number of elements is required to model the tunnel cross-section
as compared to, e.g., 3D-continuum elements, reducing the numerical cost,

e spalling of concrete layers can be considered by de-activation of the respective layers,
and

e the non-linear temperature distribution and the material properties of concrete and
steel can be assigned easily with sufficient accuracy.

Within the analyses, different material models are considered, ranging from simple linear-
elastic material behavior using the equivalent-temperature concept up to more complex
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models using elasto-plastic material behavior and taking the (real) non-linear temperature
distribution into account. The equivalent-temperature concept [39, 64, 78] was developed
in order to linearize the non-linear temperature distribution over the thickness of a cross-
section and to reduce the effort associated with numerical simulations of thermally-loaded
structures. The principle of the equivalent-temperature concept can be explained as fol-
lows: The (real) non-linear temperature distribution is applied on a clamped beam, caus-
ing restraint-stresses which lead to internal stress resultants (normal force and bending
moment). These stress resultants are used to determine the equivalent temperature, con-
sisting of two parts, i.e., a constant temperature increase over the cross-sectional thickness
T, [°C] and a temperature gradient AT" [°C/m]|. This simplified temperature load can be
considered within state-of-the-art analysis tools using beam elements (which are currently
used in engineering practice). This approach has some drawbacks, e.g., disregard of force
redistribution within a structure, leading to local over- /underestimation of internal stress
resultants. In order to evaluate the accuracy of the equivalent-temperature concept during
simulation of tunnel cross-sections, numerical simulations are performed and compared to
results obtained from more complex models considering elasto-plastic material behavior
in combination with the non-linear temperature distribution. Furthermore, the influence
of the proposed micro-mechanical model as well as the influence of spalling is highlighted.
Finally, validation of the numerical tool is performed comparing the structural response
with experimental data collected throughout the mentioned large-scale experiments on
reinforced concrete frames [68, 69].

Outline of the thesis

This thesis mainly deals with the simulation of concrete structures subjected to fire load-
ing. Prior to the numerical simulations, however, experiments (on the material as well as
the structural level) were carried out, providing (i) a better understanding of the behav-
ior of concrete at high temperatures and (ii) a proper basis of the subsequent modeling
attempts.

Starting with small-scale experiments in Publication A, the strain behavior of cylindrical
specimens is experimentally characterized, highlighting the path-dependence of concrete
when heated under mechanical loading. This path dependence, also referred to as ”Load
induced thermal strains” (LITS), was presented, e.g., in [75]. In Publication A, the
specimens are tested at temperatures up to 800 °C with a heating rate of 1 °C/min. The
dimensions of the specimens (diameter = 100 mm, height = 200 mm) in combination with
the slow heating rate of 1 °C/min ensure that the specimens are heated almost uniformly.
Temperature plots of the steel platens and tested specimens (reference specimen made
of steel and concrete specimen) are shown in Figure 5, showing a negligible temperature
difference within the steel specimen (3 °C) and a rather small difference of 15 °C within the
concrete specimen at the maximum temperature in the course of the experiments (800 °C).
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The steel specimen is tested in order to calibrate the test setup. This calibration becomes
necessary, because the deformations are measure with the help of steel bars pointing out

steel concrete

20 °C 20 °C

800
_ ' 790
testing device
(steel platens) 780
770
concrete —|
specimen 760
750
o | o °
797 °C 800 °C 800 740
T4 steel -
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Figure 5: Numerically-obtained temperature distribution within the steel
platens and the specimens (reference specimen made of steel and concrete
specimen) at T,,, = 800 °C

from the heating chamber. Different specimens were tested, ranging from cement-paste to
concrete specimens with and without PP-fibers. The main focus of the experiments is on
the determination of the influence of mechanical loading on the evolution of thermal strain,
where a reduction of thermal expansion with increasing mechanical loading is observed.
The use of PP-fibers in the concrete mixture leads to an increase of pore space, when the
PP-fibers melt (170 to 200 °C), which slightly reduces the thermal expansion of concrete.
Taking advantage of the test setup which allows testing of specimens under combined
mechanical and thermal loading, small load changes are applied periodically, giving access
to the elastic material properties (Young’s modulus, Poisson’s ratio) as a function of
temperature and mechanical loading. Again an influence of the applied mechanical load
on the elastic material properties, especially Young’s modulus, is observed. Increase of
mechanical loading leads to a reduced development of micro-cracks and therefore to a
more compact material at elevated temperatures, explaining the higher elastic properties.

Publication B deals with modeling of the experimentally-observed load dependency of
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thermal strains, as reported in Publication A. Within Publication B, a micromechanical
model (consisting of aggregate, cement paste, pore space) is presented, giving access to the
elastic material properties as well as the thermal strain of concrete. In a first approach, a
total formulation of the thermal strain evolution based on a modified formulation proposed
by Thelandersson [75] is applied, showing deficiencies when changes in the mechanical
load-history of concrete are considered. As a remedy, a differential formulation of the
strain evolution is proposed and validated by means of small-scale experiments. In the
underlying small-scale experiments, the level of mechanical load level is changed during
heating of the specimen. The publication is completed with numerical simulations of a
rectangular tunnel cross-section illustrating the influence of the combined thermal and
mechanical material behavior of concrete. The influence of LITS on the evolution of
stresses in the cross-section is highlighted, showing a reduced stress built-up when LITS is
considered. This reduced stresses lead to reduced bending moments in the whole structure.
Furthermore, deformations are compared, showing smaller deformations in case LITS is
considered.

Knowing the evolution of thermal strain with respect to mechanical loading (LITS) as well
as the change of elastic material properties of concrete with respect to temperature, large-
scale experiments are performed on concrete frames (6 x 3 x 2 m; test setup presented
in Figure 6), see Publication C. These experiments are performed on four frames with
different concrete mix-designs (two frames with and two frames without PP-fibers), carried

Figure 6: Test setup in large-scale fire experiments (steel weight applied on
closed fire chamber)

out in order to provide the basis for validation of simulation tools. The shape of the
large-scale experiment was chosen in order to determine the influence of fire on frame
corners of rectangular tunnel cross-sections. The frames were loaded by steel weights,
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simulation an earth overburden on a tunnel cross-section. The fire load lasted for 180
min and reached temperatures in the inside of the combustion chamber of 1200 °C. A
wide range of experimental data collected during the experiments like, e.g., temperature
distributions, deformations, rotations of the frame corners, crack widths is presented.
After the experiments the final spalling depth was recorded, showing higher spalling for
the two concrete frames without PP-fibers. Additionally, tests on reference samples are
performed, giving information about the compressive strength, Young’s modulus, and
permeability at certain temperatures. The complete set of data presented in this paper can
be used for validation of models and simulations tools (spalling, heat transfer simulations,
etc.).

A numerical tool based on [71] is used in Publication D in order to simulate the large-
scale experiments presented in Publication C. The experimental data for deformations
and rotations are used for validation of the model response. Different modes of material
modeling are considered, starting with linear-elastic material behavior using the equiva-
lent temperature concept up to elasto-plastic material behavior using the experimentally-
determined non-linear temperature. Starting with linear-elastic material behavior, the
complexity of the model increases continuously. Therefore, the influence of effects like
spalling become evident. In the second step, elasto-plastic material behavior is introduced
leading to more realistic results in comparison with the linear-elastic material behavior.
The experimentally-observed extent of spalling is considered in a third step, highlighting
the error in results in case spalling is neglected. Finally, consideration of LITS leads to the
best agreement with experimental results, showing the need of considering LITS within
the simulation of concrete structures exposed to fire loading.

Finally, the influence of the underlying material model on the structural response of
tunnels is investigated in Publication E. Different cross-sections (rectangular, arched)
are considered, starting with a simple material model (linear-elastic material behavior +
equivalent temperature) up to more sophisticated material models (elasto-plastic mate-
rial behavior + non-linear temperature distribution). Moreover, the influence of material
properties taken from international standards (CEB or EC2-1-2) on the simulation results
of concrete structures subjected to fire loading is investigated. As regards the underlying
material behavior, the linear-elastic material behavior predicts the smallest deformations.
Therefore, the state-of-the-art model approach cannot be chosen when realistic deforma-
tions of concrete structures subjected to fire loading should be obtained (see also Publica-
tion D). In addition to deformations, bending moments and normal forces are compared
in Publication E highlighting the effect of force re-distribution when elasto-plastic ma-
terial behavior is considered. As regards the underlying standards (CEB and EC2-1-2),
the CEB approach produces higher thermal restraint leading to higher bending moments
and larger deformations. This behavior is caused by the different evolution of Young’s
modulus with increasing temperature. Furthermore, the influence of the shape of the
tunnel cross-section is determined, showing higher bending moments in frame corners of
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rectangular tunnel cross-sections.

Contribution by the author

Scientific contribution

e New experimental insights regarding the material behavior (strain behavior, Young’s
modulus, Poisson’s ratio) of concrete subjected to thermal loading.

e A micromechanical model for heated concrete, covering the elastic properties and
the free thermal strain.

e A differential formulation of LITS allowing consideration of the mechanical-load
history of concrete subjected to thermal loading.

e An experimental basis including small-scale and large-scale experiments for valida-
tion of numerical tools to predict the behavior of concrete structures subjected to
fire loading.

Engineering-oriented contribution

e The effect of different tunnel geometries (rectangular, arched) on the evolution of
bending moments, normal forces, and deformations of tunnel structures with respect
to fire loading.

e Assessment of different model assumptions (equivalent-temperature concept, non-
linear material behavior, spalling, LITS), such as the equivalent-temperature con-
cept leading to unrealistic small deformations of concrete structures.

This thesis is a cumulative work consisting of five publications, all written by the author
of this thesis as first author. The following list gives more detailed information about the
contribution of the author to each publication:

e Publication A: FExperimental investigation of strain behavior of heated cement
paste and concrete [70]
This paper deals with experimental investigation of cement paste and concrete spec-
imens subjected to mechanical and thermal loading. The design and optimization
of the test setup as well as the experiments and interpretation of the experimental
data was carried out by the author himself.
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e Publication B: Thermo-mechanical behavior of concrete at high temperature: From
micromechanical modeling towards tunnel safety assessment in case of fire [67]
Based on the findings of Publication A, existing micro-mechanics based models were
adapted by the author and applied to modeling the behavior of heated concrete. The
author compared the model response with the experimental results for validation
purposes, finally studying the influence of LITS by means of structural simulations
of a tunnel cross-section.

e Publication C: Underground concrete frame structures subjected to fire loading:
Part I - large-scale fire tests [68]
In this publication, the author summarizes the experimental data collected within
large-scale fire tests. For details, the reader is referred to the respective technical
report [66] (which was also written mainly by the author).

e Publication D: Underground concrete frame structures subjected to fire loading:
Part II — re-analysis of large-scale fire tests [69]
Using the experimental data from Publication C, the author investigated different
model approaches (regarding the material behavior as well as the thermal loading)
in order to determine the influence of spalling, LITS,... on the structural response,
finally leading to the validation of the proposed non-linear structural model by
comparison with experimental data (see Publication C).

e Publication E: Der Einfluss des Rechen- und Materialmodells auf die Strukturant-
wort bei der Simulation von Tunnel unter Brandbelastung [65]
Finally, the author performed structural simulations using the previously-developed
numerical tool. Hereby, various numerical simulations of two different tunnel cross-
sections were considered in order to determine the influence of thermal loading
on deformations and the internal stress resultants (bending moment and normal
force) of structures under fire loading. The numerical results led to identification of
strengths and weaknesses of different numerical approaches as well as recommenda-
tions regarding the proper choice of the model. The respective conclusions provide
the basis for preparation of an Austrian guideline covering this topic.
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The material degradation of concrete subjected to fire events has a severe influence on
the load-carrying capacity of support structures. Spalling of concrete layers, exposing
the reinforcement bars, and degradation of the material properties (Young’s modulus,
compressive strength, ...) may lead to significant damage of the reduced cross-section
and, therefore, cause failure of the structure. In order to understand the stress build-up
at the heated surface caused by thermal expansion due to fire loading, finally leading to
damage and spalling of concrete, the strain behavior of cement paste and concrete exposed
to combined thermo-mechanical loading is the focus of this work. Hereby, the evolution
of thermal strains, Young’s modulus, and Poisson’s ratio with increasing temperature are
investigated experimentally. For this purpose, the specimens are loaded uni-axially while
the temperature is increased up to 800 °C. The obtained results provide the proper basis
for the development of realistic material models, allowing more sophisticated simulations
of structures exposed to fire.
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A.1 Introduction

Fire loading of concrete structures (such as tunnels) can have a severe influence on the
structural safety. In addition to the material degradation, spalling can be observed, re-
sulting from the build-up of compressive stresses at the heated surface. The so-obtained
combined thermo-mechanical loading was investigated, e.g., in [34, 73, 75], experiencing
an increased amount of deformation under mechanical loading of heated concrete (see
Figure A.1), requiring the introduction of a new strain component referred to as load

temperature [°C]

400 thermal
loading
time [h]
strain [%]
0.4 stress
applied
0.2 in © measured
. ~free thermal creep strain
strain
1 2 3 time [h]

stress
applied

in (2

Figure A.1: Tllustration of path dependence in case of combined mechanical and
thermal loading [75]; the same thermal and mechanical loading applied in
different order lead to different strains (compare points A and B)

induced thermal strains (LITS). More recently [44], LITS was explained by strain incom-
patibilities of the constituents of concrete (cement paste and aggregates) under elevated
temperatures, causing micro-cracking, which — under mechanical loading — are suppressed,
giving rise to the notion of restrained thermal strain rather than LITS.

Accounting for the two main constituents of concrete controlling its performance, the
behavior of both cement paste and concrete in investigated in this paper, considering
combined thermo-mechanical loading. The experimental setup used in this work is pre-
sented in Section A.2, giving information about the thermo-mechanical testing device, the
mix design for cement paste and concrete as well as the loading conditions. The experi-
mental results (strains in axial and radial direction, Young’s modulus, and Poisson’s ratio)
are presented in Section A.3, followed by concluding remarks in Section A.4, completing
this work.
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A.2 Experiments

A.2.1 Testing device

A radiant electric oven was used to apply thermal loading (see Figure A.2). The cylindrical
oven was built around the mechanical testing device, allowing the conduction of tests
under combined thermal and mechanical loading. Cylindrical specimens with a diameter

mechanical loading
(constant or modulatcd)

fau: s

axial
_displacement
© transducer

Il’l -v ' ) ‘M

el

displacement
transducer

Figure A.2: Used device for thermo-mechanical testing of heated cement paste
and concrete (see [24] for details)

of 100 mm and a height of 200 mm were tested. In order to monitor the deformations
of the heated specimen in axial direction, steel rings were mounted to the specimen with
steel bars transferring the deformation of the specimen towards the outside of the oven.
In the radial direction, steel bars directly pointing from the specimen to the outside of
the oven gave access to the radial deformation. Since the steel bars itself are subjected
to temperature changes, the measured deformation is composed of the deformation of the
specimen and the deformation of the steel bars. In order to determine the contribution of
the latter, a reference test on a steel specimen with known thermal dilation was performed,
allowing us to extract the deformation of the specimen from the monitored deformation
history (see Figure A.3). In the course of the experiments, the specimens were subjected
to uni-axial mechanical loading (with load level s = 100 - 0,/ f.0 [%], where o, is the
applied axial stress and f, ¢ is the compressive strength at ambient temperature) which is
applied prior to temperature loading and kept constant until the end of the experiment.
Thereafter, thermal loading was applied up to 800 °C with a heating rate of 1 °C/min.

In order to identify the elastic properties of the heated specimens, the mechanical load was
slightly decreased from the prescribed (constant) load level and subsequently reloaded at
prescribed time intervals of 120 s (see Figure A.4). The continuous increase of temperature
during change of the load level within the un-/reloading cycle of 15 s was found to be
marginal, not affecting the determination of the elastic material properties.

Based on the monitored displacements in axial as well as radial direction during load
change, Young’s modulus and Poisson’s ratio were determined from the so-obtained
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Figure A.3: Strain history in axial and radial direction of a steel specimen for
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changes in axial and radial strain, reading

Ao,
E(T,s) A, (A.1)
and
Ae
T s)=——"" A2
v (A.2)

where Ao, refers to the change in axial stress associated with the slight decrease of
mechanical loading. Due to the slight change in axial loading, the measured change in
radial strain, Ae,, is of smaller magnitude as compared to the change in axial direction
giving more accurate results for Young’s modulus than for Poisson’s ratio.

A.2.2 Materials

Cement-paste consisting of CEM I 42.5 N with a water/cement ratio of 0.4 and a 28d-
cylinder compressive strength of f., = 42.6 MPa was tested. In order to investigate an
intermediate state between cement paste and concrete, additional experiments considering
cement paste and filler (sand with grain size < 0.25 mm) were performed (see Table A.1).
The concrete mixture considered in the experimental program is given in Table A.2 (see

cement CEM I 42.5 N [kg/m?| 781.6
additive (fly ash) [kg/m?] 134.7
water [kg/m?] 355.0
filler (siliceous) < 0.25 mm [kg/m?] 470.7
water /cement-ratio [ 0.454
water/binder-ratio! [-] 0.399
fresh density [kg/m? 1742.0
28d-cylinder compressive strength [MPa] 47.7

" The additive is weighted by 0.8 [53].

Table A.1: Mix-design for specimens made of cement paste + filler

also [24] for details). The considered aggregates consist of 89 % siliceous materials (68 %
quartz and 21 % feldspar). The underlying thermal-strain evolution of quartz is given in
Figure A.5(a), indicating quartz transition at 573 °C. For T > 573 °C, the evolution of
the thermal strain exhibits a plateau at 1.72 % (see Figure A.5(a)). The elastic properties
of quartz as a function of temperature were determined in [43] using ultrasonic tests and
are given in Figure A.5(b). Both free-thermal strain and elastic properties of quartz will
be essential later on for the discussion of the obtained experimental results.
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cement CEM T 42.5 N [kg/m?]
additive (fly ash) [kg/m?]
water* [kg/m?]
polypropylene (PP) fibers* [kg/m?]
siliceous aggregates [kg/m3]
fraction 0-4 mm [mass-%]
fraction 4-8 mm [mass-%]
fraction 8-16 mm [mass-%]
fraction 16-22 mm [mass-%]
aggregate mineralogy:
quartz [mass-%)]
feldspar [mass-%)
carbonate [mass-%]
water/cement-ratio* [
water /binder-ratio® " [-]
initial density* [kg/m?]
slump* [mm]|
air content* [%]

28d-cylinder compressive strength* [MPa]

290
50

185 / 190
0/15
1859

36

17

34

13

68
21

11

0.64 / 0.66
0.56 / 0.58
2384 / 2391
430 / 410
1.0 /25
39.1 / 40.7

* Left value corresponds to concrete without PP-fibers,
right value corresponds to concrete with PP-fibers.

T The additive is weighted by 0.8 [53].

