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In the field of civil infrastructures, bridge deckave been widely constructed using high
performance concrete (HPC). Concrete bridge deamwadd qualities such as low
permeability, high abrasion resistance, superiaaldlity, and long design life. Over
decades of fields and laboratory experience, maR{Z Hor bridge decks were found
susceptible to shrinkage and cracking issue, wisiciso regarded as a major cause for

structure deficiency and deterioration.

A comprehensive study was presented in this dessent on shrinkage and shrinkage
induced cracking in HPC, in three aspects: 1) ttigatie the shrinkage and cracking
issues in HPC, internal curing by fine lightweigiggregate (FLWA) and incorporation
of shrinkage reducing admixture (SRA) have proviéecéve during the last 15 years. To
determine the optimum FLWA content, chemical shag of the cementitious materials
needs to be determined. A simple and improved pireewas recommend to determine
the long-term chemical shrinkage for HPC systemsitaining supplementary
cementitious materials (SCMs) and/or SRA; 2) dudh® fact that drying shrinkage
significantly affects concrete bridge deck crackipgrformance, it is important to
develop drying shrinkage prediction models. Howgeach existing model is limited by
the data source used to develop the model, whidlotisikely representative all modern

HPC. To solve this issue, a procedure was propbased on the current ACI 209 model



to predict long-term drying shrinkage for modern GHeoncrete by using short-term
experimental measurements; 3) a state-of-the-tatature review on shrinkage and
cracking issue on bridge deck HPC showed that élnses behind cracking in HPC were
well known and documented. However, appropriatenkhge limits and standard
laboratory/field tests which allow proper criteria ensure cracking-free of highly
cracking resistant HPC is not clearly establishigdee in the technical literature or in
specifications. A “cracking potential indicator” PQ concept was proposed to assess
cracking risk of candidate concrete mixture deighisimple and robust test procedure to
determine CPI, involving only free shrinkage andchamical properties of HPC, was

also identified.
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1 GENERAL INTRODUCTION

1.1 BACKGROUD AND INTRODUCTION

Cracking, especially at early age, in high perfamogconcrete (HPC) may result in a
significant decrease in concrete durability andiiserlife of the structure containing it.
Concrete bridge decks demand qualities from HPCh sag low permeability, high
abrasion resistance, superior durability, long gledife. To meet these requirements,
bridge deck concrete is usually produced with loatex to cementitious material ratio
(w/cm) less than 0.40, high overall cement contemtslusion of supplementary
cementitious materials (SCMs) such as silica fuiie,ash and slag, and smaller
maximum aggregate size (due to reinforcement caings). All these features in the
mixture design make the HPC bridge decks inherestigceptible to shrinkage and

increased cracking risk.

At early age, HPC is prone to autogenous shrinkplgetic shrinkage, drying shrinkage
and sometimes thermal changes, due to the immakaleton structure in the cement
paste to resist the stress generated by the vobtlnaege. Internal curing, as the names
suggests, refers to the technique that cures tmere® from the inside out, by
incorporating reservoir water through curing agestseh as pre-wetted fine lightweight
aggregate (FLWA) and/or superabsorbent polymerdP{SA has been proven effective
to mitigate early age cracking and has graduallyeddrom laboratory experiments to

field applications.

At later age, there are many factors which can keadracking in HPC bridge decks,
including drying shrinkage, creep (sometimes can dmneficial), environmental
fluctuations, loading and restraint conditionsfdnt, more than 100,000 bridges decks in
this country have suffered from transverse crackimigich is a pattern indicating the
presence of drying shrinkage. Over the past 40syeaost of the above-mentioned
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causes of cracking in concrete bridge decks haea besll identified and documented
through laboratory research and field experiencerthermore, proper mixture
modifications and construction practices have baéewveloped to minimize the risk of
cracking. Nevertheless, concrete still exhibitsckitag during its service life and as a

result this continues to be a significant rese#énchst by many agencies.

1.2 SCOPE AND ORGNIZATION OF THISDISSERTATION

This dissertation consists of a focused literatendew and three manuscripts, derived
from research work as part of two projects sporsdrg the Oregon Department of
Transportation (ODOT): SPR711 Internal Curing oh@ete Bridge Decks and SPR728
Development of Shrinkage Limits and Testing Prol®dor ODOT High Performance

Concrete. The later project is closely relatedhi former one. And the cracking limits
research was also partially funded by the Portl@edent Association (PCA) through

Education Foundation Fellowship.

The objectives of the research projects addresstus dissertation are listed as follow:

» Identify chemical shrinkage of cement paste in HPC;

» Evaluate the shrinkage reducing efficiency of figat weight aggregate (FLWA)
and/or shrinkage reducing admixture (SRA) incorfemadPC mixtures;

» Identify an effective and accurate method to prelting-term drying shrinkage
based on short-term experiments;

» Evaluate the effect of external wet curing duratiom FLWA and/or SRA
incorporated HPC mixtures, in the hope of reductogrent 14 day external
curing period;

* Analyze and identify a drying shrinkage threshoidit/criteria for HPC bridge
deck to ensure high cracking-resistance concrete;

* Develop a simple testing procedure for the abowat/riteria which can be
easily applied by contractors or materials supgjier

* Investigate alternative cement options such asiuwalcaluminate cement,
shrinkage compensating cement or calcium sulfoalateicement.

This dissertation is organized as follows:



Chapter 1: General Introduction.

Chapter 2: Literature Review. The focuses of theydture review are drying shrinkage
and cracking studies in the last decade.

Chapter 3. Manuscript 1. The title of this manysicris “A Simple Procedure on
Determining Long-Term Chemical Shrinkage for Centents Systems Using Improved
Standard Chemical Shrinkage Test”. Research haswrshthat the benefits of
incorporating pre-wetted fine lightweight aggregatel shrinkage reducing admixture in
high performance concrete. To determine the optirRfURVA content, information about
the propensity for shrinkage in the cement pagtecifically the chemical shrinkage
value, is needed. However, there is a lack of mition on how to determine the long-
term chemical shrinkage value for HPC with suppletaly cementitious materials
(SCMs) and/or shrinkage reducing admixture (SRA)his research, a simple procedure
was identified to predict the long-term chemicatirgkage value for high performance
cementitious systems containing SCMs and/or SRAgelal improvement to the ASTM
C1608 (dilatometry procedure) were proposed aneéstgated. Among which, “mess
check” and “lowered sample higher” were adoptedha lasted ASTM C1608. An
experimental prediction model was adopted and ieerifo estimate long-term chemical
shrinkage values for portland cement systems aangi SCMs and/or SRA. A
recommended procedure was proposed to determinnigeterm chemical shrinkage
values for HPC systems containing SCMs and/or SBAJ a modification to a
commonly used LWFA proportioning equation was sstgg This manuscript was
published in thASCE Journal of Materials in Civil Engineerimgn Janurary 26, 2012.

