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Currently, in concr ete pavements, a single concr ete mixtur e design and
structural surface layer are selected to resist mechanical loading with-
out an attempt to affect concrete pavement shrinkage, ride quality, or
noise attenuation adversely. An alternative approach is to design sub-
layer swithin the concr ete pavement surfacethat have specific functions
and thusto achieve higher performanceat alower cost. The objective of
thisresearch wasto addressthestructural benefitsof functionally graded
concrete materials (FGCMs) for rigid pavements by testing and model-
ingthefracturebehavior of different combinationsof layered plain con-
cretematerialsand concrete materialsreinfor ced with synthetic fibers.
The three-point bending-beam test was used to obtain the softening
behavior and fracture parameters of each FGCM. The peak loads and
initial fracture energy between the plain, fiber-reinforced, and FGCMs
were similar; this signified similar crack initiation. The total fracture
energy clearly indicated theimprovementsin fracturebehavior of FGCM
relative to full-depth plain concrete. The fracture behavior of FGCM
depended on the position of the fiber-reinforced layer relative to the
starter notch. Thefractureparametersof both thefiber-reinforced and
plain concretewer eembedded into a finite element—based cohesivezone
model. The model successfully captured the experimental behavior of
the FGCMsand now can beimplemented to predict thefracturebehav-
ior of proposed FGCM configurationsand structuressuch asrigid pave-
ments. This integrated approach (testing and modeling) is promising
and demonstratestheviability of FGCM for designing layered concrete
pavement systems.

Rigid pavement systems are constructed at airports, in high-volume
traffic corridors (such as Interstates, highways, and arterials), ports,
local streets, and parking lots. The concrete material and rigid pave-
ment structure must be designed to be multifunctional to resist
mechanical loadings, resist stresses from thermal and moisture gra-
dients, survive early-age and long-term volumetric changes, atten-
uate noise, and provide a skid- and wear-resistant and drainable
surface layer. Currently, a single monolithic concrete mixture design
and structural surface layer are selected in an attempt to optimize the
aforementioned objectives by balancing the trade-offs between
strength, volumetric stability, and desired surface characteristics.
This standard method results in greater slab depths and may not meet
all the performance criteria desired for the design.
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The research, design, and manufacturing of functionally graded
materials (FGMs) have been extensively applied to high-performance
materials such as graded metals and composite metals—ceramics for
high-technology applications (1-3). The concept of FGMs consists
of producing steady transitions in material microstructure and com-
position to meet the functional requirements of an engineered com-
ponent and thus to enhance the overall performance of the system
(3, 4). An innovative approach that can maximize the performance
while minimizing the cost of the concrete pavement is to use layers
with different properties at specified depths. By having continuous
layers in the concrete pavement, the performance criteria of each layer
can be maximized by including them only in the necessary location
with the appropriate thickness.

There is an increasing performance demand placed on the mate-
rials used to construct, repair, and maintain the pavement infrastruc-
ture. However, the availability of high-quality construction materials
is diminishing, with the result that lower-quality construction and
recycled materials are used. To make use of such materials, a multi-
functional and functionally layered (or graded) concrete pavement
structure could be constructed to address the multiobjective perfor-
mance requirements. For example, discrete fibers could be volumet-
rically graded through the slab depth to improve the fatigue- and
fracture-resistant properties in the tensile-loading region of the slab.
A different fiber type and volume and larger-size coarse aggregate
could be used in the middle or near the surface of the slab to improve
the cyclic shear resistance of the concrete joints. Finally, the upper
surface layer could contain concrete materials that are both shrinkage
and skid resistant. Potentially, this functionally graded concrete pave-
ment system could outperform the existing homogeneous concrete
material layer in terms of fatigue, strength, shrinkage, durability,
and life cycle costs.

Functionally graded concrete materials (FGCMs) would be con-
structed in multiple layers (5) by incrementally varying the material
properties. The FGCM systems could be practically constructed by
modifying existing paving equipment to allow for extrusion of mul-
tilayered concrete through a continuous feeding and auguring
arrangement or in a precast operation. With this method, the con-
struction of the individual layers is completed when the concrete is
still plastic; thus, no discrete interfaces exist in the system.

