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Abstract: The cracking resistance of concrete is of paramount importance in the context of structural
integrity and stability. Therefore, analysing fracture propagation in concrete is essential to evaluate resistance
to crack propagation. The critical stress intensity factor 𝐾𝐼𝑐 is one of the most often used fracture parameters
when analysing fracture processes in concrete members. The critical stress intensity factor can be evaluated
through standard laboratory tests described in RILEM recommendations. Digital image correlation (DIC)
is a new measurement technique that provides the possibility of determining 𝐾𝐼𝑐 in an alternative way.
However, both measurement methods are subjected to certain challenges that may affect the results obtained.
The question arises of whether the measurements by the standard RILEM method and by the method based
on DIC give comparable results of concrete fracture parameters. The experimental investigation presented in
the research paper deals with comparing test results of 𝐾𝐼𝑐 , which were measured by two testing methods.
To determine the critical stress intensity factor of concrete, the standard method based on the three-point
bend test was applied as the basic testing method, and the ARAMIS 2D system based on DIC was used as
a second testing approach. Moreover, aspects such as the influence of the type of aggregate on 𝐾𝐼𝑐 and
whether the type of aggregate would make a difference when assessing the impact of the test method on the
results of 𝐾𝐼𝑐 were analysed.
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1. Introduction

Concrete is one of the most widely used construction materials due to its strength, durability
and versatility. The properties of concrete are influenced by various factors [1, 2], with
the aggregate playing a crucial role in determining its performance under different loading
conditions [3–6]. While compressive strength is a fundamental parameter for assessing the
load-bearing capacity of concrete, it does not provide a comprehensive understanding of
the material’s behaviour. Particularly, the cracking resistance of concrete is of paramount
importance in the context of structural integrity and stability. Therefore, analysing fracture
processes in concrete is essential to evaluate resistance to crack propagation.

Investigations on the cracking resistance of concrete from a fracture mechanics point of
view rely on determining various fracture parameters, such as the fracture energy, the critical
crack size and the critical stress intensity factor (𝐾𝐼𝑐). These parameters offer insights into
the fracture behaviour of concrete and its ability to resist cracking under varying conditions.
Research results presented in the literature indicate that the water-cement ratio [7, 8], the use
of admixtures [9–12] and the aggregate properties such as the petrographic composition and
geometry affect concrete properties, including the fracture parameters of concrete [13–15].

𝐾𝐼𝑐 is one of the most often used fracture parameters when analysing fracture processes
in concrete members. Several experimental investigations have been carried out to measure the
critical stress intensity factor and to analyse the impact of the aggregate type and the maximum
aggregate size on 𝐾𝐼𝑐 [16,17]. However, it is difficult to obtain converged results due to the
fact that experiments have not been conducted in a comprehensive manner. The critical stress
intensity factor is evaluated through laboratory tests and finite element analysis [18, 19]. The
standard testing method is based on the three-point bend test and is described in RILEM
recommendations [20]. Digital image correlation (DIC) is a new measurement technique [21–
24] that provides the possibility of determining 𝐾𝐼𝑐 in an alternative way. However, both
measurement methods are subjected to certain challenges that may affect the results obtained.

The standard RILEM approach is widely recognised as a method of gathering laboratory
data in a three-point bend test, necessary for determining the fracture parameters of concrete. It
requires a traditional testing setup with a hydraulic press for performing a bend test. However,
the correct installation of the gauge at the initial crack is a crucial factor, as human error may
occur. Furthermore, the method is also limited in its ability to capture detailed strain and
deformation data.