Table A.2: Mix-design for concrete specimens without and with polypropylene-
fibers (PP-fibers) [24]
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Figure A.5: Behavior of siliceous aggregates: (a) free thermal strain [33] and
(b) Young’s modulus and Poisson’s ratio [43] as a function of temperature

A.3 Results and discussion

The evolution of strain in axial and radial direction for cement paste subjected to different
levels of mechanical loading s (s = 0,/ f.0 = 0, 5, 10, 20, 30 %, where f.o = 42.6 MPa, see
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Subsection A.2.2) is presented in Figures A.6(a) and (b), showing the load dependency
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Figure A.6: Cement paste under combined thermal (up to 800 °C) and me-
chanical loading (s = 100 - 0,/ f.0 = 0 to 30 %, with initial compressive
strength f.o = 42.6 MPa): evolution of (a) axial and (b) radial strain as
a function of temperature

of cement paste subjected to high temperature. In addition, the experimental results for
unloaded specimens (s = 0 %) from [73] are included, indicating lower compressive strains
for the cement-paste mixture tested in [73]. With increasing load level, the compaction
of cement paste in axial direction increases, whereas the expansion in radial direction
increases, especially at higher temperatures. While the behavior of strains below 500 °C is
mainly driven by the degradation of CSH- and CH-phases (see [15, 77]), at temperatures
between 500 to 600 °C a change of the evolution of strain is observed for s > 5 %, which
is attributed to the development of macro-cracks (see Figure A.7) in axial direction of
the specimen, caused by radial tensile stresses exceeding the (temperature-dependent)
tensile strength. The development of these macro-cracks leads to a significant increase of
deformation in the radial direction (see radial strain between 500 and 600 °C in Figure
A.6(b)), starting at lower temperatures for higher level of mechanical loading. As regards
determination of elastic properties and the strain behavior of heated cement paste, the
strains measured after the formation of the macro-cracks cannot be considered. In case
no mechanical load is applied during testing (s = 0 %), the evolution of the axial strain
shows almost no further shrinkage for 7" > 600 °C, corresponding to decomposition of
crystallized CaCOgs replacing the earlier-observed degradation of CSH- and CH-phases
(see, e.g., [15, 77]).

The evolution of Young’s modulus of cement paste with temperature is presented in
Figure A.8(a), indicating a rapid loss of stiffness in case of s = 0 %, caused by both
dehydration and the development of micro-cracks. Application of mechanical load leads to
a reduction of microcracking and, thus, to higher values for Young’s modulus at increased
temperatures. In Figure A.8(b), the evolution of Poisson’s ratio is presented. Since
the applied load change for determination of Young’s modulus and Poisson’s ratio was
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Figure A.7: Cement-paste specimens right after the experiment showing macro-
cracks in axial direction
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Figure A.8: Elastic parameters of specimens made of cement paste for different
load levels (s = 0, 5, 10, 20, and 30 %): evolution of (a) normalized
Young’s modulus and (b) Poisson’s ratio as a function of temperature

rather small, the change in radial strain was in the range of the accuracy of the employed
displacement-measuring device. Accordingly, the presented evolution of Poisson’s ratio
shows larger variations than the evolution of Young’s modulus. Nevertheless, an increase
of Poisson’s ratio for cement paste under elevated temperatures for increasing mechanical
loading is observed. For lower load levels (s < 5 %), Poisson’s ratio was decreasing up
to 400 °C, which is mainly explained by the occurrence of micro-cracks, weakening the
cement-paste structure. Lateron this trend is reversed and Poisson’s ratio increases. For
higher load levels (s > 5 %), the aforementioned behavior is less pronounced.

Figures A.9(a) and (b) show the evolution of axial and radial strain of the specimens
made of cement paste + filler subjected to different levels of mechanical loading (s =
100 - 0,/ feo = 0, 5, 10, 20, 30 %, where f.o = 47.7 MPa, see Table A.1). Increasing
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Figure A.9: Cement-paste + filler under combined thermal (up to 800 °C) and
mechanical loading (s = 100- 0,/ f.o = 0 to 30 %, with initial compressive
strength f.o = 47.7 MPa): evolution of (a) axial and (b) radial strain as
a function of temperature

the mechanical loading led to a rapid decrease of the axial deformation and later on to
compressive strains (see Figure A.9(a)). As regards the radial strain (see Figure A.9(b)),

less shrinkage deformation is obtained in consequence of mechanical loading, especially
for T" > 400 °C.

In Figure A.10(a), the evolution of Young’s modulus of the specimens made of cement
paste + filler is shown for different mechanical load levels (s = 0, 5, 10, 20, and 30 %).
Young’s modulus for the unloaded situation (s = 0 %) is found to be significantly smaller
than the modulus in case mechanical load is applied (s > 5 %). This is explained by the
development of micro-cracks in addition to dehydration of the cement paste. Opening of
these micro-cracks is suppressed for higher mechanical load levels, resulting in an increase
of stiffness.

The evolution of Poisson’s ratio is presented in Figure A.10(b). The highest Poisson’s
ratio is obtained for the unloaded case, which can be explained by the small strain due to
load change in combination with the presence of micro-cracks. For s < 10 %, Poisson’s
ratio increases at temperatures above 580 °C, related to the behavior of the siliceous filler
material in combination with the degraded cement paste (micro-cracks). Application of
mechanical load leads to a reduction of the formation of micro-cracks, and therefore to a
more compact material, giving lower values for Poisson’s ratios (e.g., s = 20 and 30 %).
For s = 20 and 30 %, Poisson’s ratio remains almost constant during heating, with a
slightly lower Poisson’s ratio for increased mechanical loading.

Finally, concrete specimens were subjected to combined mechanical and thermal loading.
Figures A.11 and A.12 show the strain evolution for concrete without polypropylene-fibers
(PP-fibers) and with PP-fibers in the axial (loaded) and radial direction, respectively. The
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Figure A.10: Elastic parameters of specimens made of cement paste and filler
for different load levels (s = 0, 5, 10, 20, and 30 %): evolution of (a)
normalized Young’s modulus and (b) Poisson’s ratio as a function of tem-
perature

change in the strain evolution between 550 and 620 °C results from the quartz transition at
573 °C. The evolution of axial strain presented in Figures A.11(a) and A.12(a) decreases
with increasing mechanical loading. At higher load levels (s > 40 %), the specimens
fail before the final temperature of 800 °C is reached. As regards the corresponding
radial strain (see Figures A.11(b) and A.12(b)), a continuous increase with increasing
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Figure A.11: Strain of concrete without PP-fibers under combined thermal (up
to 800 °C) and mechanical loading (s = 0 to 60 % with s = 100 - 0,/ f.0,
where f.o = 39.1 MPa, see Table A.2): evolution of (a) axial and (b)
radial strain as a function of temperature

temperature is observed, which is more pronounced in case of higher mechanical loading.
Comparison of Figures A.11(a) and A.12(a) shows the influence of PP-fibers (melting at
approximately 170 °C), with the additional pore space increasing the effect of mechanical
loading, leading to higher compaction with increasing load level (see Figure A.12(a)).
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Figure A.12: Strain of concrete with PP-fibers under combined thermal (up to
800 °C) and mechanical loading (s = 0 to 60 % with s = 100 - 0,/ fe.0,
where f.o = 40.7 MPa, see Table A.2): evolution of (a) axial and (b)
radial strain as a function of temperature

Moreover, the pore space introduced by the PP-fibers leads to failure of the concrete
specimens at lower temperatures as compared to the concrete without PP-fibers (see
axial strains in Figures A.11(a) and A.12(a)).

In Figure A.13(a), the evolution of the normalized Young’s modulus for concrete without
PP-fibers subjected to different load levels (s = 0, 10, 20, 30, 40, and 50 %) is presented.
For s = 0 %, the largest decrease in stiffness with increasing temperature is observed, with
a minimum in the evolution of Young’s modulus at the temperature of quartz transition
(573 °C). Above that temperature up to 700 °C, the transition of quartz leads to a slight
increase of the overall stiffness of concrete.

The decrease of Young’s modulus becomes smaller with increasing load level, which is
explained by the reduced amount of micro-cracks, resulting from strain incompatibilities
between aggregates and cement paste. In case of loaded concrete (with s > 20 %),
the development of these micro-cracks is strongly reduced in comparison to non-loaded
concrete (s = 0 %). The observed load-dependency of Young’s modulus was also found
in [34].

The influence of the load level (s = 0, 20, 30, 40, and 50 %) on the evolution of Poisson’s
ratio is presented in Figure A.13(b). Since the measurement accuracy in radial direction
(small deformations) produces a certain variation in the results, the lines are not smooth.
Up to 300 °C, Poisson’s ratio is constant within a range of 0.2 to 0.3. For higher load
level, a slight increase of Poisson’s ratio was observed, which is more pronounced for
higher temperatures. At temperatures above 573 °C (quartz transition), Poisson’s ratio
is rapidly increasing, exceeding the elastic range for higher load levels (> 0.5), indicating
inelastic effects like opening of additional microcracks within the cement-paste matrix.
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Figure A.13: Elastic parameters of specimens made of concrete without PP-
fibers for different load levels (s = 0, 10, 20, 30, 40, and 50 %): evolution
of (a) normalized Young’s modulus compared to EC2-1-2 [20] and (b)
Poisson’s ratio as a function of temperature

A.4 Concluding remarks

The presented experimental results provided new insight into the behavior of concrete
under combined thermo-mechanical loading as well as the behavior of its main constituents
(cement paste, siliceous aggregates). The development of thermal strains was found to be
highly dependent on the applied mechanical load, which is in good agreement to the open
literature [34, 73]. The load dependency of the material properties was also encountered
at the cement-paste scale, where the applied load seems to reduce the thermally-induced
damage associated with microcracking. The presented experimental data are thought to
provide a proper basis for understanding the behavior of concrete in the case of modeling
attempts within the safety assessment of concrete structures subjected to fire. E.g., the
additional load-induced thermal strain (LITS) accounting for the aforementioned load-
dependency introduced by Thelandersson [75] may be reformulated from [67]

9 _th lits g
—e"™(T) to "=

fc,O fc(T)
where the compressive strength at ambient temperature, f.o, was replaced by the corre-
sponding temperature-dependent compressive strength, f.(T') (see Figure A.14(a)). The

Elzts — k

et (T, (A.3)

parameter k, introduced in [75], depends on the type of loading (k = 2.35 for uniax-
ial loading, & = 1.7 for biaxial loading). Using the new formulation given in Equation
(A.3), k becomes equal to 1.0 relating LITS directly to the actual level of loading, given
by o/f.(T). The response of the model proposed in Equation (A.3) (see [67] for de-
tails) shows good agreement to the experimental results presented within this paper (see
Figure A.14(b)).
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Figure A.14: Evolution of (a) input parameters (experimentally determined,
see [67] for details) and (b) axial strain of concrete without PP-fibers
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The realistic description of the behavior of concrete under high temperature and mechani-
cal loading is of great importance, especially in terms of the safety assessment of concrete
structures subjected to extreme events such as fires. In order to capture the complex
chemical and physical processes in heated concrete, a micromechanical model taking the
composite nature of concrete into account is presented in this paper. Based on experi-
mental results obtained for cement paste and aggregate subjected to thermal /mechanical
loading, a two-scale model formulated within the framework of continuum micromechanics
is developed, giving access to the effective elastic and thermal-dilation properties of con-
crete as a function of temperature. These model-based properties are considered within
a differential formulation of the underlying stress-strain law, accounting for the influence
of mechanical loading on the thermal-strain evolution. The proposed micromechanical
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approach and its mode of implementation are validated by experimental results obtained
from concrete specimens subjected to combined thermo-mechanical loading. Finally, the
effect of the underlying model assumptions at the structural scale is illustrated by means
of the safety assessment of underground support structures under fire attack.

B.1 Introduction

Concrete subjected to combined mechanical and thermal loading exhibits a certain path
dependence explained by the dependence of physical processes on the actual stress state
within the material (see [8, 16, 25, 50, 73, 74, 76]). This path dependence of heated
concrete (highlighted in Figure B.1) is often related to the introduction of so-called load
induced thermal strains (LITS). The main findings reported in the literature with respect

temperature [°C|

400 thermal
| loading |
time [h]
strain [%]
0.4
applied
0.2 measured
. ~free thermal creep strain
strain
time [h]
stress
applied

in @

Figure B.1: Path dependence of combined mechanical and thermal loading
according to [75]; the application of the same thermal and mechanical
loading applied in different order lead to the same temperature and stress
level (T4 = 400 °C and o = 0.45 - f.() but to different experimentally-
observed strains — compare points A and B

to LITS are:

1. LITS is found only in concrete subjected to first thermal loading [36].

2. The rate of heating (ranging from 0.2 to 5 °C/min) and the water/cement ratio
showed only minor influence on LITS [73].

3. The aggregate type has no significant influence in the development of LITS, linking
LITS to processes taking place within the cement paste [36]
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4. LITS is practically unaffected by the type of cement blend, suggesting that it takes
place in a common gel or CSH structure [36].

5. LITS seems to increase linearly with the applied stress level (see Figure B.2) [8].

temperature [°C]
: 600 i
™ s =10%
O\ = 225 %
s = 20 %

-0.005

0010
\. 5=1450%
Vg =300
-0.015 E 8 ’
----- Ehm [14 N s=20%
—Khoury [30] $=675% % s _ 409
0.020 ¢ ——Thelandersson [59] S =60 %

Elits H

Figure B.2: Load dependency of LITS obtained from different experiments
[16, 36, 75](s = 0/ f.o : level of loading)

Based on these experimental findings, several formulations for LITS can be found in the
open literature, ranging from an approach to model LITS within creep of heated concrete
[73] over considering LITS via empirical relations [74], to strain-rate formulations for LITS
as proposed in [50, 75].

In recent years, micromechanics-based models for concrete have been published in the
open literature (e.g., [14, 44]) taking the composite nature of concrete into account. On
the one hand, these models were developed in order to identify the behavior of CSH at
elevated temperatures [14] using nanoindentation. On the other hand, a multiscale model
for determination of the effective stiffness of concrete at high temperatures was proposed
in [44].

In the present work, recently published micromechanics-based models [42, 58] are adopted
to the description of the change of elastic properties and the thermal dilation of heated
concrete. For this purpose, experimental studies on concrete and cement-paste samples
were conducted, the respective experimental results are presented in Section B.2. In
Section B.3, the micromechanic-based model is presented with possible modes of imple-
mentation of the underlying stress-strain behavior which is discussed in Section B.4. The
so-obtained formulations for consideration of the combined thermo-mechanical behavior
of concrete and their effect within the analysis of concrete structures subjected to fire
loading are highlighted in Section B.5. Concluding remarks are given in Section B.6.



Publication 2 B.2: FExperimental observation 28

B.2 Experimental observation

In addition to the existing experimental data available in the open literature, experiments
were performed in order to assess the combined thermo-mechanical behavior as well as the
elastic properties of concrete under temperature loading. The experiments were conducted
in a radiant electric oven which is used to apply the thermal loading (see Figure B.3).
The cylindrical oven is built around the mechanical testing device, allowing to perform
tests under combined thermal and mechanical loading. The cylindrical specimens had
a dimension of 100 mm in diameter and a height of 200 mm. In order to monitor the

mechanical loading
(constant or modulated

!

radial
displacemq
transducer

Il |”“’51§ ,,‘-' I

'w”% .

e, axial
displacement
transducer

Figure B.3: Used device for thermo-mechanical testing (see [70] for details)

deformations of the heated specimen, steel rings are mounted with steel bars transferring
the deformation of the specimen to the outside of the oven (axial direction). In the radial
direction, steel bars, directly pointing from the specimen to the outside of the oven, give
access to the radial deformation. In the course of the experiments, the specimens are
subjected to constant uniaxial loading and heated up to 800 °C with a heating rate of
1 °C/min.

In order to identify the elastic properties of the heated specimens, a modulated mechanical
and steadily-increasing thermal load was considered within the test program (see [70] for
details).

B.2.1 Deformation under thermo-mechanical loading

In Figure B.4, the evolution of strain in axial direction for cement paste subjected to
different levels of mechanical loading (s = 100 - 0,/ f.o = 0, 5, 10, 20, and 30 %, where
feo = 42.6 MPa) is presented, indicating the load dependency of deformations in case
of increasing temperature loading. With increasing load level, the compaction of cement
paste in axial direction and the expansion in radial direction increase, especially at higher
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Figure B.4: Cement paste: (a) Temperature curve (1 °C/min) and mechanical
loading (s = 100 - 0,/ fe0 = 0 to 30 %, with initial compressive strength
feo =42.6 MPa); (b) evolution of axial strain as a function of temperature

[70]

temperatures. While the behavior of strains below 500 °C is mainly driven by the degra-
dation of CSH- and CH-phases (see [15, 77]), at temperatures between 500 to 600 °C an
abrupt change of the evolution of strain is observed for s > 5 %, which is attributed to

the development of macro-cracks in longitudinal direction of the cement-paste sample.

Figure B.5 shows the evolution of strain in axial and radial direction for concrete specimens

under combined mechanical (s = 100 - 0,/ f.0 =

0, 10, 20, 30, 40, 50, and 60 %, where

feo = 39.1 MPa) and thermal loading. The observed change in the strain evolution
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Figure B.5: Concrete: (a) Temperature curve (1 °C/min) and mechanical load-
ing (s = 100 - 0,/ feo = 0 to 60 %, with the initial compressive strength
feo =39.1 MPa); (b) evolution of axial strain as a function of temperature

[70]
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between 550 and 620 °C results from the quartz transition at 573 °C. The evolution of
axial strain presented in Figure B.5(a) decreases with increasing mechanical loading. At
higher load levels (s > 40 %), the concrete samples fail before the final temperature
of 800 °C is reached. As regards the corresponding radial strain (see Figure B.5(b)), a
continuous increase with increasing temperature is observed which is more pronounced in
case of higher mechanical loading.

B.2.2 Behavior of siliceous material

Since concrete with a high content of siliceous aggregates (89 % in total, consisting of 68 %
quartz and 21 % feldspar) was investigated in the previous subsection, the thermal strain
behavior as well as the evolution of elastic properties is included in Section B.3, with
the respective experimental results taken from [33, 43]. The thermal-strain evolution of
quartz reported in [33] is shown in Figure B.9, indicating quartz transition at 573 °C. For
T > 573 °C, the evolution of the thermal strain exhibits a plateau at 1.72 %. The elastic
properties of quartz (Young’s modulus and Poisson’s ratio) as a function of temperature
were determined in [43] using ultrasonic tests. Both free-thermal strain and elastic prop-
erties of quartz will be essential in the following section dealing with the micromechanical
modeling of concrete behavior under combined thermo-mechanical loading.

B.3 Micromechanical model

In order to capture the influence of the constituents of concrete on the overall behavior,
a micromechanical model is proposed, consisting of aggregates, cement paste, and pore
space (see Figure B.6). Hereby, one portion of the air voids is already contained within
the cement paste, while an additional portion of air voids is introduced by the mixing
process of aggregates and cement paste (see Figure B.7(a)). Accordingly, the proposed
micromechanical model comprises two scales in addition to the macroscale:

e At Scale I, cement-paste composite (pore space, hydration products) and additional
pores introduced during the mixing process build up the material microstructure.
At this scale, the experimentally-determined behavior for cement paste (see [70], for
details) is considered.

e At ScaleIl, the aggregate phase is employed into the homogenized material of Scale I.

