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ABSTRACT OF THE THESIS

RESTRAINED SHRINKAGE BEHAVIOR OFCRIMPED STEEL FIBER
REINFORCED SELFCONSOLIDATING CONCRETE

By GIUSEPPE LIBERTI

Thesis Director:

Dr. Hani Nassif

The useof selfconsolidating concrete (SC@ becoming more popular thanks to its
superior workability and its ability to consolidate under its own weight without the need
for external compaction or vibration. With thedvancements of admixtures like
superplasticizers, SCC can now match the strength and other properties similar to high
performance concrete (HPC). SCC contains a higher amount afnhtiious material

than ordinary HPC which makes it pronie higher levelsof shrinkage whichcan be
problematic in situations where the concrete is restrained. When concrete is restrained,

shrinkage induced cracking can occur

This study compagethe restrained shrinkage properties of an SCC controlledwith

1% in. crimped stel fibers mixed in. The SC€ontrol mix without fiberis compared
with mixes containing 0.35, 0.50, 0.65, and 0.800steel fiberby volume. To improve
workability, additional superplasticizer, in the form of high range water reducer
(HRWR), was added accordingly. Mixes abd¥€5% by volumedid not passhe fresh

properties andvorkability requirements even with the additional HRWR. Strength was



shown to decreaswith the addition of fiberssometimes up to 40%but regaired
strength at higer fiber contentsFree shrinkage waalso monitoredbut shown to have
minimal effects. To understand the restrained skage behaviorof the mixes, one
ASTM restrained shrinkage ring in accordance with ASTM.581 andwo AASHTO
restrained shrinkage gsin accordance with ASTM T334ere casted for each mix. The
AASHTO T334ring was modified toplace6 vibrating wire strain gaugg¥WSG) to
directly measure the strain in the concrete and predict where cracks will form. Despite the
lower strength, the FRCC mixes delayednd sometimes preventéarge crack from
forming and propagatingreduced crack widths up to 73%nd reduced total cracking
area by up to 73%ompared the control miBetween the two ring tests, the ASTM ring
induced larger cracks emn than the AASHTO ring making for easier and quicker

results.
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CHAPTER |

1 INTRODUCTION

1.1 Problem Statement

Concrete ighemost widely used construction mateleto its versatility and relatively

low cost. Concretean bepoured like a liquid and takehe shape of whatever it is
poured into and hardennto a structural building material. In the transformation to its
solid form, concrete naturally loses some tf volume in a phenomendmown as
shrinkage. Shrinkage can lead to a host of problems, very notdigy concrete is
restrained.Restrained conditionphysically prevent the concrete from undergoing the
change in volume.This allows stresses to build @mdcan leadto shrinkage cracking.
Once a crack forms, it is easy focrack to propagate and become larger and wider. This
can happen due to loading, freetteaw, temperature changes, and deicing saltsese

large cracks allow water and chemicalgdach the embedded steel rebars and promote
corrosion. The corrosion and rust widens cracks even further providing a positive
feedback mechanism to increased corrosion leading to expensive bridge deck

replacements.

Shrinkage alone does not generally leadracking, but a combination bigh shrinkage

with low tensile strength, low cracking resistance, and restrained condt@gonsause
cracking to happen. Restrained conditions can come from a variety of sources such as
embedded rebar, shear studs, stielers, cold joints, etc. These conditions occur more

often in bridge decknear abutments and in the negative moment regidtestrained



conditions are sometimes unavoidable so it is important to choose a concrete that has a
higher tensile strength, dhier cracking resistance, and lower shrinkage to prevent

cracking and/or resist cracks from propagating.

In an effort to save labor costs, time, and provide better workability, the construction
industry has began to utiliZelf-ConsolidatingConcrete(SCC) for their concrete mixes.

SCC refers to a group of highly workable concrete that can fill tight voids and spaces
without the need for external compaction or vibration. SCC keeps a low viscosity without
segregation or bleeding which makes it very vaeathen space is tight in cases where
there is tight rebar spacing or in repair.
equipmentneedesli nce you dondt need a crew or Vvibr

placed.

Self Consolidating Concretepigcally requires a higher water content and paste volume to
achieve its workability properties. Thrs®metimedeaves SCC prone to higher shrinkage
than HPC and other types of concrete used on bridge dedksspects of a concrete

mix have a role in the strength and shrinkage behavior. By studying the ratios and
balances of cementitious material, aggregate, water, and chemical admixtures a low

shrinkage, high strength SCC mix can be designed.

Fibers are emetimes added to concrete mixes to increase tensile strength and provide
cracking resistance. Typical fiber materials used are steel, polypropylene, and pelyvinyl
alcohol (PVA). SCC mixes with fiber are referred to as Fiber Reinforced Self
ConsolidatingConcrete (FRSCC). The amount of fiber used in SCC must be closely

monitored in order to insure clumping, segregation, and bleeding does occur and



workability remains high enough to be considered SERSCC combines the benefits
of SCC with the added craiclg resistance of fibers and can be a grpatfitable option

for bridgedecks and other structures.

1.2 Research Objectives and Scope

The purpose of this research is to compare the restrained shrinkage properties and
performance of self consolidating coetz withcrimpedsteel fibers of varying amounts.

The steel fibers used arell/ rg and crimped shape to help the concrete bond to it
and provide better cracking resistance without too much effect on the slum-itbens

will be added by percent bylume of 0.00%, 0.35%, 0.50%, and 0.65%. The SCC mix
will have a water to cement ratio of .425 with a total cementitious content of 675Ib/cu yd.
Portland Type | cement will be used with 35% being substituted with grade 120 slag to
provide greater strengthThe aggregate used will be equal amounts of #8 coarse
aggregate and fine aggregate (sandlix. entraining and water reducing admixtures will

be used to achieve desired slump and air contents. The fresh properties of the mixes will
be analyzed for slumglow, workability, and quality assurance. The mechanical
properties including compression, tension, and modulus of elasticity will be taken for all
mixes. The shrinkage properties will be evaluated via free shrinkage tests and restrained

shrinkage tests ugy both ASTM rings and AASHTO rings.



