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Unit of Measurement Conversions 

SI* (MODERN METRIC) CONVERSION FACTORS 
APPROXIMATE CONVERSIONS TO SI UNITS 

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 mm2 

ft2 square feet 0.093 square meters m2 

yd2 square yard 0.836 square meters m2 

ac acres 0.405 hectares ha 

mi2 square miles 2.59 square kilometers km2 

VOLUME 

fl oz fluid ounces 29.57 milliliters mL 

gal gallons 3.785 liters L 

ft3 cubic feet 0.028 cubic meters m3 

yd3 cubic yards 0.765 cubic meters m3 

NOTE: volumes greater than 1000 L shall be shown in m3 

MASS 

oz ounces 28.35 grams g 

lb pounds 0.454 kilograms kg 

T short tons (2000 lb) 0.907 megagrams 

(or "metric ton") 

Mg (or "t") 

TEMPERATURE (exact degrees) 

oF Fahrenheit 5(F-32)/9 or (F-32)/1.8 Celsius oC 

ILLUMINATION 

fc foot-candles 10.76 lux lx 

fl foot-Lamberts 3.426 candela/m2 cd/m2 

FORCE and PRESSURE or STRESS 

kip 1000 pound force 4.45 kilonewtons kN 

lbf pound force 4.45 newtons N 

lbf/in2 pound force per square inch 6.89 kilopascals kPa 

 

*SI is the symbol for the International System of Units. Appropriate rounding should be made to comply with 
Section 4 of ASTM E380. 
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SI* (MODERN METRIC) CONVERSION FACTORS 
APPROXIMATE CONVERSIONS FROM 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 

mm2 square millimeters 0.0016 square inches in2 

m2 square meters 10.764 square feet ft2 

m2 square meters 1.195 square yards yd2 

ha hectares 2.47 acres ac 

km2 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 lb 

Mg (or "t") megagrams (or "metric ton") 1.103 short tons (2000 lb) T 

TEMPERATURE (exact degrees) 

oC Celsius 1.8C+32 Fahrenheit oF 

ILLUMINATION 

lx lux 0.0929 foot-candles fc 

cd/m2 candela/m2 0.2919 foot-Lamberts fl 

FORCE and PRESSURE or STRESS 

kN kilonewtons 0.225 1000 pound force kip 

N newtons 0.225 pound force lbf 

kPa kilopascals 0.145 pound force per 

square inch 
lbf/in2 

 

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

In prestressed bridge girders, end region reinforcement is used to control cracking caused 

by high tensile stresses that occur due to prestress transfer.  Partial strand debonding and 

additional mild steel reinforcement are commonly used to control end region cracking.   In some 

cases, these measures do not effectively control cracking, resulting in construction delays, 

potential repairs, additional costs, and potential compromise of long-term durability.  

Fiber-reinforced concrete (FRC) provides a possible solution 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 conventional end region detailing.  

The research conducted to evaluate the effectiveness of FRC at controlling end region 

cracks included both experimental and analytical work.  Because self-consolidating concrete 

(SCC) is typically used to produce precast girders in Florida, it was necessary to integrate the 

fibers into an SCC mixture while still maintaining the flowability and passing ability properties 

of SCC. The experimental program was divided into two phases: mixture development and full-

scale testing of FIB-78 girder segments.  The analytical program was also divided into two 

phases. The first phase consisted of calibrating a material model that represented the post-

cracking behavior of FRC.  The second phase consisted of modeling of the FIB-78 girders during 

prestress transfer.   

The first phase of the experimental program focused on development of SCC mixtures 

with fiber reinforcement.  Macrosynthetic, basalt, and steel fibers at volume fractions ranging 

from 0.1% to 0.7% was evaluated.  The effect of including fibers on concrete workability and 

residual strength were considered when selecting the mixtures to use in the full-scale girder 

production.  In general, higher fiber volumes and the use of stiffer fibers led to a higher residual 

strength.  When used at the same volume fraction, steel fibers provided residual strengths that 

were 60% higher than that of the macrosynthetic fibers and 90% higher than that of the basalt 

fibers. Mixtures with macrosynthetic fibers had higher residual strength than basalt fibers. 

Reduced workability was observed, however, in mixtures with dosages of macrosynthetic fibers 

greater than 0.5%.  Based on results from workability and residual strength, mixtures with 

hooked end steel fibers at 0.3% and 0.7%, crimped steel fibers at 0.7%, and macrosynthetic fiber 

at 0.5% were selected for full-scale testing.   

In the second phase of the experimental program, five precast prestressed FIB-78 

specimens were constructed to evaluate the effectiveness of FRC at controlling end region 

cracking.  Each girder end was designed with different end region detailing to evaluate the 

effectiveness of FRC in combination with conventional FDOT end region detailing versus 

significantly reduced end region reinforcement. The strain in concrete and mild steel 

reinforcement was measured during prestressed transfer, and end region cracks were monitored 

immediately following prestress transfer and for a period of 150 days.  The data collected were 

utilized to quantify the effectiveness of FRC to control end region cracking.  The experimental 

results indicated that the use of FRC can reduce end region crack widths.  In addition, the use of 

steel fibers at a volume fraction of 0.7% combined with reduced end region reinforcement was 

found to be more effective than FDOT typical end region reinforcement at maintaining crack 

widths smaller than 0.006 in.  

The first phase of the experimental program focused on the calibration of a material 

model that could predict the post-cracking behavior of FRC.  To accomplish this, FRC was 

represented analytically using a smeared reinforcement approach, where the fibers are defined as 

a fraction of the solid concrete element.  Experimental 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 accurately represent the post-cracking response of FRC.   

Using the calibrated material model, the second phase of the analytical model included 

simulation of prestressed FIB-78 girders.  Concrete and mild steel reinforcement, along with end 

region crack data recorded experimentally, were used to validate the analytical model.  Good 

agreement was found between the experimental and analytical results of end region cracking 

immediately following prestress transfer. 

Test specimens were evaluated using crack treatment requirements from current FDOT 

specifications. 
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1 Introduction 

U.S. precast bridge girders are typically produced in a fixed-location facility with long-

line beds in which girders are fabricated end-to-end using bonded pretensioned prestressing 

strands. Girders with lengths in excess 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 stresses and cracking in the concrete in the end region of the girders 

(Figure 1-1(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 cross-sections, and higher amounts of prestressing. In general, partial strand 

debonding and added mild steel reinforcement are utilized to control the resulting cracking 

(Figure 1-1(b)). At times, however, this approach does not effectively control cracking, resulting 

in construction delays, potential repairs, additional costs, and potential compromise of long-term 

durability.  

  

(a) (b) 

Figure 1-1 End region cracking (a) (highlighted in blue) (Hamilton et al. 2013) and conventional 

end region reinforcement (b) 

One possible solution to end region cracking is the use of fiber-reinforced concrete.  

Because end region cracking is a serviceability state 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 fibers 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 at controlling end region cracking in 

prestressed girders.  

Experimental work included the laboratory testing of synthetic, steel, and basalt fibers to 

evaluate their effect on fresh properties and residual strength.  These results were used to develop 

final mixture proportions to be used in the testing of five (5) prestressed, precast I-girders.  

Testing included monitoring strain in concrete and mild steel reinforcement during prestress 

transfer, and end region crack monitoring from prestress transfer to an age of 148 days.  
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This report presents the results of research conducted on FRC used to control end-region 

cracking in precast, prestressed bridge girders. The literature review in Chapter 2 provides 

background current knowledge of end region cracking and FRC.  FRC background includes 

coverage of fiber types and properties; effects of fibers on fresh concrete properties and 

mechanical properties; use of fibers in self-consolidating concrete; and standard test methods for 

FRC. Chapters 3 covers the mixture development that was be used to construct the mockup 

specimens.  Chapter 4 describes tests conducted on full-scale FIB girder segments using FRC.  

Chapter 5 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:  

¶ Develop self-consolidating concrete mixtures including fiber reinforcement 

¶ Test mixtures fresh and hardened properties to assess effect of including fiber 

reinforcement on mixture workability and residual strength 

¶ Evaluate the effectiveness of fiber-reinforced concrete at controlling end region cracking  

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

¶ Develop recommendations for including fiber-reinforced concrete contribution in end 

region detailing design  

1.2 Research approach  

The efforts conducted to accomplish the research objective can be divided into three (3) 

major components: 

¶ Experimental investigation within a laboratory setting focused on developing FRC 

mixtures that comply with workability and strength requirements.  

¶ Full-scale experimental investigation focused in evaluating effectiveness of FRC at 

controlling end region cracking, and characterizing end region crack growth over time. 

¶ 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 concrete has reached its specified strength, 

the tendons are released, causing a sudden application of force at the end of the member.  This 

force is introduced into the concrete over the transfer length of the prestressing strands.  Intense 

and highly variable tensile stresses are generated in the end region of the girder from this 

prestressing force (Figure 2-1 

 

Figure 2-1 End zone cracks and maximum tensile strains (Oliva and Okumus 2011)  

Figure 2-2 shows an idealized prestressing force load path within the end region, along 

with a strut and tie model of the end region of prestressed girder as developed by Schlaich et al. 

1987.  Away from the end region a linear distribution of longitudinal stresses exist, where 

because of the prestressing force the bottom of the girder is under compression and the top of the 

girder is in tension.  These stresses can be divided into four components, by equilibrium C1+ C2 

equals the magnitude of the prestressing force (F).  The two remaining forces, T3 and C4, have 

equal magnitude and opposite direction, U-turn forces that enter the structure and leave 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 (Figure 2-3).  Since concrete tensile strength is relatively low these cracks are very 

common on prestress elements.  In a survey of 900 I-girders, the Missouri Department of 
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Transportation observed that more than 100 showed end zone cracking (Earney 2002).  .  

 
(a) (b) 

Figure 2-2 End region (a) elastic stress distribution and (b) strut-and-tie model 

(Schlaich et al  1987) 

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

the formation of end region cracks, including 

¶ method of detensioning (hydraulic release provides a more uniform transfer of forces, 

and gives time for the girder to accommodate the forces, thus decreasing the formation of 

end zone cracks), 

¶ order of strand release, 

¶ strand distribution, 

¶ friction with prestressing bed, 

¶ design of end zone reinforcement, 

¶ concrete properties, 

¶ and Hoyer effect. 

 

Cracks can expose reinforcement to extreme environmental conditions, resulting in 

corrosion of the strands or bars, and compromising the 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 propagation of cracks caused by tensile stresses, transverse reinforcement is 

typically provided.   

Installation of end region reinforcement can lengthen construction duration, increase 

project cost, and has proven marginally effective at controlling end-region cracking.  Other 

methods used to address durability concerns with cracks include (but are not limited to):  

¶ debonding of strands at the end,  

¶ crack injection,  

¶ controlling prestress levels, 

¶ and coating the ends of the member. 

 

In some cases, methods for repair may not be sufficient to restore the integrity of the 

element and rejection is necessary.   
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Figure 2-3 End zone cracks, marked in blue (Hamilton et al. 2013) 

2.1.1 Reported deficiencies 

Tadros et al. (2010) performed testing on two 42-ft span, 60-in. deep inverted-tee girders 

using 0.6-in. diameter low-relaxation strands.  The girders were constructed in accordance with 

provisions from American Association of State Highway and Transportation Officials 

(AASHTO) Load Resistance Factor Design (LRFD) Bridge Design Specifications (AASHTO 

2017) and FDOT end region detailing practices.  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 in four different states were also constructed following provisions from 

their respective states (Table 2-1).  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 (determined based on measured and specified 

material properties).  Results from the load testing indicated that end region cracking is a service 

issue and did not compromise the structural capacity of the prestressed girders.   

Table 2-1 End region crack width and length for various girder types (Tadros et al. 2010) 

State Girder Type Crack width (in.) Crack length 

Tennessee 

Type III 

AASHTO 

beam 

none none 

Washington  WF58G Not reported Not reported 

Virginia PCEF45 0.004-0.010 Less than 3 ft. 

