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The inclusion of small amounts of short fibers has demonstrated to be an effective solution to control
cracking due to drying shrinkage of concretes at early ages. The key point of fiber effectiveness is their
capacity to sew the crack sides, preventing crack opening, because cracking of concrete matrix induces fiber
actuation. In this paper, fiber–matrix interaction is analyzed considering different amounts (from 600 to
1200 g/m3) and lengths (6, 12 and 18 mm) of alkali-resistant (AR) glass fibers and fiber coating effect. The
combination of experimental results previously published and analyses with simple FE models allows for
better understanding of early age concrete behavior. As concrete mechanical capacity develops with age,
while fibers have full properties before being included in concrete matrix, the interphase between matrix
and fibers evolves during setting and hardening, and affects cracking control effectiveness, due to stresses
induced by fibers into the matrix during concrete hydration.
l rights reserved.
© 2009 Elsevier Ltd. All rights reserved.
1. Introduction

As a result of the setting and hardening process, physical and
mechanical properties of concrete develop with age. At early ages,
between 2 and 10 h, chemical processes, such as cement hydration,
and physical phenomena, as settlement, occur, producing water
displacement and hydration product displacements (which, in turn,
produce new water displacements).

The chemical reactions of concrete depend on environmental
conditions. The macroscopic effects of cement hydration consist on a
change from plastic to rigid behavior, a dimensional change due to
autogenous shrinkage and the development of mechanical properties.

It has been proved that the mechanical properties evolution and
the cement hydration rate are related [1]. After 10 h, amaximumvalue
of rate of heat evolution takes place [2] and a change in themechanical
behavior has been described [3], reaching a minimum value of tensile
strain at failure. Therefore, before 10 h of age this value decreases, and
when longer time has passed, the value decreases.

Considering themechanical parameters evolution, Youngmodulus
has been applied first, then the tensile strength and later the com-
pressive strength [1].

In addition, concrete shows creep when subjected to a displace-
ment restraint, achieving a tensile stress relaxation (creep) which can
reach 50% of instantaneous stresses at early ages [4]. Concrete creep
has been observed to be beneficial to reduce cracking risk, because of
the relaxation of tensile stress produced by shrinkage at early age
[1,4,5].
The water movements through the concrete matrix at early ages
also determine concrete behavior, depending on the ease of water
displacement in relation to solid particles and the bonding stresses.
The mainmacroscopic effects of water movement are early age drying
shrinkage and a loss of mass due to evaporation [3].

Depending on the sequence of phenomena occurrence, shrinkage
(autogenous and drying) can produce cracking at early ages, whether
tensile strength is overcome. Although chemical and physical
phenomena are closely related, the macroscopic effects do not occur
simultaneously. It has been observed that, although cracking can
occur due to shrinkage, both phenomena are not linearly related [6].
Self compacting concrete samples (SCC) presented larger drying
shrinkage than conventional concrete but similar cracking at early
ages.

The inclusion of low amounts of dispersible short fibers aims to
control cracking due to concrete shrinkage at early ages and has been
demonstrated to be an effective solution [6–9]. As the amount of fibers
incorporated is very low (around 0.1% volumetric fraction, VF), it
cannot be considered as a macroscopic mechanical reinforcement, but
a local reinforcement which acts after concrete matrix cracks.
Furthermore, the dispersive ability of the fibers produces a random-
ized distribution of single filaments inside the concrete matrix [6].

The short fibers used are made of materials that do not react with
cement hydration products (at least at early ages), as polypropylene
or alkali-resistant (AR) glass fibers, and their properties remain
constant (unlike concrete) during setting and hardening of concrete.
On the other hand, their inclusion does not modify concrete shrinkage
significantly [6].

As fibers are randomly distributed in the concrete matrix, cracks
can reach a perpendicular fiber which can stop crack growth, when
propagating through concrete. Fiber cracking control capacity depends
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on fiber mechanical properties, shape and dimensions: fiber material
and fiber section (usually circular) determine its tensile strength, and
its length, as well as the fiber to hydrated cement paste bonding
capacity, also called interface, and the limit fiber pull-out strength.