Chapter 4: Manuscript 2. The title of this manysicis “Prediction of Drying Shrinkage
for Internally Cured High Performance Concrete’nc® concrete durability is closely
related to effects of shrinkage, it is importantdevelop proper prediction models. The

ACI 209 model is recommended by American Concrestitute and widely used in the
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U.S. for normal strength concretes using conveatiaggregates. It was recommended
that a short-term testing should be performed tbbrede the model to improve
predictions for local materials. However, the caltion procedure is not clearly stated in
the document. In this research, a procedure basetieo ACI 209 shrinkage model to
predict long-term shrinkage strain using short-teerperimental measurements was
proposed. In addition, evaluation of the accuratysig existing shrinkage models is
reported compared to the authors’ experimental. dEti@se models are the ACI 209
model, the CEB90 model, the AASHTO model, the B3dalpthe GL2000 model, and
the ALSN model. The shrinkage values determinedebgh model were compared
against the experimental results from ten highgrerance concrete mixtures with
incorporation of FLWAs and/or SRAs. This manuscwais published il\Cl Symposium
Publication 290 The Economics, Performance and ghability of Internally Cured

Concrete and presented on Octobef22012, Toronto, Canada.

Chapter 5: Manuscript 3. The title of this manysicis “Assessing Drying Shrinkage
Related Cracking Potential of High Performance Cetecfor Bridge Decks”. Cracking
at an early-age of high performance reinforced petecstructures, in particular bridge
decks, results in additional maintenance costsjduon serviceability and reduced long-
term performance and durability. The causes beluratking in high performance
concrete are well known and documented in the iegiditerature. However, appropriate
shrinkage limits and standard laboratory/field detbtat allow proper criteria to ensure
crack-free or highly cracking-resistant high pemiance concrete are not clearly
established either in the technical literature orspecifications. The purpose of this
research was to provide shrinkage threshold lidatsspecifications and to provide a
robust test procedure that allows easy determimatio compliance with specified
threshold limits. It has been shown that the “ringsts (ASTM C1581 and AASHTO
T334) are the most comprehensive accelerated ledvgréests to accurately identify
cracking potential. In addition, acceptable cottiefabetween the ring test and the field

test has been observed and documented. Howeverpra simple and robust test
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procedure is in demand from materials suppliers Bedartments of Transportation. A
data analysis of current experimental results skothat the free shrinkage to shrinkage
capacity (theoretical strain related to tensileersgth and modulus of elasticity) ratio,
namely “cracking potential indicator”, is a pronmgi assessment of cracking resistant
performance. In this way, only free shrinkage (¢8TM C157) and basic mechanical
properties are required to assess cracking riskedfin concrete mixture design. This

manuscript will be submitted tiournal of Cement and Concrete Composites

Chapter 6: General Conclusions.

Appendix A: A summary of five drying shrinkage pigtbn models evaluated in
Manuscript 2.



2 LITERATURE REVIEW

2.1 INTRODUCTION

In 2010, the United States (US) Federal Highway Audstration (FHWA) reported that
27% of the country’s bridges in the National Higlyw&ystem were considered
“structurally deficient” or “functionally obsoletewhich refers to bridges having major
deterioration, cracks, or other deficiencies inirteguctural components including decks,
girders, or foundationd'S. Department of Transportation 2Q18.ccording to a survey
conducted by Krauss and RogallKrguss and Rogalla 1996in 1996, 62% of
respondents in the US departments of transport@D@T s) believed transverse cracking
was a significant problem. More than 100,000 br&ddecks had suffered from transverse
cracking, which is a pattern indicating the preseatdrying shrinkage. However, there
are many factors which can lead to cracking in oetecbridge deck, such as concrete
dimensional stabilities (shrinkage and creep), remvhent fluctuations and restraint
conditions. Fig.1 shows a summary of major caus$dwidge deck cracking. All causes
shown in Fig. 1 that can lead to cracking are nestéfd as a volume change (including
differential) in concrete. Cracking is determineg the competition between strength
gain of the materials and the development of tensitess, which is mainly due to
restraint provided by the structural elements. Qiaerpast 40 years, most of the causes
of cracking in concrete bridge decks have been wehtified and documented through
laboratory research and field experience. Furthesmaroper mixture modifications and
construction practices have been developed to nmeinthe risk of cracking.

Nevertheless, concrete still exhibits cracking Wgiits service life.

Cracking at early ages (especially within the fiysar after placement) results in
additional costs and a significant maintenance durdlrhese added costs could be

reduced through improved testing techniques, imguomaterials specifications, and
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improved construction requirements related to reducracking risks in such structures.
The most significant challenge, from a concreteemals perspective, to overcoming
cracking risk is to reduce the shrinkage, and wltety the stresses generated as a result
of such shrinkage. However, there is no singulating method or a subsequent
shrinkage threshold limit commonly agreed upondduce such risk. The goal of this
literature review is to summarize previous effasts linking drying shrinkage of HPC

and performance specifications (i.e. limits).

A detailed literature review on drying shrinkagstiteg methods, factors affecting drying
shrinkage, and mitigation strategies can be fountterature Fu 201). In addition, a

summary of drying shrinkage prediction models wiasrgin Appendix B.

