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Concrete

Fractures start with the formation of cracks and occur as the cracks spread in building materials.
This causes significant damage to the buildings. Fracture mechanics is a science that investigates
crack behavior, crack analysis and what to do for prevention of cracks. In the present study,
concrete fracture toughness parameters were investigated by compact pressure test. In this
context, research and a series of experiments were conducted on fractures, types of fractures,
fracture mechanics, and compact pressure test. In the present empirical study, 5 unnotched and
15 notched, a total of 20 samples were used. 40 mm notches were created on notched samples.
Cube splitting experiments were conducted using 10 mm wide strips on unnotched samples. For
Type-1, Type-II and Type-III that were used in the calculation of the fracture toughness parameters
of the said samples, fracture loads, tensile values and fractured sample details are presented. Since
the concrete is a semi-brittle material, compact pressure samples were analyzed according to the
principles of linear elastic fracture mechanics. It was concluded that the standard deviation for the
critical fracture parameter (Kic) of the sample, which was naturally more stable than the present
study, was smaller and as the structure size increased, the fracture toughness value increased as

well.

© 2017. Turkish Journal Park Academic. All rights reserved.

1. Introduction

Concrete, which has been a major research topic in structural
engineering for centuries, significantly influences the stability
and the life of buildings. Concrete is formed by mixing cement,
aggregate, water and, if necessary, certain additives
homogeneously. The concrete is a composite building
material, which is initially with plastic consistency and could
be shaped, and in time, it solidifies and strengthens. In order
to produce concrete in the desired quality and to determine
the most suitable space and the rate to be used, the properties
of concrete must be well known.
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The concrete has a heterogeneous structure. Concrete
strength is directly affected by the properties of the cement
paste, aggregate and interface surfaces that form the concrete.
The separate impact of these factors on strength was
investigated by several researchers.

Mechanism of concrete fracture is significant especially for
earthquake-resistant buildings, high cost structures exposed
to the effects of climate and environmental conditions,
reactors and defense industry buildings. The reason, time and
place of the collapse of the buildings, and under which
conditions the fractures that exist in the building structure or
occur due to the collapse would expand in a stable or instable
manner are closely associated with fracture mechanics
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(Akkaya et al., 2003). When a load is applied, the event where
the material reaches the point that it could not hold any
longer and breaks is defined as fracture. The event of fracture
changes based on the type of material used, the applied load,
the temperature and the rate of deformation. Fracture
mechanics examines the effect of imperfections such as notch,
crack, and void in the material structure on the load bearing
capacity and the resulting event of fracture. In order to
determine fracture mechanics and fracture parameters of the
concrete, concrete properties such as the type of material,
aggregate volume, maximum grain diameter, water/cement
ratio should be known. These properties play a significant
role in the strength of concrete. In recent years, researchers
focused on high strength and good performance concrete. In
addition to obtaining high compressive strength concrete, the
ability to produce concrete with the desired fracture energy
became an important research topic in structural engineering.

The damages in buildings are caused by the fracture of the
material that the building is composed of. A large part of these
damages occur at an unpredictable time and due to
unpredictable factors. Thus, it is necessary to design buildings
that can minimize these undesirable consequences. For this
purpose, it is necessary to observe well the fracture behavior
in the structure, the analysis of the fracture in the material.
Optimal ways of preventing cracks should be investigated.
Thus, the fracture mechanics, which is significant for
buildings, has attracted the interest of several scholars.

Today, with rapid advances in technology, it is possible to
prevent damage such as notches, cracks, holes and capillary
cavities in construction material. Thus, as the damage to the
material is repaired, the strength increases and more strong
buildings can be constructed. Fracture mechanics examines
the behavior of structural imperfections such as cracks and
voids in material under loads, and the damages that result in
fractures. Linear Elastic Fracture Mechanics and Elastic
Plastic (Non-Linear) Fracture Mechanics approaches are used
in fracture mechanics (Sorucu, 2007).