Within this micromechanical framework, both the effective elastic and thermal-dilation

properties of heated concrete are determined using continuum micromechanics (based on
Mori Tanaka [49], applied in [56]).
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Figure B.6: Micromechanical model of concrete

B.3.1 Effective elastic properties

The effective shear and bulk modulus, G.ss and K.f, are given as:
G ~1
G| 1 1
2. ()]
— G —
|1 —1
21 oG-

(B.1)

eff

and

) ET:]«;KT [1+a([[§; 1)}17
X [oee ()]

with r € {porous cement paste (matrix), additional pore space (inclusion)} at Scale I and

(B.2)

eff

r € {homogenized material of Scale I (matrix), aggregates (inclusion)} at Scale II. The
coefficients o and 3 are defined as

3K,
3K, +4G,,

6(K + 2G)

and = e 4G,

a (B.3)
In Equations (B.1) to (B.3), the index m refers to the matrix phase, while o and /3
represent the volumetric and deviatoric part of the Eshelby tensor &, specialized for the
case of spherical inclusions. Furthermore, f, [-] refers to the volume fraction of the
r—th material phase, which is determined from the concrete mix-design, with 1860 kg/m?®
siliceous material, 330 kg cement / fly ash, and 185 kg water. Under the assumption of
complete hydration, the initial volume fractions (prior to fire loading) for the investigated
concrete mixture are set to f,/f./fo = 0.05 / 0.25 / 0.7 (additional pore space (p) /
porous cement paste (c¢) / aggregate (a), see Figure B.7).

As the material behavior (Young’s modulus, Poisson’s ratio) of porous cement paste is
taken from the conducted experiments (see [70]), changes associated with dehydration are
already considered in the cement-paste phase (see, e.g. [3, 38]).
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Figure B.7: Evolution of volume fractions for heated concrete

The model response from Scale 11, giving the effective Young’s modulus (E.fy) for s =
0 %, is presented in Figure B.8, showing good agreement with experimental observations,
especially for temperatures up to 200 °C. Table B.1 summarizes the evolution of the

A Young’s modulus [MPa]

40000 — exp. results
X = model
--- decrease
according to CEB

300001
200001

10000+

temperature [°C]

0 700 00 500 S

Figure B.8: Effective Young’s modulus obtained from micromechanical model
for unloaded concrete (s = 0 %) compared to experimental results (ini-
tial volume fractions: f, = 0.05, f. =0.25, f, =0.70) and to decrease of
stiffness according to CEB [11]

effective elastic properties obtained from the micromechanical model.

B.3.2 Effective (free) thermal strain

When aggregates and cement paste are heated, they show a significant discrepancy in
their thermal-dilation behavior (see Figure B.9). While siliceous aggregates are expanding
during heating, cement paste is turning from expansion into shrinkage at 250 °C, which is
explained by the continuous dehydration of cement paste [13, 73]. Using the morphology
of the proposed micromechanical framework (Figure B.6), the effective thermal strain is
given by (see Appendix A)
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Temperature | Kcrr | Gefr | Verr | Eefs
] [GPa] | [GPa] | [] | [GPa]
20 194 16.4 | 0.17 | 38.3
100 17.9 152 | 0.17 | 35.5
200 15.1 12.9 | 0.17 | 30.1
300 9.8 86 | 0.16 | 19.9
400 4.9 46 | 0.15 | 105
450 4.4 41 1014 | 94
500 3.5 33 | 015 75
550 2.5 22 | 015 | 5.1
573 2.3 21 | 014 | 49
600 2.9 22 019 | 53

650 2.8 21 021 | 56
700 3.4 23 | 022 5.8
800 2.5 1.8 1022 | 44

Table B.1: Effective elastic properties obtained from micromechanical model
for unloaded concrete (s = 0 %)

K;
Kers

ey = et + (1= frl(Ahvm) (e —cln), (B.4)

where /" and K; are the thermal strain and bulk modulus of the inclusion phase i (addi-
tional pore space at Scale I, aggregates at Scale II), respectively. Furthermore, the index
m refers to the matrix phase at the respective scale. Figure B.9 contains the evolution of
the effective thermal strain obtained from the proposed micromechanical model, showing
excellent agreement with the experimental data. As indicated in Figure B.9, the free
thermal strain is mainly driven by the behavior of the aggregates.

oth - quartz |9
err H (model [irlput)
7 _experiments

micromechanical
model response

800

cement paste

exp. results 3] . Y (model nput)

on cement paste

Figure B.9: Comparison of experimentally-obtained free thermal strain
(s = 0 %) with prediction by micromechanical model together with
experimentally-obtained thermal strain of the constituents (aggregates,
cement paste), serving as model input
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B.4 Implementation

In the open literature, the load-dependent part of thermal strains of concrete is often
referred to as "Load Induced Thermal Strains” (LITS). LITS may be considered by an
additional strain (see, e.g., [75]), reading

e =T, o) +™(T)+ (T, o), (B.5)

where ¢ and &' represent the elastic strain and the free thermal strain (see ' in Figure
B.10(a)), respectively. Commonly, the stress-dependence of LITS introduced in Equation
(B.5) is considered by empirical relations, such as the Thelandersson-approach [75]:

g

fc,O

where k is a parameter depending on the type of loading (k = 2.35 for uniaxial loading, k =
1.7 for biaxial loading [75]) and o/ f. o accounts for the influence of the load level, giving a
linear dependence of LITS on the applied stress (see Figure B.10(b)). For determination
of LITS, the micromechanical model response for ¢ given in Figure B.10(a) is used.

ghits = p—&™(T), (B.6)

cth o
0_016A ] experiment 0 temperature [°C]
TESS200-- 400 600 800
I micgiolmocha‘nical/ \\::\‘\\ Sl \\ T~ s=10 %
model response NSCIONUREN
0.012+ -0.004 1 \\:\\\\ s 20 %
NN s =30 %
-0.0081 SR ’
0.0081 AN 7
NV s=40%
-0.012+¢ u 5 = 50 9
0.0041 s
L s=60%
0.0161 P
ol temperature [°C] vyt |

0 600 8

Figure B.10: (a) Evolution of free thermal strain of concrete, £/; (b) evolution
of €' for different load levels according to Equation (B.6) (s = 0/ f.o =
10, 20, 30, 40, 50, and 60 %; k = 2.35; € taken from Figure B.10(a))

Introducing the LITS-compliance tensor D' €l given in Equation (B.6) may be for-
mulated in a more general form, reading

gl =D"(T) : o (B.7)
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Combining Equations (B.5) and (B.7), the stress-strain law for heated concrete becomes
o=C:e?=C:|e—€e"-D".q|. (B.8)

Reformulation of Equation (B.8) gives
e=(D+D"):0+e", (B.9)

where D = C~! represents the elastic compliance tensor. Setting D' = k1"t /f.
the Thelandersson-approach given in Equation (B.6) is recovered. For the special case
of axisymmetric conditions (axial and radial stress and strain components), the overall
compliance tensor in Equation (B.9) becomes

. 171 —-v e 110
D + Dbts = — k B.10
+ E[—I/ 1}+ feo [o 1} ’ ( )

giving the axial strain ¢, in case of uniaxial loading, with the radial stress o, = 0, as

1 Eth
Ea = (E + ]{?ﬂ)(fa + Eth . (Bll)

Comparison between the experimental results presented in Section B.2 with the results
from Equation (B.11) reveals a significant deviation between the model response and

experimental results, especially in the low-temperature regime (see Figure B.11).

00164 =0 [

0.008 +

|

-0.016 +

Figure B.11: Evolution of axial strain of concrete: Thelandersson-approach
(Equation (B.6) with k£ = 2.35) compared with experimental results

In order to improve the agreement between model response and experimental data, the
level of loading o/ f.o in Equation (B.6) is reformulated, relating the stress to the ac-
tual compressive strength f.(T) (see Figure B.12). Accordingly, D/ in Equation (B.7)
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Figure B.12: Experimentally-obtained normalized compressive strength of con-
crete as a function of temperature [68]

becomes

D' = k1™ / fo(T) (B.12)

giving the axial strain in case of uniaxial loading as

Eq = <l —|—ki)a + ¢th (B.13)
C\E f(M)" . '

With this modification, the model response shows an improved agreement with the exper-
imental results, especially in the low- and medium temperature regime (see Figure B.13).
The temperature dependent compressive strength f.(7') was investigated in the litera-
ture [1, 36], highlighting a stress dependence of f.(T"). For mechanically preloaded fire-
exposed specimens the compressive strength was found to be higher than for mechanically-
unloaded concrete. More recent investigations concerning the stress dependence of the
compressive strength at 250 °C can be found in [54]. However, no stress dependence for
the compressive strength f.(7") is considered in the proposed model up to now.

So far, the model was applied and validated by means of experimental data only for
constant mechanical loading. In real-life applications, however, the amount of mechanical
loading certainly changes with time, e.g., in case of unloading, the elastic deformation
(with e = D : o) vanishes. LITS deformations, on the other hand, account for the path-
dependence of thermo-mechanical loading of heated concrete and must therefore remain.
Accordingly, in contrast to the total formulation for the elastic strain € = D : o, a
differential form is adopted for LITS, reading

de'™ = dD""* : o | (B.14)

with the actual stress tensor o affecting the differential change of LITS via dD'*. Replac-
ing the differential changes in Equation (B.14) by finite changes within the time increment
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Figure B.13: Evolution of axial strain of concrete: modified Thelandersson-
approach (Equation (B.13) with & = 0.4) compared with experimental
results (f.(7T') taken from Figure B.12)

n + 1, one gets:

Tt = Cror ¢ [Enr1 — €y — (€4 + Ac™)] (B.15)
=Chyr: [En—i-l - €2h+1 - 5lrft5 — AD"™ an+1} )

where the incremental change of the LITS-compliance tensor is determined from AD!** =
Dlts, — Dl Rewriting Equation (B.15) for the case of stress-driven situations (such as
in case of axisymmetric uniaxial loading) gives

Ent1 = Dy opyr + el + el + Aelts (B.16)

with
AElits _ (Dlrﬁl—sl o IDZtS) e SRR (Bl?)

It can be seen in Figure B.14, that the agreement of the proposed incremental model with
experimental data is equally good as the total formulation (see Figure B.13).

In order to validate the proposed differential formulation of LITS, experiments with
changing load levels were performed and compared to the respective model response,
considering both the modified total (Equation (B.13)) and the differential formulation
(Equation (B.16)):

1. Within the first experiment, the level of loading is increased in four steps (see Figure
B.15(a)). Starting from s = 10 %, the load level is increased in three steps to 20,
30, and finally 40 %.

2. In the second experiment, the level of loading is first increased (from s = 20 to
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Figure B.14: Evolution of axial strain of concrete: differential formulation
(Equation (B.16) with k£ = 0.4) compared with experimental results

40 %) and then reduced to zero loading (s = 0 %) (see Figure B.16(a)).

3. During the third experiment, the initial level of loading (s = 40 %) is decreased
(s = 10 %) and finally increased (s = 30 %) (see Figure B.17(a)).

4. During the forth experiment, the initial level of loading (s = 50 %) is linearly
decreased to s = 0 % between 400 and 670 °C and again linearly increased up to
s =20 % at 770 °C (see Figure B.17(a)).

For all experiments, the better agreement with the experimentally-obtained strain is found
when using the proposed differential formulation (Equation B.16). The response of the
modified total formulation (Equation B.13), strongly deviating from the experimental
results, shows the largest error in case of mechanical unloading in the high-temperature
regime.
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Figure B.15: Experiment 1: (a) Temperature curve (1 °C/min) and mechanical
loading (from 10, 20, 30, to 40 %); (b) evolution of axial strain
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Figure B.16: Experiment 2: (a) Temperature curve (1 °C/min) and mechanical
loading (from 20, 40, to 0 %); (b) evolution of axial strain
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Figure B.17: Experiment 3: (a) Temperature curve (1 °C/min) and mechanical
loading (from 40, 10, to 30 %); (b) evolution of axial strain
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Figure B.18: Experiment 4: (a) Temperature curve (1 °C/min) and mechanical
loading (linear decrease from 50 to 0 % and linear increase from 0 to 20 %);
(b) evolution of axial strain

B.5 Finite-element implementation and numerical re-

sults

In this section, the differential formulation for the strain behavior of heated concrete
outlined in the previous section is implemented into a finite element (FE) program [71]. In
contrast to the stress-driven uniaxial stress situation encountered in the LITS experiments,
strain increments are given by the underlying incremental-iterative solution procedure
in nonlinear FE analysis, while the stress state o,,; at the end of the respective time
increment needs to be determined. According to Equation (B.15), 0,41 is given by

Onir = D1 + AD™] 7 2 g,y — el — ] (B.18)

In order to highlight the effect of the underlying LITS formulation, the proposed material
model is used within the numerical analysis of a rectangular tunnel cross-section subjected
to fire loading. The geometric properties of the considered tunnel cross-section are pre-
sented in Figure B.19(a). The thermal loading within the cross-section is obtained from
a coupled thermo-hydro-chemical analysis [81], using the prescribed temperature loading
within the tunnel shown in Figure B.19(b).

In order to determine the influence of LITS on the structural response, three different
material models are considered:

e Model 1 (no LITS): No consideration of LITS;
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Figure B.19: Rectangular tunnel cross-section: (a) Geometric properties and
(b) applied temperature loading within the tunnel (applied to side wall
and ceiling of the frame)

e Model 2 (TOT): Modified total formulation of LITS based on the Thelandersson-
approach [75] (Equation (B.13));

e Model 3 (DIFF): Differential formulation of LITS (Equation (B.18)).

While LITS is considered only in case of compressive loading of concrete, the tensile
stresses are limited in all considered models (Model 1 to 3) using a Rankine failure cri-
terion, with f(T)) = 1/10f.(T") (according to [71]). The micromechanics-based Young’s
modulus (see Figure B.8) and free thermal strain (see Figure B.9) are employed. For the
simulation of the reinforcement, a 1-D elasto-plastic material model was chosen, consid-
ering degradation of stiffness and yield-strength according to [20] (see [68] for details).

In the underlying fire scenario, a cooling phase is included (see Figure B.19(b)). During
the heating phase, the evolution of the material properties is determined based on the
temperature dependence shown in Figure B.12. During cooling the material properties
(Young’s modulus, compression/tensile strength) are dependent upon the maximum tem-
perature reached. Since LITS was observed to take place during the first heating only
[36], LITS is considered only during heating. In the course of cooling, no change of LITS
takes place.

In Figure B.20, stress distributions at the top of the rectangular tunnel cross-section
for different time instants (¢ = 0, 20, 170 min) are presented. Model 1 (no LITS)
gives comparably high compressive stresses, even exceeding the compressive strength of
concrete f.(T"). Model 2 (TOT) results in a reduction of the stress built-up nevertheless,
the stresses still exceed the compressive strength of concrete. Finally, Model 3 (DIFF)
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Figure B.20: Comparison of numerical results (Model 1 to Model 3): Stress
distributions at (a) ¢ty = 20 and (b) ¢4 = 170 min

further reduces the compressive stresses which stay below the temperature-dependent
compressive strength.

Figure B.21 shows the deformation of the tunnel cross-section, with the deformation his-
tory in the symmetry axis at the top of the tunnel given in Figure B.21(a) and deformation
patterns of the whole cross-section given in Figure B.21(b). The largest restraint occurs

lastic
(a) plastic (b) e
regions
0 t t t t t
120 180
Model 2: TOT
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tfire [min| |

|
|
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|
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|
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Figure B.21: Comparison of numerical results (Model 1 to Model 3): (a) defor-
mation history at top of the tunnel; (b) deformation pattern of the whole
cross-section at ¢y = 170 min

for Model 1 (no LITS), resulting in large regions with plastic deformations within the
reinforcement. On the other hand, the model response for Model 3 (DIFF) shows no
plastic deformations of the reinforcement at all since the stress built-up due to thermal
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loading is considerably reduced by LITS, resulting in less loading of the concrete and,
thus, the reinforcement bars.

Finally, the influence of the different models on the evolution of bending moments is
presented in Figure B.22. In case of Model 3, the thermally-induced bending moments
are reduced, resulting from lower stresses within the cross-section. On the other hand,
totally neglecting the effect of LITS leads to the highest bending moments. For Model 3,
the maximum bending moment at ¢ ;. = 170 min is reduced (see Figure B.22), indicating
— based on the more realistic material model for heated concrete — a higher safety of the
underlying tunnel design.
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Figure B.22: Comparison of bending-moment distribution obtained with Model
1 to Model 3 at (a) tf;e = 20 min and (b) ¢ = 170 min

B.6 Concluding remarks

Within this work, a differential strain formulation allowing the description of the path de-
pendence of the strain behavior of concrete (LITS) in case of combined thermo-mechanical
loading is proposed. The underlying material parameters for concrete (Young’s modu-
lus, Poisson’s ratio, free thermal strain) are determined using a micromechanical model.
Based on experimental observations highlighting the influence of level of loading on the
strain behavior of heated concrete, the developed material model was validated. Finally,
the effect of different modes of consideration of LITS on the structural response of a rect-
angular tunnel cross-section was assessed. Based on the obtained results, the following
conclusions can be drawn:
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e Effect of plasticity: The introduction of the differential formulation to consider LITS
reduces compressive stresses induced by thermal restraint within concrete which
then remain below the respective ultimate compressive strength. In case of tensile
loading, LITS was not considered but a Rankine-type plasticity model was used for
the simulation of tensile cracking of concrete.

e Loading of reinforcement: Due to the smaller stress built-up obtained from the
proposed differential formulation, the stresses in the reinforcement are reduced,
leading to less plastic deformations and, thus, an increase of the integrity of the
tunnel-support structure.

e Reduction of bending moment: Originating from the reduced stress built-up ob-
tained from the differential formulation, the maximum bending moment was re-
duced, indicating a higher structural safety of the tunnel-support structure when
subjected to fire.

The presented possibility of improved modeling of the material behavior of concrete under
fire loading, enabling a more realistic prediction of the thermally-induced stress build-
up within the concrete lining, provides the proper basis for a realistic structural safety
assessment and design.

B.7 Appendix

B.7.1 Effective prescribed strains in two-phase materials

According to [42], the effective strain E.;; is related to the prescribed strain ¢ in the
material phases as:
KeffEeff = <A K §>V . (Blg)

Considering a two-phase material with matrix m and inclusion ¢, with
E=¢,inV,,e=inV;, (B.20)

€; may be substituted by

Rewriting Equation (B.19) and considering Equation (B.21) gives
KeffEeff - <A : K)ng + f,(A : K>V2A@ . (B22)
Considering K.rr = (A : K)y in Equation (B.22), one gets

K;
Eepr = Em + fi(A)y,

(i —Em) , (B.23)
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where (A)y; is given in [42].
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Fire events in enclosures (such as tunnels) can have severe influence on the safety of
support structures, characterized by severe fire loading as regards both the speed of tem-
perature rise and maximum temperatures. This paper contains results of real-scale fire
tests, comprising temperatures within the tested concrete cross-section, deformations and
rotations at various locations as well as the extent of spalling. Monitoring of cracks during
and after fire loading completes the experimentally-obtained data. Based on the collected
data, validation of numerical tools for the assessment of the safety of underground support
structures, as presented in Part II of this paper, becomes possible.