Building layered pavements is not a new concept in the construction
industry. Layered-concrete paving has been used in Europe (6), was
constructed in Michigan (7), and has been implemented in other areas
of the United States (8). In the majority of these applications, the sur-
face concrete mixture was designed for friction and noise, while a stan-
dard concrete paving mixture was used in the lower region of the slab.
The primary objectives of the previous multilayered concrete pave-
ment systems were reduced life cycle costs and improved riding sur-
face. Limited research was conducted to test and analyze these layered



Roesler, Paulino, Gaedicke, Bordelon, and Park
l P

Mixture 2 I a, h,

77777

FIGURE 1 TPB test setup for functionally layered concrete
specimens.

Mixture 1

=
CMOD

concrete pavement systems for their mechanical properties. Research
on flexural strength and casting delay times have been studied for
layered fiber-reinforced concrete beams (9). In addition, research on
the interfacial characteristics and fatigue performance of bonded
fiber-reinforced overlay systems has been studied (10).

RESEARCH OBJECTIVES AND SCOPE

The objective of this research was to explore the structural benefits
of FGCM for rigid pavements by testing and simulating the frac-
ture behavior for different combinations of layered plain and fiber-
reinforced concrete (FRC) materials. A numerical model based on
the finite element method that used cohesive elements with specific
constitutive relations for plain and fiber-reinforced concrete was
developed and its results were compared with the experiments. By
achieving these objectives, this research demonstrated the viability of
functionally graded systems and proposed key concepts required for
modeling and designing multilayered concrete pavement systems.

EXPERIMENTAL PROGRAM
Testing Program

The testing program consisted of four specimen configurations to
analyze the effect of using different combinations of concrete mix-
tures [plain portland cement concrete (PCC) and FRC] on the top or
bottom layer of the specimen. Three-point bending-beam (TPB)
specimens were used, as shown in Figure 1, to characterize the frac-
ture behavior of the individual and functionally layered concrete ma-
terials. The concrete fracture parameters, derived from the TPB test,
were based on the two-parameter fracture model (TPFM) (11-13) and
the Hillerborg work on fracture method (14).

Table 1 lists the material combinations used for the TPB testing
program. The materials used for each layer are defined in accor-
dance with the mixture identifications (Mixture ID) in Table 2. Two-
beam configurations have the same concrete material in the top and
bottom layer so as to characterize the fracture parameters of the indi-
vidual materials. Three-beam replicates were made for each material
configuration.

TABLE 1 Material Combinations Used in Experimental
Testing Program

Configuration ID PCC-PCC  PCC-FRC  FRC-PCC  FRC-FRC

Top layer (h)) PCC PCC FRC FRC
Bottom layer (h,) PCC FRC PCC FRC
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TABLE 2 Concrete Mixture Proportions and 7-Day Strength
Properties of Layer Materials Used in Experimental
Testing Program

Fiber-Reinforced

Plain Concrete Concrete
Mixture ID PCC FRC
Material kg/m? Ib/yd? kg/m?3 Ib/yd?
Water 183 308 183 308
Type I cement 360 607 360 607
Coarse aggregate 976 1,645 976 1,645
Fine aggregate 807 1,360 807 1,360
Synthetic fibers — — 7.2 12.1
Properties MPa Psi MPa Psi
Compressive strength ( ;) 33.1 4,799 314 4,551
Split tensile strength ( f;) 3.44 499 4.22 612

Mix Design and Properties

Two concrete mixtures were cast for this comparative study of
FGCM: PCC and FRC. The mixture proportions are presented in
Table 2. A crushed-limestone coarse aggregate was used with a
maximum aggregate size of 19 mm along with natural sand and
Type I portland cement. The FRC mixture incorporated a struc-
tural synthetic fiber at a dosage of 0.78% by volume, which is
equivalent to 7.2 kg/m? (12.1 1b/yd?). This fiber content was cho-
sen because it would be the maximum feasible amount practically
used by engineers in the field. Table 3 shows the properties of the
synthetic fiber.

The plain and FRC batches were mixed at approximately the
same time. The layered specimen shown in Figure 1 was created by
first casting and consolidating the bottom layer (Material 2). The top
layer (Material 1) was then placed into the mold. Consolidation of
the top layer (Material 1) included 25-mm penetration into the bot-
tom layer (Material 2) to ensure a graded interface zone between the
two materials. The specimens were moist cured for 7 days before

TABLE 3 Properties of Synthetic Fibers

Fiber Type Synthetic Fiber
Photo

Material Polypropylene—polyethylene
Cross section Rectangular
Length (mm) 40
Thickness (mm) 0.105
Width (mm) 1.4
Aspect ratio 90
Specific gravity 0.92
Tensile capacity (MPa) 620
Modulus of elasticity (GPa) 9.5
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testing. One day before testing, a notch one-third of the specimen
depth was cut into each specimen.