The objective of the present study is to determine the
correlation between the concrete fracture toughness
parameters and the compact pressure test and to investigate
the effect of the fracture on the splitting tensile strength and
critical fracture parameters for different situations.

1.1. Historical Progress in Fracture Mechanics

Detailed research on fracture mechanics started when Galileo
asked, "Why objects get broken?" (Galilei, 1933). This study
shed light on the theory of size effect. Irwin (1957) expressed
that energy approach was an equivalent of stress intensity,
initiating a new era in fracture mechanics. Barenblatt (1959)
and Dugdale (1960) emphasized that fracture occurs when a
critical stress distribution is attained at the end of the crack
and the critical stress intensity (Kc) is a property of the
material. Fracture mechanics was described as an approach
that identifies the fracture strength based on the structural
geometry of the load and erroneous components. It was
stated that the fracture strength depends on the stress
analysis. Certain studies approached the problem

mathematically, accepting that the stress distribution in the
region of fracture process at the end of the crack is a function.
Since the 1980s, the development of computer processing
abilities initiated the widespread use of the finite element
method, approaching the problem of fracture mechanics using
non-linear calculation methods. These developments have
resulted in great contributions to the discovery of new
methods and the studies on fracture mechanics.

1.2. Fracture Mechanics in Concrete

Although concrete is a composite material, its mechanical
performance is not fully compatible with simple composite
theory. While cement mortar and aggregate shows linear
elastic tensile behavior when 80% of maximum tensile load is
achieved, nonlinear elastic behavior is observed when 40-
50% of the maximum concrete load is achieved. Nonlinear
behavior of concrete under load can be explained by the
definition of three-phase heterogeneous material, namely
cement mortar, aggregate and transition phases in concrete
content. The transition phase of 10-50 pm in thickness found
around the aggregate particles is the surface area between the
cement mortar and the aggregate and is weaker than the
other two phases. Although there are no cracks in the other
two phases, micro-cracks can easily spread due to the high
porosity and low tensile strength in the transition phase. This
is a consequence of the nonlinear behavior of the concrete
mix. Main factors that affect the concrete fracture parameters
are the water/cement ratio, strength class, total aggregate
amount, maximum aggregate diameter, aggregate type and
source.

The use of fracture mechanics in the concrete building design
increases structural safety and economy and is especially
significant for high-strength concrete, fiber-reinforced
concrete buildings, very large-scale concrete structures,
prestressed structures and concrete dams (Caglar, 2014). The
first detailed study that investigated concrete based on the
complex internal structure, fracture mechanism and
heterogeneity of concrete was conducted by Kaplan (1961).
Splitting tensile test samples (such as cylinders and cubes)
have been efficiently used in the fracture mechanics in recent
years (Ince, 2010; Ince, 2012). The analytical and numerical
studies used to determine the fracture toughness of the
relevant samples show that the fracture load is highly
influenced by the surface width of the applied load and
sample size. (Ince et. al., 2015; Ince et. al,, 2016). In their
respective studies, Hilsdorf and Brameshuber (1991), Gettu et
al. (1998), Rao and Prasad (2002) reported that as the
compressive strength of concrete increases, fracture energy of
the concrete increases as well. Gettu et al. (1998) observed
that when the compressive strength was increased by 160%,
the fracture energy increased by 12%. Jensen and Hansen
(2001) observed that the fracture energy level of the concrete
was dependent on the type of aggregate used and that the
fracture energy was independent of the compressive strength
of the concrete up to the compressive strength of 50 MPa.
Based on the findings in a study by Yan et al. (2001), it was
observed that the compressive strength and fracture energy
were independent of each other in concrete with a
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compressive strength of 114 MPa. The researchers
investigated the effect of parameters such as maximum
aggregate size, aggregate amount, ratio of fine aggregate to
coarse aggregate, and aggregate type on the fracture of the
concrete. Fracture could be examined under three main topics
based on the crystallographic structure of the fracture
surface, the appearance of the fracture surface and
deformation on the fracture surface (Fig. 1).