C.1 Introduction - Motivation

Tunnel-fire events in history have shown the severe influence of fire on concrete structures,
resulting in a significant reduction of the load-carrying capacity and, thus, the safety of
support structures. For assessment of the safety of concrete structures subjected to fire,
the nonlinear temperature distribution within the concrete cross-section resulting from
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fire loading is conventionally converted into a linear temperature distribution [78]. The
so-obtained linear temperature distribution can be considered easily in state-of-the-art
design, employing linear-elastic analysis tools. This mode of analysis, however, has some
drawbacks. E.g., stress re-distributions cannot be considered and, hence, plastic regions
cannot be detected. Additionally, the deformations obtained from linear-elastic analyses
using linear temperature distributions significantly underestimate the actual extent of
deformations during fire loading. As a remedy, the use of finite element (FE) tools,
taking non-linear temperature distributions as well as inelastic material behavior into
account, was proposed in the open literature (see, e.g., [21, 71, 81]). Departing from the
analysis tool presented in [71], a non-linear FE model (using layered finite elements) is
currently developed within a research initiative dealing with the safety of underground
structures under fire loading. Hereby, the non-linear (temperature-dependent) behavior
of concrete as well as spalling of near-surface concrete layers can be considered. Moreover,
non-linearities at the structural level such as the development of plastic regions/hinges as
well as subsequent stress/force redistribution are taken into account.

For the proper validation of such analysis tools, experiments are indispensable. Over the
last years, fire experiments focused on the material behavior, i.e. the fire performance
of concrete. Hereby, concrete slabs were subjected to pre-specified fire-loading scenarios
(see, e.g., [10, 26, 32, 39] and Figure C.1). As regards the investigation of the large-

Figure C.1: Characterization of high-temperature behavior of concrete by
means of fire experiments on slabs: specimen (a) during and (b) right
after the test [66]

scale performance of tunnels, the bulk of experiments focused on investigation of the
temperature rise at the tunnel ceiling, the fire spread, the temperature evolution at certain
points and/or the heat-release rate (see, e.g., [27, 28, 45, 46]). The structural performance
of tunnel support structures, on the other hand, was rarely examined. Only a few tests
were reported in the literature, dealing with circular cross-sections [51], disregarding any
re-distribution of loading within the tunnel cross-section.

In Part I of this paper, the experimental data collected from frame structures (representing
a rectangular tunnel cross-section) subjected to fire loading within the afore-mentioned re-
search initiative are presented. In Section C.2, the geometric properties of the large-scale
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specimens and information on the loading (thermal, mechanical) are given. Moreover, the
conducted measurements during testing (temperatures, deformations, rotations, acoustic
measurements) and employed materials are described. In Section C.3, the obtained re-
sults of two concrete frames are presented, providing the evolution of deformation and
temperature distributions within the cross-section as well as the extent of spalling and the
development of cracks within the specimens. Concluding remarks are given in Section C.4,
closing Part I of this paper.

In Part IT of this paper, validation of an analysis tool is illustrated by the re-analysis of the
outlined experiments, considering the loading conditions and the experimentally-obtained
material parameters for concrete as input.

C.2 Experimental setup

C.2.1 Geometric properties and loading

Prior to casting of the frame, a concrete sub-base with an average thickness of 10 cm
was built (see Figure C.2(a)), providing a proper support for the frame structure. Figure
C.2(b) shows the geometric dimensions of the frame. In contrast to the experiments
reported in the literature [51], the shape of the frame was chosen in order to represent a
rectangular tunnel. Hereby, only the upper triangle of the cross-section was considered.
The overall lining thickness was 40 cm. The frame had a length of 6 m and a height of
3 m. In axial direction of the tunnel, the frame had a width of 2 m.

concrete fram
+

F (b) 600

410¢ 50 cm

40

Figure C.2: Geometric dimension of (a) sub-base and (b) frame

The concrete frame (see Figure C.3(a)) was designed according to building regulations
[19]. Hereby, the concrete cover at the inner (fire-exposed) surface was set to 6 cm while
the concrete cover at the outer surface of the frame was set to 3 cm. Figure C.3(b) contains
detailed information on the circumferential reinforcement. The reinforcement in longitu-
dinal direction was uniform over the whole cross-section, with ?12/15 cm (7.54 cm?/m)
in the whole structure.

In order to simulate the conditions of a real tunnel cross-section, an earth overburden of
170 cm was represented by steel weights of approximately 390 kN (see Figure C.4(a)).
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Figure C.3: Reinforcement: (a) Layout and (b) values of circumferential rein-
forcement (indices ¢ and e refer to inner and outer layer, respectively)

The steel weights were placed close to mid-span of the frame on three bedding points (see
Figure C.4(b)).
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Figure C.4: Mechanical loading: (a) Steel weights (390 kN); (b) loading points
on the ceiling of the frame
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The applied fire load is shown in Figure C.5. The maximum fire room temperature of
1200 °C was to be reached after 9 min of fire duration and thereafter held constant. The

7T [°C] fire room temperature

1200

900

3 min
6 min 1000 °C
9-min-+-1200-2C
180 min

600+

300

time |min|

180

Figure C.5: Applied fire load

fire load was applied to the ceiling and side wall of the frame. The base plate was protected
by means of insulation and additional fire-resistant insulation cover. The heating chamber
was closed by mounting two removable walls to the sides of the frame. In order to reach
the temperature history given in Figure C.5, two oil burners with 2 MW of heat output
each were used (see Figure C.6(a)). The two burners were placed on one side of the frame,
whereas two chimneys were installed on the other side in order to remove the exhaust air
from the heating chamber (Figure C.6(b)).

Figure C.6: Temperature loading: (a) oil burners; (b) chimneys for exhaust air

C.2.2 Material

Table C.1 contains information on the employed concrete mix, fulfilling the requirements
for a concrete C30/37 [19]. Prior and during the large-scale fire experiments, tests were
conducted on reference samples (produced together with the frames) in order to obtain
material parameters such as compressive strength, elastic modulus, thermal strain, per-
meability, and water content (see Figure C.7).
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Table C.1: Mix design of employed concrete

cement CEM I [kg/m?] 290
additive (fly ash) [kg/m3] 50
water [kg/m?] 185
polypropylene (PP) fibers [kg/m?] 0
siliceous aggregates [kg/m?] 1859
aggregate mineralogy:

quartz [mass-%)| 68

feldspar [mass-%)] 21

carbonate [mass-%)| 11
water/cement-ratio [ 0.64
water/binder-ratio! [-] 0.56
initial density [kg/m?] 2384
slump [mm] 430
air content [%)] 1.0

T The amount of additives is weighted by 0.8 [53].

Figure C.7: Reference samples

Figure C.8 shows the experimental results for the compressive strength (average over
three cylindrical samples, with a diameter of 100 mm and a height of 200 mm). For
the compressive strength, the samples were pre-heated and the temperature was kept
constant for 12 h at the testing temperature, directly followed by the compression test.
Up to a temperature of approximately 300 °C, the compressive strength is hardly reduced.
The main degradation of strength is obtained in the temperature range between 300
and 700 °C. For the determination of Young’s modulus the samples were heated and
simultaneously tested in the very same testing device (see [70] for details). The effect of
temperature on Young’s modulus of concrete is shown in Figure C.9. A continuous loss
of stiffness is observed which is less pronounced between 200 and 300 °C.

Additionally, the free thermal expansion was tested (see Figure C.10) and compared to the
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Figure C.8: Experimentally-obtained evolution of compressive strength f. as a
function of temperature compared to relations given in [11, 20] (consider-
ing f.o = 35 MPa)
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Figure C.9: Experimentally-obtained evolution of Young’s modulus F. as a
function of temperature compared to relation given in [11] (considering
E.o = 40000 MPa)

free thermal expansion given in [20] for siliceous aggregates, indicating higher expansion
for the investigated concrete mix, mainly due to higher expansion between 20 and 200 °C.
As the behavior of free thermal strain of concrete is mainly driven by the used siliceous
aggregates, a plateau in the thermal expansion develops after the point of quartz transition
(573 °C) followed by marginal changes in the thermal strains [33].

For determination of the permeability of the employed concrete mix, specimens were
stored for 12 h at different target temperatures (20, 80, 140, 200, and 400 °C) prior to
testing. After cooling to room temperature, the residual permeability was determined
using the testing device described in [24, 80]. According to Figure C.11, the permeability
increases with increasing temperature, which is explained by thermal degradation of the
cement paste as well as continuous micro-cracking due to strain incompatibilities between
aggregates and cement paste.

The moisture content within the frames was measured before testing by drilling holes into
the specimen and collecting the drill dust. For determination of the moisture content,
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Figure C.11: Experimentally-obtained evolution of intrinsic permeability

this dust was dried at 105 °C for 24 h. The so-obtained results are presented in Figure
C.12. Additionally, the dust was further dried at 500 °C for another 24 h, giving access
to the chemically-bound water content, being 2 to 2.5 mass-%.
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Figure C.12: Moisture content (by mass) within the frames determined by
drying at 105 °C for 24 h
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C.2.3 Measurements

In order to apply the prescribed temperature loading, the two oil burners described before
were regulated based on the data obtained with seven sensors placed inside the combus-
tion chamber (see Figure C.13(a)). In addition to these sensors, temperature sensors were
placed within the cross-section of the concrete frame (see Figure C.13(b)). At each loca-
tion specified in Figure C.13(b), the temperature history was recorded at different depths
of the cross-section (0.3, 1, 2, 4, 6, 8, 10, 20, and 30 cm from the heated surface). For this
purpose, precast sensor members (see Figure C.14) were placed within the frame before
concreting.

(b) (05) (1.2) (2.1) (1.8) (0.8)  (Frame 2)

@ 0-859 g5 0-709 70 150 . 1.80 1.0 07 17 22 0.8  Frame1l
85_ 070 150 1.

R e e R A R
\

CR IR
o1 S

1.30 _,

<1.00_,_1.10_,

Figure C.13: Location of temperature sensors within (a) the combustion cham-
ber and (b) the concrete frame

Figure C.14: Temperature measurements: (a) Mold for producing precast el-
ement with sensors at different depths (0.3, 1, 2, 4, 6, 8, 10, 20, and 30
cm); (b) precast sensor element placed within the frame before concreting

Moreover, the temperature of the reinforcement (inner layer and outer layer) was recorded
at various locations. For checking purposes, the reinforcement temperature was also
recorded in the (thermally-insulated) base plate.

Deformations of the frame (in X/Y/Z-direction) were recorded at 31 locations distributed
over the ceiling and side wall of the frame (see Figure C.15). Measurements were con-
ducted automatically by two theodolites, every measurement point was monitored at a
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Figure C.15: Deformation measurements: (a) positions of mirrors (for defor-
mation measurements) and inclinometers (for rotation measurements); (b)
Detailed position of inclinometer and mirror

time interval of approximately 2 minutes. The mirrors mounted to the frames (see Fig-
ure C.15), measuring the displacement at a distance of 19.7 cm to the frame surface, were
protected against hot exhaust air by sufficient insulation and an additional air-cooling sys-
tem. In addition to the deformation measurements, rotations were recorded at selected
locations by inclinometers (see Figure C.15).

Beside temperature and deformation /rotation measurements, the intensity of spalling was
recorded by means of acoustic measurements. Moreover, the final spalling depth as well
as location and width of cracks were measured after each experiment.

C.3 Experimental results and discussion

C.3.1 Temperature measurements

The temperature evolution in the combustion chamber, which was measured at seven
locations (see Figure C.13(a)), is presented in Figures C.16, indicating that the prescribed
maximum temperature (with 1200 °C after 9 min of fire loading) was reached after about
35 min of fire loading. This delay in heating is explained by the performance of the
employed oil burners and the occurrence of spalling, requiring heating of colder concrete
layers exposed by spalling. After most spalling events had taken place within the first
30 min of heating, the prescribed fire curve was reached after this time period. Sensors
I and VII show lower temperatures in comparison to the other temperature sensors in
the combustion chamber, which is explained by spalling material eventually covering the
temperature sensors in this regions.

The temperature evolution within the concrete cross-section at different depths of the
cross-section (0.3, 1, 2, 4, 6, 8, 10, 20, and 30 cm) is shown in Figures C.17 and C.18.
The temperature evolutions (see, e.g., Figure C.17) more specifically the temperature
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Figure C.16: Monitored evolution of combustion-chamber temperature (a) for
Frame 1 and (b) Frame 2

rise in the ceiling (Sensors 1 to 4) and in the side wall (Sensors 5 and 6) give access to
the extent of spalling. As soon as the measured temperature in a certain depth (0.3,
1 cm,...) shows temperatures > 1200 °C, spalling of the concrete cover to the depth of
the respective temperature sensor can be assumed, giving (e.g. for Sensors 1 and 6) a
final spalling depth of approximately 6 cm. The temperature sensor at a depth of 30
cm exhibits a maximum temperature of approximately 105 °C (the observed temperature
plateau is caused by vaporization of water within the cross-section). Sensors 5 and 6
show temperatures higher than 1200 °C, which is explained by the arrangement of the
oil-burners, leading to higher temperature loading of the side wall in order to provide a
uniform temperature loading all over the combustion chamber.

In Figure C.18, the monitored temperature evolutions for Frame 2 are presented. The
arrangement of the oil-burners was slightly modified, resulting in lower temperatures at
Sensors 4 to 6. Similarly to Frame 1, the final spalling depth reached 6 cm (e.g. for
Sensor 2). The remarkable increase in temperature at Sensor 6 was caused by a local
spalling event, which was also recognized acoustically.
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Figure C.17: Monitored evolution of concrete temperature at different depths
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Figure C.19 contains the evolution of the temperature at the reinforcement, with higher
reinforcement temperatures for Frame 1 in comparison to Frame 2. This corresponds to
the previously presented temperature evolutions within the cross-section. Only the inner
reinforcement layers of Frame 1 at Sensors 1 and 2 are directly exposed to fire (temperature
reaches 1200 °C). The outer reinforcement layer shows no significant temperature rise up
to 60 min of fire loading. Later on, the temperature slightly increases and does not exceed

100 °C.
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Figure C.18: Monitored evolution of concrete temperature at different depths
for Frame 2

C.3.2 Deformation measurements

Prior to application of the mechanical load, the deformation readings of all points were
set to zero. The deformation history of the frames during application of the mechanical
loading is presented in Figure C.20, showing a maximum vertical deformation of approxi-
mately 4 mm at Point 4 (close to the mid-span of the frame ceiling). The results for both
frames are very similar. The vertical deformation at Point 11 indicates an immediate
settlement of the frame (1 to 2 mm) during application of the mechanical load.

The time span between application of the mechanical load and the fire experiment (ap-
proximately two weeks) gives access to the time-dependent behavior of the frames (see
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Figure C.19: Monitored evolution of temperature at reinforcement layers for
(a) Frame 1 and (b) Frame 2

Tables C.2 and C.3) as well as to the settlement of the whole frame when considering the
deformations at Points 1 and 11. E.g. for Points 3 to 5 (mid-span of frame ceiling), these
deformation changes up to 6 mm (in self weight (Z-) direction).

In the course of fire loading, the symmetry plane experienced the largest deformations
(up to 70 mm) in the vertical (Z-) direction (see Figure C.21). Hereby, Frame 1 shows
larger deformations than Frame 2, which is explained by the higher fire loading (compare
Figures C.17 and C.18). The deformations in horizontal (X-) direction mainly result from
the thermal expansion of the frame. After the fire experiment, the mechanical load was
removed from the frames, giving a sudden decrease in the monitored deformations (visible
in Y- and Z-direction, see Figures C.21 and C.22).

In addition to the symmetry plane, the deformations of the front plane are presented in
Figure C.22. Comparing Figures C.21 and C.22 gives access to the bulge of the frame in
tangential direction (1 m distance between symmetry and front plane, see Figure C.2).
The largest value for this bulge is monitored at the mid-span of the ceiling and reaches
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Figure C.20: Monitored vertical deformations in the symmetry plane of the
frames due to mechanical loading approximately 2 weeks prior to testing
(no fire load) (a) for Frame 1 and (b) Frame 2

Table C.2: Deformations at symmetry plane for Frame 1

absolute coordinates A to reference A to reference
Pt. before mechanical loading after mechanical before fire

(reference) - 11/05/2010 loading - 11/05/2010 | exp. - 09/06/2010
X Y Z AX AY AZ AX AY AZ
[m] [m] m] | [mm] [mm] [mm] | [mm] [mm] [mm]
1 | 1021.852 982.998 200.237 | 0.0 1.2 -0.6 2.0 4.0 -2.3
2 1021.717 984.624 200.239 | -0.7 -1.3 -3.0 8.5 7.3 -6.9
3 | 1021.654 985.621 200.238 | 0.0 1.4 -4.1 0.6 4.5 -9.8
4 | 1021.588 986.628 200.245 | 0.3 0.9 -4.7 0.3 2.2  -104
5 | 1021.520 987.617 200.241 | 0.5 0.5 -3.8 0.0 2.1 -9.7
6 | 1021.455 988.646 200.238 | 1.0 1.6 -2.2 2.4 3.5 -8.1
7 1 1021.407 989.270 200.235 | 0.0 0.9 -1.9 -0.4 4.2 -7.0
8 | 1021.401 989.539 199.964 | 0.1 0.9 -1.4 0.1 2.4 -6.4
9 | 1021.397 989.534 198.858 | -0.1 1.3 -1.9 -0.3 2.7 -6.7
10 | 1021.394 989.532 197.860 | 0.2 0.6 -2.0 -0.2 1.3 -7.1
11 | 1021.392 989.519 196.833 | -0.3 0.1 -2.0 0.0 1.0 -5.9

approximately 20 mm after 180 min. Finally, the deformations in X-direction provide

access to the expansion of the frame in tangential direction.

Figure C.23 shows the rotations monitored during application of the mechanical load. Two
jumps are visible, referring to the two steel weights (180 + 210 = 390 kN). The rotations
at the two frame corners (Corner 1 = Points 1 and 2, Corner 2 = Points 3 and 4), show
a maximum value of approximately 1 mm/m. The rotations of the frame at the bottom
of the wall, on the other hand, remain rather small (see Point 5 in Figure C.23). Looking
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Table C.3: Deformations at symmetry plane for Frame 2

absolute coordinates A to reference A to reference
Pt. before mechanical loading after mechanical before fire
(reference) - 23/06/2010 loading - 23/05/2010 | exp. - 07/07/2010
X Y Z AX AY AZ AX AY AZ
[m] [m] m] | [mm] [mm] [mm] | [mm] [mm] [mm]
1 | 1022.149 979.107 200.234 | -0.3 -1.6 -0.2 2.1 -0.8  -14
2 1022.267 977.462 200.232 0.7 -0.4 -2.3 -1.5 -5.2 -5.4
3 | 1022.345 976.470 200.227 | 0.3 -1.0 -3.6 2.5 28  -T7
4 ] 1022.388 975.482 200.227 | 0.5 0.1 -4.2 -5.5 -1.2 -8.9
5 | 1022.508 974.479 200.227 | 04 -0.2 -2.9 3.1 -0.2  -6.5
6 | 1022.577 973.497 200.233 | 0.5 0.4 -1.5 -0.5 1.7 47
7 | 1022.629 972.849 200.231 0.4 -0.3 -0.6 0.9 0.5 -2.2
8 | 1022.622 972.589 199.963 | 0.7 0.2 -0.9 -1.7 0.3 -2.6
9 1022.632 972.591 198.822 0.3 -1.0 -0.9 4.7 -1.5 -3.2
10 | 1022.639 972.590 197.826 | 0.5 -0.7 -0.9 6.8 -1.2 0.5
11 | 1022.649 972.607 196.990 0.3 0.7 -1.0 -1.0 -0.2 -2.4

at the rotations during fire loading (see Figure C.24), one can see that the rotation at
Point 5 hardly changes, while the rotations at the two frame corners show a significant
increase, with the corner at the ceiling/wall connection (Corner 2) showing the largest
rotations (up to 28 mm/m, see Figure C.24). In general it can be seen that rotations at
the two respective points of the two monitored frame corners are similar to each other,
indicating that no cracks opened at the frame corners. After the fire experiment, removal
of the mechanical load resulted in a sudden change in the evolution of rotations.

