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� A new experimental method for the assessment of pavement whitetopping is proposed.
� Substrate-fiber concrete reinforced overlay composite beams are tested under flexure.
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� FRC overlay effect is comparatively greater for asphalt substrates than for concrete.
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Fiber reinforced concrete overlays are nowadays an alternative for repairing and reinforcing pavements.
The contribution of concrete overlays strongly depends on the bond with the substrate. The fibers help
sewing contraction joints and eventual cracks and, in this way prevent the propagation of cracks along
the substrate–overlay interface. Therefore, the addition of fibers to the overlay allows reducing repair
thickness, increasing service life and improving pavements general performance.

Some experimental tests performed for the development of a method to assess different fibers effi-
ciency in this type of applications are presented in this paper. Substrate–overlay composite beams are
tested under flexure. The beams consist of overlays of plain and fiber reinforced concretes, containing
steel and macro-synthetic fibers, applied over an asphalt concrete substrate. The numerical simulation
of the beams is also included in the paper. Fiber reinforced concrete is considered as a composite material
made of a concrete matrix and fibers and its mechanical behavior is modeled with a simple homogeniza-
tion approach based on modified mixture theory. The numerical simulation can accurately reproduce
material characterization tests and predict the bearing capacity of the composite beams. Furthermore,
other substrate/overlay alternatives are numerically studied. The numerical results could be useful to
improve the design of these intervention techniques.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

A common way to restore the performance level of a deterio-
rated pavement is through a superficial reinforcement called over-
lay. The whitetopping overlays are made of portland cement
concrete. They are classified in unbonded and bonded whitetop-
ping. Overlays laid on old asphalt pavements presenting high
deterioration (e.g. severe rutting, potholes, alligator cracking, sub-
grade/subbase issues, shoving, and pumping) should be considered
as unbonded overlays. On the contrary, if the asphalt pavement is
in fair or better structural condition with typical distresses (e.g.
rutting, shoving, slippage, and thermal cracking) the overlay can
be considered as a bonded one [1]. No adherence with the old
pavement is assumed for unbonded overlays. The design procedure
does not consider any structural contribution from the old pave-
ment (see Fig. 1a) and thus, a thicker reinforcement (normally
100–280 mm) is obtained. The overlay performs as a new pave-
ment, and the existing one provides a stable base [1]. The rein-
forcement thickness can be reduced (50–100 mm) in case of
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Fig. 1. Strains in repaired pavement. (a) Unbonded overlay and (b) bonded overlay.
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bonded overlays because both the substrate and the overlay can be
assumed to work together (see Fig. 1b) as a monolithic pavement
[2]. However, the adherence obtained during the construction
phase is gradually reduced along time [3] due to many reasons
such as shear stress concentration at the interface due to tension
cracking of the overlay, adverse conditions during road construc-
tion (e.g. oil stains), inadequate superficial roughness of the over-
lay, among others. The bonded concrete overlay of asphalt
pavements mechanistic empirical design guide (BCOA-ME) [4]
has been developed to calculate Portland cement concrete overlay
thickness based on climate parameters, existing structural param-
eters, as well as asphalt and concrete material properties.

According to Turatsinze et al. [5], the main reasons that produce
loss of adherence are: external mechanical loads and length
changes between substrate and overlay. In both mechanisms, this
lack of adherence begins primarily in reinforcement disruptions,
edges, cracks and joints.

The effect of loads on the reinforced pavement can be observed
in Fig. 2. Under the wheel load, some parts of the overlay may
result subjected to tensile stresses. Due to the different responses
of the concrete overlay and the asphalt substrate, these tension
stresses in coincidence with a joint or a crack, may promote the
debonding between substrate and overlay. The cyclic load effects
contribute to the crack growth along the interface. Temperature
change produces differential length variations that promote crack-
ing of the overlay and shear stress concentrations at the substrate–
overlay interface contributing to the debonding.

Fiber reinforced concrete (FRC) overlay is an attractive alterna-
tive because fibers can transfer stresses through the cracks, reduc-
ing mechanical discontinuities and shear stresses at the interface.
Prevention of reinforcement layer debonding due to the addition
of fibers have also been observed by the authors in other FRC
repairing and reinforcing tests [6]. In general, fibers allow reduc-
tion of the overlay thickness, increment the service life and the
overall performance of the structure.

Although FRC whitetopping have been used during the last dec-
ade, the benefits of fibers addition cannot be properly quantified
nowadays. Many researchers have studied FRC overlay focusing
on the substrate–overlay interface bonding [7–11]. Turatsinze
and Tran ([7–9]) analyzed the flexural response of FRC overlay over
plain concrete and steel beam substrates. Their main conclusions
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Fig. 2. Debonding produced by traffic loads.
were: (a) the interlocking mechanism governs the overlay cracking
and the crack propagation at the interface, (b) drying shrinkage
affects the crack initiation and propagation rate in the overlay that
reduces its durability and (c) a lower stiffness and a higher resis-
tance of the overlay promotes adherence and durability of the
interface. Also, monotonic flexural tests do not show all the posi-
tive aspects of incorporating fibers into FRC overlay. The fibers,
even at low dosage, are capable of transferring loads, limiting crack
propagation and improving the fatigue response with respect to
plain concrete. Tayeh et al. [11] show the importance of an optimal
preparation of the interface to obtain a better mechanical bonding
in the compound. Perez et al. [10] indicated that improvement in
roughness and adherence between overlay and substrate not
always guarantee a monolithic response of the composite and over
a certain level of roughness, the risk of bond loss increases.