2.2 RECENT RESEARCH ON BRIDGE DECK
SRHINAKGE/CRACKING

2.2.1 American Standardsof Testing Materials (ASTM)

The restrained ring test has been used by a nuaflvesearchers since the 1940's. It is a
practical tool to evaluate cracking risk of conerand mortar. It was not until a few
decades ago, that quantitative analysis of thid tes come into existence by
implementing strain gauges to qualify the stresgesbf the cementitious specimens
(ACI Committee 231 20)0Weiss Weiss 199Pmade contribution in stress distribution
analysis in the ring using a nonlinear fracture Ina@tcs model. Later, the ground work
of ASTM C1581 was laid down by See et &e¢ et al. 2004 They investigated a wide
range of concrete and mortar mixtures using a Bpeaig test (Figure 2.1), which was
later adopted by ASTM as a standard testing pradBzesed on the results, they
suggested a cracking potential classification f@sve in Table 2.1) on the basis of either
time-to-cracking or stress rate development in dmncrete ring specimen. This
classification was also adopted by ASTM C1581.



Table 2.1 Cracking potential classification (Basadstress rate at time-to-cracking).
(ASTM C1581 2004; See et al. 2D04

Time-to-Cracking, Stress Rate at Cracking, . .
t, Days S, MPa/Day Potential for Cracking
0<t,<7 S>0.34 High

71T<t<14 0.17< S<0.34 Moderate-High
14 <, <28 0.10<S<0.17 Moderate-Low
ter > 28 S<0.10 Low

Time-to-cracking is the difference between the ageracking and the age drying was
initiated. It can be used to assess the relatiaekang performance of specimens that
cracked during the test. If not cracked, the strass at the age that test was terminated
can be compared between tested materials.

2.2.2 TexasDepartment of Transportation (TXDOT)

From 2002 to 2006, a two-phase project titl&l&luation of Alternative Materials to
Control Drying-Shrinkage Cracking in Concrete Breéddoeckd was conducted by
TxDOT and the University of Texas, Austin. The aragoal of this project was to
identify an effective materials-based method ofteaiing drying shrinkage.
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In the Phase-I of this research, a detailed summaryactors affecting cracking in
concrete bridge deck was given in terms of shortogain materials, design practices
and construction techniques. Common methods ofrading shrinkage cracking were
also identified in the literature review sectiongluding conventional and innovative
methods. The innovative methods included fiberfogoed concrete, SRAs, shrinkage
compensating concrete and high-volume fly ash (HYRa#hich were all evaluated in
laboratory experimentation. To better identify ttracking propensity, a combination of
laboratory tests were recommended:
* Free shrinkage prism test (ASTM C157/AASHTO T-160);
* Restrained ring test (ASTM C1581/AASHTO PP34), and;
» Early-age strength properties:
o0 Compressive strength test (ASTM C39/AASHTO T-22);
0 Tensile strength test, and (ASTM C496/AASHTO T-198)
o Modulus of elasticity test (ASTM C469).
Each of these tests by itself was not capable ofiging sufficient information to
evaluate the propensity for drying shrinkage induceacking. It was recommended that
an ideal crack-free or highly crack-resistant migtahould be one showing no cracking
in the ring test, having a relatively low free sitkage strain and early-age modulus of
elasticity, meanwhile high early-age tensile stteng However, the complicated
interaction among all these properties made it «Bffycult to prescribe a specific free
shrinkage limit as a permissible threshold for mate selection. Therefore, a number of
comprehensive considerations were recommendedh&rdécision making process in
literature Folliard et al. 2003.

In the phase-II study, a satisfactory correlati@asviound between the ring test and large
scale bridge decks (LSBD) cast and monitored abwdoor exposure site in Austin,
Texas. However, to determine the relative susc#iptito drying shrinkage cracking, the
ASTM C 157 prism test would be inadequate on its,0and many other recommended
tests results should be considered. Based on arebemsive test result, concrete

mixtures containing SRAs, polypropylene fibers,irgkege compensating cement or
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HVFA were recommended to minimize early-age shmekatress and cracking risk
(Brown et al. 2007).

2.2.3 Virginia Department of Transportation (VaDOT)

A study in 2004 by VaDOT recommended drying shrgikdimits of 0.04% length
change at 28 days and 0.05% length change at 99 fdayoncrete containing SCMs
following ASTM C157 test. For OPC concrete, theiléhare set to 0.03% at 28 days, and
0.04% at 90 days. This was done by comparing uarastd drying shrinkage in the
ASTM C157 prisms to restrained cracking tendencp8TM C1581 testing. However,
mixtures with the lowest free shrinkage did notsaduently exhibit the lowest strains in
restrained ring testing. Due to the lack of varecthe data, this draws into question the
validity of the shrinkage limits purported by theudy for mixtures of lower w/c and

ternary blendsMlokarem et al. 2005

From 2007 to 2010, a project titledBridge Deck Concrete Volume Chahgeas
conducted by the Virginia Transportation Researclur@il (Ramniceanu et al. 20).0
The goal of this research was to develop a fielaityucontrol method for shrinkage and
its associated limits. Shrinkage was evaluatedhatearly-age (24 hours) and long-term
(180 days) for VaDOT concrete bridge deck mixtunesluding ternary blended mixtures
(fly ash and microsilica), latex modified mixturaad expansive mixtures. A modified
ASTM C157 prism test was used to test early-agalshge, and normal ASTM C157
procedures were used to measure the long-termksigen Ring tests, v-notch tests and
scaled bridge deck overlays were used to evallaieksige cracking potentials. Based
on the test results, the ASTM C157 test method reasmmended to VaDOT as an
implementation to control shrinkage of field ovgdaand general bridge deck mixtures.
The limits of each current mixture are shown in [€ab.2. These limits were based on
ASTM C157 free shrinkage test when compared tcstiaded bridge overlay specimens.
Since none of the scaled bridge overlay specimeasked, the limits were taken from

the free shrinkage values.
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Table 2.2ASTM C157 Shrinkage Control Limits*, inspired biggmniceanu et al. 20)0

Overlay Mixtures gm/m) A4 Mixtures (um/m)
LMC RSL LMK TRN A4-FA  A4-S A4-K
3 Days 300(310) 150(125) 150(125) 400(380) - - -

7 Days 400(395) 250(215) 300(280) 700(670) 250(206) 350(350) 300(273)
28 Days 600(580) 350(295) 400(350) 800(750) 500(370) 500(537) 400(385)