Florida 

60-in. 

inverted-T 

beam 

0.004-0.006 Less than 3 ft. 

 

Tadros et al. (2010) also conducted field inspections on highway bridges in Nebraska and 

Vi rginia.  The Platte River Bridge in Nebraska had end zone crack widths 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 using 79-in. deep 

NU-I girders with spans of approximately 160 ft.  At the time of the inspection, 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. wide with some moderate 

corrosion stains.  Similar crack widths and patterns were observed in the other two bridges, but 

no sign of corrosion was observed.   

Hamilton et al. (2013) performed research to develop improved detailing practices to 

control end region cracking.  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 specimens were prepared following detailing 

for end reinforcement required by FDOT.  Specimens showed 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 recommendations regarding acceptable crack widths and treatment of 

cracks are discussed in this section.  Specifications from FDOT were used as thresholds in this 

investigation to evaluate the effectiveness of FRC at controlling end region cracking.   

Tadros et al. 2010 conducted field inspections, durability and load testing of full -scale 

prestressed girders.  The work focused on evaluation of the effect of end region cracking on 

structural integrity and long term durability of full-scale prestressed girder.  Based on the work 

conducted, guidelines were developed for acceptance and repair methods of end region cracking.  

Table 2-2 shows acceptance and treatment recommendations for end region cracks.    

Table 2-2 End zone cracks treatment recommendations (Tadros et al. 2010) 

Width (in.) Treatment 

<0.012 None 

0.012-0.025 
Fill with cementitious material, end 4 ft of the 

girder should be coated with a sealant 

0.025-0.05 
Fill with epoxy or cementitious patching 

material, and coated with a sealant 

>0.05 Rejection, or further engineering analysis 

 

FDOT specifications are more conservative in nature than recommendations made by 

Tadros et al. 2010.  Florida Department of Transportation (FDOT)  Standard Specifications for 

Road and Bridge Construction (FDOT 2018) section 450-12.5 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 either critical or non-critical.  Non-critical locations are defined by the position and crack 

orientation; for all types of simple span pretensioned precast girders the non-critical location is 

defined by criteria presented in Table 2-3.  A critical location is defined as a location where a 

crack will open when the element is subjected to service-level stress.  Critically located cracks 

may reduce ultimate capacity, or fatigue resistance of the element.  Critical locations are also 

those not encompassed by the non-critical locations as specified in Table 2-3.   

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 evaluation is required, 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 the non-critical classification. 

Table 2-3 Non-critical locations per Standard Specifications for Road and Bridge Construction 

(FDOT 2018) 

Crack direction Location 
Location within 

cross-section 
Length 

Horizontal End zone (3×depth) Top flange and web 
From end for length less 

than depth  

Horizontal Any location 
Interface of web and 

top flange  

From end for length less 

than depth 

Diagonal End zone (3×depth) Top flange and web 
From end for length less 

than depth 

Vertical End zone (3×depth) 
Extending through 

top flange 

Less than one-half the 

depth after detensioning 

Vertical 
Midspan (between 

end zones) 

Extending through 

top flange and web 
- 

Table 2-4 Crack treatment per Standard Specifications for Road and Bridge Construction 

(FDOT 2018) 

Classification Width (in.) Location Environment Treatment 

Cosmetic 

Crack 
w  0.006 in Non-critical 

Slight or 

moderate 
Do not treat 

Extreme Penetrant sealer 

Minor Crack 0.006  w 0.012 Non-critical 

Slight Do not treat 

Moderate 

Do not treat (elevation 

of more than 12 ft.) or 

penetrant sealer  

Extreme 

Penetrant sealer 

(elevation of more than 

12 ft.) or inject epoxy 

Major Crack 
w > 0.012 Non-critical - Engineering evaluation 

Any Critical - Engineering evaluation 

 

2.1.3 End region design 

AASHTO LRFD Bridge Design Specifications (hereafter referred as ñAASHTO LRFDò) 

section 5.9.4.4.1 (2017) states that sufficient reinforcement to resist 4% of the maximum 

prestressing force from fully bonded strands be provided from the girder end to a distance of h/4.  

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 Guidelines (FDOT 2016) section 4.3.1.D has adopted 

provisions following AASHTO LRFD with some modifications.  This document specifies that 

enough vertical reinforcement should be provided 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 

Dhonde et al. 2005 performed work to determine the effect of fibers on end region 

cracking; his work covered both SCC and conventional concrete.  Work was performed using 

steel fibers of 1.2- and 2-in. (30- and 50-mm) length at volumes ranging from 0.5% to 1%.  In 

mixtures prepared with conventional concrete, 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 reduction in end zone crack width of less than 0.001 in. 

Strain data were collected on steel reinforcement in all specimens during curing and prestress 

release.  Tensile strains were significantly reduced when using steel fiber reinforcement, 

indicating that fibers were effective at redistributing tensile stresses developed in concrete during 

early 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 shown in Table 2-5).   

Haroon et al. 2004 evaluated the effectiveness of FRC to reduce or eliminate secondary 

reinforcement in anchorage zones in post-tensioned elements.  AASHTO cyclic loading tests 

were performed on control and steel fiber (deformed 1.5 in. (38 mm), hooked end 1.2 in. 

(30 mm) fibers) reinforced samples (Figure 2-4 and Table 2-6).  Maximum crack width was 

reduced by 70-100% using FRC, even when using reduced secondary reinforcement.  For 4.4 ksi 

concrete, using 1% hooked end 1.2 in. (30 mm) fibers, crack width was reduced from 0.006-

0.007 in. to 0.002 in., it was determined that steel fibers could potentially reduce the quantity of 

secondary reinforcement by up to 79%.   

Table 2-5 Tensile strain measured on reinforcement during  

prestress transfer (Dhonde et al. 2005) 

 Fibers 

volume (%)  

Fiber length 

(in.) 

Fiber length 

(mm) 

Max.  tensile strain 

(ρπ  in/in) 

Conventional 

0  - - 1.8 

1 1.2 30 1.9 

0.5 2.4 60 1.3 

SCC 
0.5 2.4 60 0.4 

1 1.2 30 0.8 

 

  



BDV31 977-41 Page 9 

Blanco 2013 performed third point load testing on samples prepared with 1.4 in. (35 mm) 

and 2.4 in. (60 mm) hooked end steel fibers.  Data collected shows that as aspect ratio and fiber 

volume are increased a better control of crack width is observed (Figure 2-5). 

 

 

Figure 2-4 Test setup used to measure maximum crack width for various fiber volumes (Haroon 

et al. 2004) 

Table 2-6 Test setup and maximum crack with various fiber volumes (Haroon et al. 2004) 

Fiber type (volume) 
Compressive 

strength (psi) 

Reinforcement Maximum crack 

width (in.) (0.9fpu) Spiral Skin 

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 

 

 

Figure 2-5 Load-crack width for service load region (Blanco 2013) 
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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 reduced and, in some cases, eliminated.  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 of fiber materials and configurations are commercially available.  Fibers 

are typically categorized by their constituent material such as steel, glass, synthetic, or natural 

fibers (ACI 544.1R-96).  ASTM C1116 (2015) categorizes fibers into Type I ï Steel, Type II ï 

Glass, Type III ï Synthetic, and Type IV ï Natural. 

Material and geometry selection depend on the intended application and requirements.  

This section provides a general description of commercially available fiber 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 presented later in this chapter. 

2.3.1 Steel fibers (Type I) 

Due to their high strength and stiffness, steel fibers are commonly used in structural 

applications.  These fibers are available in a variety of cross-sections and shapes (Figure 2-6); 

diameters range from 2.5-3 in. (64-76 mm) with aspect ratios ranging from 20 to 100, other 

typical properties are: 

¶ Tensile strength: 180-300 ksi 

¶ Modulus of Elasticity: 30,000 ksi 

¶ Specific gravity: 7.85 

 

Figure 2-6 Steel fiber configuration (ACI 554.1R-96) 

2.3.2 Glass fibers (Type II) 

Glass fibers are commonly available in lengths ranging from 0.5 in. (13 mm) to 1.5 in. 

(38 mm) and can behave as either macro- or microfibers.  Advantages of glass fiber-reinforced 

concrete include its low weight, high moisture resistance, low thermal expansion, and high fire 
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resistance.  A downside of glass fibers is that their mechanical properties can change when 

exposed to aggressive environmental conditions.  Properties of common glass materials are 

provided in Table 2-7. 

 

Table 2-7 Properties of selected glasses (ACI 554.1R-96) 

Material 
Specific 

gravity 

Tensile 

strength (ksi) 

Modulus of 

elasticity (ksi) 

Ultimate 

strain (%) 

A-Glass 2.46 450 9400 4.7 

E-Glass 2.54 500 10400 4.8 

Cem-FIL AR-Glass 2.70 360 11600 3.6 

NEG AR-Glass 2.74 355 11400 2.5 

 

2.3.3 Synthetic fibers (Type III) 

A wide range of materials are used to produce synthetic fibers (Table 2-8).  The most 

commonly used synthetic fibers are nylon 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 from 0.2 in. (6 mm) to 2.5 in. (64 mm).  Macrosynthetic fibers are 

typically longer than 1.5 in., have equivalent diameter (diameter of a circle with area equal to 

cross-sectional area of the fiber) larger than 0.012 in. (0.3 mm) and modulus of 725-1450 ksi.  

These fibers are typically dosed at a volume fraction in the range of 0.2% to 1.0% (higher for 

certain applications) and are commonly referred to as ñstructural fibersò.   

Microsynthetic fibers are typically 0.5 in. (12 mm) to 0.8 in. (20 mm) in length, have 

equivalent diameter smaller than 0.012 in. (0.3 mm)  and modulus of 435 ksi to 725 ksi.  These 

fibers are typically used in volume fractions ranging from 0.05% to 0.2%, and are commonly 

referred to as ñnon-structural fibersò.   

Table 2-8 Common synthetic fiber types and properties (ACI 554.1R-96) 

 

2.3.4 Natural fibers (Type IV) 

Natural fibers are prepared from naturally occurring materials and can 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 0.1 in. to 17 in. and diameters from 0.0001 in. (0.03 mm) to 0.03 in. (0.7 mm).  Common 

natural fibers include coconut, bamboo, sisal, jute, wood fiber, among many others.   

Table 2-9 Properties of selected natural fibers (ACI 554.1R-96) 

 

2.3.5 Basalt fibers 

Basalt fibers are a more recent type of inorganic fiber (Kizilkanat et al. 2015).  These 

fibers have a high modulus of elasticity and a tensile 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 segregation or clumping occurring (Ayub et al. 2014, 

Patniak 2013).  Unlike steel fibers, basalt fibers are corrosion-resistant and have been found to be 

resistant to alkaline environments.  Another advantage is their low weight (three times lighter 

than steel, Krassowska and Lapko 2013).  Typical properties include: 

¶ Tensile strength: 160 ksi 

¶ Modulus of Elasticity: 6380ksi 

¶ Specific gravity: 2.0 

2.3.6 Hybrid fibers 

When fibers of differing aspect ratio, material, or strength are combined, they are referred 

to as hybrid fibers.  FRC produced from an effective combination of fibers can surpass the 

performance of FRC produced with the individual fibers (ACI 544.3R-08).   

An example of this interaction is the combination of short and long fibers.  When 

concrete is subjected to tension, microcracks form in the interfacial zone between aggregate and 

cement matrix.  As tension increases, microcracks coalesce to form larger cracks, which may 

cause tensile failure to occur.  In members with ñhybrid fibers,ò short fibers influence more 

effectively the initial formation of microcracking.  Once macrocracks occur, the long fibers 

become more active in bridging, since shorter fibers are being pulled out as crack width increases 
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(Figure 2-7).  It has been observed that fibers shorter than 1.4 in. (35 mm) are more effective at 

controlling crack widths lower than approximately 0.006 in. (Blanco 2013).   

