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Abstract
By subjecting concrete specimens to pressure and tension under different loading conditions, this
paper studies the relationships of stress state with crack opening and development and failure forms
of specimens. Based on the principle of conservation of energy, it explores the relationship between
failure area, failure energy and strength. The numerical calculation andCT test results show that the
stress state of concrete determines the failure form, that the failure form determines the failure area,
that failure area determines the energy consumed by the failure and that the failure energy
determines the strength of the specimen, regardless of how the specimen is loaded.
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1 Introduction

The strength of concrete is an intrinsic property of this material and a mechanical quantity that
does not vary with the external conditions. The Italian scientist Galilei first proposed the
maximum normal stress theory in l638 in the book Two New Sciences, which was later revised
as the maximum tensile stress theory. As the earliest proposed strength theory, it considers only
one of the three principal stresses, which is not reasonable enough. The French Scientist E.
Mariotte proposed the maximum linear strain theory in 1682, which was later revised as the
theory of maximum elongation strain, but it is inconsistent with the experimental results of
most materials; the French scientist C.A. Coulomb proposed the maximum shear stress theory
in 1773, which only applies to materials of equal tensile and compressive strength. The Italian
Scientist E. Beltrami proposed the energy theory in 1885, which was subsequently revised by
M.T. Huber in 1904 as the maximum distortion energy theory.

It is known that the tensile, compressive, shear, torsional and flexural strengths of the same
concrete specimen are different, and that the static and dynamic tensile and compressive
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strengths also increase at different rates; and under the same load, when the height, effective
sectional area and section shape change, the measured strength also changes. Do these
differences arise from the definition of concrete strength, the test method or a more compli-
cated reason? There are many studies regarding this at home and abroad [1–6, 9–14, 16].

This paper studies the relationship between the failure form and the strength of
concrete specimens from the perspective of crack energy release rate through CT test
and numerical test.

2 Study of the crack evolution mechanism of concrete specimens
under static tensile and compressive loads through CT tests

The static tension and compression CT tests on concrete specimens were carried out with the
portable material dynamic testing machine developed by Xi’an University of Technology [7, 8,
15, 17] in the CT room at Affiliated Renhe Hospital of China Three Gorges University.

2.1 Specimen preparation

The concrete strength was C15 and the water-cement ratio 0.50. The cement used was the 42.5
moderate heat Portland cement produced in Yunnan Dianxi Cement Plant; the aggregate
consists of natural gravel aggregate and natural sand from the aggregate field of Bandu
Hydropower Station. The specimens are cylinders with a height of 120 mm and a diameter
of 60 mm, with the coarse aggregate size being no more than 10 mm. The representative
specimens are tension specimen conc-004 and compression specimen conc-066.

The failure form and surface of conc-004 are shown in Figs. 1 and 2. Under the static
tensile stress, crack initiation can hardly be captured in CT images, as the tensile strength
of concrete material is very low and the concrete specimen would quickly break along its
cross section under tension. Once the crack is initiated, it will rapidly expand along the
cross section (vertical to the loading direction). During loading, the breaking process is
very short and sudden.

The failure form and surface of conc-066 are shown in Fig. 3. Under the static tensile stress,
cracks are mostly vertically distributed and well developed. The failure surface resulting from
crack coalescence is cone-shaped and usually the cracks would not penetrate through the
aggregate. After the main crack is formed, the specimen would still have some residual

Fig. 1 Specimen conc-004
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strength. It takes a very long time from crack formation to the failure of the whole specimen.
Static failure shows very obvious signs of softening and forms mode II shear cracks.

2.2 Analysis of the cracks and failure surfaces of concrete specimens through CT test

The area of the failure surface of the specimen is equal to the number of cells in the crack
zone multiplied by the area per resolution cell. In this experiment, a = 0.35 mm and b =
0.49 mm. According to the CT-image-based crack calculation theory, based on experi-
mental observations, the average change in the CT number of the statistical zone was
caused by the average change in the CT number in the crack zone after the crack occurred,
that is, the change in the average CT number in S0 was equal to the change in the average
CT number in SD:

SD ¼ H0−Hi

1000þ Hi
S0 ð1Þ

H0 and Hi are the CT number at each point or specific statistic zone at the initial stress
stage and some other stress stage, respectively; S0 is the area of the statistical zone before
the crack appears; SD is the failure area.

Fig. 2 Tensile failure surface of conc-004

Fig. 3 Compressive failure surface of conc-066
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Through CT tests, it was found that the failure area of the tension specimen was smaller
than that of the compression specimen and that the failure energy of the tension specimen was
also smaller than that of the compression one.