The ARAMIS 2D system (based on DIC technology) enables non-contact measurement
of surface strains and displacements during the three-point bend tests. It provides high-
resolution, detailed strain and deformation data for the tested specimen, allowing for a more
comprehensive analysis, including the investigation of crack development. However, the
accuracy of the collected data depends on the initial parameters entered into the program prior
to the start of the test, such as the frequency of image shooting. If the frequency is too low,
there may not be enough information obtained from the test to calculate the critical stress
intensity factor properly. The quality of the surface component, which is built by the ARAMIS
2D system based on the first reference image prior to the start of the laboratory test, is another
aspect that should be considered in order to obtain the correct final results. A flawed surface
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component will not allow to gather data for further fracture parameters calculations. Data
processing and analysis also require specialised software and computational resources. On the
other hand, not all laboratories have access to new measurement systems like ARAMIS.

The question arises of whether the measurements by the standard RILEM method and by
the method based on DIC give comparable results of concrete fracture parameters, such as
the critical stress intensity factor. The experimental investigation presented in the research
paper deals with comparing test results of 𝐾𝐼𝑐, which were measured by two testing methods.
To determine the critical stress intensity factor of concrete, the standard method described in
RILEM recommendations [20] was applied as the basic testing method, and the ARAMIS 2D
system was used as a second testing approach. Moreover, aspects such as the influence of the
type of aggregate on 𝐾𝐼𝑐 and whether the type of aggregate would make a difference when
assessing the impact of the test method on the results of 𝐾𝐼𝑐 were analysed.

2. Measurement methods

2.1. The standard RILEM method

The RILEM guidelines [20] address the determination of the critical stress intensity factor
through the three-point bend tests conducted on a notched beam. The critical stress intensity
factor is defined as the stress intensity factor calculated at the critical effective crack tip,
utilising the measured maximum load. For the three-point bend test, the closed-loop hydraulic
press can be used. Cyclic loading is applied to a beam specimen, and the crack mouth opening
displacement (CMOD) is obtained as the feedback signal for the tested specimen using the clip
gauge axial extensometers. The CMOD and the applied load (P) are recorded continuously
during the test. The loading setup for the three-point bend test is shown in Fig. 1.

(a) (b)

Fig. 1. The general loading arrangement for the three-point bend test in accordance with RILEM [20] (a)
and a close-up of the initial notch (b)
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2.2. The DIC-based method

During the three-point bend test, a high-resolution optical measurement system is applied
to determine the critical stress intensity factor, as well as to analyse the shape and trajectory of
the crack propagation during the test. In the laboratory experiments conducted, the ARAMIS
system was applied. ARAMIS is a modular measuring system designed for 2D analyses of
statically or dynamically loaded members. It is a part of the ARAMIS family of optical
measuring systems developed by Carl Zeiss AG Company, based on digital image correlation
technology. The testing is based on high-speed imaging, enabling the accurate study of a crack
path during the crack propagation starting from the tip of the initial notch. Before the testing,
each beam is covered in a speckle pattern on the side surface in the mid-span of the specimen.
The arrangement of the cameras and the test specimen is presented in Fig. 2.

(a) (b)

Fig. 2. The test setup for testing by the ARAMIS system (a); a close-up of the examined area covered by
the speckle pattern (b)

During the bend test, the external force signal in cyclic loading is connected to the system.
In the next step, the obtained laboratory data is processed by the dedicated Zeiss Inspect
software. Surface components and virtual extensometers at the edge of the initial notch are
created for each beam.

2.3. The critical stress intensity factor calculations

The critical stress intensity factor, the peak load (𝑃max) and the unloading compliance (𝐶𝑢)
can be determined based on the load-CMOD curve according to the calculation procedure
given in RILEM recommendations [20]. The effective crack length (𝑎𝑐) is calculated based on
the unloading compliance. The modulus of elasticity is also necessary for determining 𝐾𝐼𝑐
and it can be taken from the laboratory test in accordance with [25].