Most common fiber combinations are 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 based on 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 early age properties and 

another to enhance mechanical properties of hardened concrete (ACI 544.3R-08, Mobasher 

2011, Qian and Stroeven 2000).  Some fiber combinations may be detrimental to one or more 

properties.  Consequently, consideration of desired properties should be taken into account when 

selecting fiber properties to use (Nehdi and Ladanchuk 2004).  

 

 

Figure 2-7 Influence of short (a) and long (b) fibers in bridging of cracks (Markovic 2006). 

2.4 Typical fiber properties 

Commercially available fibers have a diverse range of length and mechanical properties.  

Table 2-10 shows common fiber materials along with typically 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 reinforcement.  Application of each fiber varies with mechanical 

properties and available geometries, common application for each fiber type are also provided in 

Table 2-10.  In general, low fiber volumes between 0.1% and 0.3% are often used to control 

early age cracking, while at volumes above 0.3% post-cracking behavior of concrete is improved 

(Banthia et al. 2012).   
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Table 2-10 Typical fiber properties and applications 

Material 

Equivalent 

diameter 

(mm) 

Length 

range 

(mm) 

Aspect 

ratio 

Tensile 

strength 

(ksi) 

Applications 

Steel 0.5-1.00 6-74 30-100 160-300 

Tunnel linings, rock slope 

stabilization, slabs on grade, 

bridge decks, shotcrete, SIFCON 

Glass 0.005-0.15 13-38 13-38 145-246 
Cladding materials and thin sheet 

components. 

Polypropylene 0.02-0.4 12-20 50-100 20-100 Residential, commercial and 

industrial slab on grade, floor 

overlays, shotcrete Nylon 0.02-0.3 19-50 50-100 140 

Polyester 0.02-0.40 19-50 50-100 30-175 Slab on grade 

Basalt 0.01-0.65 12-100 50-100 150-200 
Shotcrete, slabs, thin sheets 

components, precast products  

Carbon 0.008-0.02   70-580 

Corrugated units , single or double 

curvature membrane structures, 

curtain walls 

2.5 FRC implementation  

2.5.1 FDOT Structures Design Guidelines (FDOT 2016) 

FDOT Structures Design Guidelines (FDOT 2016) specify that the use of structural fiber 

reinforcement be limited to wet-cast 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 these structures 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 

accordance with ASTM C1399 (2015) (described in 2.10.1) 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 steel, or carbon FRP in all environments while 

other non-corrosive materials may be considered with FDOT approval. 

2.5.2 ACI 318-14 

Current Building Code Requirements for Structural Concrete (ACI 2008), hereafter 

referred as ñACI 318-14ò, allows the use of steel fibers in specific conditions as an alternative 

reinforcement for prescriptive minimum shear reinforcement (Table 2-11).  Currently the code 

covers only the use of fiber reinforcement as prescriptive shear reinforcement and has no design 

approach for structural or nonstructural applications.   

  



BDV31 977-41 Page 15 

Table 2-11 Cases where minimum area of  

shear reinforcement is not required (ACI 318-14 Section 9.6.3.1) 

Beam type Conditions 

Constructed with steel fiber-reinforced 

normal weight concrete conforming to 

26.4.1.5.1 (a), 26.4.2.2 (d), and 26.12.5.1 (a) 

and with Ὢᴂ 6000 psi 

Ὤ  24 in. 

and  

ὠ ᶮςὪᴂὦὨ  

 

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 used must be deformed, conform to ASTM A820, have an aspect ratio of 50 but less than 

100, and a quantity of at least 100 ὰὦȾώὨ.  For acceptance, the mixture must comply with 

compressive strength criteria and residual strength criteria given in Table 2-12. 

Table 2-12 Conditions for residual strength, based on results of ASTM C1609 (26.12.5.1 (a)) 

Midspan 

deflection 

Conditions for residual strength (RS)  

L/300 RS is at least the greater of: 

90 % of measured first-peak strength from flexural test 

90 % of 7.5 Ὢᴂ 

L/150 RS is at least the greater of: 

75 % of measured first-peak strength from flexural test 

75 % of 7.5 Ὢᴂ 

2.5.3 ACI 544.7R-16 Tunnel lining design  

ACI 544.7R-16 covers a design approach and design parameters for SFRC for tunnel 

lining applications.  Key design parameters include compressive strength, residual flexural 

strength determined by ASTM C1609 or EN 14651 and splitting tensile strength.  Flexural 

strength parameters determined in accordance with ASTM C1609 or EN 14651 is scaled by a 

factor of 0.33-0.37. 

Required average residual strength is determined as follows  

Ὢ Ὢᴂ ρȢστί Equation 2-1 

Ὢ Ὢᴂ ρȢστί Equation 2-2 

 

WhereὪ  and Ὢ  are the required average residual flexural strength at net deflection 

of L/150 and L/600 (psi) respectively, Ὢᴂ  and Ὢᴂ  are the specified residual flexural strength 

at net deflection of L/150 and L/600 (psi) respectively, and ί is the sample standard deviation of 

the test results.   

Conventional reinforcement can be replaced partially or completely by fiber 

reinforcement only when the requirements established in Equation 2-3 and Equation 2-4 are 

satisfied.   
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Ὢ

Ὢ 
πȢτ Equation 2-3 

Ὢ

Ὢ
πȢυ Equation 2-4 

 

Where Ὢ  and Ὢ  (psi) are the residual flexural strengths at net deflections of L/150 

and L/600 respectively, and Ὢ is the first peak flexural strength (psi).   

2.6 Fiber behavior   

Fiber tensile resistance is controlled by either fiber rupture strength or pullout strength, or 

both.  Fiber pullout is the preferred behavior since it provides a more ductile failure mode (ACI 

544.4R-88).  For straight fibers the pullout process occurs in two main stages: debonding and 

frictional pullout (Markovic 2006).  When a crack forms in the concrete surrounding the fiber, 

fiber force P is controlled by the adhesive and mechanical bond between the fiber and concrete, 

which fails progressively from the crack face to the end of the fiber (Figure 2-8a and b).  When 

bond is completely broken, then the fiber force P is controlled by the frictional force between the 

fiber and concrete as the fiber is pulled from the concrete (Figure 2-8c). 

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 

(Figure 2-9c and Figure 2-9d).  Plastic deformation must occur along the hooked length of the 

fiber to continue to pull the fiber from the concrete, which increases the pullout force P.  

Consequently, more force and energy are required to pull out a deformed fiber than a straight 

fiber, leading to improved post-cracking 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 residual strength 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 instance, Grünewald et al. (2016) found that pullout 

strength was maximized by using fibers 2-4 times longer than the maximum aggregate size.  

Aspect ratios greater than 100, however, have been observed to cause workability problems and 

non-uniform fiber distribution (ACI 544.4R-4).  Hydrophilic nature of the fibers with large 

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 workability problems associated with the addition of fibers.  

Indeed, Ferrara et al. 2007 and Markovic (2006) found that the use of SCC with fibers improved 

the mechanical bond strength of fibers compared to traditional concrete mixtures. 

 

Figure 2-8 Debonding and pullout of straight fiber (Markovic 2006) 
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Figure 2-9 Debonding and pullout of hooked end fiber (Markovic 2006). 

2.7  Effect of fibers on fresh concrete 

Fiber addition can greatly affect fresh properties of the mix, causing placement and 

consolidation problems.  Factors that determine the extent to which fresh properties are affected 

by the addition of fiber reinforcement include fiber 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 following section.   

2.7.1 Workability test methods 

Workability of fresh concrete is significantly affected by the addition 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 their intended application.  Some of the more common 

methods includes inverted slump cone and Vebe tests. 

ASTM C995 (2001) provides the methodology to determine the inverted slump-cone 

time of fiber-reinforced 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 cone.  Figure 2-10 shows the test 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 applied with a vibrator having a 

head diameter of 1 in.  1/8 in. at a frequency of least 150 Hz. This standard was withdrawn 

without replacement in 2008.   
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Figure 2-10 Test setup: ASTM C995 

The Vebe test (BS EN 12350 2009) provides another method to determine consistency of 

fresh FRC.  The test setup consists of a container placed over a vibrating table (Figure 2-11).  

Concrete is compacted into a slump mold, which is placed inside the container.  Once 

compaction is complete, the mold is lifted and the clear disc is rotated 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.   

 

Figure 2-11 Test setup (EN 12350-3 2008) 



BDV31 977-41 Page 19 

2.7.2 Workability 

Workability is a measure of the ease with which fresh concrete can be placed, 

consolidated, and finished.  In general, an increase in volume, aspect ratio, or change in surface 

characteristics of fibers decreases the workability of the mixture (Yin et al. 2015, Iyer et al. 2015, 

Balaguru and Ramakrishnan 1988, Bayasi and Soroushian 1992, 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, which decreases flowability.  

Figure 2-12 and Figure 2-13 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 cross-sections have less contact area per fiber volume when compared to non-circular 

sections, which results in better workability.  For example, a 50% increase in fiber volume will 

result in a decrease in slump of up to 60% (Yin et al. 2015).   

Kizilkanat et al. (2015) found that 0.5-in. (12 mm) glass fibers (0.5-1% volume fraction) 

could cause up to a 55% reduction in slump when compared with conventional concrete. 

Hooked-end 1.2-in (30-mm) long steel fibers (0.5-1% volume) reduce slump by more than 50% 

(Table 2-13) when compared to control mixtures (Yazdani et al. 2002).  For the same length 

(1.2 in.) and a volume of 0.425%, polypropylene fibers reduced slump by 7%, while hooked end 

steel fibers caused a reduction of 20% (Bolat et al. 2014). When compared to control samples, 

slump was reduced by 70% and 50% when using polypropylene and basalt fibers (Jiang et al. 

2014).  

  

Figure 2-12 Effect of fiber volume and aspect ratio on slump and inverted slump time 

(Yazdani et al. 2002)  
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Table 2-13 Slump for conventional concrete and various FRC mixtures (Yazdani et al. 2002) 

Fiber 
Fiber length 

(in.) 

Fiber length 

(mm) 

Fiber 

volume (%) 

Slump 

(in.) 

No fiber - - 0 7.0 

Steel 

crimped 

fiber 

1.5 38 

0.5 3.0 

0.75 2.5 

1.0 1.5 

Hooked 

end steel 

fiber 

1.2 30 

0.5 2.5 

0.75 1.5 

1.0 1.0 

Synthetic 

fiber 
1.5 38 

0.5 2. 

0.75 2.0 

1.0 1.5 

 

Figure 2-13 Volume and fiber length effect on slump (Jiang 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 plastic state (Branston 

et al. 2016, Eren and Marar 2010, Majdzadeh et al. 2006, Naaman et al. 2005, Qi et al. 2003).  

The use of polypropylene fibers with lengths of 0.25 in. and 0.5 in., at 0.1-0.3% volume fiber 

fraction (Table 2-14) 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 found to be 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 concrete (Sivakumar and Santhanam 2007).  
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Table 2-14 Plastic shrinkage using polypropylene fibers (Banthia 2006) 

Type 
Diameter 

(denier) 

Length 

(in.) 
Length 

(mm) 

Volume 

(%) 

Crack 

area 

(Ὥὲ 

Crack 

area 

(άά  

Control -  - - 0.51 329.9 

Monofilament 3 
0.5 

12.5 
0.1% 0.19 120.9 

0.2% 0.01 3.8 

Monofilament 6 

0.5 

12.5 

0.1% 0.33 216.0 

0.2% 0.19 119.5 

0.3% 0.16 101.9 

Monofilament 6 

0.3 

6.35 

0.1% 0.40 257.8 

0.2% 0.38 242.8 

0.3% 0.24 154.4 

Fibrillated 1000 

0.5 

12.5 

0.1% 0.27 172.9 

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 known as ñfiber clumping.ò  Fiber clumping decreases 

workability; causes segregation and bleeding; prevents complete fiber dispersion; and creates 

voids (Figure 2-14).  Ideally, fibers are added to the mixture in a controlled manner to ensure that 

the fibers are adequately dispersed into the mixture.  Fortunately, if the fibers are initially 

dispersed into the mixture ball-free they tend to remain that way.  The tendency for a mixture to 

have fiber clumping is affected primarily by fiber properties such as shape and length, mixture 

composition, fiber dosage and mixing procedures.   

