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Abstract

For decades, many solutions have been evaluated to combat cracking in
concrete pavements. The study presented in this paper evaluates and compares the
flexural performance under a third point loading configuration of plain concrete (PC)
beams, fully fiber reinforced concrete (FRC) beams, and hybrid PC and FRC beams,
with a top PC and bottom FRC layer. The purpose of this hybrid approach was to
provide FRC in only half the section, saving cost, while providing a PC surface layer that
is easier to finish. All PC top layers were applied at an age of 7-days, considered a
reasonable time for constructability of a pavement. Four different types of synthetic,
polypropylene fibers were examined along with three different interface preparation
methods on the hybrid specimens. It was determined that using a blended macro-micro
fiber provided the best results in terms of toughness before and after flexural cracking.
Results also indicated that using an intentionally roughened surface similar to roadway
tines resulted in the best flexural performance compared to the other surface
preparation methods in this thesis. FRC beams provided the best flexural performance
out of the three sections evaluated, but a hybrid section provided double the flexural

performance of an unreinforced, PC section.
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1. Introduction

FRC provides many benefits compared to unreinforced, plain concrete (PC)
including increased ductility and toughness, increased flexural strength in high doses of
fiber (around 4%), increased impact resistance, and increased tensile capacity, among
many others [1], [2]. One major disadvantage of FRC is that it can lead to challenges in
achieving an acceptable surface finish, especially if a special finish such as roadway
tines is required. While there may be other options to finish a FRC surface to reduce
dragging the fibers such as reducing the tining angle or grinding the grooves after
concrete hardening [1], another option is to maintain a PC layer at the top of the
pavement section. The purpose of the research reported in this thesis was to create a
hybrid PC — FRC section that could combine the strength and crack control benefits of

fibers with the ease of finishing of PC.

Concrete pavements exhibit two different types of cracking: longitudinal cracking
(along the length of the pavement) and transverse cracking (along the width of the
pavement). There are many reasons that concrete will crack longitudinally, but the three
main reasons are due to: poor subbase and subgrade that allows for settlement cracks,
issues during construction regarding saw cut joints and improper dowel placement at
the joints causing cracking, and aggregates with higher thermal expansion causing
more internal cracking in the concrete [3]. Transverse cracking can be caused by
flexural loading (the focus of the study in this paper), but it is also created throughout
the concrete by shrinkage of the concrete expanding and contracting. Without
reinforcement, the only forces resisting these cracks are the friction forces between the

aggregate in the concrete referred to as “Aggregate Interlock” [4].



Only synthetic fiber reinforcement was used in the FRC in this study. Synthetic
fibers are man-made fibers that are made up of different polymer types. The study
presented in this thesis dealt with polypropylene and polyethylene polymers. Smaller
synthetic fibers are useful for controlling thermal cracking due to their low coefficient of
thermal expansion, and larger synthetic fibers are sufficient substitutes for steel fibers
due to their corrosion resistance [1]. In this work, the performance of a hybrid section of
pavement, that is a layer of PC on top, and a FRC layer below was compared to the
performance of FRC and PC beams. Surface preparation methods between the layers
were also evaluated to provide a full understanding of what would provide the best
results if this type of pavement section was to be adopted in future concrete pavement
construction. This proposed hybrid section was evaluated using hybrid concrete beam
specimens and comparing them to PC beams and FRC beams. To compare the
effectiveness of hybrid specimens to FRC and PC specimens, flexural tests were
performed since the loads on pavements often result in flexural stresses. The bond

between the layers was also evaluated using slant shear cylinder specimens.

2. Background

2.1 Portland Cement Concrete Pavements

The first Portland Cement Concrete (PCC) pavement constructed in the United
States was in Bellefontaine, OH in 1891. This pavement was actually two layers of PCC
pavement, referred to as a PCC/PCC composite pavement. The top layer was a 4 in.
thick structural layer with no special aggregates, whereas the bottom layer was a
concrete layer consisting of a more durable aggregate type [5]. Since then, engineers

and builders have strived to optimize and find the perfect concrete pavement. According
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to the Portland Cement Association (PCA), there are four different types of concrete
pavements: a PC pavement with reinforcing dowels to provide load transfer, a PC
pavement without dowels, a jointed reinforced concrete pavement with steel
reinforcement in the joints, and continuously reinforced concrete pavements which have
no contraction joints and contain continuous longitudinal reinforcement throughout their
length. All methods of creating joints in concrete are to control transverse and
longitudinal cracking and movement of the concrete. A concrete pavement with joints
will still crack, but the idea is for the crack to form below the joints instead of on the
surface of the concrete. Reinforcing bars (dowels) at the joints hold these joints together
and prevent excessive long-term cracking. However, transverse cracks may also form
throughout the concrete at places other than the joints. This can be mitigated by adding
longitudinal steel reinforcement throughout the pavement section between joints.
Therefore, a pavement with dowel bars in the joints and no longitudinal reinforcement
will have good crack control at the joints, but it could still have excessive cracking
between the joints in the pavement section [6], [7]. Another approach to provide
continuous reinforcement in concrete pavements is to add fiber reinforcement to the

concrete mix design to ensure that there is crack mitigation throughout the concrete.

2.2 Fiber Reinforcement in Concrete

In the early 1960’s, fiber reinforcement became an alternative to conventional
steel reinforcement. Since the 1960’s, steel fibers, glass fibers, synthetic fibers, and
natural (cellulose) fibers have been studied extensively in different applications. Fiber
dosages in the range of 0.1 to 1.0% were classified as a low dosage, a fiber dosage in

the range of 1.0 to 3.0% was classified as a moderate dosage, and a dosage range of
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3.0 to 12.0% was classified as a high dosage [8]. The fibers used in the study reported
in this thesis were synthetic, polypropylene macrofibers and are discussed in more
detail in Section 3.1.1. The Fiber Reinforced Concrete Association (FRCA) delineates
macrofibers and microfibers by their equivalent diameter and linear density. Microfibers
have an equivalent diameter less than 0.012 in. and a linear density of less than 1.28
Ibs. / 5.59 mi. of fiber. Macrofibers have an equivalent diameter greater than or equal to
0.012 in. and a linear density greater than or equal to 1.28 Ibs. / 5.59 mi of fiber [9].
Since macrofibers are larger, they typically are better suited for structural applications
and load carrying situations, while microfibers are more effective at reducing

temperature and shrinkage cracking [10].

A study at the University of Tennessee evaluated the effects of six different fiber
types including steel, glass, and carbon fibers, and varied fiber dosages from 0.3% to
1.0% by concrete volume. This study evaluated fresh concrete properties such as slump
flow, and also hardened properties like early-age compressive and flexural strengths.
The study concluded that specimens including a steel fiber dosage of 1.0% provided the

highest 6 hour strengths and good workability [11].

Another study evaluated the flexural performance of a hybrid section of fiber
reinforced polymer (FRP) rebar and polypropylene fibers. The study used 0.5 in. and
1.0 in. diameter FRP bars and a fiber dosage of 0.5% for the polypropylene fibers. The
study compared these FRC beams to PC beams under a four-point bending
configuration and compared the crack widths during testing. It was concluded that the
FRC beams had 40% more ductility than the PC beams, and smaller crack widths than

the PC beams [12].



A study at Wuhan University in China evaluated the tensile capacity of hybrid
steel and polypropylene FRC specimens using dosages of each fiber type up to 1.9%.
Testing was conducted using a uniaxial tensile test, and the results showed that using a
mixture of fiber types in a concrete specimen can increase the tensile capacity by 25%

to 80% when compared to PC [13].

A study involving cellulose fibers (fibers made from wood) evaluated many
properties of their FRC specimens and compared them with specimens made from
polypropylene fibers. The study evaluated multiple forms of shrinkage, compressive
strengths, toughness, flexural strengths, and modulus of elasticity. The researchers
determined the following about the addition of fibers: shrinkage control was increased,
28-day compressive strengths were unaffected as well as flexural strengths and
modulus of elasticity results, but the toughness of the FRC specimens were 40% to
90% higher than the PC specimens. The study also determined that cellulose fibers
provided the same results as polypropylene fibers in similar doses, and that the

cellulose fibers were actually the cheaper option [14].