𝐾𝐼𝑐 is calculated based on the load-CMOD curves from Eq. (2.1):

(2.1) 𝐾Ic = 3(𝑃max + 0.5𝑊) 𝑆(𝜋𝑎𝑐)
0.5 · 𝐹 (𝛼)

2𝑑2𝑏

where: 𝑃max – the measured peak load [N],𝑊 = 𝑊𝑜𝑆/𝐿 [N],𝑊𝑜 – the self-weight of the beam
[N], 𝑑 – the beam depth [mm], 𝑏 – the beam thickness [mm], 𝑆 – the loading span [mm],
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𝐿 – the specimen length [mm], 𝐹 (𝛼) – the shape function taken from Eq. 2.2:

(2.2) 𝐹 (𝛼) = 1.99 − 𝛼 (1 − 𝛼) (2.15 − 3.93𝛼 + 2.7𝛼2)√︁
𝜋0.5 (1 + 2𝛼) (1 − 𝛼)1.5

where: 𝛼 = 𝑎𝑐/𝑑, 𝑎𝑐 – the critical effective crack length [mm] taken from Eq. 2.3:

(2.3) 𝑎𝑐 =
6𝑆𝐸𝑐𝑉1 (𝛼)
𝐶𝑢𝑑

2𝑏

where: 𝐸𝑐 – the modulus of elasticity of concrete [GPa], 𝐶𝑢 – the unloading compliance at
95% of peak load determined from the load-CMOD curve [m · N−1] as presented in Fig. 3,
𝑉1 (𝛼1) – the shape function taken from Eq. 2.4:

(2.4) 𝑉1 (𝛼1) = 0.76 − 2.28𝛼1 + 3.87𝛼2
1 − 2.04𝛼3

1 +
0.66

(1 − 𝛼1)2

where: 𝛼1 = (𝑎𝑜 + 𝐻)/(𝑑 + 𝐻), 𝑎𝑜 – the initial notch depth [mm], 𝐻 – the thickness of the clip
gauge holder [mm].

Fig. 3. A graphical method for determining the unloading compliance

3. Experimental investigation

3.1. Test program

The critical stress intensity factor of concrete was tested on beams 700 mm in length and
with a cross-sectional dimension of 80 × 150 mm in three-point bend tests using the Materials
Test System(MTS), type 809 (MTS Systems Corp.; Eden Prairie, MN, USA). The beams were
made with an initial notch of the depth 𝑎𝑜 = 50 mm. The notch was cut in the middle of the beam
span with a diamond saw before testing. The testing configuration and the geometry of the beam
specimen were chosen according to RILEM recommendations [20], as it is presented in Fig. 4.
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Fig. 4. The setup for the critical stress intensity factor testing

Two types of aggregate were used to make concrete mixtures: gravel aggregate from the
Zastawie gravel pit in Poland and dolomite aggregate from the Wszachów quarry in Poland.
The maximum aggregate size in concrete mixtures was 16 mm. Two series of samples were
distinguished, taking into account the type of aggregate: H16N (concrete with gravel aggregate)
and H16D (concrete with dolomite aggregate). Six beams were tested in each series, 3 beams
by the standard RILEM method and 3 beams by the method based on the DIC measurements.

Aggregate graining for both types of aggregate was based on similar proportions between
the 2.0–8.0 mm and 8.0–16.0 mm fractions (Table 1). When designing the concrete mixtures for
both series, the same water-cement ratio (w/c = 0.38) and the same cement (CEM II 42.5R) were
used. This ensured the same strength of the hardened cement mortar in both series, which made
it possible to analyse the results by taking into account only the characteristics of the aggregate.

