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Abstract

Concrete is a composite load-bearing building material. The deformation behavior of load-bearing materials under load is vital for the building system.
Investigation of these brittle and quasi-brittle behavior patterns at various load levels provides an advantage in the evaluation of mechanical
properties. In this study, the deformations occurring within the concrete samples in different stress-strain regions were investigated using an image
analysis technique. The experimental samples experienced elastic-limit loading for two hours to clearly monitor the deformations at elastic, plastic,
and breaking points. For the microstructure studies, the samples were prepared with epoxy for image analysis. Thin-sections were taken from each
series of epoxy-impregnated concrete test samples, examined under a microscope, and photographed. Deformation studies on the digital
photographs were carried out by the image analysis method. The results show that crack formation and crack types change because of increased
stress and deformations. Crack formations within the concrete are parallel to the loading direction and occurred mainly in the aggregate—cement-
paste interface. At 85% of the ultimate stress, crack length was measured as 0.665-29.505 mm and crack width 0.180-4.128 mm, while the crack
length was 0.305-32.688 mm and crack width were 0.106-2.906 mm at fracture stress.

Keywords: concrete, stress-strain behavior, microstructure, image analysis.

With the increasing use and popularity of concrete, researchers are analyzing this material in more detail to determine
its true behavior. Concrete structures suffer significant damage under static and dynamic loads. Damage to concrete is
often associated with crack formation, which structurally compromises its functionality, and deterioration in the long-
term durability of the material (Kong et al., 2019; Lang et al., 2019). The loss of strength in concrete begins with the
emergence and spread of microcracks. Accordingly, numerous studies have highlighted the important effect of
microcracks on the bearing properties of concrete (Castro C Sdnchez, 2008; Upadhyaya & Sridhara, 2012).

The aggregate—cement-paste interface significantly affects the short-term behavior of concrete under pressure load.
When a load is applied to either aggregate or hydrated cement paste, both stress-strain curves are almost similar to the
behavior of a linear elastic body. However, the stress-strain curve of concrete is not linear (Mehta, 2006). The nonlinear
behavior of concrete reveals the presence of an aggregate—cement-paste interface and shows microcracking on this
contact surface even at the smallest load. These microcracks in the aggregate—cement-paste interface can be considered
a defect of the concrete material. Research has revealed that microcracks exist on the contact surface between the
aggregate and the cement paste, even before any load is applied (Bentz, 2006; Golewski, 2018; Mehta & Monteiro,
Profant et al., 2019; Shen et al., 2016). Since the cracking process of concrete is difficult to visually examine, detection
and analysis on a microcrack scale is still a challenge today (Bazant & Hubler, 2014; Alembagheri & Ghaemian, 2013;
Xue et al., 2018; Yang & Chen, 2019; Mahfuz & ilker, 2021). Examining the deformations and properties of concrete
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materials with up-to-date technology with various methodologies can yield significant results (Erdem et al., 2018; Li,
2014).

In typical aggregate concretes, crack progression with increasing compressive stress is shown in Figure 1. Research has
shown that cracks in the aggregate—cement-paste interface area occur at 40% of the maximum, or ultimate, stress. At
60%, the cracks suddenly and significantly increase, and at 80%, a continuous microcrack network is evident (Mindess
& Young, 1986). Likewise, data in the literature has demonstrated that cracks in concrete spread steadily in the cement
paste at 80% of the maximum stress (Meyers, 1968; Santiago & Hilsdorf, 1973). Johnston (1970) states that the cracks
in concrete spread steadily in the cement paste at 60% of the maximum stress and in the cement dough at 80%. Bache
C Christensen (1965) determined that cracks in the concrete spread at 90% of the maximum stress into the cement
paste. Supporting this information, Tanigawa &Yamadaka (1978) found that the cracks in the concrete spread into the
cement paste in the direction parallel to the compressive loading also at 90% of the maximum stress. In other
experimental studies, cracks in concrete spread at 70% of the maximum stress into the cement paste (Jones & Gatfield,
1955; Zaitsev & Wittmann, 1973). In another study carried out for the same purpose, cracks in the concrete are not
observed at 50% of the maximum stress; at 70%, cracks are observed in the cement paste; and at 90%, it is transformed
into a continuous microcrack web and spread into the cement paste (Malek et al., 2017). However, Lilliu & van Mier
(2007) noted that cracks in the concrete are not apparent at 35% of the maximum stress, appear in the aggregate—
cement-paste interface at 51%, and spread into the cement paste at 81%. Zhang et al. (2007) found that the cracks in
the concrete are moving into the cement paste at 67—71% of the maximum stress.

