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Unit of Measurement Conversions

SI* (MODERN METRIC) CONVERSION FACTORS
APPROXIMATE CONVERSTQ$SUNITS

SYMBOL WHEN YOU KNOW MULTIPLY BY TO FIND SYMBOL
LENGTH
in inches 25.4 millimeters mm
ft feet 0.305 meters m
yd yards 0.914 meters m
mi miles 1.61 kilometers km
AREA
in2 square inches 645.2 square millimeters mm?2
ft2 square feet 0.093 square meters m?
yd? square yard 0.836 square meters m?2
ac acres 0.405 hectares ha
mi? square miles 2.59 square kilometers km?
VOLUME
fl oz fluid ounces 29.57 milliliters mL
gal gallons 3.785 liters L
fts cubic feet 0.028 cubic meters m?3
yd3 cubic yards 0.765 cubic meters m3

NOTE: volumes greater than 1000 L shall be shown in m®

MASS
0z ounces 28.35 grams g
Ib pounds 0.454 kilograms kg
T short tons (2000 Ib) 0.907 megagrams Mg (or "t")
TEMPERATURE (exact degrees)
°F Fahrenheit 5(F-32)/9 or (F-32)/1.8 Celsius °C
ILLUMINATION
fc foot-candles 10.76 lux Ix
fl foot-Lamberts 3.426 candela/m? cd/m?
FORCE and PRESSURE or STRESS
kip 1000 pound force 4.45 kilonewtons kN
Ibf pound force 4.45 newtons N
Ibf/in? pound force per square inch |6.89 kilopascals kPa

*Sl is the symbol for the International System of Units. Appropriate rounding should be made to comply with
Section 4 of ASTM E380.



SI* (MODERN METRIC) CONVERSION FACTORS
APPROXIMATE CONVERSKBI®/SI UNITS

SYMBOL WHEN YOU KNOW MULTIPLY BY TO FIND SYMBOL
LENGTH
mm millimeters 0.039 inches in
m meters 3.28 feet ft
m meters 1.09 yards yd
km kilometers 0.621 miles mi
AREA
mm? square millimeters 0.0016 square inches in?
m?2 square meters 10.764 square feet ft?
m? square meters 1.195 square yards yd?
ha hectares 2.47 acres ac
km? square kilometers 0.386 square miles mi2
VOLUME
mL milliliters 0.034 fluid ounces fl oz
L liters 0.264 gallons gal
m3 cubic meters 35.314 cubic feet ft3
m3 cubic meters 1.307 cubic yards yd3
MASS
g grams 0.035 ounces oz
kg kilograms 2.202 pounds Ib
Mg (or "t") megagrams (or "metric ton") |1.103 short tons (2000 Ib) T
TEMPERATURE (exact degrees)
°C Celsius 1.8C+32 Fahrenheit °F
ILLUMINATION
Ix lux 0.0929 foot-candles fc
cd/m? candela/m? 0.2919 foot-Lamberts fl

FORCE and PRESSURE or STRESS

kN kilonewtons 0.225 1000 pound force kip
N newtons 0.225 pound force Ibf
kPa kilopascals 0.145 pound force per Ibffin
square inch

*S| is the symbol for the International System of Units. Appropriate rounding sbeuithde to comply with
Section 4 of ASTM E380.
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Executive Summary

In prestressed bridge girdeead region reinforcement issedto control cracking caused
by high tensile stresses that occur due to prestress traRsferal strand debonding and
additional mild steel reinforcement are commonly used to controlegymhrcracking. In some
casesthese measures dot effectively control crackingesultingin constructiordelays,
potential repairs, additional coséd potentiatompromiseof long-term durability.
Fiberreinforced concrete (FRC) provides a possdaleition to end region cracking. Since end
region cracking is a serviceability state, not an ultimate strength state, crack control using fibers
may provide better results than conventicrad region detailing

Theresearcltonducted t@valuate the efictiveness oFRCat controlling end region
cracksincluded bothrexperimentalnd analyticalvork. Because selfonsolidating concrete
(SCC) istypically used to produce precast girderd-lorida it was necessary to integrate the
fibersinto an SCC mixire whilestill maintaining the flowability and passing ability properties
of SCC.The experimental program was dividetbitwo phasesmixture development and full
scale testingf FIB-78 girder segmentsThe analytical program wadso divided intdwo
phases. The first phase consisted of calibrating a material model that regutdsepbst
cracking behavior of FRC. The second phase consisted of modeling of ti8 gIRlers during
prestress transfer.

The first phase of the experimental progracusedon develoment ofSCC mktures
with fiber reinforcement Macrasynthetic, basgland steel fibers atolume fractionganging
from 0.1% to 0.7%vasevaluated The effect of including fibers on concrete workability and
residual strength were considd when selecting the mixtures to use in the-fdale girder
production. In general, highefiber volumes and the use of stiffer fibers led to a higher residual
strength When used at the same volume fraction, steel fibers provided residual sttieagth
were60% higher thathat of themacrosynthetiéibersand90% higher thathat of thebasalt
fibers.Mixtures with macrosynthetic fiberbadhigher residual strength than basalt fibers
Reduced workability was observed, however, in mixtures withgssaf macrosynthetic fibers
greaterthan 0.5%.Based on results from workability and residual strenmgiktureswith
hooked end steel fibers at 0.3% and 0.7%, crimped steel fibers gtahd¥nacrosynthetic fiber
at 0.5%were selected for fukcale tsting

In the second phasé# the experimental prograrfive precast prestressé&dB-78
specimensvere constructed to evaluate the effectiveness of FRC at controlling end region
cracking Each girder end was designed with different end region det&liagaluate the
effectiveness of FRC in combination with conventional FOE@ region detailingersus
significantly reduced end region reinforcemdirite strain in oncrete and mild steel
reinforcementvasmeasuredluring prestressed transfer, and endomregracks were monitored
immediately following prestress transfer and for a period of 150 days. The data collected
utilized to quantify the effectiveness of FRC to control end region cracking. The experimental
results indicated thahe use of FR@an reduce end region crack widths addition, the use of
steel fibers ah volume fraction of 0.7% combined with reduced end region reinforcement was
found to bemore effective thakDOT typical end region reinforcement at maintaining crack
widths smdkr than 0.006 in

The first phase of the experimental program focused on the calibration of a material
model that could predict the pestacking behavior of FRCTo accomplish thisERC was
represented analytically using a smeared reinforcement appwiaere the fibers are defined
a fraction of the solid concrete elemeixperimental results from laboratory testing of FRC
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mixtures was used for material calibration. The simulation showed that a smeared reinforcement
approach can be used to actelarepresent the pestacking response of FRC.

Using the calibrated material model, the secainaseof the analytical model included
simulation of prestressed FHB3 girders. Concrete and mild steel reinforcement, along with end
region crack data ocerded experimentallyere used to validate the analytical modebod
agreement was found between the experimental and anatgcétls ofend region cracking
immediately following prestress transfer

Test specimenaereevaluated using crack treatmieaquirements from current FDOT
specifications
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1 Introduction

U.S. precast bridge girders are typically produced in a figedtionfacility with long-
line beds in which girders are fabricated @oe@nd using bonded pretensioned prestressing
strands. Girders with lengths éxcess of 200 ft. (60 m) are produced in these facilities. The
large eccentricity and magnitude of the prestressing forces necessary to reach such lengths can
result in significant tensile stressasd crackingn the concrete in the end region of thedgis
(Figurel-1(a)). This cracking often initiates during or right after prestress transfer and can
continue to grow for up to three months. End region cracking is more common when using
deeper and slender cressctions, and higher amounts of prestressing. In general, partial strand
debonding and added mild steel reinforcement are utilized to control the resulting cracking
(Figurel-1(b)). At times, however, this approadbes not effectively control cracking, resulting
in construction delays, potential repairs, additional costs, and potential compromisetefiong
durability.

l!lllllllii

(b)

Figurel-1 End region crackinga) (highlighted in bluejHamilton et al. 2013&nd conventional
end region reinforcement (b)

One possible solution to end region cracking is the use ofrddafiorced concrete.
Becausend region cracking is a serviceabilitate and not an ultimate strength state, crack
control using fibers may provide better results than conventional reinforcement. Historically, the
use of fibers has been limited to control of temperature and shrinkage cracking. However, newly
developed thers with higher modulus and tensile strength become an alternative for structural
applications.

This report presents the results from experimental and analytical investigations conducted
to evaluate the effectiveness of steel and synthetic fibers @oltiog end region cracking in
prestressed girders.

Experimentalvork includedthe laboratory testing of synthetic, stesld basalt fibers to
evaluate their effect on fresh properties and residual strengése Tasultsvere used to develop
final mixture proportions to be used in the testing of five (5) prestressed, prgoasrs.

Testing included monitoring strain in concrete and mild steel reinforcement during prestress
transfer, and end region crack monitorfrmm prestress transféo an agef 148days.
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This reportpresents theesults of research conducted on Fi¥&d to control endegion
cracking in precast, prestressed bridge girdEng literature review in Chapt2iprovides
background current knowledge @fid region crackingnd FRC. FRC background includes
coverage of fiber types and propertiefects of fibers on fresh concrete properties and
mechanical properties; use of fibers in smlhsolidating concrete; and standard test methods for
FRC.Chaptes 3 covesthe mixture development thatasbe used to construct the mockup
specimens. Chaptdrdescribes tests conducted on-ethle FIB girder segments using FRC.
Chapters describes FEA simulation work that was conducted in support of the experimental
testing.

1.1 Research objectives
Both experimental and analytical work were conducted to achieve the following

objectives:

1 Develop selconsolidating concrete mixtures inding fiber reinforcement

i Test mixtures fresh and hardened properties to assess effect of including fiber
reinforcement on mixture workability and residual strength

1 Evaluate the effectiveness of fibeinforced concrete at controlling end region cracking

1 Evaluate the efficiency of current design practices of end region detailing

1 Develop recommendations for including filreinforced concrete contribution in end
region detailing design

1.2 Research approach

The efforts conducted to accomplish the reseabpective can be divided into three (3)
majorcomponents

1 Experimental investigation within a laboratory setting focused on developing FRC
mixtures that comply with workability and strength requirements.

1 Full-scaleexperimental investigation focused in Riaing effectiveness of FRC at
controlling end region cracking, and characterizing end region crack growth over time.

1 Analytical investigation focused on evaluating the efficiency of current design methods at

controlling end region cracking.
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2 Literature review

2.1 End region

Fabrication of precast prestressed elements is performed in stages. Prior to concrete
casting, the prestressing tendons are stressed. Once concreg&chasdts specified strength,
the tendons are released, causing a sudden applicdfforce at the end of the member. This
force is introduced into the concrete over the transfer length of the prestressing strands. Intense
and highly variabléensile stresses are generated in the end region of the girder from this
prestressing foee(Figure2-1

E, Max. Principal
[Beeg: TE%)

+3.575=-0]
+2.500=-0]
+2.175=-01
+2.250=-D1
+2.125=-0]
+2.000=-D]
+1.E78=-D]
+1.750=-D]

+1.25De-04
+D0,000=+D0
-5.210e-D6

Figure2-1 End zone cracks and maximum tensile stré@iszvza and Okumu2011)

Figure2-2 shows an idealizeprestressindorce load path within the end regiadong
with astrut and tie model of thend region of prestressed girder as developesichjaich et al.
1987 Away from the end region @&kar distribution of longitudinal stressesist, where
because of the prestressing fotice bottomof the girder is under compression andtth of the
girderis in tension These stresses can be divided into four compongneggualibriumC1+ C2
equals the magnitude of the prestressing force TR two remaining force$3 and C4, have
equalmagnitudeand oppositelirection U-turn forceghat enter the structure atehve it When
stresses generated are greater than tensile capacity of the concrete, cracking in the end zone
occurs. Cracks are longitudinal, occurring in the web or at the intersection between web and
bottom flange FFigure2-3). Since concrete tensile strength is relatively low these cracks are very
common on prestress elements. In a survey of @d@eérs, the Missouri Department of
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Transportation observed that more than 100 showed end zonangrgeirney 2002) .

—TL 9 —

——————————————————————— -—CA

et e T e -—C,
= = c e
1

Figure2-2 End region (a) elastic stress distribution and (b) -stnattie model
(Schlaichetal 1987

NCHRP 654 identifies several factors, in addition to the prestress transfer, that can affect

the formaion of end region cracks, including

1 method of detensioning (hydraulic release provides a more uniform transfer of forces,
and gives time for the girder to accommodate the fotbesdecreasing the formation of
end zone cracks),
order of strand release,
strand distribution,
friction with prestressing bed,
design of end zone reinforcement,
concreteproperties
and Hoyer effect.

= =4 =4 -8 -4 -9

Cracks can expose reinforcement to extreme environmental conditions, resulting in
corrosion of the strands or bars, and comprorgighe strength and durability of the structure.
In addition, cracks running parallel and intersecting the pretensioning strands can cause
debonding, which can result in decreased shear and flexural strength of the element. To control
the width and proggation of cracks caused by tensile stregsassverseeinforcement is
typically provided.

Installation of @d region reinforcement can lengthen construction durdtiorease
project cost, and has proven marginally effectiveoatrolling endregioncracking Other
methods used taddress durability concerns withacks include (but are not limited to):

1 debonding of strands at the end,
1 crack injection,

1 controlling prestress levels,

9 and coating the ends tife member.

In some cases, methods fepair may not be sufficient to restore the integrity of the
element and rejection is necessary.
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Figure2-3 End zone cracks, marked in bludgamiltonet al. 2013)

2.1.1 Reported deficiencies

Tadros et al. (20)(Qerformed testing on two 42 span, 66in. deep invertedee girders
using 0.6in. diameter lowrelaxation strands. The girders were constructed in accordance with
provisions fromAmerican Association of State Highway and Transportation Officials
(AASHTO) Load Resistance Factor DesigiRED) Bridge Design SpecificationfAASHTO
2017)and FDOTend regiordetailing practice. After prestressing release, end zone cracks were
identified and measured. They were found to vary in width from 0.004 to 0.006 in. with lengths
less than 3 ft. Girders fiour different states were also constructed following provisions from
their repective statesliable2-1). Specimens were loaded to determine whether structural
integrity of the elements was compromised by end region cracking. All specimens tested had
capacities at or higher than the expected capacity (dieed based on measured and specified
material properties)Results from the load testing indicated that end region crackimgervice
issue andlid not compromise the structural capacity of the prestressed girders.

Table2-1 End region crack width and length for various girder ty@eslros et al. 2010)

State Girder Type| Crack width (in) | Crack length
Type Il
Tennessee | AASHTO none none
beam
Washington WF58G Not reported Not reported
Virginia PCEF45 0.0040.010 Less than 3 ft
60-in.
Florida invertedT 0.0040.006 Less than 3 ft
beam

Tadros et al. (2010) also conducted field inspections on highway bridges in Nebraska and
Virginia. The Platte River Bridge in Nebraska had end zone wonaltks between 0.004 in. and
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0.008 in. with lengths of 2 to 6 ft. The Platte River Bridge was constructed usingdéep
NU-I girders with spans of approximately 160 ft. At the time efittspection, the girders were
a few years old and displayed no visible sign of corrosion.

Inspection of three Virginia bridges revealed end region cracking and some corrosion. In
one bridge, inspection showed end zone cracks of 0.008 to 0.010 in. whdsomie moderate
corrosion stains. Similar crack widths and patterns were observed in the other two bridges, but
no sign of corrosion was observed.

Hamiltonet al. (2013) performed research to develop improved detailing practices to
control end regionracking. Experimental work was performed on FIB 63 specimens with a 50
ft. length. Crack width data were collected during construction and in the weeks and months
following release of prestressing strands. Control specimereprepared following dething
for end reinforcementequiredby FDOT. Specimesshowed average crack widths on the web
of 0.0046 in. with a maximum of 0.008 in.

