CREEP BEHAVIOR OF SELF-CONSOLIDATING CONCRETE

Except where reference is made to the work of stltee work described in this thesis is
my own or was done in collaboration with my advysocommittee. This thesis does not
include proprietary or classified information.

Bryan Palmer Kavanaugh

Certificate of Approval:

Robert W. Barnes
James J. Mallett Associate Professor
Civil Engineering

Mary L. Hughes
Assistant Professor
Civil Engineering

Anton K. Schindler, Chair
Gottlieb Associate Professor
Civil Engineering

George T. Flowers
Interim Dean
Graduate School



CREEP BEHAVIOR OF SELF-CONSOLIDATING CONCRETE

Bryan Palmer Kavanaugh

A Thesis
Submitted to
the Graduate Faculty of
Auburn University
in Partial Fulfilment of the
Requirements for the
Degree of

Master of Science

Auburn, Alabama
August 9, 2008



CREEP BEHAVIOR OF SELF-CONSOLIDATING CONCRETE

Bryan Palmer Kavanaugh

Permission is granted to Auburn University to ma&pies of this thesis at its discretion,
upon requests of individuals or institutions anthair expense. The author reserves all
publication rights.

Signature of Author

Date of Graduation



VITA

Bryan Palmer Kavanaugh, son of Mark Edward an@&axichols Kavanaugh, was
born May 7, 1980, in Atlanta, Georgia. He is a 1§8&duate of Fayette County High
School, located in Fayetteville, Georgia. Afterdyrating from high school, he attended
Auburn University, where he earned a Bachelor eflGngineering degree in May,
2006. Upon completion of his undergraduate coursk e entered graduate school at
Auburn University with the intent of earning thegdee of Master of Science in Civil
Engineering (Structures). After completing this ikgin August, 2008, he was employed

as a structural designer with The Preston PartigershC in Atlanta, Georgia.



THESIS ABSTRACT

CREEP BEHAVIOR OF SELF-CONSOLIDATING CONCRETE

Bryan Palmer Kavanaugh

Master of Science, August 9, 2008
(B.C.E., Auburn University 2006)
233 Typed Pages

Directed by Anton K. Schindler

Self-consolidating concrete (SCC) is a highly fédode material that has the ability to
improve the quality and durability of structureswever, much is still unknown about
the hardened properties of this material, includimgycreep behavior. This thesis presents
research aimed at improving knowledge in this éseevestigating the creep
performance of four SCC mixtures and one conveatisltump mixture. The four SCC
mixtures have varying water-to-cementitious matenatios of 0.28 and 0.32, and use
differing powder combinations that include Typegddrtland cement, Class C fly ash,
and Ground Granulated Blast-Furnace (GGBF) slalgfoit SCC mixtures’ fresh
properties were evaluated using the slump flowQTemhd VSI tests. For each mixture,
the following five loading ages were investigat&f:hours, 2 days, 7 days, 28 days, and

90 days. The 18-hour samples, which had compressigrgths ranging



from 5,800 psi to 8,860 psi, were cured at predatezd elevated temperatures that are
typical of those used in the prestressing industitiie Southeastern United States. The
samples loaded at 2, 7, 28, and 90 days were maistl prior to loading. Upon the
completion of curing, each sample was loaded teeaeha stress level equal to 40
percent of the concrete compressive strength.

All data collected from the SCC mixtures were caneg to the data from the
conventional-slump mixture. When curing was aceaést and the load was applied at 18
hours, the creep of all the SCC mixtures was less the conventional-slump mixture.
All SCC mixtures cured under elevated or standabbdiatory temperatures exhibited
creep values similar to or less that of the coneaat-slump concrete mixture. When
curing was not accelerated, the creep behavidreftoderate-strength fly ash SCC and
conventional-slump mixtures were similar. The hggfength mixtures had the highest
paste content, but exhibited less creep than attyeoinoderate-strength mixtures. At a
fixed water-to-cementitious materials ratio, SCGtomies made with GGBF slag
exhibited less creep than those made with fly eigrdless of the age at loading.

The accuracy of the following five creep predintimethods was also investigated:
ACI 209, AASHTO 2007, CEB 90, GL 2000, and B3. A9 provided the most
accurate creep estimations for the acceleratedi@pecimens, except for the high-
strength concrete mixture. The AASHTO 2007 methodeuestimated the creep at early
concrete ages, but overestimated it for later aQeerall, the CEB 90 method was the
most accurate of the five models investigated is $study. The GL 2000 and B3 methods

significantly overestimated the creep for all mnetst
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CHAPTER 1

INTRODUCTION

1.1 BACKGROUND

Concrete is a material used in construction apgdina throughout the world. When
properly placed and cured, it exhibits excellemhpeessive-force-resisting
characteristics and engineers rely on it to perfora myriad of situations; however, if
proper consolidation is not provided, its strergll durability could be questionable. To
help alleviate these concerns and provide a maferam well consolidated end product
on a consistent basis, Japanese researchersaartiied980’s created a concrete mixture
that deformed under it own weight, thus filling anol and encapsulating reinforcing steel
(Okamura and Ouchi 1999).

The Japanese researchers at Kochi University iwaceby Hajime Okamura and
acted to lessen the strain in Japan brought ohdghortage of skilled labor (Okamura
and Ouchi 1999). Okamura’s creation was termedcaeifolidating concrete (SCC) and
exhibited high flowability without experiencing tlsegregation issues found in
conventional-slump concrete mixtures (Khayat 1998)achieve these properties, SCC
relies on a higher fine aggregate content than estenal-slump concrete, along with a
smaller-sized coarse aggregate. Additionally, latgees of high-range water-reducing

(HRWR) admixtures must be employed in conjunctiotihuwncreased volumes of



powdered materials. The inclusion of the propemtjtias of these materials allows SCC
to achieve high flowability while maintaining colneeness (Khayat, Hu, and Monty
1999).

The ability of SCC to act in the manner descriabdve makes the material
especially attractive to the precast, prestressadrete industry, which traditionally
constructs narrow members that are highly congestedever, the industry has been
slow to adopt this high-performance concrete bexausny governing agencies and
specification-writing bodies have been slow to jdevguidelines for its use.
Additionally, because of the limited use of SCQGhis application, there is a lack of
long-term performance data available for evaluat®moups like the Precast/Prestressed
Concrete Institute (PCI) and the National Coopeealtiighway Research Program
(NCHRP) have, or are currently working to providech guidelines in an effort to make
SCC more accessible. Additionally, many state depants of transportation are
interested in implementing SCC for the construcbtbprestressed concrete girders.

This fact is true in the state of Alabama, whére Alabama Department of
Transportation (ALDOT) is actively researching thplementation of SCC for use in
prestressed bridge girder applications. Prior @éseleen restricted due to a lack of
standardization of testing and placement technicumsever, recent American Society
for Testing and Materials (ASTM) guidelines havemereated to address these issues,
and similar specifications are being produced tther fulfill these needs. This fact,
coupled with the data produced through additioaséarch efforts, is helping to increase

the acceptance and routine use of SCC.



1.2RESEARCH OBJECTIVES

This research effort is part of a larger researofept sponsored by the Alabama
Department of Transportation (ALDOT) and is aimééuahering the knowledge of the
behavior of SCC designed for use in prestresselgi®mirder applications. Previous
phases of this effort have covered the developmedtesting of 21 SCC mixtures and
two conventional-slump mixtures with varying watereementitious materials ratios
(w/cm) and sand-aggregat&/égg ratios. Thorough testing and evaluation has reduc
the number of suitable concrete mixtures down tw £CC mixtures and one
conventional-slump mixture.

This thesis outlines the testing and analysihiefareep behavior of these final five
mixtures to provide better understanding of thepnesponse of SCC. In order to
accomplish this objective, five levels of concretaturity, or loading ages, were chosen
to provide a full picture of the behavior of eaclxture. The primary objectives
associated with this study include

» Compare the creep exhibited by SCC to that of cotimeal-slump concrete
typically used in prestressed applications,

* Compare the creep exhibited by SCC mixtures cangisif a cement
replacement of Class C Fly Ash with that of SCCtonigs having a cement
replacement of Ground-Granulated Blast-Furnace (BGHBag,

» Evaluate the effect of the water-to-cementitiousemals ratio (v/cm), and thus

concrete strength, on the amount of creep expexterand



» Compare the creep of the SCC mixtures to the etstonaalues produced by the
following creep prediction methods:
* ACI 209 (ACI Committee 209 1997)
« AASHTO (2007)
« CEB 90 (CEB 1990)
* GL 2000 (Gardner and Lockman 2001), and

* B3 (Bazant and Baweja 2000).

1.3RESEARCH SCOPE

As stated in Section 1.2, this study was condutdetbtermine the creep performance of
four SCC mixtures and one conventional-slump mitéach of the four SCC mixtures
utilized supplementary cementing materials (SCNhs) @an be grouped into two
categories. The first category is comprised of 8&C mixtures (one moderate-strength
and one high-strength) which utilized a cementaeginent of Class C Fly Ash. The
second is also comprised of a moderate- and higingth mixture; however, this
category used a cement replacement of Ground GatalBlast-Furnace (GGBF) Slag.
The cementitious material portion of the converdieslump mixture was comprised
entirely of Type Il portland cement, which was ttement type used in all five mixtures.
It was determined that the researchers condustirestigation needed to address the
manner in which each of the SCC mixtures behavedive to the conventional-slump
mixture and the manner in which SCC mixtures ofowes strength levels creep. To
accommodate these objectives, researchers invoivbe study looked at each mixture

at five loading ages, which included: 18 hoursags] 7 days, 28 days, and 90 days. All
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specimens were non-accelerated-cured for 7 daysjtit was time for the application
of load, whichever came first. The only exceptiortiis was made with regard to the 18-
hour specimens. They were match-cured at contratledated temperatures in a similar
fashion to the method used by the prestressingstingiin the Southeastern Unites States.
Once the appropriate curing regime had compleébedspecimens were loaded to 40
percent of the ultimate strength that was deterchimemediately prior to load
application. Strain readings were then taken atipentervals for a duration of 365
days, and the data were analyzed to determinerélep behavior for each loading age of
each mixture. Once these data were available, panson was made to compare the
creep behavior of each SCC mixture relative tocthreventional-slump mixture and to
the other SCC mixtures of similar strengths. Adaéllly, the data gathered were
compared to the estimated values produced usinlbaving five creep prediction

methods: ACI 209, AASHTO 2007, CEB 90, GL 2000, &

1.4ORGANIZATION OF THESIS

A critical review of relevant literature is presedtin Chapter 2 of this report. This
chapter includes sections on: an introduction t€ S{®ng with a discussion of
components of SCC, volumetric changes in conceeéep prediction methods, and
previous studies of creep associated with SCC.

The experimental plan utilized during the courkthe research effort is outlined in
Chapter 3, which includes information regarding pheparation and curing of
specimens, along with a description of the type gumahtities of materials used.

Additionally, the test setup used for this studprissented in this chapter. This



description includes detailed information on theeinsions and materials used to
construct the creep frames, and also includes@igaen of the climate-controlled room
constructed to contain them.

The data that were gathered over the course ®ptioject and the subsequent
analysis of the data is provided in Chapter 4. Hleeecreep response generated from the
gathered data is presented, along with the cormigghat were formed from the data.

A description of the data with regards to the ftveep prediction methods that were
chosen for evaluation is given in Chapter 5. Initald, the accuracy of each method is
reported with regards to estimating the creep wabie&SCC. Further conclusions are also
presented here on the performance of each method.

General conclusions and recommendations are pdwidChapter 6, along with a

summary of the laboratory work performed during thtudy.



CHAPTER 2

LITERATURE REVIEW

2.1INTRODUCTION

Self-Consolidating Concrete (SCC) owes its origma skilled labor shortage in early
1980’s Japan. This deficiency led to a decreasledarurability of the structures being
built throughout the country and was the subjeahath concern (Okamura and Ouchi
1999). In 1988, a professor at the University okyim Dr. Hajime Okamura, developed a
solution for this problem by creating a type of cate that would deform under its own
weight, eliminating the need for the applicatioregternal vibration to insure a durable
and aesthetically pleasing concrete structure (@ikarand Ouchi 1999). SCC’s
deformability brought with it additional benefitsat greatly improved all construction
processes involving its use. Most notable are rigohg in both the overall construction
time and in the noise commonly associated withvtbheatory consolidation of reinforced
concrete (Khayat and Daczko 2003).

While deformability is the most prominent diffecenbetween SCC and conventional
concrete, several other requirements must be ntailioclassify the material as self-
consolidating. In fact, a report co-authored by ydtaand Daczko (2003) states that four

such requirements must be met:



1) High deformability or ability to flow around reinfcement and into crevices

without the use of external vibration.

2) The deformability must be retainable throughoutdbeation of transport and

placement.

3) The mixture must be highly stable and resistasefgregation throughout its

entire fresh life cycle.

4) The bleeding of free water should be minimized.

Meeting these goals often proves difficult, anchpoomises must be made during the
design of each mixture to ensure the proper freshhardened properties for each job are
obtained (Khayat and Daczko 2003). In fact, thecegsions made during this process
illustrate yet another facet of the difference ledwa conventional and self-

consolidating mixture.

2.2COMPONENTS OF SCC

In order to meet the requirements listed aboved#ésigner of an SCC mixture needs to
decide on a strategy to properly proportion thestiturents. Domone (2000) says these
mixture attributes may be attained by: limiting s®maggregate volumes, lowering
water-powder ratios, and using a superplasticizer.

Limiting the coarse aggregate content helps tacgedhe internal particle friction
within a mixture. Thus, the mixture is able to flanound obstacles and through
reinforcing steel (Domone 2000; Khayat et al. 19@@)ditionally, when the coarse
aggregate content is limited, a subsequent incriegsaste volume results. This increase

magnifies the mixture’s flowing ability and allowgo flow around reinforcing steel and



into crevices without producing blockages (Domo@6®. As a result, a more durable
end product is produced, which is one of the maasons for choosing to use SCC.

While fluidity and filling ability are integral tthe success of any SCC mixture, these
two characteristics can be detrimental if not haddlorrectly. Providing fluidity through
an increase in water content can lead to segregasoes and a reduction in desirable
hardened properties (Tangtermsirikul and Khaya0200o prevent this from happening,
it is important to use a low water-powder ratio jethtranslates into less free water and a
consequent reduction of bleeding. These charattsria turn, will lead to higher static
and dynamic stability of the mixture, allowingat be transported and placed without
concern (Assaad et al. 2004).

While a reduction in the water-powder ratio is gdor mixture stability, it also leads
to a reduction in workability, and precautions mustaken to provide a good finished
product. The use of a superplasticizer, also knasvhigh-range water reducer (HRWR),
a chemical admixture aimed at increasing flowapitthout reducing stability, helps to
alleviate this concern. HRWRs work to dispersefihe particles in a mixture, providing
fluidity without the use of additional water (Taeghsirikul and Khayat 2000). This
dispersion proves to be especially advantageouwmuseovater alone will not provide the
particle distance needed for proper friction redungtand as previously stated, excess

water can lead to segregation and bleeding isSteg(ermsirikul and Khayat 2000).

2.2.1SCCCONSTITUENT MATERIALS

While the basic structure of an SCC mixture is assed above, it should be noted that

each mixture can be tailored to fit the needs o$tmany job. This means that various



additional materials may be added to the desidultiti job-specific requirements such
as: environmental concerns, availability of sup@eatary cementing materials (SCMs),
use of local materials, and increased viscosityireqents. The following sections
outline the constituent materials used for thigaesh project in order to achieve the

desired fresh and hardened properties.

2.2.1.1Type Ill Cement

The five types of portland cement ASTM C 150 (20@&)ognizes are designated Type |
through Type V, each varying in fineness and contipos Type Il cement has high
early-strength characteristics and is thus cona@ufv use in the precast, presstressed
concrete industry. These high early-strengths anegpily due to the high fineness of the
material. This means a large amount of surface @eees into contact with water,

producing rapid hydration (Mindess et al. 2003).

2.2.1.2Air-entraining Admixtures

Like conventional concrete mixtures, SCC is susbépto frost-and-deicing salt-
related failure issues and requires an elevatecbaient for prolonged life spans in ice-
prone environments. To ensure proper air cont@ndjraentraining admixture is often
proportioned into the mix design. However, thisiidd can lead to a reduction in
strength and must be accounted for during the mexdiesign process. Table 2-1, which
was taken from the PCI Design Handbook (2004),ilddtze proper air content needed
for particular aggregate sizes and environmentadlitions. It should be noted that all
values in Table 2-1 are permitted to be reduceti%yor all mixtures having a

compressive strength in excess of 5,000 psi (PG4R0
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Table 2-1: Total air content in percent by volume (PCI 2004)

i _ Total air content, %
Nominal maximum

aggregate size, in. Severe | Moderate
Exposure | Exposure
Less than 3/8 9.0% 7.0%

3/8 7.5% 6.9%

1/2 7.0% 5.5%

3/4 6.0% 5.0%

1 6.0% 5.0%

1-1/2 5.5% 4.5%

2.2.1.3Supplementary Cementing Materials (SCMs)

Type lll portland cement is among the most expensamentitious materials currently
used in concrete production, requiring large am®ohenergy and raw materials to
produce. When one considers that an increased eotirmementitious materials is
required as the mixture’s aggregate content deeseésbecomes clear that a cheaper
cementitious material would greatly reduce the essbciated with SCC production
(Khayat 1999). Moreover, as the cement level risasncrease in mixture temperature
follows, leading to undesirable effects.

To combat these factors and still raise the leeementitious materials, SCMs are
used, most commonly: fly ash, ground-granulatedtdianace (GGBF) slag, and
limestone filler. Each helps to enhance flowabhitlyile providing cohesiveness to the
mixture (Khayat 1999). Two of the more commonlydiS€Ms are fly ash and GGBF
slag. These two materials bring additional bendi#isause they are waste materials from
other industrial processes. They allow the SCCgthesito lower production costs while

reducing SCC'’s impact on the environment.
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Fly ash is “the inorganic, noncombustible residtipowdered coal after burning in
power plants” and is the most widely used SCM (Msx=let al. 2003). It can be classified
into two classes: Class C and Class F, the lattehach is mainly considered to be a
pozzolanic material.

Concrete made with class C fly ash exhibits mapedr strength-gaining
characteristics than that made with Class F flyaghis better suited for applications
associated with precast, presstressed concretgwotian. It is produced during the
combustion of lignitic coals, which are predomimateund in the western portions of
the U.S., while Class F fly ash is found in theteasportion of the U.S. and is formed
when bituminous and sub-bituminous coals are bivimdess et al. 2003).

GGBEF slag is defined as “the nonmetallic prodootisisting essentially of silicates
and aluminosilicates of calcium and of other bdkasis developed in a molten condition
simultaneously with iron in a blast furnace” (ACb@mittee 116 2000). It is not
considered a pozzolanic material. Rather, it israentitious material comprised of the
same oxides that make up portland cement, e.g, 8itiea, and alumina, with the
difference being exhibited in the proportions @& tonstituents (Neville 1996). The
inclusion of GGBF slag into a mixture will providgeater workability and improved
durability over a mixture without GGBF slag, whikducing dependence on costly
portland cement (ACI Committee 233 2000; Nevill®ap

While limestone filler was not used during the rsguof this research project, it should
be noted that it is a popular mineral additive tigioout the world. Limestone is a
hydraulic material that reacts well with portlareheent. For this reason, ENV 197-
1:1992 permits it for use in concentrations of 8% percent, where other fillers are

12



only allowed in concentrations of 5 percent (NevilP96). Using this material helps to
increase workability while providing cohesivenesd areventing bleeding (Khayat

1999).

2.2.1.4Viscosity Modifying Admixtures

Viscosity modifying admixtures (VMA) work to imprevstatic and dynamic stability
within a SCC mixture. Static stability is the réarsce of a mixture to bleeding and
segregating once cast into place, while dynamiuilgais the mixture’s resistance to
segregation and blocking while being transportedi@aced (Assaad et al. 2004). It
should also be noted that VMA in small dosages waokimprove robustness in SCC
mixtures thus decreasing sensitivity to changesaterial properties and environmental
conditions (Khayat 1999).

Khayat (1999) states that “mixtures containing Vi#hibit shear-thinning, a
behavior whereby the apparent viscosity decreagbgive increase in shear rate.” This
decrease allows the mixture to deform during plaa@mand then to regain viscosity after
placement, when the shear rate diminishes. Hahesgt attributes allows a mixture
greater workability while reducing segregation golieg, and surface settlement after

being cast (Khayat 1999).

2.3VOLUMETRIC CHANGE

Volume changes in concrete specimens are an iitticharacteristic of the material itself
and can be attributed to several different mechasisccurring simultaneously within
the specimen of interest. While the processes attiy leading to volumetric change are

complex, it is widely accepted that three main congnts comprise the vast majority of
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volumetric change: drying shrinkage, autogeneouslsige, and basic creep (Bazant
2001).

It is easy to imagine that each of the mechanisted above occurs for different
reasons. In fact, they each owe their existenetious combinations of mixture
proportions, environmental conditions, geometrigparties, and stress conditions. This
section, which is organized according to the tm@ametric change components, details

these factors.

2.3.1DRYING SHRINKAGE

Neville (1996) defines drying shrinkage as a deswana specimen volume due to the
“withdrawal of water from concrete.” It is importato take this into account when
designing a mixture because it can lead to “cragkinwarping of elements of the
structure due to restraints present during shriek@idindess et al. 2003).

According to Bazant (2001), drying shrinkage osalue to three mechanisms acting
simultaneously within the hardened specimen: capillension, solid surface tension,
and a withdrawal of absorbed water. From a ded@mdpoint these three mechanisms
can be minimized through limiting the total watentent and paste volume, where paste
volume is the “binder (cement and fillers), the @vathe air, and the fine particles of
sand” (Chopin et al. 2003).

An increase in total water content results inghbr water-cement ratiav(c) and
greater workability of a mixture. However, this Mé&ad to more evaporable water in a
mixture and thus lead to higher shrinkage strawey{lle 1996). In fact, research has

shown shrinkage to be directly proportional towie when it falls between 0.2 and 0.6,
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while higherw/c show no appreciable shrinkage as the additionsnigremoved
(Neville 1996).

To further clarify the importance paste volumeyplan drying shrinkage, additional
explanation is required. To this end, considerftfiewing: as the cement content of a
mixture is increased while holding tiaéc constant, a subsequent increase in shrinkage
occurs (Neville 1996). This can be attributed t® ithcreased volume of hydrated cement
paste, which can be as much as ten times morendalide than the aggregate constituent
of a mixture (Chopin et al. 2003). Converselyhi# tement content were increased while
holding the water content steady, shrinkage wolitthsno increase because the higher
cement content would allow for a stronger pastev{ilde1996). Thus the paste would
have a greater ability to resist the forces cabrseshrinkage.

As mentioned above, aggregate is stiffer thandigdr cement paste and thus plays a
role in the resistance of shrinkage. In fact, Ney(i1996) states that aggregate type and
stiffness are “the most important influence” widgards to shrinkage resistance. Figure

2-1 illustrates how an increase in total aggregatdgent works to reduce shrinkage.
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Figure 2-1: Influence of w/c ratio and aggregate content om&hge (Neville 1996)

It should also be noted that the curing regimel ieenature a concrete specimen
affects the amount of shrinkage that occurs (Newif196). Prolonging moist curing
allows a greater amount of cement paste to hydpata to drying, thus reducing the
concrete specimen’s susceptibility to shrinkagev{iNe1996).

When the drying shrinkage of SCC is compared &b ofi conventional concrete,
intuition would suggest that SCC will exhibit highshrinkage values. This reasoning can
be attributed to the higher paste content requse8CC to attain the fluidity necessary
to be classified as self-consolidating. Chopinle2®03) found shrinkage in SCC to be

upwards of 20 percent higher than the shrinkagedon their conventional mixture. It
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should also be noted that the conventional coneneteure used in that research had a
high gravel/sand ratio, which will also lead taaegle amount of shrinkage.

In contrast to the findings in Chopin et al. (2pGchindler et al. (2006) found that
SCC mixtures exhibited drying shrinkage valuestengame order of magnitude as
conventional-slump concrete. This held true fomaltures investigated, even as the
sand-aggregate (S/Agg) ratio changed from 0.3846. @ hese findings led the
researchers in that study to conclude that SC@pesg in a manner similar to

conventional-slump concrete with regards to dryghgnkage.

2.3.2AUTOGENEOUS SHRINKAGE

Autogeneous shrinkage is a phenomenon that oacwanicrete in which a decrease in
volume takes place without a change in mass or ¢estyre (Lee et al. 2006). It differs
from drying shrinkage in that it occurs due to watensumption brought on by the
hydration process. As the hydration process coasini a hardened concrete specimen,
self-desiccation occurs, consuming available waier causing a subsequent decrease in
volume (Pierard et al. 2005).

Autogeneous shrinkage increases aswitalecreases, but can vary according to the
type of cementitious material present (Pierard.e2@05). Portland cement gains strength
rapidly as compared to other cementitious materile in part to its high speed of
hydration, which is a function of the material’'sdness. Consequently, the majority of
autogeneous shrinkage associated with portland meisieomplete within the first three
days (Pierard et al. 2005). Ground granulated ilastice (GGBF) slag exhibits a much

more retarded development of autogeneous shrinkadect, it is not uncommon to see
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swelling of a specimen over the first few dayslowkd by a decrease in volume as the
specimen continues to age (Pierard et al. 2005tuvis utilizing this cementitious
material tend to undergo the majority of their skage at later ages.

