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A Structural Model and Strength Predicting of Fiber-Reinforced Concrete
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Abstract: Fiber-reinforced concrete is a material of the “structure in structure” or “composite in composite”
type, with a complex poly-structural organization. The present article investigates some particular features of
cement composite structure organization in a wide range of fibers saturation; critical percentages of fiber
reinforcement are estimated and a structural model of fiber-reinforced concrete is proposed; this model makes
it possible to estimate the set of the most important factors in the process of structure formation and to predict
the strength of the composite.
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INTRODUCTION MATERIALS AND METHODS

Obvious   advantages   of    fiber-reinforced The authors use the method of predicting the
concretes (manifold increase in  strength  and  tolerance strength  of  fiber-reinforced concrete using a modified
to crack-forming, wear etc.) [1-8] and the seeming easiness rule of the mixtures that considers the  influence of
of achieving the desired result conditioned the general contact zones of cement stone forming on the surface of
empirical character of investigations. This made it reinforcing fibers.
possible to accumulate a lot of experimental data for For  the    calculations,   a   structural   model of
engineering practice, but, nevertheless, has not yet fiber-reinforced concrete is used; this model reflects
helped develop modern technology that would completely interactions of  the  basic  structure-forming  elements
fit the demand for progress, competitive capability and with different levels of  fiber  reinforcement  saturation
cost-efficiency of fiber reinforcement so as to ensure and their inter-relationship with the properties of the
significant progress in promoting the efficiency of obtained material.
construction product. Successful solving of this task This  article  presents  an  apprehension   of  the
cannot be achieved without a theoretical generalization fiber-reinforced concrete composition as a heterogeneous
and further development  of    knowledge   about   complex poly-structural   capillary-porous    body  whose
processes taking part in forming the structure and properties are largely conditioned by the amount and
physical-mechanical properties of fiber-reinforced state of contacts on the boundary of phases division
concretes, about their inter-relation with the state of the “fiber - matrix”.
input materials, composition and technological processes On the basis of the conducted analysis, as well as of
of manufacturing [4-6]. Part of the investigations aimed at the results of experimental investigations that indicated an
creating  such  integral  system  of  knowledge  about active role of fiber reinforcement in the process of
fiber-reinforced concrete is presented in this article structure-forming; a concept is stated, with the basic
devoted to the issues of structure modeling and ideas as follows. Fiber-reinforced concrete, as a
predicting the strength of the composite [9-10]. composite,  is  a  heterogeneous  poly-structural
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capillary-porous body, where, on every structural level, The composite as a structural system based on the
two phases interacting between themselves can be elements of structural analysis and assuming
detected: expression   of    mechanical    characteristics of

A dispersed phase presented by a series of matrix material and reinforcing fibers, coefficient of
reinforcing fiber sections having particular length; fiber reinforcement, geometric dimensions of fibers
A dispersed environment - a concrete or cement and other macroscopic parameters.
matrix that undergoes significant changes in the
process of structure forming and composite Thermodynamically, the structure of fiber-reinforced
properties generating. concrete is formed as a result of the phase tending to

The Main Part In advance of that goes the process of forming the
 Particular Features of the Structure of  Fiber-reinforced structural aggregates that are a system consisting of
 Concrete   as  a  Composite  Material: A distinctive fibers encircled in a tight and strong layer of cement
feature of composite construction materials, particularly formations [14, 17]. High energy of particles interaction
those based on mineral reinforcing elements, is their inside that system makes it possible to consider such
clearly manifested heterogeneousness with the difference aggregates as component elements of the structure
in sizes of separate elements as large as by 10  and more. contacting with the dispersive environment through the4

This  fact   conditions   the  complex  organization of division surfaces. That said, the mutually independent
fiber-reinforced concrete structure and a wide range of positioning of these elements can be preserved only until
notions that make it possible to describe the material a  certain critical  concentration  of  fibers  is   achieved.
structure on various levels. This said, it is also assumed As the percentage of reinforcement or the geometric
that each lower-scale level structure is a component of a factor is increased, these elements get closer to each other
higher-level structure. and, eventually, a fiber-cement framework is formed, with

It has been stated [6, 9] that forming an optimal monolithing at the points of contact and filling the formed
structure of a multi-component material ensures its cells with the matrix material of lower density and
optimal properties. Among various characteristics of any strength.
construction material, its strength is the most objective Critical limits of saturation of cement composites with
one. In order to theoretically describe the resistance to reinforcing fibers. In the general case, as fiber-reinforced
destruction, selection of the model is important; such concrete structures are manufactured, it is important to
model must objectively reflect the behavior of the material estimate the range of volumetric content of fibers, within
under load. which their brittle fracture is impossible. However, in the