Table 1. Composition of concrete mixtures

Series Type of aggregate w/c Cement Water Sand
0.0–2.0

Coarse aggregate
2.0–16.0

[–] [–] [–] [kg/m3] [kg/m3] [kg/m3] [kg/m3]

H16N gravel 0.38 533.6 205.2 445.5 1204.5

H16D dolomite 0.38 532.5 204.8 445.5 1204.5

The consistency class of each concrete mixture was determined according to the VeBe
method:

– for the H16N series, the time according to VeBe = 13 s, class V2,
– for the H16D series, the time according to VeBe = 12 s, class V2.
Additionally, basic concrete properties were tested, such as the compressive strength, the

splitting tensile strength and the modulus of elasticity. Tests of the concrete properties were
carried out on standardised cylindrical specimens with a diameter of 150 mm and a height
of 300 mm [26]. All tests were carried out after 28 days of curing in water, according to
requirements of the Eurocode [27].
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3.2. Strength properties of concrete

The compressive strength of concrete was tested in the uniaxial compressive test [28]. For
testing the tensile strength of concrete, the Brazilian method was applied, in accordance with [29].
The modulus of elasticity was determined in the uniaxial compressive test according to the rules
of “Method A” described in [25]. The obtained concrete properties are presented in Table 2.

Table 2. Concrete properties – test results

Series
Compressive strength Splitting tensile strength Modulus of elasticity
f cm 𝝈s 𝝂 f ctm,sp 𝝈s 𝝂 Ecm 𝝈s 𝝂

[MPa] [MPa] [%] [MPa] [MPa] [%] [GPa] [GPa] [%]
H16N 48.1 1.72 3.58 3.54 0.223 6.307 32.5 0.32 0.98
H16D 51.3 1.86 3.63 3.47 0.301 8.673 31.8 1.19 3.74
where:
𝑓𝑐𝑚 – mean value of the compressive strength,
𝑓𝑐𝑡𝑚,𝑠𝑝 – mean value of the splitting tensile strength,
𝐸𝑐𝑚 – mean value of the modulus of elasticity,
𝜎𝑠 – standard deviation, 𝜈 – coefficient of variation.

The compressive strength of concrete with dolomite aggregate (H16D series) was 6.7%
higher than the compressive strength of concrete with gravel aggregate (H16N series), whereas
the splitting tensile strength and the modulus of elasticity were both approximately 2% lower
for concrete in the H16D series, compared to the splitting tensile strength and the modulus
of elasticity obtained for concrete in the H16N series. As the differences between the basic
properties of the concrete obtained for the two series in the performed experiment were not
high, it was concluded that the type of aggregate did not significantly affect the concrete
properties. Furthermore, the obtained coefficients of variation for all tested concrete properties
exhibited relatively low values, which indicates that the concretes are of good quality.

3.3. Fracture properties of concrete

The load-CMOD curves were obtained from the results of the test performed using the
standard RILEM method and based on DIC measurements. All plotted curves had a similar
shape consisting of two distinct parts. The initial segment of each load-CMOD curve was
characterised by an almost linear relationship, showing a slow, gradual increase in the crack
mouth opening displacement. Subsequently, upon reaching the peak load, a more non-linear
behaviour became evident, accompanied by observable crack propagation starting at the initial
notch tip. Additionally, a noticeable softening phenomenon was observed after the peak load.
The reduction in the concrete’s ability to resist further cracking was more evident with each
subsequent loading cycle, with CMOD increasing more rapidly. These observations agree
with fracture mechanics theory for quasi-brittle characteristics of concrete material. The
load-CMOD curves plotted from the standard RILEM method are presented in Fig. 5, and the
parameters obtained from the three-point bend test are shown in Table 3.
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(a)

(b)

Fig. 5. The load vs crack mouth opening displacement curves plotted manually from the three-point bend
test in accordance with RILEM [20]: (a) for the H16D series, (b) for the H16N series

Table 3. Test results based on the load-CMOD curves (RILEM)

Series The critical stress intensity factor –
mean value [MPa

√
m]

The peak load –
mean value [N]

CMOD –
mean value [mm]

H16D 0.75 3401.0 0.0582
H16N 0.87 3963.1 0.0600

The load-CMOD curves were also obtained based on the virtual measurements from
the high-speed imaging from the ARAMIS system (Fig. 6), similar to the RILEM method.
The frequency of image recording for each beam was set to 0.3 Hz. The fracture parameters
calculated based on the data collected by the ARAMIS system are presented in Table 4.