Fracture Types ‘

According to the | According to the
Crystallographic Structure of Appearance of the

| According to the
the Fracture Surface | Fracture Surface

State of Deformation

Fibrious Granular Ductile Brittle
Fracture Fracture Fracture Fracture

Shear Segregation
Fracture Fracture

Figure 1. Classification of fracture types.

Studies on concrete fracture mechanics were generally
conducted in the same direction. It is not possible to describe
a heterogeneous material such as concrete with a single
parameter. Thus, studies on this the have recently
concentrated on the development of nonlinear methods.

2. Determination of Fracture Toughness

To determine the fracture toughness, first a notch is formed
on the sample surface. The concrete is then subjected to a
fatigue test to convert the notch to a crack. Crack formation is
the main characteristic of fracture toughness tests and care
must be taken to ensure that they are as smooth as possible
when formed by the fatigue test. The fatigue load to be used in
crack formation should be chosen so that it can form the
cracks at the desired time. Very low fatigue load leads to
waste of time, while a very high load causes the crack to form
immediately, leading to excess plastic deformation in this
region. Thus, the test results could be misleading. There is no
need to create fatigue cracks on brittle material. Following the
notch formation, the sample is drawn in the tensile testing
device at low deformation rate. The crack progression is
observed based on the applied load. As the load is increased,
the material primarily undergoes elastic deformation and the
size of the crack increases linearly with the increase in the
load. As the load is increased, the elastic limit is exceeded and
different results could be obtained depending on the fracture
properties of the material. If the material is brittle, the sample
breaks and the load suddenly drops when the load elastic
limit is exceeded. Thus, the maximum load is taken into
account when calculating the critical fracture parameter (Ki).
If the material has a more ductile structure, the load falls
when the elastic limit is exceeded and remains constant. But
then, it increases and goes back to its original state. This case
that is called gradual crack formation can be repeated several
times until the material fractures. In Kic calculations, the load
that caused the first crack is taken into account. When the

load applied on ductile material exceeds the elastic limit, the
size of the crack increases as the load increases until the
material breaks. The desired value can be read using the
curve obtained to calculate Kic (Kiilcii, 2015). In the Ince
(2017) study, splitting strip samples having some advantages
(such as compactness and lightness) compared to beams were
analyzed using effective crack models. In this study, a formula
for the maximum tensile strength of concrete was derived
using Fourier integrals and Fourier series. K- values were also
determined under different conditions.

As seen in Fig. 2, the progress of the crack in concrete that
contains aggregate, voids and micro-cracks is inhibited by
certain mechanisms, and this leads to increased concrete
toughness. Mechanisms such as aggregate at the tip of the
crack acting as a crack shield by preventing the crack
progress, the change in crack direction by the aggregates on
its way, prevention of the crack progress by the aggregates
chafing against each other, load transfer by the aggregates
from one side of the crack to the other, reduction of the
sharpness or forking of the crack tip due to the voids near the
crack tip, result in increased concrete toughness.
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Figure 2. Mechanisms that cause increase in cement toughness

(Akkaya, 2003).

3. Compact Pressure Test

In this section, the relationship between the compact pressure
test and fracture mechanics was investigated and the studies
conducted on this relationship were reviewed in detail.

