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Abstract: The use of fiber in cement materials is a promising and effective replacement for bar
reinforcement. A wide range of fiber-reinforced concretes based on composite binders with increased
impact strength characteristics have been developed. The synthesized composites included the
composite binder made of Portland cement, silica, and carbonate additives. Basalt and steel were
used as fibers. The nature of the influence of the composition and manufacturing technology of
cement composites on the dynamic hardening coefficient has been established, while the growth of
these indicators is achieved by creating a denser interfacial transition zone between the cement paste,
aggregate, and fiber as a result of improving the homogeneity of the concrete mixture and controlling
the consistency. Workability indicators (slump flow up to 730 mm; spreading time up to a diameter
of 50 cm is up to 3 s) allow them to be classified as self-compacting concrete mixtures. An increase
in the values of the impact strength coefficient by a factor of 5.5, the dynamic hardening coefficient
by almost 70% as a result of interfacial interaction between fibers and binder matrix in the concrete
composite, as well as absorption of impact energy by fiber, was revealed. The formula describing the
effect of the loading rate on the coefficient of dynamic hardening of fiber-reinforced concrete has been
refined. The fracture processes of the obtained materials have been established: after the initiation of
primary cracks, the structure of the composite absorbs impact energy for a long time, while in the
inelastic range (the onset of cracking and peak loads), a large number of secondary cracks appear.

Keywords: fiber concrete; cement composite; dynamic strength; impact strength

1. Introduction

The use of fibers as reinforcement is not a new notion. Since ancient times, fibers have
been employed as reinforcement [1,2]. Horsehair was once used in straw in mud-bricks
and mortar. Asbestos fibers were employed in concrete in the early 1900s. The concept of
composite materials was born in the 1950s, and fiber-reinforced concrete was one of the hot
issues. There was a need to find a replacement for asbestos in concrete and other building
materials after the health dangers linked with the substance were revealed. Steel [3], glass
(GFRC) [4], and synthetic (polypropylene) fibers were all employed in concrete by the 1960s.
New fiber-reinforced concretes are still being researched [5–7]. Fibers that are overly long
and not adequately treated at the time of processing, on the other hand, tend to “ball” in the
mix and cause problems with workability [8]. Fibers are added to concrete for long-term
durability by controlling the size of cracks, by which the transport of corrosive materials
into the concrete is reduced [5,6,8].

Fiber-reinforced building materials for special structures, created taking into account
transdisciplinary positions and micromechanics of composite media, are of significant
interest as a new generation of composites [5,6,8]. At the same time, it becomes possible to
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achieve the target characteristics of static and dynamic strength, impermeability to toxic
vapors and gases, as well as durability, which will make it possible to operate structures in
extreme conditions and, accordingly, preserve the life and health of people in protective
shelters [9–11]. Transdisciplinary positions that combine the theoretical foundations and
technical justification for the creation of multicomponent composites from the standpoint of
reducing the economic and environmental burden, provide the ability to control structure
formation in order to achieve high values of operational characteristics [7–15].

Fibers are commonly used in concrete to prevent cracking caused by shrinkage
of the cement paste at the plastic stage, drying and autogenous shrinkage in the early
stage [15–17]. Concrete with certain fibers has higher impact, abrasion, and shatter resis-
tance [16]. In some cases, larger steel or synthetic fibers can totally replace rebar or steel [18].
In the underground construction industry, fiber-reinforced concrete has nearly completely
replaced bar in tunnel segments, with almost all tunnel linings being fiber-reinforced rather
than rebar [19,20]. Some fibers do, in fact, lower concrete’s compressive strength [21]. A
number of works are devoted to the development of effective methods for the manufac-
ture of structural fiber-reinforced materials for protective structures [22–25]. Li [26] has
developed engineering concrete composites that can be effectively applied to earthquake-
resistant construction. The mechanical properties of high-strength fiber-reinforced concrete
were studied in detail by Yoo [27]. Good results, generalized by Ranjbar [28], were obtained
in experiments with geopolymers. A significant effect is provided by the use of secondary
aggregate from concrete scrap of demolished buildings and structures [16]. As it was
revealed as a result of a literature review [7–15], with the acceleration of loading (and hence
deformation), the material acquires dynamic strength. A representative parameter of this
kind of hardening is the coefficient of dynamic hardening (CDH), which is the ratio of
dynamic compressive strength to static one.

CEB-FIP code [29] propose the following formula for calculating the CDH:

CDH =
fcd
fcs

= (

.
ε
.

