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Abstract. In this work was carried out a study the purpose of which was
the development of physical and mechanical modeling of the processes of
deformation and destruction of fiber-reinforced concrete. The process of
deformation and the mechanism of destruction of fiber-reinforced concrete
reinforced with low-modulus polypropylene fibers have been investigated.
The method has been improved and the characteristic of adhesion of
polypropylene fiber to the matrix has been determined. Theoretical models
for forecasting the behavior of fiber-reinforced concrete reinforced with
polypropylene fiber under load have been developed.

1 Introduction
The most important quality of fiber-reinforced concrete as a composite material is its high
crack resistance, for the assessment of which power and energetic characteristics are used [13].
Taking into account the experience of previous studies, the device and method for testing
the crack resistance of fiber-reinforced concrete were improved, according to which the
process of constructing diagrams of the destruction of fiber-reinforced concrete samples was
automated, and the preliminary preparation of samples for testing was greatly simplified [4].
An increase in the accuracy of control of the deflections of the tested samples and a decrease
the speed of application of the load facilitated the determination of the coordinates of the
most important point T on the diagrams of deformation the fiber-reinforced concrete samples.
Previous studies have determined the power and energetic characteristics of the crack
resistance of fiber-reinforced concrete made with steel wire fiber and established the degree
of influence of quantity of fiber on these characteristics and flexural strength. For the further
develop of this direction, in this work, using the developed device, the characteristics and
properties of fiber-reinforced concrete made with low-modulus polypropylene fibers to
obtain reliable statistical data were studied. The accumulation of such information allows to
get a more complete picture of fiber-reinforced concrete, and simplifies the substantiation for
choosing the type of fiber for the design of fiber-reinforced concrete products and structures.
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2 Materials used
All experimental studies were carried out on samples with dimensions 7×7×28 cm, according
to the requirements of GOST 29167 «Concrete. Methods for determining the characteristics
of crack resistance (fracture toughness) under static loading». Together with the fiberreinforced concrete samples, unreinforced concrete samples made of the same matrix
composition were also made. This approach makes it possible to evaluate the effect of only
the parameters of fiber reinforcement on the properties of the composite. In the manufacture
of samples, fine-grained concrete was used as a matrix, which made it possible to achieve a
high degree of dispersion of the reinforcement. The composition of the concrete mixture of
all samples was the same: Cement : Sand = 1:2 at Water/Cement ratio = 0,35 and the quantity
of the superplasticizer addition «Macromer P-17» was 0,5 % of the mass of Portland cement.
For preparation the samples were used quartz sand with a fineness modulus 2,3 in accordance
with GOST 8736 «Sand for construction work» and Portland cement CEM I 42,5 N produced
by HeidelbergCement (Cement Plant CESLA). Mixtures were compacted on a laboratory
vibrating platform. Freshly formed samples were kept for strength gain in a normal hardening
chamber at a temperature of (20 ± 2)°C and a relative humidity of (95 ± 5) %.
For reinforcement, synthetic polypropylene fiber was used (Fig. 1), the length of which
was 12 mm, diameter – 0,025 mm, and the modulus of elasticity of the material of these fibers
was 9000 MPa.

Fig. 1. Synthetic polypropylene fiber.

3 Main results and their analysis
Figures 2 and 3 show the complete diagrams of deflections depending on the applied loads,
drew during the testing of samples, and their sections describing the elastic deformation zone.
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Fig. 2. Complete diagrams of destruction of fiber-reinforced concrete samples.

Fig. 3. Elastic deformation areas of destruction diagrams of fiber-reinforced concrete samples.