C.3.3 Spalling and cracks

Spalling was monitored by means of acceleration sensors mounted to the frames, recording
the impact sound. Figure C.25 shows the sound level for different frequencies (between 100
and 10800 Hz) for the first 30 min of fire loading. Peaks greater than 100 dB are projected
onto the base plane (i.e., sound level = 0 dB). Accordingly, the main part of spalling is
found within 3 to 25 min of testing (which is in agreement with other experiments, see,
e.g., [39]). Afterwards, only random spalling events were observed. Summing up the
single events with a sound level larger than 100 dB leads to the evolution of the progress
of spalling within the frame (see Figure C.26). The observed delay in spalling for Frame 2
is explained by the higher thermal load at the beginning of fire loading for Frame 1,
leading to a faster development of spalling.

In order to assess the extent of spalling, the remaining cross-sectional thickness was mea-
sured after the fire experiment, giving access to the final spalling depth as shown in
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Figure C.21: Monitored evolution of deformations (X/Y/Z-direction) during
fire experiment at points of the symmetry plane (a) for Frame 1 and (b)
Frame 2

Figures C.27 and C.28 for Frame 1. Hereby, spalling depths up to 6.5 cm were observed,
partially exposing the inner reinforcement layers. Figure C.27 shows the final spalling
depth at the inner surface of the side wall (where the highest temperatures were mea-
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Figure C.22: Monitored evolution of deformations (X/Y/Z-direction) during
fire experiment at points of the front plane (a) for Frame 1 and (b) Frame 2

sured), indicating fire exposure of the inner reinforcement layers caused by spalling. The

ceiling, on the other hand, shows only moderate spalling (see Figure C.28) with only local

(near Sensor 6) exposure of the reinforcement. This illustrates the influence of mechanical
loading: the wall (being under compressive loading) exhibits more spalling compared to

the ceiling (with the fire-loaded surface under flexural tension).
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Figure C.24: Monitored evolution of rotations at five points during fire loading
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Point 1 === Point 2 Point 3

For Frame 2, the final spalling depth is presented in Figures C.29 and C.30, showing a
similar behavior as observed for Frame 1. Similarly to Frame 1, the largest amount of
spalling is observed at the side wall (compare Figures C.27(a) and C.29(a)). The ceiling
of Frame 2 (compare Figures C.28(a) and C.30(a)) experiences a slightly smaller extent
of spalling.

Two days after the experiment, the crack width of all visible cracks was measured (see
Figures C.31 and C.32). The so-obtained residual cracks (after removal of mechanical
loading and cooling of the frames) were found to be concentrated near the frame corners,
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Figure C.26: History of extent of spalling for Frames 1 and 2

having experienced the highest bending moments, with crack widths below 1.5 mm. At the
corner of ceiling and wall, cracks developed below the corner, where the cross-sectional
thickness was reduced due to spalling to less than 35 cm. Comparing the cracks for
Frames 1 and 2, the smaller crack widths for Frame 2 agree well with the lower temperature
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Figure C.28: Final spalling at the ceiling for Frame 1: (a) spalling depth and
(b) photo right after the experiment

loading observed for this frame.

Figure C.33 shows selected crack patterns. A fine grid of cracks was observed during
the fire experiment (see Figure C.33(a)), which vanished (cracks closed) after removal of
the steel weights and is therefore not included in Figures C.31 and C.32. Figure C.33(b)
shows a macro-crack caused by combined mechanical and thermal loading in the course
of the fire experiment. This crack seems to be triggered by the reinforcement, which was
bent upwards 45° according to the reinforcement design (see Figure C.3).
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Figure C.33: Cracks during fire experiment: (a) Fine net of smaller cracks, (b)
macro-crack

C.4 Concluding remarks

In this paper, the setup and results of large-scale fire experiments on underground concrete
frames (representing a rectangular tunnel) were presented. The monitored experimental
data is considered to provide a proper basis for validation of analysis tools, such as:

e Hydro-thermo-chemical programs (see, e.g., [81]), providing access to temperature
evolutions within the cross-section as a function of the initial state of concrete (such
as e.g. humidity, porosity, etc.) and the applied fire loading.

e Hydro-thermo-chemical programs (see, e.g., [82, 84]) for the analysis of the spalling
process.

e Structural analysis tools for the simulation of the structural response (see, e.g.,
(71, 83]).

As regards the latter, a structural safety assessment tool (using layered finite elements,
as earlier presented in [71]) is refined and presented in Part II of this paper, using the
collected data as experimental basis for validation.
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The severe effect of fire loading on the performance of concrete structures is investigated
in this work. For this purpose, numerical analysis tools of different levels of complexity
ranging from simulations considering linear-elastic material behavior to more sophisticated
modes of modeling the strain behavior of heated concrete are employed. For validation of
the numerically-obtained results, large-scale fire tests on concrete frames were performed
(see [68]), allowing to compare the model response to the experimentally-determined
structural behavior. The performed simulations highlight the influence of model assump-
tions, e.g, linear-elastic material behavior or spalling, on the model response of reinforced
concrete structures subjected to fire loading.
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D.1 Introduction

Numerical simulations in state-of-the-art fire design are in general based on the equivalent-
temperature concept [64, 78]. Within this concept, the non-linear temperature distri-
bution within the concrete member resulting from fire loading at the heated surface is
transferred into a linear temperature distribution by means of a clamped-beam model,
enforcing equivalent internal stress resultants (see Figure D.1). The equivalent tempera-
ture distribution is defined by a temperature rise T}, uniform over the cross-section and a
temperature gradient AT over the cross-section. Both of them can be considered within

non-linear temperatue equivalent temperatue
Tnanl U(T)

Nequ I E—

Megy heated
surface

Figure D.1: Illustration of transfer of non-linear temperature distribution into
equivalent temperature distribution by means of clamped-beam model [78,
39]

existing design software using beam elements [64, 78].

Since this simplification has significant drawbacks (missing consideration of re-distribution
of mechanical loading, deformations are highly underestimated by linear-elastic approach,...),
more sophisticated material models, taking the nonlinear temperature distribution into
account, were proposed in the past [17, 71]. Moreover, by using layered shell elements,
spalling can be considered by de-activation of near-surface layers.

Departing from the analysis model presented in [71], the influence of different parameters
(tensile strength, load induced thermal stains — LITS) on the structural response of the
concrete frames subjected to fire is investigated in this paper. For this purpose, the
experimental data presented in Part I of this paper are used for validation of the different
modeling approaches. In Section D.2, the numerical model is presented, including the used
FE-mesh, reinforcement scheme, boundary conditions, and loading of the investigated
frame. The employed material models for concrete and steel are described in Section D.3,
followed by the presentation of the obtained numerical results in Section D.4. Finally,
concluding remarks are given in Section D.5.
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D.2 Numerical model

D.2.1 FE-Model

In Figure D.2(a), the geometry of the investigated reinforced-concrete frame is presented.
The thickness of the frame is 40 cm. In this paper, the reinforcement was considered by
means of layered finite elements by converting the reinforcement bars of the respective
reinforcement layer into a steel layer of equivalent thickness (see Figures D.2(b) and (c)).
In contrast to continuum elements, a lower number of elements is required when using
layered finite elements. Moreover, 105 layers within each finite element, allowed us to
account for the non-linear temperature distribution — especially at the heated surface —
within the cross-section of the concrete members.

(a) 600

surface

i middle
IS

layers

Figure D.2: (a) Dimensions (in cm) of the investigated frame [68]; layered finite
element: (b) real situation and (c) consideration of reinforcement by steel
layers [71]

The frame was discretized by 59 finite elements in circumferential direction and 6 finite
elements in longitudinal direction, giving in total 354 shell elements (see Figure D.3). The
chosen number of six finite elements in longitudinal direction allows the simulation of the
bulge of the cross-section observed in the experiments [68].

D.2.2 Boundary conditions

Within the numerical model, the frame structure was supported by means of supports
at line A-A fixed in Y- and Z-direction (see Figure D.4) and at the symmetry plane
in X-direction. The support by the soil at the frame base was considered by so-called
gap elements (spring support only acting in compression, no support in tension) with an
assumed stiffness of 30 MN/m? (see Figure D.4).

D.2.3 Loading

In addition to the self weight, the loading of the frame consisted of:
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Figure D.3: Finite-element mesh of the reinforced-concrete frame

Figure D.4: Boundary conditions: Fixed supports along line A-A together with
spring support at the frame base
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1. mechanical loading of 390 kN applied at three points of the ceiling according to the
experimental setup (locations are shown in Figure D.5(a)) and

2. thermal loading applied at the inside surface of the ceiling and the wall. Since the
bottom of the frame was insulated during the experiment (see [68] for details), no
temperature loading was considered at this part of the frame. Based on the tem-
peratures monitored during the experiment (at six locations of the concrete frame),
six regions were distinguished for the specification of the temperature load (see

Figure D.5: Loading of frame structure: (a) mechanical loading (390 kN) and
(b) thermal loading (six regions of different temperature loading were de-
fined)

Figure D.5(b)). The temperature distribution within each region was set uniform.
This simplification leads to an overestimation of the temperatures in the frame cor-
ner. The underlying model might be further improved by refining the temperature
loading by means of additional thermal simulations.

D.2.4 Material degradation

The temperature-dependent evolution of Young’s modulus and compressive strength were
experimentally determined (see Table D.1 and [68] for details). Both the temperature de-
pendence of the tensile strength of concrete (with f;o = 3 MPa at ambient room temper-
ature) and the material properties for steel (BSt 550) are taken from [20] (see Table D.2).

The free thermal strain of concrete and steel was taken from [68] and [20], respectively.
A comparison of the free thermal strain for concrete and steel is presented in Figure D.6.
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Table D.1: Temperature-dependent evolution of Young’s modulus and com-
pressive strength of concrete (Frame 1 and 2, see [68])

Temperature | Young’s modulus | Compressive strength
e Frame 1 | Frame 2 | Frame 1 Frame 2
[MPa] [MPal] [MPal] [MPal]
20 38660 42690 38.3 36.4
70 37380 40970 - -
100 35510 38840 - -
200 29740 30440 31.6 42.1
300 27570 26630 29.8 33.6
400 21360 19080 26.7 28.3
600 6430 6690 - -
700 5620 - 8.5 9.1
1200 0 0 0 0

Table D.2: Temperature-dependent evolution of Young’s modulus and yield
strength for steel (BSt 550) [20]

Temperature | Young’s modulus | Yield strength
[°C] [MPa] [MPa|
20 210000 550
100 210000 550
200 189000 550
300 168000 550
400 147000 550
500 126000 429
600 65100 259
800 18900 61
1200 0 0

D.3 Simulation parameters

D.3.1 Linear-elastic material behavior 4 equivalent tempera-
ture distribution

The ideal-elastic material model is used when considering the equivalent temperature
loading described in Section D.1. Hereby, ideal-elastic material behavior is assumed for
both concrete and steel, where the thermal degradation of Young’s modulus is taken into
account (see Tables D.1 and D.2). The equivalent-temperature loading for the six regions
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Figure D.6: Free thermal strain for concrete and steel (see [68] and [20])

shown in Figure D.5(b) is obtained from (see [39] for details)

Nequ

Tm _ Mequ
aBeg, A

d AT =T,-T, =
o OB gl

(D.1)

the evolution of T,,, [°C] and AT [K/m] is shown for Frame 1 in Figure D.7.

In Equation (D.1), A [m?] and I [m?] are the cross-sectional area and the moment of
inertia, respectively, whereas o [K™!] is the thermal expansion coefficient of concrete.
E.,. [MPa] is the equivalent Young’s modulus, given by

Eequ = Z % ) (D2)

=1

where E.;(T;) [MPa] and A; [m?] are Young’s modulus and cross-sectional area of the i-th
layer (with N [-] as the number of layers). The so-obtained parameters T,,,, AT, and E,
serve as input for the linear-elastic structural analysis.

D.3.2 Elasto-plastic material behavior 4+ nonlinear temperature
distribution

The in-plane behavior of concrete is described by a multi-surface plasticity model for plane
stress (see Figure D.8(a) and [71] for details). The material behavior under compressive
loading is described by a Drucker-Prager criterion. For the simulation of cracking, the
Rankine criterion is employed. For the in-plane material model for steel, a 1D model is
applied (assuming perfect bond between concrete and steel), where hardening/softening
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behavior of the reinforcement is considered (see [71] for details)?.
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Figure D.8: (a) In-plane plasticity model for concrete; (b) temperature distri-

butions for different time instants for Region 1 of Frame 1

Within the analyses based on the elasto-plastic material model for concrete and steel,
the non-linear temperature distributions (see Figure D.8(b)), derived from the tempera-
ture evolutions measured during the fire experiment (see [68] for details), are considered

according to the regions displayed in Figure D.7(b).

The underlying stress-strain curves for the temperature-dependent behavior of concrete
under compression are shown in Figure D.9(a), highlighting the difference between the
linear-elastic and the elasto-plastic model. Within the elasto-plastic model, associative
hardening plasticity is considered, increasing the yield strength from the elastic limit at
0.4f.(T) to the compressive strength at the respective temperature (for further details
on, e.g., hardening rule, see [71]). The temperature-dependent model for concrete under

!The reinforcement content presented in Part 1 of this paper [68] and considered in the numerical
simulation, does not account for overlapping areas of the reinforcement bars.
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tensile failure is shown in Figure D.9(b), exhibiting linear-elastic behavior up to the tensile
strength followed by an ideal-plastic material behavior. In more refined modeling attempts
softening behavior including the effect of tension-stiffening [40, 41] may be considered.
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Figure D.9: Stress-strain relationship of linear-elastic and elasto-plastic mate-
rial behavior for (a) compressive and (b) tensile loading of concrete

D.4 Numerical results

In this paper, different simulations were conducted, allowing us to assess the effect of, e.g.
spalling, load induced thermal strains (LITS) etc. on the overall structural response:

e Model 1: Linear-elastic material behavior + equivalent temperature model (state-
of-the-art)

e Model 2: Elasto-plastic material behavior + non-linear temperature
e Model 3: Model 2 + consideration of spalling
e Model 4: Model 3 + consideration of LITS

In Figure D.11, the model response of the simplified linear-elastic material behavior
(Model 1) is compared to experimental results presented in [68], showing the vertical
and horizontal deformation at selected positions on the frame (middle of the frame ceiling
and the frame corner). For this purpose, the measured deformation taken from [68], is cor-
rected by both settlement and time-dependent behavior (creep of soil and concrete frame)
prior to the fire experiment. Furthermore, the rotation of Corner 2 (connection of side
wall and ceiling) was considered in the experimentally-obtained deformation (see Figure
D.10). Hence, the displacements were corrected by additional displacements (AY,AZ),
given by

AY = —dsin(¢2) and AZ =d (1 —cos(¢2)), (D.3)
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where d [m] is the distance of the mirror from the centroidal axis of the cross-section
(approximately 0.39 m) and ¢ [°] is the monitored rotation of Corner 2 (see [68] for
details).

rotation of Corner 2

AZ / mirror for optical measurement
rotation !
Corner

heated frame

cold frame

Figure D.10: Influence of rotation of frame corner on the deformations obtained
in the experiments (see [68] for details)

The results obtained from Model 1 show only marginal changes in deformations during fire
loading significantly underestimating the experimentally-observed deformations. Similar
to the deformations, the rotations of the frame corners (see Figure D.12(a)) are under-
estimated. A stress distribution over the cross-section is presented in Figure D.12(b) for

() g displacement [cm] (b) 4 displacement [cm]

'

. N
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---cxp.side — exp. middle | ---gide ——middle -~ Simulation 1 | Y-direction

Figure D.11: Numerical results obtained from Model 1 for Frame 1: Deforma-
tions at (a) mid-span and (b) frame corner

a single finite element at mid-span. According to the underlying linear-elastic material
behavior, the stresses show a linear distribution over the cross-section illustrating the
fact that in this model the concrete stresses are not limited by the compressive/tensile
strength. The peaks in the stress distribution refer to the reinforcement layers.

The distribution of internal forces over the frame cross-section is presented in Figure D.13
for different time instants (¢, = 0, 30, 60, 120, and 180 min), obtained by averaging
over the six finite elements along the longitudinal direction. In the ceiling, an increase in
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Figure D.12: Numerical results obtained from Model 1 for Frame 1: (a) Ro-
tation of frame corners and (b) stress evolution at mid-span at different
time instants (¢, = 0, 60, 120, and 180 min)

compression is observed with progressing fire loading, whereas the bottom of the frame
is subjected to tensile loading. Up to 30 min of fire loading, the bending moments are
increasing, followed by a decrease until the end of the simulation. This behavior is ex-
plained by the evolution of the equivalent temperature distribution given in Figure D.7.

’_tfire =0min — —tpye =30 min — =5, = 60 min ----tpe = 120 min Lire = 180 min ‘

Figure D.13: Numerical results obtained from Model 1 for Frame 1: Distribu-
tion of (a) normal force and (b) bending moment for different time instants

(tire = 0, 30, 60, 120, and 180 min)

Figure D.14 shows the horizontal and vertical deformation of the ceiling and the frame
corner obtained from Model 2, giving deformations exceeding the experimental results.
A bulge of up to 20 mm is observed, which is in good agreement with the experiments
(see Figure D.14(a)). The rotations at Corner 2, which are more than twice the rotations
observed in the experiment (see Figure D.15(a)), result from the displacements in the
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Figure D.14: Numerical results obtained from Model 2 for Frame 1: Deforma-
tions at (a) mid-span and (b) frame corner

ceiling of the frame in combination with plastic regions (see Figure D.16) developing at
the side wall below the corner. As regards Corners 1 and 3, the obtained rotations are
close to the experimental results.

The stress distributions presented in Figure D.15(b) are highly non-linear caused by the
realistic consideration of both temperature loading and non-linear material behavior in
Model 2. The limit of tensile loading of concrete is clearly identified at f; = 3 MPa).

(a) rotation [mm/m| (b)
Corner 2 Corner 1
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Figure D.15: Numerical results obtained from Model 2 for Frame 1: (a) Ro-
tation of frame corners and (b) stress evolution at mid-span at different
time instants (¢, = 0, 60, 120, and 180 min)

Furthermore, the reduction of compressive stresses at the fire-exposed side is explained
by material degradation due to high temperature loading in this region. Compared to
the results obtained from Model 1, the increase in normal force is less pronounced (see
Figure D.17(a)), which is explained by the underlying elasto-plastic material behavior. As
regards the distribution of bending moments (see Figure D.17(b)), the results obtained
from Model 2 show a redistribution of moments with progressing fire loading towards the
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Figure D.16: Numerical results obtained from Model 2 for Frame 1: Plastic
zones in outer reinforcement layer in circumferential direction (MSC.Marc

Mentat)

parts of the frame with lower level of loading (Corners 1 and 3).