* Values between barracks are experimental measmsm

Age

For example, the measured free shrinkage for stdnd®C mixture (TRN) at 28 day
was 750 micron, while the limit was set for 800 rait However, the restrained ring
tests were not in the good agreement with scaleldjdoverlay specimens. Nonetheless,
the researchers stated that the scaled bridge dpekimen best mimicked field
conditions, thus the free shrinkage limits shoutdlibked to the performance of scaled
bridge deck Ramniceanu et al. 20).0

2.2.4 Kansas Department of Transportation (KDOT)

In 2005, KDOT'’s report Evaluating Shrinkage and Cracking Behavior of Ceter
Using Restrained Ring and Free Shrinkage Teptevided a detailed review of previous
research efforts on concrete bridge deck crackiag wrovided. In addition, it also
provided a comprehensive review of the ring testuding the background of the ring
test, different types of ring test and effect ofgrigeometry. Free shrinkage and restrained
ring tests were used in this study to evaluate radridge deck mixture designs used
within the state. The major conclusions in thigigtwere as follows:T(ritsch et al. 200p

» Using coarser ground (Type Il) cements could redincankage;

» Shrinkage increased with increased paste content;

» Use of a shrinkage reducing admixture (SRA) sigariitly reduced shrinkage;

» Longer curing times were beneficial to reduce dage, and;

* Free shrinkage was found to be a weak predictactfal restrained shrinkage.
The researchers attempted to correlate free slyatath restrained shrinkage rate, but
found that the free shrinkage was a weak predaftactual restrained shrinkage rate. Of

39 restrained ring tests, only one mixture withighhpaste content cracked. Such low
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cracking sensitivity was due to the thickness @& #teel ring, which was too thin to
provide enough restraint to promote cracking inatete rings. This resulted in a lack of

comprehensive view of mixtures with low to highakg risk (Tritsch et al. 200p

Nevertheless, this study provided guidance to redslerinkage and laid down the
groundwork for the later two-phase pooled fund gtti@onstruction of Crack-Free
Concrete Bridge Decks This study focused oniindquist et al. 2008; McLeod et al.
2009

» Development of an aggregate optimization and céecenéxture design program;

* Free-shrinkage tests to evaluate potential lowkingcHPC (LC-HPC) mixtures;

« Evaluation of the chloride penetration into coneresing long-term salt-ponding
tests;

« Specification for LC-HPC construction and standanatctices in Kansas, and;

» Construction and preliminary evaluation of LC-HPi@ge decks in Kansas.

The LC-HPC mixture, also usually referred as “KUxKjihas been proved effective in
reducing cracking in bridge decks by field applicas Oarwin et al. 201D. Some of the
features of this low cracking mixture are listed@kws:

* Optimized aggregate gradation

 Recommended moderate strength (25-30 MPa)

« Low cementitious materials contest320 kg/n?)

* Moderate w/cm (0.43-0.45)

e 25mm maximum aggregate size

» Air content of 8£t1.5 %

* Low designated slump (40-90 mm)
e Controlled construction temperature (13-21 °C)

2.2.5 New Jersey Department of Transportation (NJDOT)

New Jersey DOT (NJDOT) performed a research profemin 2005 to 2007, to
investigate the cracking potential of the HPC mif@sbridge decks in New Jersey State
(Nassif et al. 2007 Comprehensive laboratory tests were conducted|uding
compressive strength, splitting tensile strengtbduatus of elasticity, free shrinkage, and
restrained shrinkage. For restrained shrinkage A&88HTO PP34-99 was utilized with
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modifications to better capture the cracking perfance by monitoring the relative
displacement within the ring specimen (as showRigure 2.2). In addition to the strain
gauges attached to the inner surface of the sigl six vibrating wire strain gauges
(VWSG) were installed to monitor the relative mowsin concrete ring sections. In
this way, the actually strain in the concrete colbdé measured and quantified, which

allows a more accurate comparison between mixtures.

VWSG 4

Figure 2.2 Modified AASHTO restrained ring testésup (FSG: foil strain gauge;
VWSG: vibrating wire strain gauge\assif et al. 2007

They found that high coarse aggregate to fine aggeeratio (over 1.5) with high coarse
aggregate content (over 1110 kdfroould help significantly reduce cracking potelstia
By correlating free shrinkage to restrained shrggkperformance, a free shrinkage limit
of 450 microns at 56 days was recommended to engsuhggh cracking resistant
performance for HPC bridge deck.

2.2.6 West Virginia Division of Highways (WVDOH)

Recent research by Ray and co-workers discoveremreelation between material
properties (28-day compressive strength and 90fdsey shrinkage strain) and time of
cracking obtained from AASHTO ring tefkdy et al. 201 In this research, 18 different
HPC mixture designs with different SCMs and diffdérev/c were investigated. The
ASTM C157 test was used to measure free shrinkaga.s AASTHO ring tests were

used to obtain cracking potential (time to crackinghe ring). According to the test
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results, a correlation was established betweerckarg index” and time to cracking in
ring. The cracking index was given a80f1¢1.0F-1.2 pased on observation, a combined
factor of common material properties such as frieenkage strain &), compressive
strength (f), and modulus of elasticity (E). A da& from representative highway bridge
projects was used to determine the cracking thidslas shown in Figure 2.3. The
conclusion was that to be conservative any concm@tgdure design with a time to
cracking of 30 days or later in the AASHTO ringttesuld be acceptable in cracking
resistance on the field.

x> 35 Field:data

Crack onset (days)
_l

25 Ep—
20 7 *  Threshold plane
157

10 g T e I e
h”” 500 = 60

400 3gp 40 —

Free shrinkage ( 1¢) Compressive strength (MPa)

Figure 2.3 Threshold plane of cracking onset basefield data. Ray et al. 201p

This research was the first attempt to combined &lerinkage with common materials
properties, which provides a more comprehensivesrgtanding of cracking issues in
concrete. Although this method still needs to behter confirmed or upgraded, a new
prospective was provided in how to determine thmidatory testing threshold limits to
minimize cracking risk in the field. Another nagable contribution of this work was that

a simple and feasible modification to the ACI 208rskage model was proposed to more
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accurately predict shrinkage using local materidistails can be found in literaturBdy
et al. 2012.