Table 4. Test results based on the load-CMOD curves (ARAMIS)

Series The critical stress intensity factor –
mean value [MPa

√
m]

The peak load –
mean value [N]

CMOD at the peak load –
mean value [mm]

H16D 0.71 3352.8 0.0430
H16N 0.84 3910.0 0.0461
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(a)

(b)

Fig. 6. The load vs crack mouth opening displacement curves plotted from ARAMIS data: (a) for the
H16D series, (b) for the H16N series

4. The analysis of the test results

In the standard RILEM approach, the load-CMOD curves were plotted manually from the
raw data obtained from the MTS press, whereas when testing with the use of the DIC-based
method, the curves were plotted virtually in the Zeiss Inspect software. Then, on the basis
of the obtained curves, the parameters necessary for the critical stress intensity factor were
determined: the peak load and the unloading compliance.

Some differences were noted in the results obtained from both methods. The comparison
between the critical stress intensity factor, the peak load and the CMOD at peak load derived
from the standard RILEM method and based on the ARAMIS measurements is shown in Fig. 7.

The peak load recorded with the DIC technology for the H16D series was 1.4% lower in
comparison to the 𝑃max obtained from the standard method. For the H16Nseries, this difference
equalled 1.3%. For the series with dolomite aggregate, the critical stress intensity factor was
5.3% lower when calculations were carried out using the load-CMOD curves obtained from the
ARAMIS system compared to 𝐾𝐼𝑐 derived from the standard method. For the series with gravel
aggregate, this difference equalled 3.4%. The highest difference was observed in the case of the
CMOD at peak load. For the series with gravel aggregate, the CMOD at the peak load was 23.2%
lower for the measurements by the ARAMIS system compared to that derived by the standard
RILEM method. In the case of the series with dolomite aggregate, the difference reached 26.1%.

Measurement of all fracture properties 𝑃max, CMOD at peak load and 𝐾𝐼𝑐 performed
by both methods showed the same tendency despite the type of aggregate. Although visible
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(a) (b) (c)

Fig. 7. The comparison of fracture parameters measured based on the RILEM method and by the
ARAMIS system: (a) the peak load 𝑃max, (b) crack mouth opening displacement (CMOD) at peak load,

(c) the critical stress intensity factor 𝐾𝐼𝑐

differences in CMOD at peak load were measured by both methods, it can be observed that
the influence of the testing method on the peak load and the critical stress intensity factor
was negligibly small. However, it is also worth noting that 𝑃max and CMOD at peak load
are only supporting parameters obtained from the tests. The primary and most significant
fracture parameter is 𝐾𝐼𝑐. When determining 𝐾𝐼𝑐 not only the geometry of the tested beams is
important, but also the concrete modulus of elasticity and the declining shape of the P-CMOD
curve. 𝐶𝑢 is not directly related to the CMOD obtained at the 𝑃max point, but to the increase
in CMOD over the course of the test. The calculation of 𝐾𝐼𝑐 based on Eq. 2.2–2.4 takes into
account 𝐶𝑢 as the inverse slope of the load-CMOD curve at 95% of the peak load (as presented
earlier in Fig. 3 above). Thus, the observed differences in CMOD at peak load do not have
a significant reflection when determining 𝐾𝐼𝑐 as CMOD at peak load is not included in the
procedure of the 𝐾𝐼𝑐 calculation. It can be concluded that if the basic aim of the investigation
is to determine 𝐾𝐼𝑐, both testing methods – the standard RILEM method and DIC-based
measurements – give similar results, and they can be used interchangeably.