Researchers at lowa State University investigated the effects of 4 different
dosages of carbon microfiber (0%, 0.1%, 0.3%, 0.5%). Shrinkage effects were
evaluated along with compressive strength tests and splitting tensile strength tests. The
study concluded that increasing the fiber dosage increased the compressive strength at
early ages, and increasing the fiber dosage also increased the tensile strength and

crack resistance of the concrete [15].

A study in Eastern Europe investigated the effects of composite carbon and glass

macrofibers at a dosage of 1.5%. Compressive strengths were evaluated, fiber pullout
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was evaluated, and four-point bending tests were conducted. The study found that the
compressive strength was dependent on the w/c ratio instead of the fibers, that fiber
pullout strength is dependent upon the orientation of fibers in the concrete, and that
composite fibers had worse flexural performance than steel fibers at the same dosage

[16].

Two relevant studies were found that examined FRC specifically for a pavement
application. The first of which was a study in Florida that examined the performance of
FRC for use as a concrete pavement slab replacement. The study focused on the early
stages of FRC since pavement repairs need to be operational shortly after construction.
The results of the study showed that short (0.5 to 1.0 in.) polypropylene fibers
performed the best at resisting early-age cracking, and as a whole, the use of fiber
reinforcement in concrete increased early age cracking resistance and thus, early age
strength [17]. The other study, performed in Minnesota, evaluated the performance of
FRC for thin concrete pavements and overlay applications. The results of this study
showed that transverse joint faulting decreased with an increase in fiber dosage [18].
Joint faulting in pavement refers to the vertical deflections at the joints which affects the

smoothness of the ride [19].

Studies have also been performed to evaluate the effectiveness of FRC
pavement applications in the field. One such study in Italy, monitored a polypropylene
based FRC pavement after construction under traffic conditions. Over a four-month
period, the study concluded that the internal longitudinal and transverse strains of the
pavement were similar to before loading was applied [20]. Another study focused on the

effectiveness of using synthetic fibers for reinforcement in airport concrete pavement.



The study found that the addition of synthetic fibers can reduce concrete permeability
and improve concrete frost resistance. The study also performed a cost-benefit analysis
and concluded that the optimum synthetic fiber dosage for airport concrete pavements

was 0.10 to 0.14% of the concrete volume [21].

2.3 Hybrid PC and FRC Concrete

During literature review, only one other study proposed a hybrid concrete section
of PC and FRC, and this hybrid section was compared with PC control sections. A study
in Germany proposed a hybrid concrete section to mitigate the effects of large tensile
stresses at the top of the member due to concentrated loading. This region at the top of
the concrete specimen was referred to as the “St. Venant disturbance zone”. The
specimens in this study were columns in compression loading. Steel fibers were added
to this St. Venant disturbance zone, and the FRC layer was varied to determine the
optimum layer depth. Surface preparation methods were not analyzed. Instead, the two
layers of concrete were bonded by a method referred to as a “wet-on-wet’ casting
technique” in which both of the layers were still wet when they bonded to each other.
The results of this study showed that increasing the layer of FRC increased the
maximum bearing capacity of the hybrid sections, and that the hybrid sections had

significantly more “post-cracking ductility” than the PC sections [22].



3. Materials and Methods

3.1 Materials

3.1.1 Fiber Types

Four fiber types were evaluated during the testing described in this thesis. These
fiber types included macrofibers and a blend of macro and microfibers. During testing,
test specimens containing each fiber were described as “Fiber #”. This notation will be
used throughout this thesis. Figure 1 provides a visual comparison of all four fiber types.
Some of the fiber types were easily separated into smaller threads, whereas others
were singular strands of fibers. Some engineering properties for the fibers are given in
Table 1. Note that some of the engineering properties were not available for fibers 1 and

4, since this company did not perform extensive lab testing on their fibers.

Figure 1. Visual comparison of all four fiber types.



Fiber 1 was individual strands of polyamide macrofibers. Polyamides are nylon
polymers that are well known for maintaining their mechanical properties at higher
temperatures [23]. According to the manufacturer, this fiber also had a coating on the
surface designed to bond with the cement paste during curing and was designed
specifically for members that experience impact loading [24]. Although no impact
loading was conducted during this research, flexural strength was evaluated. These
fibers were rigid compared with the other fibers in this study and had a rough surface

and approximate dimensions of 0.03-0.04 in. in diameter and 2 in. in length.

Fiber 2 was a polypropylene and polyethylene synthetic macrofiber. These
macrofibers consisted of smaller strands spun into a larger strand. These larger strands
unraveled upon mixing resulting in a thorough dispersion of the smaller fibers in the
concrete. The diameter of the larger strand was approximately 0.1 in. and the diameter
of the smaller strands was approximately 0.05 in. These strands were approximately 2

in. in length. Similar to Fiber 1, these fibers were rigid.

Fiber 3 was a mixture of two fiber types: a standard polypropylene microfiber for
resisting temperature and shrinkage cracking, and a heavy-duty monofilament
macrofiber for improved strength [25]. The monofilament strand consisted of smaller
fiber strands similar to Fiber 2. The diameter of the larger fiber was approximately 0.01
in., and the diameter of the smaller fiber was approximately 0.075-0.1 in. The lengths of

these strands were approximately 2.25 in.

Fiber 4 was designed to be used in precast concrete members [26]. These fibers

were similar to Fiber 1, although they were not as rigid and were more lightweight in



comparison. The diameter of this fiber was approximately 0.025 in., and the length was

approximately 2.5 in.

Table 1. Engineering properties of fibers.

Specific Gravity | Tensile Strength (ksi)
Fiber 1 | N/A N/A
Fiber 2 ]0.92 87-94
Fiber3 ]0.91 83-96
Fiber4 |1.16 N/A

Note: All data was gathered from manufacturer documents [24]-[27]

3.1.2 Concrete Mixture Materials

All concrete mixtures and materials conformed to Arkansas Highway and
Transportation Department (AHTD) Specification Section 501, Portland Cement
Concrete Pavement Requirements [28]. The cement used in the concrete mixtures was
a standard Type I/1l portland cement. The coarse aggregate used in all of the concrete
mixtures was a 1-inch nominal maximum size, number 57 crushed limestone. The
gradation, specific gravity (SG), and absorption of the coarse aggregate used in the
concrete mixtures are shown in Table 2. The fine aggregate used in the concrete
mixtures was Arkansas river sand from Van Buren, Arkansas. The gradation, fineness

modulus (FM), SG, and absorption values for the fine aggregate are shown in Table 3.
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Table 2. Course aggregate properties.

Sieve Size | Retained Passing
(%) (%)

11/2 0 100
1 0 100
3/4 10.26 89.74
1/2 33.32 66.68
3/8 49.91 50.09
4 83.35 16.65
8 94.61 5.39
16 95.98 4.02
30 96.31 3.69
50 96.54 3.46
100 96.76 3.24
200 97.04 2.96
Pan 97.13 2.87
Specific Gravity 2.565

Absorption (%) 2.4

Table 3. Fine aggregate properties.

Sieve Size | Retained Passing
(%) (%)
3/8 0.0 100.0
4 2.8 97.2
8 8.1 91.9
16 19.5 80.5
30 39.0 61.0
50 83.2 16.8
100 97.9 2.1
200 99.3 0.7
Pan 99.4 0.6
Fineness Modulus 2.51
Specific Gravity 2.63
Absorption (%) 0.55

To ensure adequate workability, AdvaCast 575 was used as a high-range water
reducer (HRWR) for all mixture designs. This HRWR is a polycarboxylate based
formulation. Terapave air-entraining agent (AEA) was also added to the concrete

mixtures to ensure compliance with the 2014 AHTD Specification Section 501.
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Terapave is an acid salt-based air entrainer. This section specifies that air content of the

fresh concrete be 6% * 2% (4-8%) [28].