CHAPTER Il

2 LITERATURE REVIEW

2.1 Types of Shrinkage

Shrinkage occurs at every stage of concseliee from the instant it is casted through its
entirety oflife. The rate and extent of shrinkage is dependentercharacteristics and
proportions of thenix. There are different types of shrinkage including plastic shrinkage,
thermal shrinkage, autogenous shrinkage and drying shrinkage and each affects the

concrete in different ways depending on age and outsita$ac

2.1.1 Plastic Shrinkage

Plastic shrinkage occurs within a couple hours after mixing. The concrete is in a plastic
state during this time and has not gained its strength. When unrestrained, the concrete can
freely shrink as it loses some volume. If resteal, plastic shrinkage can lead to cracking

as tensile stresses can build e majority of the loss involume comes from the
evaporation of the water within the concrefdis can be accelerated when in hot, dry,

and windy weather conditionMora-Ruacho et al, 2009Fogging and wet curing can help

to eliminate plastic shrinkage especially if it is done before the concrete begins to harden.

Different admixtures can have an effect on the hydration process and the rate of
evaporation. In a study bieeman, Nygaard and Lura, acceleratarsre found to
decrease bleeding settlement and capillary pressure leading to earlier cracking, while

retarders helped retain moisture at the surface and reduce plastic shiin&egen,



Nygaard, and Lura, 2009%tudies have shown thatudng the first few hours, fiber
reinforced concrete behaves the same as plain coramdtso the factors affecting the
plastic shrinkage of plain concrete will also pertain to fiber reinforced concrete

(Wongtanakitcharoen and Naama007).

2.1.2 Thermal Shrinkage

As with any material, concrete expands and contracts as a result of thermal expansion and
contraction of the concretéelhermal shrinkage is dependentlosthtemperature and the
coefficient ofthermal expansio(CTE). Temperattes rise and fall constantly throughout

the day, so concrete exposed to the outdoors constantly undergo cycles of thermal stress.

Large variations in temperature and wind induce large thermal stresses.

The CTE in concretevaries based on the different cpoments of the concretéssues

arise during the exothermic hydration reaction during the curing of concrete. As soon as
water touches the cement, the temperature of the concrete steeply rises. When the
reaction slows, temperature begins to cool and tmerete contracts due to thermal
shrinkage.Type Il cement reduces thermal stresaed pozzolandoth canreduce the

rate of hydration and lowers the heat produced during hydration. Higher aggregate to
pasteratios tend to have a lower CTBeng 2016) Water content and distribution of
poresalsoplay a large role in controlling the déieient. When concrete has many pores

for water to enter, the water can reach equilibrium quicker and the shrinkage is not as

severe (Sellevold and Bjgntegaard, 2006).



2.1.3 Autogenous Shrinkage

Autogenous shrinkage is the change in volume of concrete as a result of the hydration
process of cement. Unlike thermal shrinkage, where the volume loss is due to the cooling
after the steep rise in temperature during the early hydraidngenous shrinkage is a
result of the cement particle creating a fine network of pores throughout the casceete
result of hydrationThe hydrating cemerdrains water from course capillaries formed
from the mixing of the concrete. If there is no external source of water, such as bleeding
or wet curing, the outer capillaries are drained and experience drying. This is known as

self-desiccation (Barcelo, Momaille, & Clavaud 2005).

One of the largest factors of autogenous shrinkage is the water to cement tati@r A

water to cement ratimcreasesautogenous shrinkage and shrinkage begins earlier. Finer
cement particles also increase autogenous shenkdgzawa 1995)The use of
pozzolans such as slag has been shown to reduce early age autogenous shrinkage but
higher or similar long term shrinkage compareddtely cement (Wei et al. 2011 the

past, autogenous shrinkage was rigigle or very smalhs most concrete mixes had high

water to cement ratios. However with the advancements in chemical admixtures and
cement manufacturing, mixes of today tend to have lower water to cement ratios so

autogenous shrinkage is becoming a larger problem.

2.1.4 Drying Shrinkage

Drying Shrinkage is similar to autogenous shrinkage and is sometimes classified as the
same. Drying shrinkage refers to the evaporation of water from the concrete, but has
nothing to do with the hydration process. Both types of shrinkage reduperth relative
humidity which evidently leads to the change in voluasewater is either used up or

6



evaporatedDrying shrinkage is the longest process of shrinkage and continues beyond a
year.The time dependence of drying shrinkage is dependent onatexiah properties,

size, and environment.

The rate of drying is very quick at first but slows over ti@ger time,porewatermoves
towards the surface through a complex pore netwdkying occurs from the surface

and inwards. Structures with a largeface area will experience more shrinkage than a
large structure with not a lot of surface area. On bridge decks, drying is large as it is

exposed to the air and surface area to volume ratio is quite large.

The porosity plays a large role in the ratelofing. A decrease in pore size with a large
percentage of small sized pores increases shrinkage. This can be explained by the
decrease in crystallinity (Narayanan & Ramamurthy, 2000)ensteelfibers are added,

porosity rises and the rate of drying ieasegJafarifar et al. 2014).

2.2 Self Consolidating Concrete

Self Consolidating Concrete, sometimes referred to as Self Compacting Concrete (SCC),
is a relatively new class of concrete with excellent workability and segregation resistance
developed in th& 9 & hd@apan (Ahmad et al. 2014). SCC has the ability to fill gaps of
reinforcement and corners of molds without the need for vibration and compaction unlike
HPC. HPC mix designs emphasize strength and durability, but have just enough
workability to beplaced with the need for vibration and compaction (Su et al. 208&).
properties of SCC make it a viable economic alternative to HPC or conventional
vibratable concrete (CVC). Contractors and the precast industry can save money by

reducing labor costs,liminating the need for vibrating equipment, and accelerated



pouring times.Although the raw materials of SCC may be slightly higher, the overall
profitability can be upwards of 10% (Szecsy, 2003CC is also better for the
environment and for the people working with it. Noise levels have been observed to be
reduced about 25%nergy consumption can be reduced about 62% depending on the
project, and C@ emissions can be lowered due to the changemrount of cement

needed and use of pozzolans (Bier & Rizwan, 2014).

There are several definitions of SCC but there is consensus that the mixture should flow
and fill the forms under its own weight without vibration, it should remain homogeneous
regardles of distance it flows, and it can flow through congested reinforcement and
confined spaces without losing its filling ability characteristics (Bonen & Shah, 2004). To
ensure a concrete mix design meets these definitions, standard testing procedures have
been developed. The slump flow test measures the free flow abilitgre are no
guidelines set but SCC will generally slump over 20 inches in under 8 seconds. To check
its filling properties and segregation resistance, a J ring test can be performedoMade
replicate tightty spaced rebar, the J ring test ensures that the concrete can flow with little
impediment and resistance to segregation by visual inspedlmre is a drive for
research in the materials and admixturedétp maintain these charactstics, while

making a strong, durable SCC mix design.