The comparison of test results presented in Fig. 6 enabled the performance of another step
of the analysis, which focused on the influence of the aggregate type on the fracture parameters
of concrete. In this stage of the analysis, the results of 𝑃max and 𝐾𝐼𝑐 obtained in every series
measured by the standard method and using the ARAMIS system were taken together. It
was possible to join test results as they were not affected by the type of testing method. The
following observations were made for the series with gravel aggregate (H16N) compared to
the series with dolomite aggregate (H16D):

– a 14.6% increase in the critical stress intensity factor,
– a 14.2% increase in the peak load.
The fracture parameters for concrete: 𝐾𝐼𝑐 and 𝑃max were higher for concrete with gravel

aggregate compared to the results for concrete with dolomite aggregate, although the splitting
tensile strength and the modulus of elasticity did not depend on the aggregate type.
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In order to explain the findings, a deeper analysis of measurements made by the ARAMIS
system was done as the ARAMIS system enabled the measurement of deformations on a selected
area of the test specimen in the mid-span of each beam. Furthermore, crack propagation could
be observed in real time during the laboratory tests and afterwards based on the built surface
components in the dedicated computer software.

In the performed experimental investigation, an additional analysis was conducted with
regard to data processed in the Zeiss Inspect software. Crack shapes were observed and studied.
For the same value of the crack mouth opening displacement, the recorded intensity of strain was
higher in the case of the concrete with dolomite aggregate. The examples of crack propagation
obtained by the ARAMIS system when CMOD = 0.05 mm for the series with gravel aggregate
(H16N) and for the series with dolomite aggregate (H16D) are presented in Fig. 8. The scale
for showcasing the strain fields was the same for all specimens in both series. The distinctive
non-linear post-peak strain softening started when the CMOD reached 0.05 mm, and therefore,
CMOD = 0.05 mm was taken as the comparative level for all tested beam specimens.

(a)

(b)

Fig. 8. Examples of recorded crack propagation paths through the ARAMIS system when CMOD =

0.05 mm: (a) for the series with gravel aggregate (H16N); (b) for the series with dolomite aggregate
(H16D). The red colour indicates greater deformation

When examining crack propagation paths resulting from strain fields presented in Fig. 8,
a difference was observed in relation to crack development and strain intensity. In some cases,
branching and kinking of the main crack appeared, and thus, a more tortuous path of the crack
was observed. This indicates that the main crack encountered obstacles, such as the aggregate
grains, and changed its trajectory to one requiring less energy for further propagation, as is
shown in Fig. 9.
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(a) (b)

Fig. 9. Two sides of the fracture surface of the tested beam (from the H16N series) (a) and the corresponding
branch of the main crack (b)

It should be noted that the arrangement of aggregate grains within the hardened structure
of concrete had an impact on the fracture process and forced the crack to propagate around the
inclusions. On the other hand, sometimes, the crack passes through the aggregate grains instead
of circumventing them. This phenomenon occurred more often in the concrete with dolomite
aggregate (H16D). In the case of concrete with gravel aggregate (H16N), the crack more often
surrounded the aggregate grains. On the basis of these observations, the different intensities of
crack development can be explained in concrete with dolomite and gravel aggregates.

The images created with the ARAMIS system confirmed that K𝐼𝑐 depended on the aggregate
type, and it was lower for concrete with dolomite aggregate than for concrete with gravel
aggregate. When examining the strain fields at the same crack mouth opening displacement,
a higher intensity of the strain increase was noted for the concrete in the H16D series compared
to the concrete in the H16N series. The additional possibilities of data imaging obtained from
the ARAMIS application for testing fracture properties of concrete can help in deeper analysis
of the processes connected with concrete cracking.

5. Conclusions

Two testing methods for determining the critical stress intensity factor were compared: the
standard RILEM method and the DIC-based method. On the basis of the performed research
for beam specimens made by concrete with gravel and dolomite aggregates, the following
conclusions were drawn:

1. The influence of the testing method on the critical stress intensity factor was negligibly
small. Such a conclusion was drawn when testing concrete both with gravel and dolomite
aggregates. When determining 𝐾𝐼𝑐, the standard RILEM method and the DIC-based
measurements (for example by the ARAMIS system) give comparative results and they
can be used interchangeably.
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2. The aggregate type had an influence on fracture properties of tested concretes. The
critical stress intensity factor, the peak load and the crack mouth opening displacement
at peak load were lower in concrete with dolomite aggregate compared to the results
obtained in concrete with gravel aggregate.