3.2 Mix Designs

For the mixtures that contained fiber, a constant dose of 10 pounds per cubic
yard, approximately 0.26% by concrete volume, of fiber was used. It was observed that
the air content was high in early batches, so the AEA dosage was reduced and kept
constant thereafter. The HRWR dosage was adjusted to provide adequate workability
for the mixtures while changing fiber types. In this case, adequate workability was
defined as a 2-to-3-in. slump. The admixture dosages ranged from 0.5 to 3.0 fl. oz of
HRWR and 0.5 to 1.0 fl. oz of AEA for all the concrete mixture designs. A summary of

the mixture design is shown in Table 4.

Table 4. Mixture design for concrete.

Mix Design | Weight (Ib/CY)
Cement 611

Sand 1264
Rock 1691
Water 257
Fiber 10

3.3 Methods

3.1 Concrete Mixing Process

To conform to ASTM C192, all concrete mixture materials were added to a
revolving drum mixer as follows: coarse aggregate, half the water (at this point the mixer
was turned on), fine aggregate, cement, and the rest of the water [29]. The first half of

water contained the HRWR, and the second half of the water contained the AEA. Both
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admixtures were added to the mixing water immediately prior to mixing the concrete.
The concrete was mixed for 3 minutes after all materials were added. After initial mixing,
the mixer was then turned off for 3 minutes to allow the concrete to rest. After allowing
the concrete to rest, the concrete was mixed for a final 2 minutes. The concrete mixing
process for the FRC was the same for that of the PC except for the addition of fibers.
The fibers were added before the mixer was started at the same time that the coarse
aggregate was placed in the drum. Adding the fibers in this manner ensured adequate
dispersion throughout the concrete during mixing by allowing it to mix for the whole

duration.

3.3.2 Specimen Casting Procedure

Five different types of specimens were cast from these concrete mixtures:
standard concrete cylinders, “hybrid” slant-shear cylinders, “hybrid” PC and FRC
beams, FRC beams, and PC beams. “Hybrid” refers to a concrete beam with two
concrete layers and, therefore, two separate concrete mixtures. The bottom layer was
FRC, and then a PC top layer was added. Each bottom layer cured for at least 7 days
before the PC was placed on top. Some top layers were placed more than 7 days apart.
For example, Fiber 1 hybrid specimens were cast 11 days apart due to slump issues
with the planned top layer. Fiber 4 specimens were cast 8 days apart because day 7 fell
on a holiday. A seven-day minimum was chosen to allow the bottom layer to gain
strength before the addition of the second layer and as a representation of how this
concrete section might be done in the field. Theoretically after 7-days, the mixture had
adequate strength to have construction loads applied to it. Three different surface

preparations were used on the hybrid slant shear test specimens and the hybrid beam
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test specimens to determine a method that would provide the best interface bonding
preparation for field applications. One was a control method with no surface
preparation, another was to expose aggregate at the interface surface, and the last

method mimicked roadway tines.

In the first surface preparation method, the surface was struck off to provide a
smooth finish, but no extra finishing was performed. This was to serve as the base
comparison for the other two methods. This was marked as “None” on specimens.

Examples of this method are shown in Figure 2.

Figure 2. No surface preparation method for slant shear cylinders (left) and
beams (right).

The second surface preparation method utilized a set retarder. The set retarder
used in this research was MasterSet DELVO. DELVO is a Type B set retarding
admixture conforming to ASTM C494 [30]. It was applied to the top surface by spray

bottle immediately after casting and then, 24 to 48 hours after curing, the top layer of
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paste was removed with a wire brush attached to an electric grinder. This provided a
rough, exposed aggregate surface for the overlay to bond to. It also exposed fibers in
the base layer that may have provided additional bonding. This preparation method was
marked as “DELVOQ” on specimens. Examples of this surface preparation are shown in

Figure 3.

Figure 3. Example of DELVO surface preparation method for slant-shear cylinders
(left) and beams (right).

The last surface preparation method used was intended to mimic roadway tines.
Often, concrete roadways are tined longitudinally to improve safety and reduce noise
[31]. The hybrid beams and slant shear cylinders were tined in this way with a handheld
device that conforms to the specifications in AHTD Section 501 [28]. This surface
preparation method was difficult to perform due to the dispersed fibers being very close
to the top of the finished surface. When the tining device was dragged along the top

surface of the concrete it resulted in snagging fibers and dragging them along the
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surface, marring it. It was especially difficult on the slant-shear cylinders due to the
geometry on the top surface of the slanted cylinder molds. This surface preparation
method was marked as “Tines” on all test specimens. An example of specimens

prepared by this method is shown in Figure 4.

Figure 4. Example of tines surface preparation method for slant-shear cylinders
(left) and beams (right).

3.3.2.1 Compression Test Specimens

Nine standard 4 in. by 8 in. concrete cylinders were cast with every mix. Three
cylinders each were cast for one day, 7-day, and 28-day compressive strength testing.

All cylinders were cast according to ASTM C192/C192M [29].
3.3.2.2 Slant Shear Test Specimens
Nine total hybrid slant-shear cylinders were cast for each fiber type, 3 for each

surface preparation, to test the bond strength (in shear) of each of the surface
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preparation methods. The cylinders were tested 28 days after the top layer was cast. A
pure compression failure (cracks propagating through the boundary interface) was
considered good bond, and a pure shear failure (failure along the boundary interface)
was considered a bond failure. This analysis aligns with similar research using slant-

shear specimens [32].

First, a base FRC mixture filled the cylinders halfway up. Next, a batch of PC was
made to fill the cylinders to the top. The cylinder holder was made at a 45-degree angle
so the interface between the FRC, and PC was at a 45-degree angle. After the first
layer was cast, the cylinders were left to cure where they were cast — inside a room at
approximately 75°F until the PC surface layer was placed. Once the cylinders were cast
with the first layer, they were not moved to ensure that the concrete cured as close to a
45-degree surface interface angle as possible. To place the top PC layer, the partially
filled cylinder molds were placed on the ground normally and filled to the top. The
special cylinder holder is shown in Figure 5. Demolded slant-shear cylinders are shown

in Figure 6, showing the 45-degree bonded interface.
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Figure 6. Slant-shear cylinders after demolding.
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All slant-shear cylinders were consolidated by a combination of rodding with a
3/8” diameter rod and using a small electric concrete vibrator. Without using a vibrator, it
was very difficult to consolidate the overlay mixture onto the slanted fiber mixture and
get a good bond between the two layers. This was due to the slanted surface and space
constraints in the cylinder mold along the edge of the existing concrete. Proper
consolidation the original set of slant shear cylinders was not achieved for the first two
fiber types. These slant-shear cylinders were repeated at a later date using the same

mixture design to achieve more consistent results.

3.3.2.3 Beam Test Specimens

Three different preparations of beam test specimens were made for each fiber
type. Three full FRC beams were made, three PC beams were made, and six hybrid PC
and FRC beams were made for each fiber type. First, an FRC mixture was made and
was used to make compressive strength cylinders, full-FRC beams and the bottom layer
of the hybrid beams. Next, a batch of PC was made and used to make control PC
beams, control PC compressive strength cylinders, and to finish casting the hybrid
beams. Of the six hybrid beams, two beams were cast for each surface preparation
method. In total, twelve beams were made for each fiber type and 48 total beams were

made. Each beam was 6 in. wide, 6 in. deep, and 21 in. long.

The FRC and PC beams were cast as normal beams in a metal mold. However,
the hybrid beams were cast in plastic molds with a special configuration for the third
point loading points. In order to guarantee a flat surface for the third-point loads, metal
plates were placed on top of the plastic mold and were held down by clamps. The

concrete was then cast under the metal plates to ensure a flat surface. After removal of
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the metal plates, air voids under the plates were filled with a fast-setting cement paste
and the surface was struck off with a putty knife. This was to ensure that no air voids
existed where the load points would be located. The molds for the hybrid beams are
shown in Figure 7. All beams were cast according to ASTM C192/C192M [29].The
ASTM suggests using a rod to consolidate concrete within these molds, but since the
concrete was relatively low slump (2 to 3 in.), an electric vibrator was used to

consolidate the concrete.