The graphs shown in figure 3 show that the deflections of the samples at the stage of
elastic deformation under the same loads are different, while, despite the fact that the
polypropylene fiber is low modulus, the modulus of elasticity of the composite slightly
increases after its adding. The loads corresponding to the moment of starting the movement
of main cracks in the samples differ insignificantly, what is also explained by the use of fibers
with a low elastic modulus for reinforcement, which do not affect significantly on the
behavior of fiber-reinforced concrete under load at this stage of deformation. This follows
both from the values of the energy consumption recorded before the beginning of the
movement of the main crack, and from the values of the critical stress intensity factor.
Observed in this case a slight increase in the elastic modulus of fiber-reinforced concrete
can be explained by the modification of the structure of the cement stone near the surface of
the fibers, which have a small diameter, relatively short length, what provides a high degree
of dispersion of the reinforcement, that is a very extended interface with the matrix. All of
this leads to the creation of a developed micro-framework, created by contact zones with
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increased density and hardness. Such frame, as in the case of using other types of fiber,
prevents the development of deformations [5, 6].
When the maximum stresses are reached, polypropylene fibers lose their adhesion with
the matrix and are pulled out of it, which is accompanied first by an increase and then a
decrease in the load and is described by the corresponding branch of the diagram.
Numerically, this process is characterized by conditional specific effective energy
consumption for static destruction (G* f ).
The diagrams show that the volumetric content of polypropylene fiber does not change
the nature and mechanism of destruction of fiber-reinforced concrete, and only influence on
the numerical values of the characteristics of crack resistance and elastic modulus.
Table 1 shows the numerical values of the characteristics of crack resistance and elastic
modulus of the tested samples.
Table 1. Characteristics of crack resistance and elastic modulus of fiber-reinforced samples.

Crack resistance characteristic

0

Volumetric content of fiber, %
0,3
0,5
1,0

G* i – conditional specific energy
consumption for static destruction until the
moment the main crack starts to move, J/m2

20,6

16,3

20,6

23,3

G* f – conditional specific energy
consumption for static destruction, J/m2

34,3

330,2

435,4

933,8

К* с – conditional critical stress intensity
factor, MPa·m0,5

0,79

0,71

0,79

0,76

Flexural strength, MPa
Elastic modulus, MPa*103

6,2
36,2

5,9
37,6

6,5
36,8

6,1
39,9

Despite the fact that it was possible to obtain experimental data that fairly accurately show
the behavior of fiber-reinforced concrete under load, testing, even with the use of a special
device, remains a very laborious process, therefore the development of methods for
theoretical prediction of the desired characteristics becomes actual.
As a result of the experiments, it became possible to establish the general view of the
deformation diagram of fiber-reinforced concrete specimens [7-9], reinforced with lowmodulus polypropylene fibers (Fig. 4).

Fig. 4. General view of the deformation diagram of a fiber-reinforced concrete sample reinforced with
low-modulus synthetic fibers.
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Figure 4 shows that the diagram has three specific sections within the corresponding
segments OT, TC and CD. Wherein, point T limits the zone of elastic deformations, point C
corresponds to the end of the growth of the main crack and can correspond to the maximum
value along the load axis, point D determines the amount of sample deflection at the moment
of failure (end of the test). Thus, to build the estimated diagram of the deformation of a fiberreinforced concrete specimen under load up to failure, it is necessary to determine the
coordinates of points T, C, and D, which will correspond to the loads (along the vertical axis)
and deflection deformations (along the horizontal axis) at these points.
The process of building an estimated deformation diagram should be started from the OT
line, which limits the elastic deformation zone. It is known that such deformations are
characterized by a straight line, the angle of which depends on the elastic modulus of the
material.
It is obvious that microcracking in fiber-reinforced concrete begins at the same
deflections as in the unreinforced sample, which, according to the available information, are
in the range of 0,03-0,04 mm [9]. In this case, the load, and accordingly the location of the
point T, can be determined by the formula (1):

PT =

fT 48 E fb I
lo3

(1)

where P T – the load acting on the sample; f Т – deflection corresponding to point Т; I –
moment of inertia; l o – sample base (distance between supports); E fb – elastic modulus of
fiber-reinforced concrete.
The elastic modulus of fiber-reinforced concrete can be determined by calculation using
formulas that represent the development of one of the well-known laws of the theory of
composite materials – the «rule of mixtures», and connecting the elastic modulus of all
components that make up fiber-reinforced concrete with their content in the sample volume.
However, this approach, like other similar ones, does not take into account the mutual
influence of the components, and therefore there is some discrepancy with experimental data.
Based on this, it is proposed to improve the formula by introducing an experimental complex
coefficient into it, which takes into account the mutual influence of concrete and fiber, the
presence of a cement stone contact zone with improved properties between them, and several
other possible factors. At the same time, it is proposed that different types of fiber assign
their own coefficient, for example, for polypropylene fiber it is 28,5 [10]. Comparison of the
calculated data with experimental data indicates minor discrepancies between them, which
confirms the validity of the applied approach. Thus, the formula (2) can be used to determine
the elastic modulus of fiber-reinforced concrete:

=
E fb µb Eb + φµ f E f

(2)

where E b and E f – elastic modulus of concrete and fiber; µ b and µ f – the volume fractions of
concrete and fiber in the composite; φ – the experimental complex coefficient.
The load at point C can be found from the known formula for the flexural strength of a
concrete (formula 3):

Pc =

2bh 2 R fb
3lo

(3)

where R fb – strength of fiber-reinforced concrete; b, h – sample width and height.
At the same time, the «rule of mixtures» can be applied to calculate the strength, and if
the destruction occurs as a result of pulling fibers from the matrix, as in this case, then the
calculations are carried out according to the formula (4):
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+ 3,5 Rкз µ f + Rb (1 − 4,5µ f )

(4)

where τ – adhesion strength of the fibers to the matrix; l f – fiber length; µ f – fiber volume
fraction; d – fiber diameter; R b , R f и R кз – strength of concrete, fiber and the contact zone at
the «fiber-matrix» interface.
The strength of the concrete contact zone is determined by the following formula (5):

Rкз = 1, 4 Rb

(5)

However, in this case, when low-modulus fibers are used, in the formulas given, the term
that determines the contribution of the fiber should be excluded, since it is exhausted only by
the modification of the structure of the cement stone of the contact zone (formula 6):

3,5 Rкз µ f + Rb ( 1 − 4 ,5µ f )
R=
fb

(6)

To determine the coordinate corresponding to point C along the axis of deflections,
formula (7) is proposed, obtained by expressing this value from equation (1) after making
some changes related to the fact that the zone of plastic deformation is currently being
considered:

fC =
where
(8):

PC lo3
48 E1fb I

(7)

E1fb – deformation modulus of fiber-reinforced concrete, determined by the formula
E1fb = ν f E fb

(8)

where ν f – coefficient of elastic-plasticity at the moment preceding the destruction of fiberreinforced concrete.
It is known that when determining the deformation modulus (elastic-plasticity modulus)
of concrete, the value (v) varies from 1,0 (when the material works elastic) to 0,15 (at the
moment preceding destruction). The use of low-modulus fibers almost does not affect the
behavior of fiber-reinforced concrete under load in the elastic and elastoplastic stages of
deformation, therefore, for such fiber-reinforced concrete, it is proposed to take the
coefficient of elastic-plasticity in the range of 0,8-0,9, depending on the amount of
reinforcement.
When constructing the CD line, it is necessary to take into account that when the
maximum load at point C is reached, the main crack in the sample passes through the entire
working section, and the participation of the matrix in the further process practically stops.
The perception of loads in the descending part of the diagram is provided only by the strength
of adhesion of the fibers to the matrix in the process of their stretching or by the intrinsic
strength of the fibers, when their bond with the matrix is continues until destruction. At the
same time, it is obvious that the load will decrease from the highest point C to zero. Thus,
only the value of the sample deflection corresponding to point D is still unknown, which can
be determined by the formula (9):