In the process of loading, due to the different crack initiation and development paths and
different crack evolution patterns, if the failure area of the compression specimen was far larger
than that of the tension one and the failure energy of the compression specimen far greater than
that of the tension one, then the strength of the compression specimen was also far greater than
that of the tension one. This was mainly caused by the different stress distributions inside the
concrete materials under tension and shear compression. Under the static compressive stress,
there were many cracks. Cracks initiation and penetration required a lot of energy, and a great
amount of energy was also release later, gradually forming failure surfaces in the 3D concrete
specimen. Under the static tensile stress, the failure surface was relatively flat and cracks
mostly appeared along the mortar and the cement plane between the mortar and the aggregate.
The crack formation required less energy. On the contrary, under static compression, there
were many complex cracks, and the failure surfaces were varied. Subsequently, a lot of
additional damage energy was released. The amount of energy released from crack initiation,
development and penetration was closely related to the crack development direction and
depended on the stress condition of the specimen.

2.3 Study of the crack development of load-bearing concrete specimens

A bilinear damage evolution model is adopted for numerical simulation.In this paper, a bilinear
damage evolution model is adopted for numerical simulation, which can simulate the initia-
tion, development and penetration of cracks in concrete specimens, and simulate the process of
gradual failure of materials through elastic damage model.

2.3.1 Pull-1 model

From the numerical simulation shown in Fig. 4, it can be seen that, when the concrete
specimen was tensioned, the stress at the tip of the crack perpendicular to the tensile stress
tended to concentrate and that the crack began to expand along the tip and kept developing in
the plane of the crack. As the crack expanded, the stress around it was also getting more
concentrated, leading to unstable crack development. It extended to the edge of the concrete
specimen until the specimen ruptured. Therefore, the cracks were transversely distributed and
perpendicular to the direction of the tensile stress. They developed along the main crack until
the failure occurred. The failure surface is located along the cross section of the specimen.

2.3.2 PRE-1 concrete specimen under compression

As shown in Fig. 5, the failure surface of the concrete specimen under compression was at an
angle to the horizontal plane instead of being along the longitudinal section of the specimen.
Through analysis, it was found to be a shear failure, as the crack penetration surface, i.e. the
failure surface. Was oval, which was a shear failure surface. In the diagram of the damaged
interface, the cracking form looked like a B×^.

In Figs. 4 and 5 The white part in the figure represents the crack generated in the process of
stress on the specimen. In the numerical simulation, the elastic modulus of the element
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gradually decreases with the difference of damage variables. When the damage variable of
some elements is 1, the element will fail.

3 Study of the failure process of loading-bearing concrete specimens

For the concrete specimen under tension loaded in the displacement-control mode, as shown in
Fig. 6, with the tensile force increasing, before it reached 10.62kN, the displacement showed
linear elastic variations, and with the further increase of the tensile force, the elasticity modulus
was damaged, and the slopes of the tension and displacement curves became smaller. When the
tensile force reached 15.47kN, with the displacement increasing, the tensile force greatly de-
creased, and some of the cells in the concrete specimen were damaged. At this point, the tensile
force of the specimen reached the maximum, the corresponding stress was the maximum stress

Fig. 5 PRE-1 damages and damaged interface

Fig. 4 Pull-1 damaged cells
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value and the strength failed. As the displacement continued to increase, the tensile force
decreased until the load did not converge, which was when the concrete specimen failed.

Before the stress reached 5.31 MPa, the stress changed linearly with the strain, but after
that, the slope of the stress curve with the strain decreased, part of the cells in the interface and
the mortar were damaged and the elastic modulus was damaged and attenuated. Microcracks
appeared in the specimen and the cracks inside the specimen expanded in a rapid and unstable
manner. When the stress reached 7.88 MPa, which was the maximum value, the strain
gradually increased. As the cracks in the specimen gradually converged and formed into a
large crack, the stress decreased rapidly. At this point, part of the cells was damaged, and the
strength of the specimen started to fail. The strain continued to increase, and the stress
decreased slowly and steadily.

The PRE-1 specimen is shown in Fig. 7. Before the stress reached 17.30 MPa, the stress-
strain change was approximately linear, and after that, the slope of the stress-strain curve
decreased, and part of the cells in the interface and the mortar were damaged. With the damage
and attenuation of elastic modulus, the strain increased at a faster speed. At this point, part of
the cells failed. When the stress reached its peak value - 18.41 MPa, the specimen strength
failed, and the strain increased at an even faster speed until the specimen failed.