Figure 7. Formwork for hybrid beams.

3.3.3 Specimen Breaking Procedures

3.3.3.1 Testing Procedures for Compression Test Specimens

All samples were stored in a lab environment for the first day after casting. The
next day, all cylinders were demolded, the one-day breaks were performed, and the
other cylinders were stored in an environmental chamber at a temperature of

approximately 73°F and relative humidity of approximately 50% until it was time to test
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them. The FRC cylinders were trimmed with scissors before they were put in the grinder
for neatness. An example of the cylinders before and after trimming is shown in Figure
8. Before the cylinders were tested, both sides were grinded to a plane and smooth
surface using a concrete cylinder grinder (shown in Figure 9). The cylinders were then
tested in a Forney VFD compression machine according to ASTM C39/C39M [33]. The
break load was recorded and then used to calculate the compressive stress of the

cylinder. The Forney VFD system is shown in Figure 10.

Figure 8. Fiber cylinder before trimming (left) and after trimming (right)
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Figure 10. Forney compression frame.
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3.3.3.2 Testing Procedures for Slant Shear Test Specimens

The ASTM for slant shear specimens (ASTM C882/C882M) was loosely used to
perform the bond strength tests in this study [34]. The slant shear and standard
compression cylinders were tested identically. The same loading rates were used as in

ASTM C39 [33].

3.3.3.3 Testing Procedures for Beam Test Specimens

The beams were tested under a third point loading configuration. The goal of
these tests was to evaluate the flexural cracking of these test specimens. Third point
loading setup provides constant flexural stress in the middle third of the specimen. A
third point loading frame was attached to an MTS servo-hydraulic universal testing
machine to apply the desired loading configuration and to provide load and midspan
deflection values. To avoid excessive deflections at the supports and provide stiffness,
a 6-inch-deep wide flange shape was placed underneath the third point loading frame.
The testing configuration for all beams is shown in Figure 11. All beams were tested
according to ASTM C1609/C1609M [35]. Even though some beams did not have fiber
reinforcement in them, they were tested according to the ASTM referring to fibers to

conform to the same loading rates across all specimen types.
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Figure 11. Third point load frame for beam testing.

Deflections and loads were measured by the MTS system, and the deflection
was the midpoint deflection measured at the ram. Three loading rates were applied to
all beams during testing: 0.0035 in./min. up to a deflection of 0.02 in., 0.012 in./min.
after a deflection of 0.02 in. until 0.12 in., and then a loading rate of 0.06 in./min. until
the end of test. ASTM C1609 specifies the end of test is at a deflection of 0.12 inches
[35]. However, testing was continued to a deflection of 5 to 6 times the value specified
in ASTM 1609 to observe trends in the load vs. deflection curves discussed later. Two

different loading rates were required per ASTM [35], but the third loading rate was a
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custom rate intended to decrease the total testing duration and continue loading the
beams to large deflections. The load vs. deflection data was then captured at a
frequency of 1 Hz (1 data point every 1.0 second) in order to develop load vs. deflection
curves for each beam. After the end of the test, the width and depth of each beam was

measured to calculate modulus of rupture per ASTM C1609 [35].

4. Results

4.1 Description of Fresh Properties

For each mix, five different fresh concrete properties were recorded. Ambient
temperature (°F), water temperature (°F), concrete mixture temperature (°F), slump (in.),
and air content (%) were all measured to ensure consistency between batches. As
stated previously, the target slump was 2-4 in., the target air content range was 4-8%
and the target concrete mixture temperature was 70°F. Table 5 shows the fresh
concrete properties for all mixes. As shown in Table 5, the water temperature was
adjusted according to the ambient temperature to keep the mix temperatures consistent.
The variation in ambient temperatures is a result of performing mixes outside. All
mixtures occurred between the months of March and June and varied in the time of day.
Despite these variations, the mixture temperatures were all similar and all the slump
and air content values fell within the targeted ranges. All mixtures were consistent with

pavement concrete in the field.
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Table 5. Fresh properties for all mixes.

Mix Water Ambient Mixture Slump Air
Name | Temperature | Temperature | Temperature | (in.) | Content
°F) (°F) (°F) (%)
FRC1 80.2 70.5 74.1 3.0 7.8
PC1 74.1 57.0 69.8 3.5 8.0
FRC2 65.9 63.3 70.5 1.5 5.3
PC2 66.0 75.2 75.0 3.0 6.0
FRC3 68.7 47.8 69.4 1.0 4.5
PC3 72.1 66.6 73.4 2.0 4.7
FRC4 73.2 65.3 73.2 2.0 4.5
PC4 66.6 58.1 68.4 2.0 5.9

Note: FRC = Fiber Reinforced Concrete, PC = Plain Concrete.

4.2 Compression Test Specimen Results

Standard compressive strength cylinders were tested at 1-day, 7-days, and 28-
days. The 7-day strengths of the FRC were measured on the same day the top layer of
PC was cast on top of the beams. This 7-day strength may be relevant to field
applications of hybrid sections, as it provides an estimate to the strength of the bottom
layer, specifically if it could support equipment to pour the top layer of the hybrid
section. All cylinder compressive strengths are shown in Table 6. All 28-day strengths

met the required 4000 psi compressive strength outlined by AHTD Section 501 [28].

Table 6. Compressive strengths for 1-day, 7-day, and 28-day cylinders.

Mix Name | Avg. 1-day Avg. 7-day Avg. 28-day
Compressive Compressive | Compressive
Strength (psi) Strength (psi) | Strength (psi)
FRC1 1,500 3,740 4,370
PC1 2,270 4,060 4,440
FRC2 2,180 4,110 5,400
PC2 2,720 4,770 5,630
FRC3 3,170 5,460 6,160
PC3 3,030 5,400 5,760
FRC4 3,350 5,980 6,530
PC4 2,900 4,670 5,480
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When examining the 1-day compressive strengths from Table 6, one can notice
an average strength of 2,550 psi for the FRC cylinders and 2,730 psi for the PC
cylinders. When looking at the 7-day compressive strengths, one obtains an average
strength of 4,820 psi for the FRC cylinders and 4,725 psi for the PC cylinders. Lastly,
the averages for the 28-day compressive strengths were 5,615 psi for the FRC cylinders
and 5,330 psi for the PC cylinders. Therefore, the cylinder strengths were roughly
similar when comparing the PC and FRC cylinders. The differences in the slant shear
cylinders discussed in Section 4.3 can be attributed to the effects of the concrete at the

interface.

4.3 Slant-Shear Test Specimen Results

Slant shear cylinders were tested at 28-days to correspond with their respective
beam breaks. The purpose of the slant shear cylinders was to directly observe the effect
of surface preparation methods on the bond strength. That is, if the cylinders failed in
the base material(s) it was considered a good bond, whereas if they failed along the
interface between the two materials the bond was considered to be poor. An illustration
of these failure types is shown in Figure 12. The goal was to determine which surface

preparation method provided the best bond.
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Figure 12. Failure in base materials (left) and shear failure at boundary interface
(right).

All slant shear specimen results are shown in Table 7. Each row in Table 7 is an
average of three cylinders prepared from the same mixtures. The slant shear break data
shown in Table 7 allows more direct comparison of the surface preparations than the
prism tests. A comparison between fiber types and surface preparation methods is also
shown in Figure 13. There was a clear difference in strengths between the surface
preparation types. Across all the fiber types, the cylinders with no surface preparation
achieved the highest strengths, followed by the cylinders that were tined. The DELVO
cylinders consistently had the lowest strength. The second conclusion from this data is
that all the methods except for the DELVO method led to failures in the base material,
and thus by the criterion established previously, can be concluded as surface
preparation methods that provide a good shear bond between layers of concrete. The
shear failures along the boundary interface of the DELVO cylinders could be a result of
the wire brush not effectively removing the top surface of paste because the cylinders

were at an angle when the DELVO method was performed. This implies that the top
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layer of concrete bonded to a layer of paste that was not properly set or connected to

the bottom layer of concrete, i.e. the shear key was not developed. A “shear key” refers

to an element added between layers of structural material, in our case, the grooves with

the tines method, to provide good shear resistance between the surfaces. If some form

of grip is not achieved between layers, there will likely be a bond failure as shown in this

case. Recall that DELVO was a set retarder so the addition of DELVO might have

weakened the concrete in the bottom layer by preventing it to fully cure.