There are three common characteristics among most SCC mixes; a limited aggregate
content, low water to powder ratio (W/P), and the use of superplasticazge amount
of aggregate causdriction andtakes away the energy that helps SCC flowwhen the
WI/P ratio and superplasticizer dosage are held constant, both the mechanical properties

and the flow of SCC decreases as aggregate size increases (Khaleel et allt 2011).

8



recommended to use less amts of small, well graded, rounder aggregatéow (W/P)

ratio can be achieved by substituting cement with pozzolans such as slag, fly ash, or silica
fume. In general, an increase in slag content increases workability but can lead to
bleeding and segragon at high amounts (Boukendakdji et al. 2009). The use of
plasticizers has revolutionized concrete as it can increase the workability of concrete

without the need for additional watand are a vital component in SCC

Superplasticizers, or higlange wéeer reducers (HRWR), are a chemiadmixture

meant to add more slump to a concrete mix. They work by binding to the cement
particles and preventing them from clumping together due to their electric charge
(Pumphrey, 2012). The amouand typeof HRWR usedcan vary from mix to mix and

can be adjusted to achieve the desired slump and worka@ihgy.setting time and
application all play a role in choosing the right type of superplasticizes. precast
industry where the concrete is casted in only3Mminutes, may prefer to use an acrylic
copolymer based HRWR since it has a short setting time but can achieve a high early
strength A ready mixed concrete may need four times longer before it is placed so
adjusting the dosage of a Carboxylsgoolymeror Polyoxyethylene copolymebased
HRWR can delay the setting time wuplnto 2
addition to superplasticizers, viscosity modifying admixtures (VMA) can also be added to
achieve less segregation and bleeding when used innotiojn with superplasticizers
(Lachemi et al. 2004 B5uperplasticizers and other admixtures provide some flexibility in

a mix design and can help achieve desired slump, prevent bleeding, and extend setting

time if chosen carefully with the correct dosage.



Another admixture that is sometimes added to concrete is an air entraining admixture
(AEA). AEA is used when the concreteirscold environments ausceptible to freeze
thawsuch as dams, bridges, and tunn@&A allows microscopic bubbles to form vidi

mixing. When trapped water freezes during cold temperatures, the water expands and
takes up the space of the small air pockets. Without them, the water would exert a lot of
pressure on the crystalline structure of the concrete and potentially forns.cFaeleze

thaw test results have indicatedly a slight dependence dhe type of HRWR but the
biggest effect on the resuligas the addition of AEA to maintain its strength and crack
resistance after many cycles of freeze thaw. In regards to flowalAEBA in smaller

doses can increase slump diameter, while AEA in higher doses can decrease the flow due
to the interaction of the air -Pekdrichyk,es an

2012).

The benefits of SCC are quite clear but there are soroblgms with it. The higher
cement content of SCC leaves it vulnerable to higher shrinkage than conventional
concrete. If the concrete is restrained, high shrinkage leads thigher strain. Cracking
can occur if the strain exceeds the tensile stresise concreteTo mitigate shrinkage,
proper curing and shrinkage reducing admixtures can be used, but cracking potential will

still be typically higher than conventional concrete (Loser & Leemann, 2009).

2.3 Fiber Reinforced Concrete

2.3.1 History of Fiber Reinforced Concrete
Concrete by nature is a very brittle materiad. increase the ductility of materials, fibers

are sometimes added. In the 1960s, research into fiber reinforced concrete had begun
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(Banthia & Trottier, 2016)Fibers offer a variety of benefits fro blast resistance, to
increased tensile strength, and to improved shear resistance. The fibers of today come in
many shapes, sizes and materials including synthetic fibers, natural fibers, recycled

fibers, and nano fibers.

Therehasbeen extensive reseairdoneon fiber reinforced concreté application, FRC

is mostly used where there is some sort of restraint, such as in slabs or in areas where
there is confining reinforcement. These applications take advantage of the enhanced
matrix toughness with regds to energy absorption, crack control, and durability (Zollo,
1996).The bond of the concrete to fibers is very important to prevent pullout so choosing

the right geometry of fiber is critical.

2.3.2 Steel Fibers

Steel fiberreinforced concretdSFRC)is well known for its superior resistance to
cracking and crack propagatiomhe ductility and added tensile strength make SFRC
much tougher as defined by the area under the load vs. deflection curve. While the
benefits are great, it must be understduat since the fibers are short and discrete, they
cannot be used as a replacement for longitudinal reinforcement. Fibers are meant to
improve the cracking, deflection and serviceability of the concrete. The cost of steel
fibers unfortunately, is relativg expensive, costing almost double for a 1% addition.
This has limited application to specialty projects such as repair, tunnel linings, and
pavementAnother difficulty of fibers is potential for clumping and uneven distributions.
Special precautions mus be taken to avoid this such a
clumped while addinggradual adding of the fibers, avoidihigh fiber contents, using a

good condition mixer, and adding the fibers at the(&tach Chanh, 2004).
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The addition of steel filve is known to reduce the fluidity and workability of concrete. In
SCC, the flowability and passing ability is decreased with the addition of fibers, but can
still meet the guidelines of what is considered SCBere is an upper limit of fiber
content whes the stiff structure of the granular skeleton makes consolidation under its
own weight impossible (Griinewald & Walraven, 200Lhe mechanical properties of
steel fiber reinforced SCC (SFRSC®) relatively similar to regular SCC but the
difference comesn the mode of failure. In flexural, splittinggnsileand compressive
tests, SFRSCC demonstrate high ductility and thus prevent sudden (&iameel et al.
2011). SFRSCC is also satisfactory from a durability standpoint with a low late of
chloride diffusion, thanks to théow porosity, and moderate resistance to freeze thaw

(Corinaldesi & Moriconi, 2004).

2.4 Shrinkage Mitigation and Factorsin Self Consolidating Concrete

Every component of a concrete mix contributes to the performance of the concrete
including: water to cement ratio, use of pozzolans, type of aggregate, admixtures used,
fibers, and the environment the concrete is in. It is important to understand how these
components each affetiie totalshrinkage to design a SCC mix with the desired flow
andto minimize shrinkage. By minimizing thtal shrinkage by even a small degree,
there becomes less chance of cracking in restrained comsditiodncan greatly extend the

life of the structure and contribute lowering the life cycle cost.

2.4.1 Water, Cement and Pozzolans
The water to cement ratio, the amount of cement, and type of cement used are very
important to controlling the amount of shrinkage. The hydration reaction between the

water and cement is a large component of plastic and autogeneousighrihkere has
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been plenty of research on the effect of the water to cement ratio on shrinkage, as well as

the effect pozzolans have on the hydration reaction that leads to shrinkage.