2.2.7 Washington Department of Transportation (WSDOT)

In 2010, WSDOT conducted research with WashingtdateS University, titled
“Mitigation Strategies for Early-Age Shrinkage Cranckin Bridge Decks The goal of
this research was to identify effective early-agacking mitigation strategies for
concrete bridge decks in Washington State. The areBe report included a
comprehensive literature review and suggested dhasf of this study was to identify
mitigation methods based on material propertiesh s different sources and sizes of
aggregates, paste content, cementitious matemalsiding SCMs and SRAs. Free
shrinkage and restrained ring tests were perforome#2 mixtures designs including two
current WSDOT concrete mixes. Based on the laboratvaluations, the major
conclusions are listedQfao et al. 201D

* SRAs significantly reduced the free shrinkage aastrained shrinkage cracking

tendency of all mixtures;
e Less paste volume due to larger aggregate sizeceddéree shrinkage and

delayed cracking in the ring specimens, and;
» Lower free shrinkage strain, with acceptable flekstrength, generally indicated
relatively good restrained shrinkage cracking tasise.
In this study, two different sizes of rings wereedisfor restrained ring testing. This
provided different degrees of restraint and cowddoanmodate different sizes of coarse
aggregates. Hardened concrete properties, sucbngsressive strength, splitting tensile
strength, flexural strength and modulus of elastieiere tested at 7 days and 28 days.
“KU Mix” was also applied in one of the investigdtenixtures. The shrinkage was
reduced from 40@m/m to 150um/m at 28 day. The significant differences betwten
control mixture and the “KU Mix” include: reduce@ment content from 440 kg’nto
325 kg/m, increased maximum aggregate size from 19 mm tm®5 and optimization

of aggregate gradation.
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The authors also attempted to link free shrinkagarsto cracking, and determined the
concrete cracking resistance was the combinationtsotensile strength and its free
shrinkage properties. However, no shrinkage linaswyroposed. Further field evaluation
was needed to verify the link between free shriekagth restrained cracking and

ultimately with field performance(iao et al. 201}

2.2.8 Other Works

Al-Manaseer and coworkeralfManaseer et al. 20)Iconducted a long-term shrinkage
and creep study on high strength concrete (HSCis Work was also supported by
California Department of Transportation (Caltrartsighty-one mixtures with different
SCMs and superplasticizers were investigated. Brg@g shrinkage measurements in
cement and concrete samples lasted up to 3000 dagy. documented the effect of
SCMs (i.e. fly ash, silica fume, slag, and metakaplkuperplasticizers, and especially
SRAs on compressive and long-term free drying &lage. No cracking evaluation was
performed. They found that by incorporating SRA tlerinkage was significantly
reduced. They also found that increasing the SBgage above 1.5% had no significant
effect on free drying shrinkage. A shrinkage pradic model which takes SRA into
consideration was proposed, termed ALSN 2004 m@leManaseer and Ristanovic
2004). This model was also evaluated in Chapter 3, @detdils of this model can be

found in Appendix B.

In 2002 to 2003, Michigan DOT (MDOT) conducted avestigation of causes and
methods to minimize early-age deck cracking on hiah Bridge decksAktan et al.
2003. A nationwide survey was also conducted as phrthe research. The results
showed 30 of 31 responding states (as shown inré&igul) reported early-age bridge
decking cracking issues except Hawaii. Twenty-fisiates indicated the cracking
happened during the first several months aftergoient, and 11 responded as during the

first year. The literature review pointed out tmaain factors influencing bridge deck
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cracking performance were restrained thermal amishksdge coupled with construction
practices. From the field inspection data and latooy testing, a thermal load of
approximately 11 °C was identified to initiate deckacking. The research team
suggested that the hydration temperature rise dhdal limited in the standard
specifications. They also suggested a continuaifaiiis research to develop a specific

mixture design for the minimization of thermal load
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Figure 2.4 Map of responding statékian et al. 2008

For the last decade, Ohio Department of TranspontgODOT) investigated the bridge
decking cracking issues through an in-state fialdvey Crowl and Sutak 2002
laboratory testing Qelatte et al. 200)f and full scale bridge deck stuiddlatte and
Crowl 2019. The survey covered a total of 116 HPC bridgekdemnstructed between
1994 and 2001. All 64 bridge decks which showedimmah or no cracking used coarse
aggregate with higher absorption capacity (>1%)aivehile, 75% of the remaining 52
bridge decks with severe cracking used coarse ggtgavith lower absorption capacity
(<1%). To rule out other possible factors, a bridgek was casted as field trial in 2002,
in two phases. The only difference between two ehags coarse aggregate sources. As

shown in Figure 2.5, Phase 2 which used lower g@hisor (<1%) coarse aggregate
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cracked, while Phase 1 which used higher absorptit#h) coarse aggregate did not
show any cracking. This strongly suggested thattheking resistance was related to the
aggregate scours. In the later laboratory evaloatibey found the internal curing by
FLWA significant was able to reduce shrinkage inGHiRnd more significant reduction
could be achieved by using larger coarse aggretiatas also supported by a full scale
bridge deck field trail.

Phase'l

——

Figure 2.5 Phased construction of HPC bridge deXhio Delatte et al. 200)

2.3 SUMMARY

Cracking in the bridge decks causes shortenedcselite of the structure, and increased
burdens to state DOTs through maintenance, retaoftt inspection. In this literature
review, recent studies on shrinkage and crackirgues on bridge decks were
summarized. The current understanding of high-éngekesistance concrete is that the
concrete should have low free shrinkage and eajidyyaung’s modulus, meanwhile high
tensile (or flexural) strength. From the testingspective, several well-established tests
exist for assessing shrinkage and/or cracking refk concrete mixtures (e.g.
standard/modified ring tests, and scaled bridgek)ddt is well-agreed upon that the
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restrained test (ring test) can provide the bestliption of concrete cracking. Along with
materials properties tests (such as compressigagttr, tensile strength and modulus of
elasticity), it is possible to set shrinkage limilisis anticipated that a laboratory testing
procedure using the ring test and other mecharpoaperties tests is promising to

determine cracking potential of HPC mixture fordge decks.
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3.1 ABSTRACT

In the past ten years, renewed research interessti@avn the benefits of internal curing
by incorporating pre-wetted lightweight fine aggueg (LWFA) in high performance
concrete (HPC). To determine the optimum LWFA coptenformation about the
propensity for shrinkage in the cement paste, fipalty the chemical shrinkage value, is
needed. However, there is a lack of informationhanv to determine the long-term
chemical shrinkage value for HPC with supplementgnentitious materials (SCMs)
and/or shrinkage reducing admixture (SRA). The psepof this research was to identify
a simple procedure to determine long-term chemsfalinkage values for given
cementitious systems with SCMs and/or SRA. Sevematovement to the ASTM C1608
(dilatometry procedure) were investigated. An ekpental prediction model was
adopted and verified to estimate long-term chenshahkage values for portland cement
systems containing SCMs and/or SRA. A recommendextegure is proposed to
determine the long-term chemical shrinkage valwesHPC systems containing SCMs
and/or SRA, and a modification to a commonly us®dHA proportioning equation is

suggested.