Table 7. Slant shear cylinder break data.

Name Avg. Stress (psi) Failure Type
H1N 5,084 Base Failure
H1D 2,995 Interface Failure
H1T 4,643 Base Failure
H2N 5,185 Base Failure
H2D 3,369 Interface Failure
H2T 5,004 Base Failure
H3N 7,078 Base Failure
H3D 5,096 Interface Failure
H3T 5,915 Base Failure
H4N 6,412 Base Failure
H4D 4,109 Interface Failure
H4T 5,911 Base Failure

Note: “H1N” = Hybrid, Fiber 1 None, “H1D” = Hybrid, Fiber 1 DELVO, etc.
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Figure 13. Comparison of slant shear cylinders.

4.4 Beam Test Results

4.4.1 PC Beam Test Results

In a PC flexural strength test, the beam fails completely after the first flexural
crack forms. An example of this behavior from this research is shown in Figure 14. The
lines drawn on the beam indicate the third point locations. A crack/failure forming in
between the middle third is the objective with this type of loading configuration. This is
the region of constant moment with no shear. This type of failure was consistent across
all PC beam breaks. This failure results in a load vs. deflection curve with a linear trend
up to the cracking load followed by a complete loss of strength. This is shown by all PC
beam failures in Figure 15. The initial portion of these curves is non-linear and resulted
from initial settling of the loading device. In Figure 15, all PC beams were grouped by
color and line texture. For example, PC1 and PC2 were beams made from the first
batch, and PC3, PC4, and PC5 were beams made from the second batch. Only two
beams were included from the first batch because of an error during preloading one of

the beams. All beams achieved failure before a deflection of 0.06 in., and all beams
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experienced failure at similar loading (6,000 to 6,500 pounds) except for PC9, PC10,
and PC11, which experienced failures at loads of approximately 8,000 pounds. The
cause for this increased flexural strength in the fourth batch of beams is unknown, given
its similar compressive strength, air content, and curing to other beams. Other than this
increase in failure load, the load vs. deflection curves for all of the PC beams made in

this research were similar.

Figure 14. Typical failure of a PC beam.
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Figure 15. Load vs. deflection curves for all PC beams.
4.4.2 FRC Beam Test Results

Compared to PC, the FRC beams in this research were found to fail in a slow
and ductile manner. Generally, the behavior of these beams was characterized by a first
peak load when the first flexural crack appeared, a drop in load, then a strain hardening
response up to a second peak followed by strain softening. This strain hardening and
strain softening behavior in FRC is more thoroughly discussed in a study performed in
Italy and Japan [36]. Once the FRC beams reached their peak loads and initial cracks

started to form, they continued to carry load and gradually deflect in a ductile manner. In
most cases, many fiber strands were observed bridging the widening crack. An

illustration of a full FRC beam at the end of testing is shown in Figure 16.

32



Figure 16. FRC beam at end of test.

Figure 17 shows the load vs. deflection curves for all the FRC beams made with
Fiber 1. In some of the Fiber 1 load vs. deflection curves there are increasing and then
sharply decreasing loads after the second peak. This was caused by individual fiber
strands or strand groups engaging and failing. This engagement and failure of the fiber
strands can be observed by the zig-zag part at the end of the curve for FC1 - Beam 2 in
Figure 17. The FRC beams did not break completely in two halves like the PC beams
illustrated in Figure 14. In many cases, the FRC beam halves were still connected after
failure, and they were separated with a mallet after the loading process was completed
to measure the cross-sectional dimensions at the failure location. The FRC beams for
Fiber 1 were only tested up to a deflection of approximately 0.14 in. This is because the
test can be terminated at a deflection of 0.12 in. per ASTM C1609/C1609M [35].
However, it was decided to continue loading other fiber types longer in case a trend in

the load vs. deflection curves was missed at these larger deflections. All beams for
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Fiber 1 cracked within the middle third and cracked at an average peak load of 6,200

pounds for the FRC beam set. One of the FRC beams tested with Fiber 1 is shown in

Figure 18.
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Figure 17. Load vs. deflection curves for Fiber 1 FRC beams.
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Figure 18. Fiber 1 FRC beam at end of test.

All the load vs. deflection curves for the Fiber 2 FRC beams are shown in Figure
19. Fiber 2 beams, which were loaded for a longer period of time than the Fiber 1
beams, clearly depicts a first peak load followed by an incomplete loss of strength,
strain hardening, and then strain softening. These FRC beams initially cracked at a
deflection around 0.05 in. (similar to Fiber 1) and then experienced strain hardening up
until a deflection of approximately 0.15 to 0.2 in. After this point, they underwent strain
softening and gradually lost strength as each fiber strand that was engaged began to
fail. All three of these beams initially cracked within the middle third with the first peak
load averaging approximately 6,750 pounds. An example of an FRC beam break from

Fiber 2 is shown in Figure 20.
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Figure 19. Load vs. deflection curves for Fiber 2 FRC beams.

Figure 20. Fiber 2 FRC beam at end of test.
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The load vs. deflection curves for the FRC beams with Fiber 3 are shown in
Figure 21. These load vs. deflection curves are similar to the curves from Fiber 2.
However, these curves seemed to show three peak loads, or an extra cycle of strain
hardening, and strain softening compared to the other fibers. This may be a failure in
the microfibers followed by a failure in the macro fibers. One beam shown, Beam 3, was
an outlier and was excluded from all further calculations. This failed test was attributed
to an error with the data acquisition software during testing. Since the behavior of the
other two beams were in good agreement, a third beam wasn’t considered necessary.
As shown in Figure 21, the first peak occurred at a deflection of approximately 0.05 in.,
and the second peak occurs at a deflection of 0.15 to 0.20 in. These behaviors are
consistent with Fiber 2. Both beams initially cracked within the middle third of their span
at a nearly identical load of 8,000 pounds. One of the FRC beam breaks for Fiber 3 is

shown in Figure 22.
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Figure 21. Load vs. deflection curves for Fiber 3 FRC beams.

Figure 22. Fiber 3 FRC beam at end of test.

The Fiber 4 FRC beam load vs. deflection curves are shown in Figure 23. Many
similarities can be observed between the Fiber 3 and Fiber 4 curves. The Fiber 4 beams
also initially cracked at a deflection of approximately 0.05 in., but strain hardening did
not occur for as long as the other fiber types. Maximum strain hardening occurred at 0.1
in. All three FRC beams for Fiber 4 initially cracked within the middle third at a break
load averaging 7,250 pounds for the beam set. A FRC beam at end of test for Fiber 4 is

shown in Figure 24.
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Figure 23. Load vs. deflection curves for Fiber 4 FRC beams.

Figure 24. Fiber 4 FRC beam at end of test.

As stated previously, the load vs. deflection curves for beams containing fiber
reinforcement showed a general trend of an initial peak at initial cracking, an incomplete
loss of strength, and then strain hardening resulting in a gain of strength up to a

percentage of its original strength. These points of interest were quantified for each
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FRC beam tested. The first quantity compared between all these beams was the
percentage of original strength retained after initial failure. This is shown in Figure 25.
As shown in Figure 25, the FRC beams retained an average of 28% of their original
strength after initial cracking. Fiber 1 retained the lowest percentage of the original
strength after initial cracking while the other fiber types retained around 30% of their

initial strength.
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Figure 25. Percentage of original strength retained after initial cracking for all
FRC beams.

The percentage of the original strength that the beams recovered during their
strain hardening process was evaluated next. This is shown in Figure 26. Figure 26 also
shows that all fiber types performed similarly in terms of the strength gain during strain
hardening. On average, 43% of the cracking strength was regained during strain
hardening across fiber types. Therefore, one can surmise that the addition of fiber
reinforcement throughout the full depth of the section makes it possible for the section
to carry more than 40% of its initial cracking load compared to PC which loses all

strength after cracking.
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Figure 26. Percentage of original strength gained during strain hardening for all
FRC beams.