During autogeneous shrinkage, there is a volume change as a reswdthydtation
productshaving less volume than therhydratedcement and wateihis is sometimes
referred to as chemical shrinkagkh cement paste, which is just water and cement, the
change in volume is quite large. The aggregate in concrete creates restraint which makes
the change in volume much smaller. When the water to cement ratio is high, above .42,
the effect of autogeneoubrinkage is very low. When the water to cement ratio lowers,

the amount of autogeneous shrinkagieadily increases (Zhang et al. 2003). The higher
water to cement ratios provides plenty of water for the hydration process so the change in

volume is not asevere.

In SCC, a low water to powder ratio is desired around 0.9 to 1.0 depending on the type of
powder (Okamura, 1998) Typical powders used are limestone powder, fly ash, silica
fume, and slag. These powders are used to supplement cement to loweest ted offer

a variety of additional benefits depending on what type of powder is chdten.
powders require less superplasticizer than ordinary concrete to reach the desired flow.
The powdermaterials helpto maintain sufficient cohesion in the mix ameduce
bleeding, segregation and settlemehhese powders, or pozzolans, slow down the
hydration reaction because they are less reactive than regular cement. This makes having
a low water to powder ratio beneficial in decreasing thermal stress andoweisnh

shrinkagg(Zhu & Gibbs, 2005)
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One type of powder commonly used limestonefiller, which is primarily calcium
carbonate. Researchers noticed tlsath@ volume of paste increases, the amount of total
free shrinkage increases. Researchers wdestalachieve a lower free shrinkage while
maintaining a high paste volume by replacing some aggregttehe limestone filler.

While paste volume has a large effect on shrinkage, it is largely dependent on the paste
proportions. Additionally when thers higher water content, the effect on shrinkage
versus paste volume is much more prominent as drying shrinkage plays a larger role

(Roziere et al. 2007).

Fly ash is a common addition to concrete and is known to increase workability and
provide long ternstrength. Compared to only cement as a binder, a fly ash and cement
combination requires less superplasticizer to obtain a desired dlumgtudy looking at

the effect of strength and shrinkage of different percentages of fly ash as a substitute in
SCC,a mix with 40% fly ash had the highest strength and would decrease with higher
percentage. Free shrinkage improved significantly as the fly ash content increased with
over 50% improvement with fly ash content over 40% (Khatid, 2008). Since fly ash acts
asa pozzolan, the hydration process is much long than conventional cement, lowering the
heat andlimiting autogeneoushrinkage, especially in the early stages. There is a
tradeoff at very high percentages of fly ash where increased shrinkage resistance wi
result in weaker concrete, so it is important to understand the strength needed to see what
is the max amount of fly ash that can be substitiBedietimes it can beneficial to add a
combination of pozzolans such as fly ash and silica fume as it hasiheen to increase

the tensile and compressive strength and modulus compared to just fly ash (Yazici,

2008).
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Silica fume is a byproduct of producing silicon metal and has been used as a pozzolan in
concrete for years. Unlike fly ash, silica fume demandse superplasticizer, but obtains

a higher strength at 28 days than a control mix without silica famsubstitution
percentages under 15% binary cementitious blend of silica fume and cement does not
improve drying shrinkage as much as other blefidanake a mix with greater shrinkage
control using silica fume, it must be used in conjunction with other types of pozzolans
(Gesoj] | u etakaolin.is arothdr Supplementary cementing material that acts
like silica fume. Since metakaolin can beguced, a highepurity can be achieved to

react better with the calcium hydroxide formed during Portland cement hydration.
Because of this, metakaolin can achieve higher strength and less shrinkage at up to 15%

replacement (Hassan et al. 2012).

Ground granulated blast furnace slag, is a byproduct from the steel industry and is used as
a replacement for cement in concrete. Slag is a very fine powder that delays hydration
and fills up pores. This makes slag effective at lowering lotftogeneousirinkage

early on and can help lower drying shrinkage over thvibeen slag is used a replacement

in varying amounts, the strength is very similar. The compressive strength increases when
either silica fume or metakaolin are used in addition to slag asstitatébto cement. In

terms of shrinkageslag as binary blend performs better than silica fume and ordinary
cement, but poorer than fly ash or metakaolin regardless of water to cement ratio. In a
general linear model analysis\adriance looking at manyifeerent cement combinations,

silica fume had the highest contribution to drying shrinkage followed by metakaolin, fly

ash, and slag (Guneyisia et al. 2010).
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2.4.2 Aggregate

An SCC mix calls for a higher fine to coarse aggregate ratio than ordinary concrete, and
smaller maximum aggregate size to help achieve the high workalililgwer coarse
aggregate count results in higher shrinkage. Concrete shrinkage can be predicted wi

Pickett model using Equation 2\Véi et al. 2011)
G=@@iva)" (21

Where 4 is shrinkage of concrete

Gbis shrinkage of the paste

Vais the volume fraction of the aggregates

n is a correlation parameter controlled by aggregate restrainirhgces

From this equation it is clear that regardless of the shrinkage properties of the concrete
paste, a higher fraction of coarse aggregate will cause a higher concrete shrinkage. To
obtain a low shrinkage SCC mix, a high amount of aggregate must béutsedt too

much to compromise with tHwability.

Lightweight aggregatessuch as pumicehave been shown to greatly decrease
autogeneous shrinkage. Lightweight aggregates are typically porous and can be
presoaked with wateWater that is lost by self desiccation can be replaced with the water
from the lightweight, soaked aggregate. This internal cusmgost effective when there

are small spaces between the aggregates. This allows the cement paste to easily access
the waterfrom the aggregatelhe right size aggregate and absorption can effectively

eliminate self desiccation entirely (Zhutovsky et al. 2002).

16



2.4.3 Admixtures

Admixtures are added to concrete to change the concretes properties. They come in both
liquid and solid brms and vary based on the property they are trying to ajeats of
advancements have allowed the formulation of admixtures that can tackle various
concrete propertiesThis includes, but not limited to, the workability, setting time,

permeability, ailentrainment, and color

Superplasticizers, such as higinge water reducers are vital in SCC to improve
workability without increasing the water to cement ratio. This keeps the water content
low but leaves the concrete susceptible to autogeneous shlainkadgferent water
reducers types can are better at controlling shrinkage than others. Polycarbloxstate

water reducer shows a better effectiveness than other types at reducing plastic shrinkage
and early evaporation. This happens because the wdterardowers the rise of capillary
pressure at early age. The lower capillary pressure is also beneficial for preventing early

age cracking (Qin et al. 2012).