The concept of interface is considered in the literature as referring
to a molecular level (fundamental adhesion) and a microstructural
level (single fiber) [10]. Interface formation and performance are also
modified by fiber coating (also called sizing), softening interfacial
bonds and improving fiber–matrix compatibility [11,12]. As fiber–
matrix interface is in formation when cracking begins, its pull-out
strength development determines fiber efficiency at early ages.

Glass–fiber length has been described as a less important part of
interface strength, since the pull-out strength does not increase
significantly over 1 mm interfacial length [10]. Furthermore, fiber
length has been reported to decrease significantly fiber–matrix
toughness, as longer fibers fail mainly due to fiber fracture, which
consumes less fracture energy than fiber pull-out [13].

In a previous research, a study on cracking control effectiveness,
due to drying shrinkage at early age, was reported [6]. The paper
refers to the inclusion of two types of dispersible short alkali-resistant
(AR) glass fibers in a self compacting concrete (SCC) and two
conventional concretes. Two main conclusions were drawn: cracking
control ability of low amounts of short fibers was very similar for
different types of concrete (standard and SCC), and higher VF of fibers
did not improve cracking control, but in some cases, efficiency even
decreased.
Fig. 1. Cracked area andmaximum crack length of SCC (AC) and standard concrete (K) specim
Fig. 1 shows the cracked area and maximum crack length
measured on SCC and standard concrete specimens modified with
different amounts of both types of AR-glass fibers under study [6]. As
far as only two specimens of each fiber VF and fiber type were tested,
no variability studies could be done. SCC and standard concrete
without fibers presented similar values of cracked area, though
maximum crack length greatly differed (experimentally measured
average error was under ±0.01% in all cases).

The inclusion of low VF of AR-glass fiber (600 g/m3) produced a
minimum value of both cracked area and maximum crack length. For
fiber amounts around 900–1000 g/m3, an unexpected decrease of
cracking control effectiveness was observed, whereasmaximum crack
length remained practically constant. The decrease on the cracking
control ability was measured in three out of four cases, considering
two types of dispersible fibers (W70 and HD) and two types of
concrete (conventional and SCC).

As it happens with any type of short fibers when added to fresh
concrete, two main patterns of relative positions between fibers and
cracks were observed.When a crack grows perpendicular to a fiber, its
cracking control ability is high and can limit crack growth. If the crack
appears parallel to a fiber, as can be observed in the three micro-
graphies of Fig. 2, it can progress easier, producing detachment
between fiber and concrete matrix. It can be also observed that
filaments that form the dispersible AR-short glass fibers effectively get
dispersed (all the visible filaments are alone on the surface of the
concrete matrix).
ens modified with low amounts of two types of short AR-glass fibers (HD andW70) [6].



Fig. 2. Micrographies of cracks observed on concrete slab surface in relation to the
presence of fibers (cracks have grown parallel to fibers).

Fig. 3. Basic FE model sketch of a fiber included in a concrete matrix and main
dimensions considered (out of scale).

804 G. Barluenga / Cement and Concrete Research 40 (2010) 802–809
As the fibers appeared to be well dispersed in the concrete matrix
(no accumulations of fibers were observed) and this second pattern
appeared mainly in the surface of the slabs with 900–1000 g/m3,
presenting a loss on cracking control efficiency, it can be inferred that
both facts, crack pattern and amount of fiber could be related.

In order to better understand fiber–matrix interaction at early ages
and its consequences on cracking control effectiveness, several simple
elastic analyses with finite element (FE)models have been performed,
considering three different amounts and lengths of two AR-glass
fibers.

The aim of this study has been to identify the cracking risks of
concrete, associated with drying shrinkage at early ages, induced by
the presence of dispersible short AR-glass fibers, trying to better
understand the associated phenomena.
2. Fiber–matrix FE models

In order to better understand the results obtained in the
experimental tests, several analyses were run on simple FE models.
The computer program ANSYS® was used to perform the FE analyses.

Although the interaction between fiber and concrete matrix is a
three-dimensional problem, simplified two dimensions FE models
were built, considering the fiber dimensions (great length with regard
to a much reduced section) and the effect of drying shrinkage on
concrete exposed surfaces [5]. The models were therefore meshed
with plane elastic elements with thickness for both materials
involved: concrete matrix and glass fibers.