The compressive and split tensile strengths of each mixture were
determined without layering the materials in the cylinders (102 mm
in diameter by 203 mm in length). The compressive strength and split
tensile strengths at 7 days are shown in Table 2. The addition of fibers
did not affect the compressive strength of the plain concrete, but the
higher fiber content mixtures resulted in slightly increased split ten-
sile strength over plain concrete, a result that is typically seen when
fiber contents approach 1% (11, 15).

TEST RESULTS AND CALCULATION
OF FRACTURE PARAMETERS

Use of TPFM

For numerical simulation of the fracture behavior of the function-
ally layered concrete specimens, the TPFM (12) was first used to
quantify the fracture parameters of the monolithic concrete beam
specimens (PCC or FRC). The TPFM idealizes the nonlinear frac-
ture behavior of concrete materials by assuming an effective elastic
crack and then employing linear elastic fracture mechanics. The
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Structures (13). The load (P) and crack mouth opening displacement
(CMOD) are recorded. Each TPB specimen was subjected to 10 cycles
of loading and unloading that were followed by a final cycle of load-
ing until the beam fractured or the CMOD gauge went out of range.
Figure 2 shows the monotonic load—-CMOD curve for a PCC spec-
imen and also the envelope curve encompassing the load—unload
cycles.

Two fracture parameters, critical stress intensity factor (Kc) and
crack tip opening displacement (CTODc), were calculated from the
loading and unloading compliance curves. The loading and unload-
ing compliance values were determined from the first load—unload
cycle, as shown in Figure 2. The loading compliance (C;) was cal-
culated as the inverse of the slope from zero until the load reached
half the peak load (2R:). The specimen was unloaded after the load
decreased 5% from the peak load. The unloading compliance (C,) was
calculated as the inverse of the slope of the unloading curve from
80% of the peak load of the cycle until the minimum load.

The Kic and CTOD were calculated by first obtaining the critical
effective crack length (a.) at the peak load. This was completed by
equating the modulus of elasticity obtained with the loading and
unloading compliances, E; and E,, respectively:

notched TPB specimens in Figure 1 were used to derive two frac- E = 6sag, (0‘0) )
ture parameters. The TPB dimensions were 700 x 150 x 80 mm, and Cw't
the initial notch depth (a,) was 50 mm. The beam specimen had a
ligament depth of h — a,, and therefore 6 o
g, - 6%a0.(c) 3
cwt
h=h -3 )]
. . . . where
This arrangement ensured that the effective cross-sectional area in
one layer was equal to that in the other layer. In the TPB specimen with S = span,
h= 150 mm and a, = 50 mm, the depth of Layer 1 was h; =50 mm &, = initial notch depth of the beam,
and h, = 100 mm. 0:(0) = opening displacement geometric factor for the TPB
The testing guidelines for the TPFM are specified by the Inter- specimen,
national Union of Testing and Research Laboratories for Materials and oy = initial notch—depth ratio for the TPB specimen,
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FIGURE 2 Load-CMOD curve for plain concrete specimen with compliance cycles and envelope curve and
(inset) definition of loading and unloading compliance (C; and C,) from plot of load (P) versus CMOD.
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o, = critical notch—depth ratio for the TPB specimen,
w = depth, and
t = width.

Once a. is computed, then the critical stress intensity factor (Kyc)
can be calculated from Equation 4:

na,g (a,/w
K =3(P. +0.5W, s/l)%a‘) @)
where
Pc = peak load,

W, = self-weight of the specimen,
| = length of the specimen, and
0, = geometric function for the beam specimen defined as

2.15-3.93(a,/w)

1.99 — w)(l-a /w
. (a/w)(1-a,/w) v 270(a,/w)

U AN =R ) TR o

Finally, the CTODc is calculated with Equation 6:

5,9, (a./w)
Ew’t

(1—(ac/a0))2+[1.081—1.149(%H
“[(a/a)-(a/a) ]

CTOD,. = 6(P. +0.5W, /1) *
1/2
* ©6)
with g,(ar) given by

0.66

1-a

g, (o) = 0.76 — 2.280.+3.870” — 2.040” + - ©)

For plane stress, the energy release rate G; (or initial fracture
energy) is related to Kic and the modulus of elasticity, E, by the
following equation:

G == ®)

Table 4 presents the average Pc, K¢, Gy, &, and CTODc results
from TPB tests. The use of fibers did not significantly affect the peak
load of the specimens and subsequently did not significantly change
the calculated K¢, G, or CTODc. Furthermore, the critical crack
length is similar from one sample to the next. These properties are
related only to the stage of crack initiation and not to crack propa-
gation; the initial properties did not differ much because the same

TABLE 4 Average Fracture Parameters for TPB Specimens
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concrete constituents and proportions were used for both the PCC
and FRC specimens.