Sabir and Asili (1996) conducted stress analyzes on fracture
test samples. In this study, the effect of compact pressure test
on the determination of fracture toughness of cementitious
material was investigated and the stress analysis results for
the test samples were evaluated. They used 100 mm samples
with notches on their opposing surfaces. They calculated the
stress intensity factor using the load applied to the samples
and the finite elements method. In evaluating the results, ]
integral, deformation energy release rate, conical section
simulation, extrapolation change were not considered.
According to the researchers, fracture toughness did not
demonstrate any significant changes with the change in notch
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size. They preferred the standard 100 mm cube samples in
compressive strength tests. The cubes were precisely
mounted on a horizontal machine and precisely reciprocal
notches were formed with a cutting disk. The machine was
pre-tuned to provide the same precision on all samples. This
tuning, which was previously attempted to be performed
manually, is available on the Clipper machine. Thus, the
difficulties experienced during the tests were considerably
reduced. In Fig. 3 (a), the test sample and load draft are
presented. In Fig. 3 (b) half-sample analysis is presented.
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Figure 3. Compact pressure test apparatus: (a) CELL sample; (b)
Analyzed half-sample (Sabir and Asili, 1996).

The test device used in the experiments had a 250 kN load
capacity and displacement control. RILEM (1985) stated that
a tensile rate of 0.3 mm/min was adequate. In this study, the
tensile rate was close to the recommended value; it was 0.4
mm/min. If the load is applied far from the sample draw zone,
the test fails due to cracks originating at the notch root. Due to
the load configuration and its compact construction, the test
samples were loaded eccentrically (CCEL) with a compact
compression (Sabir and Asili, 1996).

Various finite element methods can be used to determine the
stress intensity factor K. Displacement extrapolations and
conic section simulation methods depend on the free crack
surface displacements (uy) of planes with cracks. The ]
integral, however, is defined as an amount of energy that
depends on the displacement derivatives along a path that
surrounds the crack tip.

4. Experimental Program and Results

In the current experimental study conducted at FU Faculty of
Engineering, Civil Engineering Department, Building Material
Laboratory, 150 mm cube samples were used. The samples
were poured about a year ago. Experiments were carried out
with a total of 20 specimens, including 5 unnotched and 15
notched ones. The samples were notched using a mechanic
machine and the notch width was 40 mm (Fig. 4.a). Cube
splitting tests were conducted on unnotched samples. As
shown in Fig. 4 (b), the load was applied through 10 mm wide
strips. Splitting tensile strength (onc) was calculated with Eq.

(1)

Py
O-Nc‘:X (1)

where; Pi=fracture load (N), A=surface area (mm?2).

Figure 4. Experimental study: (a) Notching the samples; (b) Cube
splitting test.

The variation in owc with Pk for the unnotched sample is
presented in Fig. 5. Accordingly, as the fracture load Pk on the
sample increased, it was observed that splitting tensile
strength onc increased linearly as well. Examination of the
figure will demonstrate that the correlation coefficient (R2)
was very close to 1, thus, there was a quite good fitness
between Prand onc.
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Figure 5. Variation of splitting tensile strength ow with fracture load
Py for unnotched samples.

The figures on Type-I, Type-Il and Type-Ill loads of the
relevant samples are schematically shown in Fig. 6, and the
images of the laboratory experiments are presented in Fig. 7.
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Figure 6. Schematic view of the sample load type: (a) Type-I; (b)
Type-II; (c) Type-IIL

The Type-I samples shown in Fig. 7 (a) were loaded with 0.1
kN/s, the Type II samples shown in Fig. 7 (b) were loaded
with 0.2 kN/s, and Type III samples shown in Fig. 7 (c) were
loaded with 6.8 kN/s. Here the relative notch size was taken
as a=a/d=40/150=0.267. In calculating the fracture
toughness parameter in the analyzes, Eq. (2) (J-integral
method) was used for Type-I and Type-II an Eq. (3) was used
for Type-III. In Fig. 8, the fracture status for all sample types
at the end of the experiment is presented.
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where; t = d = cube sample side length (mm), a = notch width
(mm).

Figure 7. The moment when the samples were loaded: (a) Type-I; (b)
Type-I1I; (c) Type-IIL

(@) (b) (9

Figure 8. The moment of fracture at the end of the experiment: (a)
Type -1, (b) Type -1, (c) Type -IIL

The analysis results are presented in Table 1. Critical fracture
parameter (Kic) was determined based on the fracture load
(Px) in experiments conducted for notched Type-I, Type-II and
Type-IIL

Table 1. Notched compact pressure test results.

