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Abstract

In this paper, the strain behavior of concrete under combined thermal and mechan-
ical loading is investigated. Under these loading conditions, concrete exhibits a cer-
tain path dependence explained by the dependence of physical processes on the actual
stress state within concrete. In the literature, this path dependence is often referred to
as load-induced thermal strains (LITS). In this paper, a micromechanics-based model
for the effective material properties and free thermal strain of concrete under fire load-
ing is introduced for modeling of LITS and applied in the context of simulation of
real-scale structures, highlighting the influence of LITS on the structural response.
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1 Introduction

Concrete subjected to concrete under combined mechanical and thermal loading ex-
hibits a certain path dependence explained by the dependence of physical processes
on the actual stress state within the material (see (1; 3; 5; 7; 11; 20; 21; 23)). This path
dependence of heated concrete (highlighted in Figure 1) is often related to the intro-
duction of so-called load induced thermal strains (LITS). The main findings reported
in the literature with respect to LITS are:

1. LITS is found only in concrete subjected to first thermal loading (7).

2. The rate of heating (ranging from 0.2 to 5 °C/min) and the water/cement-ratio
showed only minor influence on LITS (20).

3. The aggregate type has no significant influence in the development of LITS,
linking LITS to processes taking place within the cement paste (7).
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Figure 1: Path dependence of concrete under combined mechanical and thermal load-
ing according to (22); (The same thermal loading and the same mechanical loading
applied differently lead to the same temperature and stress level (7,,,, = 400 °C and

o = 0.45f. ) but to different experimentally-observed strains — compare points A and
B.)

4. LITS is practically unaffected by the type of cement blend, suggesting that it
takes place in a common gel or CSH structure (7).

5. LITS seems to increase linearly with the applied stress level (see Figure 2) (1).
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Figure 2: Load dependency of LITS obtained from different experiments (3; 7; 22)
(s = 0/ fep: 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 (20), considering LITS via empirical relations (21), to strain-rate formula-
tions for LITS as proposed in (11; 22).



In recent years, micromechanics-based models for concrete have been published in
the open literature, e.g., (2; 9), taking the composite nature of concrete into account.
On the one hand, these models were developed in order to identify the behavior of C-S-
H at elevated temperatures (2) using nanoindentation. On the other hand, a multi-scale
model for determination of the effective stiffness of concrete at high temperatures was
proposed in (9).

In the present work, recently published micromechanics-based models (8; 13) are
adopted to the description of the change of elastic properties and the thermal di-
lation of heated concrete. For this purpose, experimental studies on concrete and
cement-paste samples were conducted, with the respective experimental results given
in Section 2. In Section 3, the micromechanics-based model is presented with a possi-
ble mode of implementation of the underlying stress-strain behavior into a numerical
analysis tool. The so-obtained formulation for consideration of the combined thermo-
mechanical behavior of concrete and its effect within the analysis of concrete struc-
tures subjected to fire loading is highlighted in Section 4. Finally, concluding remarks
are given in Section 5.

2 Experimental observations

A radiant electric oven (see Figure 3) was used to conduct the experiments on concrete
specimens (with a diameter of 100 mm and a height of 200 mm). The test setup allows
to test specimens under combined uniaxial mechanical and thermal loading (see (18)
for details). The deformations are transferred with steel bars to the outside of the
oven, giving access to the axial and radial deformations. In order to determine the
material properties (Young’s modulus £ and Poisson’s ration ), small load changes
were applied to the specimen, giving access to the load- and temperature-dependent
evolution of these properties.
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Figure 3: Test setup for combined thermal and mechanical testing (18)



In the following, the experimental results (strain behavior and material properties)
for concrete are presented (the full set of experimental data can be found in (18),
including experimental data for cement-paste specimens). In Figure 4, the evolution
of axial and radial strain for concrete specimens subjected to different mechanical load
levels s is presented (s = 0 to 60 % with s = 1000,/ f. o, with the initial compressive
strength f.o = 39.1 MPa). With increasing load level, a decrease of axial strain is
observed, whereas the corresponding radial strain increases.
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Figure 4: Strain of concrete without PP-fibers under combined thermal (up to 800 °C)
and mechanical loading (s = 0 to 60 % with s = 1000,/ f. o, where f.o = 39.1 MPa):
evolution of (a) axial and (b) radial strain as a function of temperature (18)

The load-dependency of the elastic parameters for concrete is shown in Figure 5,
revealing an increase of stiffness in case of mechanically preloaded specimens which
can be explained by the reduced amount of microcracking originating from thermal
expansion/degradation. The evolution of Poisson’s ratio shows similar behavior up to
400 °C, followed by an increase for higher temperatures and mechanical load levels.
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Figure 5: Elastic parameters of specimens made of concrete without PP-fibers for
different load levels (s = 0 to 50 %): evolution of (a) normalized Young’s modulus
compared to EC2-1-2 (4) and (b) Poisson’s ratio as a function of temperature (18)



3 Micromechanical model

The proposed micromechanical model (15) consists of two scales (see Figure 6), in
order to take the influence of the concrete constituents (aggregate, cement paste, pore
space) into account. Scale I consists of the cement-paste composite (pore space, hy-
dration products) and additional pore space, introduced during the mixing process of
concrete. At Scale 11, aggregates are added to the homogenized material from Scale 1.
For the proposed micromechanical model, both the effective elastic and thermal-
dilation properties of heated concrete are determined using continuum micromechan-
ics (based on (10), applied in (8; 12)).
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Figure 6: Micromechanical model for high-temperature concrete proposed in (15)