2.1.2 Crack width limits and treatment

Specifications or recommendatioregardingacceptablerackwidths and treatment of
cracksare discussed in this sectio8pecifications from FDOT were used as thresholds in this
investigation to evaluate the effectiveness of FRC at controlling end region cracking.

Tadros et al. 2016onducted field inspections, durability and load testinfylbfscale
prestressed girders. The work focused on evaluation of the effect of end region cracking on
structural integrity and long term durability fofll-scaleprestressed girder. Based on the work
conductedguidelines were developed for acceptance and repair methods of end region cracking.
Table 2-2 shows acceptance and treatment recommendations for end region cracks.

Tale 2-2 End zone cracks treatment recommendatidasios et al. 2000

Width (in.) Treatment
<0.012 None
Fill with cementitious material, end 4 ft of tl
0.0120.025 girder should be coated with a sealant
0.0250.05 Fill with epoxy or cementitious patching
material, and coated with a sealant
>0.05 Rejection, or further engineering analysis

FDOT specifications ammore conservative in nature than recommendations made by
Tadros et al. 2010Florida Department of Transportation (FDO%$jandard Specifications for
Road and Bridge ConstructioRIOT 2018) sectio®50-12.5 provides compliance criteria for
precast elements. Crack treatment is determined based on the crack width, location, and
environmental exposure to which the element will be subjected. The crack location is classified
as eitherritical or noncritical. Noncritical locations are defined by the position and crack
orientation; for all types adimple sparpretensioned precast girders the 4ooitical location is
defined by criteria presented Trable2-3. A critical location is defined as a location where a
crack will open when the element is subjected to sefedel stress. Critically located cracks
may reduce ultimate capacity, or fatigue resistance of the element. Critical locations are also
thosenot encompassed by the noritical locations as specified fable2-3.

In cases where the total length of all cracks located in the end zones of an element
exceeds one quarter of the total element length, an engineering evaisagquired, regardless
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of the crack width. Based on reported deficiencies in available literature, for the majority of
cases it can be expected that end region cracks fall under thoeiticad classification.

Table2-3 Noncritical locations peStandard Specifications for Road and Bridge Construction

(FDOT 2018
Crack direction Location LOC&tIOﬂWI'FhIn Length
crosssection
. From end for length les
Horizontal End zong3xdepth) | Top flange and web than dpth
. . Interface of web and From end for length les
Horizontal Any location
top flange than depth
. From end for length les
Diagonal End zong3xdepth) | Top flange and web than depth
: Extending through | Less tharonehalf the
Vertical End zong(3xdepth) top flange depth after detensionin
: Midspan (between | Extending through
Vertical -
end zones) top flange and web

Table2-4 Crack treatment pe8tandard Specifications for Road and Bridge Construction

(FDOT 2018
Classification Width (in.) Location Environment Treatment
. Slight or
Cosmetic w 0.006 in Non-critical moderate Do not treat
Crack
Extreme Penetrant sealer
Slight Do not treat

Do not treat (eleation
Moderate of more than 12 ft.) or
Minor Crack | 0.006 w 0.012| Noncritical penetransealer
Penetrant sealer
Extreme (elevation of more tharn
12 ft.) orinjectepoxy
w > 0.012 Non-critical - Engineering evaluation
Any Critical - Engineering evaluation

Major Crack

2.1.3 End region design

AASHTO LRFD Bridge Design Specificatiofsh er e af t e AASHEXOLeRrFrDedd a s
section 5.9.4.4.1 (2017) states thafficient reinforcement to resist 4% of thaximum
prestressing force from fully bonded strands be provided from the girder end to a distardce of h/
In addition, the stress in the steel reinforcement during prestress transfer is limited to 20ksi to
control cracking within the end region.

FDOT Structures Design Guidelin@=DOT 2016) section 4.3.1.D has adopted
provisions followingAASHTO LRFD with some modifications. This document specifies that
enough vertical reinforcement should vevpded to carry 3% of the maximum prestressing
force from fully bonded strands (Pu) for a distance of h/8, 5% of Pu for a distance of h/4 and 6%
for a distance of 3h/8 from the girder end.
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2.2 Effect of fiber addition on end region crack control

Dhondeet al. 2005 performed work to determine #fiect of fibers on end region
cracking; his work covered both SCC and conventional concrete. Wonserfasmedusing
steel fibers ofL..2- and 2in. (30- and 50mm) length at volumes ranging from @%6t01%. In
mixtures prepared with conventional coster, no end region cracking was observed. In
specimens prepared using SCC, control specimens showed maximum crack width of 0.005 in,
while FRSCC specimens showed a reituan end zone crack width of less than 0.001 in.
Strain data were collected on dtesnforcement in all specimens during curing and prestress
release Tensile strains were significantly reduced when using steel fiber reinforgement
indicating thafibers were effective at redistributing tensile stresses developed in concrete during
ealy ages. Maximum tensile strain during prestress release were more than 50% lower for
specimens cast using SCC when compared to samples cast with conventional concrete (selected
specimens are shownTrable2-5).

Haroon et al. 2004valuated the effectiveness of FRC to reduce or eliminate secondary
reinforcement in anchorage zones in gesisioned elements. AASHTO cyclaading test
were performed on control and steel fiber (deforrhédin. 38 mn), hooked end..2 in.
(30 mm) fibers) reinforced samplef&igure2-4 andTable2-6). Maximum crack wdth was
reduced by 74100% using FRC, even when using reduced secondary reinforcement. For 4.4 ksi
concrete, using 1% hooked eb@ in. B0 mn) fibers, crack width was reduced from 0.006
0.007 into 0.002 in, it was determined that steel fibers coutdgmtially reduce the quantity of
secondary reinforcement by up to 79%.

Table2-5 Tensile strain measured on reinforcement during
prestressransfer(Dhondeet al.2005

Fibers Fiber length| Fiber length| Max. tensile strain
volume (%) (in.) (mm) (prt  in/in)
0 - - 1.8
Conventional 1 1.2 30 1.9
0.5 2.4 60 1.3
0.5 2.4 60 0.4
SCC 1 1.2 30 0.8
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Blanco 2013erformed third point load testing on samples preparedivitin. 35 mm)
and2.4 in. 60 mn) hooked end steel fibers. Data collecsbdws that as aspect ratio and fiber
volume are increased a better control of crack width is obsérugare2-5).

F
Load head
_I—\% Anchor head

[~ Anchorage

ja————— Test block

Empty duct

NS N N N N N N

Load head

(a)

Figure2-4 Test setup used to measure maximum crackhwor various fiber volumesHaroon

et al. 2004)
Table2-6 Test setup and maximum crack with various fiber voluriissdonet al. 2004)
Fiber type (volume) Compressive| Reinforcemen{ Maximum crack
yp strength (psi)| Spiral | Skin | width (in.) (0.%pu)
None(0%) 4050 6 5 0.007
Hooked (1%) 4500 6 - 0.002
Hooked (1%) 4500 3 - 0.002
Hooked (0.75%) 4800 6 3 none
100 v
80 R ra
R /.#‘ :
=60 . /_,/‘ :
2 L (D ——— ]
i AT 4
g 40 ey
- /L 7T e SF1.0.25
T — — 5F2_0.25
20 { /A SF1.0.50%
o — - - SF2_0.50%
0 b RC
000 005 010 015 020 025 030 035

Crack width [mm]

Figure2-5 Load-crack width for service load region (Blan2013)
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Evaluation of the effect of fiber reinforcement in prestressed elements indicated that
fibers could be effectively used to redistribute stresses during casting and prestress transfer. In
addition, end region crack widths were reduaed in some cseseliminated. Fibers were
shown to be effective as partial replacement of end region reinforcement in reducing
construction time and improving element durability

2.3 Fiber materials

A wide variety offiber materials and configurations are commercialiilable. Fibers
are typically categorized by their constituent material such as stee|,sylad®etic, or natural
fibers(ACI 544.1R-96). ASTM C1116(2015)categorizes fibers into Typd ISteel, Type Ik
Glass, Type llil Synthetic, and Type IV Natural.

Material and geometry selection depend on the intended application and requirements.
This section provides a general descriptiosahmerciallyavailablefiber materials and their
geometric and mechanical properties. A more detailed description of the importance and effect
of a material and its geometry on the behavior of FRC is presktéedn thischapter.

2.3.1 Steel fibers (Type I)

Due to theihigh strength and stiffness, steel fibers are commonly used in structural
applications. These fibers are available in a variety of @essons and shap@sigure2-6);
diameters range fro@.5-3 in. 64-76 mm) with aspect ratis ranging from 20 to 100, other

typical properties are:
- L]

1 Tensile strength: 18800 ksi
1 Modulus of Elasticity: 30,000 ksi
1 Specific gravity: 7.85

Mo @ oo w
a. Straight Slit b. Deformed Slit Sheet or Wire
Sheet or Wire
[ ] oo @ v -
¢. Crimped-End Wire d. Flattened-End e. Machined f. Melt Extract

Slit Sheet Chip
or Wire

Figure2-6 Steel fiber configuration (ACI 554.1B6)

2.3.2 Glass fibers (Type II)
Glass fibers are commonly available in lengths ranging fdmn. (13 mm) to 1.5 in.
(38 mn) and can behave as either ma@omicrofibers Advantages of glagder-reinforced
concrete include its low weight, high moisture resistanee th@rmal expansion, and high fire
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resistance. A downside of glass fibers is that their mechanical properties can change when
exposed taggressivenvironmental conditions. Properties of common glass materials are
provided inTable2-7.

Table2-7 Properties of selected glasses (ACI 554983

Material Spec_ific Tensile _ Moc_ju_lus of_ UItimate
gravity strength (ksi) | elasticity (ksi) | strain (%)
A-Glass 2.46 450 9400 4.7
E-Glass 2.54 500 10400 4.8
CemFIL AR-Glass 2.70 360 11600 3.6
NEG AR-Glass 2.74 355 11400 2.5

2.3.3 Synthetic fibers (Type 1)

A wide range of materials are used to produce synthetic fibaldg2-8). The most
commonly useaynthetic fibers are mgn and polypropylene (Folliard et al. 2006). Synthetic
fibers can be further subdivided into microsynthetic or macrosynthetic fibers, and, in general, are
available in lengths varying frot2 in. @ mm)to 2.5 in. 64 mm). Macrosynthetic fibers are
typically longer than 1.5 inhave equivalent diameter (diameter of a circle with area equal to
crosssectional area of the fiber) larger tHa012 in.(0.3 mm) and modulus of 728450 ksi.
These fibers are typically dosed at a volume fraction in the @@2% to 1.0% (higher for
certain applicationsandar e commonly referred to as fAstruct
Microsynthetic fibers are typical@.5 in. (2 mm) to 0.8 in. 0 mm) in length have
equivalent diameter smaller th@r012 in. (0.3 mm)and moduls of 435ksi to 725 ksi. These
fibers are typically useith volume fractions ranging fro@®.03% t00.2%, and are commonly
referredstmoua@atsumalonf i ber so.

Table2-8 Common synthetic fiber types ancbperties (ACI 554.1F96)

Equivalent Ultimate Tgnition Melt, oxidation, or Water absorption
diameter. Tensilestrength. Elastic elongation, temperature, decomposition per ASTM D 570
Fiber type in.x 107 Specific gravity ksi modulus, ksi percent degrees F temperature, degrees F percent by weight
Acrylic 0.5-4.1 1.16-1.18 39-145 2000-2800 7.5-50.0 430-455 1.0-2.5
Aramid I 047 1.44 425 9000 4.4 high 900 4.3
Aramid 17 0.40 1.44 340 17.000 25 high 900 1.2
Carbon, PAN HM* 0.30 1.6-1.7 360-440 55.100 0.5-0.7 high 752 ml
Carbon, PAN HT® 035 16-1.7 500-580 33,400 1.0-1.5 high 752 il
Carbon, pitch GP** 0.39-0.51 1.6-1.7 70-115 4000-3000 2.0-24 high 752 3-7
Carbon, pitch nptt 0.35-0.70 1.80-2.15 220-450 22,000-70,000 0.5-1.1 high 932 nil
Nylon' 0.90 1.14 140 750 20 — 392-430 28-5.0
Polyester 0.78 1.34-1.39 33-160 2500 12-150 1100 495 0.4
Polyethylenet 1.0-40.0 0.92-0.96 11-85 725 3-80 — 273 nil
Polypropylene ! 0.90-0.91 20-100 500-700 15 1100 330 nil

2.3.4 Natural fibers (Type V)

Natural fibers are prepared from naturally occurnmagerials ang¢an be processed to
enhance their mechanical properties. These fibers can be obtained at low cost and are available
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in large quantities Many materials are classified as natural fibers, and occur in lengths varying
from 0.1in. to 17 in. anddiametes from0.0001 in. 0.03mm) to 0.03 in. 0.7 mm). Common
natural fibersncludecoconut, bamboo, sisal, jute, wood fiber, among many others

Table2-9 Properties of selected natural fibers (ACI 554963

Wood
Sugar fiber
cane Elephant Water (kraft
Fiber type Coconut Sisal Bagasse Bamboo Jute Flax grass reed Plantain Musamba pulp)
Fiber length. 24 N/A N/A N/A 7-12 20 NA N/A N/A N/A 0.1-02
Fiber 0.004- . 0.008- 0.002- 0.004- /) 2 y . ; 0.001-
diameter, in. | 0016 NiA 0.016 0016 | 0.008 NiA NA NA NiA NA 0.003
Specific 1.12- 1.02- Iy , Iy y <
gravity 115 N/A 1.2-1.3 1.5 1.04 N/A N/A N/A N/A N/A 1.5
Modulus of 2750- 1880- - 4780- 3770- < - -
L . 5-275 5 7 5 2 k N/
clasticity, ksi 3770 3770 | 2175201 sq00 2640 14,500 10 730 00 130 NiA
Ultimate s 7
§ 17.400- 40,000- 26,650- 50,750~ 36,250-
Vlcn:.llc ; 29.000 82.400 42.000 72 500 50.750 145.000 25.800 10,000 13.300 12,000 101,500
strength. psi
Elongation at
break. 10-25 3-35 N/A N/A 1.5-1.9 1.8-2.2 36 1.2 5.9 9.7 N/A
l]Cl‘CL‘ﬂl
Water
absorption, 130-180 60-70 70-75 40-45 N/A N/A N/A N/A N/A N/A 50-75
percent

Note: N/A = properties not readily available or not applicable.
Metric equivalents: 1 in. = 25.4 mm: | ksi = 1000 psi = 6.895 MPa

2.3.5 Basalt fibers

Basalt fibers are a morecent type of inorganic fib€Kizilkanat et al 2015) These

fibers have a high modulus of elasticity an@nsile strength comparable to steel fibers. In
addition, they have high thermal and chemical stability, and have been observed to easily
disperse in concrete mixtures without segregatiatilonpingoccurring Ayub et al. 2014
Patniak 203). Unlike steel fibers, basalt fibers are corrogiesistant and have been found to be
resistant to alkaline environments. Another advantage is their low weight (three times lighter
than steelKrassowskand Lapka2013). Typical properties include:

1 Tensile strength: 160 ksi

1 Modulus of Elasticity: 6380ksi

1 Specific gravity: 2.0

2.3.6 Hybrid fibers

When fibers of differing aspect ratio, material, or strength are combined, thefeared
to as hybrid fibers. FRC produced from an effective combination of fibers can surpass the
performance of FRC produced with the individual fibé&€544.3R-08).