Analysis of the works investigating the structure of range ( ), another typical point has relevance;
fiber-reinforced concretes [8, 10-18] shows that compiling
a complex model that can help assess the complex
character of interactions between separate elements and
the actual picture of the reinforced state of the material is
quite a difficult task. Two variant of modeling are possible
and, hence, two types of the model:

The  composite  as a quasi-isotropic system, to
which continuous field analog technique is
applicable, which is traditional for the mechanics of
solid deformable bodies. In this case, parameters of
the model are estimated on the basis of laboratory
investigations  conducted  with   the   help of
method for experiment planning and mathematical
statistics;

fiber-reinforced concrete through similar values of

achieve balance by decreasing its internal surface energy.

this point corresponds to the moment of forming of fiber-
cement framework [mu] ; before and after that point, theê

behavior of composite and its properties are quite
different.

When    using     structurally    homogeneous
matrices (cement  stone  is definitely not one of those),
the strength  of  the  composite   material   is  assessed,
for the first approximation, with the help of the “rule of
mixtures”  and,  in  the   case   of   a   strong  connection
on the boundary between components, which ensures
their simultaneous deformation up to the degree of
fracture, the strength can be expressed in the following
way:

(1)
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Fig. 1: The behavior of fiber-reinforced concrete strength
in dependence on volumetric concentration of
fibers: 1 is the strength of fiber-reinforced
concrete, established as to the "rule of mixtures";
2 and 3 are, respectively, the strength of the fiber
and the concrete; 4 is the character of the strength
change in the actual sample of fiber-reinforced
concrete

where [sigma] is the strain in the fibers at the moment off

the matrix fracture; R  is the matrix strength limit; [mu] ism

the volumetric ratio of fibers.
It should be noticed that such expression of the “rule

of  mixtures”  is  valid  if   E /E    >  1. On the basis of thef m

equation (1), the changes in the strength of the composite
in dependence on the volumetric content of fibers and the
matrix material can be expressed in the graphical form
(Fig. 1).

Strength  Predicting:   The  anticipated  strength of
fiber-reinforced concrete at any point of the range
( ) can be  estimated  as  a  result  of  forming  a

 graph R = f(µ); in order to do that, in any particular casefb

we can calculate the strength of the composite at three
points corresponding to critical limits of reinforcement. In
order to predict the strength of fiber-reinforced concrete
at those  points,  the formula by I.A. Lobanov can be used
[7, 10]; in this formula, the influence of fiber reinforcement
in dependence on geometric characteristics of fibers and
the degree of their interaction with the matrix is assessed
by either its total strength, or the magnitude of its
cohesion on the boundary “fiber - matrix” with
consideration of [mu].

In particular, if reinforcement is oriented in one
direction inside the cement stone that has strong
connection with fibers up to the moment of fracture, this
formula can be expressed in the following form:

(2)

where R  is the strength of fiber-cement; R  is the strengthfc f

of fibers; R  is the strength of the contact zone; R  is thekz ck

strength of the cement stone; [delta] is the size
(thickness) of the cross-section of the contact zone; r is
the radius of fibers.

In this formula, besides the radius, which is usually
known or can be easily estimated by measuring, the most
interesting is the quantitative assessment of the contact
zone thickness [delta], which has been considered to be
equal to 300 micron on average, according to preliminary
estimates. In those cases, when the reinforcement
percentage was equal or a bit higher than the level of
[mu] , that is, if [mu] = 1.5…2.5% by volume, the value ofmin

[delta]  =  0.3 mm  had   not  seemed  irrelevant.  However,

Table 1: Composition and properties of concretes reinforced with lathe fiber

Consumption of material in the mixture, kg/m Properties3

Consumption --------------------------------------------------------------------- ------------------------------------------------------
Item f fiber [mu], % Cement Sand Steel fiber Water F/C [rho] , kg/m R , MPa R , MPamed b c

3

1 8.8 1800 - 684 450 0.25 2655 38.0 107.3
2 - 1800 - - 450 0.25 2063 5.8 78.0
3 4.8 1000 1000 375 320 0.32 2533 21.5 85.2
4 - 1000 1000 - 320 0.32 2194 8.9 44.5
5 3.8 700 1400 300 250 0.36 2460 23.7 65.5
6 - 700 1400 - 250 0.36 2249 8.3 43.8

Note:  for  samples manufacturing, the fiber was used with the length l = 11 mm, the cross-section area A = 0.02 mm  (d = 0.16 mm), the mass m =2
equiv f

0.0017 g.
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Table 2: The volume of contact zones under [delta] = 300 micron (according to the data presented in table 1)