3.2 INTRODUCTION

In the past ten years, renewed interest in the formesearch has shown the benefits of
internal curing (IC) by incorporating pre-wettedHhtweight fine aggregate (LWFA) in
high performance concrete (HP@entz and Snyder 1999; Lura 2003; Bentz 2007;
Cusson and Hoogeveen 2008; Wei and Hansen 2008kddsiefken et al. 2009;
Sahmaran et al. 2009 As a results, this technology has steadily prsged from
laboratory studies to field applicatiqitenkensiefken et al. 2009ncluding highway
pavement design as well as residential constnudfi6llarreal and Crocker 2007,
Delatte et al. 2008; Friggle and Reeves 2008; Vi#al 200§. To determine the
optimum LWFA content, Bentz and co-workers devetbp@ equation (also known as
Bentz Equation) for determining the replacementhefstandard fine aggregate with dry
LWFA (Bentz and Snyder 1999; Bentz et al. 200%is is shown as follows:
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C, xCSxqa
M LWFA = — = with Qax = wcm
SXD\ea 0.36

<1 (3.1)

WhereC; = cement factor (content) for concrete mixtureg{n); CS = chemical
shrinkage of the cement (g of water/g of cement)x = maximum expected degree
of hydration of cemen& = degree of saturation for LWFA; adgwra= absorption

of lightweight fine aggregate (kg water/kg dry LWEA

To use this predictive equation, several parameteesl to be determined including;,
CS,amax Sand @ wea Then the mass of the lightweight aggregate pérwoiume of
concrete M wrain kg/nT) can be calculated. The maximum degree of saturatan be
established by first determining the absorptionacéy of the LWFA. If the moisture
content of the aggregate is at or above the absarpapacity, the maximum degree of
saturation was taken as 1. While there is no agupen method to determine this value,
Weiss and co-workers have provided recommendatigngsing the standard cone test
outlined in ASTM C128 as a reasonable alternaiwdihding the absorption capacity of
the LWFA (Schlitter et al. 2010 For typical HPC with water to cement ration lovlean
0.36, the complete hydration usually cannot be easdd and the maximum expected
degree of hydration can be estimated by (w/cm)/(B&bitz et al. 2005

Chemical shrinkage is usually referred to the vaweduction due to chemical reactions
between cement and water forming hydration prodotteigher density than original

reactant. Chemical shrinkage value is importanbgbmize LWFA content in internal

curing. Higher chemical shrinkage value might iadkcthat more moisture is needed
from LWFA. Therefore, a proper chemical shrinkagdue is crucial when estimating
proper LWFA content. In the previous research, dbhahshrinkage value has been
determined by the phase composition of cem@aulini 1992; Justnes et al. 1998;
Mounanga et al. 2004; Bentz et al. 2009However, there is a lack of information on

how to determine long-term chemical shrinkage vathen applying Bentz Equation for
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HPC with supplementary cementitious materials (SCMlisd/or shrinkage reducing
admixture (SRA).

It should be noted that a better estimate of thev@l&e does not necessarily indicate an
optimum replacement level of LWFA to create a belb@g-term performing concrete.
Other factors such as water accessibility, dryihngnkage, durability, and mechanical
properties should be considered when determiningpgmopriate replacement level for
field applications. While previous research hadicated that the use of a pre-wetted
LWFA was effective at reducing autogenous shrinké®entz 2007; Sahmaran et al.
2009; Slatnick et al. 203Jand drying shrinkage in mortars up to 28 d&§shfitter et al.
2010, drying shrinkage on concrete with LWA/SRA is negll-established. Many of
these other parameters have are either currentigrumvestigation or merit further

research.

The purpose of this study was to identify a simptecedure to determine long-term
chemical shrinkage value for given concrete systemith SCMs and/or SRA.
Improvements to the ASTM Cl1608tandard Test Method for Chemical Shrinkage of
Hydraulic Cement Pastevere investigated. There improvements includeextgnded
testing duration (up to 14 days); 2) smaller sansjde (height); 3) quality check for each
sample by measure the mass change before andtladteest; 4) an automated data
acquisition system, and; 5) an experimental premhcamnodel, first proposed by Xiao et
al. (Xiao et al. 2009 was adopted and verified to estimate the lomgrtehemical
shrinkage value for portland cement systems coin@iSCMs or SRA. All the above
mentioned improvements enable the Bentz Equaticactommodate concrete mixtures
with SCMs and SRAs when determining the appropmpagewetted LWFA replacement

level.

3.3 MATERIALSAND MIXING PROCEDURES

The high performance mixture used for chemicalnitage contained 30% class F fly ash

and 4% silica fume replacement by weight of cemdite ASTM C150 Type I/lI
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portland cement and ASTM C618 class F fly ash wesed in this study. The chemical
composition of the cement and fly ash is shown abl& 3.1. A silica fume containing
nearly pure silica dioxide in noncrystalline fornithwvapproximately 1% crystalline silica
was used. One SRA was also applied in this studgtePmixture ratio for chemical

shrinkage test is listed in Table 3.2.