Total Fracture Energy

The total fracture energy (Gg), calculated on the basis of a method
proposed by Hillerborg (14), is defined as the ratio between the
total energy (W) and the concrete fracture area (W — ay)t. W, is cal-
culated by using the sum of the area under the curve for the raw
load (P,) versus the CMOD envelope (W,) and P,d,, where P; is the
raw load applied by the testing machine (without considering self-
weight), P, is the equivalent self-weight force, and §, is the CMOD
displacement corresponding to P, = P, at failure, where P, is the
seating load at 0.05 kN. The raw load versus CMOD for each lay-
ered system is shown in Figure 3. The equivalent self-weight force
is calculated as P, = (§21)W,, where the variables are defined as
noted earlier.
The total fracture energy was calculated as

W W+2Rg,
(w-a)t  (w-a)t

©

Ge

Due to fibers’ ability to bridge cracks effectively, the load can
remain constant until large values of CMOD, as Figure 4 shows. To
determine the total fracture energy of the FRC beams and not the
fracture energy at any arbitrary opening displacement, additional
TPB tests were performed with a linear variable displacement trans-
former to measure the CMOD until the raw load reached approxi-
mately zero, as Figure 4 also shows. The area under the envelope
curve until failure (P, = Py) and a CMOD,,,,, = 8, = 2 mm were then
used to calculate two fracture energy quantities for the FRC, respec-
tively: total fracture energy (Gg) and relative fracture energy (Gapnm)-
The relative fracture energy calculated at a 2-mm opening displace-
ment was selected because many CMOD devices have ranges from
2 to 4 mm and the maximum crack width desired in fractured concrete
slabs is typically between 1 and 2.5 mm.

Figure 3 does not show a significant difference in peak loads
between specimens, with all peaks in the range of 3.48 and 3.71, which
is a coefficient of variation of just 6%. However, big differences are
apparent when the areas under the different load—-CMOD curves are
compared. As Figure 3 shows, the FRC-FRC and PCC-FRC speci-
mens had significantly better fracture resistance than the PCC-PCC
specimens. The FRC-PCC specimens still behaved better than PCC
but had a lower residual strength than the other FRC specimens.
Table 4 shows that fibers dispersed throughout the full depth of the
beam increased the G,,,,;, by 218% over PCC. Specimens with PCC on
top and FRC on the bottom (PCC-FRC) had a higher G,,,, than sam-
ples with FRC on top and PCC on the bottom (FRC-PCC). The addi-
tion of fibers to the bottom and the top layer improved G, by 108%
and 80%, respectively, in comparison with PCC-PCC.

Top and Bottom Layers P, (kN) Kic (MPa ¢ m'?) CTOD¢ (mm) G; (N/m) a. (mm) Gym (N/m) G (N/m)
PCC-PCC 3.710 1.01 0.016 383 61.8 120 120
FRC-FRC 3.482 1.03 0.016 37.1 66.5 381 3,531
PCC-FRC 3.714 1.08 0.017 40.5 65.7 249 —
FRC-PCC 3.569 0.97 0.016 354 61.6 216 —
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FIGURE 3 Average load—-CMOD envelope curves for TPB specimens with plain, synthetic fiber, and

functionally layered concrete.

NUMERICAL MODELING FOR NONLINEAR
FRACTURE PROCESS ZONE

General Description

For numerical prediction of the fracture behavior of the FGCM shown
in Figure 3, a finite element—based model that can describe the non-
linear fracture process zone in concrete materials is required. This
objective is achieved by first defining a mesh with bulk elements that
represent the material at the top and the bottom layers, as shown in
Figure 5a. This mesh is refined close to the crack tip, and cohesive
elements are inserted in the expected crack path. These cohesive ele-
ments, shown in Figure 5b, require a softening model to represent
the fracture behavior of the material in the respective layers (i.e., plain
concrete and FRC). This numerical model must be able to predict
the constitutive behavior of PCC-PCC and FRC-FRC specimens as
well as the FGCM samples, PCC-FRC and FRC-PCC.