 

  
 

Figure 2-14 Fiber clumping during mixing (Macrosynthetic fiber with length 

2.3 in. (58 mm) at volume of 0.7%)  

As larger aspect ratios and/or larger volume fractions are used, clumping is more likely to 

occur since fibers are more easily tangled.  In general, mixtures with synthetic fibers and rigid 

fibers with an aspect ratio of less than 50 are less susceptible to fiber clumping.  Mixtures with 

volume fractions higher than 2% by volume are more susceptible to fiber clumping.  Similarly, 
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fiber clumping occurs more frequently when using fibers with high (>1%) volume fraction (ACI 

544.3R), but there has been work with 0.35-4% per volume where no clumping is reported 

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

blower to prevent clumping from occurring.   

 

Figure 2-15 Fibers added to truck mixer using fiber blower (ACI 544.3R-08)  

Fiber clumping may 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 the mixture is not fluid enough, causes the fibers to form clumps.  Fiber clumping can 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 fiber dispersion.  Overmixing after fiber 

dosage is another cause of fiber clumping.  (544-3R-08) 

Coarse aggregate contents of more than 55% of total combined aggregate by volume can 

also lead to fiber clumping.  Furthermore, as the maximum aggregate size is increased there is 

more potential for fiber clumping to occur.  ACI 544-1R-96 and 544-3R-08 provide a 

recommended gradation for mixtures containing macrofibers to avoid fiber clumping and 

workability issues.   
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Table 2-15 Recommended combined aggregate grading for  

macrofiber reinforced concrete (ACI 544.3R-08) 

  
 

Stiffer fibers such as steel and some macrosynthetic fibers can form blockage or 

clumping when used in highly congested elements.  Care should be taken in selecting fiber 

length and volume to avoid this issue, ACI 544.3R recommends that, unless a full -scale test is 

performed, fiber length should not exceed half the clear spacing between reinforcement (ACI 

544.3R, Grünewald 2004).  Little data are available on this topic; however, work with 1.2-in. 

(30-mm) steel fibers to evaluate blocking concluded that the minimum gap width between 

reinforcement depends on the fiber length, aspect ratio, and volume (Groth 2000).  Based on the 

work performed, guidelines to avoid blocking using SFRC were developed (Table 2-16). 

Table 2-16 Guidelines for assessing blocking of SFRC (Groth 2000) 

Reinforcement spacing 

to fiber length ratio 

Fiber aspect 

ratio 

Fiber content 

(lb/ft3) 

3 
80 1.9 

65 3.8 

2 
65 1.9 

45 3.8 

1 45 1.9 

 

2.7.5 Bleeding and segregation  

Increases in cumulative bleed water volumes of over 20% and 30% were seen when using 

steel hooked end fibers of 1.2-in. (30-mm) and 2.4-in. (60-mm), respectively (Figure 2-16) 

(Uygunoglu 2011).  Dhonde et al. (2005), however, reported that no segregation or bleeding 

occurred when using steel fibers of 1.2 in. (30 mm) and 2.4 in. (60 mm) length at volume 

fraction ranging from 0.5-1.5%.  VSI index of 0-1 was reported for all mixture prepared.  

Furthermore, Patniak (2013) reported that no bleeding or segregation was observed when 

working with 0.35-4% volume fraction of basalt fibers of 1.7 in. (43 mm) length.   
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(a) (b) 

Figure 2-16 Cumulative bleeding in steel fiber-reinforced concrete: (a) 2.4 in. (60 mm), and 

(b) 1.2 in. (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 generally true, the relative improvements in individual 

properties may not be 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 effect of 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 

samples (Arslan 2016, Ayub et al. 2014a, Jiang et al. 2014 , Krassowska and Lapko 2013, Yin et 

al. 2015, ACI 544.1R- 96, Kizilkanat 2015).  Variation in compressive strength of 0-25% for up 

to 1.5% volume fraction has been reported (Figure 2-17 through Figure 2-19).  The increase in 

compressive strength is most likely due to control of micro-cracking provided by fibers, while 

decrease is often attributed to increased percentage of entrapped air when using high volumes of 

fibers (Folliard et al. 2006).  

 

 

 

Figure 2-17 Compressive strength for different fibers (N Suksawang et al. 2014) 
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 Figure 2-18 Compressive strength for basalt and glass fibers (Kizilkanat et al. 2015) 

 

Figure 2-19 Compressive strength for basalt fibers, using plain concrete (series P), 10% silica 

fume (series S) and 10% met kaolin (series M). (Ayub et al. 2014) 

2.8.2 Tensile strength 

Concrete is a brittle material with low tensile strength; tensile strength is commonly in 

the range of 10-15% of its compressive strength.  In FRC, however, fiber-bridging action can 

result in improved crack control and tensile strength  

Yazici et al. (2006) found that tensile strength (using split-cylinder tensile strength) was 

improved by 11-54% using steel fibers with aspect ratio of 80 and volume of up to 1.5%.  

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 

(Figure 2-20).  Yurtseven (2004) reported that polypropylene and carbon fibers at 0.6% volume 

fraction improved splitting tensile strength by 19.5% and 31.6%, respectively.  An increase in 
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splitting tensile strength (tested in accordance with BS 1881-117: 1983 1983) of up to 30% was 

seen using basalt fibers of 1 in. (25 mm) length (Ayub et al. 2014) while Patnaik (2013) reported 

an increase of up to 50% in flexural tensile strength when using 1.7-in. (43 mm) basalt fibers 

(Figure 2-21).   

 

Figure 2-20 Splitting tensile strength for basalt and glass samples (Kizilkanat et al. 2015) 

 

Figure 2-21 Flexural tensile strength for basalt fibers at varying percent volume (Patnaik 2013). 

2.8.3 Flexural strength  

Flexural strength increases of 50-70% have been reported when incorporating fiber 

reinforcement (Tadepalli et al. 2009, Yazici et al. 2006).  Improvement depends on fiber 

material, properties, volume, and bond strength between the fiber and the matrix.  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 strength (Figure 2-22, Figure 2-24).   

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% 

(Krassowska and Lapko 2013).  Yazici et al. (2006) performed work with steel fibers at different 
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volumes and aspect ratios.  Increase in flexural strength of 30-60% for aspect ratios varying from 

45 to 80 was reported (Yazici et al. 2006).   

Glass fibers performed better than basalt fibers of 0.5 in. (12 mm) length, but glass fibers 

showed no significant improvement as volume was increased beyond 0.5% (Figure 2-23).  When 

compared with polypropylene fibers, basalt fibers showed higher flexural strength and improved 

post-crack response (Figure 2-24). 

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 of up 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 20- 60% (Yazici et al. 2006).  For increased aspect ratio from 45 to 80 

the flexural strength can be increased by up to 70% (Yazici et al. 2006). 

 

Figure 2-22 Load-displacement for different steel fibers at 0.5% content (Tadepalli et al. 2009) 

Table 2-17 Fiber designation followed by Tadepalli et al. 2009 

Mix MIXDL1  MIXDS1 TTCDL1 TTCDS TTCR1 TTCH1 

Fiber shape  Hooked end Twisted  

Manufacturer  Dramix Royal Helix 

Aspect ratio  80 55 80 55 53 50 
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Figure 2-23 Flexural strength for basalt and glass samples (Kizilkanat et al. 2015) 

 

 Figure 2-24 Load-deflection curve for various fibers at 0.3% volume (per ASTM C1609) 

(Jiang et al. 2014)  

Jiang et al. 2014 performed work with polypropylene and basalt fibers at volumes less 

than 0.3%.  Less than 10% increase in flexural strength was noted as fiber material or length was 

changed (Figure 2-24).  Nevertheless, a difference between the post-cracking response of 

conventional concrete and FRC was seen.  The longer fibers showed a more gradual decrease in 

post-cracking load when compared with both conventional concrete and FRC with shorter fibers 

(Figure 2-22 and Figure 2-24). 

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, Markovic 2006, Lawler et al. 2005 and 

Yao et al. 2003).  Mixtures containing blended steel fiber lengths of 0.5 in. and 2.4 in. (13 mm 

and 60 mm) has shown higher flexural strength and a more ductile response (Figure 2-25; 

Markovic 2006). 
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Figure 2-25 Flexural behavior of concrete with 0.5 in. (13 mm) long straight steel, 2.4 in. 

(60 mm) long hooked end steel fiber and a combination of both.  (Markovic 2006) 

2.8.4 Residual strength  

Materials that are brittle in nature such as concrete have negligible post-cracking 

ductility.  The mechanical property that is predominantly affected by fiber reinforcement is the 

residual strength.  Residual strength describes the post-cracking 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 improved post-cracking capacity and 

improved ductility that fibers provide.   

Suksawang et al. (2014) and Yazdani el al. (2002) performed work with different fiber 

types and lengths.  They determined that steel fibers provided improvement of residual strength 

when compared with microsynthetic fibers (Figure 2-26).  Residual strength was increased as the 

fiber shape changed and volume fraction was increased.  This improvement was due to enhanced 

bond and more fibers crossing cracks (Figure 2-26 and Figure 2-27).  Hybrid fiber FRC in some 

cases can provide better improvement in residual strength than single-fiber FRC (Figure 2-28).   

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 physical and mechanical properties, residual tensile strength (ASTM C1399) was 

increased by 37% (Figure 2-29). 
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Figure 2-26 Average residual strength using different fibers (per ASTM C1399) (Suksawang et 

al. 2014) 

 

Figure 2-27 Average residual strength using 1.7 in. (43 mm) basalt fibers (per ASTM C1399) 

(data obtained from Patnaik 2013) 

  
(a) (b) 

Figure 2-28 Average residual strength for hybrid fibers (Nehdi and Ladanchuk 2004) 
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Figure 2-29 Load-deflection curve (ASTM C1399) for polypropylene fibers at 5 lb/cy 

(Attiogbe  et al. 2014) 

2.8.5 Creep 

Creep is time-dependent deformation that occurs under sustained stress and can result in 

excessive deflections and loss of prestress force among other serviceability issues.  Due to the 

relatively low volume of fibers used in FRC, the effect of fibers on compressive creep is 

typically negligible.  Furthermore, fibers typically benefit the post-cracking behavior of concrete.  

Kurtz et al. (2000) indicated that creep failure occurred in cracked micro-synthetic FRC for 

sustained stress levels.  Micro-synthetic FRC could only sustain a small percentage 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 fiber-fracture mode. 

While a reduction in flexural creep is possible with the use of high-modulus fibers, Serna 

et al. 2015 found that creep rate increased in samples with synthetic fibers and decreased in 

samples containing steel fiber (Figure 2-30).  Bernard 2010b found that at volume fractions less 

than 1% no measurable 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 samples containing steel fibers and immersed in 

seawater (Figure 2-31).   
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Figure 2-30 Creep coefficient after 14, 30 and 90 days for different ambient exposures 

(Ros et al. 2015) 

 

 

Figure 2-31 Comparison of first-peak strength and residual first-peak strength (Ros et al. 2015) 

2.8.6 Drying shrinkage cracking 

Volumetric change due to the loss of moisture in hardened concrete leads to shrinkage.  

Internal or external constraints prevent the change in volume from occurring, which may result 

in the development of tensile stresses and, ultimately, cracking of the matrix.  Because of the 

bridging action across the cracks, fibers have been found to help control crack length and width 

(ACI 544.1R), which can improve durability. 

In restrained ring testing, control samples showed average crack widths of 0.35 in. while 

average crack widths on samples containing fibers (5-10 ὰὦȾώὨ) varied from 0.005-0.008 in. 

(Ideker et al. 2014). 
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Compared with other fibers, at the same volume fraction, polypropylene fibers shown 

improved ability to reduce early age crack width (Suksawang et al. 2014).  Polypropylene fibers 

at volumes ranging between 0.1% and 0.2% showed a reduction in maximum cracked width of 

up to 80% (Figure 2-32) compared with control specimen (Suksawang et al. 2014,Soroushian et 

al. 2004).   