3. The DIC-based method offered more possibilities for analysing the cracking process
in the tested specimens. Through the analysis of the strain maps generated using the
ARAMIS system, the differences in 𝐾𝐼𝑐 for concrete with different aggregate types
can be explained, and the role of aggregate in the process of crack formation can be
described.

Summing up, when the only focus of research is to calculate the critical stress intensity
factor, it is possible to use both testing methods as they yield comparable results. For a deeper
analysis of cracking processes in concrete, the DIC-based measurement technique proves to be
a more valuable tool, for example when investigating the role of aggregate type and granulation
at cracking processor or analysing the influence of different factors affecting concrete durability
on cracking resistance. By examining the accuracy of both the standard RILEM method and the
DIC-based method (e.g. the ARAMIS system) when testing fracture properties of concrete, the
research paper aims to contribute to the ongoing investigation of the evolution and applicability
of concrete testing methodologies.
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Analiza krytycznego współczynnika intensywności naprężeń betonu
z kruszywem żwirowym i dolomitowym badanego różnymi metodami

Słowa kluczowe: beton, krytyczny współczynnik intensywności naprężeń, cyfrowa korelacja obrazu,
parametry pękania

Streszczenie:

Badania odporności betonu na zarysowanie z punktu widzenia mechaniki pękania polegają na
określeniu parametrów pękania, takich jak energia pękania (𝐺𝐹 ) czy krytyczny współczynnik inten-
sywności naprężeń (𝐾𝐼𝑐). 𝐾𝐼𝑐 jest jednym z najczęściej stosowanych parametrów do analizy procesów
pękania w elementach betonowych, na który mają wpływ między innymi rodzaj kruszywa i maksymalny
wymiar ziaren kruszywa. Do wyznaczania 𝐾𝐼𝑐 używa się standardowej metody badawczej opartej na
teście trójpunktowego zginania zgodnie z normą RILEM TC-89. Nową techniką pomiarową, która daje
możliwość określenia krytycznego współczynnika intensywności naprężeń w alternatywny sposób jest
cyfrowa korelacja obrazu (DIC). Jednak obie metody pomiarowe podlegają pewnym ograniczeniom,
które mogą wpływać na uzyskiwane wyniki. Powstaje zatem pytanie, czy na podstawie pomiarów metodą
standardową i metodą opartą na DIC uzyskiwane są porównywalne wyniki parametrów pękania betonu.
Badania laboratoryjne opisane w artykule dotyczą wyznaczenia krytycznego współczynnika intensyw-
ności naprężeń, zmierzonego dwiema metodami badawczymi: standardową w teście trójpunktowego
zginania oraz opartą na pomiarze z użyciem cyfrowej korelacji obrazu. Ponadto przeanalizowano czy
rodzaj kruszywa ma znaczenie przy ocenie wpływu metody testowej na wyniki 𝐾𝐼𝑐 . W celu określenia
krytycznego współczynnika intensywności naprężeń betonu, jako podstawową metodę badawczą zastoso-
wano standardową metodę opisaną w zaleceniach RILEM TC-89, tj. badanie w teście trójpunktowego
zginania pod cyklicznym obciążeniem z rejestracją zmian sygnału siły oraz rozwarcia wylotu szczeliny
(CMOD). Jako drugą metodę badawczą zastosowano system pomiarowy ARAMIS 2D oparty na cy-