Knowing that autogeneous shrinkage is directlgitezl to cement content and thus
paste content, it can be easily seen that an isenegpaste volume may result in an
increase in this type of shrinkage. That being,saghould also be easy to see that SCC
mixtures are especially susceptible to autogensbruskage due to their dependence on

high paste content for fluidity.

2.3.3CREEP

D’Ambrosia et al. (2005) define creep as “the tidependent viscoelastic response to
stress generated from externally applied loads’inportance in the design of precast,
prestressed concrete structures is paramounteap cesults in partial loss of prestress
force, which can be detrimental to a structureiscfionality if the loss is underestimated.
It is a complex phenomenon dependent on many dattters that influence shrinkage
and some additional parameters.

Creep and shrinkage act together to account éotatfal time-dependent increase in
strain occurring in loaded concrete specimens (Mei®96; Mindess et al. 2003). This is
evident considering most concrete is drying undadland increases in creep strain have
been measured under such conditions (Mindess 20@B). To this end, terminology has
been developed to take this into account. For me&tatotal time-dependent volumetric
change can be broken down into three categories:sinrinkage, basic creep, and drying

creep (Neville 1996; Mindess et al. 2003).
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Free shrinkage, also known as drying shrinkags, discussed in detail in Section
2.3.1. Basic creep is the time-dependent increast&ain due to the applied load without
drying. However, the sum of these two fails to acttdor the total time-dependent
deformation a loaded concrete specimen undergaeacdount for this, a drying creep
term is introduced (Mindess et al. 2003). Figur2 dearly illustrates how the sum of the
three components combines to account for the detfmrmation. In this figure, the
following notation is used:s, = drying shrinkage straimy. = basic creep straing. =
drying creep strairgct = total creep strairg,; = total strain.

It should also be noted that in spite of the vbjlidf the mechanisms discussed
above, common practice does not account for thegithdl effects (Mindess et al. 2003).
The reasoning behind this spawns from a proliferatif available data which considers

creep and shrinkage additive (Neville 1996).
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Figure 2-2: Creep of concrete under simultaneous loading ayidgl

(Mindess et al. 2003)

2.3.3.1The Creep Mechanism

As mention in Section 2.3.3, creep is a complexaph@non, which is likely not fully
understood. However, the most widely accepted wwlves shearing forces acting on
individual particles causing them to slip past eattter (Mindess et al. 2003). The
amount of slip is highly dependent on the attracforces binding the particles together.
For instance, if the particles are chemically bahaw slip will be able to occur.

However, if the particles are held together by sanWaals’ forces, slip is possible.
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Bound water within the concrete works to weakenbibved between particles, allowing
slip to occur (Mindess et al. 2003).

While particle slip is a widely accepted mechandgdrareep, it is not the only way
creep can occur. According to Mindess et al. (2@b&)application of external force
works to push bound water out of micropores withie hardened paste structure. The
water is moved from micropores to capillary pordeere the stress levels are much
lower. As this occurs, the concrete specimen urader@ noticeable change in volume
(Mindess et al. 2003).

Some of the water being moved is able to workvdy to the surface and evaporate,
which is a form of drying creep. However, since tibtal amount of water being
redistributed is a small portion of the total bowvater, this movement can occur with no
external loss of water. Therefore, creep can okctully saturated specimens, which is

referred to as basic creep (Mindess et al. 2003).

2.3.3.2Variables Affecting Creep

Due to the overwhelmingly complex nature of crasplf, many factors influence the
total amount of creep a specimen experiences. Aotpto Neville (1996) it is the
hydrated cement paste which actually experienaepecmwhile the aggregate structure
serves to restrain or prevent creep from happefingtefore, the most important factors
affecting the amount of creep are the stiffneshefchosen aggregate and its content
within the mixture (Neville 1996 Mindess et al. 3)0Figure 2-3 illustrates how

different aggregate types affect total creep. is tigure, it can be seen that sandstone
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allows the most creep of the four aggregate typlkesn, moving down the right vertical

axis, gravel, granite, and limestone each exhsxrelasing amounts of creep.

1600
Sandstone
1200
T Gravel
m »
E Granite
e
L |
\.E./ 800
§“ Limestone
&
400
0 | |
10 100 1000 10,000

Time after loadings (days)

Figure 2-3: Effect of aggregate type on creep (Mindess etG032

While aggregate is the most important factor diifgccreep, total paste content is
also of large concern. As previously stated, thetgoportion of the mixture is what
actually experiences creep. Therefore, the hidiepaste content, the higher the creep;
however, this is by no means a linear relationgRgville 1996).

In a similar fashion, creep is dependent orvifeof a concrete mixture. As the/c
increases, an associated increase in creep wilko€bis is due in part to an increase in
bound water, which can be displaced as describ&gation 2.3.3.1, causing a

volumetric change in the concrete specimen. A caamg/c could also signify a change
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in cement content, which will affect strength ahdg the amount of creep (Mindess et al.
2003). If the cement content were to increase, therstrength would increase. This
would lead to less creep because the higher stregicrete would be better able to
resist the creep forces (Mindess et al. 2003).

Concrete strength is directly related to totakbpren that the higher the compressive
strength of a mixture, the lower the measured dedtion. Curing conditions play a large
role in maturing concrete, and proper curing insesathe compressive strength to levels
better suited for resisting creep. The longer &ispen is allowed to cure, the more
hydrated cement exists, and the higher the compeesgength (Mindess et al. 2003).
This makes it extremely important to properly csipecimens in order to reduce creep.

Other factors that influence concrete strengtlsequoently play a role in the amount
of creep observed. For instance, the compositidghethosen cement can play a large
role. Type | cement gains strength slower than Tijjpgement and consequently
experiences more creep at early ages (Mindess 20@3). Likewise, the use of chemical
admixtures such as superplasticizers can increasp.cHowever, it should be noted that
strength gains achieved by the laxc ratios resulting from superplasticizers can offset
the undesirable effects of increased creep (Nel®@6; Mindess et al. 2003).

Ambient conditions such as elevated temperatudd@m relative humidity will also
increase creep. While experiencing elevated tenyeraa specimen will undergo an
increased rate of creep; however, the net resalildibe less overall creep due to the
increased concrete maturity brought on by the ¢ébelvemperatures (Mindess et al.
2003). A reduction in relative humidity works tacnease drying creep as more internal
moisture is pulled away from the specimen (Nevil#®6; Mindess et al. 2003).
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Another large contributing influence on creephis &pplied stress level within the
specimen of interest. It is widely accepted thatamount of creep witnessed is
approximately proportional to the applied stress\iNe 1996; Mindess et al. 2003).
However, this is only true for stress levels beld9o to 60% of the strength at loading
(Neville 1996). Above these stress levels, microkireg begins to occur and the stress-

strain relationship becomes increasingly nonlinear.

2.4CREEP PREDICTION METHODS

The following sections outline the procedures fee tommonly used creep prediction

methods and provide the reader with a terse exgtemaf how each works.

2.4.1ACI 209CREEP PREDICTION METHOD

The creep prediction method set forth by ACI Coneeit209 (1997) uses an ultimate
creep coefficient that may be adjusted to accaumdrious environmental conditions
and mixture-specific properties. In addition to theémate creep coefficient, this method
uses a time-rate function to account for the grawttreep over time (AClI Committee
209 1997).

The ultimate creep coefficient, which is definedlas ratio of creep strain to initial
strain resulting from the application of load, etefmined using the following equation:

Uy = 235(Va X Vi X Vs X Vy X Vs Va)
where,

U, = ultimate creep coefficient
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with,
Via being the loading age correction factor:
ia = 1.25€2) >**® (for non-accelerated-cured concrete)

Ma = 1.136a) %% (for steam-cured concrete)

where,
tia = loading age (days), only to be used for ages thian
7 days for non-accelerated-cured concrete andtlaer

1-3 days for steam-cured concrete.
1, being the relative humidity correction factor:
y,=1.27 - 0.006& RH (for RH> 40%)

where,

RH = relative humidity (%)
Yvs being the volume-to-surface area ratio corrediabor:
Ws= (2/3) x [1 + 1.13% exp(-0.54¢/9)]

where,

v/s= volume-to-surface area ratio (in.)
7, being the fine aggregate percentage correctionifact
7, = 0.88 + 0.002%

where,

¥ = ratio of fine to total aggregate by weight (%)
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ys being the slump correction factor:

ys = 0.82 + 0.063
where,
s = observed slump (in.)
¥4 being the air content correction factor:
Ya=0.46 + 0.08> 1.0
where,
a = air content (%)
To determine the predicted creep coefficient fahetime step of interest, the

ultimate creep coefficient, , must be multiplied by, , which is the parameter that

accounts for the concrete age:
Uu (t) = Uu x Ut
with,

tO.G
where,
t = length of time after loading (days)
It is important to note that the above equatioapglicable to loading ages later than 7

days and 1-3 days for non-accelerated-cured aathsteired samples, respectively.
With vy, (t) determined, the estimated creep can be calcutgt@aultiplying v, (t)
by the elastic strain resulting from loading asdwk:

predicted creep(t) = u, (t) x (elastic strain resulting from loading).
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2.4.2AASHTO 2007CREEP PREDICTION METHOD

The AASHTO 2007 method is much like the ACI 209 inoet previously discussed, in
that it too uses an ultimate creep coefficienis lhased on the results of the research
described in NCHRP Report 496 (2003), which wasispred by the National
Cooperative Highway Research Program (NCHRP). fidpsrt was created in an effort
to develop guidelines for predicting prestress lndsgh-strength concrete girders.
AASHTO 2007 allows the user to take into accountdes such as the relative humidity
surrounding the specimen of interest, the volumstiidace area ratio, concrete strength,
and the development of strength with time (AASHT@D2).
To determine the creep coefficient the followingiation is given, along with several
modifiers to account for various environmental amgture specific factors:
Wtt) = L9xk, xk, xk, xkg xt, >
where,
ks being the factor accounting for the effect of Wieéume-to-surface area
ratio component:
ke =1.45-0.13(9 > 1.0
knc being the humidity factor for creep:
knc = 1.56 — 0.00H
where,
H = relative humidity (%)
ki being the factor for the effect of concrete sttbng

5

k, =
1+ f'

ci
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where,
f’ci = compressive strength of concrete at 28 day$ (ksi
kg being the time development factor:

_ t
C61-4f', +t

ktd

where,

t = age of concrete (days), defined as age of cembetween time
of loading for creep calculations and time beingstdered for
analysis of creep effects

t; = age of concrete when load is initially applied &ccelerated curing

(days), minus 6 days for moist-curing. For moistiogy, when age of

concrete is less than 7 dayss age of concrete (days) divided by 7.

Once the creep coefficient is calculated for eaule step of interest, it is multiplied

by the elastic strain resulting from loading toettatine the predicted creep, as follows:

predictedcreep(t,t;) = ¢(t,t;) x (elastic strain resulting from loading).

2.4.3CEB 90CREEP PREDICTION METHOD

The CEB 90 method is the current creep model eeddry the European design code,

CEB-FIP Model Code 1990, and is applicable forwghk concrete mixtures subjected to

normal conditions (Al-Manaseer and Lam 2005). Tisab say, it is applicable to

concrete mixtures not subjected to extremely heghteratures or low relative

humidities, and normal weight mixtures. Moreovars tmethod contains provisions

allowing for the cement type, curing temperatural high stress levels to be taken into

account (CEB 1990; Muller and Hillsdorf 1990).
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The procedure for obtaining the estimated creem ftus model is similar in nature
to that used in the ACI 209 method. A creep comfitis determined based on each
mixture’s fresh and hardened properties and the@mwental conditions to which the
concrete is exposed.

D(t,t,) = P, xLB.(t-t,)
where,
d(t,tg) = creep coefficient
Do = notational creep coefficient

B (t-to) = coefficient describing the development of creeqnwme after

loading
t = age of concrete at the moment considered (days)
to = age of concrete at time of loading (days)

The notational creep coefficierby is dependent on the compressive strength of the

concrete and the relative humidity of its surrouggi

CDO = CDRH xﬁ(fcm)xﬁ(to)

where,
O, =1+ 1- RH/RI:’g
046(h/h,)
53
f y)=——MM—
ﬂ( cm) (fcm/ fcmo) o
1
B(t,)

01+ (t, /1)
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where,
h  =2AJu(mm)
fom = mean compressive strength of concrete at 28 [(4ys)
femo =10 MPa
RH = relative humidity of the ambient environment (%)
RH, =100%

A. = cross-sectional area (fim

u = perimeter of the member in contact with theagpihere (mm)
hp =100 mm
t1 =1 day

The manner in which the creep develops with timecounted for in the following

equation:

(t-t,) /1, r’

Folt L) {ﬁH Ft-ty)/t,

where,

18
By =150{1+(1.2:H j }hﬂ+25osl5oo

0 0

After the creep coefficient has been calculatedait be multiplied by the elastic
strain resulting from the applied load to deterntime estimated creep at each time step,
as follows:

predicted creep(t,t,) = ®(t,t,) x (elastic strain resulting from loading).
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For the purposes of this research, an elevateddaetpe curing cycle was used. The
CEB 90 method allows for this to be taken into acdtdyy using a maturity approach.
The age of the concrete in days was adjusted twuatdor the elevated temperatures
which each sample experienced during curing. ThHevitng equation allowed for the

adjusted time to be determined:

t. = ;Ati exr{ 1365 - 73 ?TO(OA(; VT }
where,
tr = temperature-adjusted concrete age, which reptanghe
corresponding equations (days)
At = increment of days whefleprevails

Tt) =the temperaturéC) during the time periodt;

To =1°C

2.4.4GL 2000CREEP PREDICTION METHOD

The GL 2000 method, published by Gardner and Lockim2001, is a modified version
of the GZ model proposed by Gardner and Zhao ir3,188d again in 1997 (Al-
Manaseer and Lam 2005). It allows for the predicbbcreep associated with all types of
concrete mixtures, regardless of the inclusionheincical admixtures or SCMs, and is
non-dependent on casting temperature and methoarioly. Furthermore, this method
takes into account several important factors rdltdeconcrete quality and performance,
including 28-day specified concrete strength, gjtiemat loading, element size, and

relative humidity. This method is based on strergthelopment with time, and the

31



relationship between modulus of elasticity andmgjtle, and includes equations to predict
creep and shrinkage (Gardner and Lockman 2001).

To calculate the predicted creep, termed here tBpeceep”, this method uses the
following relationship between the creep coeffitiand the modulus of elasticity at 28
days. Sinceb,g varies with time, the far right side of the eqoatwas included to more

accurately describe what is meant by the creedicmeit and the modulus of elasticity at

28 days.
specificcreep(t,t,) = ;:mzja = ch(z(g t(;);ys) (1/ksi)
where,
Ecmes = modulus of elasticity at 28 days (ksi)
Dog = creep coefficient
D(t, 1) = creep coefficient at any tim¢days) and for any loading
ageto (days)

E.n(28 days) = modulus of elasticity at 28 days (ksi)

Using the specific creep coefficient calculateddach time step of interest, the

compliance for the same time step can be calculattbdthe following equation:

complianceJ (t,t,) = + specificcreep(t,t,) (1/ksi)

cm 0

where,

Ec{to) = modulus of elasticity at time of loading (ksi)
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The equation for the creep coefficied(t,tp), is shown below. It is followed by the
same equation, but in expanded form, which sholtb@lariables on whictb g is
dependent. The reader should note one correctitreiexpanded equation. The
coefficient, 77, on the far right side has beemgea from its original value of 97, based
upon correspondence with Dr. John Gardner. Thifficaat was found by Dr. Gardner

to be in error in the original publication.

_ €0 ), (7) (% | psaososarf o |
P(t,ty) = q)(tc){z{(t —t)% +14]+ (toJ {t 1, +7J + 2511086 )(t —t,+770v/ S)zj ]

where,

h  =relative humidity expressed as a decimal
t = age of concrete (days)
tp = age at loading (days)

If to = tc, then¢(tc) = 1,

Whentg > t;
05 05
oft,) =|1-| e
t, —t, +770{v/s)
where,
tc = age drying commenced (days)

The previously mentioned(t.) is used in this method to take drying before lngdnto
account, and it serves to reduce both the basepaad drying creep values (Gardner

and Lockman 2001). Agian, the reader should nogoanrection. Like the(t,to)
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equation above, the coefficient, 77, has been atdhfrgm the original value of 97, based
upon correspondence with Dr. John Gardner. It tas fwund in error by Dr. Gardner

and was thus changed.

2.4.5B3 CREEP PREDICTION METHOD

The B3 creep prediction method, the latest vergianseries of creep prediction models,
was developed by Dr. Bazant in 2000. It is a matterally complex model aimed at
providing the most accurate creep estimations $erin the design structures sensitive to
creep strains. Intended to be an improvement oA@I209 model, it was designed for
use with portland cement concrete mixtures wittapeaters that range within the

boundaries listed in Table 2-2 (Bazant and Baw8[z02

Table 2-2: B3 Method Material Parameters (Bazant and Bawef®P0

Parameter Range
Water-to-Cement Ratio 0.35w/c<0.85
Aggregate-to-Cement Ratip Xx&/c<13.5
Compressive Strength 2500 psf'c < 10,000 psi
Cement Content 270 peyc < 1215 pcy
Service Stress up to 0.5

In addition, the method is applicable for mixtucesed for at least one day and can
be applied to any portland cement mixture providadbration tests are conducted
(Bazant and Baweja 2000).

This method is based on complex mathematical espumtntended to accurately
predict the intricate nature of creep behaviorréep compliance function is employed

that takes into account instantaneous strain daeutat stress, creep at constant moisture
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content with no moisture migration throughout tpe@men, and creep due to drying
(Bazant and Baweja 2000). The following equatioovehthe compliance function which
brings the various components together to describep behavior:
J@,t') =q, + C,(t,t') + C, (t,t',t,) (1x10° psi)
where,
0, = instantaneous strain due to unit stress (4K

C,(t,t') = compliance function describing basic creep (s

C, (t,t',t,) = compliance function describing simultaneous dyyin

(1x10%psi)
t = time step of interest (days)
t = loading age (days)
to = age when drying commenced (days)

The basic creep component of the creep compliaquation is a time-rate function

that can be tailored according to mixture-spegfigperties. The equation below details

this computation:
C, (t,t") = q,Q(t,t") + g, In[1+ (t - t')”] + 0, In&j (1x10%psi)

where,
q,  =4511/cf' " (1x10%psi)
Q(t,t') = coefficient given in Table 2-3 (unitless)
0 = 029w/ c)*q, (1x10%psi)
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a,

n

a
c

w

= 014(a/c)™® (1x10%psi)

= 0.1 (unitless)

= aggregate content (I}t

= cement content (Ibfi

= water content (Ib/f)

Table 2-3:Values ofQ(t,t") (Bazant and Baweja 2000)

log t
log(t-t) 0.0 0.5 1.0 15 2.0 2.5 3.0 3.5 4.0
-2.0 0.4890 | 0.2750 | 0.1547 | 0.08677 | 0.04892 | 0.02751 | 0.01547 | 0.008699 | 0.004892
-1.5 0.5347 | 0.3009 | 0.1693 | 0.09519 | 0.05353 | 0.03010 | 0.01693 | 0.009519 | 0.005353
-1.0 0.5586 | 0.3284 | 0.1848 | 0.10400 | 0.05846 | 0.03288 | 0.01849 | 0.01040 | 0.005846
0.5 0.6309 | 0.3571 | 0.2013 | 0.11330 | 0.06372 | 0.03583 | 0.02015 | 0.01133 | 0.006372
0.0 0.6754 | 0.3860 | 0.2185 | 0.21310 | 0.06929 | 0.03897 | 0.02192 | 0.01233 | 0.006931
0.5 0.7108 | 0.4125 | 0.2357 | 0.13340 | 0.07516 | 0.04229 | 0.02379 | 0.01338 | 0.007524
1.0 0.7352 | 0.4335 [ 0.5140 | 0.14360 | 0.08123 | 0.04578 | 0.02576 | 0.01449 | 0.008149
1.5 0.7505 | 0.4480 | 0.2638 | 0.15290 | 0.08727 | 0.04397 | 0.02782 | 0.01566 | 0.008806
2.0 0.7597 | 0.4570 | 0.2724 | 0.16020 | 0.09276 | 0.05239 | 0.02994 | 0.01687 | 0.009494
2.5 0.7652 | 0.4624 | 0.2777 | 0.16520 | 0.09708 | 0.05616 | 0.03284 | 0.01812 | 0.01021
3.0 0.7684 | 0.4656 | 0.2808 | 0.16830 [ 0.10000 | 0.05869 | 0.03393 | 0.01935 | 0.01094
3.5 0.7703 | 0.4675 | 0.2827 | 0.17020 | 0.10180 | 0.06041 | 0.03541 | 0.02045 | 0.01166
4.0 0.7714 | 0.4686 | 0.2838 | 0.17130 | 0.10290 | 0.06147 | 0.03641 | 0.02131 | 0.01230
4.5 0.7720 | 0.4692 | 0.2844 | 0.17190 | 0.10360 | 0.06210 | 0.03702 | 0.02190 | 0.01280
5.0 0.7724 | 0.4696 | 0.2848 | 0.17230 | 0.10380 | 0.06247 | 0.03739 | 0.02225 | 0.01314

The creep associated with shrinkage and dryingssribed with the following

function, which takes into account the environmeadaditions surrounding the

specimen:

C, t.t',t,) = g;[exd—8H (1)} — ex-8H (t',)}] ¥? (1x10%psi)

with,

Os

H(t)

= 757x10° f' | e

o |

-0

=1- @ - h)S(t) (unitless)
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t's = maxt',t,) if t=t',, otherwiseC, (t,t',t';) =0; t', is the time at

which drying and loading first act simultaneousipys)

where,
£, =-a,a,[260 17 + 270  ©a0Cinin)
h = relative humidity (unitless)
t-t, .
S(t) =tanh (unitless)
Tsh
Ty =ki(kD)* (days)
1.0 for Typel cement
a,70.85 for Typell cement (unitless)
1.1  for Typelll cement
0.75 for steam- cured
a,:1.2  for sealedr normalcuringin air (unitless)
1.0  forcuringin wateror at100%humidity
@ = water content (Ib/f)
K, =1908t, " ' V" (days/in?)
100 foraninfinite slab
1.15 for aninfinite cylinder
k,11.25 for aninfinite squargrism (unitless)
1.30 for asphere
1.55 foracube
D = 2V/S (in)
\Y} =specimen glume (in®)
S =specimersurfacearea (in®)
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Once the compliance is calculated, it is posdiblgetermine the associated creep
strain by multiplying the compliance value by theess resulting from loading and
subtracting out the initial elastic strain.

predictedcreep(t,t’) = [J(t,t") x o(t')] — (") (in./in.)

where,

o(t) stresgesultingfrom loadirng (psi)

£(t')

initial elasticstrain (in./in.)

2.5PREVIOUS FINDINGS RELATED TO CREEP OF SCC

Limited studies have been conducted in recent years/estigate the behavior creep of
SCC compared to that of conventional-slump conciiétes section is dedicated to
outlining three of these studies, including theiperimental procedures and results. A

summary is located at the end of this section teesas an overview of these results.

2.5.1DESCRIPTION OF PREVIOUS STUDIES
Recent studies in which creep of SCC has beentigatsd include those conducted by
Raghavan et al. (2003) in India, Seng and Shim@5péat Kochi University of
Technology in Japan, and Collepardi et al. (200%)reco in Ponzano Veneto, Italy. The
details of each study will be described in thigiseg along with the results and

conclusions presented by each.

2.5.1.1Creep Evaluation by Raghavan et al. (2003)

The study conducted by Raghavan et al. (2003)dralmvolved a comparison of the

mechanical properties of an SCC mixture with thafs@ conventional concrete mixture.
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The mixture proportions chosen for the researcieptavere similar for both mixtures
employed. Both contained similar quantities of nedly portland cement; however, the
SCC mixture incorporated the addition of fly astaasipplementary cementing material.
To obtain SCC characteristics, a high-range wa@ucer (HRWR) was used, along with
a viscosity modifying admixture (VMA) for stabilityA sulfonated naphthalene
formaldehyde (SNF) based admixture was used icdh&ol mixture to achieve the

required consistency. The specific mixture propmsican be seen in Table 2-4 below.

Table 2-4: Mixture Proportions from Raghavan et al. (2003)

Mixture Constituents Mixtures
SCC | Control
Cement, kg/mh 400 450
Fly ash, kg/m 175
Sand, kg/m 830 714
Coarse aggregate, kim 735 1072
Water, kg/nf 173 173
HRWR, L/n? 2.20
SNF, L/n? 2.50
VMA, L/m? 3.00

The test specimens used in this project were 15@MB00mm in size and were cast
and stored at 23°C for a period of 24 hours. Ateheé of the 24-hour period, the
specimens were removed from their molds and noelaated-cured at 23°C for 7 and
28 days. When the curing period was over, the cesgive strength of each mixture was
determined and 30% of that load was applied tgeesentative specimen for testing

purposes. Creep strain was then measured usinglarfgauge for a period of 90 days
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for the 7 day specimens and 70 days for the 28gdagimens. Figure 2-4, which was
taken directly from the research report, showsctieep strain measured over the entire
testing period. The reader should note that thevkatical axis is creep strain in the units

of 1 x 10° mm/mm.