Since 2004, FRC has been used in road applications for construc-
tion of thin and ultrathin whitetopping overlays [12]. Cervantes
and Roesler [13] show that macrofibers increase the reinforcement
fatigue life due to the higher capacity and efficiency in load trans-
fer. Bordelon and Roesler [14] developed a design method for ultra-
thin whitetopping where the contribution of fiber can be
significantly appreciated.

This paper evaluates the effect of fibers in flexural response of
composite substrate–overlay beam specimens with the objective
of comparing the effects of incorporating different types and con-
tents of fibers to the overlay assuming perfect bonding.

A plain concrete and two fiber reinforced concretes overlays
were molded over an asphalt concrete substrate to analyze their
response. The paper is completed with the numerical simulation
of the composite beams under flexure that allows understanding
how they work and the effect of adding different fibers to the over-
lay, the role of the existing substrate and the effect of temperature
on the behavior of the composite structure.
2. Experimental program

2.1. Methodology

To evaluate the overlay–substrate mechanical response a three point bending
test over a span of 350 mm was adopted. Prismatic specimens 400 mm long,
100 mm width and 100 mm height were used. They were composed of two layers
of 50 mm thickness each, an asphalt concrete substrate and a Portland cement con-
crete overlay.

The composite beams were prepared by molding 300 � 400 � 50 mm3 slabs
with asphalt concrete following EN 12697-33 [15]. The slabs were cut, obtaining
three 100 mm width prisms and concrete was poured over them (Fig. 3).

Three composite beams for each type of concrete overlay were tested. The
beams were placed with the asphalt concrete substrate in the compression zone
and the overlay in the tension zone (Fig. 4a), simulating the effect of the transit
loads shown in Fig. 2. A 10 mm notch was cut in the overlay in the middle of the
span to localize the failure. A clip gage, that registered the crack mouth aperture
(CMOD), controlled the tests (Fig. 4a). An initial displacement rate of 0.05 mm/min
was established and once the crack aperture reached 0.3 mm, the displacement rate
was increased to 0.2 mm/min. Considering that some cracks might develop along
the interface, the relative vertical displacement between two points located at both
sides of the substrate–overlay interface was measured with a LVDT (Fig. 4a).
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Fig. 3. Composite beams.
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Mechanical properties of the substrate and the overlay were measured at the
same age of the composite beams tests.

Overlays compressive strength and modulus of elasticity were measured by
conventional tests on d = 100 mm, h = 200 mm cylinders. The flexure response
was evaluated following the general guidelines of the EN14651 standard [16]; small
beams, similar in size to the composite beams: 105 mm height, 75 mm width and
430 mm long, with a 18 mm depth notch, were adopted. These specimens were
tested under three points bending over a 350 mm span. In this way, the composite
beams and the FRC beams tested under similar load arrangement can be compared.
The first peak strength (fL), the maximum flexural strength (fM) and the residual
strengths fR1, fR2, fR3 and fR4 were calculated for the FRC beams. These last values
represent the nominal strength capacity for 0.5, 1.5, 2.5 and 3.5 mm crack openings
respectively. The length/height and the notch/height ratios remained the same as
the values established in the EN14651 [16] standard. To calculate the residual
strengths for the same rotations considered in the standard the CMOD limits were
corrected, as it is explained in Ref. [17].

For the asphalt concrete substrate characterization, traditional tests in road
engineering were carried out; dynamic modulus, Marshall stability and direct ten-
sile strength. As the substrate would be compressed in bending tests, compression
tests were also developed. In this case, the axial strains were measured with two
LVDT on the lateral opposite sides of the specimens (Fig. 4b). The applied axial
deformation rate was similar to the deformation rate that would suffer the sub-
strate in the composite beam flexure test. Based on the strain measurements, a ‘‘sta-
tic modulus of elasticity’’ was calculated in accordance with the criteria used in
concrete but without loading cycles.
LVDT clip

(a)

Fig. 4. (a) Substrate–overlay beams bending test.
2.2. Materials and mixtures

Composite beams were made using three overlays with different post peak
response, all of them with the same base concrete: the plain concrete (PC), a FRC
with 3 kg/m3 (0.33% in volume) of macro-synthetic fibers (MFRC) 60 mm length
and 0.62 mm diameter, and a FRC with 40 kg/m3 (0.50% in volume) of
hooked-end steel fibers (SFRC) 35 mm length and 0.55 mm diameter. The respective
composite beams are identified as PC-A, MFRC-A and SFRC-A. To ensure the proper
filling of the molds a self-compacting type mixture was used as base concrete for
the overlays. It was prepared using ordinary Portland cement, calcareous fine pow-
der and fly ash as fine powder, natural siliceous sand, granitic crushed stone of
12 mm maximum size, and a polycarboxylate based superplasticizer. The slump
flow diameters were 725 mm, 680 mm and 695 mm for PC, MFRC and SFRC
respectively.