An example of thisnteraction is the combination of short and long fibers. When
concrete is subjected to tension, microcracks form in the interfaciabetweeraggregatend
cement matrix As tension increases, microcracks coalesce to form larger cracks, which may
causd¢ ensi l e failure to occur. I n members with
effectively the initial formation of microcracking. Once macrocracks occur, the long fibers
become more active in bridging, since shorter fibers are being pulled otdck width increases
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(Figure2-7). It has been observed that fibers shorter thdann. 85 mn) are more effective at
controlling crack widths lower than approximately 0.006 in. (Blanco 2013).

Most common fiber combinatierare made based on constitutive properties, fiber
dimensions, or function. Fibers combinations based on constitutive properties use a stiff fiber to
increase strength and a flexible fiber to improve toughness and strain capacity. Fiber
combinations baskon fiber dimensions use a smaller fiber to control microcracks and increase
tensile strength and a larger fiber to control macrocracks and increase fracture toughness. Fiber
combinations based on function use one fiber type to improve fresh and eapyopgrties and
another to enhance mechanical properties of hardened concrete (ACI-B&4\ébasher
2011, QianandStroever2000) Some fiber combinations may be detrimental to one or more
properties. Consequently, consideration of desired properties should be taken into account when
seleting fiber properties to ugdehdiandLadanchuk2004)

+fA+ A A A A

short fibres \ tr

bridge
microcracks })/¢ *\/¢ ¢
a)

long fibre microcracks

macrocrack

4

b) long fibres bridge
macrocracks

Figure2-7 Influence of short (a) and long (b) filsein bridging of crackéMarkovic 2006)

2.4 Typical fiber properties

Commercially available fibers have a diverse range of length and mechanical properties.
Table2-10 shows common fiber materials alongmiypically available geometric and
mechanical properties. Most common fiber use involves nonstructural application such as
control of plastic shrinkage cracking and when used for structural applications they are most
commonly used as secondary reinforeem Application of each fiber varies with mechanical
properties and available geometries, common application for each fiber type are also provided in
Table2-10. In general, low fibevolumesbetween 0.% and0.3%areoften usedo control
early age cracking, while at volumes above 0.3%-pstking behavior of concretgimproved
(Banthia et al. 2012)
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Table2-10 Typical fiber propertiesnd applications

Equivalent| Length Aspect Tensile
Material diameter | range b strength Applications
ratio :
(mm) (mm) (ksi)

Tunnel linings, rock slope
Steel 0.51.00 | 6-74 | 30-100| 160300 stabilization, slabs on grade,
bridge decks, shotcrete, SIFCO
Cladding materials and thin shes
components.

Glass 0.0050.15| 1338 | 13-38 | 145246

Polypropylene| 0.020.4 | 12-20 | 50-100| 20-100 Residential, commercial and
industrial slab on grade, floor

Nylon 0.020.3 | 1950 | 50-100| 140 overlays, shotcrete

Polyester 0.020.40 | 1950 | 50-100| 30-175 Slab on grade

Basalt 0.010.65 | 12-100| 50-100| 150200 |  Shotcrete, slabs, thin sheets
commnents, precast products

Corrugated units , single or doub
Carbon 0.0080.02 70-580 curvature membrane structures
curtain walls

2.5 FRC implementation

2.5.1 FDOT Structures Design Guidelines (FDOT 2016)

FDOT Structures Design Guidelind=dOT 2016) specifyithat the use of structural fiber
reinforcement be limited to weiast concrete in two shapes: circular structures with inside
diameter of less than 12 ft., and rectangular structures with maximum inside wall length of 6 ft.
(3.17.10). Design for thesawttures should be made in accordance with fib Model Code 2010
(Sections 5.6 and 7.7), or as an alternative structure can be designed based on evaluations records
from providers accredited to ISO/IEC Guide 65. Residual strength must be determined in
accodance with ASTM C139@015)(described ir2.10.J and must meet a minimum
requirement of 215 psi. Fibers allowed to be used include carbon steel fibers for slight/moderate
aggressive environments, galvanized, stainless steedrbon FRP in all environments while
other noRcorrosive materials may be considered VAIOT approval.

252 AC| 318-14

CurrentBuilding Code Requirements for Structural Concfét€l 2008), hereafter
referr ed -B&alldwatle usedflstkebiérs in specific conditions as an alternative
reinforcement for prescriptive minimum shear reinforcem€&able2-11). Currently the code
covers only the use of fiber reinforcement as prescriptive sbiedorcement antlas no dagn
approach for structural or nonstructural applications.
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Table2-11 Cases where minimum area of
shear reinforcement is not requirédd] 318-14 Section9.6.3.1)

Beam type Conditions
Constructed with selfiber-reinforced Q 24in.
normal weight concrete conforming to and

26.4.1.5.1(a),26.4.2.2(d),and 26.125.1 | ¢y 1 ¢ '@ Q
and with"@e 6000psi

Where 26.4.1.5.1 (a) provides fiber requirements, 26.4.2.2 (d) provides minimum dosage
and 26.12.5.1 (a) gives acceptance criteria. Fiber and minimum dosage requirements state that
fibers tsed must be deformed, conform to ASTM A820, have an aspect ratio of 50 but less than
100, and @uantityof at least 10@ %X . For acceptance, the mixture must comply with
compressive strength criteria and residual strength criteria giveaibie2-12.

Table2-12 Conditions for residual strengthased on results of ASTM C1609 (26.12.&))

Midspan Conditions for residual strength (RS)
deflection
L/300 RS is at least thergater of:

90 % of measured firgieak strength from flexural tes

90 % of 7.5 "@e
L/150 RS is at least the greater of:
75 % of measured firgieak strength from flexural tes

75 % of 7.5 "Qe

2.5.3 ACI 544.7R-16 Tunnel lining design
ACI 544.7R16 covers a design approach and design parameters for SFRC for tunnel
lining applications. Key design parameters include compressive strength, residual flexural
strength determined ASTM C16090r EN 14651 andsplitting tensile strength. Flexural
strength parameters determined in accordance with ASTM C1609 or EN 14651 is scaled by a
factor of 0.330.37.
Required average residual strengtbdasermined as follows

Q R p®1 Equation2-1

Q R p®t Equation2-2

WhereQ and™Q are the required average residual flexural strength at net deflection
of L/150 and L/600 (psi) respectivelf@e and'@e are the specified residual flexural strength
at net deflection of L/150 and L/600 (psi) respectively, iand the sample standard deviation of
the test results.

Conventional reinforcement can be replaced partially or completely by fiber
reinforcement only whethe requirements establisheddguation2-3 andEquation2-4 are
satisfied.
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Q .
a9 LLt<] Equation2-3
"0 |

o ™ Equation2-4

Where’Q and™Q (psi) are the residual flexural strengths at net deflections of L/150
and L/600 respectively, an@is the first peak flexural strength (psi).

2.6 Fiber behavior

Fiber tensile resistance is controlled by either fiber rupture strength or miheagth, or
both. Fiber pullout is the preferred behavior since it provides a more ductile failurgA@ide
544.4R-88). For straight fibers the pullout process occurs in twmrsiages: debonding and
frictional pullout (Markovic 2006). When a crack forms in the concrete surrounding the fiber,
fiber forceP is controlled by the adhesive and mechanical bond between the fiber and concrete,
which fails progressively from the cratdce to the end of the fibeFigure2-8a and b). When
bond is completely broken, then the fiber foRcis controlled by the frictional force between the
fiber and concrete as the fiber is pulled from the concFetgife2-8c).

The debonding process for deformed fibers is more complex. For deformed fibers,
plastic deformation of the fiber must occur at the hook bends before frictional pullout is possible
(Figure2-9c andFigure2-9d). Plastic deformation must occur along the hooked length of the
fiber to continue to pull the fiber from the concrete, which increases the pullouPforce
Consequently, more force and eneaggrequired to pull out aeformed fiber than a straight
fiber, leading to improved postacking ductility and residual strength.

When the bond strength is greater than the fiber strength, then the failure mode will be
governed by fiber rupture. In such cases, ductility and rakgitength are controlled by fiber
mechanical properties.

Fiber bond strength can be improved by providing better mechanical anchorage or larger
interfacial surface area, or both. For instat&einewaldet al.(2016 found that pullout
strength was aximized by using fibers-2 times longer than the maximum aggregate size.
Aspect ratios greater than 100, however, have been observed to cause workability problems and
nontuniform fiber distribution (ACI 544.4R). Hydrophilic nature of the fibers withrge
surface areas will affect workability, the concrete hydration process, and the chemical bond
between the fiber and paste. Such effects must be considered when adjusting mixture
proportions to accommodate fiber addition.

SCC can be used to offset Wability problems associated with the addition of fibers.
Indeed Ferrara et al. 200and Markovic (2006) found that the use of SCC with fibers improved
the mechanical bond strength of fibers compared to traditional concrete mixtures.

partly debonded fully debonded pullout
P P I P
—— C—— —
w w w
a b e

Figure2-8 Debonding and pullout of straight fiber (Markovic 2006)
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Figure2-9 Debonding and pullout of hooked end fiber (Markovic 2006).

2.7 Effect of fibers on fresh concrete

Fiber addition can greatly affect fresh pesties of the mix, causing placement and
consolidation problems. Factors that determine the extent to which fresh properties are affected
by the addition of fiber reinforcemeimcludefiber volume fraction, aspect ratio, fiber shape, and
fiber material A review of work performed on the effect of fiber addition on fresh properties of
concrete and methods to test FRC workability is provided in the follos@otgon

2.7.1 Workability test methods

Workability of fresh concrete is significantly affected by #ulelition of fibers.
Consequently, appropriate test methods are important for the development of new mixture
designs, as well as quality control during production. Several test methods are available, each
vary on approach, results obtained, and in tiémided application. Some of the more common
methodsncludes inverted slump cone and Vebe tests.

ASTM C995(2001)provides the methodology to determine the inverted sloome
time of fiberreinforeed concrete, which gives a measure of workability and consistency. This
test can be performed in either a laboratory or field setting, but is not applicable to concrete that
flows freely through the condrigure2-10 shows thedst setup in which an inverted standard
slump mold is filled and vibrated. The time required for FRC to flow through the inverted cone
when subjected to internal vibration is measured. Vibration is appiteda vibrator having a
headdiameter of Iin. 1/8 in.at a frequency of least 150 Hihis standard was withdrawn
without replacement in 2008.
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BRACKET IN CONTACT WITH
FOOT PIECE OF SLUMP MCLD

Y SLUMP MOLD { C-143 }
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PLYWOOD BASE e \—BLCI-CKS ATTACHED TO
WITH CENTER THE PLYWOOD BASE

HOLE TO CENTER THE SLUMP
MOLD IN THE BUCKET

CLEAR

BUCKET [ C=29 }—'

Figure2-10 Test setup: ASTM C995

The Vebe testBS EN 12350 2009rovides another method to determine consistency of
freshFRC. The tessetup consists of a container placed over a vibrating taigeré2-11).
Concrete is compacted into a slump mold, which is placed inside the container. Once
compaction is complete, the moldifted and the clear disc is tated into place and lowered
onto the concrete surface. Then the vibrating table is started; the time taken for the lower part of
the disc to be in full contact with the concrete is the Vebe time.

Figure2-11 Test setup (EN 12358 2008)

BDV31 97741 Pagel8



2.7.2 Workability

Workability is a measure dhe easavith whichfresh concreteanbe placed,
consolidated, and finished. In general, an increase in volume, aspect ratio, or change in surface
characteristics of fibers decsss the workability of the mixtu@in et al. 2015lyer et al. 2015
Balaguruand Ramakrishnah988, Bayasand Soroushiah992, Ramakrishnan et al. 1980)

Large fiber surface areas and the presence of deformations on the surface will increase friction
generated between fibers and coarse aggregates, whichsésdieavability.

Figure2-12 andFigure2-13 show the effect of deformed fiber shape on workability for a
given fiber reinforcement index (product of the fiber volume and aspect ratio). Fibers with
circular crosssections have less contact area per fiber volume when compareddoauder
sections, which results in better workability. For example, a 50% increase in fiber volume will
result in a decrease in slump of up to 6086 et al.2015)

Kizilkanatet al. 015)found that0.5-in. (12 mm) glass fibers (0-8% volume fraction)
could cause up ta55% reduction in slump when compared with conventional concrete.
Hookedend1.2-in (30-mm) long steel fibers (0-4% volume) reduce slump by more than 50%
(Table2-13) when compared to control mixtures (Yazdani et al. 2002).tHesame length
(1.2in.) andavolume of 0.425%, polypropylene fibers reduced slump by 7%, while hooked end
steel fbers caused a reduction of 2(Bolat et al. 2014)Whencompared to control samples,
slump was reduced by 70% and 50% when using polypropylehkamalt fibers (Jiang et al.

2014).

Slump (in) Fiber Type Inverte d Slump Cone Time

-}
Fiber Type

1z L] ] L]
/e 43 57 72 Straight-Round s _|
L] [ ] -]
- 1/4 43 37 72 Straight-Round
1/d 60 100 75 Hooked-Collated =]
! [T~ [— =
. 1/d 60 100 75 Rooked-Gollated
9 @@ plain A A ——e— 60
Rectan- Round Crimped (1/d=57)
‘\ \ gular P A A —e— = 8
\ y Eﬁi::n-gu“d Crimped (1/d=57) o
\ \ O Hooked / )

(1/d=60) O Hooked = //

0 (1/dm60}

1

[ 0.5 1.'0 1.5 2.0

Fiber Reinforcement Index ¥, (1/d) Fiber Reinforeement Todex Uy (1/4)

Figure2-12 Effect of fiber volume and aspect ratio on slump and inverted slump time
(Yazdaniet al. 2002
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Table2-13 Slump for conventional concrete and various FRC mixt(fagdani et al. 2002)

Fiber Fiber length| Fiber length Fiber Slump
(in.) (mm) volume (%) (in.)
No fiber - - 0 7.0
Steel 0.5 3.0
crimped 15 38 0.75 2.5
fiber 1.0 1.5
Hooked 0.5 2.5
end steel 1.2 30 0.75 1.5
fiber 1.0 1.0
. 0.5 2.
S%?;gf“c 15 38 0.75 2.0
1.0 15

° B control 200

M [ ] Basalt 12mm
N Basalt 22m 150
PP 4-19mm

100

o (I 1017

0.05 0.10 0.30 0.50
Volume (%)

[«2)
|
]

Slump (in.)
N
Slump (mm)

N

o

Figure2-13Volume and fiber length effect on slumpaidg et al. 2014)

2.7.3 Plastic shrinkage cracking

Plastic shrinkage occurs prior to initial set of concrete. Shrinkage occurs due to
volumetric change from moisture loss, and depends on relative humidity, properties of the
materials, concrete age, and volume.