Softening Model for Plain Concrete

Under monotonically increasing load, progressive cracking in
plain concrete can be idealized as a zone of distributed micro-
cracks, a bridging zone, and a traction-free macrocrack zone, as
shown in Figure 6a. Microcracks initiate ahead of the bridging
zone before the applied stress reaches the material’s tensile strength
(f1). When the stress reaches the tensile strength, microcracks
grow and coalesce, a process that produces the bridging zone, also
called the nonlinear fracture process zone. This zone results from
the crack branching and interlocking as a result of the weak inter-
face between the aggregates and cement matrix (16, 17). The non-
linear process zone connects the microcrack and a traction free
macrocrack zone. When a crack opening width is greater than a
certain value, called the final crack opening width (w;), a macro-
scopic crack that cannot transfer traction along its surfaces anymore
appears.
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FIGURE 4 Average load-CMOD envelope curve for TPB specimen with FRC.
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FIGURE 5 Representations of (a) finite element mesh and (b) detail of mesh along cohesive

element region.

The nonlinear fracture process zone for concrete is best char-
acterized by the cohesive zone model (CZM) (18), as shown in
Figure 6a. The softening curve in the CZM is physically defined by
four experimental fracture parameters (19): tensile strength, initial
fracture energy (Gy), total fracture energy (Gg), and critical crack tip
opening displacement (CTOD,). The initial fracture energy defines
the horizontal axis intercept (W;) of the initial softening slope (20),
expressed as

2G,

W, 2? (10)
|

The kink point of the crack opening width (wy) is hypothesized
(19) as
w, = CTOD, (11)

which results in the determination of the stress ratio (V) at the kink
point:

CTOD_f/
=]-———c1 12
v 26, (12)
The final crack opening width is calculated as
2
w, =[G, ~(1-v)G,] 13)
v,

which is obtained by equating the total fracture energy with the area
under the softening model for PCC (14).

Softening Model for FRC

Fracture mechanisms of FRC are different from those of PCC due to
the effect fibers have on the nonlinear fracture process zone (17), as
shown in Figure 6b. Although fibers do not generally influence the
tensile strength or early postpeak behavior at low-volume fractions,
fibers increase the total fracture energy of PCC, which results in the
observed high postpeak load behaviors (15). These same features can
be observed in the softening curves shown in Figures 3 and 4. As a
result, the nonlinear fracture process zone for FRC is further divided
into the aggregate bridging zone and the fiber bridging zone, as shown
in the model diagrammed in Figure 6b. The aggregate bridging
zone is represented by the same softening model for PCC. The fiber
bridging zone is characterized by a linear descending slope (21), which
itself characterizes the fiber debonding and pullout mechanisms.

The softening model for FRC is determined by the total fracture
energy (Ggre) and Wy of FRC and four experimental fracture parame-
ters (f{, Gy, G, CTOD,) of PCC. Gggc is the fracture energy from the
full load—-CMOD curve, as shown in Figure 4. Because fibers have
limited influence on the aggregate bridging zone, the first kink point
(Wi, W, f{) in the softening model for FRC is the same as the kink
point (W, Pf{) in the model for PCC. The second kink point (Wi,
Y, f{) is evaluated with the total fracture energy of FRC (Ggpc) and
the assumption of W;, expressed as

2(GFRC _GF)
Y, =——— 14)
’ ft (Wf - Wz)
and
Wi, =W, _&(Wl - Wk]) (15)

1
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FIGURE 6 Fracture mechanisms and experimental fracture parameter-based
softening model for (a) plain concrete and (b) fiber-reinforced concrete.

In this study, the final crack opening width was estimated as a quar-
ter or half the fiber length (L/4 or L/2), which corresponds to the aver-
aged pullout length for randomly distributed fibers reported in the
literature (22—24). Ongoing research is being conducted to provide a
basis for the w; estimation, given a specific fiber type and concrete
matrix.

Comparison Between Experimental
and Nlumerical Results

The bulk finite element model (FEM) with the CZMs proposed for
PCC and FRC were implemented into the commercial finite element
program Abaqus as a user element subroutine. On the basis of pre-
vious convergence studies (25), the size of the cohesive element was
selected to be 1 mm. Figure 7 illustrates the correspondence between

the experimental fracture results and the numerical simulations for
the different combinations of concrete layers. The CZMs based on the
measured fracture parameters of the PCC and FRC were success-
fully able to represent the fracture behavior of not only PCC and FRC
specimens but also FGCM specimens (FRC-PCC and PCC-FRC). As
Figure 7 shows, the FEM with w; = L/4 demonstrated the upper
bound of the fracture behavior of the FRC-FRC and PCC-FRC beams,
while the model with w; = L/2 illustrated the lower bound of the
experimental fracture behavior.