(XI1E 1y A—— S TS,

[<—NC.7da
—-SCC-7d
——NC-284d
—~SCC-28

Creep Strain

R T ' T o ]

0 20 40 60 80 100
Age

Figure 2-4: Creep strain measured by Raghavan et al. (2003)

The results found during this study indicate thatSCC mixture experienced a
higher initial elastic deformation than the contmukture; however, the total creep strain
measured over the entire testing period was led®i$CC mixture than it was in the
control mixture. Additionally, it was concludedtime study that the rate of creep was
reduced by 33% for the control mixture and by 5@¥dlie SCC mixture between non-

accelerated-cured times of 7 and 28 days.
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2.5.1.2Study Conducted by Seng and Shima (2005)

Seng and Shima (2005) at Kochi University in Japaastigated the creep behavior of
SCC compared to that of conventional concrete.dthi, three SCC mixtures were
evaluated against a control mixture, which wasgiesd to perform in a conventional
manner. Each SCC mixture had varying amounts oétdoent materials including
ordinary portland cement, crushed stone, sandliaregtone filler. The mixture design
process began by creating a conventional mixtuvengaa compressive strength of 55
MPa. The three SCC mixtures were designed by isgrgahe powder content while
using different limestone filler contents, whichsa@one to reduce the coarse aggregate
content. SCC characteristics were achieved in @€ Bixtures by using a
superplasticizer. The mixture proportions for eatthe four mixtures are listed in Table

2-5.

41



Table 2-5: Mixture proportions used by Seng and Shima (2005)

CcC SCC1 SCC2 SCC3
Descriptions
Mass | Volume | Mass | Volume | Mass | Volume | Mass | Volume
W/C ratio 0.4 1.27 04 1.27 0.35 1.10 0.31 0.97
S/(S+G) ratio (%) 44,05 | 4498 | 49.05 | 50.00 | 49.05 | 50.00 | 49.05 | 50.00
LF/(C+LF) ratio (%) 0 0 20.58 | 23.33 10.29 11.56 0 0
w 175 0.175 175 0.175 175 0.175 175 0.175
— m’E‘ C 4375 | 0.138 | 437.5 | 0.138 | 500.85 [ 0.159 567 0.180
5% [LF o | o [1u34]o0s2|s67 0021 ]| o | o
g g S 777 0.300 777 0.300 777 0.300 777 0.300
S § G 987 0.367 807 0.300 807 0.300 807 0.300
s =
= 5 |sp 2174 | - |6303| - 6.969 - |7ess| -
A - 0.02 - 0.045 - 0.045 - 0.045
flow(mm) 675 625 605
Fresh Slump =
. V-funnel(s) 10.15 11.45 12.48
properties 10.5 cm
Box(mm) 325 315 305
4days(MPa) 38.19 42.75 52.58 61.70
Strength
28days(MPa) 56.34 65.36 72.55 80.67

Square specimens 100 x 100 and 600 mm long wstevith a 25 mm hole in the
center running the entire length. After 24 hourshespecimen was removed from its
mold and air-cured at a constant temperature af 2C and relative humidity of 60 +
5%. Creep testing began after four days of curimgen the conditions specified above by
tensioning a 21 mm prestressing bar, which wasegléicrough the center hole of each
specimen. The test apparatus can be seen belogureR2-5. A load equaling 40% of

the compressive strength was applied and maintaithih 2% over the duration of the

test, which ran for just over 30 days.
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Figure 2-5: Testing apparatus used by Seng and Shima (2005)

The researchers concluded that SCC has comparage properties to those of
conventional concrete. It was determined thatithedtone content was directly related
to the amount of creep measured; the higher thesliome content, the higher the creep.
Additionally, the researchers compared creep cueffts calculated from ACI 209, CEB
90, and JSCE (Japan Society of Civil Engineers20t found results that varied
considerably. They concluded that none of theseetsodlork well for predicting creep of
SCC mixtures containing high limestone filler cange(Seng and Shima 2005). The
graphs depicted in Figure 2-6 illustrate the ladigparity between the experimentally-

determined values and those found using each model.

43



= 1.80 = 1.60
k> || = FSCE2002 8 —e— ISCE2002 ik
3 1.60 1.g aci09 ....:gg" 2 140 le-acno9 o>
£ 140 |-+ CEB-FIPSO § 120 [*CEB-FIPOOL| | 4ad®® =l o)
S 120 (*CC e b 8 o LS
o a 1. ¥ ad
g 1.00 W o = 2 50 o] —
S 080 i o po ot R o

0.60 I i a0 f

[ 0.40

0.40

0.20 0.20

0.00 s 0.00

0 4 8 12 16 20 24 28 32 36 B 4 & I 46 0 ¥ 2B 3 W
Age of concrete (days) Age of concrete (days)
5 160 ==

= 2.00 g
B |'gp [~ISCE2002 2 | 40 lI—sisCE2002
Q -=- ACI209 sl s -8~ ACI209 ——
£ 1.60 |-aCEB-FIPS0 8 1.20 [|-& CEB-FIPS0 ey
8 140 |-a-scc1 M.@aﬁﬂ“’m— e 100 [*-ScC3 i
& 1.20 it 3 %5 aiS R et S e
& 100 —— G 080 e

0.80 Ve'd —— 0.60

0.60 £/ i 0.40

0.40 0.20 l

0.20 ’

0.00 0.00

0 4 8 12 16 20 24 28 32 36
Age of concrete (days)

0 4 8 12 16 20 24 28 32 36
Age of concrete (days)

Figure 2-6: Creep results found in Seng and Shima (2005) stadared with

predicted strains

2.5.1.3Creep Study by Collepardi et al. (2005)

Collepardi et al. (2005) used three mixtures (tM&LSnixtures and one conventional-
slump mixture) to evaluate the creep performanc®@C€ versus conventional concrete.
A similar amount of cement was used for each mestbhowever, additional mineral
additives were used in the SCC mixtures. Limestolee was used in one SCC mixtures,
and fly ash was used as the supplementary cementtgrial (SCM) in the other SCC
mixture. Superplasticizers were used in the SCQures along with viscosity modifying
admixtures to achieve SCC characteristics. Alldbiestituent materials and their

proportions are given in Table 2-6, which was ta#tieactly from the research report.
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Table 2-6:Mixture proportions used by Collepardi et al. (2D05

s X MIX
Ingredients/Properties OFC L/SCC F/SCC
CEM I 52.5R (kg/m’) 400 400 400
Filler (kg/m") Limestone | Fly Ash 135
160

Sand (0-4 mm) kg/m’ | 760 785 785
Aggregate | Gravel (4-20 mm) 1040 845 845

kg/m®
Water (kg/m°) 180 180 180
Superplasticizer* (kg/m’) 2,4 4,5 52
VMA** (% cem) — 0,25 0,20
water/cement ratio 0,45 0,45 0,45

(0,34)****

aggregate/cement ratio 4,5 4.1 {4,57*** | 4,1 (3, 1)****
Slump (mm) 180 ---- o
Slump flow (mm) — 750 740

* Polycarboxylate-based superplasticizer

** VMA = Viscosity Modifying Agent

*** Within brackets the values with limestone as aggregate
****Within brackets the values with fly ash as cementitious material

Cubic specimens were cast and then cured at 20°Cdays, at which time they
were tested in air having a relative humidity o#&3-or testing purposes, the specimens
were loaded to 25% of their respective compressinangths and creep strains were
measured from 7 to 180 days. Table 2-7 shows #epcstrains measured for each
mixture at 180 days. In this table the variablesdefined as follows:e = elastic strain,

es = drying shrinkage straimc = creep strain, angr- = total measured strain.
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Table 2-7:Creep strains published by Collepardi et al. (2@G23)80 days

Measured Strain (1 x 10° in.fin.)
Strain Type Control Limestone | Fly Ash
SCC SCC
€ 265 260 270
€s 470 470 470
€c 275 270 430
eT 1010 1000 1170

It was concluded that the SCC mixtures contaifimgstone filler experienced
approximately the same creep that the conventimnelire exhibited; however, the fly
ash mixture exhibited more creep than the contigture. Collepardi et al. (2005)
attributes the higher creep of the fly ash mixtioréne presence of cenospheres within

the fly ash, which were believed to have been deéorwhen the specimens were loaded.

2.5.2CONCLUSIONS FROM PREVIOUS STUDIES

The results in Section 2.5.1 clearly show the \milityt of data resulting from different
creep studies. From these results no clear conseasube reached as to how arbitrary
SCC mixtures perform relative to conventional migg) except to say they are similar in
magnitude. Too many variables are present to dpgwiic conclusions that can relate to
the behavior of all SCC mixtures.

These variables include differences in constitmeaterials, specimen sizes, loading
apparati, and testing duration. Each of the rebganmgjects detailed in the preceding
sections consisted of different combinations oftheables listed. It can be assumed that
these factors contributed to the difference inltestihat being said, some general

conclusions may be drawn.
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For instance, each group of researchers repartethsties in magnitude with respect
to creep in conventional concrete and that foun8@C. It can therefore be concluded
that SCC performs similarly to conventional conenehile providing improvements in
labor costs and durability. Only further testinglanuniform conditions will yield data

that can be compared to form universal conclusions.
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CHAPTER 3

EXPERIMENTAL PLAN

3.1INTRODUCTION

One of the primary objectives of this study wagam increased knowledge of SCC by
studying its creep characteristics in comparisotn&b of conventional-slump concrete.
As stated in Section 1.2, this was accomplisheddbgcting five concrete mixtures from
a list of 21, which were created in an earlier ghafsthis research effort. This chapter
details the procedures used to achieve all of bjectives of this study, including the one
listed above. Here the reader will find informati@garding the experimental program,

mixture proportions, test setup, and raw materials.

3.2EXPERIMENTAL PROGRAM

The experimental program used during this studyseasprised of two main phases. The
first was the specimen preparation phase, whicblwed all mixing, casting, and curing
procedures. The second was the creep testing pthasag which all creep data were
collected. As the first phase was completed folixdure, phase two began. These phases

are illustrated in Figure 3-1.
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Experimental Work

Phase | Phase I
I I
Specimen Preparation Creep Testing
v v
Mixing Operations Prepare Specimens
for Testing
v
Specimen Casting y
Determine
v Required Applied
Load

Specimen Curing

v
Apply Required
Load

\ 4
Collect Data

Figure 3-1: Outline of experimental work

The slump flow, T-50, visual stability index (VSynit weight, temperature, and air
content quantities were measured for all SCC meguo ensure uniform, high-quality
concrete. This was done in conjunction with insipecthe concrete in the mixer during
the mixing process to further determine if the cetewould meet all the requirements of

SCC.

3.2.1REQUIREMENTS FOR SCCM IXTURES

The following sections outline the requirementstfa fresh and hardened properties for
all SCC mixtures. These requirements were choséreiearly stages of the parent

project and were agreed upon by all vested parties.
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3.2.1.1Fresh Properties

The slump flow range for this study was specifiethé 27 in. = 3 in. to allow good

filling ability and to take into account variatiomsmaterials and weather conditions. The
VSI value exhibited by each mixture was requirebedelow 2.0. At this VSI rating,
concrete begins to show signs of segregation asieeable layer of mortar is present on
the surface of the concrete while in the mixer, amdortar halo is present around the
patty. Additionally, the air content range was @t be below 6%. If a mixture did not
meet all the specified requirements, it was disearhd remixed. The T-50, temperature,
and unit weight measurements were recorded buhbdwxkaring on the approval of each

mix.

3.2.1.2Hardened Properties

The compressive strength at releasg)(for all SCC mixtures was specified to be
between 5,000 and 9,000 psi (34 to 62 MPa) bedhesaverage f'value used by the
prestressing industry in Alabama is 6,500 psi (4%aM A strength in this range was
required of all specimens that were cured usingagdel temperatures over a duration of

18 hours.

3.2.2SPECIMEN TYPES AND AGES AT L OADING

In order to gain a more thorough understandindnefriature of the creep behavior
exhibited by each mixture, five different levelsméturity, termed “loading ages”, were
investigated. These loading ages included: 18 h@udays, 7 days, 28 days, and 90 days.
While more information about these loading agesthadtharacteristics that differentiate

them is provided in Section 3.4.4, it should beeddhat the 18-hour specimens were put
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through an accelerated curing process. The spesifoethe other loading ages were
simply non-accelerated-cured.

As explained in Section 2.3, multiple mechanismesrasponsible for volumetric
changes in concrete specimens. However, for theoges of this research effort, three
main components were considered to be the keyrlaaloying shrinkage, autogeneous
shrinkage, and creep.

Accurately measuring the creep exhibited by eaistiure required that all of these
mechanisms be tracked and recorded. To do this,&oteep and a shrinkage specimen
were utilized for each mixture at each loading ael both were cast in the form of 6 in.
x 12 in. cylinders. The creep specimens were platéake creep frame and loaded at a
constant stress. They deformed due to elastic nsgpareep, drying shrinkage, and the
effects of autogeneous shrinkage. In contraststinekage specimen had no externally
applied load and deformed only due to drying antdgeneous shrinkage. Table 3-1
illustrates the number and type of specimens tleaewnixed for every loading age of
every mixture. Two additional things should be dadbout this table. The first pertains
to the organization of the table, in which the ayppiate curing method is noted for each
loading age. Secondly, a Strength specimen was@rmspn used to determine the

ultimate strength of the test specimens immedigigtyr to load application.
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Table 3-1: Specimen type and quantity for each mixture

Specimen Type

o3 .
£ e Loading )

5% Age Cregp Shrlnkage Strquth
0= Specimen| Specimen| Specimen
e

Q

[<

[}

< 18-hr 2 3 2
(&)

(&)

<

2 | 2-day 2 3 2
o

Q@ 7-day 2 3 2
3!

& | 28-day 2 * 2
c

@)

Z 90-day 2 * 2
Column Totals 10 9 10
Specimen Total 29

Note: * Indicates that shrinkage specimens areeshaith the 7-day

shrinkage specimens

In addition to test specimens, ASTM C 512 requpleigs to be used above and below
the creep testing specimens while they are in tbepcframes. This helps to ensure an
even stress distribution across the actual cregmg¢especimen. For this study, 25 - 6 in.
x 12 in. concrete cylinders (one cylinder for e&reme) were cut in half and capped
similarly to the test specimens. They were castgugie high-strength slag mixture
which was tested during this study and allowedui@ ¢or at least 28 days before being
put into service. The choice of the high-strendglg snixture was made because when
properly cured, the plugs would have an ultimatengjth that exceeded any test

specimen.
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3.3MIXTURE PROPORTIONS

As mentioned earlier, this study is only a sub-phafsa larger study conducted at

Auburn University (Roberts 2005). The project beggrdesigning and studying 21 SCC

mixtures in an effort to determine the fresh anaibaed properties for each. As the

research progressed to later phases, the numbgxnifres being studied was reduced as

researchers came closer to finding the most seitaibttures for use by ALDOT. By the

time this portion of the study began, only four S@Rtures remained. Table 3-2, taken

from Schindler et al. (2006), illustrates the watecementitious materialsv(cnm) ratios,

sand-to-aggregate ratios, and cementitious matgpabk used in each of the 21 SCC

mixes. It should be noted that the mixture idecaifion tags used in Table 3-2 remain in

the form used during that research phase.

Table 3-2: Experimental mixing plan (Schinlder et al. 2006)

Cementitious | Sand/Aggregate| Water-to-Cementitious Materials Ratio
Material Types (by volume) 0.28 0.32 0.36 0.40
Typelll Cement 4 0.38 SCC-1  SCC-2  ScC-3
30% Class C 0.42 SCC-4  SCC-5  SCC-6
Fly Ash
yas 0.46 SCC-7  SCC-8  SCC9
Type Ill Cement - (30% Slag)(40% Slag)(50% Slag)
x% Grade 120 0.42 SCC-10 SCC-11  SCC-12
GGBF Slag 0.46 SCC-13 SCC-14  SCC-15
Type Ill Cement 1 0.42 SCC-16 SCC-17 SCC-18
22% Class C Ash
+ 8% Silica Eume 0.46 SCC-19 SCC-20 SCC-21

Table 3-2 clearly depicts the ratios of each efd¢bnstituent materials and shows the

various cementitious material combinations usedhduhe early phases of research. For
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the current phase of the study, mixtures SCC-7,-SC8CC-13, and SCC-15 were used.
SCC-7 and SCC-9, which correspond to SCC-HS-FASDG-MS-FA respectively in
this thesis, consist of a 30% cement replaceme@tasds C fly ash and have a sand-to-
aggregate ratio of 0.46. However, both mixtureshditferingw/cmof 0.28 and 0.36,
respectively. SCC-13 and SCC-15, correspondingXG-61S-SL and SCC-MS-SL
respectively, consist of differing percentages Grade 120 GGBF Slag cement
replacement. SCC-13 has a 30% cement replacemieiid, 3CC-15 has a 50%
replacement. Both share the same sand-to-aggregetef 0.46; however, like their fly
ash counterparts, each has its awam which are 0.28 and 0.36, respectively. In
addition to the four SCC mixtures, a conventioratrgp mixture similar to one found in
use by the prestressing industry in the state abaina was used as the control for the
study.

It should be noted that th@cmof the conventional-slump mixture is higher thiae t
w/cmfor both the SCC-MS-SL and SCC-MS-FA mixtures.sTivas done to provide 18
hour release strengths for the SCC-MS-SL and SCCFK $ixtures that were
equivalent in magnitude to that of the conventiesiamp mixture.

The proportions for each mixture are listed in[€833. The table includes the
proportioning of the water, cementitious materialggregates, and chemical admixtures.
A full description of each of the raw materials disg given in Section 3.5. One
additional note should be made about the mixturstrinent materials and proportions.
Due to knowledge gained during preliminary mixitigg air-entraining admixture was
withheld from the constituent list for the final xtures, in an effort to provide
uniformity, with regard to air content, acrosskaktches of the same mixture.
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Table 3-3: Mixture proportions

) Mixtures
Constituent
Materials
CTRL |scc-Ms-FA | scc-Hs-FA | scc-Ms-sL| scc-Hs-sL
Water (pcy) 270 270 260 270 260
Cement (pcy) 640 525 650 375 650
Fly Ash (pcy) 225 279
GGBF Slag 375 279
(pcy)
Coarse Agg. 1,964 1,607 1,529 1613 1,544
(pcy)
Fine Agg. 1114 1316 1,252 1321 1,265
(pcy)
AEA 0.33 0.40 0.80 1.50 3.75
(oz/cwt)
Mid-Range
WRA 4.0 4.0 4.0 6.0 6.0
(oz/cwt)
HRWR
Admixture 5.0 6.0 6.0 7.0 55
(oz/cwt)
VMA 0.0 2.0 2.0 2.0 2.0
(oz/cwt)

Note: AEA = Air-Entraining Admixture, WRA = Waterdflucing Admixture,
VMA = Viscosity-Modifying Admixture

3.4TEST SPECIMEN IDENTIFICATION SYSTEM

To keep track of each of five mixes, a labelingsyshad to be developed which would
limit data collection errors. Figure 3-2 clearllpdtrates this system, which allows the

mixture type, strength level, supplemental cemgntimaterial (SCM), and loading age all
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to be denoted. When this classification systenselifor labeling the control mixture
(CTRL), the Concrete Strength and SCM portion efldbeling system are not used.

In addition to the labeling system used to idgngich mixture and loading age, a
system had to be developed to track the data ¢tetldor each set of cylinders. As stated
earlier, each loading age had three shrinkageastghand two creep cylinders, with the
exception of the 28- and 90-day loading ages whidred shrinkage cylinders with the
7-day loading age. To track all of these cylindérsy were labeled. The shrinkage
cylinders were labeled X, Y, and Z, while the creglinders were identified as TOP and
BOTTOM based on their alignment in the creep frarfes all of these cylinders, strain
readings were taken at three locations aroundytineder perimeter. To limit errors,

these three locations were labeled A, B, and C.

sce FA (ClassCFly Ash)
ConcreteMixture SL(GGBFSIag)
CTRL \
SCC-MS-FA- 7
A
18(18Hours)
Concrete Age | 2(2Days)
At
. 7 (7 Days
MS (ModerateStrength Loading 2s(s zsga)s)
oderateStren
) J Concretéstrength ( 4
HS(High Strength) 90(90Days)

Figure 3-2: Specimen identification system
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3.5TEST METHODS

This section outlines the test procedures usednduct this research project. The
information found here includes a description @& batching, mixing, curing, and testing

procedures.

3.5.1BATCHING

In preparation for mixing, all the necessary rawenals for each mixture were gathered

in the proper quantities. This section details ¢hastions.

3.5.1.1Collection of Materials

Both the fine and coarse aggregates used in eadhmmiwere stockpiled at Twin City
Concrete, a ready-mix plant located in Auburn, Ak.these materials were needed, they
were gathered in manageable quantities and braagkuburn University’s Structural
Research Laboratory and stored in 55-gallon druvhgye they remained sealed until
needed.

Prior to final batching, all materials were inityabatched into five-gallon buckets and
were sealed to prevent moisture loss. They remahme@ until moisture corrections

were performed and the correct batch weights weediZed.

3.5.1.2Moisture Corrections

Immediately prior to mixing, moisture correctionen& performed on the coarse and fine
aggregates for each mixture. To do this, all offine-gallon buckets containing coarse
aggregate were mixed together to aid in achievingpee homogeneous moisture

distribution. This process was repeated with the iggregate. After homogenizing each
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aggregate, pans were weighed to determine the ofi@ssh pan. This value was
subtracted out later to accurately determine thesméthe moisture each constituent lost.
With the aggregates homogenized and the pan mdst&snined, samples were taken
from each material and weighed to determine tht@alnnass of each. Having recorded
each mass, the pans containing each sample weedpda a hot plate and dried. As the
drying progressed, masses were periodically cheakétino appreciable decrease was
noticed; the mass at this time was then taken thd®ery mass of each aggregate. These
values were used to determine the final batch vigighthe water, as well as of the fine

and coarse aggregate.

3.5.2MIXING PROCEDURES

After batching the required raw materials, mixingsabegun. Several procedures were

followed to accomplish the task and to ensure aistent end product.

3.5.2.1Buttering the Mixer

Before the raw materials were placed into the miadyuttering mixture was placed into
the drum to coat the inside to help prevent clummhcomponent materials around the
mixer’'s paddles. Each buttering mixture was congarisf two pounds of Type llI
portland cement and two pounds of fine aggregate.rixer was then turned on and
water was added until the mixture became fluid. fimeer continued to run until every
surface inside was coated properly. With this pdoce complete, the excess buttering
mixture was discarded and the mixing process coatinThe 12 ftmixer used in this

research project is pictured in Figure 3-3 below.
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revereverer:

Figure 3-3: The 12-ft mixer used for mixing operations

3.5.2.2Mixing Sequence

A mixing sequence was utilized when preparing eastiure to help promote procedural
consistency. Since this study was part of largeeaech effort being conducted at Auburn
University, it was possible to employ the sequamsed in a prior phase of this project.
This consistency helped to maintain a certain leveiniformity between all phases of
the project. For this reason, the sequence usdtifostudy was identical to that

employed in Roberts (2005), which is as follows:
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10.

11.

12.

13.

14.

15.

16.

17.

Add 80% of mixing water.

Add all the coarse and fine aggregates by altergpéhe five-gallon
buckets containing each material.

Mix for one minute.

While mixing, add any air-entraining admixturestie aggregates.
Stop mixing.

Add all powdered materials.

Add all remaining mixing water.

Cover the opening of the mixer.

Mix concrete for five minutes.

While mixing, add VMA if necessary.

While mixing, add water reducing admixtures if neszgy.

Stop mixing and allow to rest for three minutes.

Run mixer for three minutes.

Stop mixer. Test the slump flow, VSI, and T-50thié slump flow is
too low, add more HRWR admixture. Run the mixerdne minute
and test again. Continue the process until talgetsflow is reached.
Once the desired slump flow has been achievedoperthe
remaining fresh concrete QC tests: air, temperature unit weight.
Return all unused concrete to mixer and mix for omeaute.

Make all specimens for testing hardened properties.
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The procedure outlined above was followed fottal mixtures with one exception.
When mixtures utilizing Grade 120 GGBF Slag wergedi the rest time in Step 13 was
increased to five minutes. This deviation from dd procedure allowed additional
time for the high-range water-reducing (HRWR) adunigs to take effect. It was
previously determined that if no increase in resetwas used, a significant reduction in

the effect of HRWR admixture would occur.

3.5.3METHODS FOR TESTING FRESH CONCRETE

In order to determine the quality of each concreteure, several quality control tests
were performed on the fresh concrete. These tesisalowed for an assessment of the
consistency obtained between various batches.sHeison outlines those tests and

describes the processes used to perform them.

3.5.3.1Slump Flow

Due to the highly flowable nature of SCC, the ttiadial slump test is not applicable to
SCC mixtures. As an answer to this problem, themplfiow test was created and its
procedures are outlined in ASTM C 1611 (2006). Tést provides a good indication of
a mixture’s ability to flow and fill crevices andqvides some measure of a mixture’s
dynamic stability.

To conduct this test, the slump cone was placdédannverted position and filled in a
single lift with no external vibration applied. Tiéhe slump cone was lifted in a smooth
manner, allowing the concrete to flow across a gmdwrizontal surface. When the
concrete patty came to rest, two orthogonal diammasurements were made and the

average of these two was deemed to be the sluwpdfl the concrete mixture.
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For the purposes of this study, if the slump fleweeeded the maximum acceptable
value of 30 in., the batch was discarded, and abweh was proportioned and mixed.
However, if the mixture failed to reach the minimagcteptable slump flow of 24 in.,
more HRWR was added to the mixture until the sldloyw was 27 in. = 3 in.. Figure 3-4
depicts the equipment used to conduct the tesEande 3-5 provides a schematic of the

testing apparatus.