Extensive work has shown fibers to be effective at reducing crack width and area due to
plastic shrinkage by increasing the tensile capacity of concrete while in its plast(@sdat&on
et al. 2016, EreandMarar2010, Majdzadeh et al. 2006, Naaman et al. 2005, Qi et al..2003)

The use of polypropylene fibers with length€dd5 in.and0.5 in, at 0.20.3% volumefiber

fraction (Table2-14) showed a reduction in total crack area (product of average crack width and
length) by over 50% when compared to control specimens (Banthia et al. 2006). In general,
longer and finer fibers were foundlte more effective at reducing crack widths (Banthia et al.
2006). Basalt fibers reduced crack area by over 50% when used at 0.1% (Branston et al. 2016).
Use of hybrid fibers composed of synthetic and steel fibers showed a reduction in crack area of
50-99% when compared to plain concré&vakumarandSanthanan2007)
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Table2-14 Plastic shrinkage using polypropylene fibers (Banthia 2006)

. Length Crack | Crack
Type I?(ljaérgieetre)r (in.) L(?nnr?]t)h V(z!)l/i ;ne area area
(Q¢ (G a

Control - - - 0.51 329.9

. 0.5 0.1% 0.19 120.9
Monofilament 3 12.5 0.2% 001 38

0.5 0.1% 0.33 216.0

Monofilament 6 12.5 0.2% 0.19 119.5

0.3% 0.16 101.9

0.3 0.1% 0.40 257.8

Monofilament 6 6.35 0.2% 0.38 242.8

0.3% 0.24 154.4

0.5 0.1% 0.27 172.9

Fibrillated 1000 12.5 0.2% 0.07 42.9
0.3% 0.05 31.0

2.7.4 Fiber clumping

When introduced into the concrete mixture, fibers can become tangled with each other in
a clump, resulting in a phenomenon knocavs  Adiumping ro chuiinpdingdecreases
workability; causes segregation and bleeding; prevents complete fiber dispersion; and creates
voids (Figure2-14). ldeally, fibers are added to the mixture in a controlled manresrsiore that
the fibers are adequately dispersed into the mixture. Fortunately, if the fibers are initially
dispersed into the mixture bdtee they tend to remain that way. The tendency for a mixture to
have fiberclumpingis affected primarily by fibeproperties such as shape and length, mixture
composition, fiber dosagend mixingprocedurs.

Figure2-14 Fiberclumpingduring mixing(Macrosynthetic fiber with length
2.3in. (58 mm) atvolumeof 0.7%)

As larger aspect ratios and/or larger volume fractions are cis@apingis more likely to
occur since fibers are more easily tangled. In geraratures withsynthetic fibers and rigid
fibers with an aspect ratio of less than 50 are less stilslecto fiberclumping Mixtures with
volume fractions higher than 2% by volume are more susceptible tefimeping Similarly,
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fiber clumpingoccurs more frequently when using fibers with high (>1%) volume fraction (ACI
544.3R), but there has beenrk with 0.354% per volume where ndumpingis reported

(Patniak 2013). Rigid fibers with aspect ratios larger than 60 may require the use of a fiber
blower to preventlumpingfrom occurring.

S R e |
Figure2-15 Fibers added to truck mixer using fiber blower (ACI 544(83

Fiberclumpingmay occur when the fibers are not dispersed evenly into the mixture
during dosage. Adding fibers at a rate faster than they can be incorporated into the mixture, or
when he mixture is not fluid enough, causes the fibers to form clumps. ¢ibapingcan also
occur when fibers are added before all of the other mixture constituents have been added. This
results in too little water and aggregate to maintain the fiberrdispe Overmixing after fiber
dosage is another cause of fibkrmping (5443R-08)

Coarse aggregate contents of more than 55% of total combined aggregate by volume can
also lead to fibeclumping Furthermore, as the maximum aggregate size is incr¢asee is
more potential for fibeclumpingto occur. ACI 5441R-96 and 5443R-08 provide a
recommended gradation for mixtures containing macrofibers to avoicfibapingand
workability issues.
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Table2-15 Recommended combined aggregate grading for
macrofiber reinforced concrete (ACI 544-8R)

Percent passing for maximum size of

U.S. standard 3/8 in. 1/2 in. 3/4 in. I in. 1-1/2 in.
sieve size (10 mm) | (13 mm) | (19 mm) | (25 mm) | (38 mm)

2 in. (51 mm) 100 100 100 100 100
1-1/2 in. (38 mm) 100 100 100 100 85 to 100
1 in. (25 mm) 100 100 100 94 to 100 | 65 to 85
3/4in. (19 mm) 100 100 9410 100| 7610 82 | 5810 77
172 in. (13 mm) 100 93t 100 70to 88 | 65to 76 | 50 to 68

3/8in. (10 mm) |96to 100 | 85t0o 96 | 61to 73 | 56 to 66 | 46 to 58

No. 4 (5 mm) 72t084 | 58to 78 | 48t0 56 | 45t0 53 | 38 to 50
No.8(24mm) | 46t057 | 41to53 | 40t047 | 36to 44 | 291043
No. 16 (1.1 mm) | 34t0o44 | 321042 [ 321040 | 291038 | 21 to 34
No. 30 (600 pm) | 22t033 | 191030 | 20t032 | 19to 28 | 13to 27

No. 50 (300 pm) | 10t0 I8 | 8to 15 | 10020 | 81020 | 71019
No. 100 (150 um)| 2to 7 lto5 309 2108 2t08
No.200(75 um) | Oto2 0to2 Oto?2 Oto2 0Oto?2

“Combined grading for shotcrete should be in accordance with ACI 506R or
ASTM C1436.

Stiffer fibers such as steel and some macrosynthetic fibers can form blockage or
clumping when used in highly congested elements. Care should be takketimg fiber
length and volume to avoid this issue, ACI 544.3R recommends that, afldsscale test is
performed, fiber length should not exceed half the clear spacing between reinforcement (ACI
544.3R Grunewald 2004) Little data are available on ghiopic; however, work with.2-in.
(30-mm) steel fibers to evaluate blocking concluded that the minimum gap width between
reinforcement depends on the fiber length, aspect ratio, and v{&noid 2000) Based on the
work performed, guidelines to avoid blocking using SFRC were develdjpdte@-16).

Table2-16 Guidelines for assessing blocking of SFRC (Groth 2000)

Reinforcement spacing Fiber aspect | Fiber content
to fiber length ratio ratio (Ib/ft3)
3 80 1.9
65 3.8
5 65 1.9
45 3.8
1 45 1.9

2.7.5 Bleeding and segregation

Increases icumulative bleed water volumes of over 20% and 30% were seen when using
steel hooked end fibers df2-in. (30-mm) and2.4-in. (60-mm), respectively Eigure2-16)
(Uygunoglu 2011) Dhonde et ak2005), however, reported that no segregation or bleeding
occurred when using steel fiberslo? in. (30 mm) and 2.4 in. (60 miength at volume
fraction ranging from 0-8.5%. VSI index of €l was reported for all mixture prepared.
Furthermore, Patak (2013) reported that no bleeding or segregation was observed when
working with 0.354% volume fraction of basalt fibeod 1.7 in. (43 mm) length
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Figure2-16 Cumulative bleeding in steéber-reinforced concrete: (2.4 in.(60 mm), and
(b) 1.2in. (30 mm (Uygunoglu 2011)

2.8 Effect of fibers on mechanical properties

The use of fibers in concrete are thought to provide an overall improvement in
mechanical properties. While this is getigraue, the relative improvements in individual
properties may ndie uniform with an increase in fiber volume. This chapter presents research
on the effect of fibers on mechanical properties, examining each property individually to
understand the effeof fibers on that property.

2.8.1 Compressive strength

Behavior of compressive strength of FRC has been extensively investigated. Typical
fiber dosage levels do not substantially increase compressive strength when compared to control
samplegArslan 2016, Ayub et al. 2014a, Jiang et al. 2014 , Krassoarsk&apka2013, Yinet
al. 2015 ACI 544.1R 96, Kizilkanat 2015) Variation in compressive strength of28% for up
to 1.5% volume fraction has been reportedjre2-17 throughFigure2-19). Theincrease in
compressive strength is most likely due to control of marexkirg provided by fibers, while
decrease is often attributed to increased percentage of entrapped air when using high volumes of
fibers(Folliard et al. 2006)

12000 4 ' . ' Fiber Volume
Mix Fiber Type fraction (%)
MOl None 0
10000 M02  Polypropylene 0.5" multifilament 0.1
Z MO3 Steel 0.5" monofilament 0.1
‘_':." 8000 MO04 Glass 0.5" monofilament 0.1
= MoO5 Basalt 0.5" monofilament 0.1
z Mo6 Nylon 0.5" monofilament 0.1
; 6000 ® 6 hours MO07  Polypropylene 1.5" macro synthetic 0.1
% ¥ 24 hours MO8 Polypropylene 3/4" fibrillated 0.1
é. 4000 4 w28 days M09 Nylon 0.5" monofilament 0.3
S MI0 Polypropylene 3/4" fibrillated 0.3
2000

MOl MOZ  MO3  MO4 MO5 MO6 MO7 MO8 M09  MIO
Mixtures

Figure2-17 Compressive strength for different fibgéhs Suksawang et al. 2014)
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Figure2-18 Compressive strength for basalt and glass fibers (Kizilkanat et al. 2015)
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100 24.12%
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Figure2-19 Compressive strength for basalt fibers, using plain concrete (series P), 10% silica
fume (series S) and 10% met kaolin (series M). (Agual. 2014)

2.8.2 Tensile strength

Concrete is a brittle material withviotensile strength; tensile strength is commonly in
the range of 145% of its compressive strength. In FRC, however, fitlielging action can
result in improved crack control and tensile strength

Yazici et al.(2006)found that tensile strength (using syglindertensile strength) was
improved by 1154% using steel fibers with aspect ratio of 80 and volume of ufp%.1.
Kizilkanat et al. (2015) reported an increase of up to 40% using 1% volume fraction of basalt
fiber and 27% using 0.75% volume fraction of glass fiber when testing the split tensile strength
(Figure2-20). Yurtseven(2004)reported that polypropylene and carbon fibers at 0.6% volume
fraction improved splitting tengi strength by 19.5% and 31.6%, respectively. An increase in
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splitting tensile strength (tested in accordance ®$h1881117: 1983 1983)f up to 30% was
seen using basalt fibers biin. 25 mm) length (Ayubet al. 2014) whild*atnaik (2013) reported
an increase of up to 50% in flexural tensile strength when dsiig. (43 mn) basalt fibers
(Figure2-21).
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Figure2-20 Splitting tensile strength forasalt and glass samples (Kizilkanat et al. 2015)
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Figure2-21 Flexural tensilestrength for basalt fibers at varying percent vol§Retnaik 2013)

2.8.3 Flexural strength

Flexural strength increases of-30% have been reported when incorporating fiber
reinforcemen{Tadepalli et al. 2009, Yaziet al.2006) Improvement depends on fiber
material, properties, volumand bond strength between the fiber dr@rhatrix. Fiber
properties such as length and shape affect the strength of mechanical bond between the fibers
and the matrix; longer and deformed fibers provide better mechanical bond, which increases
flexural strengthFigure2-22, Figure2-24).

When compared with plain concrete, steel fibers added at 1.5% volume fraction showed
an increase in flexural capacity of 40%, while basalt fibers showed an increase of about 60%
(Krassowskand Lapka2013). Yazici et al. (200pperformed work with steel fibers at different
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volumes and aspect ratios. Increase in flexural strength-60%0for aspect ratios varying from
45 to 80 was reported (Yazici et al. BDO

Glass fibers performed better than bashkrs of 0.5 in(12 mm) lengthbut glass fibers
showed no significant improvement as volume was increased beyondfigirep-23). When
compared with polypropylene fibers, basalt fibers showed higher flexural strength andeidhpro
postcrack responsd-{gure2-24).

Due to the improved mechanical bond between fiber and concrete, when the volume and
aspect ratio are increased, flexural strength is increased. At a higher volume fraction (1%)
increases ofip to 32% and 34% was reported when using glass and basalt fibers, respectively
(Kizilkanat et al. 2015). As fiber volume of steel fibers is increased from 0.5% to 1.5%, flexural
strength is increased by -260% (Yazici et al. 2006 For increased aspe@atio from 45 to 80
the flexural strength can be increagydup to 70% (Yazici et al. 2006

20

— MIXDL1

— MIXDS1
ol — TTCDL1
—TTCDS1
ol . / —TTCH1
/ W\ —TTCRI
-

- 12 /.‘ {
@ (e
£ ffp\d ~_ L \/_
gl M . ~—_ ™~
8 f\‘f ‘\ - - \,\
- I T~
i 2 — U
6 - J'f I B \
" - Ve "\I / \‘
4 — T

0 002 004 006 008 01 012 014
Displacement (in)

Figure2-22 Load-displacement for different steel fibers at 0.5% cont€atlépalliet al. 2009)

Table2-17 Fiber designation followed bjadepalliet al. 2009

Mix MIXDL1 | MIXDS1 | TTCDL1 | TTCDS| TTCR1 | TTCH1
Fibershape Hookedend Twisted
Manufacturer Dramix Royal Helix
Aspect ratio 80 | 55 | 80 | 55 53 50
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Figure2-23 Flexural strength for basalt and glass samples (Kizilkanat et al. 2015)
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Figure2-24 Load-deflection curve for various fibers at 0.3% volume (per ASTM C1609)
(Jianget al.2014)

Jiang et al. 2014 performed work witblypropylene and basalt fibers at volumes less
than 0.3%. Less than 10% increase in flexural strength was noted as fiber material or length was
changedFigure2-24). Nevertheless, a difference between the-prstking resporesof
conventional concrete and FR@sseen. The longer fibers showed a more gradelease in
postcracking loadvhen compared with both conventional concrete and FRC with shorter fibers
(Figure2-22 andFigure2-24).

Limited work has been performed to evaluate the behavior of FRC produced with hybrid
fibers. Blending of fibers with varying characteristics may provide greater improvement in
flexural capacity than single fiber FRC (Mobasher 2011, Mack®006,Lawler et al. 200&nd
Yao et al. 2003) Mixtures containing lended steel fiber lengtteg 0.5in. and2.4in. (13 mm
and60 mm) hasshownhigher flexural strength and a matectile response-{gure2-25;

Markovic 2006).
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Figure2-25 Flexural behavior of concrete wifh5 in.(13 mm) longstraight steel2.4 in.
(60 mm)long hooked end steel fiber anaccombination of both. (Markovic 2006)

2.8.4 Residual strength

Materials that are brittle in nature such as concrete have negligiblerpoking
ductility. The mechanical property that is predominantly affected by fiber reinforcement is the
residual strendit Residual strength describes the fmwatking response of the material and is
due to the bridging action of the fiber reinforcement. Enhancement of concrete mechanical
properties such as tensile and flexural strength is due to the improvertgrgig capacity and
improved ductility that fibers provide.

Suksawang et a{2014)andYazdaniel al. 002)performed work with different fiber
types and lengths. Theg@rmined that steel fibers provided improvement of residual strength
when compared with microsynthetic fibeEBBgure2-26). Residual strength was increased as the
fiber shape changed and volume fraction was increased. Thisvempent was due to enhanced
bond and more fibers crossing crackgy(re2-26 andFigure2-27). Hybrid fiber FRC in some
cases can provide better improvement in residual strength thanfssglERC Figure2-28).

Polypropylene fibers chemically enhanced to bond with concrete have been developed
(Attiogbe et al. 2014) Compared with a reference fiber (only mechanical bond provided) of
similar physcal and mechanical properties, residual tensile str§@@mM C1399 was
increased by 37%~{gure2-29).
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Figure2-26 Average residual strength using different fibers (per ASTM C1399) (Suksawang et

al. 2014)
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Figure2-27 Average residual strength usifg’ in. @3 mmn) basalt fibers (per ASTM C1399)
(data obtained from Patna2013)
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Figure2-28 Average residual strength for hybrid fib€lehdiandLadanchuk2004)
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Figure2-29 Load-deflection curve (ASTM C1399) for polypropylene fibers at 5 Ib/cy
(Attiogbe et al.2014)

2.8.5 Creep

Creep is tine-dependent deformation that occurs under sustained stress aiedwam
excessivaleflectionsandloss of prestress for@anongother serviceability issues. Due to the
relatively low volume of fibers used in FRC, the effect of fibers on compressep s
typically negligible. Furthermore, fibers typically benefit the posicking behavior of concrete.
Kurtz et al.(2000)indicated that creep failure occurred in cracked msynathetic FRC for
sustained stress levels. Miesgnthetic FRC could only sustain a smallgestage of the post
crack stress. Creep of the fiber/matrix interface bond was an important aspect because most FRC
mixtures are designed to fail in pullout mode rather than-filaeture mode.