4.4.3 Hybrid Beam Test Results

The hybrid PC-FRC beam failures were similar to the failures in the FRC
specimens; they failed in a ductile manner due to having tensile reinforcement (fibers) in
the tension zone (bottom section of the beam). A cross section view of this hybrid
section and an illustration of a hybrid section at ultimate failure is shown in Figure 27. In
the following figures, “H1N1” refers to hybrid beam 1 from Fiber 1 with no surface
preparation, “H1D1” refers to hybrid beam 1 from Fiber 1 with the DELVO surface

preparation method, and so on.
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Figure 27. Example of hybrid cross section (left) and hybrid section at end of test
(right).

Figure 28 shows the load vs. deflection curves for the hybrid beams containing
Fiber 1. There were two beams made per surface preparation method and are grouped
by line type and shading in the figure. These beams initially failed at a deflection of 0.03
to 0.05 in., and experienced strain hardening until a deflection of about 0.1 in. Most of
these beams cracked within the middle third but beams H1T1 and H1D1 cracked on the
middle third line, directly below one of the load application points. This was likely due to
the beam geometry causing one of the load points to apply a slightly higher load than
the other. This was mitigated during each beam break thereafter to try to minimize these
effects. Even though this occasionally occurred throughout testing, it did not appear to
significantly affect beam strengths. The first peak loads for the hybrid beams averaged
to about 5,500 pounds. When observing the different surface preparation methods, they
did not seem to affect the initial cracking load. For example, the tined beams had the
highest and the lowest strengths in Figure 28. An example of a hybrid beam after testing

was completed for Fiber 1 is shown in Figure 29.
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Figure 28. Load vs. deflection curves for Fiber 1 hybrid beams.

Figure 29. Fiber 1 hybrid beam at end of test.
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The load vs. deflection curves for the hybrid beams with Fiber 2 are shown in
Figure 30. Fiber 2 hybrid beams, unlike Fiber 1 hybrid beams, exhibited little to no strain
hardening. The concrete initially cracked at a deflection of approximately 0.03 to 0.04
in., and did not gain strength like the others until a deflection of approximately 0.1 in.
Most beams broke within the middle third, except for beams H1N1 and H1T2, which
broke on the load point caused by the uneven loading discussed previously. All of the
Fiber 2 hybrid beams initially cracked at an average break load of 5,900 pounds. The
hybrid beams for Fiber 2 show the same results as Fiber 1 with respect to surface
preparation; all cracking strengths were similar, and each surface preparation method is
inconsistent in break strengths. The DELVO beams had almost identical strengths as
the beams that were tined. There is no clear trend to say that one method was better
than the other for this fiber type. An example of one of the hybrid beams at the end of

testing is shown in Figure 31.
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Figure 30. Load vs. deflection curves for Fiber 2 hybrid beams.

Figure 31. Fiber 2 hybrid beam at end of test.
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The load vs. deflection curves for the Fiber 3 hybrid beams are shown in Figure
32. The hybrid beams for Fiber 3 lost less strength than the hybrid beams for Fiber 2,
and thus, had more strain hardening. These beams initially failed at a deflection ranging
from 0.02 to 0.05 in. and experienced strain hardening up until a deflection of about 0.1
in., similar to Fiber 1’s hybrid specimens. All Fiber 3 hybrid beams cracked in the middle
third, with only the beam H1N2 experiencing cracking under the load point. The beams
experienced a first peak load of 5,500 pounds for the set. Surface preparation methods
did not have a clear effect on this fiber type. One of the beam breaks from Fiber 3 is

shown in Figure 33.
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Figure 32. Load vs. deflection curves for Fiber 3 hybrid beams.
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Figure 33. Fiber 3 hybrid beam at end of test.

The load vs. deflection curves for Fiber 4 are shown in Figure 34, and are similar
to those of Fiber 1. Similarities continue through the second peak, indicating a clear
region of strain hardening. The Fiber 4 hybrid beams failed at deflections ranging from
0.03 to 0.04 in. and experienced strain hardening until a deflection of around 0.08 in. All
beams in this set initially cracked within the middle third of the span at an average break
load of 7,250 pounds for the set. The DELVO method and the tines method resulted in
the highest strengths for this fiber type. An illustration of one of the hybrid beam breaks

for the Fiber 4 set is shown in Figure 35.
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Figure 34. Load vs. deflection curves for Fiber 4 hybrid beams.

Figure 35. Fiber 4 hybrid beam at end of test.
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To align with the previous section, the points of interest on the load vs. deflection
curves were also quantified for the hybrid beams. The percentages of original strength
that were retained after initial cracking were examined for the hybrid beams, as well as
the percentages of original strength that were gained during the strain hardening
process, if there was one. The retained strengths after failure are shown in Figure 36.
Figure 36 shows an average of the beams with each surface preparation method within
each fiber type. For example, HN for Fiber 1 is the average of the two beams from Fiber
1 that had no surface preparation applied to them. This figure shows that all types of
hybrid beams for Fiber 3 had the highest percentage of their original strength retained
after initial cracking, suggesting that a blend of micro and macro fiber types (described
in Section 3.1.1) reduces the flexural strength loss after initial cracking. The Fiber 3
hybrid beams had an average strength retained of 43% compared to 29% for the Fiber
3 FRC beams. The hybrid beams for the other fiber types were either less than or

around the same percentage as their respective FRC beams.
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Figure 36. Percentage of original strength retained after initial cracking for all
hybrid beams.
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The percent of the initial pre-cracking strength regained during strain hardening
is shown in Figure 37. For the most part, this figure shows the same trend as Figure 36.
The beams containing Fiber 3, specifically the DELVO and tined beams provided the
highest strength gain during strain hardening. Thus, the hypothesis formed in the
previous section holds true. All fibers help the cracked concrete retain its strength and
enhance the concrete’s strength gain after initial failure, but Fiber 3 was more effective
than the other fibers. The Fiber 3 hybrid beams gained 53% of their original strength
compared to 48% with the Fiber 3 FRC beams. The hybrid beams for the other fiber
types were either lower or around the same strength gain as their respective FRC
beams. It is also important to notice that in both figures, and excluding Fiber 2, the
DELVO and tined beams regained higher percentages of their original strength than the
beams with no surface preparation. This distinction is significant and will be expanded

upon in further sections.
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Figure 37. Percentage of original strength gained during strain hardening for all
hybrid beams.
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5. Discussion
5.1 MOR

The first criterion that was evaluated from the load vs. deflection curves
presented previously was flexural strength, or modulus of rupture (MOR). The MOR was
calculated in this research by using the equation outlined in ASTM C1609 [35] and
these values were then compared to values from the MOR equation outlined in ACI

318-14 [37]. The experimental MOR per ASTM C1609 was calculated using Equation 1:
Equation 1
f = i
~ bd?
Where:
f =MOR (psi)
P =first peak load (Ib.)
L = span length (in.)
b = average width of beam at fracture location (in.)

d = average depth of beam at fracture location (in.) [35]

The first peak load was recorded during testing, the span length for the loading
setup used was 18 in. from support to support, and the widths and depths of each
member were measured with a digital caliper after testing was completed. The MOR
values calculated with this method were then compared to the MOR equation found in

ACI 318-14 as Equation 19.2.3.1 but defined as Equation 2 here:
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Equation 2

fr =7.52/f'c
Where:
f was the predicted MOR for concrete

A was a lightweight factor for concrete, taken as 1.0 here (normal weight

concrete)
f’c was the concrete compressive strength at 28 days taken from Table 6 [37]

For the hybrid sections, it was decided to use the f’c value for the bottom layer of
concrete because this is where the cracking would originate (at the extreme tension
fiber of the beams). All final MOR values for each beam type are shown in Table 8. In
Table 8, each beam type was averaged across fiber types. When comparing the ACI
MOR and the experimental MOR, the experimental values were predicted closely. All
beam types, except for the hybrid beams without surface preparation (HN), fell within
10% of the flexural strength value predicted by Equation 2. As a whole, it cannot be said
that either the addition of fibers or the utilization of different surface preparation

methods impacted the flexural strength for better or for worse.
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Table 8. Averaged MOR values for all beam types.