 

 

Figure 2-32 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 source of problems, 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 in 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 products.  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 compared to 

conventional concrete (Blunt et al. 2015, Jen et al. 2016, Sanjuán et al. 1997, 1998, Solgaard et 

al. 2013).  Jen et al. (2016) performed work using hybrid fiber combination of polyvinyl alcohol 

microfiber of 0.3 in. (8 mm) length  and steel fiber of 1.2 in. (30 mm) length.  Work was 

performed to verify the effect of fibers on corrosion of reinforcing steel using pre-damaged and 

undamaged samples.  Figure 2-33 shows both pre-damaged and undamaged FRC samples had 

lower chloride content.   
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Figure 2-33 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 corrosion can 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 (Frazão et al. 2015, Kosa and Naaman 1990).  For uncracked sections with 

compressive strengths over 3000 psi, well-consolidated, and with water-to-cement ratios in 

compliance with ACI 318, corrosion of fibers has been shown to occur only at the samplesô 

surfaces, with no propagation of corrosion beyond 0.1 in. below the surface (ACI 544.1R).  In 

cracked sections with crack widths less than 0.004 in., no corrosion was found along the fibers 

bridging the cracks (ACI 544.1R).   

Narrow, shallow cracks are not expected to reduce strength (ACI 544.1R and ACI 

544.4R).  Cracks wider than 0.004 in., however, can cause up to a 30% reduction in residual 

strength (Bernard 2010a, Berrocal et al. 2016).   

Frazão et al. (2015) found that volumetric change of fibers due to corrosion can cause 

microcracking in the surrounding concrete in extremely aggressive environments (Figure 2-34).  

Such volumetric change, however, is not large enough to cause concrete spalling (ACI 544.4R).   

  

(a) (b) 

Figure 2-34 Micro crack in steel fiber-reinforced SCC samples (a) and fracture surface (b) 

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

Self-consolidating concrete (SCC) is a highly fluid mixture that, unlike conventional 

concrete, can flow 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 self-consolidating concrete (FRSCC) is potentially a solution to problems due to 

poor workability and cracking.  In addition, due to SCC high compactness 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 

properties: filling 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 of the methods to measure these properties, 

and the limits on such measurements, are presented in this section.   

2.9.1 Test methods for fresh properties  

For SCC to comply with workability requirements, a mixture 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 as around reinforcement, and segregation resistance measures the 

ability to remain homogenous during mixing, transport, and placement. Various test methods can 

be used to measure fresh properties of a SCC mixture.  

Table 2-18 lists the most common standardized methods to assess SCC fresh properties 

and the property measured, Figure 4-36 shows the test setup for each method.  

Table 2-18 Common testing for SCC fresh properties  

Test  Standard  Property measured 

Slump flow ASTM C1611 Flowability 

VSI ASTM C1611 Segregation 

J-Ring ASTM C1621 Passing ability 

Bleeding ASTM C232 Bleeding 

Segregation ASTM C1610 Segregation 

Static segregation ASTM C1712 Segregation 

V-funnel BS EN 12350-

9 
Filling ability 

L-box BS EN 12350-

10 
Passing ability 
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(a) (b) 

  
(c) (d) 

 

 

 

 
(e) (f) 

Figure 2-35 Common testing for SCC fresh properties: (a) ASTM C1611, (b) ASTM C1621, 

(c) ASTM C1610, (d) ASTM C1712, (e) BS EN 12350-9 and (f) BS EN 12350-10 

2.9.2 FDOT requirements for fresh properties 

FDOT Materials Manual (FDOT 2015) section 8.4 provides instructions 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.  

Tests required to be performed to determine SCC fresh properties and the respective limit are 

listed in Table 2-19.  
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Table 2-19 FDOT (2015) specified limits for fresh properties of SCC for precast/prestressed 

concrete products  

Standard  Parameter Limit  

ASTM C1611 Slump flow 
Shall be less or equal to 27.0 

inches ( 2.5 in.) 

ASTM C1611 VSI Shall be less or equal to 1 

ASTM C1611 Ὕ  Recommended 2-7 seconds 

ASTMC1621 Passing ability Shall not 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 and guidelines for SCC with requirements for 

material composition.  These guidelines recommend the evaluation of the workability parameters 

shown in Table 2-20.   

When compared to the requirements established by the FDOT, EFNARC has a broader 

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 for Ὕ  are in similar range.  Another difference is seen in passing ability 

assessment; while both EFNARC and FDOT use the same test methodology, assessment is made 

using different criteria.  EFNARC specifies use of J-Ring where the criterion is the difference 

between the concrete surface in the center and in the edge of the ring.  While FDOT follows 

ASTM C1621standard where assessment of passing ability is made based on the difference 

between the unrestrained flow (ASTM C1611) and obstructed flow (ASTM C1621).   

Table 2-20 EFNARC acceptance criteria for SCC.   

Property Method  Typical range of values 

Filling ability 

Slump flow 25.5-31.5 in. (650-800 mm) 

Ὕ  2-5 sec 

V Funnel 8-12 sec 

Orimet test 0-5 sec 

Passing ability 

J Ring 0-0.4 in. (0-10 mm) 

L Box 0.8-1.0 

U Box 0-1.2 in. (0-30 mm) 

Fill Box  90-100% 

Segregation 

resistance 

GTM Screen Stability 0-15% 

V Funnel Ὕ  0-3 sec 

 

2.9.4 PCI Determination of performance requirements  

Precast/Prestressed Concrete Institute (PCI) provides 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 
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different workability properties.  Recommendations are shown in Table 2-21, where the dark 

blocks represent situations that could lead to issues during placement.   

Table 2-21 Parameter determination based on member characteristics (TR-6-03) 
 

 Slump flow (in.) T50 time (sec) Passing ability  

 Level of 

difficulty  < 22 22-26 >26 < 3 3-5 >5 <15 10-15 >10 

Reinforcement 

level 

Low                   

Medium                   

High                   

Element shape 

Low                   

Medium                   

High                   

Element depth 

Low                   

Medium                   

High                   

Surface finish 

importance 

Low                   

Medium                   

High                   

Element 

length 

Low                   

Medium                   

High                   

Wall thickness 

Low                   

Medium                   

High                   

Coarse 

aggregate 

content 

Low                   

Medium                   

High                   

Placement 

energy 

Low                   

Medium                   

High                   

2.9.5 Effect of fibers on SCC fresh properties  

Decrease of workability of SCC with the addition of fibers is expected.  Siddique et al. 

(2016) performed work with steel fibers in volumes varying from 0.5% to 1.5% and reported that 

increased fiber content resulted in decreased slump flow and increased flow time and blocking 

(Figure 2-36).  Observed slump flow was 10% less than that of the control mixture when using 

1.5% steel fibers.  However, the work conducted by Sahmaran et al. (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 1.5% (Figure 2-36 and Figure 

2-37).  Work by Sahmaran and Yaman (2007), Strauss et al. (2014), Khaloo et al. (2014), and 
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Gurjar (2004) showed that steel fiber reinforcement at a dosage of 0.5-2%, no segregation of 

aggregates was reported.   

 

 

 
(a) (b) 

 
(c) 

Figure 2-36 Fresh properties for SCC mixtures prepared with 30mm steel fibers (Siddique et al. 

2016): (a) slump flow, (b) V-funnel and (c) L-box (maximum limits from EFNARC 2005 are 

shown in red dashed line). 

 

 
(a) (b) 

Figure 2-37 Fresh properties for SCC mixtures prepared with 30mm hooked end steel fibers 

(Sahmaran and Yaman 2007): (a) slump flow, and (b) V-funnel (maximum limits from EFNARC 

2005 are shown in red dashed line). 

Gencel et al. (2011), Forgeron and Omer (2010), Soutsos et al. (2012), and Aydin (2007) 

performed work using synthetic fibers (carbon, 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 increased.  Aydin (2007) performed work with carbon fibers, steel fibers, and a hybrid 

combination of the two (Figure 2-38).  For the same mixture proportions, slump flow decreased 

when using carbon fibers and steel fibers at 2% volume fraction by 46% and 29%, respectively.  

Passing ability was reduced by 50-60% compared with control sample, and no segregation was 

reported.  All FRSCC mixtures prepared for the study complied with slump flow, Ὕ  range, and 

passing ability requirements of the FDOT. 

 
 

(a) (b) 

 
(c) 

Figure 2-38 Fresh properties for SCC mixtures prepared with steel and carbon fibers (Aydin 

2007): (a) mixture proportions, (b) slump flow and (c) L-box.  

Experimental work has shown that it is possible to develop SCC mixtures including fiber 

reinforcement that maintains self-compacting characteristics.  To maintain resistance to 

segregation of the aggregates and fibers, special attention should be given to ensure viscosity is 

maintained (Ozyurt 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 concrete.  Siddique et al. (2016), Ning et al. 

(2015), Sahmaran and Yaman (2007), and Soutsos et al. (2012) performed work on mechanical 

properties in FRSCC.  Similar fresh properties was observed as with conventional concrete.  

Figure 2-39 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 post-cracking capacity.   
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(a) 

 
  

(b) (c) 

Figure 2-39 Results from Siddique et al. 2016: (a) compressive, (b) splitting tensile and (c) 

flexural strength of FRSCC mixture with steel fibers 

2.9.7 Fiber segregation 

Ozyurt et al. (2007) investigated fiber dispersion and segregation in FRSCC and FRC.  

Alternating current-impedance spectroscopy was used to determine fiber segregation of mixtures 

prepared with 1% volume of 1.6 in. (40 mm) steel fibers and a viscosity-modifying agent.  

Variation of fiber content along the height of the samples was found to be less in FRSCC than in 

FRC (Figure 2-40).  FRSCC was found to have better resistance to fiber segregation, good 

placeability, and higher capacity when compared to FRC.   

 

(a) 

 

(b) 

Figure 2-40 Fiber content profile containing 1.6 in. (40 mm) steel fiber for mixture of (a) FRC 

and (b) FRSCC (Ozyurt et al. 2007)  

To avoid segregation, special attention should be given to mixture viscosity.  Viscosity 

modifying admixtures (VMAs) are used to increase viscosity, causing an increase in resistance to 

segregation of SCC (Ozyurt et al. 2007).   
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2.10 Test methods for FRC mechanical properties 

Various test methods to characterize FRC mechanical properties are 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 post-cracking flexural strength of a 4 x 4x 14 in. sample beam 

(Figure 2-41).  The sample can 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 unloaded and the 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 test (Figure 2-42).   

 

Figure 2-41 Test setup for average residual strength (ARS) (ASTM C1399/C1399M-10) 
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Figure 2-42 Load-deflection curves: ASTM C1399/C1399M-10 

Loads corresponding to deflections of 0.02, 0.03, 0.04, and 0.05 in. are used to compute 

the ARS following Equation 2-5.   

ὃὙὛ
ὖ ὖ ὖ ὖ

τ

ὒ

ὦὨ
 Equation 2-5 

Where ὃὙὛ is the average residual strength (psi), ὖ ὖ ὖ ὖ is the sum of 

recorded load at the specified deflections (lb.), ὒ  is the span length (in.), Ὠ is the depth of the 

beam (in.), and ὦ is the width of the beam (in.). 

2.10.2 Flexural performance (ASTM C1609) 

ASTM C1609 (2012) provides test procedures to evaluate the flexural performance of 

FRC samples including first-peak 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 specimen 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 third-point loading using a closed-loop system (Figure 2-41) at a constant rate 

(Table 2-22).  Load and deflection are measured during the test.   

0.01 0.02 0.03 0.04 0.050

Net deflection (in)

L
o
a

d
 (

lb
f)

Initial loading curve 
Stop at 0.008 in. deflection

Reloading curve 
Pre-cracked beam
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Figure 2-43 Test setup: ASTM C1609/C1609M 

Table 2-22 Rate of Increase in net deflection (ASTM C1609/C1609M-12) 

 
 

Residual strength is determined using the loads measured at the specified deflections 

(Figure 2-44) in Equation 2-6.   