While a reduction in flexural creep is possible with the ashighmodulus fibersSerna
et al. 2015oundthat creep rate increased in samples with synthetic fibers and decreased in
samples containing steel fibdtigure2-30). Bernard 2010lound that at volume fractions less
than 1% no measable creep occurred.

After long-term loading and different levels of environmental exposure there was no
substantial reduction in residual flexural tensile strength in samples with synthetic fibers, but a
reduction of approximately 60% was noted in sE®gontaining steel fibers and immersed in
seawaterKigure2-31).
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Fibre 1 Fibre 2 Fibre 3 Fibre 4

Material Polypropylene Polypropylene Polypropylene copolymer Polypropylene
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Figure2-30 Creep coefficient after 14, 30 and 90 days for different ambient exposures
(Rosetal. 2015)
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Figure2-31 Comparison of firspeak strength and residual fugak strengthRos etal. 2015)

2.8.6 Drying shrinkage cracking

Volumetric change due to the loss of moisture in hardened coteaeteto shrinkage.
Internal or external constraints prevent the change in volume from occuvhigh may result
in thedevelopnent oftensile stresseand, ultimately, cracking dhe matrix. Because of the
bridging action across the cracks, fibergdnheen found to help control crack length and width
(ACI 544.1R),which canimprowve durability.

In restrained ring testing, control samples showed average crack widths of 0.35 in. while
average crack widths on samples containing fibet0@ X2 ) varied from 0.00%.008 in.
(Idekeret al.2014)
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Compared with other fibers, at the same volume fraction, polypropylene fibers shown
improved ability to reduce early age ckawidth (Suksawangt al.2014) Polypropylene fibers
at volumes ranging between 0.1% and 0.2% showed a reduction in maximum cracked width of
up to 80% Figure2-32) compared with control specimen (Suksawang et al. dtdushian et
al. 2004.
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Figure2-32 Restrained shrinkage average crack width (per ASTM C1581) (Suksawang et al.
2014)

2.8.7 Corrosion

Concrete typically provides the embedded steel reinforcement with excellent corrosion
protection. The high alkaline environment combined with the durable low permeability covering
provides a system that is generally very durable. One sourceldémrs, however, are cracks
that, when not properly controlled, can lead to reinforcement corrosion due to the carbonation of
the concrete and the intrusion of moisture, oxygen, and chloride ions or other corrosive elements.
The exact role of cracking the corrosion process, however, is not clear.

Corrosion can affect both deformed steel reinforcing bars and steel fibers. Unchecked
corrosion will eventually result in further cracking and spalling of concrete due to the expansion
of the corrosion prodis. Minimizing crack widths is thought to provide improved corrosion
protection by slowing the ingress of corrosive agents. Through bridging action, fibers help
control crack growth, resulting in reduced corrosion rates of steel reinforcement coropared t
conventional concret@lunt et al. 2015, Jen et al. 2016, Sanjuan et al. 1997, 1998, Solgaard et
al. 2013) Jen et al. (2016) performed work using hybrid fiber combination of polyvinyl alcohol
microfiberof 0.3 in.(8 mm) lengthand steel fibeof 1.2 in.(30 mm)length Work was
performed to verify the effect of fibers on corrosion of reinforcing steel usindgmmaged and
undamaged sampleg&igure2-33 shows both prelamaged and undamaged FRC samples had
lower chloride conten
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Figure2-33 Chloride content profile of core sample (vertical lines are centerline of reinforcing
steel) using combination of steel and polyvinyl alcohol fibers (Jen et al. 2016)

Steel fiber corrosiosan cause volumetric change and toughness reduction of fibers,

causing the failure mechanism to change from pullout to fiber rupture due to section loss from
corrosion(Frazéo et al. 2015, Kosand Naamari990) For uncracked sections with

compressive strengths over@®si, wellconsolidated, and with watép-cement ratios in
compliance
surfaces, with no propagation of corrosion beyond 0.1 in. below the surface (ACI 544.1R). In

cracked setions with crack widths less thar004 in, no corrosion was found along the fibers
bridging the cracks (ACI 544.1R).

Wi

t h

ACI

318,

cCorrosi

on

of fi

Narrow, shallow cracks are not expected to reduce strength (ACI 544.1R and ACI
544.4R). Cracks wider thdan004 in, however, can cae up to a 30% reduction in residual

strength(Bernard 2010a, Berrocal et al. 2016)
Frazao et al. (2015) foundahvolumetric change of fibers due to corrosion can cause

microcracking in the surrounding concrete in extremely aggressive environmigioie 2-34).
Such volumetric change, however, is not large enough to cause concretg $p&li 544.4R).

Figure2-34 Micro crack in steeliber-reinforced SCC samples (a) and fracture surface (b)

(@)

(b)

(Frazéo et al. 2015)
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2.9 Self-consolidating concrete and fibers

Seltconsolidating conete (SCC) is a highly fluid mixture that, unlike conventional
concretecanflow around reinforcement and consolidate within formwork by its own weight,
without vibration. Its high flowability make it ideal for use in heavily reinforced elements where
space is limited for placement and consolidation. Due to increased workability and ductility,
fiber-reinforced selconsolidating concrete (FRSCC) is potentially a solution to problems due to
poor workability and cracking. In addition, due to SCC high axtiess and fine particle
content, mechanical bond between the fiber and concrete matrix can be improved, leading to
increased toughness and residual strength.

For SCC to comply with workability requirements, a mixture should possess three main
propertiesfilling ability, passing ability, and segregation resistance. The performance
requirements for each of the SCC properties should be determined by addressing the method of
placement, form geometry, reinforcement density and configuration, and compliance
requirements of the applicable local agencies. Some ofi¢higods taneasureghese properties
and the limits on such measuremeatgpresentedh this section

2.9.1 Test methods for fresh properties

For SCC to comply with workability requirements, a mnet should possess three main
properties: filling ability, passing ability, and segregation resistance. Where flowability is the
ability to flow and fill the formwork under its own weight, passing ability is the ability to flow
around obstructions such aound reinforcement, and segregation resistance measures the
ability to remain homogenous during mixing, transpamnd placement/arious test methods can
be used to measure fresh properties of a SCC mixture.

Table2-18liststhe most commostandardizednethodgo assess SCC fresh properties
and the property measurddgure 436 showghetest setup for each method

Table2-18 Common testing for SCC fresh properties

Test Standad Property measured
Slump flow ASTM C1611 Flowability
VSI ASTM C1611 Segregation
JRing ASTM C1621 Passing ability
Bleeding ASTM C232 Bleeding
Segregation ASTM C1610 Segregation
Static sgregation | ASTM C1712 Segregation
V-funnel BS EN 12350 - .
9 Filling ability
L-box BSEN 12350 : .
10 Pasang ability
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(e) (f)

Figure2-35 Common testing for SCC fresh properties: (a) ASTi611, (b) ASTMC1621,
(c) ASTM C1610,(d) ASTMC1712, (e BSEN 123509 and ()BSEN 12350610

2.9.2 FDOT requirements for fresh properties

FDOT Materials ManualFDOT 2019 section 8.4rovides instructins for use and
acceptance of SCC mixtures for manufacturing of precast/prestressed concrete products. This
document provides guidelines for quality control, mixture design requirements, and properties.
Tessrequired to be performed to determine SCGHrproperties and the respective limit are
listed inTable2-19.
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Table2-19FDOT (2015 specified limits for fresh properties of SCC for precast/prestressed
concrete products

Standad Parameter Limit
ASTM C1611 Slump flow Shall .be less or equal to 27.
inches ( 2.5in.)
ASTM C1611 VSI Shall be less or equal to 1
ASTM C1611 Y Recommended-Z seconds
ASTMC1621 | Passing ability Shallnot exceed 2.0 inches
ASTM C1610 Segregation Shall not exceed 15%

2.9.3 EFNARC criteria for fresh properties

The European Federation of Producers and Contractors of Specialist Products for
Structures (EFNARC) provides technical reports and guidelines for concrete construction. In
early 2002, EFNARC developed specifications guitlelines for SCC with requirements for
material composition. These guidelines recommend the evaluation of the workability parameters
shown inTable2-20.

When compared to the requirements established by the FDOT, EFNAR®uaslar
variety of acceptable test methods to determine the properties of SCC. In addition, it provides a
wider range of acceptance for slump flow, allowing for mixes with less filling ability.
Requirements fotY are in similar range. Another déifence is seen in passing ability
assessmenivhile both EFNARC and FDOT use the same test methodology, assessment is made
using different criteria. EFNARGpecifiesuseof J-Ringwhere thecriterionis the difference
between the concrete surface in thater and in the edge of the ring. While FDOT follows
ASTM C162ktandard where assessmehpassingability is made basednthe difference
between the unrestrained floAKTM C1611 andobstructedlow (ASTM C1621).

Table2-20 EFNARC acceptance criteria for SCC.

Property Method Typical range of values
Slump flow 25.531.5 in. 650-800 mn)
- - Y 2-5 sec
Filling ability V Funnel 8-12 sec
Orimet test 0-5 sec
J Ring 0-0.4 in. 0-10mm)
Passing ability L Box 9'81'0
U Box 0-1.2 in. 0-30 mm)
Fill Box 90-100%
Segregation GTM Screen Stability 0-15%
resistance V Funnel”Y 0-3 sec

2.9.4 PCI Determination of performance requirements
Precast/Prestressed Concrete Institute (P@Wiges guidelines for the use of self

consolidating concrete in precast/prestressed elements. Based on element characteristics such as
element shape or reinforcement level, PCI provides guidelines of placement difficulty for

BDV31 97741 Page37



different workability properes. Recommendations are show able2-21, where the dark
blocks represerdituations that could lead to issues during placement

Table2-21 Parameter determination based on mancharacteristics (TH-03)
Slump flow (in) | T50 time (sec) Passing ability

Level of
difficulty | <22 | 22-26 | >26| <3 | 3-5|>5|<15| 10-15| >10
Low

Reln;‘g\r/(étlemen MeQium
High .

Low
Element shap¢ Medium
High
Low
Element depthh Medium
High
Low
Medium

Surface finish
importance

Element
length

h hlh

Wall thickness Medium
High
cgacate | —LOW
content |-Medium
High
Low
Placement -
energy Medium
High B

2.9.5 Effect of fibers on SCC fresh properties

Decrease of workability of SCC with the addition of fibers is expecgddique et al.
(2016 performed work wittsteel fibers involumesvarying from0.5% to 15% and reported that
increased fiber content resulted in aged slump flow and increased flow time and blocking
(Figure2-36). Observed slump flow was 10% less than that of the control mixture when using
1.5% steel fibersHowever, the work conducted I8ahmaran et a{2006) and Siddique et al.
(2016)showed that is possible to satisfy requirements for SCC fresh properties as defined by
EFNARC(2002)using steel fibers at volume fractions less than 15#ufe2-36 andFigure
2-37). Work by Sahmaramnd Yamar(2007) Strauss et a[2014) Khaloo et al(2014), and
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Gurjar(2004)showed that steel fiber reinforcement at a dosage €2%.,510 segregation of
aggregates was reported.

[y
ol

40 1000

[y
N
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500

Slump flow (in)
Slump flow (mm)
V-funnel (s)

250

0 0.5 1.0 1.5
Volume (%)

0 0.5 1.0 1.5
Volume (%)

(@) (b)

1.2

L-box (H1/H2)

0 0.5 1.0 1.5
Volume (%)
(©)

Figure2-36 Fresh properties for SCC mixtures prepared with 30mm steel fibers (Siddique et al.
2016} (a) slump flow, (b) Vfunnel and (c) Ebox (maximum limits from EFNARC 2005 are
shown in red dashed line).
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Figure2-37 Fresh properties for SCC mixtures prepared with 30mm hooked end steel fibers
(Sahmararand Yamar2007) (a) slump flow, and (b) Munnel(maximum limits from EFNARC
2005 are shown in red dashed line).

Gencel et al(2011) Forgeronand Ome (2010, Soutsos et a(2012) and Aydin (2007)

performed work using synthetic fibersafbon, polypropylene, polyethylene, polyolefin).
Similar behavior can be seen as with steel fibers where workability is reduced as dosage and
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length are increasediydin (2007)performed work with carbon fibers, steel fibers, and a hybrid
combination of the tw@Figure2-38). For the same mixture proportionkjrap flow decreas

when using carbon fibers and steel fibers at 2% volume fraction by 46% and 29%, respectively
Passing ability was reduceg 50-60% compared with control sample, and no segregation was
reported. All FRSCC mixtures prepared for thelgtaompled with slunmp flow, “Y range and
passing ability requirementd the FDOT.

3

I steel fiver smm[Jll Carbon fiber 6mm 40 1000

—~ 25

Q\i -~ 30— —— —— T/ T/ T/ T/ 4170 g

g ? < E
3 z

3 L5 2 20 s00 2

s = 3

o 1 — 3 g

= S ®» 10 250 &

0.5 g
0 O 0 0

M1 M2 M3 M4 M5 M6 M7 M8 M9 MI10

ML M2 M3 M4 M5 M6 M7 M8 M9 MILO Volume (%)

Mixture

(@) (b)

1.2

o
©

L-box (H1/H2)
o
~

M1 M2 M3 M4 M5 M6 M7 M8 M9  MI10
Mixture

(©)
Figure2-38 Fresh properties for SCC mixtures prepared wii¢ghl and carbon fibers (Aydin
2007): (a) mixture proportions, (b) slump floand (c) L-box.

Experimental work has shown that it is possible to develop SCC mixtures including fiber
reinforcement that maintains selbmpactingcharacteristics To maintain resistance to
segregation of the ggegates and fibers, special attention should be given to ensure viscosity is
maintainedOzyurt et al. 2007) Fiber length should be carefully selected to avoid obstruction
and ensure good flowability of the mixture.

2.9.6 Effect on mechanical properties

Use of SCC is meant to affect fresh properties of concrete and has negligible effect on
hardened properties when compared to conventional conSelaiqueet al. 016) Ning et al.
(2015) Sahmaramand Yamar(2007),andSousos et al. (2012) performed work on mechanical
properties in FRSCC. Similéresh propertiesvas observed as with conventional concrete.
Figure2-39 shows work performed by Siddique et al. (2016), negligible effect is observed on
compressive strength, increase in tensile strength and flexural strength is observed due to
increased postracking capacity.
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Figure2-39 Results from Siddique et al. 2016: (@pressive(b) splitting tensile andc)
flexural strength of FRSCC mixture with steel fibers

2.9.7 Fiber segregation

Ozyurt et al. (2007) investaged fiber dispersion and segregation in FRSCC and FRC.
Alternating currenrimpedance spectroscopy was used to determine fiber segregation of mixtures
prepared with 1% volume @£6 in. @0 mm) steel fibers and a viscosityodifying agent.

Variation of fber content along the height of the samples was found to be less in FRSCC than in
FRC (Figure2-40). FRSCC was found to have better resistance to fiber segregation, good
placeability, and higher capacity when compared to FRC.

0>

® 0 f— ) (@)
a a
[ © ) ©
@ @
12 dJ ! L 12 dJ | !
0 0.5 1.0 1.5 0 05 1.0 1.5
Fiber content (%) Fiber content (%)
(a) (b)

Figure2-40 Fiber content profile containin6 in. (40 mmteel fiber for mixture of (a) FRC
and (b) FRSCC (Ozyurt et al. 2007)

To avoid segregation, special attention should be given taraixiscosity. Viscosity
modifying admixtures (VMAS) are used to increase viscosity, causing an increase in resistance to
segregation of SC(zyurt et al. 2007)
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2.10 Test methods for FRC mechanical properties

Various test methods to characterize FRR€chaical propertiesare available. The
methods vary in approach, results obtained, geometry of samples used, and variability of the
results. Some of the most common methods and their corresponding methodology are presented
in this chapter.