,,,,, -125kN

|
’ scale | =
1 —
I 0.75 -
[ e ~ &
| >
| 4

P
| E
[—tsire = 0min — —tgipe = 30 min — =t = 60 min_ -~ = -t fire = 120 min —— #5;,, = 180 min |

Figure D.17: Numerical results obtained from Model 2 for Frame 1: Distribu-
tion of (a) normal force and (b) bending moment for different time instants
(trire = 0, 30, 60, 120, and 180 min)

In the analysis based on Model 3, the measured final spalling depth (see Figure D.18 and
[68] for details) is considered by shifting the temperature distribution in the analysis to the
final spalling depth. Consideration of spalling resulted in vertical deformations presented
in Figure D.19(a), showing good agreement with the experimental results. The horizontal
deformations, however, still exceed the experimental observations. The deformations in
vertical and horizontal direction in the frame corner (see Figure D.19(b)) are slightly
reduced in comparison to Model 2 (see Figure D.14(b)). Due to the reduced thermal
restraint, the rotations in Corner 2 are closer to the experimental results but still exceed
the experiments which becomes more pronounced towards the end of the experiment
(similarly to Model 2). The distribution of internal stress resultants is similar to the
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i
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Figure D.18: Measured final spalling depth for (a) side wall and (b) ceiling of
Frame 1 (see [68] for details)
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Figure D.19: Numerical results obtained from Model 3 for Frame 1: Deforma-
tions at (a) mid-span and (b) frame corner

presented distributions for Model 2, which may be explained by the almost uniform nature
of spalling. Localized spalling, on the other hand, might certainly affect the distribution of
stress resultants. Accordingly, a slight increase of bending moment is observed in Corner 2
due to the reduced amount of spalling in this corner.

Finally, load induced thermal strains (LITS) are considered in Model 4. LITS is asso-
ciated with combined thermo-mechanical loading of concrete as demonstrated in various
experimental studies (see, e.g. [8, 70, 73]).
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Recently, a differential strain formulation using a modified approach based on the model

lits

for £ presented in [75] was proposed in order to describe the experimentally-observed

behavior [67]. Starting from the strain composition of
Ae = AeNT, o) + Ae™(T) + A"(T, 5), (D.4)

where Ac® and A& represent the elastic strain and the free thermal strain, respectively,

one can get determine Ae'™* in the strain rate formulation as

Aghts = (]Diffl — lfots) S O0ng1 (D.5)

where D' = k1"le™™(T)/f.(T) is the compliance tensor for the LITS component and
ont1 [MPa] referring to the actual load level of concrete in increment n 4 1. With & [-],
a factor introduced in [75], set to 0.4, and f.(7) [MPa] as the temperature-dependent
compressive strength (see [67] for details).

Figure D.20 shows the influence of mechanical loading on the evolution of axial strain

00164 < |

0.008 +

-0.008 +

-0.016 +

Figure D.20: Axial strain of concrete for different load levels s = o/ f. - 100
[-] (0-60 %) compared to experimental results (with Ag, = A + Aglh +
Aelits " see [67] for details)

for an temperature increase up to 800 °C (see [67] for details). A decrease of thermal
expansion with increasing mechanical load is observed. The influence of LITS on the
numerically-obtained evolution of deformations is shown in Figure D.21. Compared to
the previous results (see Figure D.19), a significant improvement in the quality of the
simulation results is observed. Especially the vertical and horizontal deformations in
the frame corner (see Figure D.21(b)) show good agreement with the experiment. The
deformation in the mid-span of the ceiling is slightly exceeding the experimental results.
The effect of LITS is highlighted in the stress distribution presented in Figure D.22(b),
showing reduced compressive stresses in comparison to Figure D.15(b). Furthermore, the
stress reduction associated with LITS leads to lower internal forces (bending moment and
normal force are reduced in comparison to Model 2, see Figure D.17).
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Figure D.21: Numerical results obtained from Model 4 for Frame 1: Deforma-
tions at (a) mid-span and (b) frame corner
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Figure D.22: Numerical results obtained from Model 4 for Frame 1: (a) Ro-
tation of frame corners and (b) stress evolution at mid-span at different
time instants (¢, = 0, 60, 120, and 180 min)

D.5 Concluding remarks

In this paper, the numerical response of a reinforced-concrete frame under fire loading

is compared to experimentally-observed data presented in [68]. In total, four different

models with increasing complexity were considered:

Starting point for the simulation was the so-called equivalent temperature concept lead-
ing to a severe underestimation of deformations and, thus, rotations of frame corners.

Consideration of elasto-plastic material response for concrete and steel led to a significant

increase of deformations and rotations, resulting in an overestimation of the structural

compliance. Finally, consideration of (i) spalling and (ii) the thermo-mechanical effect on

the evolution of thermal strains led to a continuous increase in quality of the obtained

numerical results and the agreement with experimental data (see Figures D.23 and D.24).
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Figure D.23: Rotation at Corner 2 of Frame 1: Comparison of numerical results
obtained from different models with large-scale experiment
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Figure D.24: Comparison of deformation of the whole frame in the symmetry
plane for different material models with the experimental results at t ¢, =
180 min for Frame 1

In the course of an additional simulation, the tensile strength was set to zero according
to [20]. This change in the model had a severe influence on the model response, overesti-
mating rotations and deformations when disregarding the tensile strength of concrete.

Further refinement of the temperature field in the simulations, especially in the frame cor-
ners, e.g. by means of thermal simulations, as well as consideration of softening behavior
for concrete under tensile loading may lead to even better agreement between numerical
results and experimental data.

The comparison between experimental and numerical results highlights, the conclusion
that only in case load-induced thermal strains (LITS) and spalling are taken into account
in the numerical simulation, realistic results for the behavior of concrete structures under
fire loading can be accomplished.
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Tunnelbrande sowie Brandversuche an Tragstrukturen haben aufgezeigt, dass Beton-
tragwerke extremen physikalischen Prozessen (z.B. Abplatzungen, Abnahme des Elas-
tizitdtsmodul bzw. der Druckfestigkeit, usw. [66]) ausgesetzt sind, welche das Gesamt-
tragverhalten wesentlich beeinflussen. In dieser Arbeit wird das Strukturverhalten von
verschiedenen Tunnelgeometrien (Rechtecks- und Gewdlbequerschnitt der offenen Bau-
weise) mithilfe eines FE-basierten Simulationstools untersucht. Bei diesen Studien werden
verschiedene Berech-nungs- und Materialmodelle miteinander verglichen, begonnen mit
einer linear-elastischen Simulation in Kombination mit einer linearen Temperaturverteil-
ung iiber die Schalendicke (sogenannte dquivalente Temperatur). In einem Zwischen-
schritt wird elasto-plastisches Materialverhalten gemeinsam mit der linearen Temperatur-
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verteilung (&quivalente Temperatur) angesetzt. Abschliefend wird nichtlineares (elasto-
plastisches) Materialverhalten und die reale, nichtlineare Temperaturverteilung bertick-
sichtigt. Neben dem Einfluss der Berechnungsmethode wird der Einfluss der temperat-
urabhéngigen Materialparameter (E, f.) auf die Entwicklung des thermischen Zwangs
untersucht. Hierbei werden die Designkurven fiir £ und f. geméa Eurocode 2 [20] bzw.
CEB [11] angesetzt. Der Vergleich der Ergebnisse zeigt einen grofien Einfluss der ange-
setzten, normgeméafen Materialparameter [11, 20] auf die Simulation. Des Weiteren wur-
den grofle Unterschiede zwischen den Rechenmodellen hinsichtlich der Schnittgréfen und
Verformungen beobachtet. Im Falle eines stark vereinfachten Rechenmodells (d.h. linear-
elastisches Materialverhalten + lineare Temperaturverteilung) wurden die Schnittgrofien
zufolge Zwang stark iiberschatzt und die Verformungen unterschétzt. Fiir die Prognose der
Verformungen der Betonstruktur ist es unerlésslich ein realistisches Modell (d.h. elasto-
plastisches Materialverhalten + nichtlineare Temperaturverteilung) zu wéhlen. Die re-
alistischere Bestimmung der Schnittgrofen fithrt in der Praxis zu einer wirtschaftlich
optimierten Bemessung von Tragstrukturen im Brandfall. Der Vergleich zwischen den
einzelnen Tunnelgeometrien zeigt die Starken und Schwachen der einzelnen Querschnitte
(Rechtecks- bzw. Gewdlbequerschnitt) unter Brandbeanspruchung auf.

Recent tunnel fires as well as fire experiments have revealed various physical processes
(such as spalling, material degradation) which significantly reduce the load-bearing ca-
pacity of reinforced concrete structures under fire. Within this paper, the structural
behavior of different tunnel geometries (rectangular and arched cross-section) is analyzed
using a numerical FE-based tool. Different numerical and material models are compared,
beginning with a linear-elastic material model together with a linear temperature distri-
bution across the lining thickness (so-called equivalent temperature). In an intermediate
step, elasto-plastic material behavior together with the linear temperature distribution
(equivalent temperature) is applied. Finally, these simplified models are compared to a
more sophisticated model, assuming elasto-plastic material behavior together with the real
nonlinear temperature distribution. In addition to the influence of the numerical model,
the influence of degradation of material parameters (E, f.) using different standards (Eu-
rocode 2 [20], CEB [11]) on the magnitude of the thermal restraint is investigated, showing
a large influence of the used design curves for £ and f.. Moreover, a large influence of the
underlying model on internal forces as well as deformations was observed. Considering a
simplified numerical model (linear-elastic material behavior + linear temperature distri-
bution) leads to an overestimation of the thermal restraint and an underestimation of the
deformations. In order to obtain realistic deformations of concrete structures subjected
to fire loading, the use of a realistic model (elasto-plastic material behavior + nonlin-
ear temperature distribution) is required. The more realistic determination of internal
stress resultants leads to a more economical design of carrying structures subjected to
fire loading. The comparison of different tunnel geometries highlights the strengths and
weaknesses of the investigated cross-sections (rectangular, arched) under fire loading.
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E.1 Einleitung

In der Literatur sind einige Arbeiten zu finden, die sich mit dem Strukturverhalten von
Tunnelschalen im Brandfall befassen. In [21] werden 3D Kontinuum-Elemente verwendet,
wodurch eine grofle Anzahl an finiten Elementen bendtigt wird, um die Tunnelschale zu
diskretisieren. In [17] wird das Strukturverhalten (Spannungen, Verformungen) einer In-
nenschale aus Stahl in einem Tunnel unter Feuerlast behandelt. Traglastuntersuchungen
unter Brandeinwirkung werden in [78] prisentiert, wobei Kreis- und Rechtecksquerschnitte
untersucht wurden. Der Einfluss der Wahl des Materialmodells (linear-elastisch oder
elasto-plastisch) auf das Strukturverhalten im Brandfall wurde bislang nicht detailliert be-
handelt und ist der Hauptgegenstand dieser Arbeit. Die Bemessung von Betontragwerken
flir den Brandfall wird in der Ingenieurpraxis zumeist mit einem vereinfachten Berech-
nungsmodell durchgefiihrt, welches neben linear-elastischem Materialverhalten auch eine
lineare Temperaturverteilung iiber den Querschnitt ansetzt. Letztere wird als sogenan-
nte aquivalente Temperatur bezeichnet und mittels Gleichgewicht der Schnittgrofen an
einem eingespannten Balken ermittelt (siche Abbildung E.1). Sie setzt sich aus zwei An-
teilen zusammen, einer iiber den Querschnitt konstanten Temperaturerhéhung 7,, [°C|
und einem iiber den Querschnitt linearen Temperaturgradienten AT [°C/m)] (fiir Details
siehe [39]). Zusétzlich wird ein dquivalenter E-Modul E.,, [MPa] ermittelt. Durch diese
Vereinfachung ist es moglich die Bemessung mithilfe von weit verbreiteten Stabwerkspro-
grammen durchzufiihren.

Realer Fall: Nichtlineare Temperatur
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Figure E.1: Ermittlung der dquivalenten Temperatur [39]

Aufbauend auf die Erkenntnisse aus [71] wurden fiir die durchgefiithrten FE-Simulationen
dicke Lagenelemente verwendet (siehe Abbildung E.2). Die Bewehrung wurde in einzelne
Stahllagen mit einer Dicke dquivalent zur Querschnittsfliche der Bewehrung umgerech-
net. Das Lagenelement hat die Vorteile, dass jeder einzelnen Lage ein Material (Be-
ton oder Stahl) sowie eine Temperatur zugewiesen werden kann. Dadurch kann eine
nichtlineare Temperaturverteilung als Belastung aufgebracht werden und diese bei der
Zuweisung der (temperaturabhéngigen) Materialparameter beriicksichtigt werden. Weit-
ere Vorteile sind die Moglichkeit zur Berticksichtigung von Abplatzungen durch Deak-
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tivierung einzelner Lagen sowie die im Vergleich zum 3D-Kontiuum-Modell reduzierte
Anzahl an benétigten finiten Elementen zur Berticksichtigung der nichtlinearen Temper-
aturverteilung (reduzierte Simulationsdauer).

FE-Netz Einzelnes Element

Figure E.2: Verwendetes numerisches Modell (vom FE-Netz zum Lagenelement

[71])

Diese Arbeit gliedert sich wie folgt: Im Abschnitt E.2 werden Simulationsparameter (Ge-
ometrie, Belastung, Materialmodelle, Materialparameter) genauer definiert. Abschnitt
E.3 zeigt ausgewahlte Ergebnisse fiir die untersuchten Tunnelquerschnitte (Rechteck- und
Gewodlbequerschnitt) sowie einen Vergleich von Deformationen und Schnittgroien fiir fol-
gende Modelle:

1. lineare Simulation: linear-elastisches Materialverhalten 4+ dquivalente Temperatur
2. Zwischenschritt: elasto-plastisches Materialverhalten + aquivalente Temperatur

3. nichtlineare Simulation: elasto-plastisches Materialverhalten + nichtlineare Tem-
peratur

Des Weiteren wird in Abschnitt E.3 der Einfluss der temperaturabhédngigen Materialpa-
rameter nach Eurocode 2 [20] bzw. CEB [11] dargestellt. Die Abschnitte E.4 und E.5
enthalten Schlussfolgerungen auf Basis der prasentierten Ergebnisse, und einen Ausblick
auf geplante Aktivitdten.

E.2 Simulationsparameter

Fiir die durchgefiihrten Simulationen wurde Beton der Giite C25/30(56)/BS1A! sowie
Bewehrungsstahl der Giite BSt 550/M beriicksichtigt. Es wurde jeweils ein 1 m breiter

1GemaB OBV-Richtlinie ” Wasserundurchliissige Betonbauwerke - Weiie Wannen” [52].
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Tunnelstreifen simuliert, welcher an der Bodenplatte in vertikaler Richtung und im rechten
unteren Eckpunkt in horizontaler Richtung gelagert ist. In Tunnellangsrichtung ist der
Querschnitt ebenfalls unverschieblich gelagert (behinderte thermische Ausdehnung).

E.2.1 Geometrie und Belastung des Rechtecksquerschnitts

In Abbildung E.3 ist die rechte Halfte des symmetrischen Rechtecksquerschnitts dargestellt.
Neben den Abmessungen sind auch Angaben zum Bewehrungsgehalt, zur Betondeckung
und zu den Randbedingungen angefiihrt. Die Bewehrung in Umfangsrichtung ist in sieben
Abschnitte geteilt. Die Dicke des Betonrahmens liegt zwischen 64 ¢cm (Feldbereich) und
90 cm (Vouten im Eckbereich). Die Léngsbewehrung betrégt iiber den gesamten Quer-
schnitt 10.4 cm?/m. Die mechanische Belastung des Rechtecksquerschnitts ist in Abbild-
ung E.4 dargestellt. Sie setzt sich aus Anteilen aus Erdlast bzw. Erddruck, Verkehrslast
und Wasserdruck zusammen. In der Simulation wird ein Lastall untersucht, der durch
eine asymmetrische Erdlast charakterisiert ist.
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- — 94 o2
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Figure E.3: Rechtecksquerschnitt: Geometrie, Bewehrungsgehalt, Randbedin-
gungen

E.2.2 Geometrie und Belastung des Gewolbequerschnitts

In Abbildung E.5 ist die rechte Halfte des symmetrischen Gewolbequerschnitts dargestellt.
Neben den Abmessungen sind auch Angaben zum Bewehrungsgehalt, zur Betondeckung
und zu den Randbedingungen angefiithrt. Die Bewehrung in Umfangsrichtung ist in fiinf
Abschnitte geteilt. Die Dicke der Betonschale liegt zwischen 60 cm (im Gewdlbe) und
70 cm (Ecken in der Bodenplatte). Die Langsbewehrung betrigt iiber den gesamten Quer-
schnitt 7.5 cm?/m. Die mechanische Belastung des Gewdlbequerschnitts ist in Abbild-
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Figure E.4: Rechtecksquerschnitt: mechanische Belastung

ung E.6 dargestellt. Sie setzt sich aus Anteilen aus Erdlast bzw. Erddruck?, Verkehrslast
und Wasserdruck zusammen. In der Simulation wird ein Lastall untersucht, der durch
eine asymmetrische Erdlast charakterisiert ist.
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Figure E.5: Gewolbequerschnitt: Geometrie, Bewehrungsgehalt, Randbedin-
gungen

E.2.3 Thermische Belastung

Die Temperatureindringkurven zu unterschiedlichen Zeitpunkten wurden durch Simula-
tion des Warmetransports in den Beton [81] unter Verwendung der thermischen Param-
eter gemafl Eurocode 1 und 2 [18, 20] ermittelt. Hierbei wurde eine fiir Tunnelbrinde

2Die Erdlast wurde vereinfachend konstant gehalten, womit eine Verinderung des Erddrucks aufgrund
der Ausdehnung des Tragwerks nicht beriicksichtigt wurde.
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Figure E.6: Gewdlbequerschnitt: mechanische Belastung

reprasentative Temperatur-Zeitkurve angesetzt (siehe Abbildung E.7). Die Tempera-
tureinwirkung wurde vereinfachend gleichmaflig auf jenen Teil des Tunnelquerschnitts
angesetzt, der nicht durch den Aufbau im Tunnel (z.B. Gleisbett, Strafenaufbau) geschiitzt
wird®. Dementsprechend wurden die Bodenplatte und der untere Teil der Winde (bis 1 m

iiber FUK) thermisch nicht belastet.