Volume of components, l/l Consumption of cement stone, l/l
------------------------------------------ -------------------------------------------------------

Number of Fiber Sand Cement [rho] , For filling For encapsulation Otherck

Item fibers pcs./l (V ) (V ) stone (V ) kg/l cavities of sand grains volume V , l/l V Vf Si ck kz kz res

1 402 353 0.088 - 0.912 2.16 - - 0.912 1.919 2.1
2 - - - 1.000 2.06 - - 1.000 - -
3 2205 88 0.048 0.38 0.572 2.02 0.17 0.096 0.306 10.52 3.44
4 - - 0.38 0.620 1.93 0.17 0.096 0.354 - -
5 176 471 0.038 0.53 0.432 1.76 0.24 0.134 0.058 0.842 14.5
6 - - 0.53 0.470 1.81 0.24 0.134 0.096 - -

Note: for samples manufacturing, sand was used with the size modulus M  = 2.1; specific surface S  = 7.35 m /kg, porosity in the compacted state P = 0.31.size sp cs
2

if saturation of fibers in the matrix was higher, such value
of [delta] became inappropriate; this, for example, is
testified by the calculations related to experimental
investigations, whose results are presented in Tables 1
and 2.

As Table 2 shows, the calculated number of contact
zones is significantly higher than not only the volume of
the cement stone, which is related to the characteristics
of, but also the volume of the samples as a whole. In this
situation, only one supposition can be made - about
multiple interpolations of contact zones. However, this is
impossible, by two reasons: Fig. 2: The diagram of the cross-section of the fiber

The percentages of reinforcement assumed for the zone
experiment are much higher than the values
( ); equivalent volume of cement stone; m  and m is the

The density of cement stone in the contact zones, as
they interpolate, should increase significantly, which
is not the case, as we can judge by the presented
data.

Therefore, the value of [delta] = 300 micron is not
always applicable and it needs further elaboration.
Basing on the assumption that, in the process of
structure-forming of the fiber-reinforced concrete, part of
the cement stone near the surface of fibers is replaced
with the contact zones material, which is equal to the
cement stone by volume, but is much denser (Fig. 2.), we
can express the values as:

(3)

(4)

where is the coefficient of proportionality; Vkz

and  V  is  the  volume  of  the  contact  zone  and  its ck

encapsulated in the cement stone in the contact

kz ck

mass of the contact zone and its equivalent volume of
cement stone.

Expressing this equation (4) in the expanded form, we
obtain

,

where [rho]  and [rho]  are the densities of the contactkz ck

zone and of cement stone in other areas, correspondingly;
l is the fiber length.

Considering that , the latter formula

takes the following form:

where m and [rho]  are the mass and the density of fibers,f f

correspondingly.
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As we continue the transformations, we obtain: Basing on the above-said, the calculated values of

Or, with consideration of (3):

Considering that the ratio of contact zones in the
fiber-reinforced concrete is [eta] = 3.5[mu] [11, 14], we
estimate, that

Hence,

(5)

Therefore, the thickness of the contact zone is a
changing value depending on the area of the cross-
section of the fibers and the value of [delta] = 300 micron
corresponds to the particular case, if the fibers used have
the diameter d  0.5 mm.f

With consideration of (5), the formula for strength
calculation (2) can be expressed in the following form:

(6)

fiber-reinforced concrete strength, in dependence on the
relative length of fibers and the degree of their interaction
with the matrix, can be estimated by two formulas,
similarly with the equation (6):

In the case of the strong connection on the
boundary “fiber-matrix” up to the fracturing moment

(7)

If there is no strong connection on the boundary of
phases division

(8)

CONCLUSIONS

On     the     basis  of     the     presented
experimental-theoretical investigations, a structural model
of fiber-reinforced concrete has been developed; this
model is a combination of elementary volumes; each of
them has all the characteristics and properties of the
composite. An integral part of the model is the element of
the fiber-reinforced concrete - a macro-structural cell,
whose size is comparable to geometric characteristics of
reinforcing fibers and the filling aggregate, whereas the
character and the degree of its interaction with the rest of
the material is determined by the composition of the
concrete  matrix  and  the  number  of  the  added  fibers.
On this basis, the composing of various mixtures consists
in such combining of discreet structural elements that
ensures their certain integrity and will suit the desired
character and conditions of the manufactured structure in
the best way. 

As a theoretical basis for the quantitative assessment
of the properties, in particular, the strength, of fiber-
reinforced concrete according to the proposed model, a
modified rule of mixtures can be used; this rule, with
consideration of the additional data obtained during the
investigation, has the form (7) or (8).
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