εs
)

1.026αs
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.
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CDH =
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.
ε
.
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.
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here fcd is an ultimate strength in dynamic compression; fcs is an ultimate strength in static
compression;

.
ε is a strain rate in the range from 3 × 10−5 to 3 × 102 reciprocal seconds

(calculated as the strain under axial compression, divided by the time taken to reach this
value);

.
εs is a strain rate under static compression, equal to 3 × 10−5 reverse seconds;

γs = 10(6.156αs−2)

αs =
1

5 + 9 fat/fco

fco = 10 MPa

A known way to increase flexural strength, tensile strength, and impact viscosity is
the use of fibers from various materials in cement composites. At the same time, among the
various types of fiber, the use of steel and basalt fiber gives good results [15,18,19,21]. At
the same time, there is a need for the formation of concepts to supplement the fundamental
foundations using models of hydration structure formation of cement composites for
various functional purposes [30,31]. Considering that the science intensity of industries
is determined, among other things, by the rate of change of raw materials, it is important
to expand the raw material base for the creation of new structural materials with various
improved target characteristics [32–35]. At the same time, to date, the rate of change of
raw materials in the construction industry remains quite low [36–38]. Manufacturers are in
no hurry to massively introduce unconventional raw materials due to their unwillingness
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to re-equip existing technological lines as well as due to regulations prohibiting many
changes [39–43].

Thus, based on a comprehensive analysis of literature sources, it is urgent to develop
scientific foundations for managing the processes of synthesis of composites at various
scale levels, with the identification of the stages of structure formation of composite binding
systems and interaction of the raw materials.

The hypothesis of the work is that a combination of mixed binder with fibers will have
a synergetic effect. Therefore, the aim of the article is to measure the composition effect on
mechanical behavior. The goal is to develop composite binders and cement fiber concretes
with improved dynamic strength. However, the research significance of the study lies in
complementing the theoretical foundations for controlling the processes of synthesis of
cement composites at various scale levels.

2. Materials and Methods
2.1. Materials

The following raw materials were used:

− for the composite binder: Portland cement CEM I 42.5N according to EN-197 [44],
active silica-containing additive, ground quartz sand, limestone microfiller;

− for the self-compacting concrete mix: Pantarhit PC 160 superplasticizer, quartz sand,
steel, and basalt fiber (Figure 1, Table 1).
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Figure 1. Fibers used: (a) steel, (b) basalt.

Table 1. Technical characteristics of the types of fibers used.

Characteristics Steel Fiber Basalt Fiber

Tensile strength, MPa 600–1500 3500
Fiber diameter, mm 1.2 13 × 10−3

Fiber length, mm 13 6 ± 1.5
Elastic modulus, GPa 190 75
Elongation ratio, % 3.5 3.2

Melting temperature, ◦C 1550 1450
Resistant to alkalis and corrosion medium high

Density, kg/m3 7800 2600

One of the active mineral fillers in the composition of the composite binder is the
active silica-containing additive (ASCA), which is obtained by the technology of heat
treatment of rice husk, which makes it possible to obtain a material with a high content of
silicon dioxide (up to 99%); it includes controlled combustion of raw materials for 2 h at a
temperature of 900 ◦C. As a result, silica particles were obtained that did not exceed 60 µm
in size (Figure 2).
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Figure 2. Morphology of the active silica-containing additive.

2.2. Mix Design

The introduction of ASCA as a partial replacement for cement confirms its efficiency
up to substitution at the level of about 30%, and this trend remains for the fineness of
grinding in the range from 500 to 900 m2/kg (Figure 3). In this case, the maximum effect
is achieved with a specific surface area of 550 m2/kg; a further increase in the fineness of
grinding does not lead to an increase in activity.
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Figure 3. Dependence of the compressive strength of cement paste on the amount of added ASCA.

A wide range of composite binders has been developed (Table 2). Here the reference
composition (CEM) was not subjected to grinding, and all other compositions were ground
to 550 m/kg.

Table 2. The developed nomenclature of the composite binders.

Mix ID
Properties pf the Binder, %

Superplasticizer, %
of the BinderPortland

Cement
Ground

Quartz Sand Limestone ASCA

1-1 70 2.5 2.5 25 1.0
1-2 64 2.5 2.5 31 1.3
1-3 58 2.5 2.5 37 1.6
2-1 65 5 5 25 1.0
2-2 59 5 5 31 1.3
2-3 63 - - 37 1.6
3-1 60 7.5 7.5 25 1.0
3-2 - - - 31 1.3
3-3 63 - - 37 1.6

CEM 100 - - - -
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Based on composite binders, self-compacting fiber-reinforced concretes have been
obtained, which have the potential for use in the structures of protective structures. For
this, 1020 kg of sand, 235 L of water, and 1.6% volume (of the composite binder) of steel or
basalt fiber were added to 1 cubic meter of concrete mix. The water to binder ratio was 0.4.