To directly reduce shrinkage, shrinkage reducing admixtures (SRA) have been
developedSRAs wok by decreasing water surface tension, dvey tdelay and extend

the hydration process. As a result, setting time is delayed and temperature is decreased,
which greatly reduces both autogeneous and plastic shrinkage. The effectiveness varies
for each partular mix, but in general, a higher SRA content will result in less shrinkage
and higher durability. The increased SRA content has the negative effect of lower
strength, especially at early ag@daia et al 2012)In addition to lower strength, the

current cost of SRA is quite expensive and must be considered when creating an
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economic SCC mixA cost benefit analysis shows that the addition of SRA can increase

the total cost of the concrete by 16% (Rodden & Lange, 2004).

2.4.4 Fibers

Fibers are included in corete to increase toughness and provide ductility. Fibers, such
as polypropylene (PP), have been shown to be effective at preventing plastic shrinkage.
The advantages are larger when curing is limited. The addition of PP showed no
difference in the shrinkagef concrete cured for seven days, while one day curing
showed clear benefits in overall shrinkage. R&kesthe concrete more permeataed
increases the nano porosity raising the rate of drying and drying shrinkage. This is
slightly offset by the slighincrease in tensile strength (Aly et al. 2008). In SCC, the use
of fibers to lower shrinkage and shrinkage reduced cracking has been promising. PP
fibersand steel fibers have proved to be effective in counteracting early age cracking and
drying shrinkagewith PP being most effective at early age and steel at the delayed
drying shrinkage (Corinaldesi & Moriconi, 2011). The high cement and low aggregate
amount of SCC will certainly cause high shrinkage, so effective use of fibers can help to

achieve a lowtwrinkage fiber reinforced self consolidating concrete mix.

2.4.5 Environmental Factors

Many of the different modes of shrinkage are dependent on the evaporation of water in
concrete. It is no surprise that the temperature and environment play a large role in
minimizing shrinkage. Generally, high temperature and low humidity will accelerate
evaporation and lead to very high levels of early age autogeneous shrinRage.
minimize autogeneous shrinkage, the concrete must constantly be in the presence of

water. One way of achieving this is to moist cure the concrete. In the early stages as the
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concrete undergoes hydration, the outside water source can be utilized and shrinkage can
be delayedWet curing should be done as soon as hydration begins and end when
depercoléon of the capillaries occur. Although construction conditions and costs may
prevent long, extended curing, just a couple days of wet curing can result in substantial
improvements in the mechanical properties of the hardened concrete (Bentz & Jensen,

2004).

2.5 Restrained Shrinkage Ring Test

There are a couple ways to evaluate concr ¢
conditions. One of the most popular is the steel ring Tést. test involves a steel ring

with concrete casted around it creating wastd conditions. There are two types of

rings, one developed by AASHTO and other by ASTM. The test is primarily used for
comparative studies to compare difference in cracking behavior between different mixes.

The low cost and simple set up make it a ial@aesearch tool for research and quality

control, but does not give quantitative information on stress development or the

prediction of cracking in redife situations.

2.5.1 AASHTO Ring

I n 1998 AASHTO accepted the ring test as &
98: Standard Practice for Est i nilhdteshugest he C
time of cracking to determine the restrained shrinkage performance of a variation of
parmmeters in concrete. These parameters could be aggregate type, cement type, water
content, admi xtur es, or fibers. The proc
around the circumference of a steel oring v

+-Ys0and outer st eel di amet er of 120. The s
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smooth to ensure a consistent bond of the concrete andrnpe inside diameter of the

ring, four foil strain gauges (FSG) are installed at mid height to medse strain in the

steel. The gauges connect to a data collection system and the rings are left in temperature
and humidity controlled room. The ringse monitored every few days for indications of
cracking. When a crack occurs, the day to crackingotechand the crack width and
propagation are monitore@racks may not always occur within 28 days especially in

low shrinkage mixes, so modifications to the test can be made. For the AASHTO ring, a

max aggregate size of 10stapplisabletb mosticanerate, wh i

mixes.

Knowing the dimension of the ring and strain in the steel at a given time, the strain in the
concrete can be inferred. A study by Hossain & W¢ldessain & Weiss, 2004)

developed the following relationship below igu&tion 2.2.
» aivce 10 Q203204 (2.2)
Where, (6) 'R0 Qi & (3@ '@ 6 Qi KXBCHFA Q0
Q QO QA SO £ QO0I £"X G
83 =(Yov+Yss) (Yo5° T "Yov)
84= (Y71 Yor)I2 Yoy
Yory'R20 'QEOAQ 1 6XYAI "D Qi 61 '@Q
Yo'R0 QOE'Q i cidai £€" Qi 6Xhi '©Q

Yo ‘RO QEOKD 1 (AT £°Q QGEE G BQIVQ
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2.5.2 ASTM Ring

Similar to AASHTO, the American Society of Testing Materials (ASTM) developed a
similar test method. The main difference comes in the geometry of the steel ring. The
steel ring used has a wall thicknél@s imf 10
and a height of 6.00 N 0.25 in. TAeteenustoncr e
be a minimum of 2 strain gauges to record the strain developiffedmallerthickness

of concrete and larger concrete radius provides a larger restndistcaelerates the time

to cracking compared to the AASHTO ring test. The drawback of the ASTM test is that it

l imits the maximum coarse aggregate size
identical to the AASHTO test so it is possible to monitor bathg rspecimens
simultaneously with the same data collection system as long as the aggregate requirement

iS met.

2.6 Summary of Previous Work

The restrained shrinkage test is a good comparative test to observe the cracking resistance
of concrete under restrad conditions. Researchers typically choose a variable to adjust
and cast multiple rings to observe when cracks form under similar conditions. In addition
to the timing of cracks, the crack width, propagation and distribution can help determine
the effectveness of a mix to resist shrinkage induced cracking. Directly observing the
shrinkage behavior is not enough to understand the development and propagation of
cracks so utilizing the ring test is important to greatly understand the cracking potential of

a mix. In a study looking at the influence of paste voluare restrained shrinkage,

researchers noticed that there is not always a correlation between free shrinkage results
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and stress development in the ring tests. The stress development is dependent on both

shrinkage and the viseslastic properties of the concrete (Roziere et al. 2007).