The input data needed to run the FE analyses included geometric
and mechanical parameters, load applied and boundary conditions.

The geometric parameters were defined considering fiber dimen-
sions and VF fiber included in each case, taking into account the
random distribution of fibers. In all cases, fiber dimensions were
considered to be those of a single filament. The area of influence of
each fiber, calculated for each amount and length of fibers, was
modeled as a circular area, placing the fiber in the middle (Fig. 3). This
geometry eased the load application and the placement of boundary
conditions, with regard to square models [14,15], as it presented two
axes of symmetry (which allowed to simplify themodel to one fourth)
and no corners. Fig. 4 shows the geometry of a FE model considered in
these analyses.

The mechanical parameters required were the density, elastic
modulus and Poisson coefficient of the fibers and concrete. The fiber
parameters can be considered constant during the cement hydration,
while concrete parameters varied with time. In order to simulate the
non-linear behavior of the concrete matrix at early ages, a sequence of
static elastic analyses, considering different elastic moduli of concrete,
were run on each FE model.

The load applied on the models simulated the effect of drying
shrinkage of concrete at early ages. The loadwas applied on themodel
considering a pressure homogeneously distributed on the perimeter
of themodel (Fig. 4). This simulation effectively produced an isotropic
stress field in a reference model (without fibers) which was deformed
when a fiber was included. This approach to the application of the load
on the model also limited the effects of FE size and shape.

In order to simulate both symmetry axes of the FE models, the
boundary conditions applied on the FE nodes located on the axes of the
model corresponded to displacement restrictions in the perpendicular
direction to the axis and free displacement in the axial direction.



Fig. 4. FE model of a fiber included in concrete simplified considering two axes of
symmetry and boundary conditions (1/4 of the basic model).
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2.1. FE model parameters

The shape of the FE models was defined as a quarter of cylinder,
which simulates concrete matrix, where a quarter of glass fiber is
included. The cylinder height corresponds to the diameter of the fiber
(13 μm) and the radius of the cylinder depended on the length and
amount of fibers included (related to VF, considering fiber density).
Table 1 presents the parameters considered and the results obtained
using Eq. (1):

R =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Lf ⋅df ⋅ρf
π⋅Wf

s
: ð1Þ

Where Lf is the fiber length (in mm), df is the diameter of the fiber
(0.013 mm), ρf is the glass fiber density (2.58 g/cm3) and Wf is the
amount of fiber included (in kg of fiber per liter of concrete).

FE models were built considering two variables in order to identify
their influence on cracking risk of concrete matrix at early ages:

a) Wf, amount of glass fiber included: 600, 900 and 1200 g of fiber
(12 mm length) per cubic meter of concrete.

b) Lf, glass fiber length: 6, 12 and 18 mm (600 g of fiber per cubic
meter of concrete).

Themechanical parameters of the glass fibers considered for the FE
models were: a density of 2.58 g/cm3, a Poisson coefficient of 0.3 and
Table 1
Geometric parameters of the FE models.

Model Glass fiber
weight
(g/m3)

Volumetric
fraction (%)

Fiber length
(mm)

Area of
influence
(mm2)

Radius
(mm)

V6–GP6 600 0.023256 6 335.4 10.33253
V6–GP12 600 0.023256 12 670.8 14.6124
V6–GP18 600 0.023256 18 1006.2 17.89647
V6–GP12 600 0.023256 12 670.8 14.6124
V9–GP12 900 0.034884 12 447.2 11.93098
V12–GP12 1200 0.046512 12 335.4 10.33253
two elastic moduli, 70 and 40 GPa. The first value corresponded to the
glass fiber modulus and the second represented the softening effect of
the fiber sizing on the fibermechanical performance, because the fiber
coating can produce changes in the fiber surface chemical and
nanomechanical properties which modify the interface stiffness
[11,16].