Ὢ
ὖὒ

ὦὨ
 Equation 2-6 

where Ὢ is the strength, ὖ is the load at given deflection, ὒ is the span length, Ὠ is the average 

depth of the specimen at fracture, and ὦ is the average width of the specimen at the fracture. 

Toughness is determined by the area under the load-deflection curve. 
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Figure 2-44 Load-deflection curve, and parameters (ASTM C1609/C1609M-12) 

2.10.3 Flexural toughness (ASTM C1550) 

ASTM C1550 (2012) provides test procedures to determine the flexural toughness of a 

round FRC plate sample, which is 3 in. (75 mm) thick and 31.5 in. (800 mm) diameter.  The 

panel is supported on three pivots symmetrically placed around the panel circumference and is 

subjected to a central point load (Figure 2-45).   

Load and deflection are recorded and are used to generate a load-deflection curve (Figure 

2-46).  Flexural toughness is determined as the area under the curve from the origin to the 

specified central deflection.  Toughness in this test is generally defined at central deflections of 

0.2, 0.4, 0.8, and 1.6 in. (5, 10, 20, or 40 mm).   

 

 

Figure 2-45 Test setup: ASTM C1550 (2012) 
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Figure 2-46 Load-net deflection curve (ASTM C1550 2012) 

2.10.4 Limit of proportionality (EN 14651) 

EN 14651 (2005) provides test 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 specimens are 5.9 in. x 5.9 in. x 21.7 in. 

(150 mm x150 mm x 550 mm); after samples are formed, a notch is sawn at midspan (Figure 

2-47).   

Samples are loaded in three-point bending.  Crack mouth opening displacement (CMOD) 

measurements are made at the notch and are used to control the test load rate.  RS is determined 

by Equation 2-7 using the loads for specified CMOD values of 0.02, 0.06, 0.10, and 0.15 in. (0.5, 

1.5, 2.5 and 3.5 mm).   

Ὢȟ
σὊὰ

ςὦὬ
 

Equation 2-7 

Where Ὢȟ is the residual strength corresponding with ὅὓὕὈὅὓὕὈ or d = d 

(j=1,2,3,4) in Newton per square millimeter, Ὂ is the load corresponding with ὅὓὕὈὅὓὕὈ 

or d = d (j=1,2,3,4) in Newton, ὰ is the span length in millimeters, and ὦ is the width of the 

specimen in millimeters and Ὤ  is the distance between the tip of the notch and the top of the 

specimen in millimeters.  LOP is determined following Equation 2-8.   

ὒὕὖ
σὊὰ

ςὦὬ
 

Equation 2-8 

Where ὒὕὖ is the limit of proportionality in Newton per square millimeter, Ὂ is the load 

corresponding to the ὒὕὖ in Newton, ὰ is the span length in millimeters, and ὦ is the width of the 

specimen in millimeters and Ὤ  is the distance between the tip of the notch and the top of the 

specimen in millimeters.  In addition, the standard provides a correlation among the CMOD and 

deflections as described in Equation 2-9. 

d πȢψυὅὓὕὈπȢπτ 
Equation 2-9 
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Where d is the deflection in millimeters, and ὅὓὕὈ is the crack mouth opening 

displacement in millimeters. 

 

Figure 2-47 Test setup: EN 14651 

 

Figure 2-48 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 the double punch test of a 

cylindrical specimen as developed by Chen (1969) and is commonly referred to as the Barcelona 

Test.  The test specimen is a molded cylindrical specimen of height and diameter approximately 

equal to 5.9 in. (150 mm).   

The test is an indirect measurement of tensile strength by using steel punch device to split 

the concrete cylinder transversely (Figure 2-49).  Total crack opening displacement (TCOD) of 

the sample is measured as compressive axial load is applied at a constant rate of 0.02 in/min 

(0.5 mm/min).  The loading is applied until TCOD is equal to 0.24 in. (6 mm) (relative to 

beginning of the test).  Residual strength is determined using Equation 2-10 using the loads for 

specified values of TMOD of 0.08, 0.10, 0.16 and 0.24 in. (2, 2.5, 4, and 6 mm).   
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Ὢ
σὖ

ω“ὥὌ
 Equation 2-10 

 

where Ὢ  is the residual strength in Newton per square millimeter, ὖ  is the load 

corresponding with ὝὅὕὈ in Newton, ὥ is the diameter of the punches in millimeters, and Ὄ is 

the height of the specimen in millimeter. 

The cracking load is determined with Equation 2-11 and ductility is determined as the 

area under the load-TCOD curve. 

Ὢ
τὖ

ω“ὥὌ
 Equation 2-11 

where Ὢ  is the unit cracking load in Newton per square millimeter, ὖ is the load produced by 

the crack in Newton, ὥ is the diameter of the punches in millimeters, and Ὄ is the height of the 

specimen in millimeter. 

 

 
 

 

Figure 2-49 Test setup: PrUNE 83515 (2010) 

2.11 Findings  

The key findings from FRC research over the last ten to fifteen years relevant to this 

research can be summarized as: 

¶ Adding fibers to concrete can reduce slump flow by up to 60%;  

¶ Flexural tensile strength can be increased by up 70%,  

¶ Fibers can effectively be used to control crack width and length; it has been shown that 

end region crack width can be reduced by up to 70% by adding steel fibers,   

¶ Shear capacity can be increased by over 30% when incorporating synthetic fibers at 1% 

volume fraction 
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¶ Distributed fibers provide a much more closely spaced grid of reinforcement than is 

possible with traditional reinforcement; 

¶ Residual tensile strength of concrete is greatly improved; and 

¶ Crack widths are reduced, which improves shear-friction strength. 

 

Macrofibers introduced in the last ten years with higher modulus of elasticity and tensile strength 

offer several benefits over microfibers including:  

¶ higher post-cracking strength and ductility 

¶ improved fiber pullout resistance 

 

Steel FRC (SFRC) shows higher strength when compared to synthetic fiber FRC using the same 

fiber volume and length; however, benefits of using macrosynthetic fibers over steel fibers 

include:  

¶ Improved workability 

¶ Eliminates risk of damage due to corrosion 

¶ Macrosynthetic fibers are lighter than steel fibers, which can reduce the possibility of 

segregation from occurring 

 

Nevertheless, much work 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 

effects due 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 fibers is obtained, 

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 workability and cracking. 
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3 FRC mixture development 

3.1 Introduction 

Precast prestressed bridge girders can sometimes contain large quantities of 

reinforcement within the end of the girders, which may result in concrete consolidation 

problems.  FRC has the potential to eliminate the need to include such high level of 

reinforcement within the end region. The addition of fibers, however, can negatively affect the 

fresh properties of concrete.  The use of fiber-reinforced self-consolidating concrete (FRSCC) is 

potentially a solution 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 mixtures for use in full -scale girder 

testing.  Mixtures were developed for several different fiber types and volume fractions.  The 

mechanical properties including the post-cracking 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 to use the mixtures in prestressed bridge girder construction, flowability and 

passing ability properties of the mixture were a key aspect of the mixtures selected to produce 

the girders.  Final mixture selection for end region crack testing was made considering 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 maintain realistic 

conditions for concrete mixing when casting real girders for bridge construction.  Table 3-1 

shows a summary of general properties for materials used in the mixtures prepared, and later in 

this chapter more details of each constituent material are provided.   

Table 3-1 Material properties  

 Type  SG 

Cement Type I/II 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 constituent properties:  

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

of 1.4 in. (35 mm) and CR is a steel crimped fiber with length of 1.5 in. (38 mm).  Two 

types of synthetic fibers from different manufacturers were used; PP and P2 are both 

polypropylene fibers with length of 2.1 in. (54 mm). PP, however, chemically bonds with 

the concrete, which supplements the mechanical bond. Basalt fibers of length of 1.2 in. to 
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2.2 in. (30 mm to 55 mm) were included in the investigation but were not included in 

full -scale batches due to lack of availability in the U.S. Fiber designation and details are 

shown in Table 3-2.  

(b) Cementitious materials - FDOT allows the use of cement Types I, II, II (MH), III, 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/II meeting ASTM C150 and 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 

Construction 2016).  Fly ash classified as a Class F fly ash meeting ASTM C618 and 

AASHTO M 295 standards was used as supplementary cementitious material.  

(c) Chemical admixtures ï For SCC in precast concrete products, FDOT specifications 

require the use of Type I, II, F, or G admixtures.  In use of Type F or G admixtures, 

aggregate distribution should be verified in accordance with ASTM C1610 (Standard 

Specifications for Road and Bridge Construction 2016).  High-range water-reducing 

admixture (HRWR) Type F meeting ASTM C494 requirements was used for the mixtures 

prepared.  In addition, an admixture 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 I and II concrete (Standard Specifications for Road and Bridge 

Construction 2016).  Air-entraining admixture meeting requirements of ASTM C260, 

AASHTO M 154, and CRD-C 13 was used. 

(d) Coarse and fine aggregates - FDOT requires that coarse aggregate with Size No. 57, 67 

or 78 be used for all concretes.  With the engineerôs approval, however, Size No. 8 or 89 

can be used alone or blended with the previously mentioned coarse aggregates.  Most 

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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(a) (b) (c) 

 

   
(d) (e)  

Figure 3-1 Fibers used to prepare mixtures: (a) B, (b) B3, (c) PP, (d) PP2, (e) SH, and (f) CR. 

Table 3-2 Fiber properties  

Fiber 

designation 
B B2 B3 PP PP2 SH CR 

Material Basalt Basalt Basalt Polypropylene Polypropylene Steel Steel 

Length (in.) 1.2 1.8 2.2 2.1 2.1 1.4 1.5 

Length (mm) 30 45 55 54 54 35 38 

Tensile 

strength (ksi) 
156 156 156 85 83-96 160 140 

SG 2.1 2.1 2.1 0.91 0.91 7.85 7.85 

3.3 Mixture requirements 

FDOT specifications require that Class VI concrete be used in precast prestressed bridge 

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

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

loss of workability when fibers are incorporated, all mixtures developed were self-consolidating 

concrete (SCC).  FDOT requirements for fresh properties of SCC mixtures were used as a gage 

to determine if mixtures had adequate workability to be incorporated into bridge production 

(Table 3-4).  
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Table 3-3 Mixture proportioning requirements  

for Class VI concrete (FDOT 2016) 

28-Day Compressive Strength (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 

Table 3-4 Current FDOT limits for fresh properties of SCC mixtures  

Test Result ASTM  Limit  

Slump flow C1611 Shall be less or equal to 27.0 

inches ( 2.5inches) 

VSI C1611 Shall be less or equal to 1 

Ὕ  C1611 Recommended 2-7 seconds 

Passing ability C1621 Shall not exceed 2.0 inches 

Static segregation C1610 Shall not exceed 15%  

3.4 Mixture proportions  

SCC mixtures incorporating fibers were prepared using an FDOT approved mixture as a 

starting point; this mixture will be referred to as the control (CT).  The control mixture was 

modified to incorporate fibers while 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 manufacturers.  Table 3-5 contains a summary of mixture 

proportions used for the investigation, including the mixture designations used through the 

report.  Fiber volumes ranging between 0.1-0.7% were used.  Volume of coarse aggregate was 

reduced to accommodate the respective fiber volume.  
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Table 3-5 Mixture proportions  

3.5 Specimen naming 

The specimen naming format was selected to include details regarding fibers (Figure 3-2) 

and concrete mixture proportions.  Figure 3-2 and Table 3-6 provide naming details used to label 

laboratory specimens and for referencing in this report.  The first two characters refer back to the 

fiber designation (Table 3-6), these were assigned considering the different fiber material and 

fiber length combinations.  The second 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 in Table 3-5.  The last character is a numeric value, represented by ñXò in Figure 3-2, 

and denotes the specimen number.  For simplicity, specimens might also be referred to by using 

only the fiber designation and volume.   