The substrate (A) was a hot mix asphalt; it was made with conventional asphalt
binder (penetration of 47 mm, softening point of 54.8 �C and a cinematic viscosity
at 60 �C of 3350 dPa s), two coarse aggregates (6–20 mm and 6–12 mm), fine aggre-
gate (0–6 mm) and lime. It was designed using the Marshall method resulting an
optimum asphalt content of 5%, a design density of 2.389 g/cm3 and 4.1% of air
voids. Table 1 shows the proportions of the mixtures.

2.3. Overlays and substrate properties

The compressive strength and the elasticity modulus of the PC were 37.3 MPa
and 27.2 GPa, respectively. In the case of the FRC the values of compressive
strengths and elasticity modulus were 33.0 MPa and 26.4 GPa and, 38.0 MPa and
26.1 GPa for MFRC and SFRC, respectively.

Three beams of each type of concrete (PC, MFRC, SFRC) used as overlay were
subjected to three point bending tests. Fig. 5 shows average load-CMOD curves
and standard deviation obtained for the three point bending tests of each type of
concrete. The vertical segments in Fig. 5 indicate standard deviation for fL, fR1, fR2,
fR3 and fR4. Mean stress values are presented in Table 2. The first peak strength fL

was similar in the three cases because this stress depends on the strength of the
plain concrete. The different behavior of the FRC can be distinguished through
the values of the maximum strength and the residual strengths. SFRC has hardening
response, while in MFRC the loading capacity decreased after the first peak until a
residual stress of approximately 30% of the fL. The residual capacity of plain con-
crete is negligible.

Regarding the substrate, the asphalt mixture has 7453 MPa dynamic modulus at
20 �C, 15.3 kN Marshall stability, 1448 kPa indirect tensile strength, 2.3 MPa com-
pressive strength and 1.5 GPa static elasticity modulus. A surface texture with a
typical roughness of asphalt concrete pavements was obtained.

2.4. Test results and analysis

Fig. 6a compares average load-CMOD curves and standard deviation (vertical
segments) obtained for composite beams PC-A, MFRC-A and SFRC-A. The behavior
of the composite beam PC-A is similar to the behavior of plain concrete (see PC,
Fig. 5). In the MFRC-A beams, after the matrix cracks, the residual load capacity
grows progressively until almost a 70% of the first crack load, instead of remaining
constant like in the MFRC (see Fig. 5). These improvements in the load residual
capacity of the composite beam can be associated to cracks difficulty to go inside
(b)

(b) Asphalt concrete compression test setup.



Table 1
Mix proportions.

Concrete overlays Asphalt concrete substrate

Materials (kg/m3) PC MFRC SFRC Materials (%) A

Water 157 Asphalt binder 5.0
Portland cement 259 Coarse aggregate

6–20 mm
23.7

Fine powder 175 Coarse aggregate
6–12 mm

28.5

Natural sand 735 Crushed sand 0–6 mm 40.9
Coarse aggregate 865 Lime 1.9
Superplasticizer 2.5
Macro-synthetic fibers – 3 –
Steel fibers – – 40
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the substrate. The described behavior differs from the one observed when a
macro-synthetic fiber overlay was applied over a concrete substrate. In this case,
in previous experiences [18], no increase in the load capacity was obtained during
the postpeak regime. The behavior of the composite SFRC-A beams was similar to
the one of its respective concrete (SFRC, Fig. 5). The residual response was better
than the one observed in previous studies using the same type and content of steel
fibers but on concrete substrates. In general, it is possible to infer that the FRC resid-
ual capacity is increased when more deformable substrates (i.e. asphalt concrete
substrate instead of concrete substrate) are reinforced and when the bond strength
delay the crack propagation along the interface.

The average relative vertical displacements registered by the LVDTs in the inter-
face region as a function of CMOD are plotted in Fig. 6b. Initially, the LVDT presents
compressive displacements (shortens) until the first peak load is reached (see
Fig. 6a), after that, and when an important crack opening takes place in the overlay,
the LVDT starts to recover its length but without elongation. In the PC-A beams,
when the load starts to decrease, only a slight change in the deformation of the
LVDT takes place. It starts to deform rapidly when the load decreases below
500 N (CMOD near 0.264 mm). For MFRC-A beam, the LVDT starts to recover more
gradually when the minor postpeak load is reached (CMOD larger than 0.295 mm).
Finally, for SFRC-A beams, the recovery of the LVDT displacements starts for a crack
opening of approximately 1.690 mm.

Although the observed behavior does not seem to be associated to a bond loss
between the substrate and the overlay, in some cases it was observed that the
cracks run out of the overlay. They propagate to the substrate–overlay interface
and then they run into the asphalt concrete substrate and continue propagating
(Fig. 7).