SCC typically shrinks more than conventional concrete due to the higher cement paste.
At identical water to cement ratio, SCC has a lower elastic modulus and higher
susceptibility to early age shrinkage cracking under restrained conditions compared to
conventional concrete (Leemann et al. 20HG.C shows a higher stress development
especidl in the early age of the restrained shrinkage test and all cracked before 28 days,
unlike the conventional concrete which showed and slower stress development with no
clear cracks. The study also saw large variance in shrinkage performance based on the
cement type use. The cements using pozzolans greatly increased the cracking resistance
over the ordinary Portland cement mix. The ring test shows that early age cracking is a
large issue with SCC and efforts to reduce shrinkage cracking must be takemaro be

effective alternative to HPC.

In attempts to improve the restrained shrinkage performance of SCC, fibers and/or SRA
can be added. A study by Hwang and Khayat used the ASTM ring test to investigate the
influence of HRWR, PPE fibers, SRA, and hybrid fben shrinkage cracking. Their
results showed that an increase of PPE fiber content of .25% by volume would lead to an
approximately 40% decrease in time to cracking. They also found that the addition of
SRA lowered drying shrinkage by 40% at 56 days dedreased time to cracking 2.4
folds compared to SCC without SRA.cAmbination of SRA and fibers were found to be

most effective in delaying crackinglifvang & Khayat, 2008)
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When fibers are added, the level of complexityhe concreteises In a stug by Shah

and Weiss, acoustic emission testing was used in the ring test to observe microcracking in
concrete with varying fiber amounts. The researchers found that fibers have little
influence on stress development before cracking. The fibers are abkatp visible
cracking because of their ability to resist the microcracks from propagating outwards.
Because of this, fibers can permit higher stresses before cracking is visibly observed. In
the time before the crack becomes visible, the strain doesadecadlittle. In high fiber
contents, it is difficult to determine the days to cracking becthesdibers prevent the
microcracks that form to propagate. In concrete without fibers, the strain and stress
plateau before cracking as multiple microcracksnfamtil a large visible crack forms
resulting in a large loss in strain. The researchers also noticed that as fiber volume is
increased, crack width decreases until a point where it begins to levBhath &Weiss,

2006).

Not many studies have utilizdabth the AASHTO standard ring and ASTM ring, but

there have been studies that look at the influence of ring geometry on stress development.
Both standards call for circumferential drying although some researchers have modified

the test to allow top to battn drying. Hassain and Weiss looked at stress development on
various ring and specimen geometries including both steel thickness and concrete
thickness. They found tddaot pravidet endugh restriaiet e | t
and provided lower streghan thicker steel rings. The researchers also found that varying
concrete thicknesses had little effect on stress development but clear differences in days

to cracking. The 30 thick concrete (as per

comparedtd he 1. 50 t diei(aslpaer ASTH). This tnead continued for larger
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concrete thicknesses and is similar for both circumferential and top to bottom drying

(Hossain & Weiss, 2006).

In an effort to directly measure the strain in the concrete durigestrained shrinkage

ring test, strain gauges can be directly embedded into the concrete. By directly
embedding strain gauges in the concrete, the strasibuli®n can be visualized. It is not
unusual for concrete to exhibit uneven stress distribwatiwhthis method can be used to
predict when and where a crack will form. In a study by Ghanchi and Nassif, 6 vibrating
wire strain gauges (VWSG) in the shape of a hexagon were embedded directly into the
concrete of an AASHTO ring. They studied the effecpolypropylene fibers in SCC.

The use of VWSG was a used successively as a supplement to the FSG data. The VWSG
accurately predicted the region in which the crack will form before it could be visually
seen.The embedded VWSG did not affect the days tacking but may influence
cracking to occur near the embedment areas (Ghanchi & Nassif, 2015). When analyzing
FRSCC, cracks do not always become visible right away so the strain gauges are
important in picking up these microcracks that eventually leadlt@fopagated cracks.

The FSGs can show a slight decrease in strain before the crack shows and the VWSG can
indicate high tension as an indicator of potential cracking before the crack can be
visualized. The combination of strain gauges helps give arhattderstanding of the

concretes behavior under restrained shrinkage.
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CHAPTER I

3 EXPERIMENTAL PROGRAM

3.1 Introduction

The eperimenta program for this study consists of mixing concregsting for fresh
properties,casting samples, testing farechanical properties andsting forshrinkage
properties. The fresh properties to be looked at shwenp, T20, VSI, and -fing
performance. The mechanical properties to be tested include compressive strength, tensile
splitting strength, and modulus ofsticity. The shrinkage performance will be assessed

by free shrinkage testing and the restrained shrinkage ring tests. There will be four SCC
mixesin which two parameters will vary; the amount of HRWR and fiber content. The
HRWR is added to reach the desd workability requirementd he tests were performed

according to ASTM and/or AASHTO specifications.

3.2 Material Properties

Materials used in the mix obtained from various local providers. All materials were
chosen with easy accessibility in mind since fihal product is intended to be used by
local transportation agencies. The coarse aggregatecementused in the mixes are
obtained from Clayton Concrete in Edison, NJ. Grade 120 slag was obtained from
LaFargeHolcimn Bayonne, N. Admixtures, includiig air entrainer anduperplasticizer,

and fibers were provided by Euclid Chemical in East Brunswick, ANgummary of

materials and suppliers are provided belowable3.1:
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Table 3.1 Materials and Suppliers

Material Type Supplier
Fine Aggregate Concrete Sand Clayton Concrete
Coarse Aggregatf # 8 ( 3/ 8 0 )| Clayton Concretg
Cement Portland Type | Clayton Concrete
GGBFS Grade 120 LaFargeHolcim
Air Entrainer AEA-92S Euclid Chemical
Superplasticizer Plastol 5000 Euclid Chemical
Fibers PSI Cr i mp e| Euclid Chemical

The fine and coarse aggregates were tested for specific gravity, fineness modulus, and
absorption as per ASTM €27 and ASTM C 128 The moisture content @lsotaken

before each mixThe results of these reibre shown below ihable3.2.