Figure 3-4: Equipment used to conduct the slump flow test
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Figure 3-5: Schematic of slump flow apparatus (PCI 2003)

3.5.3.2Visual Stability Index (VSI)

The Visual Stability Index (VSI) is a subjective aseire of a mixture’s dynamic stability.
It is determined by visually inspecting and ratthg degree of segregation of the fresh
concrete patty obtained while performing the sluftow test. Table 3-4 describes VSI
values and the criteria for assigning a VSI vatuéhe concrete. This table is found in

ASTM C 1611 (2006), the specification outlining tlamp flow procedure.
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Table 3-4: Appropriate VSI values (ASTM C 1611 2006)

VSl Value Criteria
0 = Highly Stable No evidence of segregation or bleeding.
1 = Stable Mo evidence of segregation and slight bleeding observed
as a sheen on the concrete mass.
2 = Unstable A slight mortar halo = 0.5 in.(= 10 mm) and/or aggregate
pile in the of the concrete mass.
3 = Highly Clearly segregating by evidence of a large mortar halo
Unstable = 0.5 in. (> 10 mm) and/or a large aggregate pile in the

center of the concrete mass.

3.5.3.3T-50

The T-50 is conducted simultaneously with the sldlow. It is measured using a stop
watch and begins as the slump flow cone is raiseidcancrete begins to flow. The stop
watch continues running until the concrete flowctess a diameter of 20 in. This test is

aimed at measuring the relative viscosity of a omit

3.5.3.4Air Content and Unit Weight

The procedure described in AASHTO T 121 (2003) usedd to determine the air content
of all mixtures used in this research project, vaittew exceptions. The following two
modifications were made to this AASHTO specificatamly when SCC mixtures were
being tested:

* The concrete was placed in 3 lifts but without riodd

» After the placement of each layer, the containes lightly tamped 10 to 12 times

around the entire circumference.

Slight tamping was used to expedite the removalrgbockets trapped along the side

walls of the container rather than for consolidafurposes.
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The range of air content values chosen for thudystvas 3% to 6%, as specified by
ALDOT at the time the first phases of this projstrted. Mixtures not meeting the

requisite air content requirements were discarahedramixed.

3.5.3.5Fresh Concrete Temperature
Fresh concrete temperatures were taken in accaedaitic the procedure outlined by

AASHTO T 309 (2003) in an effort to record the eowimental conditions in which

mixing took place.

3.5.4SPECIMEN PREPARATION AND CURING
This study required the preparation of 29 - 6 iA2xdn. molds for each mixture to be
used for creep testing purposes, as well as 2-X48 in. match cure molds and 2 - 4 in.
x 8 in. cylinder molds. All the specimens mentioddve were prepared in accordance
with AASHTO T 126 (2003); however, when SCC mixgireere being cast, a few
modifications to the procedures were made. Themecthat follow outline the changes

made.

3.5.4.1Specimen Preparation
AASHTO T 126 (2003) specifications were followeegisely except when dealing with
SCC mixtures. The following modifications were made
* All6in.x 12 in. cylinder molds were cast usingjf8 without rodding.

» After each lift was placed, each cylinder was tathipghtly 10 to 12 times to help

remove entrapped air pockets along the sides afytlreder mold.
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All' 4 in. x 8 in. cylinder and match-cure moldsrealso cast in accordance with
AASHTO T 126 (2003). However, the following moddions had to be made when
specimens for SCC mixtures were made:

* Each 4 in. x 8 in. cylinder and match-cure mold wi€ed in 2 lifts without

using any rodding.

» After the placement of each lift, the molds wemapad lightly 10 to 12 times to

help remove the entrapped air pockets along thessafieach mold.

Figure 3-6 displays an example of one of the 4i8.in. match-cure molds used
during this research project. They were used tmathe 6 in. x 12 in. match-cure system
to be slaved to the computer controller, which éarthe 18-hour specimens through a

predetermined temperature cycle to accelerateuhegprocess.

Figure 3-6: Match-curing mold used in this study
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Figure 3-7 illustrates the match-curing systent wins used throughout this study. In
this schematic the reader should notice ComputetrGlter A, which controlled the 4 in.
x 8 in. match-cure system. This computer contralfedentire system by first forcing the
4 in. x 8 in. match-cure molds through the predeieed, elevated temperature cycle
using the power cables at the top of the figuren@ater Controller B, which controlled
the 6 in. x 12 in. match-cure system, was then tabtkiplicate the temperature profile of
the 4 in. x 8 in. system because it was connededyuhermocouple wires, which were
embedded into the 4 in. x 8 in. concrete cylindéhsese are the dashed lines in the
figure. Computer Controller B then forced its matehiing sleeves through the same

temperature profile using its power cables.

4in. x 8in.
Power Cable Match-Cure
for Match-Cure Mold
Mold
4in. x 8in.
Concrete
Computer _ Cylinder
Controller A e
< T Thermocouple
Computer Wire
Controller B
6in.x121in
Match-Cure
Sleeve
6in.x12in
Concrete Power
Cylinder Cable for
Match-Cure
Sleeve

Figure 3-7: Schematic of match-curing system
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3.5.4.2Curing Regimes

This study required two types of curing regimebdécemployed. The first involved a
traditional moist-curing process which was goverbgd ASHTO T 126 (2003). The
second was a heat-curing process that utilizedtahy@uring system to force each
match-cured specimen through an elevated tempereygie aimed at accelerating the
maturity gain of the concrete.

The specimens which would undergo moist-curingeweast in their molds and
sealed in accordance with the AASHTO T 126 (20@8)iglines. They were allowed to
cure for 24 hours in a climate-controlled laborgtenvironment before being stripped
and placed into a moist-curing room to mature figriequired amount of time. The 2-day
specimens then were non-accelerated-cured for @rslefore being loaded. The 7-, 28-
, and 90-day specimens were non-accelerated-carétdays or until load application,
whichever came first. After the prescribed amoudmnhoist-curing time had passed, each
specimen was removed from the curing room and glade a climate-controlled room
having a relative humidity of 50% + 10%. Here thigiinlg process began and creep
testing was conducted.

The specimens chosen for match-curing were seplackd in the match-curing
system, and forced through an elevated tempereayate similar to that typically used in
the prestressing industry in the Southeastern Bi8tates. Figure 3-8 shows a 6 in. x 12
in. cylinder in the match-curing sleeve. Eight nglers were cured at a time by the
system, which was slaved to the computer controlléne manner described in Section

3.4.4.1. When the system was activated, it follotvextemperature profile in Figure 3-9
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for a duration of 18 hours. Figure 3-9 also showrmetypical temperature values which
were measured from within a representative conagieder.

The curing cycle began with a four-hour periodadm-temperature curing before
heating began. This allowed the concrete mixtuteegin setting before any heat was
applied. Heat was then gradually added until a mari temperature of 150°F (65.6°C)
was reached. This was maintained for the next imnes at which time the cylinders
were allowed to cool. The cooling process occugrediually over the next several hours.
The specimens were removed from the system whgnathee cool enough to touch. At

this time the load application commenced.

Figure 3-8: A 6 in. x 12 in. concrete cylinder inside a matceitheg sleeve
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Figure 3-9: Temperature profile used by the match-curing systém typical measured
temperatures

3.5.5METHODS FOR TESTING HARDENED CONCRETE

The hardened properties of interest for this sindjuded the compressive strength,
drying shrinkage, and creep exhibited by each @iaanixture. This section outlines the
procedures and equipment used to gather the datadd¢o both compressive strength
and drying shrinkage. The procedures and equipossd during the creep testing

portion of this study are presented in Section63.5.

3.5.5.1Compressive Strength

Before creep testing could commence, the compressrength of each mixture and
loading age had to be measured. All compressieagth testing was conducted in

accordance with, and conducted on equipment meetiagguidelines set forth by
70



AASHTO T 22 (2003). Each specimen was capped usingh-strength, sulfur-based
capping compound in accordance with AASHTO T 23103 before being placed into a
Forney FX600 compressive testing machine. Each % 12 in. cylinder was loaded at a
target rate of 60,000 Ibs/min. until failure on B@0-kip capacity compression machine

shown in Figure 3-10 below.

Figure 3-10: The Forney compression testing machine used ferstidy

3.5.5.2Drying Shrinkage

Drying shrinkage must be determined and accoumetbfaccurately measure the strain
associated with concrete creep. For the purpos#so$tudy, measurement of drying
shrinkage was accomplished by using a Demountaklehishical (DEMEC) strain gauge
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with DEMEC points to measure the shrinkage of a.&i12 in. concrete cylinder.
Figures 3-11 and 3-12 show both the DEMEC pointsRBEMEC gauge, respectively.
This type of test specimen and gauge were chosgaube they were identical to those
used in the creep testing portion of the study.

Drying shrinkage readings were taken at the timervals specified in ASTM C 512
(2006), which is the specification that governsepréesting. These intervals included
readings taken before the application of load ¢néocreep test specimens, immediately
after load application, 2 to 6 hours after applyiogd, then once a day for the first week,
once a week for the first month, and then everytméor a full year. This schedule is
detailed more thoroughly in Section 3.5.6.3. Thacpdures and equipment used for
gathering the shrinkage data were identical togha®d for gathering the creep strain
data. This consistency was employed in an effoestablish uniformity across the study

and to limit data gathering error.
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Figure 3-11: Concrete cylinder fitted with DEMEC points

Figure 3-12: DEMEC gauge used for all strain measurements
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3.5.6 CREEP TESTING

In conducting this research project, all procedaras equipment used met the
requirements set forth by ASTM C 512 (2006), whgthe governing specification for
creep testing in the United States. This sectidhrmas the entire testing program and

details the equipment and test methods used dthrengrocess.

3.5.6.1Creep Frames

This study required the use of 25 creep testingésin order to test the five loading
ages for each of the five concrete mixtures ofrege ASTM C 512 (2006) provides a
basic description of the layout of the requireceprérame. In short, it specifies that the
frame must be capable of maintaining the appliad hithin 2% of the target load even
as length change occurs within the test specimiemdo this, the specification suggests
the use of railroad car springs, which need tddseldle enough to allow reasonable
amounts of length change to occur before any saamif reduction in load occurs. The
springs are sandwiched between two steel platésrtmsfer the applied load into the test
specimens. A hydraulic ram was used to apply thd to the cylinders. Figure 3-13 and
Figure 3-14 show schematics of one of the creepdsaused in this project. Figure 3-15

is a picture of an actual frame used during thessoof research.
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Figure 3-13:Elevation views of creep frame
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Figure 3-14:Plan views of reaction plates used in creep frame
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Figure 3-15: Example of creep frame used during this researcjeqir

During the preliminary design phase, it was deteeh that each frame needed to be
able to withstand the forces required to load &ih2 in., concrete cylinders having a
compressive strength of 16,000 psi to 40% of thkimate strength. This meant that that

each frame needed to have a maximum service |qaatity of approximately 180 kips.
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All forces were considered to be dead loads becthgsewere controllable and constant
once the force was applied. This allowed for the afsa dead load factor of 1.4 to be
used in determining the maximum required serviegl loapacity.

Based on the load requirements established thrthegimitial analysis, it was
determined that 2% in.-thick Grade 50 steel platexe required. Their use would prevent
excessive deflections under service loads and walldd/ for the most accurate creep
strain measurements to be collected. As can beisdagure 3-13, four plates were
needed. To assist with alignment during loadinigp. @liameter scribe marks were etched
into the underside of the upper floating reactitatgp This aided in aligning the cylinders
into the required vertical position and minimizextentricities associated with
misalignment issues.

On the top side of the lower floating reactiont@la threaded hole was created to
allow the proper alignment of a spherical head cWwhwvould again help reduce the
chances of incurring eccentrically loaded specim&nshelp align the springs, 3 - 8%z in.
diameter scribe marks were engraved on the unaeasithe lower floating reaction
plate. These can be seen in Figure 3-14, alongthétipositions of the steel restraining
rods.

From Figure 3-14 it can be seen that three rotls muits were used to hold the
applied load once the jacking mechanism was reted&sach rod needed to be able to
safely hold 60 kips of force while experiencing imal relaxation. This was
accomplished by using 1% in. diameter steel rodsiwhad a yield stress of 65 ksi and
an ultimate stress of 80 ksi. Every rod was designée 90 in. in length and was
threaded along the first 10 in. of the lower endhefbar and along the first 50 in. of the
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top portion. This allowed for 1% in. Grade 8, heawyy hex nuts to be threaded onto the
rods to hold the plates in the proper locationghHaame required eight of these nuts,
which were made from C 1045 steel having a mininRookwell hardness of C24 and a
minimum ultimate tensile stress of 150 ksi. Thesrwére machined reasonably well;
however, due to tolerance issues, approximately®ébe applied load was lost when the
hydraulic ram was released, leaving the nuts tistrése applied force. This required the
target load to be over applied by 2% to comperfeatihe seating action.

While the plates and rods acted to hold the apgptiads once the hydraulic jack was
removed, it was the springs that continued to apiyload even as the cylinders
deformed under the compressive forces. Every fnageired three of these springs, each
of which had a spring constant of 25,000 Ibs/ineyivere designed and constructed
specifically for Auburn University and this resdamroject by Duer/Carolina Coil, Inc.
of Reidville, SC. Each spring was made from ASTM3®4, Grade 220 steel and was 15
in. in height and had an 8% in. in outer diamel@ese springs were highly flexible in
comparison to previous springs used for this appba, allowing for greater length
change to occur in the test specimens before ae@fction in the total load occurred.

To help monitor the load, strain gauges were agp the unthreaded portion of
each bar at a distance of no less that two baretersm away from the end of the threads.
This location allowed the stress distribution icle@dar to spread fully across the cross
section and provided the most accurate strain mggubbssible. After the strain gauges
were installed, each frame was calibrated to deteritmat the gauges were working
properly. This calibration consisted of three |loagdiuns in which each frame was loaded
to 120 kips, taking strain measurements at 20rkigrvals along the way. After all three
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runs were complete, the strain measurements wenpared to ensure precision, and as
necessary, a calibration factor was determinedigwmantee the proper load was
measured.

It should be noted that since each part of thméaas made of steel, they were all
relatively heavy, which created challenges in retato assembly. An overhead crane
was a necessity as each frame was constructed sil@ and then tilted into its final
vertical position. To allow for movement once veati casters were placed on the
underside of the lower static reaction plate, twwlbich were of the swivel type. These
swivel casters allowed for greater mobility in tight confines of the climate-controlled

creep testing room.

3.5.6.2The Creep Room

Creep is dependent on temperature and humidityitons. ASTM C 512 thus requires
that both temperature and relative humidity be idled at 73°F + 2°F and 50% + 4%,
respectively, during this test. A climate-contrdli®om was constructed with the sole
purpose of providing an environment for conductingep testing. This room had a
dedicated air-conditioning unit and humidifier tagre automatically controlled to meet
the requirements of ASTM C 512. Figure 3-16 showtaa view of the 18 ft x 11 ft
room located within the Auburn University StructuResearch Laboratory. Locations of

the individual creep frames as they were positionghlin the room are also indicated.
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Figure 3-16: The layout of the environmentally-controlled créegting room

The creation of this controlled environment allovike test specimens to sustain
relatively steady ambient conditions. In fact, émvironmental conditions were recorded
during the testing through the use of a data logg®i the temperature and relative
humidity values consistently measured 72°F + 5F 2+ 5°C) and 50 + 10%,
respectively. The climate-controlled nature of tlliem proved to be of further value as it
provided a place to store specimens not yet readiesting. ASTM C 512 (2006)
requires each specimen to be stored in conditimm$as to those described above upon
the completion of moist-curing. Having samplesetioaind tested in the same
environment adds another level of homogeneity éostindy and provides uniformity in

relation to test results.
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3.5.6.3Creep Testing Procedure

After the appropriate curing regime for each setpEcimens was complete, all
specimens were loaded in uniaxial constant comjoresAll creep testing procedures for
this research project were conducted in as uni@mmanner as possible, and as
previously stated, in accordance with the spedifica set forth by ASTM C 512 (2006).
An outline of the procedure used throughout thegtesting program is presented

below.

1. Remove creep, shrinkage, and strength specimemsduring
conditions.

2. Sulfur-cap each specimen in accordance with AAGHT231 (2003)
and allow caps to harden.

3. While cap is hardening, apply DEMEC points at-ti2Z@ree intervals
around the perimeter of each creep and shrinkageyénder. Allow
epoxy to fully harden before taking first reading.

4. Determine the ultimate compressive strength of $pecimens.

5. Determine the best cylinder alignment to limiteatricities.

6. Insert the test cylinders into the appropriateprframe using the
alignment determined in Step 5. The test cylindéisuld align with
the scribe mark on the bottom of the upper floateeaygtion plate.

7. Lower the upper floating reaction plate onto tib& cylinders.

8. Record initial strain measurements for test dgns and drying

shrinkage cylinders.
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9. Position the hydraulic jacking mechanism on thgegide of the upper
floating reaction plate.

10. Position the load cell on top of the jacking medlamand plumb the
entire setup.

11. Attach the load cell and strain gauge wiring tostrain gauge
indicator.

12.Begin slowly applying 40% of the ultimate compressstrength
found in Step 4.

13. Continue slowly applying load until 102% of the nled load is
reached.

14.Lock the load into place by hand-tightening allshah the top side of
the upper floating reaction plate.

15. Gently retract the jacking mechanism.

16. Check the resulting specimen load by using thenstrabtained from
the steel bars to ensure it is within £2% of dekiralue. Reapply load
as necessary.

17.Record concrete strain measurements resulting lioachapplication
and corresponding drying shrinkage strain as se@oasible after

initial loading.

After this procedure was completed, strain reaslingre taken using the DEMEC
strain reading gauge depicted in Figure 3-12, aakwead in accordance with the time
intervals required by ASTM C 512 (2006). Thesenvats included readings at 2 to 6
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hours after loading, once a day for the first webkn once a week until the completion
of the first month, and then once a month for #reainder of the testing period, which
was one year for this project. The 2 to 6 hour irgadvas taken as close to the 2-hours-
after-loading mark as possible. This was also fou@ll other readings. They were taken
as close to their required time as possible, ieféort to provide uniform results.

As testing progressed and creep strain measuremené taken, ASTM C 512
(2006) required the applied load remain within +8fthe original load. To track
changes in load, strain gauges were applied thi@é bars of each frame. Using a strain
indicator, bar strain readings were taken immedtjigigor to all creep strain readings.
The measured bar strain was compared to initiaktvams taken prior to loading and the
percent change in load was calculated. If the adgbad was outside of the specified
range, load was added as necessary, and therete strain measurements were taken.

In an effort to isolate the strain associatedlgaléth creep, ASTM C 512 (2006)
requires corresponding drying shrinkage strainirggdto be taken. The readings were
recorded at the same time intervals as the creain seadings and were taken
immediately following the creep measurements. Aviously mentioned, 6 in. x 12 in.
cylinders were chosen for the drying shrinkage spews because they are identical to
the creep specimens. The method used to measus&direon these specimens was

identical to that used for the creep specimens.
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3.6 MATERIALS

Over the course of this research project, numerawsnaterials were used to produce
the five concrete mixtures. This section outlirtes g$pecific details of each of these raw

materials.

3.6.1CEMENTITIOUS MATERIALS

Three cementitious materials were used over theseanf this study, including: Type Il
portland cement, Class C fly ash, and Grade 120 IESIBg. The incorporation of all of
these cementitious materials allowed for the detgation of the effect each has on creep
of SCC. Two SCC mixtures were comprised of a comtitan of Type Il portland

cement and Class C fly ash. The remaining two S@@unes consisted of a combination

of Type Ill portland cement and Grade 120 GGBF Slag

3.6.1.1Type Ill Portland Cement

The Type Il portland cement used for this resegmciject was manufactured in

Demopolis, Alabama by Cemex. It was utilized beeatigs consistent with the materials
used by the prestressing industry, which prefessér other types of cement because of
the high early-age strengths it provides. The chahdomposition of the cement used for

this study can be found in Table 3-5.

3.6.1.2Class C Fly Ash

The Holcim (US), Inc. plant in Quinton, Alabama yided the Class C fly ash used for
this project. It was chosen because it provide®eemapid strength gain than Class F fly

ash, which is preferred by the prestressing inglugtimore detailed description of Class

85



C fly ash can be found in Section 2.2.1.3, andctiemical composition of the Class C

fly ash used during this study is shown in Tabk 3-

3.6.1.3Ground-Granulated Blast-Furnace (GGBF) Slag

The GGBF Slag used in this study was Grade 120nasdorocured from Buzzi Unicem
in New Orleans, Louisiana. It was chosen for itditgtio alter fresh concrete
performance in a desirable way. In the case ofrtgsarch project, the smaller fineness
of the GGBF Slag particle relative to Class C # garticles provided greater viscosity
to the fresh concrete mixture, which increased unexstability. A more detailed

discussion of GGBF Slag can be found in Sectiorl232f this report.

Table 3-5:Chemical composition of the powdered materials @tx2005)

Type 1l
Parameter P?)/E[Iand Cla'so\ssﬁ Fly gcr;agjlze slé %

Cement
Silicon dioxide, SiQ (%) 20.01 37.59 32.68
Aluminum oxide, A}Os3 (%) 5.25 18.87 9.67
Iron oxide, FgOs (%) 3.88 6.06 1.12
Calcium oxide, CaO (%) 62.69 24.12 45.32
Magnesium oxide, MgO (%) 0.9 5.17 7.4
Alkalies (NaO + 0.65K0) (%) 0.27 2.29
Sulfur trioxide, SQ (%) 4.27 1.38 1.66
Loss on ignition, LOI (%) 2.02 0.31 0.84
Tricalcium silicate, @S (%) 50.16
Dicalcium silicate, @GS (%) 19.52
Tricalcium aluminate, A (%) 7.34
;I;/t?);racalcium aluminoferrite, BF 11.81
Specific surface area (fg) 567 409 547
Specific gravity 3.15 2.63 2.91
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3.6.2CHEMICAL ADMIXTURES

The three chemical admixtures used in the coneneteures for this research project are
discussed in this section. The three admixturdsidectwo types of water-reducing
admixtures and a viscosity-modifying admixture. ifluse allowed the desired fresh and

hardened properties to be reached.

3.6.2.1High-Range Water-Reducing (HRWR) Admixture

Glenium 3400 and Polyheed 1025 were used in thidydb fulfill the roles of the
HRWR admixtures, which make SCC possible. They bothbased on polycarboxylate
chemistry and were obtained from BASF ConstrucGbremicals, LLC. The Glenium
3400 admixture provides a greater water-reducinigyathan the Polyheed 1025, which
is more generally referred to as a mid-range wagducer. However, both were used
during this study to obtain the desired filling lei More details on the behavior of

HRWR admixtures is presented in Section 2.2.

3.6.2.2Viscosity Modifying Admixture (VMA)
A VMA called Rheomac VMA 362 was used to help rezeleach SCC mixture’s
sensitivity to fluctuations in free water contelhtwas obtained from BASF Construction
Chemicals, LLC, which provided the HRWR admixturentioned in the previous

section. Section 2.2.1.4 gives a more in-depthrgegmn of the effects and usages of

VMA.
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3.6.3COARSE AGGREGATE

All mixtures used throughout the course of thiseesh included No. 78 crushed
limestone (AASHTO M 43) as their only coarse aggteglt was obtained from a quarry
in Calera, Alabama which is owned and operatechbyulcan Materials Company. The
limestone has a bulk specific gravity of 2.72, mussed surface dry specific gravity of
2.73, and has an absorption capacity of 0.40%.dpparent from looking at Table 3-6,
which details the graduation of the No. 78 cruslmedstone and the AASHTO M 43

requirements, that this coarse aggregate gradatemts the specification requirements.

3.6.4FINE AGGREGATE

The same fine aggregate was used in all the canorettures for this research project. It
was obtained from the Jemison, Alabama quarry e@etay Superior Products, Inc. It is
a siliceous sand that has a bulk specific gravit®.68, a saturated surface dry specific
gravity of 2.60, and an absorption capacity of %O®efer to Table 3-7 for the sand’s
gradation and the specification requirements of NAS M 6. It should also be noted

that the sand met the graduation requirements GHAFO M 43.
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Table 3-6: Gradation for the No. 78 crushed limestone (Roliz0G5)

AASHTO M 43
Sieve Size Percent Passing Specification of
Percent Passing (%)
3/4" 100 100
1/2" 97 90-100
3/8" 73 40-75
No. 4 10 5-25
No. 8 0.9 0-10
No. 16 0.3 0-5

Table 3-7:Gradation for the fine aggregate (Roberts 2005)

AASHTO M 6
Sieve Size Percent Passing Specification of
Percent Passing (%)

No. 4 97 95-100

No. 8 85 80-100

No. 16 76 50-85

No. 30 56 25-60

No. 50 19 10-30
No. 100 3 2-10
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CHAPTER 4

PRESENTATION AND ANALYSIS OF RESULTS

4.1 INTRODUCTION

The fresh and hardened properties collected froringriand testing four SCC mixtures
and one conventional-slump concrete mixture areguied in this chapter. Fresh
properties can be found in Section 4.2, while meid@ properties and creep results can
be found in Sections 4.3 and 4.4, respectively.i#athlly, suggestions derived from
experience gained relative to ASTM C 512 creeprtggirocedures are detailed in
Section 4.5. Information is included on lessonsried though designing and
constructing the creep frames, as well as inforomategarding loading specimens and

collecting data over the course of 365 days.

