Fracture Mechanics of Concrete and Concrete Structures Assessment, Durability, Monitoring and Retrofitting of Concrete Structures- B. H. Oh, et al. (eds)
ⓒ 2010 Korea Concrete Institute, Seoul, ISBN 978-89-5708-181-5

Prediction model for the weathering of sandstone based on fracture
processes
E. Kotan & H.S. Müller

Institute of Concrete Structures and Building Materials, Universität Karlsruhe (TH), Germany

ABSTRACT: Permanently changing temperature and moisture gradients, sometimes in conjunction with frost
and ice formation as well as partially arising crystallisation processes of solved salts in the building sandstones lead to a weakening of the sandstone material. For the description of the deterioration process due to
these main actions, which cause primarily a gradual failure of the grain bonding proceeding from the surface
to inner parts of the cross section, an appropriate model for the weathering of sandstone is presently being developed.
1 INTRODUCTION
1.1 Background
Sandstone is a common building and paving material. In Central Europe it is the most commonly kind
of natural stone used for historical buildings. During
the past century a dramatic increase of damages on
historical buildings, monuments and sculptures
made from natural stone has been observed. Due to
these circumstances the weathering of sandstone and
appropriate counter measures have been major aspects in numerous investigations in recent years.
However, the past research work on natural stone
weathering was primarily concentrated on the
documentation of the deterioration process considering different attack conditions as well as on the investigations of chemical, mineralogical and physical
sub-processes. So far analyses on theoretical aspects
of strength loss and degradation during the decay
processes have only been carried out to a very limited stage. Hence, no service life prediction models
or similar approaches are available so far.
1.2 Motivation
The aim of this research project was to develop an
appropriate model to describe the weathering of
sandstone as a result of thermal and hygral actions.
The principal idea of the proposed sandstone weathering model consists in the basic hypothesis that the
weathering is primarily a result of a fatigue loading
resulting from climate actions. Therefore it was essential to determine the loads due to the alternating
ambient conditions using numerical methods and on
the other hand to investigate the fatigue behaviour of
the sandstone material by means of experimental

tests. The intention of these tests was to derive
Woehler curves which, in combination with an adequate failure-accumulation hypothesis allow for the
specification of the intended prediction model.
2 EXPERIMENTAL INVESTIGATIONS
2.1 Introduction
For a realistic simulation of the deterioration process
the implementation of sophisticated material characteristics and laws into the numerical analysis is essential. Besides structural data and strength values,
particularly material relations who describe e.g. the
crack development in sandstone are necessary.
Therefore centric statical tensile tests were carried
out under realistic boundary conditions. Furthermore
the dynamic tensile-strength behaviour of sandstone
was examined by means of centric fatigue tests.
2.2 Fracture mechanical analysis
In order to be able to record the entire stressdeformation behaviour also after reaching the ultimate load, notched specimens (see Fig. 1) were chosen according to (Mechtcherine 2000). The load application (v = 0,05 mm/min) occurs via stiff, rotation
impeding steel plates between which the notched
sandstone prisms were glued by a rapid hardening
two-component adhesive on the basis of methacrylat. By means of the chosen impediment a stabile
crack development was achieved over the specimens
entire cross section (see Fig. 1 right). Thereby the
required fracture mechanical properties e.g.
the fracture energy GF and the stress-crack-width relation could be obtained.
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Figure 2. Evaluation of the Woehler curve with constant lower stress σu.

ied between 1 and 10 Hz for some representative
upper stress/failure-cycle combinations. Within the
examined scope the test frequency had negligible influence on the number of load cycles until failure.
Therefore all following fatigue tests were performed
at 5 Hz.
The results of the dynamic tensile tests are shown
in Figure 3. The diagram on the left represents the
material behaviour for dynamic loadings applied
parallel to the layering of the sandstone material. At
a loading degree of about 80 % of the static tensile
strength of the sandstone the samples could withstand an average of 8745 load cycles until failure.
An average number of almost 200,000 load cycles
was reached at a loading degree of 70 %. Finally the
sample could resist 2 million load cycles without
failure at a loading degree of 60 %. Per loading degree five single tests were performed. They are displayed as rhombi depending on their attained number of load cycles in the diagram. The circles
represent the average value per loading degree. The
static tensile strength as well as a linear relationship
between the loading degree and the number of load
cycles (logarithmically scaled) was taken into account in order to determine the presented best fit
Woehler line.
The results for loadings applied perpendicular to

Figure 3. Test results of the dynamic tensile tests.
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The material parameters kcvg and ksvg and g1 can
be calibrated by fitting experimental data relevant to
free (evaporable) water content in concrete at
various ages (Di Luzio & Cusatis 2009b).
2.2 Temperature evolution
Note that, at early age, since the chemical reactions
associated with cement hydration and SF reaction
are exothermic, the temperature field is not uniform
for non-adiabatic systems even if the environmental
temperature is constant. Heat conduction can be
described in concrete, at least for temperature not
exceeding 100°C (Bažant & Kaplan 1996), by
Fourier’s law, which reads
q

= − λ ∇T

(7)

where q is the heat flux, T is the absolute
temperature, and λ is the heat conductivity; in this

Figure 4. Numerically analysed layer of the sandstone continuum and discretised system.
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Figure 5. Moisture distribution in the stone – 6 hours of wetting
followed by 18 hours of drying.

tural stresses, which can lead to a gradual failure of
the grain bonding of the sandstone structure and finally to damages (Müller & Garrecht 1999).
To analyse the structural stresses, a sandstone
continuum, as it is represented in Figure 4, was examined in detail. Due to the fact that the deterioration process mainly takes place on the layers close to
the surface, two-dimensional numerical investigations were carried out for the calculation of the determining stresses. As an example of the calculation
results, Figure 5 shows some moisture distributions
in the sandstone. In this case a sandstone block,
which was dry in the beginning due to a long period
of dry weather, is suddenly exposed to a 6 hour period of wetting. The humidity penetration behaviour
in the sandstone, being observed during the wetting,
is characterised by a sharply marked sloping moisture front. In this case the penetration depth amounts
to a depth of 75 mm into the stone. The following
drying behaviour shows the typical well-known correlation that the drying of the material demands a
multiple of the time compared to the humidification.
Furthermore the calculated results show, that de-
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The material parameters kcvg and ksvg and g1 can
be calibrated by fitting experimental data relevant to
free (evaporable) water content in concrete at
various ages (Di Luzio & Cusatis 2009b).
2.2 Temperature evolution
Note that, at early age, since the chemical reactions
associated with cement hydration and SF reaction
are exothermic, the temperature field is not uniform
for non-adiabatic systems even if the environmental
temperature is constant. Heat conduction can be
described in concrete, at least for temperature not
exceeding 100°C (Bažant & Kaplan 1996), by
Fourier’s law, which reads
q

= − λ ∇T

(7)

where q is the heat flux, T is the absolute
temperature, and λ is the heat conductivity; in this

Figure 8. Presentation of exemplary test results on the continuum model.
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obtains
merical analysis was a quantitative evaluation of external dummy loads (load stresses). The stress condition due to these external loads has to be equal with
the bursting effect due to icing in the pores (see Fig.
9)
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porosity and the grain size distribution is exemplarily shown in Figure 10. The variation of the material properties is included via a statistical distribution of characteristic values (tensile strength,
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