T |°C|

1200 angesetzte Tcmpcrah{ur

900

600
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5min  1200°C
180min 1200°C

300
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15| 120 150 180
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Figure E.7: Angesetzte Temperatur-Zeitkurve

E.2.4 Materialmodelle

In diesem Beitrag wurden die folgenden Rechen- bzw. Materialmodelle untersucht:

e Lineare Simulation:
In der linearen Simulation wurde neben einem linear-elastischen Materialverhalten

3Fiir weitere Informationen zur Ermittlung einer realistischeren Verteilung der Brandraumtempera-
turen mithilfe von CFD-Simulationen siehe [5, 6].
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(siehe Abbildung E.8) die dquivalente Temperaturverteilung (siche Abschnitt E.2.3)
angesetzt. Die Abnahme des E-Moduls und der Festigkeit wird bei der Ermittlung
der dquivalenten Temperatur beriicksichtigt (siche Abschnitt E.2.5). In der Struk-
tursimulation wird ein dquivalenter E-Modul gleichméflig iiber die Querschnitts-
dicke angesetzt, die Spannungen in Beton und Bewehrung werden nicht begrenzt,
weder im Druck- noch im Zugbereich. Fiir Beton und Stahl wurden konstante

Wirmeausdehnungskoeffizienten verwendet (ap = 1.0 - 107° [K™!], ag = 1.2 - 1077
[K=)).

e Zwischenschritt:
Hierbei wird nichtlineares (elasto-plastisches) Materialverhalten (siehe Abbildung
E.8) zusammen mit der dquivalenten Temperatur angesetzt. Die Zugfestigkeit f;

() (b)

-0.0020 -0.0010
10 20°C R ; ; 0
' o eH Elasto-plastisches
,,,,, 200°C f
@ Materialverhalte
08 300°C 1-0.1
400°C >
0.6 9005C 1-0.2
500°C B
0.4 Elast‘ol—plastisches /”"/,600"(7 13
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0.2 Materialverhalten 700°C \Lmoarf(‘iastdsch )
' Materialverhglten 1-0-4
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04 } ; ; ; ; ; e H i) 20°C
0 0.008 0.016 0.024 a/f.(0) [ ]

Figure E.8: Materialverhalten von Beton: Spannungs-Dehnungsbeziehungen
(a) im Druckbereich und (b) im Zugbereich [69]

wird geméf Eurocode 2-1-2 [20] vernachléssigt (siche Abbildung E.8(b)). Die Druck-
festigkeit bei Raumtemperatur, f.(0), wurde mit 25 MPa angenommen. Gemé&fi Eu-
rocode 2-1-2 [20] wurde die Warmeausdehnung von Beton mit quarzitischen Zuschl-
agen als nichtlineare Funktion der Temperatur angesetzt. Fiir den Bewehrungsstahl
wurde ebenfalls elasto-plastisches Materialverhalten mit einer Flielspannung bei
Raumtemperatur von f,(0) = 550 MPa und einer temperaturabhéngigen Abnahme
geméB Eurocode 2-1-2 [20] angesetzt.

e Nichtlineare Simulation:
Hierbei wurde das bereits im Zwischenschritt verwendete elasto-plastische Material-
modell geméfl Eurocode 2-1-2 [20] gemeinsam mit einer nichtlinearen Temperatur-
verteilung (Berechnung siehe Abschnitt E.2.3) angesetzt. Durch Verwendung der
Schalenelemente (siehe Abschnitt E.1) kann die nichtlineare Temperaturverteilung
in der Simulation direkt beriicksichtigt werden, wodurch eine moglichst realitatsnahe
Simulation des Verhaltens von Betonstrukturen unter Feuerlast ermdglicht wird.
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E.2.5 Temperaturabhangigkeit der Materialparameter

Um den Einfluss der Temperaturabhiangigkeit der Materialparameter auf den thermi-
schen Zwang bzw. die Simulationsergebnisse zu untersuchen, werden unterschiedliche De-
signkurven fiir die Materialparameter von Beton (E, f.) angesetzt (siche Abbildung E.9).
Der Abfall der Druckfestigkeiten geméafl Eurocode 2-1-2 [20] und CEB [11] ist dhnlich, ab
einer Temperatur von 350 °C ergibt sich gemafl CEB ein schnellerer Abfall der Druck-
festigkeit. Die Entwicklung des E-Moduls zeigt allerdings gréflere Unterschiede. Im Falle
des Eurocode 2-1-2 [20] wurde die Entwicklung durch Riickrechnung der dort gegebenen
Spannungs-Dehnungsbeziehungen ermittelt, mit einem E-Modul bei Raumtemperatur von
E(0) = 15 GPa. Dies unterscheidet sich wesentlich vom E-Modul fir C25/30 geméfl Eu-
rocode 2-1-2 [19] von E(0) = 31 GPa. Dieser Wert wurde fiir £(0) bei einer temper-
aturabhéngigen Abnahme des E-Moduls geméfi CEB [11], die dariiber hinaus wesentlich
langsamer ausféllt, angesetzt. Aus diesen unterschiedlichen Ansétzen ergeben sich wesent-
liche Unterschiede bei der dquivalenten Temperatur (siche Abschnitt E.3).

(a) (T)/ -

LOA%E_T%}/J_;(O) d 4 F-Modul [MPa]
0.8
0.6f N fel D)/ 100)

04

021 EB(T)/E0)
EC 2-1-2

NN T
0 200 400 600 800

0

Figure E.9: (a) Temperaturabhéngige Materialparameter [11, 20]; (b) Temper-
aturabhéngige Abnahme des E-Moduls (Ansatz nach EC2-1-2 [20] und
CEB [11])

E.3 Ergebnisse

Durch Gegeniiberstellung ausgewéhlter numerischer Ergebnisse (Verldaufe von Spannun-
gen, Biegemoment, Normalkraft sowie Verformungen) wird die Auswirkung der unter-
schiedlichen Rechen- und Materialmodelle auf die Simulationsergebnisse bewertet. Aufler-
dem werden die Ergebnisse an ausgewdhlten Punkten (siehe Abbildung E.10) in Tabel-
lenform angegeben. Die ausgewéhlten Punkte stellen Extremwerte von Schnittgréfien
bzw. Verformungen dar. Beim Rechtecksquerschnitt (sieche Abbildung E.10(a)) wurden



Publication 5 E.3: Ergebnisse 96

hierfiir die rechte Rahmenecke im Anschlussbereich Bodenplatte/Wand, die Feldmitte
der Tunneldecke und das linke Rahmeneck Tunneldecke/Wand gewéhlt. Aufgrund der
asymmetrischen mechanischen Belastung ergeben sich in diesen Punkten beispielsweise
die grofiten Biegemomente. Beim Gewdlbequerschnitt wird neben der rechten unteren
Rahmenecke und der Tunnelfirste auch ein Punkt in der linken Tunnelschulter fiir den
Vergleich herangezogen (siehe Abbildung E.10(b)).

O

vertikal

@ |

horizontal

Figure E.10: Gewahlte Punkte fiir den Vergleich von Spannun-
gen, Schnittgrofen und Verformungen:  (a) Rechtecksquerschnitt,
(b) Gewdélbequerschnitt

E.3.1 Rechtecksquerschnitt

Abbildung E.11 zeigt die Spannungen in der linken oberen Ecke (Punkt I) fiir die lin-
eare und die nichtlineare Simulation zu unterschiedlichen Zeitpunkten (¢s.. = 0, 20,
60, 180 min). Die lineare Verteilung der Spannungen iiber den Querschnitt in Ab-
bildung E.11(a) ergibt sich aus dem Ansatz von linear-elastischem Materialverhalten
zusammen mit der dquivalenten Temperatur (lineare Temperaturverteilung). Die Span-
nungsspitzen reprasentieren die jeweiligen Bewehrungsspannungen. Infolge der therm-
ischen Beanspruchung nehmen die Spannungen zu. Es ist insbesondere zu beobachten,
dass zu jedem Zeitpunkt die Zugspannungen die Zugfestigkeit des Betons iiberschreiten,
eine bekannte Schwéche der linear-elastischen Simulation. Im Falle der nichtlinearen Sim-
ulation (siehe Abbildung E.11(b)) treten die charakteristischen Druckspannungsglocken
auf, die durch die nichtlineare Temperatureindringkurven und die temperaturabhangige
Abnahme der Materialparameter begriindet werden konnen. Mit Fortdauer der Brand-
belastung verschiebt sich die Spannungsglocke zufolge der Temperatureindringung weiter
in Richtung Querschnittsmitte. Des Weiteren erkennt man die Deaktivierung der Zugfes-
tigkeit fiir Beton geméf [20].

Der Verlauf des Biegemoments in Abbildung E.12 ist exemplarisch fiir die nichtlineare
Simulation zu unterschiedlichen Zeitpunkten (¢s,. = 0, 20, 60, 180 min) dargestellt.
Die unverschiebliche Lagerung der Bodenplatte spiegelt sich in den Ergebnissen wider.
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Figure E.11: Spannungen im Rechtecksquerschnitt in der linken oberen Ecke
(Punkt I) fiir (a) die lineare Simulation und (b) die nichtlineare Simulation
zu verschiedenen Zeitpunkten (t ;.. = 0, 20, 60, 180 min)
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Figure E.12: Verlauf des Biegemoments tiber den Rechtecksquerschnitt fiir die
nichtlineare Simulation zu verschiedenen Zeitpunkten (7. = 0, 20, 60,
180 min)
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Mit zunehmender Branddauer steigt der thermische Zwang, dadurch nehmen die nega-
tiven Biegemomente {iber den gesamten Tunnelquerschnitt (insbesondere in den brand-
belasteten Bereichen) zu, wohingegen die positiven Biegemomente abnehmen und es zu
einem Umschlagen (z.B. in Deckenmitte) des Biegemoments kommt. In den beiden oberen
Rahmenecken werden die hochsten Biegemomente beobachtet.

Abbildung E.13 zeigt exemplarisch den Verlauf der Normalkraft fiir die nichtlineare Sim-
ulation zu unterschiedlichen Zeitpunkten (¢g;.. = 0, 20, 60, 180 min). Es ist zu erkennen,
dass der Brandfall auf die Normalkrafte nur einen geringen Einfluss hat. Im Bereich
der Seitewénde zeigt sich kaum eine Verdanderung der Normalkraft, da sich die mecha-
nische Belastung nicht andert. Im Bereich der Tunneldecke kommt es infolge der Brand-
einwirkung zu einer leichten Erhéhung und in der Tunnelsohle zu einer Reduktion der
Normalkraft. Dies kann damit begriindet werden, dass in der Decke thermischer Zwang

entsteht, die Bodenplatte andererseits wird thermisch nicht belastet und dehnt sich daher
nicht aus.

tpire = 0 min
- = tiire = 20 min

|

1

i
— — tfire = 60 min l‘
—tire = 180 min !
|
[

11

-y PN —

Figure E.13: Verlauf der Normalkraft iber den Rechtecksquerschnitt fiir die

nichtlineare Simulation zu verschiedenen Zeitpunkten (ts,. = 0, 20, 60,
180 min)

Abbildung E.14 zeigt einen Vergleich der Verformungen des Rechtecksquerschnitts fiir die
lineare und die nichtlineare Simulation zu unterschiedlichen Zeitpunkten (¢ = 0, 20,
60, 180 min). Bei der linearen Simulation ergeben sich sehr kleine Verformungen, die
von der Branddauer annahernd unabhéngig sind, wohingegen die nichtlineare Simulation
Verformungen bis zu 6 cm in der Deckenmitte nach 180 min Branddauer prognostiziert.
Ein Vergleich von experimentellen Ergebnissen mit numerisch ermittelten Verformungen
zeigte, dass die mit einer linear-elastischen Simulation prognostizierten Verformungen zu
gering sind um die Realitdt wiederzugeben [69]. Andererseits zeigten die Ergebnisse,
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Figure E.14: Verformungen des Rechtecksquerschnitts: Vergleich der linearen
mit der nichtlinearen Simulation zu verschiedenen Zeitpunkten (¢ ;.. = 0,
20, 60, 180 min)

die mit dem auch hier verwendeten, nichtlinearen Rechen- und Materialmodell ermit-
telt wurden, sehr gute Ubereinstimmung mit den gemessenen Verformungen [69]. In den
Verformungen der nichtlinearen Simulation sind die Auswirkungen der asymmetrischen
Belastung sichtbar, der Tunnelquerschnitt wird auf der rechten Seitenwand hoher belastet
und verschiebt sich daher nach links. Die grofien Horizontalverschiebungen in der nicht-
linearen Simulation (Ausweichen des Tunnelquerschnitts) werden in der Realitdt durch
Aktivierung des passiven Erddrucks begrenzt.

Ein tabellarischer Vergleich der Schnittgrofien (Biegemoment, Normalkraft) sowie der
Verformungen zeigt den Einfluss der angesetzten Rechen- bzw. Materialmodelle auf die
Ergebnisse (siehe Tabellen E.1 und E.2). Man erkennt, dass die Ergebnisse des Zwischen-
schritts (siehe Abschnitt E.2.4) und des nichtlinearen Materialmodells zum Zeitpunkt
tfire = 0 min ident sind, da sich diese Modelle nur in der Temperaturbelastung unter-
scheiden. Die Verformungen unter Ansatz der linearen Simulation sind vergleichsweise
klein (ca. 50 % von jenen der nichtlinearen Simulation nach EC2-1-2 und ca. 30 % von
jenen der nichtlinearen Simulation nach CEB). Die geringen Unterschiede zwischen den
Simulationen mit Materialparametern nach EC2-1-2 [20] und CEB [11] sind auf den un-
terschiedlichen E-Modul bei Raumtemperatur zuriickzufithren (EC2-1-2: E(0)= 15 GPa,
CEB: E(0)= 31 GPa siehe Abschnitt E.2.5). Groere Unterschiede in den Ergebnissen
sind in den Schnittgroflen und Verformungen zum Zeitpunkt s, = 60 min zu erken-
nen (siche Tabelle E.2). Im Vergleich zwischen linearer und nichtlinearer Simulation fallt
auf, dass bei der nichtlinearen Simulation das Biegemoment in der rechten unteren Ecke
(Punkt III) stark zunimmt. Diese Zunahme ist die Folge von plastischen Verformungen,
die eine Umlagerung von den thermisch belasteten Bereichen hin zur thermisch nicht
geschadigten unteren Rahmenecke ermoglichen. Diese Umlagerung spiegelt sich auch in
den Verformungen wider. In der nichtlinearen Simulation werden vertikale Verformungen
von 27.9 mm in Deckenmitte prognostiziert. In der linearen Simulation ist andererseits
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[BIEGEMOMENTE || EC2-1-2 I CEB |
linear | Zwischen- | nicht- || linear | Zwischen- | nicht-
schritt linear schritt linear
[kNm] [kNm] [kNm)] || [kNm] [kNm] [kNm]
Punkt I -749 -768 -768 -745 -768 -768
Punkt II 501 478 478 504 475 475
Punkt IIT -267 -256 -256 -271 -254 -254
NORMALKRAFTE EC2-1-2 CEB
BN [ N [ N [ S ] RN ] W
Punkt T (Decke) -253 =257 =257 -252 -258 -258
Punkt T (Wand) 417 416 416 || -417 416 416
Punkt IT -241 -245 -245 -240 -246 -246
Punkt 111 (Bodenplatte) | -184 -180 180 || -185 1180 -180
Punkt IIT (Wand) -535 -534 -534 -535 -535 -535
VERFORMUNGEN EC2-1-2 CEB
[mm] [mm] (mm] || [mm] [mm] [mm]
Punkt T (vertikal) -0.3 0.3 0.3 -0.2 0.6 0.6
Punkt I (horizontal) -3.8 -7.8 -7.8 -1.7 -6.0 -6.0
Punkt IT (vertikal) -11.1 -22.9 -22.9 -6.2 -18.9 -18.9
Punkt IT (horizontal) -2.9 -5.8 -5.8 -1.6 -4.6 -4.6

Table E.1: Vergleich der Ergebnisse an unterschiedlichen Punkten (siehe Abbil-
dung E.10(a)) zum Zeitpunkt ¢, = 0 min fiir den Rechtecksquerschnitt

kaum eine Verédnderung der Verformungen zu erkennen (vgl. mit Tabelle E.1). Der Ver-
gleich der Ergebnisse unter Ansatz der Materialparameter nach EC2-1-2 [20] und CEB
[11] zeigt wesentlich hohere Biegemomente, wenn die Parameter nach CEB angesetzt
werden. Dies kann vor allem durch den héheren thermischen Zwang (siehe Abbildung
E.15) erklart werden, der durch einen hoheren E-Modul (siehe Abbildung E.9(b)) verur-
sacht wird. Dies hat wiederum eine hohere dquivalente Temperatur und somit groflere
Zwangsschnittgroffen zur Folge.  Der Zwischenschritt prognostiziert die betragsmafBig
niedrigsten Biegemomente. Die Unterschéitzung des thermischen Zwangs kann auf die
doppelte Beriicksichtigung von plastischem Materialverhalten zuriickgefithrt werden (ein-
erseits wird die Aquivalente Temperatur unter Ansatz nichtlinearer Materialparameter
ermittelt, andererseits wird im Strukturmodell wiederum nichtlineares Materialverhalten
angesetzt). Die Verformungen sind grofier als jene der linearen Simulation, es sind jedoch
immer noch grofie Abweichungen von den Ergebnissen der nichtlinearen Simulation zu
beobachten.

E.3.2 Gewolbequerschnitt

Der Verlauf der Biegemomente in Abbildung E.16 ist exemplarisch fiir die nichtlineare
Simulation zu unterschiedlichen Zeitpunkten (¢s,. = 0, 20, 60, 180 min) dargestellt.
Das grofite Biegemoment im Gewolbequerschnitt bildet sich zufolge der asymmetrischen
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| BIEGEMOMENTE || EC2-1-2 || CEB |
linear | Zwischen- | nicht- linear | Zwischen- | nicht-
schritt linear schritt linear
[kNm] [kNm] [kNm)] || [kNm] [kNm] [kNm]
Punkt I -1228 -1044 -1433 -1602 -1095 -1561
Punkt II 17 201 -186 -360 150 -314
Punkt III -490 -414 -544 -694 -459 -744
NORMALKRAFTE EC2-1-2 CEB
KN [ N [ N [ KN | KN ] KN
Punkt T (Decke) -285 -272 -303 -307 -272 -294
Punkt T (Wand) -417 -417 -418 -417 -417 -417
Punkt II -273 -260 -291 -295 -269 -283
Punkt IIT (Bodenplatte) -171 -161 -172 -167 -195 -213
Punkt IIT (Wand) -535 -533 -534 -535 -535 -534
VERFORMUNGEN EC2-1-2 CEB
[mm] [mm] [mm] [mm] [mm] [mm]
Punkt I (vertikal) 0.5 1.8 6.2 0.7 2.4 9.1
Punkt I (horizontal) -4.7 -9.9 -19.9 -2.4 -9.5 -21.7
Punkt IT (vertikal) -9.9 -25.4 -27.9 -4.3 -22.1 -21.1
Punkt IT (horizontal) -3.3 -7.6 -11.5 -1.8 -7.2 -12.5

Table E.2: Vergleich der Ergebnisse an unterschiedlichen Punkten (siehe Abbil-
dung E.10(a)) zum Zeitpunkt ¢ ;.. = 60 min fiir den Rechtecksquerschnitt

(a> A Spannung [MPa] (])> A Zwangsmoment [kNm|
] 600
480
M(T) - CEB
360 .
240 R
NM(T) - EC2 12
120¢f *
g
u
L fire [min]
0 T T R

Figure E.15: Ermittlung der dquivalenten Temperatur nach EC2-1-2 [20] und
CEB [11]: (a) Thermischer Zwang (Spannungsverteilung) zum Zeitpunkt
tfire = 60 min, (b) zeitliche Entwicklung des Zwangsmoments fiir eine
Querschnittsdicke von 60 cm

Erdlast an der rechten unteren Ecke (Punkt III) aus, die Werte in der Tunnelschul-
ter (Punkt I) liegen knapp darunter. Aufgrund der Querschnittsform verteilen sind die
Biegemomente jedoch unter Brandbelastung gleichméafliger im Vergleich zum Rechtecks-
querschnitt. Abbildung E.17 zeigt exemplarisch den Verlauf der Normalkraft fiir die
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i e = 0 min

i == tfire = 20 min

i — — tfire = 60 min

: — tfire = 180 min
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Figure E.16: Verlauf des Biegemoments iiber den Gewdolbequerschnitt fiir die
nichtlineare Simulation zu verschiedenen Zeitpunkten (¢ = 0, 20, 60,
180 min)

nichtlineare Simulation zu unterschiedlichen Zeitpunkten (¢s;. = 0, 20, 60, 180 min). Es
ist wiederum zu erkennen, dass der Brandfall auf die Normalkrafte nur einen geringen
Einfluss hat. Aufgrund der Gewdlbetragwirkung des Querschnitts wird die Belastung der
Tunnelschale iiber die Wande in den Untergrund abgeleitet. Die thermisch nicht belastete
Bodenplatte ist nur geringfiigig auf Druck belastet.