2.3. Methods

The study of the specific surface area of the components of the composite binder was
carried out using a PSH-11 device (Khodakov Devices, Moscow, Russia) (Figure 4a). The
microstructure of the raw materials was studied using a scanning electron microscope
(CrossBeam 1540XB, Berlin, Germany) (Figure 4b). X-ray diffraction analysis was carried
out on an equipment ARL 9900 WORKSTATION (Thermo Fisher Scientific, Waltham,
MA, USA) (Figure 4c). The study of the normal density of the mixtures according to the
Russian Standard GOST 310.3-76 was carried out on a rotational viscometer RheoStress
600 (HAAKE, Berlin, Germany) with a measuring system FL22 (propeller type), shown in
Figure 4d). The consistency of the cement paste was taken as the normal consistency, in
which the pestle does not reach the bottom of the measuring container by 5–7 mm.

Fibers 2021, 9, x FOR PEER REVIEW 6 of 14 
 

= М+ М  

Compressive strength was determined on cubic specimens with an edge of 150 mm 
using a hydraulic press (Figure 4j). 

Impact strength testing was carried out using a falling impactor based on the inter-
national normative document ACI Committee 544; a slab with dimensions of 600 × 600 × 
50 mm was subjected to repeated impacts in one place. In this test, a striker with a weight 
of 10 kg fell from a height of 600 mm on the slab (Figure 4k). 

  

(a) (b) (c) (d) 

    
(e) (f） (g) (h) 

   

 

(i) (j) (k)  

Figure 4. Equipment used: (a) PSH-11, (b) CrossBeam 1540XB; (c) ARL 9900 WORKSTATION; (d) RheoStress 600; (e) 
Abrams cone; (f) V-funnel; (g) L-box; (h) U-box; (i) Static Segregation Column Mold-HC-3666; (j) hydraulic press; (k) im-
pact strength equipment. 

  

Figure 4. Equipment used: (a) PSH-11, (b) CrossBeam 1540XB; (c) ARL 9900 WORKSTATION; (d) RheoStress 600;
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(k) impact strength equipment.

According to the Russian Standard GOST 310.3-76, an Abrams cone (Figure 4e) was
used to study a slump flow (in millimeters) and the velocity measure, i.e., the time
(in seconds) it took for the mixture to spread up to a diameter of 500 mm. Further re-
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search on self-compacting concrete mixtures was carried out according to EFNARC [45] as
outlined below.

Study of the transit time of self-compacting concrete mixtures in a V-funnel in accor-
dance with [45]. This test gives adequate results because the maximum aggregate size does
not exceed 20 mm. The device consists of a 10 L stainless steel V-funnel with waterproof
sliding inner surfaces. The top edge is smooth and reinforced and the outlet is equipped
with a sealing valve (Figure 4f). The study of the behavior of the mixture in an L-box was
used to determine the flow rates and the flow of the mixture in confined spaces. The test
box consists of a concrete tank with sliding interior surfaces, three obstacles, and a test
basin (Figure 4g).

A study of the behavior of the mixture via a U-box was used to measure the flowability
of concrete mix in communicating vessels. The device consisted of a container, divided in
the middle by a wall into two compartments, between which an opening with a sliding gate
was installed (Figure 4h). Reinforcement rods with a diameter of 13.4 mm were installed
on the valve with a center-to-center distance of 50 mm. This created a distance between the
rods of 35 mm. The left section was filled with 20 L of concrete mixture, then the gate was
lifted and the concrete began to flow into the other section. The height of the concrete mix
was measured in both sections.

Static Segregation Column Mold-HC-3666 (Gilson, Columbus, OH, USA) (Figure 4i)
was used to study the stratification of self-compacting concrete mix. It was also utilized
to determine the potential for static separation of the mixture by measuring the fiber and
aggregate content in the top and bottom of a cylindrical column. During the tests, the
concrete mixture was poured into the top of the column and held for 15 min. Then the
aggregate and fibers from the top and bottom of the column were collected, rinsed from
the cement paste, and sieved through a 4.75 mm sieve. The segregation index (SI) was
calculated by comparing the masses in the upper (Mu) and lower parts (Ml):

SI =
Ml − Mu

Ml + Mu

Compressive strength was determined on cubic specimens with an edge of 150 mm
using a hydraulic press (Figure 4j).