Table 3 presents the residual load capacities of both the composite and the
overlay concrete beams expressed as relative values of the first peak load (LL).
The residual loads, were determined following the EN 14651 [16] standard, and
the maximum loads are: LR1, LR2, LR3, LR4 and LM, respectively. Relative residual
capacities are greater for the composite beams than for each overlay concrete.
This difference is more pronounced in the case of MFRC-A composite beams, where
the relative residual capacity is almost twice the relative residual capacity of the
MFRC beam. For SFRC-A composite beams, the increase in the relative residual
capacity with respect to SFRC beams is lower (approximately 40%) than that found
for MFRC.

To determine the effect of surface roughness on the flexural response of the lay-
ered beams, possible enhancements of the testing setup considering weak sub-
strate–overlay interface should be considered in the future.
Fig. 5. Average load-CMOD curves for the concretes used as overlays.
3. Numerical models

3.1. Introduction

FRC is increasingly used for repairing or strengthening purposes
nowadays. Although some experimental papers related to the ret-
rofitting of reinforced concrete structures with FRC have been pub-
lished [19,20], practical tools for the design of these techniques are
still being developed. Predicting the response of retrofitted struc-
tures requires the numerical simulation of the resulting composite
structures.

While concrete and reinforced concrete behavior under
multi-axial loads has been well studied, documented and modeled
by several researchers, several differences between the constitu-
tive models proposed for FRC in the existing codes can be found
[21].

A simple homogenization approach for SFRC based on a modi-
fied mixture theory was proposed by the authors in a previous
paper [22]. SFRC is considered a composite material composed of
a concrete matrix, which is modeled with an elastoplastic model
[23,24], and steel fibers considered orthotropic elastoplastic inclu-
sions that can debond and slip from the matrix. Constitutive equa-
tions of fibers are modified using the approach proposed by
Luccioni and López [25] to include this inelastic phenomenon
without explicitly modeling the interface. The model requires con-
crete properties, fibers material, geometry, distribution and orien-
tation as input data. The fibers bond–slip behavior is obtained from
pull-out tests.

This model is used to simulate the mechanical response of FRC
beams and composite beams.

3.2. Constitutive models

FRC can be regarded as a composite material consisting of a
brittle concrete matrix plus short disperses fibers. One simple
way of modeling composites behavior is mixture theory. This paper
employs modified mixture theory for orthotropic materials to sim-
ulate FRC behavior taking into account the concrete and fibers con-
tribution. Particularly, the anisotropic behavior of fibers and their
slippage are modeled in a simplified way [22].

The classic theory of mixtures [26] assumes that all components
in the composite have the same strain (compatibility condition). If
fiber/matrix interface is not explicitly considered and fibers are
supposed to be oriented in n directions, this condition is written as:

ðeijÞFRC ¼ ðeijÞConc ¼ ðeijÞFi ð1Þ

where eij, ðeijÞConc; ðeijÞFi with i ¼ 1;2; . . . ;n are the strain tensors for
the composite (FRC), concrete and fibers in i-direction respectively.

On the other hand, the composite free energy density can be
written:

Wðeij;aiÞ ¼
Xn

m¼1

kmWm eij; ðaiÞm
� �

ð2Þ

where Wmðeij; ðaiÞmÞ is the free energy density per volume unity of
each m-component, km ¼ dVm=dV is the corresponding volumetric
ratio and ðaiÞm is a set of internal variables.
Table 2
Strength and residual stress parameters of the different concrete used as overlays.

Concretes fL

(MPa)
fM

(MPa)
fR1

(MPa)
fR2

(MPa)
fR3

(MPa)
fR4

(MPa)

PC 4.7 4.7 0.7 0.1 – –
MFRC 4.8 4.8 1.6 1.5 1.6 1.7
SFRC 5.0 5.6 4.0 4.8 5.1 5.1



Fig. 6. Bending tests on composite beams; (a) average load-CMOD curves; (b) average relative vertical displacement-CMOD curves.

Interface crack

Fig. 7. Specimen detail after test.
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The composite secant constitutive equation can be obtained
from Coleman relations that guarantee the fulfillment of
Clausius–Duhem inequality [27]:

rij ¼
@Wðekl;akÞ

@eij
¼
Xn

m¼1

kc
@Wcðekl;akcÞ

@eij
¼
Xn

m¼1

km rij
� �

m ð3Þ

where each component stress ðrijÞm is obtained from the constitu-
tive equations respectively.
Table 3
Residual load capacity of composite beams and overlay beams (relative values of the
first peak load).

LL LM LR1 LR2 LR3 LR4

Composite beams: concrete overlay-asphalt concrete substrate
PC-A 1 1 0.20 0.08 0.05 0.05
MFRC-A 1 1 0.38 0.50 0.59 0.67
SFRC-A 1 1.44 0.89 1.24 1.41 1.43

Overlays: plain concrete and fiber reinforced concrete beams
PC 1 1 0.15 0.02 0.00 0.00
MFRC 1 1 0.33 0.31 0.33 0.35
SFRC 1 1.12 0.80 0.96 1.02 1.02
Note that Eq. (1) is a strong restrain. Fiber slipping over the
matrix plays an important role in FRC behavior, especially in
post-cracking behavior. Therefore, Eq. (1) is retained but the fibers
constitutive model is modified to account slipping [22,25,28] with-
out explicitly modeling the interface. The fibers total strain repre-
sents both the fibers and the interface strains and it is formed by an
elastic strain ðee

ijÞFi
, a plastic strain ðep

ijÞFi
and a slipping strain ðes

ijÞFi
:

ðeijÞFi ¼ ee
ij

� �
Fi
þ ep

ij

� �
Fi
þ es

ij

� �
Fi

; i ¼ 1;2; . . . ;n ð4Þ

Strictly, only the two first terms take place in fibers, the third
term corresponds to inelastic fiber-matrix relative displacement
that takes place at the interface. As a result of Eqs. (1) and (4),
the strain in the fibers is not actually equal to that in the matrix.