Other numerical simulation models were compared by using the
FRC-FRC test data, as Figure 8 shows. A bilinear cohesive zone
softening model used for the plain concrete mixtures was imple-
mented on the basis of total fracture energy (Gggrc). The bilinear soft-
ening model did not accurately represent the postpeak behavior of
the FRC beam. Final crack opening widths (W) of L/2 and L/4 (half
and quarter the fiber length, respectively) were simulated by using
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FIGURE 7 Comparison between experimental and numerical simulation results for (a) plain concrete (PCC-PCC), (b) fiber-
reinforced concrete (FRC-FRC), (c) FRC layer at the bottom (PCC-FRC), and (d) FRC layer at the top (FRC-PCC).

the trilinear softening model. Numerical simulation of L/2 under-
estimated the postpeak curve but was similar to the experimental
data of the FRC beam at low CMOD values. When w; = L/4 was used
in the numerical simulation, the postpeak response was overestimated
but showed a reasonable match to the experimental data at higher
CMOD values. Figure 9 demonstrates that the FGCM fracture
behavior can be predicted, as is the case in which the FRC layer at
the notch location (PCC-FRC) results in a higher postpeak response
than when the FRC layer is cast in the top part of the specimen
(FRC-PCC).

EFFECT OF LAYERING ON SPECIMEN
FRACTURE BEHAVIOR

When synthetic fibers were used, the specimens with FRC on the
bottom had higher fracture energy (G,,,,) relative to the specimen
with FRC on the top. This result occurred because the synthetic-
fibers modulus is closer to the concrete matrix modulus and allows
for effective crack bridging behind the crack front. Because of the

lower amount of fiber bridging behind the crack front, synthetic
fibers near the top of the specimen were not able to dissipate as much
energy.

This preliminary testing suggests that the use of FGCM for rigid
pavement can optimize the materials and concrete pavement fracture
behavior. The accompanying numerical analysis based on the CZM
formulation was also able to predict reasonably the fracture behavior
of the FGCM. This numerical analysis tool is essential to quantify-
ing of the fracture behavior of various concrete materials, thicknesses,
and placements within the surface concrete layer for future FGCM sys-
tems (26), because excessive testing would be required to quantify the
fracture behavior of all fiber types, volume fractions, layer depths, and
concrete mixture designs.

The proof of concept testing and analysis presented has shown that
concrete material properties and placement in a structure can affect the
fracture behavior of the system. Improvements in the overall fracture
behavior of concrete pavements can be realized and result in thinner
slabs and fewer joints. Furthermore, FGCM enables use of lower-
quality construction materials, such as recycled concrete, in certain
regions of the slab without sacrificing overall pavement performance.
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FIGURE 8 Comparison between experimental results and numerical simulation of FRC specimens (a) for the first 4-mm
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CONCLUSION

The application of FGCM (or functionally layered concrete materi-
als) for rigid pavement has shown promising results in fracture test-
ing and numerical modeling. As expected, all concrete specimens
that used fibers showed an improved residual strength or softening
behavior over PCC. The initial fracture energy and critical crack tip
opening displacement did not distinguish the differences in fracture
behavior of the PCC, FRC, and functionally layered concrete. The
total fracture energy (Gg) or the fracture energy up to 2-mm open-
ing displacement (G,,,,) was the key indicator in quantifying how
the FRC and FGC improved the cracking resistance of PCC speci-
mens. The improvement in the concrete G,,,,, was closely related to
the depth and position of the fibrous concrete layer. The FGCM with
FRC was more fracture resistant (increased G,,,,,) when the fibers
were placed closest to the notch and slightly less efficient when the
fibers were placed near the top of the specimen. The fiber bridging
mechanism behind the crack front was the primary mechanism that
resulted in a higher residual load capacity.

An integrated approach that involved testing and modeling was
successfully implemented in this research investigation. A finite
element-based CZM was developed to predict the softening behav-
ior of the FGCM systems on the basis of the individual concrete
material fracture properties. The numerical simulation of FGCM,
based on the measured PCC and FRC fracture parameters, was able
to match the experimental results of the various combinations of
PCC and FRC. The CZM prediction of the experimental results was
promising and demonstrated the viability of FGCM and the CZM for
characterizing and designing layered concrete pavement systems.
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