4.2 FRESH PROPERTIES

The results from the fresh property testing ofSglIC mixtures and the conventional-
slump mixture are presented in Table 4-1. It sh@adhoted that the total number of
specimens required from each mixture made it nacg$s prepare 8.75%of concrete

for each mixture; however, the mixer used for teisearch project only had a 5.5 ft
useful service volume. Therefore, each mixturetodae prepared in at least two batches.
Additionally, in some cases, three batches werd udeen some batches had to be

repeated. For these reasons, Table 4-1 lists feuliggtches for each mixture.
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Table 4-1: Summary of the fresh properties for all mixtures

Fresh Properties
. Loadings
M')l(gj re Batch Ages
Produced | Sjump 1-50 Total | Unit | L
Flow, | > | VSl | A, | Weight, on"
in. % lb/ft®
18 hr, 2 .
A & 90 day 7.75 -—-- 5.0 150.0 78
CTRL
B 7 & 28 day 7.25* 35 150.5 73
A 18 hr 27.0 19 1.5 2.5 148.G 74
SCC-MS-FA
2,7,28,
B & 90 day 28.0 3.3 1.0 2.9 147.4 75
A 18 hr 27.0 4.3 1.0 2.0 152.4 75
SCC-HS-FA B 2 day 28.5 4.0 1.5 2.2 151.6 75
C 7,28, & 28.0 3.5 1.0 25 151.7 74
90 day
A 18 hr 27.0 5.8 1.5 2.0 152.1 75
scc-MssL | B 2708 | 260 | 49 | 10| 20| 1508 74
90 day . . . . .
C 28 day 26.0 25 1.5 2.6 148.8 76
18 hr,7, 28,
A & 90 day 27.0 6.3 1.0 2.3 153.4 74
SCC-HS-SL
B 2 day 27.0 7.2 1.0 1.7 153.9 74

Note: * indicates a conventional slump
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4.2.1SLumMP FLow

The values collected from performing the slump flest for each SCC mixture are

presented in this section. A brief discussion f@dhe presentation of results.

4.2.1.1Slump Flow Test Results

The slump flow values collected from testing fresbperties of each of the SCC
mixtures all fell within the acceptable range (23 taches) chosen in earlier phases of
this study. In fact, after approximately 15 minubésnixing, all slump flow values
ranged from 26.0 to 28.5 in. (660 to 724 mm). Fegdwl depicts the slump flow values

for each batch of all SCC mixtures.

4.2.1.2Discussion of Slump Flow Test Results

As previously stated, all slump flow values felkkwn the specified range chosen in
earlier phases of this research effort. This can@orce illustrated that each SCC mixture
was highly flowable and that the flowability wassi#aattained. Additionally, no trends
were noticed between changes in slump flow chaniatites relative to changes in water-
to-cementitious materialsv(cn) ratios. Thus it can be reasoned that changdgem/tm
have little bearing on slump flow values if the tabes are properly proportioned to
account for this change.

A slight difference (< 4%) in the slump flow vakieras noticed between the fly ash
and the slag mixtures. However, such a small diffee is negligible and could be caused
by a number of external variables which have nati@h to the SCMs. Therefore it is

reasoned that varying these two SCMs has no sigmifieffect on the slump flow values.
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The T-50 values for each batch of every SCC mixtweeplotted in Figure 4-2. They
were collected as the slump flow test was run, Wwioiccurred after approximately 15
minutes of mixing. From Figure 4-2 it can be sd@at the T-50 values increase as the
w/cmdecreases. This is consistent with findings fraevipus phases of this research
project and can be attributed to the higher powedatent of mixtures with loweawx/cm
causing greater cohesiveness within the mixturdo@®s 2005). Furthermore, it can be
seen that the mixtures containing a cement replanenf GGBF slag exhibit higher T-
50 times than the fly ash mixtures of the samengttelevel. In fact, the slag mixtures

demonstrated extremely high levels of cohesivenelsigh is believed to be related to the

93



increased fineness of the slag particles. Thiss@onsistent with findings from previous

phases of this project (Roberts 2005).
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Fly Ash Slag
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6.0 — @BatchA
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Figure 4-2: T-50 values for each batch of all SCC mixtures

4.2.3VISUAL STABILITY INDEX (VSI)
Table 4-1 illustrates that all SCC mixtures hadl Value between 1.0 and 1.5. The
dynamic stability of all the SCC mixtures were ddesed adequate since all the
collected VSI values ranged between 1.0 and 1.8s&kalues are consistent with the

VSI results from previous phases of this project.

4.2.4AIR CONTENT

The values of air content measured ranged betw&éa and 2.9% for all SCC mixtures.

These values, which are plotted in Figure 4-3 batew the range (3% to 5%) specified
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as adequate in earlier phases of this study (RoBA5). The measured air content

values for all the batches were withih% of each other.

é 3.0 , /
© 2.0/ 2 7 %
"2 2 7

MS-FA

HS-FA MS-SL HS-SL
Mixture ID

Figure 4-3: Air content of every batch for all SCC mixtures

4.2.5UNIT WEIGHT

Table 4-1 contains the unit weight values of alif@ CC mixtures and of the

conventional-slump mixture. The average unit weighitie of the SCC mixtures was

151.0 Ib/fé, while the average value of both batches of thrventional-slump mixture

were 150.3 Ib ft The difference is only 0.5%, and as can be saknnit weight values

are consistent with those commonly used in thegtlesi concrete structures.

4.3MECHANICAL PROPERTIES

The results of the compressive strength testingpggented in this section. The results in

Table 4-2 are organized according to the age df eancrete specimen at the time of
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loading, which is termed the “loading age”. Creag drying shrinkage results can be

found in Section 4.4.

Table 4-2: Compressive strength values for all mixtures ardlilog ages

Mixture Compressive Strength at Time of Loading, psi
ID 18 hour | 2 day 7 day 28 day| 90 day
CTRL 5,430 5,850 7,660 9,090 8,330

SCC-MS-FA | 5,800 5,700 7,570 9,570 9,830

SCC-HS-FA | 9,190 9,100 11,110 12,800 13,630

SCC-MS-SL | 6,250 4,620 6,840 10,610 11,580

SCC-HS-SL | 9,600 8,830 10,580 12,880 13,670

4.3.1 COMPRESSIVE STRENGTH

As shown in Table 4-2, the 18-hour compressivengties ') for all SCC mixtures
ranged from 5,800 to 9,600 psi (40 to 66 MPa), Whscslightly higher than the target
range of 5,000 to 9,000 psi (34 to 62 MPa) setfortRoberts (2005). The conventional-

slump mixture had an §'value of 5,430 psi (37 MPa).

4.3.1.1Effects of Water-to-Cementitious Materials Ratio

Figures 4-4 and 4-5 illustrate, for all loading sigdne changes in compressive strength as
thew/cmchanges. From these graphs it can be seen thebtigressive strength
increases as the/cmdecreases, which is congruent with known trende@ated with
conventional-slump concrete. The compressive sthevejues were determined through

destructive testing conducted immediately priothi® application of load.
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Figure 4-4:18-hr compressive strengths for all SCC mixtures
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Figure 4-5: Change in compressive strength of each mixture tivite
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4.3.1.2Effects of Cementitious Material System

The effects of the different cementitious materglstems on compressive strength can
be seen in Figures 4-4 and 4-5. Both the modeaaig-high-strength slag mixtures
exhibited lower compressive strengths at the 2-7&addy loading ages than the
corresponding fly ash mixtures. This is most liketpught on by the slag itself, which
initially tends to gain strength more slowly thiyndsh does. However, at later ages, the
GGBF slag mixtures exhibited different compressitrength trends. The moderate-
strength GGBF slag mixture had a higher compressiemgth than the moderate-
strength fly ash mixture at the 28- and 90-day ilog@ge. Additionally, the high-
strength GGBF slag mixture had compressive strenft were of the same magnitude

as the high-strength fly ash mixture at the 28- @ddlay loading age.

4.3.1.3Behavior of SCC versus Conventional-Slump Concrete

A plot of the compressive strength values for &ICSmixtures versus those of the
conventional-slump mixture can be seen in Figue With three exceptions, all SCC
mixtures exhibited higher compressive strengthe tha conventional-slump mixture at
every level of maturity by an average of 27%. A¢ faiday mark, both the moderate-
strength slag and fly ash mixtures were slightlpte(21% below and 3% below,
respectively) the strength level achieved by theveational-slump mixture.
Additionally, the strength of the moderate-strergttg mixture was below (11%) the
conventional-slump mixture at the 7-day mark. Thwedr strengths exhibited by the
early-age slag specimens is caused by slag’s tegdergain strength more slowly, as

discussed earlier. It should be noted that the mavelestrength slag mixture has higher
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strengths than the conventional-slump mixture tar lages. As for the moderate-strength
fly ash mixture, it displayed compressive strengthsch were very similar to the
conventional-slump mixture at both the 2- and 7-dayling, but had slightly higher

compressive strengths at the 28-.and 90-day loaatieg.
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4. 4RESULTS FROM CREEP TESTING

The results from creep testing are presented ise¢hgon. Creep results, drying
shrinkage results, data on the environmental cmmditin which creep testing was
performed, and data obtained while tracking thdiagpoad are included. Table 4-3
contains the 365-day creep and drying shrinkagenstesults for each loading age of the

concrete mixtures investigated in this study.
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Table 4-3:365-daycreep and drying shrinkage strains for all loadiggsaand mixtures

Mixture

365-Day Creep Strain (in./in. x 1C53)

365-Day Drying Shrinkage Strain (in./in. x 106)

D Loading Age Loading Age
18 hour | 2 day 7 day 28 day| 90day] 18 hour 2 day 7 dayf 28ydal 90 day
CTRL -687 -965 -983 -951 -806 -276 -317 -335 -200 -87
SCC-MS-FA -592 -847 -941 -1106 -746 -301 -329 -287 -174 -87
SCC-HS-FA -615 -769 -802 -682 -575 -267 -255 -271 -12% -71
SCC-MS-SL -512 -513 -616 -616 -539 -293 -273 -301 -113 -101
SCC-HS-SL -529 -817 -505 -545 -424 -223 -260 -229 -87 -75




4.4.1 CREeEP AND COMPLIANCE RESULTS

4.4.1.1Creep Strain Results

Creep strain results due to creep effects onlyglatailed in this section. The drying
shrinkage and instantaneous elastic deformatiore baen subtracted from the raw data
that were collected. From Table 4-3 it can be skanthe 365-day creep strain values for
the 18-hr match-cured SCC specimens ranged betsé&@rand -615 microstrain. The
365-day creep strain values for 2-, 7-, 28-, andl&p) SCC specimens varied between
-513 and -847 microstrain, -505 and -941 microstréi45 and -1106 microstrain, and
-424 and -746 microstrain, respectively. The meaareep for each mixture can be

seen in Figures 4-7 through 4-11. Each figure dostall loading ages tested for one

mixture.

Concrete Age (days)
0 28 56 84 112 140 168 196 224 252 280 308 336 364 392
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o

o
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——7 Day -8-28 Day
—+90 Day

-1200

Figure 4-7: Creep strain development for the conventional-slumgure
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Figure 4-8: Creep strain development for SCC-MS-FA
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Figure 4-9: Creep strain development for SCC-HS-FA
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Figure 4-10: Creep strain development for SCC-MS-SL
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Figure 4-11: Creep strain development for SCC-HS-SL
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4.4.1.2Compliance Results
ACI Committee 209 (1997) defines compliance afed:

Totalstrain—dryingshrinkagestrain—autogenoushrinkagestrain

JEt)= stres

where,

I, t)

creep compliance at ageaused by a unit uniaxial sustained load
applied at agé€ (1x10%psi)

t

age of the concrete

t!

age of the concrete at loading.

Compliance values allow for a more accurate corsparof creep results because they
are normalized for applied load levels and for cetecstiffness (ACI 209 1997). The
365-day measured compliance values for each loajegpf each mixture can be seen in
Table 4-4. The compliance behavior for each mixtae be seen in Figures 4-12 through
4-16. They are presented slightly different thandheep strain graphs in that they are
organized according to loading age and each figon¢ains the behavior for all five
mixtures. Additionally, they show the complianadues versus the concrete age after

loading.

Table 4-4:365-day measured compliance values for all loades of every mixture

Mixture 365-Day Compliance Results (1x1Upsi)
ID 18 hour | 2day | 7 day| 28 day 90 day
CTRL 0.55 0.63 0.52| 0.43 0.42

SCC-MS-FA 0.44 0.61 0.51 0.48 0.37
SCC-HS-FA 0.35 0.42 0.34 0.29 0.27
SCC-MS-SL 0.39 0.50 0.37 0.31 0.28
SCC-HS-SL 0.32 0.41 0.30 0.27 0.22
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4.4.1.2.1Effects of Water-to-Cementitious Materials Ratio

The effect of thev/cmon compliance is illustrated in Figures 4-12 tlglo4-16, where it

is evident that compliance decreases asvibendecreases. This is especially evident in

Figure 4-12, which depicts the 18-hour loading eg@pliance values. It can be seen that

the compliance values decrease with a decreasew/¢mfor all specimens cured at

elevated temperatures. This trend continues fasfdale other loading ages too, with one

exception. The MS-SL and HS-FA exhibit similar cdiapce values for the 2-, 7-, 28-,

and 90-day loading ages, even though the HS-FAahawerw/cmthan the MS-SL

mixture. The author believes this to be a functbthe slag itself; further discussion on

this topic will be presented in a later section.
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Figure 4-12:18-hr compliancdor all mixtures
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Figure 4-13:2-day compliance for all mixtures
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Figure 4-14:7-day compliance for all mixtures
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Figure 4-15:28-day compliance for all mixtures
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Figure 4-16:90-day compliance for all mixtures
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4.4.1.2.2Effects of Cementitious Materials System

The effects different cementitious materials systéave on the compliance values can
be evaluated from the results shown in Figures hidugh 4-16. On the whole, the
compliance values associated with the slag mixtaresower than those measured for
the fly ash mixtures when only mixtures of simgtirengths are compared.

The most surprising trend that was noted reladgtie moderate-strength slag mixture.
This mixture exhibited far lower compliance valies average, 31% lower) than its
contemporary in the fly ash category. Furthermasepreviously stated, the moderate-
strength slag mixture exhibited similar complianeéues to the high-strength fly ash
mixture at the 7-, 28-, and 90-day loading age® rEasoning behind this trend is
believed to be related to the dense micropore tstre@nd low permeability commonly

associated with concrete comprised of a cemenacepient of GGBF slag.

4.4.1.2.3Behavior of SCC versus Conventional-Slump Concrete

Figure 4-17 shows the compliance results of alflilog ages for all SCC mixtures
relative to the compliance results of the converatieslump mixture. For the 18-hour
loading age (i.e. the accelerated curing condititv® compliance values of all the SCC
mixtures are less than the conventional-slump maxtlihe compliance values for all
loading ages shown are also less for the modetategth GGBF slag mixture, and for
both high-strength SCC mixtures as compared tadhesponding control mixture
compliance values. At loading ages of 28 and 96 didne 365-day compliance is
approximately 18% greater and 13% less, respeygtif@ Mixture SCC-MS-FA than for

the control mixture. These differences are noyVarge. Thus, for practical purposes,
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the creep behavior is similar for the moderatersitie fly ash SCC and conventional-

slump concrete.

111



O 2-day .
B 28-day | |

Slag
18-hour
| B7-day
&1 90-day

Fly Ash

(1sd/,0TXT) (@)r soueldwo) Aep-G9¢

112

L

SCC-HS-S

SCC-HS-FA SCC-MS-SL

SCC-MS-FA

Mixture ID

Figure 4-17: 365-daycompliance values for all SCC mixtures and the eotienal-slump mixture



4.4.2DRYING SHRINKAGE

The results for the drying shrinkage data are mteskin this section; however, the 365-
day drying shrinkage values for all loading agealbimixtures are presented in summary
form in Table 4-3 in the previous section. The I8Aatch-cured SCC samples exhibited
365-day drying shrinkage values ranging betweef &fl -301 microstrain. The 2-, 7-,
28-, and 90-day SCC samples experienced 365-daygdsirrinkage values ranging
between -255 and -329 microstrain, -225 and -3G&astrain, -87 and -174 microstrain,
and -71 and -101 microstrain, respectively. Themdyghrinkage strain development data
are presented in Figures 4-18 through 4-22 anddiechll loading ages for one mixture

within each chart.
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Figure 4-18:Drying shrinkage strain development for the conieral-slump mixture
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Drying Shrinkage (x10° in/in)
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Figure 4-19: Drying shrinkage strain development for the SCC-MSmixture
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Figure 4-20:Drying shrinkage strain development for the SCCH#Smixture
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Figure 4-21:Drying shrinkage strain curve for the SCC-MS-SL tuig
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Figure 4-22:Drying shrinkage strain curve for the SCC-HS-SL tuig
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4.4 .2 . 1Effects of Water-to-Cementitious Materials Ratio

The effects of changes wcmcan be seen for both SCM categories in Figure3 4-2

through 4-27, which are organized according toilogudge. For the 18-hr specimens, as

thew/cmreduced, the fly ash mixtures exhibited an 11%ic&dn in the 365-daysy,

while the slag mixtures exhibited a 24% reductibmis trend continued for the other

ages as well. The 2-day specimens saw a 5% andi22kéase, respectively, for the slag

and fly ash mixtures as thgcmdecreased, and the 7-, 28-, and 90-day specimens

exhibited a 6% and 25%, a 28% and 22%, and an 18P26% decrease by as the

w/cmdecreased.
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Figure 4-23:18-hr drying shrinkage strains for all SCC mixtures
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Drying Shrinkage (xlO'6 in./in.)

Drying Shrinkage (x10°in./in.)

Concrete Age (days)
0 28 56 84 112 140 168 196 224 252 280 308 336 364 392

OI\\\{\\\{\\\{\\\{\\\{\\\{\\\{\\\{\\\{\\\{\\\{\\\{\\\{\\\

- CTRL ~2—SCC-MS-FA
-50 1 ——SCC-HS-FA 8- SCC-MS-S|]
—+—SCC-HS-SL

-100 1

-150

-200 7

-250 1

-300 1

-350 1

-400

Figure 4-24:2-day drying shrinkage strains for all SCC mixtures
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Figure 4-25:7-day drying shrinkage strains for all SCC mixtures
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Drying Shrinkage (x10°in./in.)
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Figure 4-26:28-day drying shrinkage strains for all SCC mixture
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Figure 4-27:90-day drying shrinkage strains for all SCC mixture
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4.4.2.2Effects of Cementitious Materials System

The effects both slag and fly ash hadsgnican be seen in Figures 4-23 through 4-27,
which are arranged according to the loading aghefest specimens. From those
figures, no definitive trend can be seen that ccower all loading ages. On average,
there is less than an 8% differencedn between the fly ash and slag mixtures at all
loading ages. The only outlier is in the 28-daycapens of SCC-HS-SL, where the 365-
day drying shrinkage strain value is -87 microstréiside from this data point, all other
specimens exhibitegky values within 10% of each other. It can thus bectaded that

no appreciable difference in drying shrinkage eximsttween the SCC mixture containing

slag and the one containing fly ash.

4.4.2.3Behavior of SCC versus Conventional-Slump Concrete

The analysis that follows is illustrated in Figdr&8, which shows the 365-day drying
shrinkage strain values for all loading ages oS&lIC mixtures against those of the
conventional-slump mixture. No obvious trends pnésleemselves here either, except
one. All SCC mixtures share comparable drying &age traits with the conventional-
slump mixture. For this reason, it is believed th@&mbers constructed from the SCC
mixtures tested in this study should behave sifgikaxthose built using conventional-

slump concrete, with no abnormally large dryingrgtage strains expected.
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Figure 4-28: 365-day drying shrinkage strains for all S@Rtures and the conventional-slump mixture



4.4.3ENVIRONMENTAL CONDITIONS

All testing (creep and drying shrinkage) was perfed in a climate-controlled room,
which is described in detail in Section 3.4.6.2e Hmbient conditions within this room
were monitored using a data collection unit. Therage temperature was 71.9°F
(22.2°C), while the minimum and maximum temperatwere 70.0°F (21.1°C) and
74.2°F (23.4°C), respectively. Additionally, 93%thé collect temperature data were
within the range specified by ASTM C 512, which Was4 + 2°F (23.0 °C).

The relative humidity was also measured over thigeeduration of testing. The
average was 48.7%, while the minimum and maximuative humidity values were
40.7 and 61.6%, respectively. In addition, 96%hef telative humidity data were with

the range specified by ASTM C 512, which was 504 4

4.4 ATRACKING AND MAINTAINING THE APPLIED LOAD

ASTM C 512 requires the applied load placed ongpstimens to be maintained within
+ 2% of the target load for the duration of testitiga change in applied load occurs that
is outside this range, the load must be adjustéatdereep measurements are taken. This
stipulation required that the applied load be temcknd maintained.

The frames that were designed and built for ttudysare described thoroughly in
Section 3.5.6.1. Unlike many creep frames, thesei@rad flexible springs which
allowed for greater displacement to occur beforemmanted drop in applied load
occurred. The design worked well and only requloadi to be reapplied during the early

periods of data collection. A chart which tracks #pplied load of the creep frame that
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contained the 18-hour specimen of the control mexts shown in Figure 4-29. One of
these charts was created for each of the 25 fraisexs during testing.

As stated above, all creep frames were maintamntiin + 2%, except one. The frame
containing the 90-day test specimen for SCC-HS-FA allowed to exceed the specified
range because cracks were noticed on the spectimemselves. To avoid increasing
crack widths, it was decided that the applied lvadld be allowed to decrease. The

largest difference recorded for the concrete specgwas -4.69%.

Applied Load (kips
3

577 — =+2% Error

— Target Load
—&— \easured Load

1 10 _ 100 1000
Time (Days)

Figure 4-29: The applied load on the 18-hour specimen of thérobmixture

Table 4-5 contains the maximum positive and ngggiercent error values for all 25
mixtures. From this table, it can be seen thamnattures stayed within the £ 2% applied

load range specified in ASTM C 512, except forahe SCC-HS-FA case noted above.
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Table 4-5: Maximum positive and negative percent errors iniaddoad

Maximum Maximum
. Negative Eror |Positive Eror in
Mixture 1D in Applied Load,| Applied Load,
(%) (%)

CTRL-18 -1.13 2.00
CTRL-2 -0.53 2.00
CTRL-7 -1.86 1.76
CTRL-28 -1.77 1.57
CTRL-90 -1.95 2.00
SCC-MS-FA-18 -1.81 2.00
SCC-MS-FA-2 -1.88 1.70
SCC-MS-FA-7 -0.37 2.00
SCC-MS-FA-28 -1.94 1.06
SCC-MS-FA-90 -1.06 2.00
SCC-HS-FA-18 -1.95 0.15
SCC-HS-FA-2 -1.64 2.00
SCC-HS-FA-7 -1.99 2.00
SCC-HS-FA-28 -1.64 1.69
SCC-HS-FA-90 -4.69* 0.00
SCC-MS-SL-18 -1.87 1.27
SCC-MS-SL-2 -1.83 1.60
SCC-MS-SL-7 -1.79 1.91
SCC-MS-SL-28 -1.64 0.59
SCC-MS-SL-90 -1.99 0.00
SCC-HS-SL-18 -1.92 0.00
SCC-HS-SL-2 -1.26 1.93
SCC-HS-SL-7 -1.86 1.94
SCC-HS-SL-28 -1.97 0.26
SCC-HS-SL-90 -1.96 0.00

Note: * denotes the one frame that was allowedtbeayond the + 2% range specified in
ASTM C 512.
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4.5RAPID CHLORIDE ION PENETRATION TEST

To determine the resistance of each concrete neixtuthe rapid penetration of chloride
ions, tests were conducted in accordance with A&TIR202 (2005). Table 4-6, which
indicates the chloride ion penetration of concbatsed on the charge passed, was taken
directly from ASTM C 1202 (2005). It indicates tpenetrability of concrete based on

the range of measured charge. Table 4-7 shows/gdrage values that were measured for
each mixture in this study. There it may be seahdHh of the SCC mixtures registered
average charges that were in the very low rangen Eve conventional-slump mixture

registered an average value that was low.

Table 4-6: Chloride ion penetrability based on charge pasa&I i1 C 1202 2005)

Charge Passed (coulombs) Chloride lon Penetrability
>4,000 High

2,000-4,000 Moderate

1,000-2,000 Low

100-1,000 Very Low

<100 Negligible

Table 4-7: Average 91-day total charge measured and resydgngtrability

Mixture 1D Average Total Chloride !(?n
Charge, coulombs | Penetrability
CTRL 1866 Low
SCC-MS-FA 530 Very Low
SCC-HS-FA 224 Very Low
SCC-MA-SL 558 Very Low
SCC-HS-SL 503 Very Low
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4.6 LESSONS LEARNED THROUGH TESTING

This section details experienced gained over theseoof performing the tests outlined in
ASTM C 512. Here the reader will find informaticegarding lessons learned while
designing and building the creep frames, prepahegest specimens, and conducting

creep testing.

4.6.1DESIGNING AND BUILDING CREEP FRAMES

This section outlines lessons learned through ése&gd-build process of this study.