Table 3.2 Aggregate Properties

Properties Fine Aggregate| Coarse Aggregate
Specific Gravity 2.62 2.83
Fineness Modulus 2.35 6.03
Absorption 1.10% 0.40%
Moisture Content (varies  .61-2.59% 0.231.38%

The cement used iPortlandtype | and conforms to ASTM C 150. This standard
guarantees that the cement will meet chemical composition, physical properties,
reactivity and strength requirements. Similarly, the distributer of the slag guarantees that
grade120 slag conforms to ASTM C 989 requirements. The superplasticizer used is a
polycarboxylate based higlange water reducer. The brand name used from Euclid is
Plastol 5000 and complies withSTM C 494and AASHTO M 194 Type F admixture
andASTM C 1017 as &ype | admixtureThe air entrainer used Eucon AERS from

Euclid Chemical and meets or exceeds the requirements of ASTM @n2ARASHTO

M 154. The fibers used are a steel macro fdewn inFigure3.1. In particular, the fiber
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used is PSI Crimped steel fiber from Euclid Chemical. The fiber complies with ASTM C
1116 and ASTM A 82@nd the technical information provided by the manufacturer is

listed below inTable3.3.

Figure 3.1 Crimped Steel Fiber

Table 3.3 Steel fiber properties

Material Low carbon cold drawn steel wir
Aspect Ratio 34
Length 11/2in.

Tensile Strength| 140-180 ksi
Relative density | 7.7

3.3 Mix Proportions
There will be a totabf 5 mixes to be compared for this study. One control SCC mix

without fibers andour FRSCC mixes with increasing amounts of fioEnese mixes are
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each done twigewith the exception of set B which does not include the fourth FRSCC
mix, and are split into sek and set B. Set A will be cured for 7 dagsd set B will be
cured with a one day wet curéhe mix proportions of the control mix are based on the
studies and findings of the Virginia Transportation Research Council (Brown et al. 2008).
This is the samenix proportions in the study by Ghanchi and Nassif, but difference will
come in the use of steel fiber instead of polypropylehesummary of the mix

proportions for each mix is shown belowTiable3.4.

Table 3.4 Summary of Mix Proportions

Mix ST 0.00| ST 0.35| ST 0.50| ST 0.65| ST 080

CM Ib/cy 439 439 439 439 439
Slag Ib/cy 236 236 236 236 236
Rocklb/cy 1436 1436 1436 1436 1436
Sandlb/cy 1436 1436 1436 1436 1436
Waterlb/cy 288 288 288 288 288
AEA oz/cwt 2.0 2.0 2.0 2.0 2.0
HRWR oz/cwt 12.0 12.0 13.0 13.0 14.1
Fiber %by volumg 0.00 0.35 0.50 0.65 0.80
W/C 425 425 425 425 A27

The mix proportions were kept identical for all mixes. The only variable that changes is
the fiber content and HRWR content. The total cementitious material used is 675 Ib/cy
with a water to cement ratio of .425. Grade 120 slag accounts for 35% of treetotnt

while the rest is Portland type | cemenf.he amount of coarse aggregate and fine
aggregate are kept the same at 1436 Ib/cy, hércedarse to fine aggregate ratio is 1:1.
There are four fiber volumes being investigated. ST 0.00 refers tomt@icmix with no

fiber, and ST 0.35, ST 0.5@T 0.65and ST 0.80contain 0.35, 0.500.65 and 080

percent fiber by volume. Since the added fibers decreases workability, ST 0.50 and ST
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0.65needed a higher amount of HRWR increasing from 12 oz/cwt meA3vtand ST

0.80 increased up to 14.1 oz/cwt
3.4 Mixing and Test Methods

3.4.1 Introduction

Each mix will be batched and mixed in a 6c¢f capacity mechanical drum mixer. A
representative sample will be taken from the mix and fresh propertiesentidisted. To
engire that the mix meets the workability requirements of SCC, a number of tests will be
performed including the slump test, T20, VSI, andngd. If the mix does not have the
desired flowability, additional HRWR will be added to achieve the desired flaveté

are problems with segregation or bleeding, a note will be taken of the severity. After the
tests are performe@ various number and type of samples will be taken. After curing,

mechanical properties will be tested, and shrinkage will be closelytoneahi

3.4.2 Mixing Procedure and Fresh Properties

A day before a scheduled mix, the materials are batched and stored in buckets. The
moisture content of the coarse and fine aggregate are taken to ensure the proper water
content of the mix. The batching will éh be adjusted after thmoisture content is
calculated. The total quantity of concrete per mix is approximately 3 cubid-faesll

mixes the same mixer is used as showhRigure3.2.
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Figure 3.2 Mechanical Drum Mixer Used

Before the mix starts, the mixer is buttered by wetting the mixer. This helps to prevent
the concretérom sticking to the sides and ensuring a vmiked concrete. Before adding
anything to the mixer, the AEA is mixed into the bucket of batched water. All the
aggregate is then added to the mixer and mixed for 1 minute or until properly mixed.
1/39 of the water is then added and mixed for 2 minutes ensuring that no aggregate gets
stuck on the sides. The cementaslag are then added together. After the cementitious
materials are in the mixer, the rest of the water is slowly added as the mixer is turned o
After the water is added, the components are mixed for 3 minutes. At each minute
interval, the sides of the mixer are checked for any stuck materials and are scraped off.

After the 3 minutes are up, the concrete rests for 2 minutes. Then all the HRAMGR: &
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to the mixer and mixed for 2 minutes followed by a resting period of 3 minutes. After the
3 minutes rest, fibers are slowly added (if applicable) as the mixer is turning, making sure
there are no clumping of the fibers. Mixing occurs for anotherrit@ or until there is

an even distribution of fiber§he concrete is then ready for testing for fresh properties.

3.4.2.1Slump Tes{ASTM C 1611)

The slump test will be performed following ASTM C 16The slump test performed is

similar to the slump test des#lwed in ASTM C 134 which is applicable to conventional
concrete. The same slump cone, strike off rods and base plate are used but the procedure
is different. Because SCC can consolidate under its own weight, there is no rodding of
the concrete. The cong also inverted so that the smaller end is on the grasrsgen in
Figure3.3. When the cone is raised, the concrete flows radiallyifuyra flat disk shape.

Unlike ASTM C134, ASTM C 1611 measures the slump horizontally instead of
vertically. The slump is measured by measurawgragingthe largest diameter and the
diameter that is 9@legrees offsefrom the largest diametesis seen inFigure 3.4.

Typically a isgldsiedhfprS6Ger 200
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Figure 3.3 Inverted Slump Cone

Figure 3.4 Measuring Slump (ASTM C1611)
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3.4.2.2T20 Test

To further assess the workability of an SCC mix in addition to measuring the max
diameter from the slump test is to understand how quickly the concrete can flow.
Researchers typically use the T20 time to gaugdéaability of an SCC mix. The T20
timeisdef i ned as the time in seconds it takes
on the base plate after lifting the slump cone. The time is recorded to the nearest tenth of

a second.