Beam Experimental | ACI MOR | Experimental / ACI | Experimental MOR
MOR (psi) (psi) MOR Ratio Standard Deviation
(psi)
FRC 565 560 1.01 52.7
PC 535 548 0.98 81.0
HN 480 560 0.86 65.5
HD 520 560 0.93 59.1
HT 540 560 0.96 72.2

Note: FRC = Fiber Reinforced Concrete, PC = Plain Concrete, HN = Hybrid None, HD =
Hybrid DELVO, HT = Hybrid Tines.

Figure 38 shows this similarity of all flexural strengths between fiber types and
between beam types. The flexural strengths for each beam type were normalized
according to the square root of their respective concrete compressive strengths, f'c'/2, to
reduce any unnecessary variation. The hybrid beams were normalized according to the
f'c of the fiber layer in the bottom of the concrete because this is the layer that would
experience flexural stresses. For example, All FRC beams for Fiber 3 and all hybrid
beams for Fiber 3 were normalized according to the 28-day strengths (f'c) for FC3 in
Table 6. As stated previously, this figure shows the similarity between the experimental
MOR values and the MOR values calculated using ACI. When the cracking strengths of
the beams were normalized by compressive strength, there appeared to be little

difference between fiber types or beam designs.
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Figure 38. Normalized MOR values for all beam specimens.

With each batch of PC made as the top layer of the hybrid beams, companion
PC beams were cast as control beams. One can see in Figure 38, that the PC beams
made during the 4™ batch had much higher flexural strengths than the others. As stated
in Section 4.4.1, the reason for this spike in flexural strengths is unknown since no
variables were changed between these batches of PC. The mix designs were the same,
the same molds were used, the compressive strengths were similar, and the air content
was not low compared to the others. The average flexural strength for all PC beams

was around 535 psi.

The flexural strengths for the FRC beams can also be evaluated separately in
Figure 38. One can see that Fiber 3 had the highest flexural strengths between all four
fiber types, although not by much. Therefore, when evaluating the fully fiber reinforced
beams, one cannot say that the addition of one fiber type greatly increased the MOR

when compared to the others. The modulus of rupture values for the hybrid beams were
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also all similar. Fiber 4 consistently had the highest cracking strength for each hybrid

beam type.

5.2 Beam Toughness Results

The second and more important property of these beams was their toughness.
The MOR only evaluates the strength when a flexural crack appears. Toughness is a
better representation of load carrying capacity after cracking and the resistance to
deformation of the specimens. For a pavement application, the toughness should
provide a measure of how well the concrete maintains its load-carrying capabilities after
cracking. Typically, the more ductile the material, the higher the toughness [23]. During
this research, the toughness was calculated by computing the area under the load vs.
deflection curves for each beam as outlined in ASTM C1018 [38]. It was determined that
two separate toughness areas were of interest: the toughness up until the first crack
formed (first peak), sometimes referred to as the initial toughness in this paper, and the
toughness between the first crack (first peak) and the second peak in the load vs.
deflection curves, occasionally referred to as the secondary toughness in this paper. As
discussed previously, the curves for the beams with fiber reinforcement showed these
typical points of interest. An example of how toughness was calculated is shown in
Figure 39. The initial toughness value, toughness to the first peak, relates to the beam’s
toughness up to the deflection when it initially cracked. As discussed previously, once
the beam cracked, it lost a percentage of its strength, but gradually regained some
strength over time through strain hardening. This ability to regain strength during strain
hardening after initial failure was captured with the secondary toughness value.

Therefore, all beams could be compared in their ability to resist initial cracking but could
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also be compared in their ability to regain strength after initial failure. Toughness values

after the second peak were not considered because each beam test was ended at

variable deflections based on how long it took them to lose all their load carrying

capacity. It was determined that the toughness up to the second peak load was the

more relevant metric. The toughness values up to the first peak for all beams are shown

in Figure 40.
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Figure 39. Points of interest on load vs. deflection curve used to evaluate

toughness.

Figure 40 shows that most toughness values up to the first crack are similar. This

makes sense since all the MOR values shown previously (Figure 38) were similar.

However, the Fiber 4 initial toughness values stand out. The initial toughness values for

the PC beams averaged around 120 Ib-in. The initial toughness values for the FRC
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beams are similar to the initial toughness values for the PC beams shown in Figure 40.

These initial toughness values averaged around 140 Ib-in.

The initial toughness values for the hybrid beams averaged around 145 Ib-in.
However, Fiber 4 had a consistently higher toughness than the other fiber types. When
Fiber 4 is excluded, the average initial toughness value for the hybrid beams was

around 100 psi. Fiber 4 produced significantly higher initial toughness values.
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Figure 40. Comparison of toughness to first peak for all beams.

The secondary toughness values in between the first and second peak for the
beams with fibers are shown in Figure 41. There was a clear trend in the toughness
values after the first crack between beam types. As stated previously, the PC had no
toughness (or strength) after the first cracking occurred and therefore is not included in
this figure. The toughness values after cracking were the highest for the FRC beams.
The hybrid sections have some toughness after cracking, but not as much as the fully
reinforced concrete beams. This is because there was more fiber bridging the flexural

crack to enhance ductility throughout the section in the beams with fiber in the full depth

57



instead of just in the tension zone. The hybrid beam toughness after initial cracking can
also be reported as a percentage of the toughness of the FRC beams. The hybrid
beams with Fiber 1 had approximately 83% the toughness of the FRC beams with Fiber
1, whereas the hybrid beams for Fiber 2 were 40% the toughness of their respective
FRC beams, the Fiber 3 hybrid beams were 36%, and the Fiber 4 hybrid beams were

80% as tough after cracking when compared to their respective FRC beams.
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Figure 41. Comparison of toughness from first to second peak for all fiber beam
types.

The average toughness for the FRC beams from the first peak load to the second
peak load was around 305 Ib-in., which was more than twice their initial toughness
values. This is because they carried load and continued to deflect for a long time after
initial cracking. Fiber 4 had the lowest toughness after initial cracking, whereas Fiber 3
had the highest toughness after initial cracking. The main reason that Fiber 3 had the
highest toughness after initial cracking could be due to that specific fiber type being a

blend of micro- and macro-fibers types.

58



The secondary toughness values for the hybrid beams averaged at roughly 170
Ib-in. The toughness values after initial cracking up to the second peak showed trends
between fiber types, and surface preparation methods. The toughness for Fiber 4
decreased sharply once initial cracking occurred as discussed earlier, where the other
fiber types retained their toughness and ductility and even increased in toughness in
most cases after initial cracking. One can also notice that all the hybrid beams have
very similar toughness values before initial cracking (130 Ib-in. average from Figure 40),

and after initial cracking up to the first peak (160 Ib-in. average from Figure 41).

The initial and secondary toughness values were summed together to form the
total toughness which is shown in Figure 42. The total toughness values shown in
Figure 42 show a similar trend as Figure 41 which summarized the toughness after
initial cracking up to the second peak load. The FRC beams have the highest total
toughness values, followed by the hybrid sections, and then lastly the PC beams with
the lowest. Each surface preparation method and its effect on strength and toughness
will be discussed in detail in Section 5.3. The addition of a bottom fiber reinforced layer

roughly doubled the toughness compared to PC.
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Figure 42. Comparison of total toughness for all beams.

As already discussed, when the PC beams failed, they had no strength and no
toughness after. Therefore, the toughness shown for the PC beams is only the
toughness up to the first crack and is also the total toughness. The total toughness
figure (Figure 41) appears identical to the secondary toughness figure (Figure 42) for
the FRC beams and hybrid beams. This would indicate that the initial toughness values
that were added to the secondary toughness values did not have impact on the final

toughness values.