4.6.1.1Creep Frame Design

For the most part, the creep frames that were dedifpr this study performed very well,
and the material choices were well thought-out. Porion of the frame design that
worked quite well was the spring assembly. As dtaglier in this report, the springs
allowed relatively large displacements to occuobefequiring the reapplication of
applied load. In fact, the only time load needetidéaeapplied was in the early phases of
testing when relatively large amounts of creep aecl Beyond the one month time
point, no frame needed to have load reapplied.

In contrast to the superb performance of the gprithe caster arrangement was less
satisfactory; however, it should be noted thatcdmters themselves were a good idea.
They just needed to be rearranged to allow fortgraaobility in tight areas. The two
swivel casters, which were the only casters thaewable to turn and promote mobility,
were placed on the wrong side of the lower st&#&ction plate. In their present location,
they were unable to swivel a full 360 degrees duaterference with two of the steel

bars that protruded through the plate and restricitation. For future frame designs it
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would be best if the swivel casters were placetherside of the lower static reaction
plate that contains only one protruding steel bar.

The addition of more alignment marks would als@lmesign improvement. These
marks were used to help align the springs on tiverdstatic reaction plate and the test
specimens onto the upper floating reaction plat@dver, they would also be helpful in
other locations. For instance, alignment marks khbe placed on top of the upper
floating reaction plate to help align the bottontlué jacking mechanism and on the
underside of the upper static reaction plate tp héyn the jack vertically. Both of these
improvements would help to further limit the podsiles of having eccentrically loaded

specimens.

4.6.1.2Creep Frame Construction

The construction process became easier as moresranere built and more knowledge
was gained in the area. It became clear after ipgildne or two frames that the easiest
way to construct these frames was in the horizgrasition due to the heavy nature of all
the pieces.

The process began by attaching all casters tter static reaction plate and then
locking the swivel casters so they were inline wite non-rotating casters. At this point,
the steel rods were inserted into the lower statction plate and nuts were tightened
down on the top and bottom of the plate to sedueead firmly to the plate. Next the
springs were slid into place. With the springs lecp, the lower floating reaction plate
was aligned on the steel rods and slid into plaben all the necessary nuts were

threaded on to the rods and the upper floatingiaplate was moved into place. This
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process was repeated for the upper static reqolate. When all plates were in place, the
frame was lifted upright using an overhead gantane. With the frame in the upright
position, the strain gauges were installed and weated with a protective coating.

After completing the construction process, eaami was load tested to determine the
accuracy of the strain measuring instrumentatidms process entailed loading test
specimens into the frames and applying load u2€@klps and then releasing the load.
This was done three times and the measured loadewasled at 20 kips intervals on
each run and checked against the known applied Afgel the completion of the final
run, a calibration factor was assigned to the framader to improve the accuracy of the

applied load measurement. When this was completdffame was ready for service.

4.6.2PREPARING SPECIMENS

Many lessons were learned while preparing thesfgstimens for testing. This section
outlines that experience and includes informatiorcasting and final specimen

preparation.

4.6.2.1Mixing and Casting Specimens

During the mixing and casting phase of this stuidyas determined that batch size was
critical. Too large of a batch required extra titmdnomogenize the mixture constituents.
This reduced the time available for fresh propertésting and actual casting. Therefore,
as previously stated, it was decided that no bla¢clarger that 5.5%t This meant that
multiple batches were mixed, which was not thelideadition, but the quality of the

finished specimens greatly improved by followingstguideline.
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Furthermore, as was previously stated, the anagnbhg admixture (AEA) was left out
of the final mixtures. This was decided upon afteliminary mixing revealed erratic air-
content values between different batches of theesaimture. By leaving the AEA out,

this problem was circumvented and all batches wereh more uniform.

4.6.2.2Final Specimen Preparation

After curing was complete, all specimens were cdppi¢h a sulfur-based compound.
This compound needed to harden properly befordaad/was applied. For this reason,
all specimens were capped before attaching the Detable Mechanical (DEMEC)
points. This allowed all specimens extra time talba before any testing took place.
This also proved to be a more efficient use of time

After the proper amount of time was allowed ford®ing, the strength specimens
were tested and the ultimate strength of the festismens determined. At this point, the

creep test specimens were loaded into the fransktharioad was applied.

4.6.3CONDUCTING CREEP TESTING

ASTM C 512 is not a test that is run with any gmegfularity. For this reason, there is a
certain level of uncertainty involved; however eafjoing through the process several
times, many of the “kinks” were worked out and biest procedure was determined. This
section outlines lessons learned regarding thigptesedure.

The first lesson learned was with regard to datkection. This test requires that many
data points be collected, which makes collectingj pnoperly tracking all of the

information very important. The use of good dathection methods and information
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storage is paramount. Furthermore, the timely gatef this information is of great
importance because there are so many times at whialst be collected.

The second lesson learned pertains to specimgmnadint, which is crucial when
performing creep testing. If eccentricities ar@wakd, erratic strain measurements will
ensue. For this reason, properly determining tis¢ &#legnment of the test specimens is of
the utmost importance. During this study, specimear® stacked on a level surface, in
their test configuration, prior to being placeditite creep frame. A level was then
placed on top of the upper concrete plug and teeisgens were rotated until the best
alignment was found. In this case, that meant @l lmading was observed all along the
top of the upper concrete plug.

Alignment also is important within the frames. Hois reason, it is crucial that the
specimens be in good alignment with the framefit€&herwise, the possibility of
eccentricity increases. This is where the alignnmeguitks mentioned in Sections 3.4.6.1
and 4.5.1.1 come into play. These marks make tbisess easier and the alignment more
uniform for all frames. In addition to these aligemh tools, other tools would also be
beneficial. For instance, a jig to help align testtcylinders properly amongst themselves

and the creep frame would greatly help to effidieathieve proper alignment.

4.7 SUMMARY OF RESULTS

4.7.1 FRESH PROPERTIES

From this research, the following conclusions carmdiawn about the fresh properties of

SCC:
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* For a given SCM, as the/cmdecreases, the T-50 time increases, which
indicates that the viscosity increases with a desgernw/cm
* GGBF slag mixtures exhibited larger T-50 times thgrash mixtures

proportioned to provide similar 18-hour strengths.

4.7.2HARDENED PROPERTIES

From this research, the following conclusions camdiawn about the hardened properties
of SCC:

* Mixtures containing GGBF slag gained compressivengjth at a slower
rate than those containing a cement replacemedlast C fly ash.

* When curing is accelerated and the load is applied8 hours, the creep
of all the SCC mixtures is less than the creefefdonventional-slump
mixture.

* Since the accelerated curing condition simulatastpgtonditions,
excessive creep in not expected for full-scale mesbonstructed with
these SCC mixtures.

* All SCC mixtures cured under elevated or standalodiatory temperature
exhibited creep values similar to, or less thaat ¢f the conventional-
slump concrete mixture.

* When curing is1ot accelerated, the creep behavior of the moderate-
strength fly ash SCC and the conventional-slumpgumeéxis similar.

* The high-strength mixtures had the highest pastéeot, but exhibited

less creep than any of the moderate-strength neitdrhis is attributed to
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the increased strength and decreased permealfititg diydrated cement
paste of these low+/'cmmixtures.

» At afixedw/cm SCC mixtures made with GGBF slag creep less than
those made with fly ash, regardless of the ageaatihg.

» All SCC mixtures exhibited lower drying shrinkagethew/cm
decreased.

* All SCC mixtures exhibited drying shrinkage straiihat were similar in
magnitude to the conventional-slump mixture. Fi@g thason, full-scale
members constructed with SCC are not expectedperence excessive

drying shrinkage.
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CHAPTER 5

EVALUATION OF CREEP PREDICTION METHODS

5.1INTRODUCTION

As previously stated, one of the main objectivethd study was to evaluate the five

creep prediction methods detailed in Section 2drder to determine their effectiveness

in estimating creep of SCC. This was accomplisheddmparing the measured creep

strain €cgr) from each mixture with the-g estimated by the following methods:

ACI 209 (ACI Committee 209 1997)
AASHTO (2007)

CEB 90 (CEB 1990)

GL 2000 (Gardner and Lockman 2001), and

B3 (Bazant and Baweja 2000).

The results from that analysis are presentedisnctiapter and it is organized

according to creep prediction methods. The firstisa of this chapter provides an

overview of the statistical methods used to cateulbe error associated with each

prediction method. A discussion of the accuracgaifh method follows in later sections
and a summary of all conclusions is located aketiekof the chapter. Furthermore, the

method found to give the most accurate predicsoraiibrated to improve estimations of

the creep response for the concrete mixtures unstilsi study.
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5.2STATISTICAL ANALYSIS OF CREEP PREDICTION METHODS

Once all the creep data were collected and thegtiea analysis was performed, a
statistical comparison of the results of all thehods was performed to determine which
method provides the most accurate results. Theacgwf all methods was determined
by evaluating the percent error, absolute average, end the absolute average percent

error.

5.2.1COMPARISON STATISTICS

To calculate the percent error, the measured @&ajm was subtracted from the
estimated creep strain. This difference was divigdethe measured creep strain, and the
resulting value was multiplied by 100. This cal¢idia can be seen in the equation that

follows:

% Error :( y= y] x100

<

where,

y = predicteccreepstrain,and

y = measuredreepstrain.

The acceptable error range for the creep predictiethods evaluated in this study
was chosen to be = 20%. This was based on literaiwiolished by Gardner and
Lockman (2001), which stated that predictions &hrinkage within 15% would be

excellent, and a prediction within 20% would beqdse.” Since creep strain is obtained
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after subtracting measured shrinkage strains fbardtal strain, creep prediction within
20% of the measured values should be considered ¢éxcellent.

The absolute average error is not a true stadlstedue; however, it does provide a
single parameter by which the estimated creepnstnaly be compared to the measured
value. A report co-authored by Carino and Tank 2)§9ovides the following equation,

which was used to calculate the absolute average er

where,
AAE = absolute average error, and

n = number of creep strain values in a data set.

The absolute average percent error provides ansihgle-parameter comparison tool
to evaluate the accuracy of the predicted cregsto the measured value. The

following equation was used to determine the alis@uerage percent error:

5]

n

2

AA%E =

where,

AA%E = absolute average percent error.
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5.2.2RESULTS FROM STATISTICAL ANALYSIS

Using the error calculations described above, te$tdm each of the prediction methods
was compared to the others to evaluate their pedoce. Tables 5-1 and 5-2 show all of
the error values for the non-accelerated-curedaandlerated-cured specimens,
respectively. Each table is broken into three areash of which contains the results
from one of the error calculation types. At thetbot of areas two and three is a section
that summarizes which method performed the bestdoh of the mixtures. This
summary is not shown for area one, which is tha an®wing the maximum positive and
negative percent error results; however, the maxirpasitive and negative error values
are listed. Positive error means the predictedpcséain value was larger than the
measured value and negative error means the peddietue was less than the measured

value.
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Table 5-1 :Error calculation results for the non-acceleratered specimens for all

mixtures

Non-Accelerated-Cured Samples

Mixtures
CTRL MS-FA | MS-SL HS-FA HS-SL
1. Percent Emor (%)
ACI 209
Positve Range  ---- 86 115 72 147
Negative Rande  -81 -84 -89 -67 -79
AASHTO
Positive Range 33 41 112 38 84
Negative Rande  -98 -98 -99 -96 -97
CEB 90
Positive Range 20 55 80 70 121
Negative Rande  -35 -39 -66 -30 -32
GL 2000
Positive Range 124 109 217 171 351
Negative Rande  -20 -12 -35
B3
Positive Range 233 95 118 224 266
Negative Rande -271 -308 -279 -687 -360
2. Absolute Average Error (ue)
ACI 209 105 150 125 151 211
AASHTO 133 144 163 118 157
CEB 90 80 97 84 59 120
GL 2000 284 436 470 660 806
B3 284 195 252 467 520
BestMethod | CEB90 | CEB90| CEB 90| CEB90| CEB 90
3. Absolute Average Percent Eror
ACI 209 24 30 37 31 58
AASHTO 35 34 48 31 44
CEB 90 15 16 27 13 38
GL 2000 53 72 124 122 211
B3 64 41 62 94 122
BestMethod | CEB90 | CEB90| CEB 90| CEB90| CEB 90
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Table 5-2: Error calculation results for the accelerated-ciagecimens for all mixtures

Accelerated-Cured Samples

Mixtures
CTRL MS-FA MS-SL HS-FA HS-SL
1. Percent Emor (%)
ACI 209
Positive Range 102 55 56 75 110
Negative Rande -34 -52 -63 -37
AASHTO
Positive Range 104 78 52 83
Negative Rande  -93 -95 -96 -92 -93
CEB 90
Positive Range 179 122 126 123 110
Negative Rande  ----
GL 2000
Positive Range 616 378 331 808 551
Negative Rande  ---- 190
B3
Positve Range 162 147 147 218 284
Negative Rande  ---- -6 -16 -77
2. Absolute Average Emor (ue)
ACI 209 160 96 133 244 319
AASHTO 257 165 185 155 211
CEB 90 203 91 106 156 239
GL 2000 559 387 400 853 775
B3 356 350 343 685 765
Best Method | ACI209 | CEB90 | CEB 90 | AASHTO] AASHTO
3. Absolute Average Percent Eror
ACI 209 55 28 38 55 89
AASHTO 62 44 54 39 57
CEB 90 86 36 36 a7 77
GL 2000 228 140 142 257 265
B3 103 90 95 159 208
Best Method | ACI 209 | ACI209 | CEB 90 | AASHTO| AASHTO
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5.3ACI 209 CREEP PREDICTION METHOD

The ACI 209 creep prediction method was developddrb the advent of water-reducing
admixtures. Therefore, changes had to be madectmatfor the high admixture-
induced slumps which occur in SCC mixtures. Fas tbason, the slump correction
factor used in the ACI 209 method was computedgusia wet slump before any
chemical admixtures were added. Additionally, asuagption was made with regards to
the interpretation of the meaning of cement contehich in this analysis, was taken to
be the total cementitious material content (cerparg SCMs). With these decisions
made, the prediction analysis was conducted acogtdithe method outlined in Section
2.4.1.

Figures 5-1 through 5-5 show comparisons of thasmeectcr to the estimateecr
that was calculated using the ACI 209 predictiorthod. The figures are organized
according to mixture, and each figure containoaiting ages for one individual
mixture. From Figure 5-1, it may be seen that AQ9 predicts thecr for conventional-
slump concrete with relatively good accuracy; hosveit does tend to underestimate the
ecr values by nearly 20%, with one exception. ACI 20&'ediction algorithm does not
estimate the 18-hour accelerated curing specimernyswell. In fact, according to Table
5-2, theAA%Efor the 18-hour creep values estimated by the 200 method is 55%.

Figure 5-2, which depicts the comparison for th&-FA mixture, reveals similar
results to Figure 5-1. Here is it clear that AC9Ztimates values that correspond
reasonably well to the measured values for thedi8;12-, 7-, and 28-day specimens. In
fact, they are all within reasonable proximity b&t20% error line. In contrast to these

findings, the 90-day loading ages were not welhested by this prediction method.
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According to Table 5-1, th&AEvalues for the estimated creep of the 90-day sp&tm
was 150 microstrain, which indicates the poor aacyof this method for this loading
age.

Figure 5-3 illustrates the comparison for the HSrRixture, which has a lowav/cm
than both the conventional-slump and MS-FA mixtuFgsm this figure it can be seen
that as the strength level rises, the accuraclefrtethod diminishes slightly. This is
especially evident with the later ages, which cquoseatly are higher in strength. In fact,
the creep of the 18-hr, 28-, and 90-day specimenalboverestimated at nearly all ages.
While the creep of the 2- and 7-day specimens agenestimated at early ages and
overestimated later, as their strength levels lisshould also be noted that most of the
estimated creep values fall outside of the preterat20% error range.

Figure 5-4, which shows the comparison for the $1Smixture, illustrates that ACI
209 underestimates ther values for the 2- and 7- day specimens at eadg.ag
However, the creep estimates for the later agéseo?-day specimens are overestimated,
while prediction error for the 7-day specimens i the + 20% criteria. In contrast to
these trends, this method significantly overpredoceep values at all ages for the 18-hr,
28-, and 90-day specimens. This is in agreemefit thvé trends from the comparison of
both the moderate- and high-strength fly ash meduwhich showed that as strength
levels increased, prediction accuracy diminished.

Finally, Figure 5-5 illustrates the comparisontfoe HS-SL mixture, and from this
figure it can be seen that ACI 209, in generalsdoa accurately predict theg values
for mixtures of this strength level. Only some ofep values of the 2-day specimens are
ever underestimated and even those are overestirablater concrete ages.
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In Tables 5-1 and 5-2, it can be seen that the Z08Imethod was one of the better
performing methods that was investigated; howatv®ras not the top performer overall.
It did provide the most accurate results for theearated-cured, conventional-slump
mixture, according to both tAE andAA%E calculations. Additionally, it provided the

most accurate results for the MS-FA mixture acaggdo theAA%E statistic.
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Figure 5-2:
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Figure 5-3: Measured versus estimated creep strain for the A8iikture using the ACI
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5.4 AASHTO CREEP PREDICTION METHOD

Unlike the ACI 209 method that was developed in1880'’s, the AASHTO 2007
method was developed with high-strength concretriimd. Furthermore, unlike ACI
209, no corrections or assumptions had to be nradedier to use this method to predict
the creep associated with SCC mixtures. The praedidu this method was completed in
the manner described in Section 2.4.2.

Figures 5-6 through 5-10 depict the AASHTO estirdatg; values versus ther
values collect during the research phase of thidyst_ike the ACI 209 results, they
show all loading ages for all mixtures and are nized according to mixture. From
Figure 5-6, it can be seen that this method untierates thecg values for all loading
ages except the 18-hour accelerated-curing spesirifmwever, AASHTO 2007 does
correct the estimations for the 28- and 90-dayilapdges as the concrete ages, but the
2- and 7-day ages are overcorrected at later ctenages, which results in an
overestimation ofcr values.

Figure 5-7 illustrates the comparison of AASHTM@2@redicted creep versus
measured creep and depicts similar trends to fitheaconventional-slump mixture’s
comparison. From Figure 5-7, it may be seen thattiethod underestimates
values at all early ages and tends to over pregictalues at the later ages. Here again,
the 18-hour loading ager values are overestimated; however, from Tableibean be
seen that thAA%Evalue for this loading age and method is 44%, tviscan
improvement from the conventional-slump mixtureatidition, the 2- and 7-day loading

ages are overestimated at later concrete ages, likadhey were for the control mixture.
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Finally, the creep for the 28- and 90-day specinarsnore closely estimated than any
other ages for this mixture, as most of the eseare within the £ 20% error tolerance.

From Figure 5-8, which shows the comparison feris-FA mixture, it is evident
that this method continues to underestimate¢hevalues at early concrete ages.
Moreover, it then overestimates the 18-hairvalues at later concrete ages. Here again,
the 2- and 7-daycg values are overestimated at later ages and tlia @& values tend
to be very accurate. The estimated creep valuabhéd®0-day specimens are within
reasonable proximity to the + 20% error toleramedicating tolerable accuracy for this
loading age.

Figure 5-9 illustrates the same comparison folMi&eSL mixture. From this figure, it
is again evident that early-aggr values are underestimated; however, this method
overestimates the later concrete aggevalues for this mixture. In fact, only the 7-day
ecr values are within the preferred £ 20% range at lebncrete ages. This method
proves especially inaccurate for estimating thegnelues for the 18-hour accelerated-
cured specimens. In fact, according to Table H"ARA%E value for this loading age
and method is 54%, which is among the highest eahres of all five mixtures.

Figure 5-10 shows the same trends that were fiEhtor the creep estimated for
previous mixtures using this method. This methodenestimates the early-agg:
values for the 2-, 7-, and 28-day loading agesthmri overestimates the later-agg
values for the 7-, 28, and 90-day specimens. Tigdsi difference here is the improved
accuracy of the later-age 2-dayk values, which are the only ones within the = 20%
range. It is evident from looking at this figurattihis method does not accurately
estimate thecg values for concrete mixture of this SCM type amdrggth level.
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It is clear from Tables 5-1 and 5-2 that the AASHZ007 method is among the top
three prediction methods evaluated in this invesiog; however, like the ACI 209
method, it is not the best method overall. It is thost accurate of all the methods for
estimating the creep for the high-strength SCC uneg according to the results from the
AAE andAA%E calculations. Additionally, it is among the topel methods for

estimating the creep of the non-accelerated-cysedismens used in this study.
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Figure 5-6: Measured versus estimated creep strain for theerdional-slump mixture
using the AASHTO 2007 procedure
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5.5CEB 90 CREEP PREDICTION METHOD

The CEB 90 creep prediction method, like the AASHAWD7 method, required no
assumptions or corrections be made in order fior lite used to estimater values for
any of the mixtures. All analysis associated witis inethod was completed according to
the procedures outlined in Section 2.4.3 of thpore

Figures 5-11 through 5-15 illustrate the comparismde between the predicieg
values from the CEB 90 method and the meastigtialues recorded during testing. In
Figure 5-11 and in Tables 5-1 and 5-2, it can lem $lkat this method provides betteg
estimates for the conventional-slump mixture thatntthe ACI 209 and AASHTO 2007
methods. The early-ager values for all non-accelerated-cured sampleslare a
reasonably well estimated. The only noticeably uvestemated:cr values are the ones
associated with the 28- and 90-day specimens; henythese are within reasonable
proximity to the + 20% range, which is preferretieTonly overestimated values are
those associated with the 18-hour accelerated-@pecimens. The creep for the 18-hour
loading age is grossly overestimated at all corcages.

Figure 5-12 shows thgr comparison for the MS-FA mixture. Here it can bers
that this method provided accurate estimates ofdgh&alues for this mixture. The creep
for all loading ages, including the 18-hour loadagg, is accurately estimated. In fact,
the only creep estimates that fall outside of tI#)% range are those of the 28-day
loading age, and even those are only slightly niwee 20% underestimated.

Figure 5-13, which shows the HS-FA mixture’s creemparison, illustrates again
that this method provides reasonably accurate astns of the measuredg values for

SCC mixtures. Most of the estimategk values fall within the preferred + 20% error
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range. In fact, only the 18-hour loading age dxasvalues that stay outside of this range
for an appreciable amount of time. In all, this hogt provides accurate creep estimates
for all loading ages and at all concrete ages.

In Figure 5-14, it is evident that the estimateglvalues are within close proximity of
the line of equality, which means that this methodurately predictscg values at all
concrete ages. Only the creep of the 2- and 7-pegimens are ever underestimated at
earlier ages; however, at later ages, their cregmates are improved. In contrast, all
other loading ages are always overestimated; hawthese overestimated creep values
are predominantly in close proximity of the = 20%0e envelope.

Finally, Figure 5-15, which depicts this companigor the HS-SL mixture, shows
slightly different trends. Here the creep for bk foading ages except the 2-day loading
age are over predicted at all concrete ages. bhamgh the 2-daycr values are
overestimated, they are still within close proxyrof the + 20% error range. In all, this
method provides the most accurately predietedvalues for all the SCC mixtures in this
study.

The last statement is reinforced by the resutisifthe statistical analysis, which are
found in Tables 5-1 and 5-2. From those tables atear that the CEB 90 method
provided the most accurate results for all non-lecated-cured specimens according to
both theAAE andAA%E calculations. In addition, it was among the togémethods

used to predict the creep strain for the acceldrateed specimens.
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5.6 GL 2000 CREEP PREDICTION METHOD

Like both the AASHTO 2007 and CEB 90 methods, tineeep prediction method
required no assumptions or modifications in oraertfto be used with SCC mixtures.
However, the equivalent age maturity of the 18-repecimens was calculated in
accordance with ASTM C 1074 (2004) using an adtveenergy of 45,000 J/mol. Aside
from this change, all analysis associated with nimetshod was completed in accordance
with the procedures outlined in Section 2.4.4.

Figures 5-16 through 5-20 show the creep compasistade for all mixtures using the
ecr values predicted by the GL 2000 method. Startiitg igure 5-16, the reader will

notice that this method overestimatedesgH{ data for all loading ages, regardless of
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mixture type, concrete age, or the curing reginmeslulf was especially inaccurate when
estimating thecg values for the 18-hour loading age. Only ¢bg values for the 90-day
loading age were within the + 20% error range.

In Figure 5-17, which depicts the comparison fer MS-FA mixture, the same trends
are evident. The 18-hour accelerated curing spe@mere grossly overestimated. In a
similar fashion, but to a lesser degree, all olbading ages were overestimated. Not
even the 90-daycg values were within the preferred range.

This trend continues in Figures 5-18 through 58&#&0ming more pronounced as the
strength levels increase. This is especially evigefigure 5-20, which shows the
comparison for the HS-SL mixture. In this figuree tcg values are severely
overestimated and the trends for all loading agesrach steeper than any of the other
mixtures. It is clear by looking at these figuridst this method does not provide
accurate estimates of thegr values for any of the concrete mixtures usedimgtudy.

These conclusions are reaffirmed through the tegulTables 5-1 and 5-2, which
clearly show that the GL 2000 method provided tssainong the least accurate of all the
methods in this study. According to all three congmm statistics, the estimation errors
associated with this method grow as the concretagth level rises, which agrees with

the visual information provided in Figures 5-16atngh 5-20.
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GL 2000 procedure
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GL 2000 procedure

5.7B3 CREEP PREDICTION METHOD

The B3 creep prediction method required an inteigabcedure to be followed in order to
estimatescg values and one assumption had to be made in tioegs. As in the ACI 209
method, the cement content was taken to be thiecer@entitious material content
(cement plus SCMs). Aside from this assumption pifteeedures outlined in Section
2.4.5 were used, and the results are presented belo

Figures 5-21 through 5-25 depict the creep cormspas for all mixtures and loading
ages. In Figure 5-21, the reader will notice th&t method tends to overestimate ¢bge
values for all loading ages at both early and daigcrete ages. The only exceptions to

this are the 28- and 90-day specimens. For theskng ages, this method
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underestimated the:r values for the early concrete ages and then owaises them at
later concrete ages.