Figure 1. Diagrammatic representation of the stress-strain behavior of concrete under uniaxial compression Glucklich (1968).
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Various techniques have been used in the last 50 years to detect and examine cracks in concrete. The optical microscope
method is a low-cost, practical, and common method for this purpose (Ollivier, 1985). Performed the first optical
microscope study on thin concrete sections from axially loaded concrete cylinders. With the microscope and image
processing method, they detected cracks on the aggregate—cement-paste interface (Nemati et al., 1998). Knab et al.
(1984) examined the refraction points in the mortar also with an optical microscope and image processing technique.
Litorowicz (2006), Glinicki & Litorowicz (2006) have applied an optical microscope and image processing method to
examine the development of crack patterns in durability-induced deformations. Shuguang et al. (2013) quantitatively
determined microcracking properties using an optical microscope method in epoxy-impregnated concretes that had
various degrees of alkali-aggregate reaction (AAR). Visualization of crack development caused by different mechanical
deformations through image analysis is essential for failure analysis and improved design (Alterman, Akita, Neitzert,
2011).

Explaining the deforming behavior of concrete in terms of material size and examining the behavior and deformations
of the components that make up the concrete against the load can provide important information in revealing the
carrier feature of the concrete.

In this study, deformations occurring in concrete under different load effects were investigated using the image
processing technique. Thin section samples were removed from concrete experimental samples, and the deformations
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observed in the microscope examination were analyzed by the image processing technique resulting in quantitative
data (e.g., crack length and width)

Material

Concrete mixtures were prepared in accordance with the TS EN 206-1 (2014) standard using fine aggregate in the range
of 0—-4 mm and coarse aggregate in the range of 4-12 mm and 12-22 mm (Table 1). Portland cement CEM | 42.5 R
compliant with the TS EN 197-1 (2012) standard was used as a binder. Concrete samples were shaped in 15 cm edged
cubes, and standard curing was applied in the curing pool at 23+2 °C for 28 days. Thirteen concrete experimental
samples were prepared for mechanical and microstructural investigations.

Table 1. Mix design parameters for 1 m3. (Self-Elaboration).

Concrete Component Amount (kg)
Fine aggregate (0-4 mm) 1067
Coarse aggregate (4-12 mm) 637
Coarse aggregate (12-22 mm) 338
Cement 280
Water 137
Superplasticizer 3.22

Methods

Elastic and plastic boundaries of concrete test samples were determined according to the secant method. The stress
value corresponding to 40% of the maximum tensile value for the elastic boundary and the tensile value corresponding
to 60% of the maximum tensile value for the plastic boundary were taken as references (Erdogan, 2010; Neville, 1981).
After the strength and stress deformation values on the deformation-controlled press for three of the concrete samples
were obtained according to the TS EN 12390-3 (2010) standard, the ultrasonic pulse velocity time of the concrete was
determined in accordance with ASTM C597-09 (2009).

To examine the deformations occurring in the microstructure, the samples, which were subjected to the determined
loads, were then treated with epoxy to re-consolidate the thin sections that will be examined on the microstructure
level (Figure 2). The epoxy-coated samples were cut from the middle, where the loading direction originated, and
divided into four regions. Thin-section samples, 7.5 cm x 7.5 cm x 3 mm, were taken from each separated region (Figure
3). Thin-section examinations were performed with an Olympus SZX7 stereomicroscope at 1X magnification and
photographed. The photographs were analyzed using image processing technique (Figure 4).