Both plasticity and inelastic slipping phenomena are modeled
using an orthotropic elastoplastic model. Normally, fibers slip
before yielding, so the elastic threshold actually represents the
slipping threshold. This threshold is markedly lower in fibers direc-
tion and slipping is only allowed in fibers direction.

Space mapping approach [23,29] is used in order to account this
orthotropy without defining orthotropic criteria for slipping
threshold. This approach assumes that there are two spaces, the
actual orthotropic space and the fictitious isotropic space. Stress
tensors in both spaces are related through a linear transformation
defined by a fourth order stress mapping tensor that depends on
material orthotropy. The problem is solved in the fictitious isotro-
pic space and then the results are mapped to the actual orthotropic
space. Von Mises yield criterion is used to define the slipping
threshold and slipping flaw in the fictitious isotropic space.
Force–displacement curves obtained from pull-out tests define
slipping hardening in fibers direction in the case of
macro-synthetic fibers. Experimental results from pull-out tests
were not available for the case of steel fibers used, so the
pull-out curves are obtained with a numerical meso-model [30]
that takes into account fiber geometry, location and orientation
with respect to the crack plane and mechanical characteristics of
the matrix.

A modified plastic damage model is used for concrete [24]. The
plastic behavior is obtained as a generalization of classical theory
of plasticity especially appropriate for geomaterials subjected to
high confinement. The elastic behavior limit is defined using mod-
ified Lubliner–Oller yielding criterion [24]. Isotropic plastic hard-
ening is used. The plastic hardening variable is obtained
normalizing energy plastically dissipated to unity and varies
between 0 for the virgin material and 1 when the material has dis-
sipated all the available energy. The evolution law for the plastic
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hardening variable takes into account the differentiated behavior
in tension and compression. Evolution of the equivalent yielding
threshold is defined taking into account the yielding thresholds
evolution in uniaxial tension and compression tests and the actual
stress state.

This concrete model is also used for asphalt concrete but with
other material constants. Actually, asphalt concrete presents rate
dependent and thermal effects that cannot be simulated with this
model. This limitation was overcome using mechanical properties
for asphalt concrete obtained from characterization tests made for
similar strain rate and temperature to those used in the composite
beams tests.

4. Numerical simulations and comparison with experimental
results

4.1. Calibration of material properties

The models described in Section 3 were implemented in a 2D
non linear finite element (FE) program developed for research pur-
poses. First, the material mechanical properties were calibrated.
For this purpose, characterization tests were numerically
reproduced.

The concrete properties are indicated in Table 4. This concrete
represents the plain concrete used as overlay and the matrix for
both FRC overlays. The properties of the asphalt concrete substrate
are also included in Table 4. The compressive strength and the
modulus of elasticity were obtained from standard compression
tests, the rest of the properties were indirectly adjusted to fit the
experimental response obtained from notched beams tested under
flexure.

The FE meshes used to simulate plain concrete compression and
flexure tests are shown in Fig. 8. Plain stress four nodes elements
with four Gauss points were used. In the case of flexure tests the
mesh was refined near the notch.

The numerical response of plain concrete under uniaxial com-
pression and flexure is presented in Fig. 9. Average experimental
results are also included in Fig. 9b for comparison. Correlation
between numerical and experimental results is obtained.

FE mesh used to simulate uniaxial compression test of asphalt
concrete specimens is shown in Fig. 10a. A sensitivity analysis
was performed to choose the appropriate mesh size. The numerical
response of asphalt concrete under uniaxial compression and its
comparison with experimental results are represented in
Fig. 10b. A good agreement between numerical and a single exper-
imental result is obtained with the same model used for concrete
but using the parameters indicated in Table 4 for the asphalt con-
crete (Fig. 10b).
Table 4
Plain concrete and asphalt concrete substrate properties.