Figure 5-22 shows the creep comparison for theAASnixture. This method tends to
overestimate alcg values for the early ages of the 18-hour, 2-, &ddy specimens,
which are overestimated for all concrete ages.Zdieand 90-day specimens are
underestimated early on, but then overestimatéaieatconcrete ages; however, the 28-
day estimatedcr values do, for the most part, stay within the %2€rror range at all
times.

Figures 5-23 through 5-25 also reveal thatsthevalues are overestimated at later
concrete ages for all five loading ages. From tbeds seen in these three figures, it
appears that this method is unable to accuratelgigrcreep strain in high-strength
concrete mixtures.

This argument is further strengthened by the tedtdm the statistical comparison
found in Tables 5-1 and 5-2. From these tablegntbe seen that, statistically, the B3
method is among the least accurate of all the ndstirothis study, especially with the
high-strength concrete mixtures. This can be sa#ntte increasing values from both
the AAE andAA%E calculations for the non-accelerated- and acdeldreured

specimens. It is only surpassed in inaccuracy by@h 2000 method.
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Figure 5-24: Measured versus estimated creep strain for the M8iSture using the B3
procedure
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Figure 5-25: Measured versus estimated creep strain for the H®i$ture using the B3

procedure

5.8 CALIBRATION OF THE CEB 90 CREEP PREDICTION METHOD

After performing all the analyses, the CEB 90 moud&iich is detailed in Section 2.4.3,
was determined to provide the most accurate cre@paes of the five models
investigated in this study; however, it was detaedithat improvement could be made.
To this end, a process was undertaken by whiclCE® 90 method was calibrated to
provide accurate creep predictions for each ofitteemixtures used in this study. During

the calibration process, the parameters in Tal3evgre modified:
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Table 5-3: Parameters used in the Modified CEB 90 method

Non-Accelerated-

Accelerated-Cured

01+ (t, /1)

Parameter|  Original Formulation Cured Formulation Formulation
53 53 465
f
Alad | T 1) (Fon! Fone) ™ (Fon! Fone) ™
1 1 1
B(t,)

026+ (t, /t,) ™

026+(t, /t,)

B(t)

t-t)/t, |
ﬁH +(t _to)/tl

t-t)/t, |
ﬁH +(t _to)/tl

t-t)/t, |
By +(t-t)/t,

The following variables, which are defined belavere used in the equations in the

Table 5-3:

fem = mean compressive strength of concrete at 28 (dl4lys)
femo =10 MPa

to = age of concrete at time of loading (days)

t =1 day

t = age of concrete at the moment considered (days)

RH
=150{1+]| 12
p -t (12

0 0

18
J }ﬂ + 250< 1500

In addition to these parameters, the maturity ioncused in the CEB 90 method to

account for curing conditions was changed. Thewalhg equation shows the original

formulation:

t; = Y At exg 1365 -
! Zl ,exr{ 273+

4000
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During the calibration process, the previous eguatvas updated with an activation
energy of 45,000 J/mol, which provided the follogviequation for both the non-

accelerated- and accelerated-cured specimens:

t. = ;Ati exr{ 1847- 573+ ?T‘l(lA?i VT }
where,
tr = temperature adjusted concrete age which reptandbe
corresponding equations (days)
At = increment of days whefleprevails

TUt) = the temperature ("C) during the time petid

To :1°C

With the parameter modifications list above, pcddns using the calibrated CEB 90
method, which is referred to as the Modified CEB®€thod, were completed in the
manner described in Section 2.4.3.

Tables 5-4 and 5-5 show the results from the coisqastatistics calculations that
were performed to evaluate the Modified CEB 90 méttlso shown are the statistical

values for the CEB 90 method. The statistics usdHbase tables are detailed in Section

5.2.1.
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Table 5-4 :Error calculations for the non-accelerated-curestspens
Non-Accelerated-Cured Samples
Mixtures
ClRL | MSFA | wMSsSL | HsFA [ Hs-sL
1. Percent Error (%)
CEB 90
Postitive Rande 20 55 80 70 121
Negative Rande -35 -39 -66 -30 -32
Modified CEB 90
Positive Rande 40 98 129 117 153
Negative Range -34 -29 -56 -19 -21
2. Absolute Average Error {ug)
CEB 90 80 97 84 59 120
Modified CEB 90 73 83 90 60 134
Best Method | Mod. CEB 90| Mod. CEB 90 CEB 90 CEB 90 CEB 90
3. Absolute Average Percent Error
CEB 90 15 16 27 13 38
Modified CEB 90 14 13 31 15 46
Best Method | Mod. CEB 90| Mod. CEB 90 CEB 90 CEB 90 CEB 90

Table 5-5: Error calculations of the accelerated-cured spetsme

Accelerated-Cured Samples

Mixtures
ClRL | MSFA | wMssL | HS-FA HS-SL
1. Percent Eror (%)
CEB 90
Positive Rande 179 122 126 123 110
Negative Range
Modified CEB 90
Postitive Rande 70 35 33 31 31
Negative Range -1 -17 -38 -17 -4
2. Absolute Average Eror {ug)
CEB 90 203 91 106 156 239
Modified CEB 90 50 36 18 25 83
Best Method | Mod. CEB 90| Mod. CEB 90| Mod. CEB 900 Mod. CEB 90 Mod. CB 90
3. Absolute Average Percent Error
CEB 90 86 36 36 47 77
Modified CEB 90 27 11 10 7 23
Best Method | Mod. CEB 90| Mod. CEB 90| Mod. CEB 900 Mod. CEB 90 Mod. CB 90

163




Figures 5-26 through 5-27 depict the estimatgdvalues calculated using the
Modified CEB 90 method versus the measured crekgsaFrom Figure 5-26 it can be
seen that the Modified CEB 90 method provides ateugstimations of the for all
loading ages of the conventional-slump mixturefalet the onlyecg values that are
outside of the + 20% error range are the later afjdse 28- and 90-day specimens. Even
these are within close proximity of the preferrelétance. Furthermore, in Tables 5-4
and 5-5, the accuracy of this modified method ithier reinforced. ThAA%Evalues
displayed in both of these tables illustrate the&t mmethod is an improvement from the
CEB 90 method, especially with regards to the &ca&td-cured specimens.

Figure 5-27 shows the estimated versus measdradlues for the MS-FA mixture.
From this figure it can be seen that the modifiexthod provides accurate estimations of
theecr. Here again the onkgtrvalues that are outside the + 20% range are the dafe
values 28-day specimens. The accuracy of this rdathturther revealed in Tables 5-4
and 5-5, which show an improvement in A®%E statistical values when comparing the
CEB 90 method and the Modified CEB 90 method.

Figure 5-28 shows trends similar to Figures 5-26 &427 in that the estimated values
remain predominately within the £ 20% tolerancegearin contrast, Figures 5-29 and 5-
30 show a decrease in the accuracy of this metbdldeastrength level raises. In fact, the
only improvement in accuracy from the CEB 90 metlsoalssociated with the
accelerated-cured specimens. In Table 5-5 thidbeaseen in the form of tHFA%E
values, where the Modified CEB 90 method has or#@% error while the CEB 90

method has a 77% error.
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Figure 5-26: Measured versus estimated creep strain for theerional-slump mixture
using the Modified CEB 90 method
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Modified CEB 90 method
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Figure 5-28: Measured versus estimated creep strain for the Al8kture using the
Modified CEB 90 method
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Figure 5-29: Measured versus estimated creep strain for the MBuSture using the

Modified CEB 90 method
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Figure 5-30 Measured versus estimated creep strain for th&H8ixture using the
Modified CEB 90 method

5.9 SUMMARY OF CONCLUSIONS

From the results obtained through the analysisishdiscussed in the previous sections of
this chapter, the following conclusions can be draout all of the creep prediction
methods:
* When curing was accelerated, ACI 209 provided tbstraccurate
estimated creep strain values for the conventishathp mixture.
» The ACI 209 creep prediction method was unabletu@tely predict the
creep strain in the high-strength concrete mixtusesd in this study.
* In general, ACI 209 was one of the most accuraepprediction
methods of the five that were investigated in gigly.
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In general, the AASHTO 2007 creep prediction metbeerestimates the
creep strain of accelerated-cured concrete.

In general, AASHTO 2007 underestimates the cregnsof early-age
concrete and overestimates the creep strain ofdage concrete.

In general, the AASHTO 2007 creep prediction metiwvad among the
most accurate of the five creep prediction methodsstigated in this
research.

The CEB 90 method is the most accurate methodstonating creep
strain for both conventional-slump concrete and SCC

In general, the GL 2000 creep prediction methodestenated the creep
strain of both the conventional-slump and SCC rmegu

The GL 2000 model significantly overestimated theep strain of the
high-strength SCC mixtures used in this study.

The GL 2000 method was unable to take acceleratexgcinto account;
therefore, it significantly overestimated the cregpin of all accelerated-
cured specimens.

In general, the GL 2000 method was one of the eagirate creep
prediction models investigated in this study.

In general, the B3 creep prediction method overedtd the creep strain
of all concrete mixtures used in this study.

The B3 creep prediction method was unable to takelarated curing into
account; therefore, it significantly overestimatied creep strain of all

accelerated-cured specimens.
168



The B3 model significantly overestimated the crs&pin of the high-
strength SCC mixtures used in this study.

In general, the B3 creep prediction method wasadfitiee least accurate
creep prediction methods investigated in this study

The Modified CEB 90 method provides improved accynaith regards

to estimating the creep strain of all the modesatength mixtures in this
study when compared to the CEB 90 method, exceph&MS-SL
mixture.

The Modified CEB 90 method provides improved accynaith regards

to estimating the creep strain of all the accedelatured specimens in this

study when compared to the CEB 90 method.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

6.1 SUMMARY OF LABORATORY WORK

For this study, four SCC mixtures and one convewtislump mixture were mixed and
tested to determine the creep behavior of each ST mixtures were comprised of
varying types and quantities of constituent makerighis included Type Il portland
cement and two types of supplementary cementingnmaég (Class C fly ash and GGBF
slag), for which the replacement percentages waried. Two different water-to-
cementitious materials ratios were also used ®wvtdrious SCC mixtures. Compressive
strength, creep, and drying shrinkage data wetgeged for all mixtures. In addition,
eight 6 in. x 12 in. cylinders were acceleratededuait elevated temperatures similar to
those used by the prestressing industry in thelgastern United States.

For each SCC mixture, the slump flow, VSI, T-50¢ @otal air content values were
determined. The compressive strength testing wadumied on 6 in. x 12 in. cylinders in
accordance with AASHTO T 22 (2003). Creep and drg@hrinkage specimens were
made from 6 in. x 12 in. cylinders and were testecbrding ASTM C 512 (2006).
Specimens of each mixture were loaded at five lapdges to determine the creep
response of each mixture. All specimens were lo&old® percent of their compressive

strength at the time of insertion into the creemres.
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6.2 CONCLUSIONS

6.2.1FRESH PROPERTIES

From this research, the following conclusion camtzvn about the fresh properties of
SCC:
1. For a given SCM, as the/cmdecreases, the T-50 time increases, which
indicates that the viscosity increases with a desgrernw/cm
2. GGBF slag mixtures exhibited larger T-50 times thgrash mixtures

proportioned to provide similar 18-hour strength.

6.2.2HARDENED PROPERTIES
From this research, the following conclusions cartawn about the hardened properties
of SCC:
1. Mixtures containing GGBF slag gained compressiwengtth at a slower
rate than those containing a cement replacemedlast C fly ash.
2. When curing is accelerated and the load is applied8 hours, the creep
of all the SCC mixtures is less than the creefhefdonventional-slump
mixture.
3. Since the accelerated curing condition simulatastptonditions,
excessive creep in not expected for full-scale membonstructed with

these SCC mixtures.
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4. All SCC mixtures cured under elevated or standalddatory temperature
exhibited creep values similar to or less thatateventional-slump
concrete mixture.

5. When curing is1ot accelerated, the creep behavior of the moderate-
strength fly ash SCC and conventional-slump mixisigmilar.

6. The high-strength mixtures had the highest pastéeot, but exhibited
less creep than any of the moderate-strength neitdrhis is attributed to
the increased strength and decreased permealfititg tiiydrated cement
paste of these low+/'cmmixtures.

7. At a fixedw/cm SCC mixtures made with GGBF slag creep less than
those made with fly ash, regardless of the ageaalihg.

8. All SCC mixtures exhibited lower drying shrinkagethew/cm
decreased.

9. All SCC mixtures exhibited drying shrinkage straiihat were similar in
magnitude to the conventional-slump mixture. F@g thason, full-scale
members constructed with SCC are not expectedderence excessive

drying shrinkage.

6.2.3CREEP PREDICTION METHODS
Based on the results obtained through this resetretiollowing conclusions can be
drawn:
1. When curing was accelerated, ACI 209 provided tbstraccurate

estimated creep strain values for the conventishathp mixture.
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. The ACI 209 creep prediction method was unablectwi@tely predict the
creep strain in the high-strength concrete mixtusesl in this study.

. In general, ACI 209 was one of the most accuraeprediction
methods of the five that were investigated in ghigly.

. In general, the AASHTO 2007 creep prediction metbeerestimates the
creep strain of accelerated-cured concrete.

. In general, AASHTO 2007 underestimates the cregnsof early-age
concrete and overestimates the creep strain ofdagie concrete.

. In general, the AASHTO 2007 creep prediction metivad among the
most accurate of the five creep prediction methodsstigated in this
research.

. The CEB 90 method is the most accurate methodstomating creep
strain for both conventional-slump concrete and SCC

. In general, the GL 2000 creep prediction methodestenated the creep
strain of both the conventional-slump and SCC rmegu

. The GL 2000 model significantly overestimated theep strain of the

high-strength SCC mixtures used in this study.

10.The GL 2000 method was unable to take acceleratedgcinto account;

therefore, it significantly overestimated the cregpin of all accelerated-

cured specimens.

11.In general, the GL 2000 method was one of the eazirate creep

prediction models investigated in this study.
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12.1n general, the B3 creep prediction method overestd the creep strain
of all concrete mixtures used in this study.

13.The B3 creep prediction method was unable to takelarated curing into
account; therefore, it significantly overestimatied creep strain of all
accelerated-cured specimens.

14.The B3 model significantly overestimated the crs&gin of the high-
strength SCC mixtures used in this study.

15.1n general, the B3 creep prediction method wasadrkee least accurate
creep prediction methods investigated in this study

16. The Modified CEB 90 method provides improved accynaith regards
to estimating the creep strain of all the modesatength mixtures in this
study when compared to the CEB 90 method, excephéoMS-SL
mixture.

17.The Modified CEB 90 method provides improved accynaith regards
to estimating the creep strain of all the acceselatured specimens in this

study when compared to the CEB 90 method.

6.3RECOMMENDATIONS FOR FUTURE RESEARCH

Before implementing SCC into prestressed constrncfuture research needs to be
conducted. The following recommendations can been@sged on the research detailed

in this report:
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* Further research is required to determine the teng-creep behavior of
these SCC mixtures past one year.

* Creep and shrinkage testing should be performddibacale prestressed
elements to determine the behavior of these SC@nes in real-world

applications.
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APPENDIX A

RAW TEST DATA

A.1 COLLECTED TEST DATA

Tables A-1 through A-25 contain all creep test datiéected during this study. Each
table contains the total strain, drying shrinkatyais, creep strain, and applied load level
for the individual loading age that is identified the top line. Also provided are the
compressive strength of the loading age and tlyetapplied load level. Furthermore,
the quality control compressive strength of thallng age is given. This test was done to

ensure all batches of a mixture were similar ierggth.
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Table A-6-1: Raw collected data for the 18-hour loading agénefdontrol mixture

Mixture 1D CTRL-18
Compressive Strength (psi) 5,430
Target Applied Load (kips) 62.6

Quality Control 8.400

Compressive Strength (psi)

Shrinkage

Reading . Total Strain | Creep Strain | Total Force
Interval Strain (ne) (ne) (kips)
(ne)
® Pre-Load -—--
% Post-Load 1 541 541 62.6
O 2t6hr 11 -589 578 62.5
1 32 -649 617 62.1
) 2 46 674 628 62.0
S 3 47 -694 647 61.2
E 4 53 702 -649 62.6
5 58 716 658 62.4
6 64 740 677 62.6
® 2 93 -828 735 61.2
% 3 112 -889 777 61.1
S 4 1132 -943 811 61.3
2 -188 -1089 -901 62.7
3 221 1167 -945 62.4
4 -248 1244 -996 62.1
. 5 270 1297 -1028 61.8
§ 6 283 -1348 -1065 62.1
ks 7 286 11375 -1089 61.7
;ﬁ 8 -299 -1406 1107 61.7
|5 9 -280 1423 1144 61.2
= 10 271 -1439 -1168 61.2
11 277 -1463 -1185 60.8
12 273 -1480 -1207 62.0
13 276 -1505 1228 61.9
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Table A-6-2: Raw collected data for the 2-day loading age ofcthr&rol mixture

Mixture 1D CTRL-2
Compressive Strength (psi) 5,850
Target Applied Load (kips) 65.9
Comp?g:s“it\ye%?p;og;th (psi) 8,400
Reading Shrinkage Total Strain | Creep Strain | Total Force
Interval Strain (ne) (ne) (kips)
(ne)
® Pre-Load -—--
% Post-Load 0 510 510 65.9
B 2t6hr -3 -631 -627 67.0
1 -20 -715 -695 67.5
o 2 -22 -753 -731 67.5
5 3 -26 794 768 67.4
E 4 -29 -826 -796 67.0
5 -39 -872 -833 67.2
6 -47 -902 -855 67.3
Q 2 -98 -1045 -947 66.9
% 3 -130 -1130 -999 67.1
= 4 1156 11202 -1045 66.6
2 -222 -1367 -1145 67.5
3 -254 -1469 -1215 67.5
4 -282 -1543 -1261 67.5
o 5 -300 -1608 -1309 67.3
§ 6 -318 -1649 -1331 66.9
§ 7 -324 -1675 -1352 66.9
ch 8 -333 -1706 -1373 67.3
5 9 -340 11735 11395 66.9
= 10 -338 -1745 -1407 66.6
11 -340 -1762 -1422 66.2
12 -313 -1772 -1459 67.1
13 -317 -1792 -1475 66.9
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Table A-6-3: Raw collected data for the 7-day loading age ofcthr&rol mixture

Mixture 1D CTRL-7
Compressive Strength (psi) 7,660
Target Applied Load (kips) 87.3
Comp?g:s“it\ye%?p;og;th (psi) 9,090
Reading Shrink_age Total Strain | Creep Strain | Total Force
Interval Strain (ne) (ne) (kips)
(ne)
® Pre-Load -—--
% Post-Load 3 628 625 87.3
B 2t6hr -3 716 713 86.9
1 -29 -814 -785 86.8
o 2 -34 -853 -819 86.4
5 3 -39 -893 854 86.2
g 4 -35 -934 -898 86.4
5 -44 -977 -933 86.2
6 -66 -1011 -946 85.4
Q 2 -82 -1115 -1033 85.1
% 3 -123 -1228 -1105 88.2
= 4 1163 11297 1134 88.1
2 -197 -1451 -1254 87.8
3 -219 -1569 -1350 87.1
4 -255 -1638 -1382 86.5
o 5 -286 -1706 -1420 85.3
§ 6 -301 -1753 -1451 85.1
§ 7 -302 -1780 -1478 85.1
ch 8 -313 -1816 -1503 85.2
5 9 -320 -1853 11533 86.3
= 10 -327 -1877 -1551 86.9
11 -327 -1897 -1570 87.3
12 -333 -1923 -1589 87.1
13 -335 -1943 -1608 86.9
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Table A-6-4: Raw collected data for the 28-day loading age efdbntrol mixture

Mixture 1D CTRL-28
Compressive Strength (psi) 9,090
Target Applied Load (kips) 102.9
Quality Control L
Compressive Strength (psi)
Reading Shrink_age Total Strain | Creep Strain | Total Force
Interval Strain (ne) (ne) (kips)
(ne)
® Pre-Load -
% Post-Load -5 -626 -621 103.7
21 2to6hr -7 -714 -708 104.0
1 -32 -828 -796
o 2 -20 -878 -858 104.1
5 3 -26 -925 -899 103.5
g 4 -28 -967 -939 102.9
5 -35 -974 -038 ----
6 -39 -1027 -988 103.2
Q 2 -36 -1088 -1052 102.3
% 3 -39 -1150 -1111 104.5
= 4 45 11203 11158 102.0
2 -90 -1358 -1267 101.0
3 -134 -1467 -1332 101.4
4 -148 -1512 -1363 102.1
o 5 -167 -1560 -1393 103.0
§ 6 -185 -1608 -1423 101.8
§ 7 -199 -1658 -1459 101.1
ch 8 -200 -1681 -1481 101.6
5 9 -205 -1701 -1496 101.8
= 10 -196 -1793 -1597 103.9
11 -196 -1727 -1531 102.0
12 -200 -1772 -1572 101.8
13
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Table A-6-5: Raw collected data for the 90-day loading age efdbntrol mixture

Mixture 1D CTRL-90
Compressive Strength (psi) 8,330
Target Applied Load (kips) 94.3
Comp?g:s“it\ye%?p;og;th (psi) 8,400
Reading Shsri?;i?]ge Total Strain | Creep Strain | Total Force
Interval (ne) (ne) (kips)
(ne)
® Pre-Load -—--
% Post-Load 0 612 612 95.4
C1 2to6hr -3 -679 -676 95.1
1 7 -733 -740 94.2
o 2 -2 =773 -771 93.4
c
O 3 -7 -796 -789 93.3
g 4 -14 -821 -807 934
5 -10 -839 -829 93.3
6 -13 -857 -843 93.2
@ 2 -23 -945 -922 96.1
% 3 -29 -991 -962 95.5
= 4 28 -1035 -1006 93.7
2 -46 -1153 -1107 93.3
3 -62 -1239 -1176 93.2
4 -74 -1313 -1239 92.6
o 5 -65 -1347 -1282 92.9
§ 6 -68 -1376 -1308 924
§ 7 -67 -1406 -1339 92.4
ch 8 -59 -1432 -1374 92.5
5 9 -69 -1455 -1386 92.7
= 10 -74 -1477 -1402 92.6
11 -78 -1495 -1416 93.9
12 -83 -1495 -1412 93.6
13 -83 -1521 -1438 93.3
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Table A-6-6: Raw collected data for the 18-hour loading agdefNMS-FA mixture

Mixture ID SCC-MS-FA-18
Compressive Strength (psi) 5,800
Target Applied Load (kips) 66.9
Comp?g:s“it\ye%?p;og;th (psi) 10,020
Reading Shrinkage Total Strain | Creep Strain | Total Force
Interval Strain (ne) (ne) (kips)
(ne)
® Pre-Load -—--
% Post-Load 3 461 459 66.9
Ol 2t6hr -2 -505 -503 66.8
1 3 -560 -563 66.3
o 2 -31 -576 -545 65.7
5 3 37 607 570 65.2
E 4 -41 -643 -602 65.1
5 -46 -683 -637 66.9
6 -57 -703 -646 66.7
Q 2 -100 -788 -687 65.4
% 3 -143 -875 -732 64.5
= 4 170 -939 769 65.0
2 -227 -1082 -855 65.0
3 -268 -1160 -892 65.3
4 -245 -1180 -935 66.8
o 5 -270 -1218 -949 65.6
§ 6 -275 -1236 -961 64.6
§ 7 -274 -1268 -994 64.5
;ﬁ 8 -292 -1293 -1000 64.5
5 9 310 11315 -1006 65.2
= 10 -299 -1317 -1018 65.7
11 -293 -1331 -1038 65.6
12 -299 -1341 -1042 65.7
13 -301 -1352 -1051 67.0
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Table A-6-7: Raw collected data for the 2-day loading age oMISFA mixture

Mixture ID SCC-MS-FA-2
Compressive Strength (psi) 5,700
Target Applied Load (kips) 65.0
Comp?g:s“it\ye%?p;og;th (psi) 9,570
Reading Shrinkage Total Strain | Creep Strain | Total Force
Interval Strain (ne) (ne) (kips)
(ne)
® Pre-Load -—--
% Post-Load 4 558 554 65.0
Q1 2t6hr -3 712 -710 64.9
1 -25 -789 -764 64.3
) 2 -25 -869 -845 64.0
5 3 -39 -936 -897 65.6
g 4 -54 -986 -932 65.3
5 -70 -1027 -957 65.4
6 -82 -1056 -974 65.5
® 2 -130 -1188 -1059 65.3
% 3 -159 -1279 -1119 65.3
s 4 1187 11362 1176 65.5
2 -238 -1469 -1231 64.7
3 -258 -1535 11277 63.3
4 -294 -1606 -1313 63.3
. 5 -306 -1634 -1328 64.2
§ 6 -318 -1658 -1340 64.2
§ 7 -328 -1684 -1356 64.4
;g 8 -327 -1692 -1365 63.7
|5 9 -323 1701 11378 63.6
= 10 -311 -1708 -1397 65.2
11 -325 1722 -1397 64.4
12 -323 -1723 -1400 64.5
13 -329 -1729 -1400 64.7
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Table A-6-8: Raw collected data for the 7-day loading age oMISFA mixture