4 Statistics of the failure surfaces of concrete specimens

According to the numerical simulation of the loading process, when the first principal strain of
the interface and mortar cells reached the critical principal strain for failure εu, the strength of
these cells failed, the damage variable D was 1, and the elastic modulus was completely
damaged. After these cells were killed, with the load increasing, the interface cells were being
transformed from the first phase of damage into the second phase and then from the second
phase to being completely damaged, i.e., killed. In Step 10, the total number of killed cells was
counted. Figure 8a and b list the number of killed cells during the loading process in Pull-1 and
PRE-1, respectively.
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Fig. 6 Pull-1 stress-strain curve
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By comparing the total number of killed cells in the interface and the mortar, the author found
that the number of killed cells in the compression specimen was significantly higher than that in the
tension specimen. With the increase of killed cells, cracks initiated. Due to the different numbers of
killed cells in the mortar and the interface, the paths of crack development were also different.

5 Study of the energy consumption of load-bearing concrete specimens
during the failure process

The strain energy of the interface cells and mortar cells at different positions on the same cross-
section was analyzed respectively, as shown in Fig. 9a and b. As the displacement increased,
the strain energy would always increase first and then decrease. The difference was that when
the maximum strain was reached, the displacements were different. Both the interface and

Fig. 8 a Number of killed cells in PRE-1 and b Number of killed cells in Pull-1
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Fig. 7 PRE-1 stress-strain curve
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mortar cells showed the same strain energy variation pattern. At the same loading step, the
variation trends of strain energy were different and complex, showing that the strain energy of
interface and mortar cells experienced a complex damage and consumption process under the
effect of external force. With the damage of the elastic modulus, the energy consumption
increased, and due to the different positions of the cells, as the displacement increased, the
value of the stored elastic strain energy in each cell also varied, but the variation pattern of
strain energy was consistent – the strain energy all increased in fluctuation to the extreme value
and then the energy stored in each cell was fully released.

From Fig. 10a and b, it can be concluded that, as the elastic modulus of the cell decreased,
the cells were continually damaged and eventually killed, and that the strain energy given from
the outside to the interface was continuously lost. When killed cells started to appear, the cell
strain energy started to be consumed, which was irrecoverable. As the number of killed cells
increased, the resulting new surface continuously expanded, so did the energy loss.

Fig.9 a Strain energy variation of interface cells and b Strain energy variation of mortar cells

Fig.10 a Strain energy release curve of Pull-1 and b Strain energy release curve of PRE-1
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6 Analysis of the crack evolution and strength of concrete specimens

The same patterns were obtained for compression and tension specimens as in the CT tests.
Through analysis of the failure areas and strengths of the numerical test specimens Pre-1 and
Pull-1, it was found that, the larger the failure area was in the specimen, the greater strength it
had. This was because the different internal stress distributions in the different specimens
caused the different damage variables of the elastic modulus, and due to different stress states,
the initiation, development, expansion and penetration of microcracks into macrocracks
showed different evolution patterns, leading to different failure forms and areas in different
specimens and different amounts of energy consumed by the failure surfaces. All these finally
caused the differences in strength. When specimens were subject to tensile and compressive
forces respectively, the stress states inside the concrete materials were different, and the damage
variables of the materials were also different, and what is more, the concrete itself was three-
phase composite material, where the aggregate, mortar and interface had different bearing
capacities, all of which lead to the differences in the initiation, development and penetration of
cracks and even the whole failure process of the specimens. Both stress states can be divided
into two parts – spheric stress and deviatoric stress tensors. In the case of tensile failure, the
spheric stress component is positive and causes the development of microcracks together with
the deviatoric stress component. However, when concrete is subject to shear compression and
crushed, the spheric stress component is negative and the deviatoric stress causes the damage.
Therefore, the elastic modulus follows different damage evolution rules when under compres-
sion and tension, respectively, causing different stresses on the materials and different crack
initiation locations and development directions and further leading to different failure forms and
failure areas and different energy storage capacities, i.e. the strengths of the materials.

7 Conclusion

For the concrete specimen subject to tension, its failure surface expanded along the one or two
major cracks perpendicular to the principal tensile stress and caused instantaneous tensile
failure, which was brittle failure. After the failure, the concrete specimens completely lost its
tensile strength. According to the compression specimen test results, the failed specimen still
had some residual strength and the failure area was large. During the compression process, the
stress state was very complicated, and the failure surface developed along a number of cracks.
The new surface formed after the failure was rough, with the debris falling off, and the
specimen was damaged to a great extent. The numerical analysis and CT test of the concrete
specimens fully prove that the tensile strength of concrete is an inherent property of the
material, and a mechanical quantity that does not change with the external conditions. Usually,
the measured strength is related to the stress state of the concrete specimen Under different
stress states, cracks develop in different directions and paths in specimens, resulting in
different extents of failures, i.e. different areas of crack surfaces.
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