The mechanical parameters considered for the concrete were a
density of 2.3 g/cm3, a Poisson coefficient of 0.2 and a sequence of
elastic moduli from 0.5 up to 8 GPa. This sequence simulated the
evolution of concrete mechanical properties at early age (up to 24 h)
[5,17,18].

The load applied consisted on a homogeneous pressure of 1 MPa
on the perimeter of the model. The results obtained in the reference
model (no fiber and a load of 1 MPa applied homogeneously
distributed on the perimeter) produced an isotropic stress field of
1 MPa and, consequently, no shear stress.

All the models with fiber included reproduced the same load state
and the results reported were always referred to as a ratio (stresses
with regard to 1 MPa). Therefore, all the values of stress over 1 MPa
implied an increase of cracking risk which would be related to fiber
presence in concrete matrix.

3. Results of the FE models

Five different FE models were built, considering three VF fiber and
three fiber lengths, as described previously. In the first case, the
influence of VF is evaluated, in order to compare FE results with the
experimental results, searching for a correspondence with the
variation of cracking control effectiveness experimentally measured.
In a second stage, FE models were used to evaluate cracking risks
derived from fiber presence in the concrete matrix related to fiber
length.

Eachmodel has been analyzed considering two fiber elastic moduli
and twelve concrete elastic moduli, simulating fiber coating softening
effect and matrix rigidization due to cement paste hydration,
respectively. Altogether, one hundred and twenty FE analyses were
performed.

The results obtained from the computer analyses consisted of
numerical results of stresses on the FE nodes on the direction of the
fiber, perpendicular to the fiber and shear stresses, and graphics of the
stress state of themodel. Fig. 5A and B shows the general behavior and
the stresses distribution observed on the FE models. Fig. 5A displays
the stress distribution obtained on the FE analyses in the perpendic-
ular direction to the fiber, and Fig. 5B presents the shear stress
distribution. It can be observed that the presence of fibers produces an
increase of tension stress in the matrix around the fiber and shear
stresses appearance. Fig. 6A and B represents in detail the stress
distribution and a stress vectorization, respectively. The maximum
tension was measured on the nodes located on the fiber–concrete
interface, due to the different mechanical performances of both
materials. The stress vectorization indicates that the presence of the
fiber produces a deformation of the stress field. Fig. 7 represents a
sketch of the stress field deformation.

3.1. FE models with different fiber volumetric fractions (VF)

The maximum tension stress ratio in the perpendicular direction
to the fiber (σmax/σref; σref=1 MPa), considering three different VFs
of two types of glass fibers (with and without coating) of length
12 mm and the stiffening process due to concrete matrix hydration,
are summarized in Fig. 8. It must be highlighted that any value over
1 MPa implies an overstress of the concrete matrix and, therefore, an
increase of the cracking risk.

All curves representing the models' behavior exhibit the same
pattern: a first stage where the stress ratio decreases rapidly, reaching
aminimum stress ratio around 1.06; a second stage characterized by a



Fig. 5. Distribution of stresses on the FE models: (A) in the perpendicular direction to
the fiber (axis Y) and (B) shear stress.

Fig. 6. Detail of the stress distribution on the FE model: (A) stress quantification and
(B) vectorization of stress results.

Fig. 7. Stress distribution sketch on the FE model. The presence of the fiber modifies the
stress field on the matrix around the fiber.
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fast increase reaching a maximum value at a modulus ratio of 0.1 and;
a third stage that shows a slight decrease. The maximum value of
stress ratio is achieved for 900 g of fiber, and it reaches a stress ratio of
1.15, which implies an overstress of 15% on the concrete matrix due to
VF fiber.

Fig. 9 presents the maximum shear stress ratio (τmax/σref; σref=
1 MPa) for different VFs and concrete moduli. In all cases a fast
decrease of shear stress happened during the first stage of the stiffen
process according to a potential function. No significant differences
can be observed with regard to VF fiber. In both cases – tension and
shear stresses – the models with the same VF fiber and different fiber
moduli plot coincident curves, considering modulus ratio.