Impact strength testing was carried out using a falling impactor based on the international
normative document ACI Committee 544; a slab with dimensions of 600 × 600 × 50 mm was
subjected to repeated impacts in one place. In this test, a striker with a weight of 10 kg fell
from a height of 600 mm on the slab (Figure 4k).

3. Results and Discussion

Figure 5 demonstrates high rheological and strength characteristics of the developed
composite binders.

There is an increase in strength of more than 60% at a cement substitution level of
more than 40%. The obtained results of hardening and compaction of the structure are
explained by the complex influence of the components of the composite binder. An active
silica-containing additive and amorphous particles of ground quartz sand, as a result of a
pozzolanic reaction, bind Ca(OH)2, which is released during the hydration of alite into low-
basic calcium silicate hydrates of the second generation. Finely ground limestone particles
perform a double function: they clog the pores and form calcium hydrocarboaluminates,
densifying and strengthening the structure. Crystalline particles of ground quartz sand act
as centers of crystallization of new formations. This is confirmed by comparing the results
obtained by other authors, for example, Tokarev et al. [46].
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Based on composite binders, self-compacting fiber-reinforced concretes have been
obtained, which have the potential for use in the structures of protective structures. When
reinforced with 1.6% steel fiber, they show high physical and mechanical characteristics:
tensile strength—above 16.2 MPa, elastic modulus—43 GPa. The same percentage of basalt
fiber reinforcement demonstrates slightly reduced indicators: tensile strength—15.8 MPa,
elastic modulus—42.5 GPa. This is 15–25% higher than the results obtained by other
authors in the study of various fiber-reinforced concrete [13,19].

Considering that the protective structures are mostly underground facilities, it is
important to deliver the concrete mix to the work site. Accordingly, it is necessary that the
workability characteristics meet the requirements for self-compacting concrete mixtures,
which was achieved, according to the results shown in Figure 6. Indicators of workability
of mixtures (slump flow up to 730 mm; spreading time up to a diameter of 50 cm (T50)—up
to 3 s; flow time via a V-funnel—6 s; height difference in a U-box—up to 3 cm; ability to
overcome the resistance of reinforcing bars rods in an L-box with a coefficient of up to
0.98; resistance to segregation—up to 6.3%) allow them to be classified as self-compacting
concrete mixtures (corresponds to the mixture grade SF2 according to the international
standards EFNARC [45]).
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Figure 6. Achieved workability characteristics.

Despite the high workability characteristics, water separation remains at the normative
level due to the use of new types of microfillers (limestone and quartz), which create a
“stability framework”, which has a positive effect on the homogeneity and consistency of
the mixture.

An increase in the values of impact viscosity (a representative characteristic of which
is the coefficient µ, which is the ratio of the number of impacts before the destruction of
the sample to the number of impacts before the appearance of the first crack) by a factor
of 5.5 due to the formation of the structure of fiber-reinforced concrete. Accordingly, the
coefficient of dynamic hardening (CDH) increases by more than 60% due to the complex
redistribution of internal stresses at the stage of hardening, as well as a decrease in the rate
of cracking with a simultaneous dispersion of stresses during operation under loading.
The obtained results of impact strength are 40–60% higher than the results of other authors,
and by the value of the coefficient of dynamic hardening by 25–30% [47,48].

The fracture patterns of the slab specimens showed that the unreinforced plate col-
lapsed, dividing into four parts (Figure 7a). It can be seen that the presented sample lost its
structural integrity and changed its geometry, as a result of achieving the energy intensity
of the impact. On the other hand, the fiber-reinforced concrete specimen (Figure 7b) was
perforated as a result of repeated falling of the striker, and, accordingly, the slab did not
split into pieces, remaining structurally intact and viscous; there was a large number of
secondary (hair) cracks.
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Crack width and the number of secondary cracks appearing prior to plate failure are
representative characteristics of impact viscosity. Comparing the final crack width with
the initial one, the efficiency of the steel fiber is determined, which acts as a connecting
“bridge” in microcracks. In particular, in the optimal composition 2-2, the crack opening
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before the fracture of the specimen increased by 69% (from 1.160 to 1.876 mm), and the
number of secondary cracks was more than 4 times (from 4 to 18) compared to the control
specimen. SEM images of fiber-reinforced concrete show the fiber bridging effect and the
compaction of the interfacial transition zone (ITZ) (Figure 8).
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Furthermore, the XRD results proved that in the developed material, in addition to
amorphous silicon dioxide, there is a crystalline phase in the form of β-quartz. Both phases
make it possible to control the structure formation of the developed composites (Figure 9).
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The study of the change in the CDH of fiber-reinforced concrete at strain rates from
30 to 110 s−1, showed that sample 2-2 of the optimal composition shows a lesser depen-
dence of deformations on loading rates (Figure 10).