3.4.2.3Visual Stability Index (VSI)

An important quality of SCC is that it can resist segregation and bleeding despite its high
paste and workability. Tgauge the concretes resistance to segregation and bleeding, a
Visual Stability Index (VSI) is used that is based on visual observatiomapdction.

After the slump test and before clearing the base plate, the concrete is checked for signs
of segregation or bleeding and is given an index number of 0 to 3. An index of 0 means
there is no evidence for segregation or bleeding. An index otdnmthere is slight
bleeding in the form of sheen on the concrete. An index of 2 means there is a slight
mortar halo around the edges under a half inch. An index of 3 means there is a mortar

halo in excess of a half inch around the edges. A VSI of 2oc8nsidered unstable.

3.4.2.43-Ring Test (ASTM C 1621)

The JRing test is a test method that determines the passing ability of SCC. The test is
done in accordance to ASTM C 1621. After the slump flow, T20, and VSI are noted, the
slump is then taken again wisome minor adjustments. To imitate the presence of rebars
and tight spacing, a 12 inch diameter metal ring with 16 vertical bars are placed on the

base plate raund the slump cone as shownHigure 3.5. The slump cone is then filled
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and lifted the same way according to ASTM C 1611. The concrete then is allowed to
flow until it stops, there is no need to record the timing. With {R&ng still in place, the
largest dameter is recorded followed by the 90 degree offset diameter as deiguna

3.5. These values are then averaged together and are reported &Ririgefldw. This

value will be compared to the slump flow calculated during ASTM C 1611. A difference
in flow of less than 1 inch indicates no visible blocking. A difference in floWwetween

1 and 2 inches indicates minimal to noticeable blocking. A difference in fleateyrthan

2 inches indicates extreme blocking.

Figure 3.5 (a) J-Ring test (b) JRing flow

3.4.2.55ampling(ASTM C 172)and curing

The size of the mix is determined such that there is enough concrete to fill all the required
samplesThere are two sets of mixes per fiber content. The first set contains all cylinders
and will be subject to a 7 day wet cure. The second set will ineludenber of different

types of samplesThese samples include laast 124 6 x 80 cyl inder mol ds
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testing, 330x30x100 fr ee -AAIHTOrlogs gvith ap innerscansrete 2

di ameter of 1206, an out er incloheight,and & ASTM a met e
ring with an inner concrete diameter of 13
of 6 inches.Therestrained shrinkageolds are assembled beforehand and are shown in

the Figure 3.6. Careful attention must be taken to ensure the ring and outside mold are
centered such that an even thickness of concrete is cihedamples are casted after J

Ring test concludes. The molds are filledthe top and there is no need for any vibration

or compacting.

Figure 3.6 (a) AASHTO Ring setup (b) ASTM ring setup

After casting, the molds are covered and stored in an environmental chamber kept at a
constant 75 degrees Fahrenheit and 50% humaditghown irFigure 3.7. For the rings

which have naover on top, wet burlap is added in addition to plastic sheetssiare a

wet cure. After demolding, the free shrinkage molds and cylinders are moved to a curing
room and placed in a watenk shown inFigure 3.8 to cure for onedra day to reduce

autogeneous shrinkage and gain more strength. The rings are demolded and sealed so that
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the only concrete exposed to the air is on the circumference. So, to simulate wet curing,
wet burlap covered the outside of the rfingone more dayAfter the one additional day
of wet curing, all strength and shrinkage samples are put in the environmental chamber

for the remainder of the test.

Figure 3.7 Environmental Chamber
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Figure 3.8 Water Curing Bath

3.5 Laboratory Testing

A number of mechanical propertiasetested forin addition to the fresh propertieshe

tests include compression tests, tensile splitting tests, modulus tests, free shrinkage
testing, and restrained shrinkage testing. The first set of mixes was tested for
compression, tension, and modulus with 7 day wet curing. The second set of asxes w
tested for compression, tension, free shrinkage, and restrained shrinkage with one day
wet curing. A summary of the tests performedhis study including fresh properties,
mechanical properties, and shrinkage properties, along with the applicatitey tes
standards are provided ifmable 3.5. The table provides a summary for the tests
performed for each fiber amount, with the exception of ST0.80 which did notgantter

second set of testing due to lack of workability.
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Table 3.5 Laboratory Test Summary for Each Mix

Test Applicable Number of Specimens Age of Concrete, Days
Standard SetA SetB SetA SetB
Slump,T20, ASTM C
VSl 1611 1 1 0 0
. ASTM C
J-Ring 1621 1 1 0 0
Compressive
Strength | ASTM €39 10 8 1,7142856 | 27,1428
Tensile
Spliting | ASTM €496 10 8 1,7142856 | 27,1428
Modulus of | A o1 ¢ 469 4 0 7.28 na
Elasticity
Free n/a
Shrinkage ASTM C 157 0 3 1 through 91
Restrained | AASHTO
Shrinkage T334 0 2 n/a 1 through 28
Restrained ASTM C
Shrinkage 1581 0 1 n/a 1 through 28

3.5.1 Compression Strength Test (ASTM C 39)

Compressive tests were done at 1 day, 7 day, and 28 days,nasiihses 14, 56, and 91
if there are extra cylinders for set A with the 7 day wet curing. For set B, tests were

performed at minimum 7 and 28 days. The standard used is ASTM C 39. To ensure a

|l evel

capping compounds seen ifrigure 3.9. The standard followed for capping is ASTM C

and

consi st ent ylisdars dreacapped with la sulfodsedk 8 0

617. The capped cylinder is then put in a compression mashaven inFigure3.10 and

loaded until failure. A minimum oR cylinders are used to ensure consistency and

accuracy.
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Figure 3.9 Sulfur Capping

39



Figure 3.10 Compression Machine for Compression, Tension, and Modulus Testing

3.5.2 Tensile Splitting Testing (ASTM C 496)

Tensile testing is done according to a similar schedule with compréssgont i ng. A 40
cylinder is placed horizontally in the testing machine and is loaded according to ASTM C

496. The specimen is then tested until failure. For specimens without fiber, failure is clear

as the specimen will crack down the middle and no mxchdit load can be taken by the

cracked concrete. When fibers are added, the specimen will crack but will remain intact

due to its ductility and ability to resist full splitting. After FRSCC cracks, the specimen

will continue to take load as the contactfaoe area increases as seeRigure3.11. It is

important to note that that higher load is not the load to calculate the tensile splitting
strength. For this studyhe load at which the concrete initially cracks is the one that will
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