Fig. 8. Maximum stress ratio perpendicular to the fiber during concrete setting, considering Young modulus of concrete to fiber ratio, for different amounts of 12 mm fiber.
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3.2. FE models with different fiber lengths

Fig. 10 records the maximum tension stress ratio in the
perpendicular direction to the fiber, considering 600 g of three
different fiber lengths of two types of glass fibers (with and without
coating) and the stiffening process due to concrete matrix hydration.
All the stress ratio curves follow the same pattern described
previously, but the change in length modifies the maximum value
and the modulus ratio when it occurs.

The maximum value of tension stress ratio is achieved for the fiber
of 18 mm length, and reaches 1.19 MPa, which implies an overstress
of 19% on the concrete matrix due to VF fiber. It appears for a modulus
ratio (Econcrete/Efiber) of 0.05. The fiber of length 12 mm reached 1.12 at
a modulus ratio of 0.1. At last, the 6 mm long fiber reached 1.09 at
0.12.

Fig. 11 presents the maximum shear stress ratio for different fiber
lengths and concrete stiffness. In all cases a fast decrease of shear
stress happened during the first stage of the stiffening process,
according to a potential function. Slight differences can be observed
considering that the lower the modulus ratio, the larger the
difference. On the other hand, the shorter the fiber length, the larger
the shear stress.
Fig. 9. Maximum shear stress (regarding 1 MPa stress field) during concrete setting, consi
12 mm glass fiber.
4. Discussion

The results obtained indicate that the stress distribution of
concrete matrix is modified by the presence of the VF and the fiber
lengths at early age.

Although shrinkage and cracking are related, cracking can occur
with different values than those of shrinkage, as early age shrinkage
combines autogenous (related to cement paste hydration, that also
relates to concrete stiffening) and drying shrinkage (not related to
cement hydration and, therefore, neither to concrete properties
evolution). Depending on which type governs shrinkage, there
would be more relation between them. In this study, drying was
considered the main cause of shrinkage.

In the case of concrete without fibers, the combination of
shrinkage and concrete stiffening produces tension stress in the
concrete matrix. Shrinkage and the evolution of concrete mechanical
properties can be assumed to be the same in any direction considered
(on the same exposed surface, if related to drying shrinkage).
Therefore, the cracking risk can be assumed to be also isotropic.

Consequently, the strain field produced by shrinkage is isotropic
and, when plain concrete mechanical properties evolve, it creates an
isotropic stress field, until the first crack appears. According to this, in
dering Young modulus of concrete with regard to fiber ratio, for different amounts of



Fig. 10. Maximum stress ratio perpendicular to the fiber during concrete setting, considering Young modulus of concrete to fiber ratio, for different fiber lengths.
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the experimental program reported [6], cracking observed in plain
concrete specimens has no main direction (mapped cracking).

When short fibers are added to concrete, the strain field remains
isotropic (fibers do not modify shrinkage significantly), while the
stress produced depends on the direction considered, modifying the
stress field. It must be highlighted that the inclusion of fibers produces
shear stresses in the concrete matrix, due to the different mechanical
stiffnesses.

The interface between fiber and concrete evolves with time, as
concrete matrix properties increase. Figs. 5A, B and 6A, B show that
the maximum values of stress appeared in the interface between fiber
and concrete, at a certain distance from the edge of the fiber. This
length is related to the interfacial length needed to transmit tensional
stress on the fiber to the cement matrix [10].

The results of maximum stress ratio for different VF fibers, can
explain the anomalous behavior observed for certain fiber amounts in
the previous experimental program.

The curves of stress ratio with regard to modulus ratio present
three stages, as shown in Figs. 8 and 10. At very early ages, concrete
behaves plastically and relaxes stress due to creep. Cracking risks at
very early ages can be considered very reduced, as modulus ratio is
very low. Consequently, the first stage of the pattern curve has
negligible influence in cracking risk of concrete.

On the contrary, the maximum value of the stress ratio, at the end
of the second stage, conditions the cracking risk due to shrinkage at
early ages. Considering 50% of stress relaxation due to creep effects
Fig. 11. Maximum shear stress (with regard to 1 MPa stress field) during concrete settin
and a double linear logarithmic model of concrete properties
evolution [17,18], the concrete modulus for the maximum cracking
risk will be between 2 and 8 GPa, depending on the type of concrete
considered. For these values, the maximum stress ratio on the models
under study is reached.