Figure 2. Mixing process: a) produce of sample, b, and c) epoxy cover, d) preparation of epoxy concrete samples, and e) cutting epoxy concrete samples with a head
cutting machine. (Self-Elaboration).
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Figure 3. Separation of concrete samples into regions and extraction of thin sections. (Self-Elaboration).
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Compressive strength findings

The stress-strain curves and the average stress-strain curve obtained from a deformation-controlled press device on
three 15-cm-edged cube samples are shown in Figure 5. Based on the average stress-strain curve, the corresponding
values for the ten concrete samples are given in Table 2. For P.4 concrete, the press device was unloaded as soon as the
prescribed load was reached because failure occurred.
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Figure 5. Three cube concrete sample stress-strain curves and the average stress-strain curve and a representation of mean stress-strain values. (Self-Elaboration).
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Table 2. Numerical findings of the experiment series. (Self-Elaboration).
Experiment series Stress Strain (m/m) Maximum stress Waiting times under
name (MPa) (%) load (h)
E.1-E.2 18.67 0.000758 40 2
P.1-P.2 28.44 0.001135 60 2
P.3 40.00 0.001708 85 2
P.4 38.22 0.001592 81 2
P.5-P.6 40.00 0.001708 85 -
K.1-K.2 47.11 0.003621 100 -

E = Elastic Zone, P = Plastic Zone, K = Fracture Zone
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Ultrasonic pulse velocity

The ultrasound pulse velocity findings are given in Table 3. The high bulk density concrete samples experienced high
ultrasonic pulse velocities, and the average ultrasonic pulse velocity (Vp=4.99>4.55 km/s) is found to be “very good”
concrete quality (Whitehurst, 1951).

Table 3. Ultrasonic pulse velocity (km/s). (Self-Elaboration).

Average Standard Average Standard
bulk density deviation Vp deviation
(kg/m?) (kg/m?) (km/s) (km/s)
Experiment 2471 +14 4.99 10.12

series

Microstructure findings

Thin sections of concrete samples were examined under an optical microscope. Deformation measurements were taken
of the prominent cracks detected as a result of the investigations.

Elastic zone findings

Under a load of 40% of the maximum stress for two hours, concrete samples taken from four regions were examined in
thin sections. Each section exhibited stability preserved by the coarse aggregate with no evidence of cracking. The dough
areas remained cohesive. See Figure 6.

The literature states that significant cracks in the concrete material in the elastic region do not occur in the cement pulp
(Mindess & Young, 1986). In their study, Lilliu & van Mier (2007) found that there were no significant cracks in the
concrete material at 35% of the maximum stress. In research by Malek et al. (2017), cracks in the concrete material
were not evident in the elastic region. These findings in the literature are similar to the data obtained in the elastic
region of the samples tested.

Figure 6. E.1-E.2 (40% of the maximum stress value) microstructure of concrete samples. (Self-Elaboration).
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Plastic zone findings

In the plastic region, it is expected that many negligible microcracks may form on the aggregate—cement-paste interface
and that concrete samples will begin to deviate towards the non-linearity in the stress-deceleration curve.

Under a load of 60% of the maximum stress for two hours, concrete samples taken from four regions were examined in
thin sections. Each section exhibited stable elastic behavior due to the aggregate—cement-paste interface with no

evidence of cracking. The dough areas remained cohesive. See Figure 7.
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The literature states that significant cracks in concrete material in the plastic region do not occur in the cement paste
(Bache & Christensen, 1965; Meyers, 1968). In their study, Lilliu & van Mier (2007) found that cracks in the decking
surface of aggregate-cement pulp in the concrete material in the plastic region were negligible. A study by Zhang et al.
(2007) revealed that no significant cracks occur in the concrete material up to 67% of the maximum stress. In research
by Malek et al. (2017), there were no significant cracks in the concrete material up to 70% of the maximum stress. These

findings in the literature are similar to the current project data obtained in the elastic region.

The microstructure of the concrete experiment sample that was loaded for two hours under 85% of the maximum stress
is notably different from the load structure of 60% (Figure 8). Significant, deep cracks were detected. At this point, the
unit deformations occurring in the concrete increase faster than the strain formed. Prominent crack analysis data are

given in Table 4.

Figure 7. P.1-P.2 microstructure of concrete samples (60% of the maximum stress value). (Self-Elaboration)
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Table 4. P.3 analysis data of prominent cracks of the concrete sample. (Self-Elaboration).