R trire = 0 min
D === tfire = 20 min
- =~ tire = 60 min

- —lfire = 180 min
| 11

-500 kN[

Figure E.17: Verlauf der Normalkraft {iber den Gewo6lbequerschnitt fiir die
nichtlineare Simulation zu verschiedenen Zeitpunkten (¢, = 0, 20, 60,
180 min)

Abbildung E.18 zeigt einen Vergleich der Verformungen des Gewdlbequerschnitts fiir die
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lineare und die nichtlineare Simulation zu unterschiedlichen Zeitpunkten (¢, = 0, 20,
60, 180 min). Bei der linearen Simulation ergeben sich wieder sehr kleine Verformungen.
In der nichtlinearen Simulation fiir ¢ ;.. = 180 min ist hingegen ein starkes Anwachsen der
Verformungen zu erkennen, das auf das Ausbilden eines plastischen Bereiches bei Punkt I
zuriickgefiihrt werden kann, in dem sowohl die innere als auch die auflere Bewehrungslage
zu flieen beginnen. Es sind wiederum die Auswirkungen der asymmetrischen Belastung in
den Verformungen der nichtlinearen Simulation sichtbar. Der Tunnelquerschnitt wird auf
der rechten Seitenwand hoher belastet und verschiebt sich daher nach links. Die vergleichs-
weise groflen Horizontalverschiebungen in der nichtlinearen Simulation (Ausweichen des
Gesamtquerschnitts) werden in der Realitdt durch Aktivierung des passiven Erddrucks
begrenzt.

5 cm

—

trire = 0 min
=== tfire = 20 min
I — = tfire = 60 min

! ——tyire = 180 min

Figure E.18: Verformungen des Gewolbequerschnitts: Vergleich der linearen
mit der nichtlinearen Simulation zu verschiedenen Zeitpunkten (¢ fire = 0,
20, 60, 180 min)

Ein tabellarischer Vergleich der Schnittgrofien (Biegemoment, Normalkraft) sowie der
Verformungen zeigt den Einfluss der angesetzten Rechen- bzw. Materialmodelle auf die
Ergebnisse (siehe Tabellen E.3 bis E.4). Es kénnen dhnliche Schlussfolgerungen wie beim
Rechtecksquerschnitt gezogen werden. So ist nur ein geringer Einfluss des Rechenmodells
(linear, nichtlinear) auf die Simulationsergebnisse vor Brandbelastung erkennbar. We-
gen der Gewolbetragwirkung werden kleinere Biegemomente als im Rechtecksquerschnitt
(auBer in der unteren Rahmenecke, Punkt III) beobachtet. Die maximalen Verformungen
(an Punkt I in horizontaler Richtung) betragen in der nichtlinearen Simulation nach EC2-
1-1 8.6 mm und in der linearen Simulation 6.0 mm (siehe Tabelle E.3). Fiir die Simulatio-
nen nach CEB ergeben sich wieder aufgrund des hoheren E-Moduls bei Raumtemperatur
geringere Verformungen (etwa 60 % der Simulationsergebnisse nach EC2-1-2).

Groflere Unterschiede in den Ergebnissen sind in den Schnittgrofen und Verformungen
zum Zeitpunkt ¢ ;.. = 60 min zu erkennen (siehe Tabelle E.4). Der Vergleich der Biegemo-
mente zeigt ein hoheres Moment in der Tunnelschulter im Fall einer linearen Simulation,
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| BIEGEMOMENTE || EC2-1-2 || CEB |
linear | Zwischen- | nicht- linear | Zwischen- | nicht-
schritt linear schritt linear
[kNm] [kNm] [kNm)] || [kNm] [kNm] [kNm]
Punkt I -93 -96 -96 -93 -97 -97
Punkt IT 56 58 58 56 60 60
Punkt III -350 -336 -336 -351 -324 -324
NORMALKRAFTE EC2-1-2 CEB
[kN] [kN] [kN] [kN] [kN] [kN]
Punkt I -427 -428 -428 -427 -429 -429
Punkt II -331 -331 -331 -331 -332 -332
Punkt IIT (Bodenplatte) -138 -138 -138 -139 -138 -138
Punkt IIT (Wand) -614 -612 -612 -613 -611 -611
VERFORMUNGEN EC2-1-2 CEB
[mm)] [mm] [mm] [mm)] [mm)] [mm]
Punkt I (vertikal) 0.4 0.5 0.5 0.2 0.3 0.3
Punkt I (horizontal) -6.0 -8.6 -8.6 -3.3 -5.8 -5.8
Punkt IT (vertikal) 1.7 35 35 || -0.9 2.6 2.6
Punkt IT (horizontal) -5.5 -7.2 -7.2 -3.0 -4.6 -4.6

Table E.3: Vergleich der Ergebnisse an unterschiedlichen Punkten (siehe Abbil-
dung E.10(b)) zum Zeitpunkt ¢s;,. = 0 min fiir den Gewdlbequerschnitt

wobei in der unteren Rahmenecke (Punkt III) ein Extremwert im Biegemomentenver-
lauf in der nichtlinearen Simulation erzielt wird. Dies kann auf Umlagerungseffekte in
der nichtlinearen Simulation von brandbelasteten in thermisch ungeschiadigte Bereiche
zuriickgefithrt werden. Wie bereits beim Rechtecksquerschnitt beobachtet, werden die
Biegemomente im Zwischenschritt erneut unterschétzt. Die Normalkrafte andern sich
infolge der Brandbelastung kaum (vgl. mit Tabelle E.3). Nur bei der linearen Sim-
ulation kommt es zu einer geringfiigigen Erhohung der Normalkrifte im Schulter- und
Firstbereich (Punkte I und II). Hinsichtlich der Verformungen sind grofie Unterschiede in
den untersuchten Rechen- und Materialmodellen erkennbar. Die lineare Simulation prog-
nostiziert sehr geringe Verformungen. Im Zwischenschritt werden Verformungen bis zum
3-fachen und in der nichtlinearen Simulation bis zum 10-fachen der linearen Simulation
prognostiziert. (siehe z.B. die vertikalen Verformungen in Punkt I). Der Vergleich der
Ergebnisse unter Ansatz der Materialparameter nach EC2-1-2 [20] und CEB [11] zeigt
wiederum wesentlich hohere Biegemomente im letzteren Fall. Durch den hoheren ther-
mischen Zwang in den Simulationen mit Materialparametern nach CEB kommt es auch
zu groferen Verformungen im Vergleich zu den Simulationen nach EC2-1-2.
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| BIEGEMOMENTE || EC2-1-2 || CEB |
linear | Zwischen- | nicht- linear | Zwischen- | nicht-
schritt linear schritt linear
[kNm] [kNm] [kNm)] || [kNm] [kNm] [kNm]
Punkt I -469 -260 -467 -726 -269 -560
Punkt II -342 -129 -339 -612 -138 -426
Punkt III -609 -547 -705 -762 -570 -816
NORMALKRAFTE EC2-1-2 CEB
[kN] [kN] [kN] [kN] [kN] [kN]
Punkt I -438 -425 -429 -448 -423 -426
Punkt II -346 -332 -336 -358 -330 -333
Punkt IIT (Bodenplatte) -123 -138 -134 -111 -139 -137
Punkt IIT (Wand) -614 -618 -616 -614 -618 -617
VERFORMUNGEN EC2-1-2 CEB
[mm)] [mm] [mm] [mm)] [mm)] [mm]
Punkt I (vertikal) 2.4 4.9 15.8 2.0 4.7 20.3
Punkt I (horizontal) -6.8 -16.4 -31.7 -3.7 -13.9 -36.3
Punkt IT (vertikal) 1.1 -1.3 8.7 1.8 -0.5 124
Punkt IT (horizontal) -5.9 -13.0 -23.2 -3.2 -10.8 -25.1

Table E.4: Vergleich der Ergebnisse an unterschiedlichen Punkten (siehe Abbil-
dung E.10(b)) zum Zeitpunkt ¢ ;. = 60 min fiir den Gewdlbequerschnitt

E.4 Fazit

Die préasentierten Simulationsergebnisse sollten einen Uberblick iiber das Strukturverhal-
ten von unterschiedlichen Tunnelquerschnitten (Rechteck bzw. Gewdlbe) liefern. Haupt-
augenmerk dieses Beitrags wurde auf den Einfluss des Rechenmodells bzw. des Materi-
alverhaltens gelegt. Hierbei wurden unterschiedliche Modelle zur Beschreibung des Mate-
rialverhaltens (linear-elastisch, elasto-plastisch) sowie zur Beriicksichtigung der Temper-
aturbelastung (dquivalente Temperatur, nichtlineare Temperaturverteilung) untersucht.
Des Weiteren wurde untersucht, welche Rolle die Materialparameter (f.(T), E(T)) bzw.
die gewahlte Designkurve zur Beriicksichtigung der temperaturabhangigen Abnahme der
Materialparameter (EC2-1-2 [20] und CEB [11]) spielen.

Auf Basis der erhaltenen Ergebnisse konnen die folgenden Schlussfolgerungen gezogen
werden:

e In einer linearen Simulation (Beriicksichtigung von linear-elastischem Materialver-
halten und der sogenannten dquivalenten Temperatur) werden die Zwangsschnittgr-
68en (insbesondere deren Spitzen) iiberschitzt und die Verformungen stark unter-
schatzt.

e Eine Mischung von elasto-plastischem Materialverhalten mit der aquivalenten Temp-
eratur liefert zu geringe Zwangsmomente und ergibt somit eine Unterschatzung der
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Biegemomente. Die Verformungen sind bis zu 3-mal so grofl wie bei einer linearen
Simulation.

e Die nichtlineare Simulation (Beriicksichtigung von elasto-plastischem Materialver-
halten und der nichtlinearen Temperaturverteilung) liefert realistische Schnittgrofien
fiir die Brandbemessung und Verformungen, die mit experimentellen Ergebnissen am
besten tibereinstimmen (bis zu 10-mal so grofi wie bei einer linearen Simulation).
Die realistische Bestimmung der Schnittgroflen ermoglicht in der Ingenieurpraxis
eine wirtschaftlich optimierte Bemessung von Tragstrukturen im Brandfall.

e Eine Verwendung der Materialparameter nach CEB [11] erzeugt erheblich groferen
thermischen Zwang als im Falle der Verwendung der Spannungs-Dehnungsbezieh-
ungen aus EC2-1-2 [20]. Daraus ergeben sich bereichsweise weitaus groBere Biegemo-
mente fiir die Bemessung. Laut EC2-1-2 [20] beriicksichtigen die dort enthaltenen,
geringeren E-Moduli im Gegensatz zu den E-Moduli nach CEB die sogenannten
"load induced thermal strains” (LITS). LITS stellt einen zusétzlichen Anteil in den
Verzerrungen dar, hervorgerufen durch die kombinierte, mechanische und thermis-
che Beanspruchung von Beton. Im EC2-1-2 wurde dieser Einfluss indirekt auf Basis
einer Vielzahl von Experimenten implementiert. Weiterfithrende Informationen zum
Einfluss von LITS auf die Reduktion des thermischen Zwangs in Beton sind in [67]
enthalten.

e Die Querschnittsform hat einen wesentlichen Einfluss auf das Strukturverhalten
im Brandfall. Im Gewo6lbequerschnitt kommt es zufolge Temperaturbelastung zu
einem Anstieg der Biegemomente im Gewdlbe, welche sich gleichméafig tiber den
gesammten Querschnitt verteilen. Beim Rechtecksquerschnitt bilden sich in den
Rahmenecken Extremwerte in den Biegemomenten aus. Des Weiteren kommt es
zufolge thermischen Zwangs zu einem starken Anstieg der negativen Momente bzw.
zu einem Umschlagen des Moments in Deckenmitte.

E.5 Ausblick

Die Ergebnisse und Erkenntnisse aus den gezeigten und aus weiteren Struktursimulationen
sollen in weiterer Folge Eingang in die Ingenieurpraxis finden. Im Rahmen der Erstel-
lung der OBV-Richtlinie ” Erhohter Brandschutz mit Beton fiir unterirdische Verkehrsbau-
werke” werden Empfehlungen zur Wahl des Rechen- und Materialmodells in Abhéngigkeit
der Querschnittsform sowie des zu erreichenden Schutzniveaus bzw. des Nachweiszeit-
punktes erarbeitet. So soll die Verwendung realitdtsnaher Berechnungsmethoden fiir den
Brandfall in der Ingenieurpraxis etabliert werden.



Concluding remarks & Outlook

In this work, the behavior of heated concrete as well as its effect on the load-carrying per-
formance of underground support structures were investigated. These subjects required a
wide range of research work, starting from experimental characterization of the behavior
of concrete and its constituents, continuing with modeling of the encountered behavior
and respective validation of the proposed models, finally yielding to simulation of the
structural response by means of numerical analysis tools:

1. Material characterization

While a large amount of experimental data, which was reported in the open literature,
focuses on the evolution of thermal strain of concrete under fire loading [8, 16, 35, 37,
73], experimental input for multiscale models — such as the model developed within this
thesis — was still missing. Therefore, tests were conducted on cement-paste and concrete
samples subjected to combined thermal and mechanical loading. In this context, a new
test setup was developed, allowing simultaneous thermal and mechanical loading and,
thus, providing access to the so-called load-induced thermal strain (LITS) in both the
(mechanically loaded) axial direction as well as the (unloaded) radial direction. Moreover,
the elastic properties (Young’s modulus, Poisson’s ratio) were determined as a function
of mechanical and thermal load history. Finally, at the structural scale, large-scale fire
experiments on concrete frames were conducted. The so-obtained data provide a profound
basis for proper validation of numerical analysis tools for concrete structures subjected to
fire loading.

2. Modeling

Taking into account the composite nature of concrete as well as the different behavior
of its constituents (aggregates embedded in a cement-paste matrix) when subjected to
temperature loading, a multiscale model was developed in this thesis. Hereby, the input
data were determined from respective experiments and partially taken from the literature.
The model response was validated by means of tests on heated concrete samples, focusing
on the elastic and LITS properties. Finally, a novel differential LITS formulation was
proposed in this thesis, capturing well the changes in mechanical loading in the course of
a temperature increase — as it is the case in real-life fire scenarios.
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3. Simulation

The obtained findings as regards experimental characterization and modeling were consid-
ered within a nonlinear numerical analysis tool based on the finite-element method. The
underlying analysis tool allows consideration of spalling as well as the nonlinear temper-
ature distribution within the concrete member and, hence, of the temperature-dependent
mechanical response of concrete. In addition to the re-analysis of the aforementioned
large-scale experiments, the performance of different tunnel cross-sections when subjected
to fire loading was investigated. The developed analysis method, which was also im-
plemented in two commercial finite-element programs used in engineering practice, was
found to significantly improve the quality of results for concrete structures subjected to
fire loading, especially when compared to currently-employed linear-elastic models using
the so-called equivalent-temperature concept.

While the present thesis focused on the heating process of concrete and concrete structures
and its effect on the load-carrying capacity of support structures, recent results of concrete
subjected to combined thermal and mechanical loading — including cooling — revealed
almost no effect of the applied mechanical load on the deformation behavior during cooling
(see Figure 7). It is known from literature, that LITS takes place only during first heating
of concrete [37], while under cooling no influence of LITS is observed. Only in case of
the mechanically-unloaded concrete sample (s = 0 %), micro-cracks can develop due

s=0%
0.012 e 5=5%
0.008 > 5=10%

compressive strength
reached

shifted cooling curves
' for comparison of

cooling behavior

100 200 300 400 500 600 700 SO0
|

Figure 7: Heating and cooling of concrete: Evolution of axial strain as a function
of temperature under constant mechanical load level (s = 100 o, /f.o =
0 to 30 %, with the initial compressive strength f., = 42.4 MPa)
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to strain incompatibilities of the concrete constituents (cement-paste and aggregates),
leading to different strain behavior during heating as well as cooling. Accordingly, the
strain behavior of concrete during cooling seems to be almost independent of the level of
mechanical loading, except for the case of unloaded concrete. In addition to mechanical
loading, temperature gradients within the cylindrical concrete samples (between surface
and core) lead to additional (eigen-)stresses, with the total stress reaching the compressive
strength of concrete (see response of concrete samples for s = 30 % in Figure 8). This
resulted in additional deformations, taking place at the beginning of the cooling process.

Whereas the developed model captures well the material response (both heating and
cooling) for stress situations found below the compressive strength, the additional (plastic)
deformation caused by loading exceeding the compressive strength is not yet taken into
account, explaining the discrepancy observed in Figure 8.

y ‘ compressive strength
experiment [ 2 - reached

.-~ experiment II

Figure 8: Evolution of axial strain: Experimental observation vs. model re-
sponse for two experiments (s = 30 %)

Accordingly, modeling the behavior of concrete at high temperatures — as presented in
this thesis — can be further improved by focusing on

e the concrete behavior when loaded beyond the compressive strength, becoming rel-
evant during cooling of concrete when LITS is disregarded,

e the consideration of the microcrack density within the proposed multiscale model for
heated concrete, finally explaining the changes in deformation behavior as well as the
temperature-dependent mechanical properties by the development and suppression
(by mechanical load) of microcracks within the cement-paste matrix.

As regards the presented numerical analysis tool for the simulation of the response of
underground support structures subjected to fire loading, the results presented in this
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thesis are currently providing the basis for a new Austrian guideline to be published
by the Austrian Society for Construction Technology, entitled ”Increased fire protection
with concrete for underground structures”. This guideline will contain recommendations
regarding the proper choice of the underlying numerical and material model to be used for
the simulation of underground structures subjected to fire loading. In this context, the
outcome of this thesis contributes to the improvement of the quality of results by the use
of more realistic analysis tools which, finally, will lead to a change of engineering practice
regarding the design of concrete structures subjected to fire.
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