 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 0 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) 



BDV31 977-41 Page 55 

 

Figure 3-2 Specimen naming format 

Table 3-6 Summary of specimen name and description 

Mixture 

#  
Fiber 

Volume 

(%) 
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 PP2-30-06 

7 PP 0.25 PP-25-07 

8 PP 0.45 PP-45-08 

9 PP 0.45 PP-45-09 

10 PP 0.50 PP-50-10 

11 PP2 0.70 PP2-70-11 

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 to1.8 cubic feet were prepared in the precast plant laboratory using a 

4-cf drum mixer in accordance with the mixing procedures shown in Table 3-7.  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.   

  

SH-50-10.X
Specimen name

Mixture number
Fiber designation

Fiber volume (%)  100x
Specimen number
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Table 3-7 Mixing procedure 

Order Action 

1 
Butter mixer using concrete, water 

and coarse aggregates 

2 Empty mixer 

3 Coarse aggregates 

4 Fine aggregate 

5 Air entrainment admixture 

6 Retardant admixture  

7 Half of water content 

8 Fly ash 

9 Cement 

10 HRWR 

11 Fibers 

12 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 optimum fiber length and volume that 

could be incorporated.  Test procedures were performed in accordance with applicable 

specifications as stipulated in Table 3-8.  Hardened properties of each mixture were tested to 

evaluate the effect of fiber reinforcement.  As part of the experimental program, compressive 

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 with 

applicable specifications (Table 3-9).  Table 3-8 and Table 3-9 contain chapter correspondence 

for discussion of each test procedure. 

Table 3-8 Fresh properties tests 

Test  Standard  Chapter 

Slump flow ASTM C1611 2.9.1 

VSI ASTM C1611 2.9.1 

Ὕ  ASTM C1611 2.9.1 

Passing ability ASTM C1621 2.9.1 

Table 3-9 Tests for hardened properties  

Test  Standard Chapter 

Compressive strength  ASTM C39 - 

Average residual strength  ASTM C1399 2.10.1 

Flexural tensile strength  EN 14651 2.10.4 
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Table 3-10 Tests conducted for each mixture  

 Properties tested 

Fresh Hardened 

CT no no 

SH-10-01 yes yes 

B2-10-02 yes no 

B3-20-03 no no 

B-30-04 yes no 

SH-30-05 yes yes 

PP2-30-06 yes no 

PP-25-07 yes yes 

PP-45-08 no no 

PP-45-09 yes yes 

PP-50-10 yes yes 

PP2-70-11 no yes 

PP-70-12 no no 

SH-70-13 yes yes 

CR-70-14 yes yes 

3.8 Fresh properties ð results 

Results of fresh property testing during mixture development are summarized in Table 

3-11 and Figure 3-3 through Figure 3-6.  Maximum FDOT limits are represented in blue (when 

available) to show compliance of each mixture.  During mixing, B3-20-03, PP-45-08, PP-70-12, 

and PP2-70-11 showed excessive fiber clumping (Figure 3-7).  On this basis, these mixtures 

were eliminated from further consideration.  In general, steel fibers showed the best passing 

ability and VSI among all fibers. 

Except for B2-10-02, P1-25-07, SH-50-10, and CR-70-14, all mixtures met the 

requirement for maximum unrestricted flow, which is 27 inches.  Despite lack of compliance by 

SH-50-10, no issues with consistency or 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, however, showed no fiber clumping within the J-Ring.  Clumping occurred in the J-

ring test for the mixture with fibers with length of 2.1 in. (54 mm) with volumes between 0.3% 

and 0.7% (Figure 3-8).  This can lead to potential issues with placement of mixtures into highly 

reinforced specimens.   

All remaining mixtures showed good consistency, no bleeding, and good resistance to 

segregation.  VSI (visual stability index) was between zero and one, and T-50 varied between 2 

and 5 seconds, which is well within the recommended values for SCC.  Fiber clumping was 

apparent, however, inside the J-Ring.  Mixtures B2-10-02, SH-10-01, and P1-25-07 contained 

fiber volumes that were deemed too low, and no further testing was conducted using these 

mixtures.   
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Table 3-11 Fresh properties for mixtures prepared in laboratory mixer 

Mixture 
Slump 

flow (in.) 

J-Ring 

flow (in.) 

Passing 

ability 

(in.) 

T-50 

(seg) 
VSI 

Air content 

(%) 

SH-10-01 26.75 27 -0.25 3 0 3 

B2-10-02 30 29.25 0.75 5 0 5 

B3-20-03 - - - - - - 

B-30-04 29 28.75 0.25 5 0 5 

SH-30-05 27.75 26.25 1.5 2 0 4 

PP2-30-06 21 20.25 0.75 5 1 5 

PP-25-07 30.5 30.5 0 4 0 4 

PP-45-08 - - - - - - 

PP-45-09 26.5 26.5 0 - 1 - 

PP-50-10 32 30.5 1.5 3 1 3 

PP2-70-11 - - - - - - 

PP-70-12 - - - - - - 

SH-70-13 28.25 24.5 3.75 3 0 3 

CR-70-14 31 29.5 1.5 3 0 3 

   * Not performed (-) 

 

  

Figure 3-3 SCC properties: slump flow for laboratory mixtures 
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Figure 3-4 SCC properties: J-Ring for laboratory mixtures 

  
Figure 3-5 SCC properties: time for spread to reach 50mm diameter 

   

Figure 3-6 SCC passing ability for laboratory mixtures 
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Figure 3-7 Fiber clumping during mixing procedures (Mixture 8) 

 

 

Figure 3-8 Illustration of fiber clumping inside J-Ring  
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(a) 

 

(b) 

Figure 3-9 J-Ring Flow; (a) Good passing ability (B2-10), (b) Excessive fiber clumping (PP2-70) 

3.9 Hardened properties ð results 

3.9.1 Compressive strength (ASTM C39) 

For each mixture prepared in the laboratory mixer, seven 4 in. x 8 in. cylinder specimens 

were prepared to determine the average compressive strength; two were tested at 24 hours, two at 

7 days, and three at 28 days.   

Compressive strength of cylinders exceeded the specified 28-day specified compressive 

strength of 8,500 psi (Table 3-12).  Figure 3-10 shows graphic representation of the compressive 

strength of mixtures prepared in the laboratory mixer.  In general, early age strength (24 hours) 

was increased by as little as 5% to up to 65% when compared to the control mixture; this was 

likely due to the confinement provided by the fiber reinforcement.  The effect of fiber 

reinforcement on 28-day strength was found to be negligible (up to 12.5% difference).   
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Table 3-12 Compressive strength (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  

PP2-30-06 3,390  7,210   -    9,390  

PP-25-07 3,770  9,150   -  10,760  

PP-45-09 3,620  9,240   -  10,280  

PP-50-10 6,740  9,050   -  10,970  

PP2-70-12 4,280  9,870   -  10,080  

SH-70-13 5,240  9,050   -  10,907  

CR-70-14 5,950  8,080   -  10,060  

 

 

Figure 3-10 Compressive strength at 24 hours, 7 days, and 28 days 

3.9.2 Average residual strength (ASTM C1399) 

Average residual strength tests to evaluate the effect of fibers on the post cracking 

behavior of concrete were performed.  Test equipment problems delayed testing such that the test 

age was beyond 28 days (Appendix A); however, these are not expected to have a significant 

effect on the relative comparison of the results.   

Figure 3-12 shows an example of typical cracking patterns seen in FRC specimens after 

testing.  Cracking typically occurred within the middle third of the span for specimens.  Fiber 

bridging (Figure 3-13) provided residual flexural strength well beyond cracking and up to a 

deflection of 0.05 in. where the test was terminated.  Residual strength varied with fiber material 

and fiber volume used.  In general, higher fiber volumes and the use of stiffer fibers led to a 

higher value of average residual strength (ARS) (Figure 3-14).   

Because end region is a serviceability issue, this investigation focuses particularly on the 

response of each mixture right after cracking is initiated.  For the ASTM 1399, which uses 
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displacement as control variable, it has been differentiated between residual stress at service 

level as a deflection of 0.02 in. or less.   

Figure 3-14 shows residual strength at the specified displacements of 0.02, 0.03, 0.04 and 

0.05 in.  SH-70-13 and CR-70-14 had the highest residual strength under service conditions, with 

only 6% difference between the two.  At a volume fraction of 0.3%, hooked end steel fibers (SH-

30-05) provided 60% higher residual strength than macrosynthetic fibers (PP2-30-06) and 90% 

higher than basalt fibers (B-30-04).  S1-10-01 provided similar residual strength under service 

stress as PP2-30-06.  Nonetheless, PP2-30-06 required a volume higher volume and almost twice 

the length of the fiber used in S1-10-01.  Under service stress, similar residual strength is 

obtained from using PP at 0.45% (PP-45-09) and PP2 (PP2-30-06) at 0.30%, however, PP 

provided higher residual strength at all other stress levels.  

Figure 3-15 shows ARS results for molded specimens.  Some samples showed relatively 

low ARS, which is thought to be due to the low volume of fibers used.  SH-70-13 provided the 

maximum ARS, with CR-70-14 being the second highest ARS with a difference of 38% in ARS.  

At the same volume fraction of 0.30%, steel fibers (SH-30-05) provided a 90% higher residual 

strength than basalt (B-30-04) and 60% higher than the synthetic fiber (PP2-30-06).  PP-45-09 

and PP2-30-06 had similar load-deflection responses and a difference of 2.3% in ARS.   

 

  

Figure 3-11 ARS test specimens (after testing) 

 

Figure 3-12 ARS test specimens cracked surface 
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Figure 3-13 Reloading curves for molded specimens  

 

Figure 3-14 Residual strength at specified displacements for molded specimens 
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Figure 3-15 Average residual strength for molded specimens 

3.9.3 Flexural tensile strength (EN 14651) 

Flexural tensile residual strength testing was performed to evaluate the effect of fiber in 

the post cracking behavior of concrete.  Test equipment problems delayed testing such that the 

test age was beyond 28 days (Appendix A); 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 specimenôs using higher fiber volume (0.7%) or stiffer fibers (SH and CR).  For the 

case of mixtures exhibiting softening, the residual strength was generally less than 30% of the 

limit of proportionality (LOP) after CMOD reached 0.04 in. (1 mm).  In case of mixtures 

exhibiting hardening after cracking, residual strength reached between 30-100% of LOP.  

Figure 3-17 shows typical load-CMOD curves for molded specimens.  Peak loads were 

between 1.1 kip and 2.0 kip, after which most specimens showed a rapid loss in stiffness.  Figure 

3-17 and Figure 3-18 show LOP and residual strength at specified CMOD increments of 0.02, 

0.06, 0.10, and 0.15 in. (0.5, 1.5, 2.5 and 3.5 mm).  B-30-04 and S1-10-01 showed residual 

strength less than 5% of LOP after CMOD reached 0.04 in. (1 mm).  This low strength is likely 

due to the low fiber dosage used for these mixtures.  PP2-30-06 and P-45-09 showed similar 

LOP, P1-045-06 had residual strength almost 50% higher than P2-030-11 at all stress levels.  

Both synthetic macrofibers, however, showed a more ductile behavior than B2-030-05 and S1-

010-07.  Specimens with steel fibers showed hardening behavior, which can be attributed to the 

high stiffness and tensile strength of steel (SH and CR) fibers.  Residual strength for this 

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

Figure 3-19 shows residual flexural tensile strength for crack mouth opening 

displacement (CMOD) increments of 0.02, 0.06, 0.10, and 0.15 in. (0.5, 1.5, 2.5 and 3.5 mm).  

The focus of this research project is on the service level cracking that occurs in the end region.  