Zone Crack dimensions Length (mm) Width (mm)
Maximum 18.328 3.054
Minimum 0.665 0.223
Average 4.968 1.188
Maximum 29.505 4.128
Il Minimum 29.505 4.128
Average 29.505 4.128
Maximum 15.128 2.849
1 Minimum 0.765 0.180
Average 2.759 1.066

In relevant studies, at 85% of the maximum stress in concrete, significant cracks in the cement paste appeared parallel
to the loading direction and spread irregularly (Bache & Christensen, 1965; Johnston, 1970b; Meyers, 1968; Tanigawa
& Yamada, 1978). Lilliu & van Mier (2007) found that deep cracks occur in cement pulp at 81% of the maximum stress.
These findings in the literature support data obtained at 85% of the maximum stress in this project. Moreover, in the
methodology of the P.3 concrete sample, the cracks in the coarse aggregate are given in Figure 9.
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Figure 8. P.3 concrete sample at 85% of the maximum stress: a) microstructure image, b) processed microstructure image, and c) crack measurement. (Self-Elaboration).
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Figure 9. P.3 concrete sample at 85% of the maximum stress: a) microstructure image, b) processed microstructure image, and c) crack measurement. (Self-Elaboration).
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Fracture zone findings

Significant, deep cracks were detected in the fracture zone (Figure 10). Prominent crack analysis data are given in Table
5.

Table 5. K.1-K.2 analysis data of prominent cracks of concrete samples. (Self-Elaboration).

Zone Crack dimensions Length (mm) Width (mm)
Maximum 18.050 2.906
| Minimum 0.485 0.231
Average 4.389 0.982
Maximum 32.688 2.331
Il Minimum 0.305 0.106
Average 4.497 0.583
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Figure 10. K.1-K.2 concrete sample in the fracture zone: a) microstructure image, b) processed microstructure image, and c) crack measurement image. (Self-
Elaboration).
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Evaluation of the relationship between the stress-strain curve and data analysis of the prominent cracks

The relationship between P.3 and K.1-K.2 stress-strain values and the analysis data of prominent cracks is described
below.:

e As the stress and strain of the concrete samples increase, the average length of the prominent cracks also
increases (Figure 11). The correlation R-squared value between stress and average crack length in the concrete
samples is R?=1, as is the correlation value between strain and average crack length. High R? values (i.e., R?=1)
indicate a strong relationship between the crack height elongation and stress-strain values.
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Figure 11. Relationship between stress-strain and average crack length of concrete samples. (Self-Elaboration).
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Figure 12. Relationship between stress-strain and average crack width of concrete samples. (Self-Elaboration).
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e The average crack width increases as the stress and strain values of the concrete samples increase (Figure 12).
The correlation R-squared value between stress and average crack width of the concrete samples is R2=1, as is
the correlation value between strain and average crack width. High R2 values (i.e., R2=1) indicate a strong
relationship between the crack width and stress-strain values.

In his study, Glucklich (1968) found that no significant cracks occurred in concrete material up to 30% and 50% of the
maximum stress. However, deep cracks occurred in the cement paste at 75% of the maximum stress. Unlike the
literature, the current study showed no significant cracks in the concrete material up to 40% and 60% of the maximum
stress, and deep cracks occurred in the cement paste at 85% of the maximum stress. The relationship between the
stress-strain curve and the apparent cracks is shown in Figure 13.
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Figure 13. Diagrammatic representation of the stress-strain behavior of concrete under uniaxial compression. (Self-Elaboration).
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The following results were obtained from the study:

e The average ultrasound pulse velocity of concrete samples was 4.99+0.12 km/s.

e  Stress values of concrete samples held under loading were determined to be 18.76 MPa for E.1-E.2, 28.44 MPa
for P.1-P.2, 40 MPa for P.3, 38.22 MPa for P.4, 40 MPa for P.5—P.6, and 47.11 MPa for K.1-K.2.

e Cracks will be parallel to the compressive loading at the aggregate—cement-paste interface. It has been
determined that the cement paste has spread into it.

e As the strain values of concrete samples increase, the lengths and widths of the formed cracks increase. It is
understood that deformation can break concrete samples.

e There were no apparent cracks in the internal structure of concrete samples in the elastic region, which is up
to 40% of the maximum stress value.

e There are no obvious cracks in the internal structure of concrete in the plastic region, which is at 60% of the
maximum stress value.

e Significant cracks occur in the internal structure of concrete at 85% of the maximum stress value. At 85% of the
ultimate stress, crack length was measured as 0.665-29.505 mm and crack width 0.180-4.128 mm.

e The critical stress value must reach 85% of the maximum stress for cracks to appear in the concrete’s internal
structure.
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In particular, these methods are recommended for future experimental studies when evaluating crack formation in
concrete with nano-additives for strengthening the cement-aggregate interface.
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