Properties

Elasticity modulus E [MPa]
Poisson ratio m
Uniaxial compression yield threshold ryc [MPa]
Uniaxial compression strength ruc [MPa]

Uniaxial compression hardening curve
Crushing energy (hardening part) gc [N mm/mm3]
Crushing energy (softening part) Gc [N mm/mm2]

Compression equibiaxial/uniaxial ratio Rbc

Parameter to control the shape of yield function in the octahedral plane [24] c
Uniaxial tension elastic limit ratio ryt [MPa]
Uniaxial tension strength ruc [MPa]

Uniaxial tension hardening curve
Fracture energy (hardening part) gf [N mm/mm3]
Fracture energy (softening part) Gf [N mm/mm2]
The mechanical properties of macro-synthetic fibers and steel
fibers are presented in Table 5. Fiber pull-out tests results were
used to define the fibers hardening behavior in axial direction.
Force–displacement diagrams obtained from pull-out tests were
used for the macro-synthetic fibers in axial direction, while a
numerical meso-model was used to simulated the pull-out
response of hooked-end steel fibers [30]. The corresponding
load-displacement curves for macro-synthetic and steel fibers con-
sidering different fibers orientations are presented in Fig. 11. The
embedded length of the fibers was taken as approximately 1/4 of
the fiber total length that represents the average of all possible
embedded lengths. For macro-synthetic fibers the experimental
pull-out curve available corresponds to a fiber normal to the crack
surface and with an embedded length of half the total fiber length.
The curves corresponding to different orientations and an embed-
ded length equal to 1/4 of the fiber total length were obtained
extrapolating experimental results with the meso-model used for
steel fibers but neglecting fibers flexure stiffness.

Taking into account the fibers length and the FRC beams dimen-
sions [31,32] the estimated amount of fibers distributed in the ver-
tical planes was 100% for macro-synthetic fibers and 80% of the
total fiber content for steel fibers. For both fibers, this amount
was distributed (see Fig. 12) 33% in axial direction, 33% inclined
60� with respect to axial direction and 33% forming an angle of
�60� with axial direction.

The comparison between numerical and average experimental
results for FRC beams bending tests is presented in Fig. 13.
Numerical response can reproduce the bending hardening behav-
ior making evident the change in the mechanical response with
different fibers (Fig. 13). Although the peak load is almost the
same, the residual strength obtained with steel fibers is markedly
greater. In the case of steel fiber reinforced concrete experimental
results present higher dispersion. This dispersion is typical of this
material [22] and can be attributed to variations in fibers orienta-
tions. Some of the beams exhibited strain hardening following
peak load. Numerical results describe an average experimental
behavior for this case.

4.2. Numerical simulation of composite beams

Once the properties of all the materials used have been calibrated
through the numerical simulation of characterization tests, the
behavior of composite beams is numerically simulated. The FE mesh
used is shown in Fig. 14. A sensitive analysis was performed to choose
the mesh size. The different colors correspond to substrate and over-
lay. The substrate is always made of asphalt concrete. Plain concrete,
steel fiber reinforced concrete and macro-synthetic fiber reinforced
concrete are considered for the overlay.
Concrete overlays Asphalt concrete substrate (20 �C)

27,200 1,500
0.2 0.2
25.0 0.2
37.3 2.17

Exponential with maximum Exponential with maximum
0.048 0.043
8.0 3.50
1.16 1.16

3.5 3.5
2.69
2.69

Exponential decay
0.0
0.09



Fig. 8. FE mesh. (a) Uniaxial compression test; (b) flexure test.

Fig. 9. Numerical response of plain concrete. (a) Uniaxial compression test; (b) flexure test.

Fig. 10. Uniaxial compression test on asphalt concrete specimens. (a) FE mesh; (b) comparison of numerical and experimental results.
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After the composite beams tests, some of the specimens were
separated to analyze the actual fibers orientation in the overlays.
The amount and orientation of fibers in the middle section was
manually counted. In many papers it was shown that the fibers
(both macro-synthetic and steel fibers) are mainly oriented in hor-
izontal planes independently of the specimen height. In previous
studies done by the authors ([31–34]) it was shown that the wall
effect is very important and it favors the fiber orientation. In this
study the relative small dimensions of the beams (400 mm long,
100 mm width and 50 mm height) forced the fibers in a major per-
centage in horizontal planes. The amount of fibers counted were
supposed to be in horizontal planes distributed 33% in axial



Table 5
Fibers properties.

Properties Macro-synthetic
fibers

Steel fibers

Length [mm] 60 30
Embedded length [mm] 15 7.5
Diameter [mm] 0.84 0.38
Density [g/mm3] 0.00091 0.008
Strength [MPa] 640 2,470
Elasticity modulus Exx [MPa] 10,000 210,000
Poisson ratio mxy ¼ mxz ¼ mzy ¼ myz 0.2 0.2
Elasticity modulus Eyy ¼ Ezz [MPa] 1 1
Poisson ratio myx ¼ mzx 2.0 � 10�5 9.52 � 10�7

Slipping criteria and flaw Von Mises Von Mises
Slipping hardening Fig. 11b Fig. 11a
Slipping threshold ratio rfx=rfy ¼ rfx=rfz 0.001 0.001
Direction x represents the axial fiber

direction

Fig. 12. Assumed fibers orientation.
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direction, 33% inclined 60� with respect to axial direction and 33%
forming an angle of �60� with axial direction.

Perfect adhesion between substrate and the overlay was
assumed. The results of the numerical simulation of the corre-
sponding composite beams and their comparison with experimen-
tal results are presented in Fig. 15.

The effect of adding different fibers to the overlay is captured by
the numerical model that properly reproduces the experimental
results. The numerical model assumes perfect bond between sub-
strate and overlay in all cases, therefore the well concordance
between numerical and experimental results suggests that
although a crack along part of the interface was observed in some
of the tests, this incipient debonding did not affect the structural
response of the composite beams.
4.3. Other alternatives simulated

Once the numerical model was validated, different strengthen-
ing alternatives are numerically simulated and compared.