l 2f τ bh µ f

=
fD 2

6d
PC

6

+ fC

(9)
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In the proposed dependencies, arguments that determine the properties of fibers can be
noted: length, diameter, elastic modulus, volumetric content in the composite and their
adhesion to the matrix. Most of the listed values are reference data, with the exception of the
fiber-matrix bond characteristic. Reference data on the adhesion of fibers to the matrix are
scarce and it is proposed to determine this characteristic experimentally separately for each
type of fiber. To determine the adhesion strength of the fibers with the matrix, can be used a
special calculation and experimental technique [11-13], improved during the present study.
In this case, it is required to make several series of fiber-reinforced concrete specimensbeams from cement paste of normal thickness and test them for tensile strength, while
recording diagrams of the dependence of specimen deflections on applied loads in accordance
with the requirements of GOST 29167. Specimens must be made sequentially, increasing
from one series to another the fiber consumption with the smallest possible step.
During this study, were made and tested specimens-beams with dimensions of 7×7×28
cm. During the study, it was found that the normal thickness of the cement paste is 29,5 %.
The step with an increase in the consumption of polypropylene fibers in the range from 0 to
0,5 % was 0,05 %, and in the range of consumptions from 0,5 to 1,5 % it was increased to
0,1 % by volume. In accordance with the proposed technique, on the obtained deformation
diagrams by their superposition, the intersection point was identified, at which the values of
the loads taken by concrete and fiber-reinforced concrete are equal to each other. Thus, to
determine the adhesion strength of the fibers with the matrix, it became possible to use the
formula (10):

τ=

3Pld f

4bh 2 l f µ f

(10)

where µ f – volume fraction of the fiber at which the loads received by the matrix and the
fibers are equal; P – load corresponding to the point of intersection of the deformation
diagrams; b – sample width; h – sample height; l – test base.
By substituting the numerical values into the formula (10), the adhesion strength of the
polypropylene fibers with the matrix τ = 0,5 MPa used during the experiment was
determined.
As an example of modeling the behavior of fiber-reinforced concrete under load, the
process of constructing a diagram of deformation of a fiber-concrete sample using
polypropylene fiber, at its consumption of 0,5 % and 1,0 % by volume, is considered. The
distance between the points of application of the load in the bending test (base) is 266 mm,
in the lower (stretched) face of the specimen there is an initial notch with a depth of 25 mm.
The dimensions of the samples for modeling are chosen in such a way that they repeat the
process of experimental research and it is possible to assess the convergence of the calculated
and experimental results.
At the beginning of the construction of the diagram, the zone of elastic deformations
should be considered. It is known that such deformations are characterized by a straight line,
and the angle of its slope depends on the elastic modulus of fiber-reinforced concrete, which
is determined by formula (2).
Considering that the process of microcracking in fiber-reinforced concrete, regardless of
the type and consumption of fibers, begins at the same deflection as the unreinforced sample
(f T = 0,038 mm), it is possible, using formula (1), to find the load corresponding to the point
T, which will be 2,275 kN. In this case, the moment of inertia for a rectangular working
section of the sample was calculated by formula (11):

I=

7

bh3
12

(11)
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The load and deflection obtained in this way represent the coordinates of the point where
the action of elastic deformations ends and the beginning of the formation of the main crack
(point T). The load at point C can be determined by formula (3) taking into account formula
(6). Taking into account the above data, the maximum load acting on the sample during its
testing (coordinate of point C along the vertical axis) was 2,415 kN. The sample deflection
at point D (f D ) can be determined from (11). As a result of the logarithmic approximation of
the obtained segment CD, we obtain a smooth curved line of the descending branch of the
calculated diagram. The diagrams built according to the calculated characteristics are shown
in figure 5.

Fig. 5. Estimated diagrams of deformation and destruction of fiber-reinforced concrete reinforced
with low-modulus polypropylene fiber.

Table 2 shows the numerical values of the characteristics of crack resistance and elastic
modules obtained using the above diagrams.
Table 2. Characteristics of crack resistance and elastic modules of fiber-concrete specimens
reinforced with polypropylene fibers.

Crack resistance characteristic
G* i – conditional specific energy consumption for
static destruction until the moment the main crack
starts to move, J/m2
G* f – conditional specific energy consumption for
static destruction, J/m2
К* с – conditional critical stress intensity factor,
MPa·m0,5
Flexural strength, MPa
Elastic modulus, MPa*10

3

8

Volumetric content of fiber, %
0,5
1,0
21,6

22,2

401,1

605,5

0,81

0,83

6,2

6,4

38,6

40,2
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4 Conclusions
The presented diagrams show the nature of the behavior of fiber-reinforced concrete under
load up to destruction and in this sense fundamentally coincide with the diagrams obtained
during preliminary experiments and given in the technical literature, which confirms the
correctness of the chosen approaches and the validity of the proposed assumptions.
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