When evaluating the total toughness values for all the hybrid beams, there is a
similarity between fiber types. Another way that these total toughness values for the
hybrid beams can be presented is as a percent of the total toughness of the fully FRC

beams, as shown in Figure 43.

Figure 43 shows each hybrid toughness as a percentage of their respective FRC
toughness values. For example, Hybrid 1 None beams had roughly 60% of the total

toughness of the FRC beams of Fiber 1. Therefore, in this case, reinforcing roughly half
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the depth of the beam as opposed to the full depth, results in 60% of the toughness of a
section with fiber reinforcement fully throughout the depth. However, the hybrid beams
for Fiber 4 show total toughness values ranging from 90% to 120% of their fully fiber
reinforced companion beams. This would suggest that with some fiber types a hybrid
section may provide similar toughness benefits to a full-fiber reinforced section while
providing the added benefit of easier surface finishing. Fiber 4 unraveled and became
very stringy after the mixing process. It is hypothesized that this is the cause for the
improved post-cracking toughness in the hybrid beams. An illustration of this

phenomenon is shown in Figure 44.
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Figure 43. Total toughness of hybrid beams as a percent of their respective FRC
beams.
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Figure 44. Fiber 4 after mixing.

Previously in Section 2.1, it was discussed that it was difficult to keep the layers
of the hybrid concrete specimen’s constant, resulting in varying layer depth in the FRC
concrete layer. Thus, all layer depths were recorded for reference. Throughout the
study, it was decided to examine the effects of these varying layer depths on the effects
of the total toughness of the beams. There was no clear trend when evaluating the
effects of the FRC layer depth in relation to the total toughness of the specimen. This
comparison is shown in Figure 45. There did not appear to be a clear relationship
between fiber layer depth and total toughness of the hybrid specimens for the range of

fiber layer depths observed.
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Figure 45. The effect of the depth of the FRC Layer on the total toughness of the
hybrid beams.

5.3 Comparison of Surface Preparation Methods

To organize the presentation of data, it was decided to have a separate section
to compare the effectiveness of the surface preparation methods. This section will
reference figures and topics discussed from previous sections within the results. The
surface preparation methods will be compared regarding their effect on strengths and

their effects on toughness of the beam specimens.

5.3.1 MOR Comparison

When evaluating Table 8 in Section 4.5, it showed that all surface preparation
methods provided similar strengths to those predicted by Equation 2. Therefore, it
cannot be said that one surface preparation method increased or decreased the flexural
strengths of the hybrid beams. This trend can also be observed in Figure 38 in Section
5.1. The same conclusions can be drawn from all the hybrid beam load vs. deflection

curves shown in Section 4.4.3. Therefore, it can be concluded that the surface
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preparation method did not have a large effect on the flexural strength of the concrete

specimens.

5.3.2 Toughness Comparison

When examining all the toughness figures in Section 5.2, a summary table was
created to show the actual values for each hybrid beam type. This summary table is

shown in Table 9.

Table 9. Direct comparison of toughness values for each hybrid beam type.

Beam | Toughnessto | Toughness After Total
Type | Initial Cracking | Initial Cracking Toughness
(Ib-in.) (Ib-in.) (Ib-in.)

H1N 90 165 255
H1D 95 185 280
H1T 120 240 360
H2N 85 255 340
H2D 110 80 190
H2T 115 105 220
H3N 95 150 245
H3D 120 160 280
H3T 110 215 325
H4N 200 80 280
H4D 190 95 285
H4T 210 145 355

When taking a closer look at the values in the table, in the majority of cases the
hybrid beam with the tines surface preparation (H1T, H2T, etc.) provided the highest
toughness values before and after initial cracking occurred. Before cracking, the
averaged values were as follows: 140 Ib-in. for Tines, 130 Ib-in. for DELVO, and 120 Ib-
in. for the beams with no surface preparation. The specimens with no surface
preparation and the DELVO specimens produce inconsistent results. Some specimens
experienced higher toughness before cracking in the DELVO beams while others
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experienced the highest toughness before cracking in the specimens with no surface
preparation. The toughness values after cracking were 180 Ib-in. for Tines, 160 Ib-in. for
the specimens with no surface preparation, and 130 Ib-in. for the DELVO specimens.
The total toughness values for the surface preparation methods were 315 Ib-in. for
Tines, 280 Ib-in. for “None”, and 260 Ib-in. for DELVO. Therefore, the Tines provided the
best overall results, followed by the beam specimens with no surface preparation, and

lastly by the DELVO specimens.

5.3.3 Visual Observations of Bond Failures

During testing, it was observed that the specimens without surface preparation
experienced a bonding failure between the two layers of concrete across 3 of the 4 fiber
types. Some bond failures were more severe than others. The shearing stresses at the
middle of the section caused the top layer to debond from the bottom layer. This
occurred when the cracks traveled along the boundary interface. This debonding failure
happened after the second peak in the load vs. deflection curves and continually got
worse as the beam was loaded. This debonding failure could be a concern when
exposed to long-term flexural loading, but since these cracks occurred after the second
peak in the load versus deflection curve, all methods appeared to provide sufficient
bonding. An illustration of this debonding failure at the end of testing of this is shown in

Figure 46.
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Figure 46. Worst case bond failure for hybrid beam with no surface preparation
between layers at end of test.

Flexural cracking started at the bottom in the middle third of the beam, indicating
a proper failure. However, as the loading continued, the cracks traveled up to the
boundary interface, and spread out horizontally. These cracks formed horizontally until
they reached the point load locations, and then they went straight up to the load point.
Therefore, after observing this phenomenon, it is highly recommended to use a surface
preparation method (preferably one that cuts grooves like tines) when casting a hybrid

section and not to leave the boundary interface untreated.
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6. Conclusions

When summarizing all of the results presented previously, many conclusions can

be drawn in relation to beam types, fiber types, and surface preparation methods. The

conclusions made regarding to the beam types were the following:

When considering the MOR for the beams tested in this study, the inclusion of
fibers throughout the depth or in the tension region did not increase the flexural

strength.

The FRC beams had more secondary toughness than initial toughness resulting

in increased total ductility.

The hybrid beams have similar toughness values before and after cracking

Adding a layer of fiber reinforcement, as done in the hybrid beams, doubled the
total toughness when compared to PC beams. This hybrid approach would

improve pavement performance while ensuring a top layer that is easy to finish.

The conclusions made regarding the different fiber types were as follows:

Fiber type, like beam type, did not affect the MOR of the specimens

The addition of fiber reinforcement throughout the full depth of the section (FRC
beams) resulted in a strength gain after initial cracking of roughly half of its

original strength before cracking

Fiber 3, a blend of fiber types, resulted in the highest percent of this strength
gain. Therefore, a blend of fibers reduces the flexural strength loss after initial
cracking forms
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e Fiber 4 provided similar toughness benefits in a hybrid section to a FRC section

while providing the added benefit of easier surface finishing.

The conclusions made regarding the different surface preparations in the hybrid beam

sections and the hybrid slant shear cylinders were:

Surface preparation method did not have an effect on the flexural strength

e Beams with the tines method resulted in the highest total toughness (315 Ib-in.),
followed by the beams without any surface preparation (280 Ib-in.), and the

beams yielding the lowest total toughness were the DELVO beams (260 Ib-in.)

e During testing, it was observed that the hybrid beams without surface preparation

experienced a bonding failure after significant deformation.

e The slant-shear specimens with the DELVO surface preparation method
experienced failure along the interface, which resulted in lower strengths

compared to the other surface preparation methods

6.1 Future Work

Many things could be evaluated in the future regarding a hybrid section of PC
and FRC for pavement applications. The following should be examined in future work:
evaluating more surface preparation methods, the performance of fiber types other than
synthetic fibers, various fiber dosages, varying FRC layer depths, and various flexural
specimen sizes (larger or smaller beams might yield different results). The results of this
study were relevant only to a low dosage of synthetic fibers in small flexural specimens
with only three different surface preparation methods. Varying any of these variables

could wildly change the performance of a hybrid PC and FRC pavement section.
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