frowej korelacji obrazu. Krytyczny współczynnik intensywności naprężeń betonu badano na belkach o
długości 700 mm i przekroju poprzecznym 80 × 150 mm z uformowaną szczeliną początkową 50 mm
w teście trójpunktowego zginania. Do produkcji mieszanek betonowych wykorzystano dwa rodzaje
kruszywa: kruszywo żwirowe oraz kruszywo dolomitowe. Maksymalny wymiar kruszywa w mieszankach
betonowych wynosił 16 mm. W każdej serii przebadano sześć belek, 3 belki standardową metodą
RILEM i 3 belki metodą opartą na pomiarach DIC. Dla każdej belki opracowano krzywą zależności
rozwarcia wylotu szczeliny (CMOD) od siły, na podstawie której określono krytyczny współczynnik
intensywności naprężeń, obciążenie maksymalne (𝑃max) i podatność przy odciążaniu (𝐶𝑢) zgodnie
z procedurą obliczeniową podaną w zaleceniach RILEM TC-89. Siła maksymalna zarejestrowane za
pomocą technologii DIC dla serii betonów z kruszywem dolomitowym była o 1,4% niższa w porów-
naniu do tej uzyskanej za pomocą standardowej metody. W przypadku serii betonów z kruszywem
żwirowym różnica ta wyniosła 1,3%. Dla serii z kruszywem dolomitowym 𝐾𝐼𝑐 było 5,3% niższy, gdy
obliczenia przeprowadzono przy użyciu krzywych sił a-CMOD uzyskanych dzięki systemowi ARAMIS
w porównaniu do 𝐾𝐼𝑐 uzyskanego z metody standardowej. W przypadku serii z kruszywem żwirowym
różnica ta wyniosła 3,4%. Największą różnicę zaobserwowano w przypadku rozwarcia wylotu szczeliny
przy obciążeniu maksymalnym. W przypadku serii z kruszywem żwirowym CMOD przy obciążeniu
maksymalnym było 23,2% niższy w przypadku pomiarów za pomocą systemu ARAMIS w porównaniu
do wartości uzyskanej za pomocą standardowej metody RILEM. W przypadku serii z kruszywem
dolomitowym różnica wyniosła 26,1%. Jednocześnie zaobserwowano, że parametry pękania betonu:
𝐾𝐼𝑐 i 𝑃max były wyższe o około 14%w przypadku betonu z kruszywem żwirowym w porównaniu
z wynikami uzyskanymi dla betonu z kruszywem dolomitowym. Na podstawie przeprowadzonych badań
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dla próbek belkowych wykonanych z betonu z kruszywem żwirowym i dolomitowym wyciągnięto
następujące wnioski: (1) wpływ metody badawczej na krytyczny współczynnik intensywności naprężeń
był pomĳalnie mały, zarówno w przypadku badań betonu z kruszywem żwirowym, jak i dolomitowym.
Podczas określania 𝐾𝐼𝑐 , standardowa metoda RILEM i pomiary oparte na DIC za pomocą systemu
ARAMIS dają porównywalne wyniki i dla przeprowadzonych badań betonu z kruszywem żwirowym
i dolomitowym mogły być stosowane zamiennie, (2) rodzaj kruszywa miał wpływ na parametry pękania
badanych betonów. Krytyczny współczynnik intensywności naprężeń, siła maksymalna i krytyczne
rozwarcie wylotu szczeliny pierwotnej przy sile maksymalnej były niższe w betonie z kruszywem
dolomitowym w porównaniu z wynikami uzyskanymi w betonie z kruszywem żwirowym. Porównanie
obu metod badawczych wskazało, że zastosowanie systemu Aramis pozwala na szerszą analizę procesu
pękania betonu w badanych próbkach. Na podstawie map odkształceń wygenerowanych za pomocą
systemu ARAMIS można przeprowadzić pogłębioną analizę wpływu różnych czynników na proces
powstawania rys w betonie i na wartość parametrów pękania betonu, np. 𝐾𝐼𝑐 .
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