In addition, in the course of calculating the coefficient of dynamic hardening accord-
ing to the CEB-FIP model [29], a contradiction was established between the model and
experimental results, which is especially pronounced for fiber-reinforced concrete of the
optimal composition 2-2. In particular, when calculating using the CEB-FIP recommen-
dations, the results give a higher strain rate than the results obtained experimentally;
the coinciding linear dependence is traced only at an early stage, which corresponds to
the rates of deformation of the transition from the elastic stage to the plastic stage (7, 11
and 15 s−1 for samples 2-2, 3-2 and 1-2, respectively); and at a speed of 30 s−1, there is a
discrepancy with the calculated data according to the CEB-FIP model. When interpolating
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in the subsequent range, the calculated normative model predicts a sharper increase in
CDH with the acceleration of deformation in comparison with the experimental results
obtained in the work.
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Analyzing the results obtained, the calculation Equation (1) was corrected, which
makes it possible to predict the ratio of the dynamic hardening coefficient and the defor-
mation rate of cement composites; in particular, it allows the use of the CEB-FIP recom-
mendations for deformation rates that are lower than the deformation rate of the transition
and demonstrates a linear increase in the CDH with a logarithmic dependence of the
deformation rate higher than the deformation rate of the transition.

CDH =

{
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.
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.
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.
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(1)

where
.
ε0 = 30 × 10−6 s−1,

.
ε TR are the deformation rates of the transition, A and B are the

constants established experimentally. The values of the coefficients are: A (0.7394; 0.9872
and 0.1209), B (−2.9830; −0.8409 and −2.1270) and

.
εTR (15, 7 and 11) for samples 1-2,

2-2 and 3-2, respectively. The results of the calculated values according to the proposed
formula show good reliability (R2 = 0.9548). In this case, the error of the model (p-value)
amounts to 0.0015.

Thus, the results obtained confirm the possibility of obtaining self-compacting fiber
concretes capable of providing improved physical and mechanical properties and perfor-
mances as a result of using the composite binder consisting of an active silica-containing
additive, a complex of micro-fillers, as well as steel or basalt fiber. It was found that
fiber-reinforced cement composites, with a small number of defects, due to which they are
high-density and relatively homogeneous, having high adhesion between the composite
matrix, fine aggregate and fiber, characterized by an increased ratio between tensile and
compressive strengths, have good impact viscosity.

The factor of impact viscosity increased by 5.5 times due to the formation of the struc-
ture of the composite matrix and absorption of the impact energy by the fiber, as well as the
increased characteristics of self-sealing, prove the effectiveness of using the developed ma-
terials for the construction of protective underground structures of complex configuration.
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4. Conclusions

The development and research of nine high-performance concrete mixtures made it
possible to achieve improved physical and mechanical properties and performances of the
fiber-reinforced concrete, which allows them to be used for protective structures. The main
conclusions of the current research can be summarized by the followings:

− The processes of structure formation in multicomponent polymineral hardening
systems based on composite binders using nature-like technologies were examined
through experimental tests and supplemented when creating building materials for
operation in extreme conditions.

− A wide range of fiber-reinforced concretes based on composite binder has been pre-
pared, with increased characteristics of impact strength. The influence of the manufac-
turing technology of cement composites on the coefficient of dynamic hardening has
been established, while the growth of these indicators attributed a denser interfacial
transition zone between the cement paste, aggregate, and fiber as a result of improving
the homogeneity of the concrete mixture and controlling the consistency.

− The dependence of the viscosity of mixtures on the type of composite binder has
been studied. The workability indices of the mixes make it possible to classify them
as self-compacting concrete mixes (grade SF2 by the value of slump flow). The
high workability of fiber-reinforced concrete mixtures makes it possible to use them
for the construction of objects of complex configuration in terms of plan, including
underground civil defense facilities.

− An increase in the values of the impact strength coefficient up to 5.5 times, the dynamic
hardening coefficient by almost 70% as a result of a directionally synthesized binder
matrix, as well as absorption of impact energy by fiber, was revealed. The mechanical
changes should be attributed to the mechanical properties of the binder and the ITZ.
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