Consequently, the post-cracking flexural strength between first cracking and fR,1 (EN 14651) is 

of the most interest (Figure 3-20), at CMOD value of 0.02 in. (0.5 mm).  CR-70-14 had the 

highest residual strength under service stress, followed by SH-70-13.  CR-70-14 had residual 

strength 20% higher than SH-70-13.  At the same volume fraction of 0.30%, SH-30-05 showed 

higher residual stress at all stress levels when compared with B-30-04 and PP2-30-06 specimens, 

this can be attributed to steel fibers (SH) high tensile strength and stiffness.  Residual stress at 
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CMOD of 0.02 in. (0.5 mm) (fR,1) of B-30-04 and PP2-030-06 was 80% and 75% less than that 

of SH-30-05.  PP2-30-06 and PP-45-09 showed similar residual strength under service stress. 

Similar to results for ASTM 1399 testing, mixtures 03, 06, 80, 09, and 11 were selected based on 

fresh and hardened properties.  However, due to limited availability of macro-configured basalt 

fibers, these fibers were not included in the full -scale testing.  

 

 

 

Figure 3-16 Test specimens (after testing) 

  

Figure 3-17 Load-CMOD curves for molded specimens 
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Figure 3-18 Limit of proportionality (LOP) for molded specimens 

 

Figure 3-19 Residual flexural tensile strength for molded specimens 

 

Figure 3-20 Residual stress (Ὢȟ) 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 properties.  Key findings from the mixture 

development work include:  

¶ For mixing in a laboratory setting, fiber addition into the mixture after all ingredients 

were mixed and good SCC consistency was obtained provided better workability and 

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

¶ FRSCC mixtures were developed using fiber reinforcement at volumes ranging between 

0.1-0.7% while still maintain flow and passing ability properties of SCC, 

¶ FRSCC mixtures with macrosynthetic fiber at volumes higher than 0.5% had issues with 

fiber clumping during mixing procedures and/or fiber nesting inside the J-Ring.  This is a 

concern for placeability and passing ability of mixtures when incorporated into precast 

production,  

¶ In general, higher fiber volumes and the use of stiffer fibers led to a higher residual 

strength, 

¶ At volume fraction of 0.3%, hooked end steel fibers (SH) provided average residual 

strength 90% higher than basalt fibers (B) and 60% than macrosynthetic fibers (PP2),  

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

strength than the synthetic macrofiber (PP2) at a volume of 0.7%. However, under 

service stress, hooked end steel fibers provided residual strength up to 70% higher than 

the macrosynthetic fiber,  

¶ Chemically enhanced macrofiber (PP) at a volume of 0.45% and synthetic macrofiber 

(PP2) had similar load-displacement response and residual strength, therefore the 

chemically enhanced bond did not provide significant increase in post cracking response.  

However, fiber PP was easier to handle and include during mixing procedures compared 

to PP2,  

¶ Steel fibers (SH and CR) at volume of 0.7% provided higher residual strength than other 

fibers while still maintaining flowability and passing ability properties of SCC,  

3.11 FRC mixture selection 

Workability (section 5.8), and residual strength (section 3.9) were considered while 

making the final selection for fiber type and volume to be tested in full-scale production of 

precast prestressed girders.  Residual strength results were normalized by the maximum value 

and assigned a rating on a scale of 0 to 10 based on the performance obtained for the respective 

test.  Ease of mixing, passing ability results, and fiber clumping/nesting were also assigned a 

rating on the same scale.  As an example, as shown in Figure 3-21, a 10 was assigned to a 

mixture with good passing ability and no fiber clumping or clumping, while a zero rating would 

be assigned to mixtures that showed issues during mixing and/or excessive fiber nesting.  Figure 

3-21 and Figure 3-22 show the cumulative rating for each mixture, considering workability and 

strength performance at various stress levels.  Table 3-13 shows a summary of the details for the 

recommended mixtures.  From the fibers used in mixtures with the highest total rating, basalt 

fibers were not included in full -scale testing due to limited availability of macro-configured 

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 volume of 0.7% and chemically enhanced macrofibers at a 

volume of 0.45%.  
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Figure 3-21 Workability rating  

  

Figure 3-22 Total rating: considering mixture workability and residual strength 

 Table 3-13 Mixtures selected for use in full-scale testing 

Mixture Fiber Length (in.) Length (mm) Volume (%) 

05 SH 1.4 35 0.30 

09 PP 2.1 54 0.45 

13 SH 1.4 35 0.70 

14 CR 1.5 38 0.70 

PP ï polypropylene macrofiber chemically enhanced 

PP2 ï polypropylene macrofiber 

SH ï hooked-end steel fiber 

CR ï crimped steel fiber 
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4 End region crack control test 

4.1 Introduction  

Five 78-in. deep Florida I-Beam (FIB-78) girders with 20-ft spans were fabricated and 

tested to evaluate the effectiveness of FRC in controlling end-region cracking.  This chapter 

covers the specimen design, construction, test procedures, and results from the experimental 

investigation conducted to evaluate the effectiveness of FRC at controlling end region cracking.  

4.2 Specimen design  

Five 78-in. deep Florida I-Beam (FIB-78) girders with 20-ft spans were fabricated and 

tested to evaluate the use of FRC to control end-region cracking (Table 4-1).  Because the length 

of the end region is 1 to 1.5 times the height of the specimen, a 20 ft. total length provided 

sufficient length to capture end-region cracking behavior independently at both ends of the 

specimen.  Of the five specimens constructed, specimen CT 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 fibers and/or fiber volume.   

Table 4-1 Specimen description.  

Specimen 
Fiber volume 

fraction (%) 

End region reinforcing 

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 

PP ï Polypropylene macrofiber chemically enhanced 

SHï Steel hooked-end fiber 

CR ï Steel crimped fiber 

 

 

Specimens had (57) 0.6-in. diameter fully bonded prestressing strands in the bottom 

flange and (4) 3/8-in. diameter strands in the top flange (Figure 4-1).  Prestressing pattern and 

level were chosen based on typical prestress pattern used for FIB-78 cross-sections.  Calculated 

and allowable longitudinal stresses due to prestressing and self-weight are shown in Figure 4-2.  

Allowable stresses were calculated according to FDOT and AASHTO LRFD requirements.  As 

shown in Figure 4-2, allowable stress limits were exceeded in tension.  This was to ensure that 

cracks formed within the end region so that the effectiveness of the fiber reinforcement would be 

tested.   
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Figure 4-1 Strand layout and prestressing details   

 

Figure 4-2 Longitudinal stress due to prestress and self-weight  

One end of each specimen (C-end) had end region detailing following conventional 

FDOT reinforcement layout.  The other end (M-end) used modified end region detailing.  C-end 

was designed following the guidelines provided by AASHTO LRFD and FDOT without 

accounting for fiber contribution to strength.  As shown in Figure 4-3, vertical end zone 

reinforcement for C-end consisted of 12 #5 bars placed within 20.5-in. of the girder end.  Six of 

the twelve #5 bars were placed within 9.75-in. of the girder end.  Figure 4-4 shows that 100% of 

the required resistance in AASHTO LRFD was provided by the mild steel reinforcement.   
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Figure 4-3 Conventional end region detailing (C-end) 

  
(a) (b) 

Figure 4-4 Strength provided by conventional end region detailing (C-end): (a) FDOT 

and (b) LRFD requirements 

 

M-end was designed following the guidelines provided by AASHTO LRFD and FDOT 

for strength requirements and accounting for fiber contribution.  The fiber contribution was 

estimated 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 

end-region cracking less than 50% of the required reinforcement was used (Figure 4-4).  Vertical 

end zone reinforcement for the M-end consisted of six #5 bars placed within 20.5-in. of the 

girder end.  Of the six #5 bars, two were placed within 9.75-in. of the girder end.  Figure 4-6 
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shows that about 60% of the required resistance was provided by the mild steel and the fiber 

reinforcement. 

 

Figure 4-5 Modified end region detailing (M-end) 

Figure 4-6 Strength provided by modified end region detailing (M-end): (a) FDOT and 

(b) AASHTO LRFD requirements 
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4.3 Specimen construction  

The five specimens were fabricated at Dura-Stress in Leesburg, FL during August and 

September of 2018.  To maintain realistic construction practices, specimens were cast in line 

with production bridge girders.  Specimens were poured in stages; for each pour, one specimen 

was placed in the bed alongside a girder for real bridge production of 145-ft span, as shown 

Figure 4-7.  This chapter contains details about the schedule and fabrication procedures. 

 

 

Figure 4-7 Layout of specimen casting 

 

Construction began by placing steel and plywood 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 were tensioned first.  The bottom strands were tensioned starting from bottom layer 

and working up to the topmost strand layer.  Figure 4-8 shows prestressing strands after 

tensioning of all strands was completed.  Appendix F shows strand stress report for each 

specimen constructed.  

 

 

Figure 4-8 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 girders.  Figure 4-9 

and Figure 4-10 show the reinforcement layout used for each girder.  Lifting hoops are also 

shown in Figure 4-10, which were used for lifting and transporting girders.  Lifting loops 

consisted of (6) 0.5-in. diameter looped strands centered at 3 ft. from each girder end. Size, 

configuration and placement of the lifting loops were consistent in all specimens.   

 

Girder for bridge construction C-End M-End

145 ft 20 ft

X XX

Jacking end Anchored end

X

145 ft

350 ft
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Figure 4-9 Mild steel reinforcement installation   

 

 

 
 

(a) (b) 

Figure 4-10  Mild steel reinforcement: (a) C-end and (b) M-end  

 

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 in Figure 4-11.  The steel forms were squared and set in place using cross-ties as shown in 

Figure 4-12.  
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Figure 4-11 Steel form placement. 

 

Figure 4-12 Form cross-tie. 

Concrete mixtures used for the construction of the specimens were designed based on 

Class VI concrete (fôc=8500 psi), which is typically used in bridge girder production.  Concrete 

was mixed in the precasterôs batch plant using a 6-cy mixer.  Fibers were introduced into the 

mixtures by hand following the addition of the coarse and fine aggregate. Freshly batched 

concrete was transported from the batch plant and placed using the fabricatorôs truck, as shown 

in Figure 4-13a.  Since specimens were cast using self-consolidating mixtures, no vibration was 

used in any of the girders.  After concrete was placed, the top surface was finished using a rake 

finish, as is typical in FDOT girder production (Figure 4-13b).  Heavy tarps were used to cover 

the girders for curing until the day prior to strand detensioning in which tarps were removed to 

allow installation of external gages 
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(a) (b) 

Figure 4-13 Concrete placement and finish: (a) concrete delivery to forms and (b) top flange 

finish 

 

Figure 4-14 Tarp cover used for curing 

Flame cutting was used to release the prestressing strands (Figure 4-15).  Strands were 

cut individually following the prestress detension sequence as shown in Figure 4-16.  Top flange 

strands were cut first, followed by the fully bonded strands in the bottom flange starting from the 

lowest row and moving upwards. Lastly the fully debonded strands were cut starting from the 

lowest row and moving upwards.  This strand release sequence is typical in the state of Florida, 

and was used so that the stress distribution during prestress transfer matched those of production 

bridge girders.   
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Figure 4-15 Flame cutting of prestressing strands  

 

 

Figure 4-16 Detensioning sequence 

After prestress transfer, specimens were lifted off the prestressing bed and transported to 

the storage area within the precast facility while cracks were monitored.  Figure 4-17 shows the 

relative location of casting (highlighted in blue) and the long-term location for storing each 

girder. The south face of girders CT and SH-30 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 SH-30 specimens due to thermal effects.  The north face of specimen CT and SH-30 had 

limited sun exposure because of cover provided by nearby girders.  Girders SH-70, CR-70, and 

PP-50 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 increase (Okumus and Oliva 2014), this was reflected by an 

increase in effective crack width and crack area noted after these girders were moved.  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 provided in Appendix A.   

Table 4-2 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 - 

PP-50 6 62 

 

  

Figure 4-17 Girder location within the precast plant  

4.4 Mixture proportions  

Concrete mixtures were prepared at the precast batch plant.  Specimen CT was cast using 

a conventional FDOT Class VI mixture.  For the remaining specimens, the selected FRSCC 

mixture proportions were used.  Mixture proportions used for each girder are summarized in 

Table 4-3.   
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