First, the effect of the same overlays but on a concrete substrate
is studied and compared. The composite beams presented in Fig. 14
but with substrate made of Portland cement concrete are analyzed.
The properties of the concrete substrate are assumed identical to
those of the concrete matrix used for the overlay. The load dis-
placement curves obtained for these composite beams with plain
concrete, macro-synthetic fiber reinforced and steel fiber rein-
forced concrete overlay are presented in Fig. 16. The responses of
the beams with asphalt concrete substrate are also included for
Fig. 11. Numerical results for pull-out tests with different inclination
comparison. Although the composite beams with concrete sub-
strate have greater first peak strength than the composite beams
with asphalt concrete substrate, the effect of adding fibers to the
overlay is comparatively greater for the case of the asphalt con-
crete substrate. As an example, with the addition of
macro-synthetic fibers the residual strength remains almost equal
to the first peak load for asphalt concrete substrate and it strongly
decreases for Portland cement substrate. For the case of 40 kg/m3-
�steel fiber overlay, the first peak load bearing capacity of the com-
posite beam with asphalt concrete substrate is almost duplicated
during the post peak, while for Portland cement concrete substrate
the same addition of fibers is unable to increase the composite
beam strength and the residual capacity becomes near 60% of the
first peak.

The effect of different overlays applied to a same asphalt con-
crete substrate at different temperatures is also studied. The prop-
erties used for asphalt concrete in previous examples (Table 4)
were obtained from characterization tests performed at room tem-
perature (20 �C). Two different temperatures, one lower (5 �C) and
one higher (35 �C) than room temperature are considered. This
variation of temperature does not affect concrete mechanical prop-
erties. The effect of temperature on asphalt concrete mechanical
properties was estimated from experimental results of compres-
sion tests made on asphalt concrete specimens at different temper-
atures. The modulus of elasticity and the compression strength of
asphalt concrete were 6000 MPa and 6.0 MPa at 5 �C and
400 MPa and 1.0 MPa at 35 �C. The load-CMOD curves numerically
obtained for PC-A, MFRC-A and SFRC-A composite beams at differ-
ent temperatures are presented in Fig. 17. In all cases, following
asphalt concrete properties tendency, the first peak strength
angles. (a) Macro-synthetic fibers. (b) Hooked end steel fibers.



Fig. 13. Response of fiber reinforced concrete notched beams. Comparison of numerical and average experimental results. (a) MFRC; (b) SFRC.

Fig. 14. FE mesh used for composite beams.
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decreases with temperature but the variation from 5 �C to 20 �C is
more pronounced than from 20 �C to 35 �C. For plain concrete over-
lay and macro-synthetic fiber reinforced overlay the residual
strength is slightly affected by these variations in temperature;
on the contrary, the numerical model indicates that the postpeak
loading capacity of composite beams with steel fiber reinforced
concrete overlay could be strongly reduced when the temperature
increases from 20 �C to 35 �C.

Temperature affects asphalt concrete properties in different ways
but both elasticity modulus and strength reduces with the tempera-
ture increase. For these reasons a better performance of the compos-
ite beams is obtained for the lowest temperature (5 �C) analyzed.
Fig. 15. Response of composite beams with asphalt concrete substrate. Comparison o
The effect of the dosage of fibers on the overlay is also numer-
ically studied. The numerical results obtained for composite beams
made of asphalt concrete substrate and macro-synthetic fiber rein-
forced concrete overlay and steel fiber reinforced concrete overlay
with different fibers contents are presented in Fig. 18. It can be
seen that 40 kg/m3 of steel fibers are enough to increase load bear-
ing capacity after the first peak, while more than 4.5 kg/m3 of
macro-synthetic fibers should be added to the overlay to increase
composite beams strength. Both fibers dosages corresponds to a
volumetric dosage of approximately 0.5%.

Finally, the effect of adding different fibers to the same overlay
is also numerically studied. An overlay with 20 kg/m3 of steel fibers
and 3 kg/m3 of macro-synthetic fibers (SMFRC) is analyzed. The
numerical results corresponding to composite beams considering
Portland cement concrete (PC) and asphalt concrete (A) as sub-
strates are presented in Fig. 19, the case of concrete overlay with
40 kg/m3 of steel fiber reinforcement (SFRC) is also included for
comparison. It can be seen that the behavior of the composite
beams with overlay including both fibers is similar to that with
the steel fiber reinforced overlay with the advantage of reducing
the amount of steel fibers and combining the beneficial effects of
both fibers.

The application examples developed in this section show that
the numerical model is useful for the mechanical behavior predic-
tion of different whitetopping alternatives. It can be used as a
design tool to choose the best overlay thickness, fibers type and
content for each type and thickness of substrate.
f numerical and average experimental results. (a) PC-A; (b) MFRC-A; (c) SFRC-A.



Fig. 16. Numerical response of composite beams with concrete substrate. Comparison with the case of asphalt concrete substrate. (a) PC overlay; (b) MFRC overlay; (c) SFRC
overlay.