Table 3.1Cement and fly ash oxide analysis (wt %)

Total
. . . Loss on Insoluble
CaO SiO, Al,0; Fe0O; MgO NaO K,O TiO, MnO, P,Os SrO BaO SO; Alkalies as lgnition  Residue

Na,O

OPC 64.2 20.5 4.72 3.23 0.8 0.3 0.290.23 0.08 0.07 0.17 0.07 2.7 0.49 263 021

;IS);] 10.2 55.2 15.8 6.27 3.64 3.64 2.08 0.94 0.12 0.23 0.32 0.62 0.7 - 0.23

Table 3.2 Paste Mixture Ratio for Chemical Shrgkdest (w/cm=0.37, 23°C
isothermal)

Cement Fly Ash Silica Fume SRA

Mixture (%) (%) (%) (%)
P-1 100 0 0 0
p-2 96 0 4 0
P-3 70 30 0 0
P-4 100 0 0 2
P-5 66 30 4 0

An expanded shale LWFA was used as the IC agehtamtabsorption capacity of 17%
and specific gravity of 1.87. Additionally, the L’ was able to release as much as
94% of its absorbed water at a relative humidity84%o through desorption isotherms.
Oven dry LWFA was pre-soaked until the absorptiapacity had been achieved. The
LWFA was then brought to a surface dry conditiothwa known mass. It was then
placed in a series of temperature and humidity rolett chambers, each with a
decreasing value of RH. The sample was placedach eespective chamber until
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hygroscopic equilibrium had been achieved. Upaehang equilibrium at the lowest RH

chamber (84%), the aggregate was then brought tvam dry condition. The water loss
was determined as the amount of water given offheyaggregate from its absorption
capacity to 84% RH. A local siliceous river samdl docal river gravel were used as the

normal weight aggregates.

Concrete mixture proportions are outlined in Teéd® The same w/cm as the CS testing
was used in concrete testing. The aggregate piopsrin Table 3.3 are given in the
oven dry state. Prior to mixing The LWFA was poaised for a minimum of 5 days and
brought to near surface dry conditions prior to imgx For mixture C-3, an
underestimate of the CS value was selected. Thedlf for this mixture was 0.056
g/g. This resulted in a 20% replacement of themabrweight sand with LWFA, and
provided 22.4 kg/rhof absorbed water for internal curing. In mixt@et, the measured
value performed in this research of CS = 0.07 diglwvresulted in a 25% replacement of
normal weight sand with LWFA. The LWFA had absat2¥.8 kg/ni of water prior to
mixing. It should be noted that the dosage of air entrgimdmixture and high range
water reducing admixture were adjusted to produlcgles workability and air content

for all three mixtures.

Table 3.3 Concrete Mixture Proportioning for DryiShrinkage Test

Mixure | Cement  Fly ash ?J'rirfg ater aggraergste Sand LWFA  SRA AEA  HRWR

(kg/n?)  (kg/nT) (kg/P) (kg/nr) (kg/m) (kg/m?)  (kg/int)  (kg/nT)  (mU/m)  (L/m)
C-1 249 112 15 139 1074 659 - - 103 15
C-2 249 112 15 131 1074 659 - 6 174 14
C-3 249 112 15 139 1074 451 132 - 103 15
C-4 249 112 15 139 1074 400 164 - 103 15

The concrete was mixed according to ASTM C192, amcestrained drying shrinkage
prisms were cast according to a modified ASTM CIHYe concrete was removed from
their respective molds at an age of 24 hour (x 3Asjnand subjected to a drying

environment of 23C and 50% relative humidity.
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3.4 CHEMICAL SHRINKAGE TEST
3.4.1 Automated ASTM C1608

ASTM C1608 was used as the standard testing proeettu investigate chemical
shrinkage with improvements. To prepare the paatepe, the standard procedure
outlined in ASTM C305 was used. Cement paste (witlwithout SCMs ) was mixed
with de-aerated de-ionized water at room tempegatand was carefully placed to the
desired height in a vial (25mL) with dimension ddndm in height and 25mm in
diameter. After placing the paste in the vial, @éeated de-ionized water was used to fill
the vial to the top carefully without disturbingetipaste. A one-hole rubber stopper with
an inverted glass pipette (1 mL) passing througtvais placed slowly on top of the vial
to make sure no air bubbles were trapped. Additiosager was filled from the top of the
pipette to bring the water level close to the hggheading in the pipette. Then a few
drops of color indicating dye (red in color) wemtdad by a syringe in order to prevent
evaporation and also to provide the referencetferautomated data acquisition system.
Then the mass of each pipette-vial setup was medsefore they were placed in the
specifically designed rack, which allow all vialsibsnerged in the water bath for
temperature control at 23 °C. At the end of thedd¥ testing period, the mass was
measured again. A successful test without leakagbéa system (complete pipette-vial

setup) achieved mass conservation with no moreQt@thg change in mass.

To monitor chemical shrinkage for a longer periédime (e.g. up to 14 days and more)
than recommended by ASTM C1608, which is curretdtyeast 24 hours’ASTM 200y,
an automated test regime was developed. A funaogosetup is shown in Figure 3.1. In
front of the pipettes, there is a webcam with @liggon higher than 1.3 megapixels for
image acquisition. Images are taken and analysetylwa computer software program
developed in the Laboratory of Materials of Congtinn (LMC) at EPFL in Lausanne,
Switzerland, to determine the total water uptakehgyhydrating cement pastBighnoi
2009. Similar experimental setups have been used \rakother researchef€ostoya
2008; Ideker 2008; Jaouadi 20P8A statistical study was performed showing thed t
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automated measurements were consistently of legmnea than the measurements taken

by hand using the same imagé&si (201). All results presented in this paper are thus
from automated measurements.

N
- .
|
" (40
™ U
L e
W

Sample vials in y
water bath Lighting

Figure 3.1 Automated chemical shrinkage setup

3.4.2 Depercolation Study

As per ASTM C1608, the thickness should be 5SmmOtarh, which is approximately 59
to 10g paste in the vial used in this testing. Boand co-workers have shown that for
low w/cm sample with thickness less than 10mm,ittilience of sample height was
insignificant (Boivin et al. 1998 However, recent work by Sant and co-workers has
shown a thickness (size) dependent deviation omidla¢ shrinkage measuremen(iSant

et al. 2006; Sant et al. 2011t should be noted that the influence was ingedéd based
on test period of 24 to 48 hours in both studies.