2.10.1 Average residual strength (ASTM C1399)

ASTM C1399(2010) provides test procedures to determine the average residual strength
(ARS) of FRC beam. ARS is the pastcking flexural strength of a 4 x 4x 14 in. sample beam
(Figure2-41). The samplean either be molded to the specified dimensions or cut from a larger
molded specimen.

The sample is tested in two stages. First, the sample is loaded up to initial cracking using
a steel plate to control the initial crack width. The sample is unloadktha steel plate is
removed. The beam is then reloaded to a deflection of 0.05 in. to complete the test. Load and
deflection are measured during the t&€sg(re2-42).

Load Cell
Steel Roller o / /— Steel Ball
¥ 7277, Z]

\ \ ‘ :
Approx. 25 mm [1in.] —=| |<— ) r . ‘ [=— Approx. 25 mm [1 in.]

S saicaas mn

[4x4x14in.]

Deflection Gage & Support Yoke
on Each Side of Beam
(other designs permitted)

v 7 A 7 Test Beam
’ \— 12%100%350 mm
[0.5%4x14 in.]
Steel Ball 777 7 777, Stainless Steel Plate
el Ball =7 77707077707 7 17 7 v/272/47#: 8

Steel Roller

100 mm 100 mm 100 mm
[4.0in.] [4.0in.] [4.0in.] |
| |
Span Length |
300 mm [12 in.] |

Note: All Dimensions + 2%

Figure2-41 Test setugor average residual strength (ARBSTM C1399/C1399M10)
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Initial loading curve
/ Stop at 0.008 in. deflection

Reloading curve
Pre-cracked beam

Load (Ibf)

| | | | |
0 0.01 0.02 0.03 0.04 0.05

Net deflection (in)

Figure2-42 Load-deflection curves: ASTM C1399/C1399M0

Loads corresponding to deflections of 0.02, 0.03, 0.04, and 0.05 useddo compute
the ARS followingEquation2-5.

O 0 0 0 0 .
0 _ Equation2-5
oYY - o) q
Whered 'Y ¥ the average residual strength (p&i), 0 0 0 isthe sum of
recorded load at the specified deflections (lb.)s the span length (in.Ris the depth of the

beam (in.), andbis the width of the beam (in.).

2.10.2 Flexural performance (ASTM C1609)

ASTM C1609(2012)providestest procedures to evaluate the flexural performance of
FRC samples including firgieak strength, residual strength, and toughness. The preferred
sample size is either 4 x 4 x 14 in. or 6 x 6 x 20 in. A specimen size different from the two
preferred spamen sizes is permissible. Samples may be either molded or cut from a larger

molded sample. Results are expected to vary with the size of the specimen. The specimen is

subjected to thirgboint loading using a closddop systemKigure2-41) at a constant rate
(Table2-22). Load and deflection are measured during the test.
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d==
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Steel i Ball
Rod :
i i
i 1 Rigid Support
Testing Machine | i Structure
Bed : Span Length, L i
Elevation End View

Figure2-43 Test setup: ASTM C1609/C1609M

Table2-22 Rate of Increase in net deflection (ASTM C1609/C166BR)
Ul Leuu ol vy

100 by 100 by 0.025 to 0.075 mm/ 0.05 to 0.20 mm/min

350 mm min

[4 by 4 by 14in] [0.001 to 0.003 in/ [0.002 to 0.008 in/
min] min]

150 by 150 0.035 t0 0.10 mm/min ~ 0.05 to 0.30 mm/min

by 500 mm

[6 by 6 by 20 in.] [0.0015 1o 0.004 in./ [0.002 to 0.012 in.
min] min]

“The initial loading rate up to deflection of L/900 for other sizes and shapes of
specimens shall be based on reaching the first-peak deflection 40 to 100 s after the

Residual strength is determined using the loads measured at the specified deflections
(Figure2-44) in Equation2-6.
00
T;"(A,f_z
where'Qis the strength) is the load at given deflection s the span lengthQis the average
depth of the specimen at fracture, abid the aerage width of the specimen at the fracture.
Toughness is determined by the area under thede#idction curve.

Equation2-6
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L = Span length

Pp = Py = Peak Load = First-Peak Load

0p = 8, = Net deflection at Peak and First-Peak Loads
fp = f; = Peak Strength and First-Peak Strength

Pego = Residual Load at net deflection of L/600

fegu = Residual Strength at net deflection of L/600

po—p ‘9155)0 = Residual Load at net deflection of L/150
P = 1 - -
rlga = Residual Strength at net deflection of L/150
'g i Tlgu = Area under the load vs. net deflection curve 0 to L/150
S|
o . 1)
Fsao ! !
D ' H
Prsg =111 : :
0o = : :
0! ' . i
O = By L/600 Net Deflection L/150

Figure2-44 Load-deflection curve, and parameters (ASTM C1609/C16A2W

2.10.3 Flexural toughness (ASTM C1550)

ASTM C1550(2012)provides test procedures to deterethe flexural toughness of a
round FRC plate sample, which3dsn. (75 mmn) thick and31.5 in. 800 mn) diameter. The
panel is supported on three pivots symmetrically placed around the panel circumference and is
subjected to a central point lodeidure2-45).

Load and deflection are recorded and are used to generatedeftadion curveKigure
2-46). Flexural toughness is determined as the area under the curve from the origin to the
specified catral deflection Toughness in this test is generally defined at central deflections of
0.2,0.4,0.8and 1.6 in(5, 10, 20, or 40 mm).

Support point with
pivots and transfer
plate

Loading piston — I /Specimen
/ LVDT
LVDT yoke anchored
to pivot supports

Figure2-45Test setup: ASTM C1552012)

LVDT yoke anchored
at transfer plates
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A0 5

Load, kN

Integrata the area under the cunse
between the (cormected) origin and
thi specified central deflection
1E B

0 10 20 0 40 50
Net Deflection, mm

Figure2-46 Loadnet deflection curve (ASTM C1551D12)

2.10.4 Limit of proportionality (EN 14651)

EN 14651(2005)provides ést procedures to determine the limit of proportionality (LOP)
and a set of residual strength (RS) values for a beam sample loaded in flexure. This method is
intended primarily for FRC using metallic fibers. Beam specime®5.9 in. x 5.9n. x 21.7 in
(150mmx150mmx 550 mn); after samples are formed, a notch is sawn at mid$pguaré
2-47).

Samples are loaded in thrpeint bending. Crack mouth opening displacement (CMOD)
measurements are made at the notch and ar@ausedtrol the test load rate. RS is determined
by Equation2-7 using the loads fagpecifiedCMOD values 010.02, 0.06, 0.13and0.15 in. (0.5,
1.5, 2.5 and 3.5 mm)

'O Equation2-7

= cuwQ
Where'(Q); is the residual strength corresponding viithh 0 O 6 O 0 ‘©rd=d

(=1,2,3,4) in Newton per square millimet&,is the load corresponding with0 0 O 6 U U O
or d=d (j=1,2,3,4) in Newtongis the span length in millimeters, acuis the width of the
specimen in millimeters ani® is the distance between the tip of the notch and the top of the
specimen in millimeters. LOP is determined followkbguation2-8.

. ooa Equation2-8
DUV S

Whered 0 @5 the limit of proportionality in Newton per square millimet&js the load
corresponding to thé ® in Newton,ais the span length in millimeters, aads the width of the
specimen in millimeters ari® is the distance between the tip of the notch and the top of the
specimen in millimeters. In addition, the standard provides a correlatiomgatme CMOD and
deflections as described Hguation2-9.

d ™6 00 O0Omirt Equation2-9
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Whered'is the deflection in millimeters, and 0 0 B the crack mouth opening
displacement in millimeters.

Figure2-47 Test setup: EN 14651

SAonen M
1 T L

0 CMOD,=05 CMOD,=1,5 CMOD,=25  CMOD,=35

Figure2-48 Load-CMOD plot

2.10.5 Barcelona test (PrUNE 83515)

PrUNE 83515 2010) provides test procedures to determine the cracking strength,
ductility, and residual strength of FRC. This test is based on théedowthch test of a
cylindrical specimen as developed ®kien(1969)and is commonly referred to as the Barcelona
Test. The test specimen is a molded cylindrical specimen of height and diameter approximately
equal ta5.9 in. 50 mn).

The test is an indirect measurement of tensile strength by using steel punch device to split
the concrete cylinder transverseliqure2-49). Total crack opening displacement (TCOD) of
the sample is masured as compressive axial load is applied at a constant @a®@ af/min
(0.5 mm/min). The loading is applied until TCOD is equalt@4 in. 6 mm) (relative to
beginning of the test). Residual strength is determined &sjogtion2-10 using the loads for
specified values of TMOD @.08, 0.10, 0.16 and 0.24 i2, (2.5, 4, and 6 mjn
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~

ov
o OO

"Q Equation2-10

where'Q s the residual strength in Newton per square milliméterjs the load
corresponding withYo 0 ‘Oin Newton,is thediameter of the punches in millimeters, &Dis
the height of the specimen in millimeter.
The cracking load is determined wHguation2-11 and ductility is determined as the

area under the loadCOD curve.

l Equation2-11

o ®w0
whereQ is the unit cracking load in Newton per square millimeieis the load produced by
the crack in Newtorpis the diameter of the punches in millimeters, @id the height of the

specimen in millimeter.
Steel punch

Steel punch ‘

Figure2-49 Test setup: PrUNE 835X2010)

2.11 Findings
The key findings from FRC research over the last ten to fifteen years relevant to this
research canébsummarized as:
1 Adding fibers to concrete can reduce slump flow by up to 60%;
1 Flexural tensile strength can be increased by up 70%,
1 Fibers can effectively be used to control crack width and length; it has been shown that
end region crack width can bedteeed by up to 70% by adding steel fibers,
1 Shear capacity can be increased by over 30% when incorporating synthetic fibers at 1%
volume fraction
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1 Distributed fibers provide a much more closely spaced grid of reinforcement than is
possible with traditionaleinforcement;
1 Residual tensile strength of concrete is greatly improved; and
1 Crack widths are reduced, which improves sHgation strength.
Macrofibers introduced in the last ten years with higher modulus of elasticity and tensile strength
offer seveal benefits over microfibers including:
1 higher postcracking strength and ductility
1 improved fiber pullout resistance

Steel FRC (SFRC) shows higher strength when compared to synthetic fiber FRC using the same
fiber volume and length; however, benefitaising macrosynthetic fibers over steel fibers
include:
1 Improved workability
1 Eliminates risk of damage due to corrosion
1 Macrosynthetic fibers are lighter than steel fibers, which can reduce the possibility of
segregation from occurring

Nevertheless, micwork is needed to incorporate fiber reinforcement in design as
primary reinforcement. FRC behavior depends greatly on fiber orientation and distribution,
which can be affected by concrete fresh properties, casting, placement procedures, and wall
effectsdue to formwork. The development of SCC has helped remove some of the issues that
can occur due to placement and consolidation, which also removes the need for external
vibration. This can help to ensure that a more uniform distribution of the fibesaised,
improving the effectiveness of fiber reinforcement to improve concrete mechanical properties.
Due to increased workability, compactness, high fine particle content and ductility, FRSCC is a
potential solution to problems due to poor workab#ihd cracking.
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3 FRC mixture development

3.1 Introduction

Precast prestresseddyge girders can sometimes contain large quantities of
reinforcementvithin the end of the girdersvhich may result in concrete consolidation
problems. FRChas the potential toietinate the need to include such high level of
reinforcement within the end regiobhe addition of fibers, howeveran negatively affect the
fresh properties of concrete. The usélwér-reinforced selconsolidating concrete (FRSCC) is
potentially a slution to problems due to poor workability of FRC while improving end region
resistance to cracking. FRSCC combines the improved mechanical properties of FRC with
flowability of SCC. SCC provides a benefit over conventional mixtures since its high
flowability makes it ideal for use in heavily reinforced elements where space is limited for
placement and consolidation.

This chapter covers the work conducted to develop mitiareusen full-scalegirder
testing. Mixtures were developed for several diffat fiber types and volume fraction$he
mechanical properties including thestcracking response of each mixture was evaluated to
determine the capacity of each fiber to improve end region resistance to cracking. In addition,
because the goal is tse the mixtures in prestressed bridge girder construdtbevability and
passing ability properties of the mixture warkey aspeadf the mixture selected to produce
the girders Final mixture selectionfor end region crack testingas made considieg both the
fresh properties and residual strength.

3.2 Constituent materials

All mixtures were prepared and tested for fresh properties at a local precast facility in
Florida. Commonly available materials were used to develop the mixtures to maintafit realis
conditions for concrete mixing when casting real girders for bridge construdiadoie 3-1
shows a summary of general properties for materials used in the mixtures prepared, and later in
this chapter more details of each cansnt material are provided.

Table3-1 Material poperties

Type SG

Cement Type I/ 3.15

Flyash Class F 2.17

CA-1 #67 2.42

CA-2 #89 2.4

FA Astatula 2.63
Water Tap 1

Detailed constituenproperties:

(a) Fibersi Two types of steel fibers were tested, SH is a hooked end steel fiber with length

of 1.4 in. B5mm) and CR is a steel crimped fiber with lengthlds in. 38 mm). Two
types ofsynthetic fibers from different manufacturevere usedPPandP2 are both
polypropylene fibers with length @1 in. 64 mm). PP, howeverchemically bonds with
the concrete, which supplements the mechanical bond. Basalt fibers of lebghrofto
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2.2 in.(30mmto 55 mm)were included in the investigatidiut werenot included in
full-scale batchegue to lack ofvailability in the U.S. Fiber designation and details are
shown inTable3-2.

(b) Cementitious materialsFDOT allows the use of cement Types |, II, [ (MH), 1lI, IV and
V (AASHTO M85), or IP, IP (MS), IS (AASHTO M 240) (Section 921). Cement used
for this study is classified as AASHTO Type I/ll meeth§TM C150and AASHTO
M 85 standards. Maximum allowed quantity of fly ash to be used as supplementary
cementitious material is 25% by weight, while for extreme environmental conditions a
minimum of 18% should be provided (Standard Specifications for Road and Bridge
Constuction 2016). Fly ash classified as a Class F fly ash me&&igv C618and
AASHTO M 295 standards was usedsapplementary cementitious material.

(c) Chemical admixtures For SCC in precast concrete products, FDOT specifications
require the use of Type I, I, F, or G admixtures. In use of Type F or G admixtures,
aggregate distribution should be verified in acamce with ASTM C1610 (Standard
Specifications for Road and Bridge Construction 2016). sgige watereducing
admixture (HRWR) Type F meetil®STM C494requirements was used for the mixtures
prepared. In addition, aadmixture to retard initial setting time was added. The use of
air entrainment admixtures is required by the FDOT for construction of precast products,
except for Class | and Il concrete (Standard Specifications for Road and Bridge
Construction 2016). #-entraining admixture meeting requirementA&TM C26Q
AASHTO M 154 and CRDC 13 was used

(d) Coarse and fine aggregate$DOT requires that coarse aggregate with Size No. 57, 67
or 78 be used for all concretesNo.8owW89t h t he
can be used alone or blended with the previously mentioned coarse aggristystes.
mixtures were prepared either using a blend of No. 67 and No. 89 or using No. 89 to
improve fresh properties of FRC.
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Figure3-1 Fibers used to prepare mixtures: (a) B,§B) (c) PP, ¢l) PP2, ¢) SH, and{) CR.