Fig. 17. Numerical response of composite beams at different temperatures. (a) PC-A; (b) MFRC-A; (c) SFRC-A.

Fig. 18. Numerical response of composite beams of FRC-A with different fiber contents. (a) MFRC-A, (b) SFRC-A.
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4.4. Numerical results analysis

The numerical model presented in Section 3 is used in this section
to analyze the structural behavior of the composite beams numeri-
cally simulated in Sections 4.2 and 4.3. For this purpose, the axial
strain and axial stress distributions along the central section of the
composite beams are plotted in Figs. 20 and 21, respectively, for
the different types of substrate and overlay analyzed.
Fig. 20 shows that, while the strain distribution is linear for the
composite beams with concrete substrate, in the case of composite
beams with asphalt substrate deformation distribution is no longer
linear. In coincidence with experimental observations, for the com-
posite beams with asphalt concrete substrate the advance of posi-
tive strains into the substrate is delayed. These facts explain the
different behaviors observed in the cases of concrete substrate
and asphalt concrete substrate.



Fig. 19. Numerical response of composite beams made of asphalt concrete (A) and
concrete (PC) substrates with SFRC and SMFRC overlay.
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Moreover, Fig. 21 shows that the height of the compression
zone is greater for the case of asphalt concrete substrate. The
extension of the compression zone increases with the addition of
fibers to the overlay and it is greater for the case of SFRC overlay
than for the case of the MFRC overlay.
Fig. 20. Axial strain ex distribution in central section for CMOD = 1.00 mm. (a) Beams sche
(d) composite beams with SFRC overlay.

Fig. 21. Axial stress rx distribution in central section for CMOD = 1.00 mm. (a) Beams sch
(d) composite beams with SFRC overlay.
For these reasons, the structural behavior of composite SFRC
beams depends more on the substrate properties than for the case
of the composite MFRC beams. Thus, the differences between com-
posite beams with asphalt concrete substrate and composite
beams with concrete substrate are more pronounced for the case
of SFRC overlays (Fig. 16c) than for the case of MFRC overlays
(Fig. 16b). This fact also explains why the changes due to temper-
ature in the structural behavior of the composite beams with
asphalt concrete substrate are more pronounced for the case
SFRC overlay (Fig. 17c) than for the case of MFRC overlay (Fig. 17b).

5. Conclusions

In order to study the mechanical response of fiber reinforced
concrete overlays over asphalt concrete substrate three points
bending tests on composite beams were performed. The overlay
and the substrate are placed in the tension and compression zone
respectively. The concrete overlay is notched to localize the failure
and the crack opening rate is used to control the test.

The experimental methodology allowed the comparison and
clear differentiation of the response of plain concrete overlays
and concrete overlays reinforced with steel fibers and
macro-synthetic fibers. For steel fiber reinforced concrete overlay,
me; (b) composite beams with PC overlay; (c) composite beams with MFRC overlay;

eme; (b) composite beams with PC overlay; (c) composite beams with MFRC overlay;



F. Isla et al. / Construction and Building Materials 93 (2015) 1022–1033 1033
the response of the composite beam (SFRC-A) was similar to that of
the respective concrete beams (SFRC), but a greater increment in
the residual capacity was observed. Unlike what happens in con-
crete beams, for macro-synthetic fibers overlay, the postpeak
shows a progressive and very significant increase in residual capac-
ity, which achieves almost 70% of the first crack load.

In addition to assessing the effect of using different types and
fiber contents, the method could be used to compare different
degrees of adherence at the substrate–overlay interface. Interface
strength can be deteriorated due to many causes such as those
caused by different roughness (scarification) or due to the lack of
cleanliness of the substrate (a common field situation). The test
configuration adopted seems suitable for evaluating the effect of
strain rate, repeated load cycles, different frequency loads and
temperature.

The experimental campaign presented in this paper corre-
sponds to an exploratory campaign and no statistical inference
work was done. Just descriptive statistics is reported in this paper.
The present experimental study could lead to the design of a more
complete campaign with a bigger number of specimens so that sta-
tistical inference could be done. It would be interesting to include
in this future experimental campaign all the other alternatives that
were only numerically simulated in this paper but have led to use-
ful results.

A simple approach to model FRC was used to simulate the
behavior of composite beams. Numerical results obtained with
the assumption of perfect bond between substrate and overlay
accurately reproduce the load-CMOD curves experimentally
obtained evidencing that the interface cracks observed in some
tests do not substantially affect structural behavior of the compos-
ite beams.

Addition of fibers to the overlay improves the behavior of the
composite beams. The improvement is more marked in case of less
resistant substrate.

Variation of asphalt concrete properties with temperature
affects the peak strength of composite beams; the residual strength
is almost independent of temperature for plain concrete and
macro-synthetic fiber reinforced overlays and it appears more
affected in the case of steel fiber reinforced concrete overlays.

Finally, the model predicts that a combination of steel and
macro-synthetic fibers could lead to a similar mechanical behavior
significantly reducing the amount of steel fibers.

The numerical tool developed is useful for the design of this
type of intervention technique.
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