3.1 Effective elastic properties

The effective shear and bulk modulus, G¢; [MPa] and K. sy [MPa], are given as:
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with r € {porous cement paste (matrix), additional pore space (inclusion)} at Scale I
and r € {homogenized material of Scale I (matrix), aggregates (inclusion) } at Scale II,
where m refers to the matrix phase. In Equations (1) and (2), a and (3 represent the
volumetric and deviatoric part of the Eshelby tensor 5, specialized for the case of
spherical inclusions, reading
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where K, and GG, refer to the bulk and shear modulus of the matrix phase, respec-
tively, and f,. [-] is the volume fraction of the r-th material phase (see (15) for details).

3.2 Effective thermal strain

The effective thermal strain, based on (8), is given by
K;
Keys

(e — ey, 4)

Eg}f :gfg+(1_fm<A>Vm) i m

where " and K; are the thermal strain and bulk modulus of the inclusion phase i
(additional pore space at Scale I, aggregates at Scale II), respectively. Furthermore,
the index m refers to the respective matrix phase. Figure 7 contains the evolution of the
effective thermal strain obtained from the proposed micromechanical model, showing
excellent agreement with the experimental observations. As indicated in Figure 7, the
free thermal strain is mainly driven by the behavior of the aggregates.
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Figure 7: Free thermal strain (s = 0 %) of concrete predicted by the micromechanical
model compared to the experimentally-obtained thermal strain (aggregates (6) and
cement paste (20), see (15) for details)

3.3 Total formulation of LITS

For the formulation of LITS, the aforementioned micromechanically-determined ma-
terial parameters are employed. LITS is considered by introducing an additional
strain, &5 [—], giving the total strain £°! [-] as

gt = YT, o) + ™(T) + (T, o) , 5)

where £ and " represent the elastic strain and the free thermal strain (¢** is taken
from the micromechanical model, see Figure 7), respectively. In (15), the stress-
dependence of LITS introduced in Equation (5) is considered by a modified approach



based on the model proposed by Thelandersson (22):

lits 9 ik

5 kfc(T)g (T), (6)
where k is a parameter depending on the type of loading (given in (22) as &k = 2.35
for uniaxial loading, £ = 1.7 for biaxial loading, whereas k = 0.4 is chosen in the
current approach) and o/f.(T") accounts for the influence of the load level, where
fe(T) is the temperature-dependent compressive strength of concrete. The respective
model response in comparison to the axial-strain curves obtained from experiments
(see Figure 4(a)) shows good agreement (see Figure 8).
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Figure 8: Evolution of axial strain of concrete: Modified total formulation compared
with experimental data (15)

4 Structural model response

In (17), the influence of the strain behavior in consequence of combined mechanical
and thermal loading (LITS) on the structural response was investigated on a large-
scale structure (see Figure 9).

Real-scale fire tests were performed (see (14; 16) for details), collecting experi-
mental data like temperature, spalling behavior, deformations, and rotations, in order
to allow proper validation of numerical analysis tools. Such a tool departing from the
one described in (19) was used for consideration of the proposed LITS model.

In Figure 10, selected results from (17) are presented, highlighting the influence
of LITS on the deformations of a reinforced-concrete structure. The model response
of the frame in the plane of symmetry is compared to experimental results, showing
better agreement with the experimental data in case LITS in considered.
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Figure 10: Deformations at plane of symmetry for ¢s;.. = 180 min compared with
experimental data (see (17), for details)

5 Concluding remarks

Starting with an experimental program comprising concrete and cement-paste sam-
ples, the main mechanisms in heated concrete were identified. In these experiments,
cylindrical specimens with a diameter of 100 mm and a height of 200 mm were tested.
These specimens were subjected to constant uniaxial (mechanical) loading and heated
up to 800 °C with a heating rate of 1 °C/min. During the experiment, both the ra-
dial and axial deformations of the specimens were monitored, yielding the axial and
radial strains of heated concrete. Moreover, the elastic properties of heated concrete
and cement paste under various load levels were determined, applying an oscillating
mechanical loading.

In order to consider the complex chemical and physical processes in heated con-
crete, a micromechanical model, taking the composite nature of concrete (consisting
of aggregates, cement paste, pores) into account, was proposed, using the Mori-Tanaka
scheme (10) for homogenization. Based on the aforementioned experimental data, the
macroscopic behavior of concrete was determined. Comparing the model response



with the collected experimental data shows good agreement. To describe the combined
thermo-mechanical behavior of thermal strains (LITS) a modified approach based on
the one based on Thelandersson (22) was developed (see (15) for details).

Finally, the micromechanical model developed was implemented — using a total
formulation for the strain evolution of heated concrete — into a finite-element program
(19). With this numerical tool at hand, validation simulations were performed, com-
paring the numerical results to experimental data from large-scale fire tests on concrete
frames (length x height x depth: 6 x 3 x 2 m, see (16; 17), for details). Consideration
of LITS within the material model was found to reduce thermal restraint and give im-
proved agreement with experimental results, providing the basis for realistic structural
safety assessment and, therefore, for a more economic design of concrete structures
subjected to fire loading.
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