Table3-2 Fiber properties

Fiber B | B2 B3 PP PP2 SH | CR
designation
Material Basalt| Basalt | Basalt | Polypropyleng Polypropylene Steel| Steel
Length {n.) 1.2 1.8 2.2 2.1 2.1 1.4 | 1.5
Length (mm) | 30 45 55 54 54 35 38
Tensille | 156 | 156 156 85 8396 160 | 140
strength (ksi)
SG 2.1 2.1 2.1 0.91 0.91 7.85| 7.85

3.3 Mixture requirements

FDOT specifications require th&@lassVI concretebeused in precast prestressed bridge

production. Mixtures prepared in the study were designed to meet requirements fi Class

(Table3-3). Due to the high congestion of reaméement in prestressed bridge girders and the

loss of workability when fibers are incorporatad mixtures developedereself-consolidating
concrete (SCC)FDOT requirements fdresh properties dbCCmixtureswere used as gage
to determine if mixtres had adequate workability to be incorporatéalbridge production

(Table3-4).
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Table3-3 Mixture proportioning requirements
for Class VI concrete (FDOT 2016)

28-Day Compressiv&trength (psi) 8,500
Water/ CM 0.37%*
Minimum CM (lb/cy) 752
Maximum Fine/Total aggregate 0.50
Minimum Fine/ Total aggregate 0.45*
*Mass ratio

Table3-4 Current FDOT limits for fresh properties of S@@xtures

Test Result ASTM Limit
Slump flow C1611 Shall be less or equal to 27.{
inches ( 2.5inches)
VSI Cl611 Shall be less or equal to 1
Y C1611 Recommended-Z seconds
Passing ability C1621 Shall not exceed 2.0 inches
Static segregation C1610 Shall not exceed 15%

3.4 Mixture proportions

SCC nmixturesincorporating fibersvere preparedsingan FDOT approved mixturas a
starting pointthis mixture will be referred to as the contr@IT). The control mixture was
modified to incorporate fibenshile still complying with FDOT requirements for proportioning,

as well as hardened properties. Fiber dosage was adjusted based on recommended dosages

provided by each of the fiber manufacturefable3-5 contains a summary aofixture
proportions used for the investigation, including the mixture designations used through the

report. Fiber volumes ranging between-0.1% were used. Volume of coarse aggregate was

reduced to accommodate the respective fiber volume.
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Table3-5 Mixture proportions

Proportions (lb/cy) Properties tested

Mixture | Cement| Flyash | #67 #89 FA | Water | Fiber | Fresh| Hardened
0 735 165 1370 0 1265 | 279 - - -
1 790 175 578 774 | 1212 | 279 14 X X
2 790 175 575 776 | 1212 | 279 3.8 X -
3 735 165 1370 0 1265 | 279 7 - -
4 790 175 565 776 | 1212 | 279 11 X -
5 790 175 584 774 | 1212 | 279 40 X X
6 790 175 0 1354 | 1212 | 279 4.6 X -
7 790 175 575 776 | 1212 | 279 3.8 X X
8 735 165 | 16370 O 1265 | 279 7 X X
9 790 175 565 774 | 1212 | 279 7 X X
10 790 175 0 1320 | 1063 | 244 8 - -
11 790 175 565 774 | 1212 | 279 11 X X
12 790 175 0 1320 | 1063 | 279 11 - X
13 790 175 0 1320 | 1063 | 279 93 X X
14 790 175 0 1320 | 1063 | 279 93 X X

*Not performed )
* Performed (X)

3.5 Specimen naming

The speimen naming format was selected to include details regarding flEigre ¢ 3-2)
and concrete mixture proportionBigure3-2 andTable3-6 provide naming details used to label
laboratory specimens and for referencing in this report. The first two characters refer back to the
fiber designationTable3-6), thesewvereassigned considering the different fiber material and
fiber length combinations. Theecond set of characters refers to the volume of fibers used
multiplied by a factor of 100, and the third set of characters identifies the mixture number as
specified inTable3-5. The last character is a numeric value, represdnt X ¢in Figure3-2,
and denotes the specimen number. For simplicity, specimens might also be referred to by using
only the fiber designation and volume.
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Fiber volume (%) x 100
Specimen number

Specimen name

Mixture number

Fiber designation

Figure3-2 Specimemaming format

Table3-6 Summary of specimen name and description

MIX:#UFE Fiber V(Z!;(I);T‘Ie Name

0 - - CT

1 SH 0.10 SH-10-01
2 B2 0.10 B2-10-02
3 B3 0.20 B3-20-03
4 B 0.30 B-30-04
5 SH 0.30 SH-30-05
6 PP2 0.30 PP230-06
7 PP 0.25 PR25-07
8 PP 045 PR45-08
9 PP 045 PR45-09
10 PP 0.50 PR50-10
11 PP2 0.70 PP270-11
12 PP 0.70 PP-70-12
13 SH 0.70 SH-70-13
14 CR 0.70 CR-70-14

3.6 Batching procedures

Trial mixtures of 1.6 t01.8 cubic feet were paeed in the precast plant laboratory using a
4-cf drum mixer in accordance with the mixing procedures showialie3-7. Fibers were
added after all ingredients were mixed and good SCC consistency was obtained. Based on
preliminary work, this method appeared to provide better workability and fiber distribution than
adding fibers to aggregates at early stages of the mixing procedures.
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Table3-7 Mixing procedure

Order Action

Butter mixer using concrete, wats
and coarse aggregates

Empty mixer

Coarse aggregates

Fine aggregate

Air entrainment admixture

Retardant admixture

Half of water content

Fly ash

Cement

HRWR

Fibers

el
RIEBle|o|~Njo|uawn

Remaining water

3.7 Test program

In order to determine the adequacy of each mixture the test program involved evaluation
of fresh and hardened concrete properties. Mixtures were tested for fresh properties to determine
compliance with FDOT requirements and to determine the optifinemlength and volume that
could be incorporated. Test procedures were performed in accordance with applicable
specifications as stipulated Trable3-8. Hardened properties of each mixture were tested to
evaluate the effect oitfer reinforcement. As part of the experimental prog@mpressive
strength tests were conducted at the precast plant and testing to quantify residual strength was
conducted at the University of Florida. Test procedures were performed in accordance wit
applicable specificationg &ble3-9). Table3-8 andTable3-9 contain chapter correspondence
for discussion of each test procedure.

Table3-8 Fresh propertietess

Test Standard | Chapter
Slump flow | ASTMC1611 | 2.9.1
VSI ASTM C1611 | 2.9.1
Y ASTM C1611 | 2.9.1
Passing ability] ASTM C1621 | 2.9.1

Table3-9 Tess for hardened properties

Test Standard Chapter
Compressive séngth ASTM C39 -
Average residual strength ASTM C1399 2.10.1
Flexural tensile strength| EN 14651 2.10.4
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Table3-10 Tests conducted for each mixture

Properties tested
Fresh Hardened

CT no no
SH10-01 yes yes
B2-10-02 yes no
B3-20-03 no no
B-30-04 yes no
SH-30-05 yes yes
PP230-06 yes no
PR2507 yes yes
PR45-08 no no
PR45-09 yes yes
PR50-10 yes yes
PP270-11 no yes
PP-70-12 no no
SH-70-13 yes yes
CR-70-14 yes yes

3.8 Fresh properties 8 results

Results of fresh property testing during mixture developrasrgummarized irmable
3-11 andFigure3-3 throughFigure3-6. MaximumFDOT limitsare representdd blue (when
available) to show complianad each mixture During mixing,B3-20-03, PR45-08, PR70-12,
and PPZ70-11 showed excessive fiber clumpifigigure3-7). On this basis, these xtures
were eliminated fromurther considerationln generalsteel fibers showedhé best passing
ability and VSlamong all fibers.

Except forB2-10-02,P1-25-07, SH-50-10, and CR70-14, all mixtures met the
requirement for maximum unrestricted flowhich is27 inches Despitelack of compliance by
SH-50-10, no issues with consistenoy bleeding were observed. With the exception of mixture
SH-70-13, all mixtures complied with FDOT passing ability requirements for SCC mixtures.
SH-70-13, howevershovedno fiberclumpingwithin the JRing. Clumpingoccurred in the-J
ring test for the mixture withibers with length of 2.1 in(54 mm)with volumes between 028
and0.7% (Figure3-8). This can lead to potential issues with ptaeat of mixtures into highly
reinforced specimens.

All remaining mixtures showed good consistency, no bleeding, and good resistance to
segregation. VSMsual stability indexwas between zero and gaed T50 varied between 2
and5 seconds, whicls well within the recommended values for SCC. Fiddlampingwas
apparent, however, inside th&kihg. Mixtures B2-10-02,SH-10-01, and P125-07 contained
fiber volumes that were deemed too J@md no further testinggas conducted using these
mixtures
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Table3-11 Fresh properties for mixtures prepared in laboratory mixer

. Slum JRin Pa§§ing T-50 Air content
Mixture | gow (inp.) flow (ir?.) ag;:';y seq) Vo' | ()
SH1001 | 26.75 27 025 | 3 | 0 3
B2-1002 | 30 2925 | 075 | 5 | 0 5
B3-20:03 i i i R i
B-30-04 29 2875 | 025 | 5 | 0 5
SH3005 | 27.75 | 26.25 15 2 | o 4
PP230-06 | 21 2025 | 075 | 5 | 1 5
PR2507 | 305 30.5 0 4 | 0 4
PRA4508 i i i R i
PR4509 | 265 26.5 0 ~ 1 i
PR5010 | 32 30.5 15 3 | 1 3
PP270-11 | - i i R i
PP-70-12 i i i RN
SH7013 | 2825 | 245 375 | 3 | 0 3
CR7014 | 31 29.5 15 3 | 0 3

* Not performed-)
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Figure3-3 SCC propertiesslump flow for laboratory mixtures
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Figure3-7 Fiberclumpingduring mixing procedures (Mixture 8)
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Figure3-8 lllustration of fiberclumpinginside JRing
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(b)
Figure3-9 J-Ring Flow; (a) Good passing abiliti32-10), (b) Excessive fibeclumping(PP270)

3.9 Hardened properties d results

3.9.1 Compressive strength (ASTM C39)

For each mixture prepared in the laboratory mixer, sevenx48 in. cylinder specimens
were prepared to determine the averagamressive strength; two were tested at 24 hours, two at
7 days, and three at 28 days.

Compressive strength of cylinders exceeded the specifieldy28pecified compressive
strength of 8,500 psir@ble3-12). Figure3-10shows graphic representation of the compressive
strength of mixtures prepared in the laboratory mixargdneral, early age strength (24 hours)
was increased by as little as 5% to up to 65% when compatieeldontrol mixture; this was
likely due to the confinement provided by the fiber reinforcement. The effect of fiber
reinforcement on 28ay strength was found to be negligible (up to 12.5% difference).
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Table3-12 Compressive streng{laboratory mixtures)

24 hours (psi)| 7 days (psi) 14 day (psi)| 28 day (psi)
SH-10-01 4,090 7,700 9,020 10,120
B2-10-02 4,050 8,870 10,400 10,840
B-30-04 4,880 9,240 - 11,050
SH-30-05 5,300 8,110 - 9,440
PP230-06 3,390 7,210 - 9,390
PR25-07 3,770 9,150 - 10,760
PR45-09 3,620 9,240 - 10,280
PR50-10 6,740 9,050 - 10,970
PP270-12 4,280 9,870 - 10,080
SH-70-13 5,240 9,050 - 10,907
CR-70-14 5,950 8,080 - 10,060

B 24hours [ ] 7days| | 28days

. 12,000 T
2 ST - — s 75 O
2 10000 — 1 - Al 2
= - ] M M M M <
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® 45 =
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Figure3-10 Compressive strengtt 24hours, 7 daysand 28 days

3.9.2 Average residual strength (ASTM C1399)

Average residual strength tests to evaluate the effect o$ filbeihe post cracking
behavior of concrete were performebed equipment problems delayed testing such that the test
agewasbeyond 28 days (Appendk); however, these are not expected to hasigmificant
effect on theelativecomparison of the results.

Figure3-12 shows an example ofpical cracking patterns seen in FRC specimens after
testing. Cracking typically occurred within the middle third of the span for specirkéres.
bridging (Figure3-13) provided residual flexural strength well beyond crackingugmtb a
deflection @ 0.05 in. where the test wesrminaed. Residual strength varied with fiber material
and fiber volume used. In general, higher fiber volumes and the use of stiffer fibers led to a
highervalue ofaverage residual strength (AREjqure3-14).

Because end region is a serviceability issue, this investigatoisearticularly on the
response of each mixture right after cracking is initiated. For the ASTM 1399, which uses
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displacement as control variabiehas been differentiated between residual stress at service
level as a deflection of 0.02 in. or less.

Figure3-14 shows residual strength at the specified displacements of 0.02, 0.03, 0.04 and
0.05 in. SH70-13 and CR70-14 hal the highest residual strength under service conditioit
only 6% difference between the twéit a volume fraction of 0.3%o0o0ked end steel fiberSK-
30-05) provided60% higher residual strength thamacrosynthetic fiberdPP230-06) and90%
higherthanbasalt fibersB-30-04). S:t10-01 provided similar residual strength under service
stress as PP20-06. Nonetheless, PP20-06 required a volume higher volume and almost twice
the length of the fiber used in 80-01. Under service stress, similasidual strength is
obtained from using PP at 0.45% (R®09) and PP2 (PR20-06) at 0.30%, however, PP
provided higher residual strength at all other stress levels.

Figure3-15shows ARS results for molded sp@sens. Some samples showed relatively
low ARS, which is thought to be due to the low volume of fibers ustt70-13 provided the
maximum ARS, withCR-70-14 being the second highest ARS with a differencd88 in ARS.

At the same volume fraction of 030 steel fibers$H-30-05) provided eéB0% higher residual
strength than basalt {B0-04) and60% higher than thaynthetic fiber (P2-30-06). PR-45-09
and AP2-30-06 hadsimilar loaddeflection responseand a difference of 2.3% in ARS.

Figure3-12 ARS test specimens cracked surface
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Figure3-13 Reloading cures for molded specimens
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Figure3-14 Residual strength at specified displacemémtsnolded specimens
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Figure3-15 Average residuatrengthfor molded speimens

3.9.3 Flexural tensile strength (EN 14651)

Flexural tensile residual strength testing was performed to evaluate the effect of fiber
the post cracking behavior of concrefieest equipment problems delayed testing such that the
test age was beyond 28ydaAppendixA); however, these are not expected to have a significant
effect on the relative comparison of the results.

Typical behavior showed a sudden decrease in stiffness once cracking occurred with the
exception of speci mea(0.5%) arstiffer fiperdEH antd @R Fof theb e r
case of mixtures exhibiting softeningetresidual strength was generally less than 30% of the
limit of proportionality (LOP) after CMOD reach&d04 in. L mm). In case of mixtures
exhibiting hardening &ér cracking, residual strengteéached between 3D0%of LOP.

Figure3-17 shows typical loa€CMOD curves for moldedpecimens Peak loadsvere
between 1.kip and2.0kip, after which most specimens showed a rapid loss inesgfriFigure
3-17 andFigure3-18 show LOP and residual strength at specified CMOD incremeit®2f
0.06, 0.10and0.15 in. (0.5, 1.5, 2.5 and 3.5 mnB-30-04 and S110-01 showed residual
strength lesthan 5% of LOP after CMOD reach8d4 in. (1 mm) This low strength is likely
due to the low fiber dosage used for these mixtur€2-30-06 and R45-09 showed similar
LOP, P1045-06 had residual strength almost 50% higher tha@3R11 at all streselels.