Mixture 1D SCC-MS-FA-7
Compressive Strength (psi) 7,570
Target Applied Load (kips) 85.6
Comp?g:s“it\ye%?p;og;th (psi) 9,570
Reading Shrink_age Total Strain | Creep Strain | Total Force
Interval Strain (ne) (ne) (kips)
(ne)
® Pre-Load -—--
% Post-Load 1 622 621 85.7
B 2t6hr 4 733 729 86.8
1 -5 -811 -806 86.5
o 2 -5 -873 -867 86.3
5 3 21 -928 -907 85.8
g 4 -25 -975 -950 85.9
5 -29 -1008 -979 87.3
6 -36 -1037 -1001 87.3
Q 2 -106 -1216 -1111 86.0
% 3 -126 -1293 -1166 86.0
= 4 1151 -1364 1213 86.3
2 -201 -1523 -1322 87.0
3 -237 -1617 -1380 86.0
4 -239 -1671 -1432 86.7
o 5 -250 -1704 -1454 86.6
§ 6 -258 -1739 -1481 86.0
§ 7 -272 -1763 -1491 85.5
ch 8 -269 -1769 -1500 85.5
5 9 262 1772 11510 85.3
= 10 -270 -1804 -1534 85.7
11 -272 -1819 -1547 87.0
12 -278 -1832 -1555 87.2
13 -287 -1848 -1561 86.6
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Table A-6-9: Raw collected data for the 28-day loading age efMIS-FA mixture

Mixture 1D SCC-MS-FA-28
Compressive Strength (psi) 9,570
Target Applied Load (kips) 108.2
Quality Control L
Compressive Strength (psi)
Reading Shrink_age Total Strain | Creep Strain | Total Force
Interval Strain (ne) (ne) (kips)
(ne)
® Pre-Load -
% Post-Load 0 -750 -750 109.4
21 2to6hr -3 -804 -800 107.6
1 -3 -905 -902 108.4
o 2 -3 -967 -964 107.9
5 3 -16 -1002 -986 108.9
g 4 -17 -1035 -1017 108.4
5 -15 -1060 -1045 107.9
6 -24 -1085 -1061 108.0
Q 2 -43 -1212 -1168 108.1
% 3 -49 -1293 -1243 108.0
= 4 59 -1349 -1290 108.8
2 -98 -1579 -1481 107.4
3 -137 -1698 -1561 106.2
4 -145 -1753 -1608 106.1
o 5 -152 -1808 -1656 106.2
§ 6 -140 -1854 -1714 106.3
§ 7 -150 -1882 -1731 106.1
ch 8 -154 -1909 -1755 108.1
5 9 -158 11935 1777 108.6
= 10 -169 -1962 -1793 108.0
11 -176 -1985 -1809 107.1
12 -180 -2005 -1825 106.4
13 -174 -2031 -1857 106.2
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Table A-6-10: Raw collected data for the 90-day loading age efls-FA mixture

Mixture 1D SCC-MS-FA-90
Compressive Strength (psi) 9,830
Target Applied Load (kips) 112.8
Comp?g:s“it\ye%?p;og;th (psi) 9,570
Reading Shsri?;i?]ge Total Strain | Creep Strain | Total Force
Interval (ne) (ne) (kips)
(ne)
® Pre-Load -—--
% Post-Load 1 730 730 112.8
C1 2to6hr -3 -782 -780 112.4
1 1 -871 -871 113.0
o 2 -6 -921 -915 1115
5 3 1 -920 -922 113.3
g 4 7 -939 -946 113.2
5 8 -953 -961 113.1
6 -13 -1001 -988 112.8
Q 2 5 -1046 -1051 113.1
% 3 4 -1090 -1094 113.3
= 4 18 11156 1138 113.3
2 -25 -1222 -1196 1125
3 -45 -1306 -1261 113.0
4 -45 -1344 -1298 113.3
o 5 -38 -1375 -1337 113.1
§ 6 -30 -1407 -1377 112.4
g 7 -38 -1428 -1390 113.2
E 8 -39 -1462 -1423 113.4
5 9 -59 -1487 -1428 113.3
= 10 -69 -1510 -1441 111.9
11 -78 -1530 -1452 110.8
12 -81 -1545 -1465 110.0
13 -87 -1562 -1475 110.1
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Table A-6-11:Raw collected data for the 18-hour loading agdefHS-FA mixture

Mixture 1D SCC-HS-FA-18
Compressive Strength (psi) 9,190
Target Applied Load (kips) 102.5
Comp?euilie/e%?[petrnog;th (psi) 12,790
Reading Shsri?;(izr;\]ge Total Strain | Creep Strain | Total Force
Interval (ne) (ne) (kips)
(ne)
® Pre-Load -—--
% Post-Load 0 653 653 102.5
C1 2to6hr -3 -696 -693 101.9
1 -40 -782 -742 102.0
o 2 -34 -841 -807 102.3
5 3 -43 -859 -816 102.6
E 4 -41 -885 -844 102.4
5 -49 -907 -857 102.5
6 -58 -931 -873 102.8
Q 2 -104 -1039 -935 102.4
% 3 -140 -1152 -1011 102.5
= 4 165 1223 -1058 102.3
2 -192 -1286 -1094 102.7
3 -205 -1339 -1134 102.3
4 -213 -1365 -1152 102.6
o 5 -215 -1388 -1174 101.9
§ 6 -222 -1413 -1191 103.3
§ 7 -233 -1435 -1202 104.1
;S 8 -246 -1462 -1216 103.6
5 9 -256 -1487 11231 102.8
= 10 -264 -1510 -1246 103.1
11 -259 -1525 -1266 102.7
12 -265 -1529 -1264 102.6
13 -267 -1535 -1269 103.3
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Table A-6-12:Raw collected data for the 2-day loading age oHBeFA mixture

Mixture 1D SCC-HS-FA-2
Compressive Strength (psi) 9,100
Target Applied Load (kips) 101.3
Comp?euilie/e%?[petrnog;th (psi) 12,970
Reading Shsri?;(izr;\]ge Total Strain | Creep Strain | Total Force
Interval (ne) (ne) (kips)
(ne)
® Pre-Load -—--
% Post-Load 1 724 723 101.3
C1 2to6hr 1 -821 -819 104.8
1 -17 -968 -951 105.0
o 2 -39 -1044 -1004 105.0
5 3 -61 -1119 -1058 105.0
E 4 -57 -1164 -1107 104.9
5 -57 -1201 -1144 105.0
6 -66 -1216 -1150 104.8
@ 2 -93 -1348 -1255 105.0
% 3 -128 -1418 -1290 104.9
§ 4 -157 -1468 -1311 104.7
2 -181 -1571 -1390 101.7
3 -198 -1628 -1430 103.5
4 -209 -1650 -1441 102.2
o 5 -207 -1657 -1451 103.7
§ 6 -220 -1678 -1458 103.1
§ 7 -216 -1692 -1476 103.6
ch 8 -209 -1703 -1494 103.7
5 9 215 11719 -1504 103.5
= 10 -217 -1732 -1515 103.9
11 -229 -1753 -1524 105.0
12 -196 -1731 -1535 104.7
13 -212 -1747 -1535 104.0
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Table A-6-13:Raw collected data for the 7-day loading age oHBeFA mixture

Mixture 1D SCC-HS-FA-7
Compressive Strength (psi) 11,110
Target Applied Load (kips) 128.2
Comp?euilie/e%?[petrnog;th (psi) 12,800
Reading Sf\sri?;(i?]ge Total Strain | Creep Strain | Total Force
Interval (ne) (ne) (kips)
(ne)
® Pre-Load
% Post-Load 2 756 754 128.2
B1 2to6hr 1 -846 -845 125.8
1 -9 -998 -989 124.1
o 2 -12 -1089 -1077 125.4
5 3 -19 -1135 -1115 125.4
E 4 -32 -1174 -1142 126.2
5 -41 -1210 -1168 126.6
6 -49 -1228 -1179 124.3
@ 2 -80 -1362 -1282 123.8
% 3 -102 -1442 -1340 123.6
= 4 -109 -1481 1372 123.4
2 -139 -1566 -1426 123.3
3 -163 -1646 -1484 123.8
4 -179 -1697 -1517 123.7
o 5 -185 -1715 -1530 123.3
<§ 6 -191 -1742 -1552 123.2
E 7 -190 -1757 -1567 125.1
E 8 -186 -1771 -1585 124.7
g 9 1181 -1780 11599 123.5
= 10 -191 -1790 -1599 123.4
11 -198 -1801 -1603 123.3
12 -213 -1820 -1607 123.3
13 -213 -1827 -1613 123.9
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Table A-6-14:Raw collected data for the 28-day loading age efHlS-FA mixture

Mixture 1D SCC-HS-FA-28
Compressive Strength (psi) 12,800
Target Applied Load (kips) 145.1
Quality Control L
Compressive Strength (psi)
Reading Sf\sri?;(i?]ge Total Strain | Creep Strain | Total Force
Interval (ne) (ne) (kips)
(ne)
® Pre-Load
% Post-Load 1 788 786 145.1
B1 2to6hr -3 -857 -854 1457
1 -1 -910 -908 145.2
o 2 -3 -960 -957 145.0
5 3 -6 -1005 -999 144.8
E 4 -9 -1045 -1036 144.8
5 -7 -1061 -1055 147.3
6 -11 -1074 -1063 144.7
Q 2 -27 -1166 -1139 144.6
% 3 -27 -1202 -1176 144.6
= 4 36 1258 1222 142.6
2 -56 -1342 -1285 142.4
3 -67 -1404 -1337 142.7
4 -60 -1435 -1375 143.6
o 5 -84 -1466 -1382 143.0
S 6 86 1492 1406 142.7
E 7 -68 -1509 -1441 143.0
E 8 -74 -1542 -1468 144.4
g 9 -89 -1566 1477 144.3
= 10 -109 -1549 -1440 143.7
11 -114 -1567 -1453 142.7
12 -119 -1581 -1462 142.7
13 -125 -1593 -1469 142.6
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Table A-6-15:Raw collected data for the 90-day loading age efHlS-FA mixture

Mixture 1D SCC-HS-FA-90
Compressive Strength (psi) 13,630
Target Applied Load (kips) 1515
Comp?euilie/e%?[petrnog;th (psi) 12,800
Reading Shsri?alfi?]ge Total Strain | Creep Strain | Total Force
Interval (ne) (ne) (kips)
(ne)
® Pre-Load
% Post-Load 4 891 887 151.6
B1 2to6hr -6 -930 -924 151.2
1 -6 -996 -990 153.3
o 2 -3 -1032 -1029 152.8
5 3 -7 -1051 -1044 152.4
g 4 -11 -1067 -1055 151.9
5 -9 -1083 -1074 151.6
6 -6 -1101 -1095 151.5
Q 2 -11 -1135 -1124 151.2
% 3 -15 -1168 -1154 151.2
§ 4 -11 -1214 -1204 150.6
2 -2 -1255 -1253 149.5
3 -37 -1327 -1290 149.3
4 -32 -1356 -1324 149.2
© 5 -33 -1384 -1351 148.7
<§ 6 -21 -1407 -1386 147.2
E 7 -35 -1428 -1393 146.6
E 8 -49 -1447 -1397 146.1
E 9 -57 -1466 -1409 145.6
= 10 -58 -1476 -1418 144.9
11 -63 -1495 -1432 145.1
12 -67 -1515 -1449 147.3
13 -71 -1533 -1462 147.0
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Table A-6-16: Raw collected data for the 18-hour loading agdefNIS-SL mixture

Mixture ID SCC-MS-SL-18
Compressive Strength (psi) 6,250
Target Applied Load (kips) 71.1
Comp?euilie/e%?[petrnog;th (psi) 9,100
Reading Shsri?;(izr;\]ge Total Strain | Creep Strain | Total Force
Interval (ne) (ne) (kips)
(ne)
® Pre-Load -—--
% Post-Load -2 -461 -459 711
C1 2to6hr -3 -518 516 705
1 -63 -589 -526 70.5
o 2 -80 -641 -561 70.2
5 3 -90 688 598 70.2
E 4 -96 -726 -630 70.6
5 -93 -740 -647 70.6
6 -110 -769 -659 70.2
Q 2 -154 -859 -705 70.5
% 3 -167 -910 -742 71.6
= 4 188 955 767 70.5
2 -227 -1025 -798 69.9
3 -257 -1087 -829 69.4
4 -260 -1106 -846 69.4
o 5 -257 -1124 -866 69.4
§ 6 -265 -1154 -889 69.4
g 7 -268 -1173 -905 71.1
ch 8 -270 -1190 -920 70.6
5 9 -265 -1202 -937 69.7
= 10 -275 -1214 -940 69.8
11 -286 -1230 -944 69.5
12 -303 -1250 -947 69.4
13 -293 -1264 -971 69.6

200



Table A-6-17:Raw collected data for the 2-day loading age oM SL mixture

Mixture ID SCC-MS-SL-2
Compressive Strength (psi) 4,620
Target Applied Load (kips) 53.0
Comp?euilie/e%?[petrnog;th (psi) 8,890
Reading Shsri?;(izr;\]ge Total Strain | Creep Strain | Total Force
Interval (ne) (ne) (kips)
(ne)
® Pre-Load -—--
% Post-Load -1 -425 -424 53.0
C1 2to6hr -3 -492 -488 52.8
1 -19 -602 -582 51.8
o 2 -33 -716 -683 52.0
5 3 54 772 718 51.9
E 4 -70 -803 -733 52.3
5 -78 -829 -751 52.5
6 -64 -844 -780 52.1
Q 2 -104 -908 -805 52.3
% 3 -122 -946 -823 53.1
= 4 1129 967 838 53.0
2 -163 -1031 -868 51.9
3 -188 -1059 -871 51.6
4 -192 -1082 -890 51.3
o 5 -189 -1107 -919 52.0
§ 6 -222 -1132 -910 51.4
§ 7 -222 -1145 -923 52.6
;S 8 -223 -1157 -934 52.7
5 9 217 11164 -947 52.7
= 10 -229 -1171 -942 52.9
11 -231 -1176 -945 52.5
12 -265 -1200 -935 52.1
13 -273 -1211 -937 51.8
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Table A-6-18:Raw collected data for the 7-day loading age oMl SL mixture

Mixture ID SCC-MS-SL-7
Compressive Strength (psi) 6,840
Target Applied Load (kips) 78.3
Comp?euilie/e%?[petrnog;th (psi) 8,890
Reading Sf\sri?;(i?]ge Total Strain | Creep Strain | Total Force
Interval (ne) (ne) (kips)
(ne)
® Pre-Load
% Post-Load 2 -405 -403 78.3
B1 2to6hr 0 -554 -554 773
1 -71 -666 -595 76.5
o 2 -76 -718 -642 77.4
5 3 -90 764 675 77.1
E 4 -96 -800 -704 76.4
5 -111 -829 -718 77.4
6 -130 -861 -730 76.5
Q 2 -173 -934 -762 76.4
% 3 -181 -982 -800 76.5
= 4 194 11016 822 76.4
2 -227 -1109 -882 77.0
3 -274 -1146 -873 78.8
4 -260 -1178 -918 77.4
o 5 -265 -1202 -937 77.2
<§ 6 -286 -1224 -938 77.0
E 7 -274 -1237 -964 78.7
E 8 -283 -1256 -973 78.8
g 9 277 11265 -988 77.2
= 10 -274 -1277 -1003 76.2
11 -279 -1291 -1012 75.9
12 -283 -1296 -1013 77.6
13 -301 -1321 -1019 78.7
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Table A-6-19:Raw collected data for the 28-day loading age efMtS-SL mixture

Mixture ID SCC-MS-SL-28
Compressive Strength (psi) 10,610
Target Applied Load (kips) 120.8
Quality Control L
Compressive Strength (psi)
Reading Sf\sri?;(i?]ge Total Strain | Creep Strain | Total Force
Interval (ne) (ne) (kips)
(ne)
® Pre-Load
% Post-Load 1 710 708 120.7
B1 2to6hr -3 -750 747 1205
1 11 -797 -808 119.9
o 2 -12 -838 -826 118.3
5 3 7 852 -845 118.3
E 4 -5 -865 -859 118.1
5 -5 -875 -870 118.1
6 -4 -885 -881 118.1
@ 2 -13 -941 -928 120.5
% 3 -9 -979 -970 119.3
= 4 27 -1045 11017 119.0
2 -40 -1115 -1075 118.6
3 -43 -1156 -1113 118.5
4 -56 -1199 -1144 119.1
o 5 -59 -1239 -1180 119.8
<§ 6 -60 -1277 -1216 119.3
E 7 -72 -1306 -1235 119.3
E 8 -80 -1332 -1252 118.9
g 9 -89 11356 11267 119.3
= 10 -91 -1399 -1307 119.6
11 -97 -1389 -1292 119.3
12 -106 -1410 -1304 119.6
13 -113 -1437 -1324 119.6
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Table A-6-20:Raw collected data for the 90-day loading age efMtS-SL mixture

Mixture ID SCC-MS-SL-90
Compressive Strength (psi) 11,580
Target Applied Load (kips) 128.5
Comp?euilie/e%?[petrnog;th (psi) 8,890
Reading Shsri?alfi?]ge Total Strain | Creep Strain | Total Force
Interval (ne) (ne) (kips)
(ne)
® Pre-Load
% Post-Load 1 754 753 1285
B1 2to6hr -3 -811 -808 128.8
1 6 -844 -850 128.5
o 2 -9 -867 -858 129.0
S 3 7 879 872 128.9
g 4 -5 -890 -885 128.6
5 -2 -899 -897 128.5
6 -9 -920 -912 128.4
@ 2 -14 -936 -922 128.5
% 3 -21 -952 -930 128.4
§ 4 -22 -997 -975 129.1
2 -22 -1020 -998 128.6
3 -25 -1111 -1085 128.8
4 -31 -1156 -1125 128.6
© 5 -29 -1199 -1170 129.7
<§ 6 -26 -1228 -1202 128.9
E 7 -24 -1259 -1235 128.8
E 8 -31 -1292 -1261 128.5
E 9 -36 -1301 -1265 129.2
= 10 -58 -1334 -1276 129.1
11 -67 -1349 -1281 128.5
12 -81 -1370 -1289 128.8
13 -101 -1393 -1292 129.4
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Table A-6-21:Raw collected data for the 18-hour loading agénefliS-SL mixture

Mixture 1D SCC-HS-SL-18
Compressive Strength (psi) 9,600
Target Applied Load (kips) 106.9
Comp?euilie/e%?[petrnog;th (psi) 12,880
Reading Shsri?;(izr;\]ge Total Strain | Creep Strain | Total Force
Interval (ne) (ne) (kips)
(ne)
® Pre-Load -—--
% Post-Load 1 681 680 106.9
C1 2to6hr 5 -734 729 106.8
1 -33 -811 -778 107.9
o 2 -43 -840 -797 106.8
5 3 -53 -867 -815 106.6
E 4 -60 -890 -830 106.7
5 -67 -912 -845 107.0
6 -58 -929 -871 106.5
@ 2 -96 -988 -893 106.7
% 3 -130 -1062 -932 107.1
§ 4 -137 -1111 -974 107.2
2 -142 -1182 -1040 106.5
3 -163 -1243 -1080 106.9
4 -158 -1270 -1111 106.5
o 5 -166 -1293 -1128 106.5
§ 6 -172 -1314 -1142 107.8
g 7 -188 -1334 -1146 107.1
ch 8 -200 -1357 -1157 107.1
5 9 211 11382 1171 107.0
= 10 -215 -1398 -1183 106.9
11 -213 -1401 -1188 107.0
12 -219 -1419 -1199 107.2
13 -223 -1432 -1209 107.4
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Table A-6-22:Raw collected data for the 2-day loading age oHBeSL mixture

Mixture 1D SCC-HS-SL-2
Compressive Strength (psi) 8,830
Target Applied Load (kips) 101.7
Comp?euilie/e%?[petrnog;th (psi) 12,490
Reading Shsri?;(izr;\]ge Total Strain | Creep Strain | Total Force
Interval (ne) (ne) (kips)
(ne)
® Pre-Load -—--
% Post-Load 0 662 662 101.7
C1 2to6hr 0 -800 -800 100.6
1 -74 -1019 -946 99.6
o 2 -78 -1110 -1032 101.6
c
O 3 -97 -1171 -1074 101.4
E 4 -111 -1217 -1106 101.7
5 -122 -1255 -1133 101.8
6 -143 -1284 -1141 100.0
Q 2 -159 -1376 -1216 98.9
% 3 -166 -1415 -1249 98.9
= 4 -190 -1449 1259 98.6
2 -213 -1535 -1323 98.8
3 -230 -1579 -1349 99.7
4 -237 -1600 -1363 100.7
o 5 -252 -1627 -1375 100.6
§ 6 -263 -1658 -1394 100.2
§ 7 -264 -1667 -1403 100.6
ch 8 -268 -1683 -1414 101.7
5 9 -260 -1688 -1428 100.6
= 10 -257 -1699 -1442 99.7
11 -262 -1711 -1449 98.9
12 -263 -1715 -1453 99.2
13 -260 -1739 -1479 101.6
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Table A-6-23:Raw collected data for the 7-day loading age oHBeSL mixture

Mixture 1D SCC-HS-SL-7
Compressive Strength (psi) 10,580
Target Applied Load (kips) 118.4
Comp?euilie/e%?[petrnog;th (psi) 12,880
Reading Sf\sri?;(i?]ge Total Strain | Creep Strain | Total Force
Interval (ne) (ne) (kips)
(ne)
® Pre-Load
% Post-Load 1 736 734 118.4
B1 2to6hr -3 -784 781 117.4
1 -26 -918 -891 120.2
o 2 -24 -973 -949 119.6
5 3 -36 -999 -963 118.2
E 4 -45 -1014 -970 120.4
5 -52 -1043 -990 120.6
6 -60 -1065 -1005 120.6
Q 2 =77 -1117 -1040 120.4
% 3 -91 -1197 -1106 120.3
§ 4 -115 -1244 -1129 119.7
2 -134 -1290 -1156 1194
3 -148 -1331 -1182 119.6
4 -150 -1344 -1194 121.1
o 5 -147 -1352 -1205 121.0
<§ 6 -132 -1365 -1233 120.8
E 7 -143 -1393 -1250 117.8
E 8 -143 -1409 -1266 120.0
g 9 142 11422 -1280 120.1
= 10 -175 -1413 -1238 122.0
11 -203 -1433 -1229 120.7
12 -213 -1445 -1232 121.7
13 -225 -1464 -1239 121.6
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Table A-6-24:Raw collected data for the 28-day loading age efHIS-SL mixture

Mixture 1D SCC-HS-SL-28
Compressive Strength (psi) 12,880
Target Applied Load (kips) 143.7
Quality Control L
Compressive Strength (psi)
Reading Sf\sri?;(i?]ge Total Strain | Creep Strain | Total Force
Interval (ne) (ne) (kips)
(ne)
® Pre-Load
% Post-Load 1 824 823 1437
B1 2to6hr -3 -866 -863 143.2
1 4 -913 -917 143.1
o 2 4 -958 -962 143.0
5 3 5 955 -960 145.7
E 4 -7 -998 -992 145.4
5 -11 -1025 -1014 145.1
6 -15 -1051 -1037 145.1
Q 2 -18 -1075 -1057 144.3
% 3 -21 -1113 -1093 146.1
= 4 23 1158 1135 146.0
2 -23 -1200 -1177 144.7
3 -23 -1249 -1226 144.2
4 -28 -1277 -1249 145.4
o 5 -31 -1299 -1267 143.0
<§ 6 -32 -1320 -1288 143.7
E 7 -43 -1344 -1301 143.4
E 8 -53 -1362 -1309 143.6
g 9 -60 -1383 11323 145.1
= 10 -47 -1395 -1347 145.0
11 -57 -1409 -1352 144.0
12 -61 -1426 -1365 143.5
13 -87 -1455 -1367 142.8
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Table A-6-25:Raw collected data for the 90-day loading age efHIS-SL mixture

Mixture 1D SCC-HS-SL-90
Compressive Strength (psi) 13,670
Target Applied Load (kips) 153.5
Comp?euilie/e%?[petrnog;th (psi) 12,880
Reading Shsri?alfi?]ge Total Strain | Creep Strain | Total Force
Interval (ne) (ne) (kips)
(ne)
® Pre-Load
% Post-Load 1 778 777 153.5
B1 2to6hr -3 -809 -807 152.9
1 -2 -859 -857 152.1
o 2 -5 -848 -843 151.6
8 3 -16 -867 -851 151.6
g 4 -26 -887 -861 151.6
5 -24 -895 -871 151.6
6 -13 -898 -885 151.7
@ 2 -16 -929 -913 151.6
% 3 -28 -960 -932 151.7
§ 4 -31 -989 -958 151.6
2 -25 -1093 -1069 152.8
3 -12 -1089 -1077 151.6
4 -13 -1105 -1091 151.6
o 5 -32 -1130 -1097 152.0
<§ 6 -41 -1158 -1117 152.2
E 7 -56 -1189 -1133 151.6
E 8 -51 -1205 -1154 151.6
E 9 -58 -1221 -1163 152.2
= 10 -60 -1239 -1179 153.5
11 -63 -1250 -1187 152.8
12 -68 -1259 -1191 153.6
13 -75 -1276 -1201 152.1

209