Types of Concrete Py Kie ONc
Samples (kN) (MPaxy/mm) (MPa)
9.85 14.10 0.279
10.35 14.82 0.293
E 11.29 16.16 0.319
13.33 19.09 0.377
Tip-1 13.49 19.31 0.382
12.68 18.15 0.359
14.19 20.32 0.401
E - 14.59 20.89 0.413
14.59 20.89 0.413
Tip-1I 14.99 21.46 0.424
167 20.80 4.725
178 22.17 5.036
208 25.91 5.885
213 26.53 6.027
260 32.38 7.357

It was observed in Fig. 9 that there was a linear increase
between Px and K. for Type-I, Type-II and Type-III cases. As Pk
increased, it was observed that the Ki. increased as well. In
Fig. 9 (c), larger fracture loads were measured and higher Kic
values were obtained when compared to others. This
difference was considered to be due to the loading pattern. As
a result, The Type-II Kics were 22% higher than that of Type-I
on average, the Type-Ill Kics were 53% higher than that of
Type-I on average, and Type-III Kics were 26% more than that
of Type-II on average.
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Figure 9. Variation of Kic with Pi for notched samples: (a) Type-I; (b)
Type-II; (c) Type-IIL

In Fig. 10, it was observed that there was a linear increase
between Pk and on.. In Fig. 10 (c) it was observed that both Px
and onc values were significantly higher than others.
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Figure 10. Variation of onc with Pk for notched samples: (a) Type-],
(b) Type-II, (c) Type-III.

Furthermore, for Type-Il, concrete pressure tests were
conducted on fractured half samples. Accordingly, it is
observed that f; increased linearly with increasing Px. f: values
varied between 23 MPa and 32 MPa and f. increased a
maximum of 32% as Pk increased (Fig. 11).
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Figure 11. Variation of f: with Pk for Type-II.
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5. Conclusions

In the present experimental study, Pk, onc and Kic values for
different load types of 5 unnotched and 15 notched sample;
were determined and the correlation between these
parameters was attempted to be expressed with graphs and
interpretations. The findings of the study are presented
below:

e In the present study, compact pressure samples were
analyzed based on the principles of linear elastic fracture
mechanics.

e Conducted experiments demonstrated that smaller Pk
values were observed for samples with more stable loads.

e The present study demonstrated that the standard
deviation of the critical fracture parameter (Ki) of the
naturally more stable sample was smaller and the fracture
toughness increased with the structure size.

e The correlation between concrete fracture toughness
parameters and the compact pressure test was
determined.

e The load values which allow the fracture of the relevant
sample for Type-I were less than that of the Type-II. Since
the sample was mounted on a fixed ground in Type-II, in
other words, there was no bottom loading, a higher Pk
value was required for fracture.

e It was determined that as the fracture load Px on the
unnotched sample increased, the splitting tensile strength
one increased linearly and proportionally. A good fit was
observed between Pk and onc.

e [t was observed that there was a linear increase in Px and
Kic for Type-1, Type-Il and Type-lll cases. As the Pk
increased, the Kic increased at the same rate.

e Higher Px values were measured for Type-IIl when
compared to others and higher Kic values were obtained.
These differences were considered to be due to the load
pattern.

e In conclusion, it was determined that the Type-II Kics were
22% higher than that of Type-I on average, the Type-III
Kics were 53% higher than that of Type-I on average, and
Type-lIl Kics were 26% more than that of Type-II on
average.

e [t was observed that there was a linear increase in Px and
onc and that there was a good fit between them. For Type-
I1I, it was determined that onc values were significantly
higher compared to the others.

e Pressure tests conducted with half samples demonstrated
that as Pk increased, fc increased as well.
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