The results obtained can be applied on any type of concrete, as
concrete modulus always evolves from zero to the hardened concrete
modulus and the models presented refer to modulus ratio (it is an
independent variable). To reproduce a certain concrete, concrete
modulus must be adjusted with time.

The results also confirmed that more fiber does not mean a better
cracking control, as it was demonstrated in the experimental study.
For 600 g/m3 of fiber (per cubic meter of concrete), the maximum
value of tension stress in the perpendicular direction to the fiber
increases 12% with regard to plain concrete, while for 900 g/m3 it
reaches 15% and for 1200 g/m3 barely reaches 10%.

In the moment when the maximum value of tension stress
occurred, shear stress reaches 20% of tension stress, increasing the
stress intensity of the matrix and, therefore, the cracking risk. The
results of these analyses matched the experimental results [6].

The time when the maximum tension stress happens does not
depend on the VF fiber, but on the fiber length and sizing. The
inclusion of fiber coating can modify the interphase stiffness. This
effect has been simulated in the model as a change on fiber modulus,
which brings forward stress curve. At this moment, the concrete still
behaves plastically and can relax stress easily. As a result, cracking risk
g, considering Young modulus of concrete to fiber ratio, for different fiber lengths.
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is reduced. It can be assumed that the later the maximum tension
stress is reached, the larger the cracking risk, because the concrete
matrix is less plastic, increasing concrete modulus without increasing
concrete strength significantly [1,16,17].

Fiber length has been also studied to evaluate its influence on
cracking risk at early ages. Up to the results obtained in this study, it
has been demonstrated that the larger the fiber length, the larger the
tension stress and the cracking risk. For 6 mm fiber length, the
maximum tension stress increase reached 9%, while for 9 mmwas 12%
and for 18 mm increase to 19%.

In this study, a homogeneous random distribution of fibers was
assumed. If fiber accumulations appear, due to poor mixing, the
influence surface of every fiber would be reduced, increasing tension
stress and cracking risk.

Considering the evolution of fiber–concrete interface regarding
concrete properties, fiber length and VF, the design of fiber coating
could be a technological solution to overcome the problems that
appeared due to fiber matrix interaction at early ages.

5. Conclusions

In this paper, fiber–matrix interaction is analyzed considering
different amounts (from 600 to 1200 g/m3) and lengths (6, 12 and
18 mm) of AR-glass fibers and two different fiber coatings. The study
combines experimental results and analyses with simple FE models to
reach a better understanding of early age concrete behavior.

As far as the results obtained are consequent with some
simplifications, and according with the experimental data obtained
in a previous experimental program, some main conclusions can be
drawn:

• The inclusion of low VF of short fiber is an effective measurement to
control early age cracking. For some VF and fiber length, the
reduction of cracked area reaches up to 95%.

• The inclusion of fibers in the concretematrix deforms the stress field
created by the combination of shrinkage and cement paste
hydration at early ages. This deformation produces an increase of
tension stress in the concrete–fiber interface and shear stresses
appear on the extremes of the fiber (anchorage length).

• The increase of stress at early ages enlarges cracking risk due to
shrinkage and fiber matrix interaction. The stress intensity depends
on the VF fiber and length, combining geometric and mechanical
parameters.

• The stress state on thefibermatrix interface depends on the concrete
mechanical properties evolution (grade of hydration) and fiber
mechanical properties (constitutive material and sizing amount and
type).

• The VF fiber modifies the cracking risk: among the amounts
considered in this study, 900 g/m3 produces maximum tension
stress in the perpendicular direction to the fiber. These results
match the experimental results previously published.

• Fiber length influences stress intensity and the moment when
maximum values appear. Among the fiber lengths considered in this
study, the shorter the length, the lower the stress. Experimental
results are needed to confirm this assertion.
• Fiber modulus also influences the interfacial stress development,
but it does not influence stress intensity. The lower themodulus, the
sooner the stress develops, and, therefore, the lower the cracking
risk, as concrete has larger creep ability at very early ages that can
relax stress easier.
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