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

Measurement and characterization of mixed mode fracture in concrete
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Technical University of Denmark

ABSTRACT: The Mixed Mode fracture behavior of concrete is measured and characterized by investigating
a single crack in a double-notched specimen. To obtain the characterization a very stiff biaxial test set-up with
a closed loop control is constructed. The opening and sliding components of the Mixed Mode displacement
are measured using a specially designed orthogonal gauge, and the measurements are used directly as the
closed loop control signals. The closed loop control leads to an accurate and precise control and determination of the Mixed Mode phenomenon. A high-resolution Digital Image Correlation system, which is used for
the determination of the displacement field in the close vicinity of the crack, supports the directly measured
Mixed Mode behavior. Results are reported for a range of Mixed Mode angles.
1 INTRODUCTION
Experimental results directly describing the Mixed
Mode fracture behavior in concrete are an essential
basis for establishing a reliable constitutive material
model for Mixed Mode fracture in concrete. In
Mode I both adequate results and models are already
established and several models for Mixed Mode have
been suggested. Also Mixed Mode experimental results have been reported but with some uncertainties
regarding the set-up and results, which lead to an indirect crack determination. The present paper outlines a
method for the determination and characterization of
Mixed Mode behavior of cracks in concrete.
In order to capture the direct material behavior of
Mixed Mode fracture, a biaxial testing machine, which
is capable of imposing both normal and shear loads on
a given crack area, is needed. Previously Three significant biaxial set-ups have been presented by Hassanzadeh (1992), Nooru-Muhamed (1992) & Østergaard et al. (2007), respectively. Nooru-Muhamed
(1992) developed a setup in which three frames were
used to induce the mixed mode loading condition.
Hassanzadeh (1992) developed a set-up suited for
mounting in a standard testing machine, and with a
separate second axis the mixed mode loading condition was established. Østergaard et al. (2007) developed a biaxial set-up consisting of a stiff support structure and a separate second axis. The Mixed Mode
loading condition is established by mounting both the
support structure and the second axis in a standard
testing machine.
The stiffness of the two first mentioned set-ups is
not documented, and for Hassanzadeh (1992) there are
humps on the descending branch, which normally are
associated with insufficient stiffness, see e.g. Hillerborg (1989). Crack patterns reported by Nooru-

Muhamed (1992) consist of shear cracks, which can
only lead to an indirect determination of the Mixed
Mode behavior. In the set-up by Østergaard et al.
(2007) the double-notched specimen had a side length
of 150 mm and depth of 100 mm. The relatively high
specimen introduced a large amount of elastic energy
in the set-up. The larger elastic energy made the fracture initiation unstable and extremely difficult to control.
Therefore according to the stiffness considerations, the
specimen dimensions were reduced by Petersen (2008).
Petersen (2008) tested specimens with the dimensions
150 × 80 × 75 mm3 and notch depth of 37.5 mm, see
Figure 1. The significant lower height reduced the
amount of elastic energy. Both Østergaard et al. (2007) &
Petersen (2008) used the piston displacements as the control signal. According to Petersen (2008) this resulted in a
large deviation between the prescribed Mixed Mode angle, i.e. the ratio between opening and sliding, and the actual angle achieved. The large deviation made it difficult
to control the test and made an inverse analysis of the test
results necessary.
In the present set-up, which is an enhancement of
the set-up by Østergaard et al. (2007), the control is
changed such that the vertical and the horizontal axis
can be controlled independently in a closed control
loop. Referring to Gettu et al. (1996), a more stable
and robust fracture control is obtained by using the
actual opening and sliding over the ligament in the
control. The measurements of the opening and sliding are obtained by using a specially designed gauge
rail mounted on the specimen.
For small initial openings followed by a Mixed
Mode loading, the specimen dimensions by Petersen
(2008) clearly result in structural like response with
either a curved crack path, as in Figure 1, or shear
cracks as the primary fracture. By sawing the notches
deeper to the present depth of 55 mm, each test results in a
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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)

where3. Test
q isset-up
theshowing
heat aflux,
the absolute
Figure
glued inT testisspecimen,
vertical
load
cell, support
structure
and the
in both vertical
and
temperature,
and
λ is the
heatslides
conductivity;
in this
horizontal direction.

Figure 4. Local (n,s)-coordinate system and direction of positive relative displacements between the two specimen parts, I
and II.

Figure 5. Principle sketch of gauges rails with Linear Motion
(LM) rails, LM blocks and indication of rail supports.
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A local (n,s)-coordinate system is introduced according to Figure 4. Fracture in the ligament divides
the specimen in two parts, I and II, respectively.
Relative displacements between the two parts, ∆un
and ∆us in the n and the negative s direction, respectively, are defined as
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In the test the relative displacement ∆u is assumed to be the same size along the ligament. The
relative displacements are measured by four Clip
Gauges (CGs) mounted on the specimen using two
specially designed orthogonal gauge rails placed
across the two notches. In pair the CGs measure the
deformation in vertical and horizontal direction, respectively. The CGs allow for independent control
of the vertical and horizontal axis in a closed control
loop using the mean signal in respective directions
as the response signal.
Figure 5 shows the principle structure of the orthogonal gauge rails, and Figure 6 shows gauge rails
and CGs in use. Two small, high precision THK
miniature Type LM Guides, THK (2008), are used
in each orthogonal gauge rail. Low friction oversized ball bearings together with the CGs allow for
the determination of displacements smaller than 1
µm. The rails are assembled orthogonally through
the blocks top on top, and a specially designed house
around the blocks together with modified end blocks
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The water content w can be expressed as the sum
of the evaporable water we (capillary water, water
vapor, and adsorbed water) and the non-evaporable
(chemically bound) water wn (Mills 1966,
Pantazopoulo & Mills 1995). It is reasonable to
assume that the evaporable water is a function of
relative humidity, h, degree of hydration, αc, and
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where kcvg and ksvg are material parameters. From the
maximum amount of water per unit volume that can
fill all pores (both capillary pores and gel pores), one
can calculate K1 as one obtains
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Figure 8a. Crack initiation for Mixed Mode angle of α = 50°.
Maximum tension, crack not fully initiated.
c
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The material parameters k vg and k vg 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
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Figure 8c. Normal stress changing from tension to compression, initiation of secondary shear cracks.

Figure 8d. Maximum compression and shear. Propagating
shear cracks and visible opening crack.

Figure 8e. Final crack pattern with clear primary crack and
some shear fracture primary localized at the right notch.
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− D ( h , T ) ∇h
4 CONCLUDING

Figure 10. Final crack path for the 40° Mixed Mode test.

Figure 11. Close view of the crack surface for the 40° Mixed
Mode test.

3.4 Crack Morphology
The test specimens are casted from a concrete with
varying aggregate size up to 8 mm, and the concrete
as a material is far from being homogenous. Therefore a completely straight crack path will not be possible. However, the crack path in the present tests is
almost straight, with a variation smaller or equal to
the notch height of 4 mm, see e.g. Figure 8e for 50°
Mixed Mode and Figure 10 for 40° Mixed Mode.
This fracture localization between the notches is a
characteristic of the new test specimen, and structural effects obtained by the old test specimen by Petersen (2008), see Figure 1, are avoided by the new
deeper notches. Having a closer view of the crack
surface, see Figure 11 from the 40° Mixed Mode
test, it is clear that the fracture is localized in between the aggregates, indicating the use of low
strength concrete. Thereby the crack surface is influenced by the aggregate size but without the earlier
reported structural effects. From all four tests the
crack surface geometry seems only to depend on
material properties like the aggregate size, and it
seems reasonable to use the results in a material
model.
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