Both synthetic macrofibers, however, showed a more ductile behavior thRABOEE and S1
01007. Specimensvith steel fibers showed hardening behavior, which can be attributed to the
high stiffness and tensile strength of steel (SH and CR) fillResidual strength for this

mixtures was in the range of 30% to 100% of LOP.

Figure3-19 shows residual flexural tensile strength for crack mouth opening
displacement (CMOD) increments @02, 0.06, 0.1and0.15 in. (0.5, 1.52.5 and 3.5 mm)

The focus of this research project is on the service level cracking that occursmal ttegion
Consequentlythe postcracking flexural strength between first cracking &EN 14651)is

of the most interesF{gure3-20), at CMOD value of 0.02 in. (0.5 mm{R-70-14 had the
highest residual strength under service stress, followed by0sk8. CR-70-14 had residual
strength 20% higher than SFD-13. At the same volume fraction of 0.30%#130-05 showed
higher residual stress at all stress levels when compared ¥8i@F0B and AP2-30-06 specimens,
this can be attributed to steel fibe®H) high tensile strength and stiffness. Residual stress at
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CMOD 0f0.02 in. (0.5 mm{fr,1) of B-30-04 and AP2-030-06 was80% and75% less than that

of SH-30-05. PP230-06 and PR15-09 showed similar residual strength under service stress.
Similar toresults for ASTM 1399 testing, mixtures 03, 06, 80, 09, and 11 were selected based on
fresh and hardened properties. Hwoer, due to limited availability of mackemnfigured basalt
fibers,these fibers were not included in tiodl -scaletesting.

Figure3-16 Test specimens (after testing)
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Figure3-17 Load-CMOD curves for moldedpecimens
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Figure3-20 Residual stress(; ) for molded specimens
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3.10 Findings

FRC mixtures were developed and tested to evaluate the effect of including fiber
reinforcement on fresh and hardened concrete propetieg.findingsfrom the mixture
development worknclude
1 For mixing in a laboratory settingper addition into the mixture after all ingredients

were mixed and good SCC consistem@sobtained providedditter workability and

fiber distribution than adding fibers along with aggregates at early stages of mixing

1 FRSCC mixtures were developed using fiber reinforcement at volumes ranging between
0.1-0.7% while still maintain flow and passing ability propested SCC,
i FRSCCmixtures with macrosynthetic fiber at volumes higher than h&élésssues with

fiber clumping during mixing procedures and/or fiber nesting inside-Riag This is a
concern for placeabilitgndpassingability of mixtures when incorpated into precast

production,

1 In general, highefiber volumes and the use of stiffer fibers led to a higher residual
strength

i At volume fractionof 0.3% hooked end steel fibe(SH) provided average residual
strength90% higher than basalt fibers (&)d 60% thammacrosynthetifibers (PP2)

1 Hooked end steel fibers (SH) at volume of 0.3% provided similar average residual

strength thahe synthetic macrofiber (PP2) at a volume of 0. F#owever, mder
service stress, hooked end steel fibers provideduasstrength up to 70% higher than
the macrosynthetic fiber

1 Chemically enhanced macrofiber (PP) at a volume of 0.d&@synthetic macrofiber
(PP2)had similar loaetisplacement response and residual strength, therefore the
chemically enhanced bond didt provide significant increase in post cracking response
However, fiber PP was easier to handle and include duringgnpxocedures compared
to PP2,

1 Steel fiberSH and CRat volume of 0.7% provided higher residual strength than other
fibers whilestill maintaining flowability and passing ability properties of SCC,

3.11 FRC mixture selection

Workability (sectiorb.8), and residual strength (secti8rd) were considered while
making the finakelectiorfor fiber type and volumto be tested in fulscale production of
precast prestressed girdeResidual strength results were normalized by the maximum value
and a&signed aatingona scale of @o 10 based on the performance obtained for the respective
test. Ease of mixingyassing ability resulignd fiber clumping/nesting weedso assigned
ratingon the same scaléAs an example, as shownhkigure3-21, a 10 was assigned to a
mixture with good passing ability and no fiber cjing orclumping while a zero rating would
be assigned to mixtures that showed issues during mixing and/or excessive fiber hegtineg.
3-21 andFigure3-22 show the cumulative ratinfigr each mixture, considering workability and
strength performance at various stress levé&hle3-13 shows a summary of the details for the
recommended mixturedzrom the fibers used in mixtures with the reghtotal rating, basalt
fibers were not included ifull-scale testing due to limited availability of ma@oenfigured
basalt fibers, this led to the final selection of hooked end steel fibers at a volume of 0.3% and
0.7%, steel crimped fibers at a voluofed.7% and chemically enhanced macrofibers at a
volume of 0.45%.
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Figure3-22 Total rating: considering mixture workaityl and residual strength

Table3-13 Mixturesselected for use in fuicale testing

Mixture Fiber Length (in) | Length (mm)| Volume (%)
05 SH 14 35 0.30
09 PP 2.1 54 0.45
13 SH 1.4 35 0.70
14 CR 1.5 38 0.70

PPi polypropylene macrofiber chemically enhanced

PP2i polypropylene macrofiber
SHi hookedend steel fiber
CR1 crimped steel fiber
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4 End region crack control test

4.1 Introduction

Five 78in. deep Florida-Beam (FIB78) girders with 26t spars werefabricated and
tested to evaluate the effeenessof FRC incontrollingendregion crackig. This chapter
covers the specimen desjgonstruction, tegptroceduresand results from the experimental
investigation conducted to evaluate the effectivenéSRCat controlling end region cracking

4.2 Specimen design

Five 78in. deep Florida-Beam (FIB78) girders with 2€t spars were fabricated and
tested to evaluate these ofFRCto controlendregion crackng (Table4-1). Becaus the length
of the end region is tb 1.5 times the height of the specimen, a 20 ft. total length provided
sufficient length to capture endgion cracking behaviondependently at both ends of the
specimen Of the five specimens constructaegecimen T served as control and was
constructed using FDOT Class VI concrete mixture as would typically be used in prestressed
bridge girders. The other four specimens were cast using the same reinforcement layout as
specimen CT but incorporating varying fibersléor fiber volume.

Table4-1 Specimen dscription.

. Eiber volume End region reinforcing _
Specimen fraction (%) arrangement Girder
End C End M

CT - Conventional Modified 1
PP 0.5 Conventional Modified 2
SH 0.3 Conventional Modified 3
SH 0.7 Conventional Modified 4
CR 0.7 Conventional Modified 5

PP1 Polypropylene macrofiber chemically enhanced
SHi Steel hookeebnd fiber
CR1 Steel crimped fiber

Specimens had (57) GiB. diameter fully bonde prestressing strands in the bottom
flange and (4) 3Mn. diameter strands in the top flangegure4-1). Prestressing pattern and
level were chosen based on typical prestress pattern used f@BRi®sssections. Calculate
and allowable longitudinal stresses due to prestressing andesglit are shown ifigure4-2.
Allowable stresses were calculated according to FDOT and AASHTO LRFD requirements. As
shown inFigure4-2, allowable stress limits were exceeded in tension. This was to ensure that
cracks formed within the end regisa thatthe effectvenesf the fiber reinforcememould be
tested
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tensioned to 10 kip each
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— 270 ksi Lo-Lax strands
tensioned to 43.9 kip each
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(16) sp @ 20 |

Figure4-1 Strandlayout and prestressing details
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Figure4-2 Longitudinal stress due to prestress andwelfjht

One end of each specimegd-¢nd hadend regiordetailing following conventional
FDOT reinforcement layoutThe other end\l-end used modifiecend regiordetailing. C-end
was designed following the guidelines providedd®SHTO LRFD and FDOT without
accounting for fiber contribution to strength. As shawfigure4-3, vertical endzone
reinforcement foC-endconsisted of 12 #5 bars placed within 2h50f the girder endSix of
thetwelve#5 bars were placed within 9-. of the girder endFigure4-4 shows that 100% of
the required resistance in AATO LRFD was provided by the mild steel reinforcement.
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3 25p.@7"=1-2" 155p. @6"=7"-6" 1sp.@9"=0-9"
2 5sp.@33"=1"53" 285p.@3"=7-0"  25p.@6"=3"6"
Spacing Bars 5K _\, ; | l

| ]

Spacing Bars 4M

3 5sp.@3%"=1'-5%“
Spacing Bars 52 Bar M
4 bars 6A & strands N ‘ /
V4
Bars 3C (Typ.)
Bars 3D (Pairs Typ.) \
CL
1" Cover__| '3C' & '3D' (in pairs) 14 sp. @6"=7"-0"

'3C' &'3D' (in pairs) 5sp. @ 31"=1-53"

Figure4-3 Conventional end region detailii@-end)

200 200 :
I Required N — B Required 3 Fiber
[ Reinforcement [ Reinforcement
6%Py
150 150
_ 5%P,, N
o
) 5 %P,
@ 100 @ 100
S 3%P, 8
e e
) ] H )
0 . 0
H/8 H/4 3H/8 H/4
Location Location
(a) (b)

Figure4-4 Strength providethy conventionakend regiordetailing (Gend) (a) FDOT
and (b) LRFD requirements

M-endwas designed following the guidelines providedd®\SHTO LRFD and FDOT
for strength requirements and accounting for fiber contribution. The fiber contribution was
estimaed using the results from laboratory testing of residual tensile strength. To ensure that
enough cracking occurred to be able to compare the effectiveness of the fibers at controlling
endregion crackindess than 5% of the required reinforcement was dggigure4-4). Vertical
end zone reinforcement for the-&hd consisted ddix #5 bars placed within 20i8. of the
girder end. Of theix #5 barsiwo wereplaced within 9.75n. of the girder endFigure4-6
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shows that about 60% of the required resistance was provided by the mild steel and the fiber
reinforcement.

5%" 155p. @6"=7"6" 3sp.@7"=1-9" A
I_I | | Spacing Bars 4M
10sp. @10"=8"4" 2sp.@7"=1"-2" 6"
I | Spacing Bars 5K
2sp.@7"=1%-2" 6%"
i | Spacing Bars 5Z
Z
CL
| '3C' & '3D' (in pairs) 10 sp. @ 10"=8"-4" 1" Cover
'3C' & '3D" (in pairs) 5sp. @33 "=1"53" /
Figure4-5 Modified endregion detailingM-end)
200 200 - —
I Required 2 Fiber I Required - Fiber
[ Reinforcement 0 [ Reinforcement
150 150
_ 5%P, =
£ =) 4%P,
@ 100 © 100
s 3%P, g
[ ] L
50 ] — . 50
—
. [ N .
H/8 H/4 3H/8 H/4
Location Location
(a) (b)

Figure4-6 Strength providethy modifiedend regiordetailing (M-end) (a) FDOT and
(b) AASHTO LRFD requirements
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4.3 Specimen construction

The five specimens were fabricated at D8teess in Leesburg, FL during August and
September 02018. To maintaimealisticconstruction practices, specimens were cast in line
with production bridge girders. Specimens were poured in stagesach pour, one specimen
was placed in the bed alongside a girder for real bridge production -6f 44&, as shown
Figure4-7. This chapter contains details about the scheduléadmnidationprocedures.

Girder for bridge construction C-End M-End
| |
145 ft | e 20 ﬂ+‘ 4

L Jacking end Anchored end —/

§\ 145 ft

i 350 ft |

Figure4-7 Layout of specimen casting

Construction began by placing steetlastywood bulkheads and laying out strands.
Plastic tubes for shielding strands were then placed on the strands prior to tensioning. Once
strands and shielding were in place, strands were tensioned using a hydraulic jack. Strands in the
top flange weregensioned first The bottom strands were tensioms¢aiting from bottom layer
and working ugo the topmost strand layeFigure4-8 shows prestressing strands after
tensiornng of all strands was completedppendk F shows strand stress report for each
specimen constructed.

B : =
Figure4-8 Prestressing strands after tension was applied

Mild reinforcement was placed in each specimen after strands were tensioned. Selected
reinforcing bars were instrumented with strain gages prior to placement in gikiguse4-9
andFigure4-10show the reinforcement layout used for each girdéting hoopsare also
shown inFigure4-10, whichwereused for lifting and transporting girderkifting loops
consisted of (6) 0-in. diameterdoped strandsentered at 3 ft. from each girder eBdze,
configuration and lapcement of the liftingoopswereconsistentn all specimens.
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(a) | ~ (b)
Figure4-10 Mild steel reinforcement: (a)-€nd and (b) Mend

Fifty-foot long modular steel forms were used for the specimen construction. Once
reinforcement and internal instrumentation were installed, steel forms were oiled and placed as
shown inFigure4-11. The steel forms were squared and setace using crosses as shown in
Figure4-12.
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Figure4-12 Form crosdie.

Concrete mixturg used for the construction of the specimens were designed based on
Class VI concretef (88500psi), which is typically used in bridge girder production. Concrete
was mixed in the prascuansExereAbérswere mttodubediptbéa nt usi n
mixtures byhand following the addition dhe coarse and fine aggregdteeshly batched
concrete was transported from the batchipdan d pl aced using the fabric
in Figure4-13a. Since specimens werestasing selconsolidating mixtures, no vibration was
used in any of the girders. After concrete was placed, the top surface was finishedalsing a
finish, as stypicalin FDOT girder productior(Figure4-13b). Heavy tarpsvere used to cover
the girders for curing until the day prior to strand detemsgim which tarps were removed to
allow installation of external gages
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(a) o
Figure4-13 Concrete placement and finigja) concrete delivery to formend (b) top flange
finish

s

Figure4-14 Tarp cover used for curing

Flame cutting was used to release the prestressing stiigdee@-15). Strandsvere
cut individually followingthe prestress detension sequence as showigire4-16. Top flange
strands were cut first, followed by the fully bonded strands in the bottom flange starting from the
lowest row and moving upwds. Lastly the fully debonded strands were cut starting from the
lowest row and moving upwards. This strand relsasgiencés typicalin the state oFlorida,
and was useslo that thestress distribution during prestress trangfatched those of prodiicn
bridge girders
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Figure4-15 Flame cutting of prestressing strands

24 24
19|20|21]22|23|22|21]20|19
14|15|28|16|17|18|17|16|28[15|14
3110(32|11{3012|13]12|30/11|32/10{31 9|8
34| 4 29 294134/ 3

N |00
(]

Figure4-16 Detensioimng sequence

After prestress transfer, specimens were litifdhe prestressing bed and transported to
the storage area within the precasility while cracks were monitoredzigure4-17 shows the
relative location of casting (highlighted in blue) and the {tergn location for storingach
girder.The south face of girders CT and-8H were under direct sun exposure during storage.
The girder orientation during storage could have led to additional cracking in the south face of
CT and SH30 specimens due to thermal effecthie north &ce of specimen CT and S30 had
limited sun exposure because of cover provided by nearby girders. Gird&® SR70, and
PR50 were stored between other girders. This limited the effect of differential temperatures
among the faces of each girder.

Three of the girders were moved twice during the crack monitoring period. Lifting of the
girders can cause crack widths to incrg@leumusand Oliva2014) this was reflected by an
increase in effective crack width and crack areted after these girdesseremoved No
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significant difference was seen in total crack length after the specimens were moved, indicating
no new cracks formed. More detailed information regarding specimen construction schedule and
storage is providenh Appendix A.

Table4-2 Age of specimens at transport

Age after casting (days)
Girder Moved from prestressing bed | Moved within yard
CT 9 21
SH-30 6 8
SH-70 6 -
CR-70 7 -
PR50 6 62

Figure4-17 Girder location within the precast plant

4.4 Mixture proportions

Concrete mixtures were prepared at the precast batch plant. Sp&dimexrs cast using
a conventional FDOTlass VI mixture. For the remaining specimagetheselected FRSCC
mixture proportions were usedviixture proportions used for each girder ssenmarizedn
Table4-3.
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