In this research, four different thicknesses wetected, 3 mm, 5 mm, 7mm and 10 mm,

to be tested up to 14 days, to investigate the-teng effect of sample size dependence.
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Noted that the unit of chemical shrinkage is g/fjol indicates water consumed (g) by
unit weight (g) of cement. The results show that ¢themical shrinkage increased with a
decrease of sample thickness (See Figure 3.2).p0sgible explanation of the sample
size dependence would be that the SCMs and low wilensify paste so that the water
cannot penetrate through the thicker section. Samd co-workers describe this
phenomenon as “with increasing hydration in thektsection, a combination of effects
due to a global porosity decrease and a decreasmimectivity of the capillary pores due
to hydration impedes the movement of wate8arit et al. 2001 Therefore, a sample
thickness of 3 mm (approximately 3 g of paste) se&lected to better quantify the water
demand for pre-wetted lightweight fine aggregatbisTsample thickness was also
justified by another recent work using neutron egnaphy indicating that water can
travel up to 3 mm 20 hours after casting from Ngkight aggregate particle to the paste
with a w/cm of 0.25 (Trtilet al.2011).

0.055

0.37 w/em

20°C isothermal
Ternary blend (30%
Class F FA. 4%SF)

0.050 T No admixmure [
0.0480 14 day results

0.045

0.040 -

Chemical Shrinkage (g/g)

0.035 |

0.030 -
3 mm 5 mm 7 mm 10 mm

Sample Height

Figure 3.2 CS depercolation study
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3.4.3 Long-term Chemical Shrinkage Prediction Model

Previous research has shown that the chemicalksiygnof cement paste was decided by
its chemical composition. The most important founenals in cement clinker were;&,
C.S, GA and GAF. With different composition proportion, the réao rate and
ultimate chemical shrinkage value varies. A semiecg) model was proposed to predict
the evolution of chemical shrinkage of cement and @B.2) and Eg. (3.3) shows the
calculation of the ultimate chemical shrinkage eabased on cement compositi@entz

et al. 2005)

Assuming sufficient sulfate to convert all of tHarainate phases to ettringite:
CSUttimate= 0.0704 [GS] +0.0724 [GS] + 0.117[GAF] +0.171[GA] (3.2)
Assuming total conversion of the aluminate phasesdnosulfate:
CSUtiimate= 0.0704 [GS] +0.0724 [GS] + 0.086[GAF] +0.115[GA] (3.2)

Values in the brackets are the mass percentageeofdmposition of specific mineral,
and the coefficient in front has a unit of g/g. féfere, given the composition
information of cement used, the ultimate chemidalnkage value for Bentz Equation
can be easily calculated. However, there are skwemplications behind this method.
First of all, the coefficients corresponding to leamineral vary between different
researchergPaulini 1992; Justnes et al. 1998; Mounanga et28l04. In addition, with
the presence of SCMs, the equation cannot be appliee to different composition and
hydration properties of these admixtures. Furtheemiine maximum expected hydration
degree is complicated by the incorporation of SCMthough Lura and his co-workers
explained one approach to include the effect a¢silume [Lura et al. 2003, for other
SCMs or combinations of SCMs, it becomes more cempb estimate the degree of
hydration due to different chemical composition asalctivity.
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Based on the above mentioned reasons, a simplerieahgrediction model for long-

term chemical shrinkage value proposed by Xiao emavorkers was applied in this
study. A hyperbolic-like function converging to asymptote could be the best to
describe and predict the tested chemical shrinkhgpe Xiao et al. 2009

CSx t

cs(t) =
Rt t*+b

(3.4)

Where CS(t) = chemical shrinkage value at age of t (dayB. = long-term chemical

shrinkage valuey,b = hydration constants related to cementitious nedseproperties.

To determine a particular shape of a CS curve,etlparameters are needed..CS
represents the long-term chemical shrinkage vawehich the curve converges. Aads
a hydration constant which depends on cement coitigpgscuring temperature, w/cm,
fineness of the cement and addition of SCMs or SRAother hydration constarit
represents the time needed to reach half of thg-term CS value. A nonlinear curve fit

was performed to find each set of parameters fergarticular mixture.

An experiment results with prediction equationiriigt are shown in Table 3.4 the pastes
studied in this experiment. It shows that the ipooation of silica fume and fly ash (P-2,
P-3 and P-5) increased CS. This is because thealyphemical shrinkage values for
SCMs are usually much higher than portland cem&atording to Bentz, the typical
chemical shrinkage value for silica fume is 0.2012 g/g, and 0.10 to 0.16 g/g for Type
F fly ash Bentz 200y. Meanwhile, other researchers showed the readategree of
SCMs is quite low in blended cement and it is almiogpossible to reach 100% reaction
rate(Yajun and Cahyadi 2004; Termkhajornkit et al. 2080 et al. 2009 Mixture P-

3 (with 30% fly ash) shows a particularly high C&ht be due to the higher replacement
ratio. Mixture P-5 (ternary blend) shows only imsfgcant increase in CS. It can
probably be explained by lower reaction degree @M S within the mixture. The results
also show that the long-term CS values will noaffected by SRA (P-4).
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Parameters Correlation Predicted 14 days CS (g/g)

Predicted Coefficient

Longterm a b R2 Measured Predicted Diff%

CS (9/9)
pP-1* 0.0670 0.771 1.58 0.993 0.0552 0.0555 0.5%
pP-2 0.0693 0.681 1.47 0.990 0.0550 0.0557 1.3%
P-3 0.0796  0.658 2.10 0.992 0.0588 0.0581 1.2%
P-4 0.0671 0.856 1.25 0.995 0.0599 0.0594 0.8%
P-5 0.0676  0.691 1.60 0.993 0.0547 0.0536 1.9%

*Ultimate CS calculated by phase compositioueg 0.0688 g/g for P-1.

The fitted curves show good consistency with tisteid curves (as shown in Figure 3.3),

with a correlation coefficient over 0.99. At theeagf 14 days, the difference between the

predicted value and the measured value is less2b@nThe degree of hydration at the

age of 14 days is also calculated based on predictey-term CS value.

0.06 1

0.05 -

_:3 0.04 - Cq(t) A 0,0676Xto'691
> - £0-69141.60
3
= CS..=0.0676g/
= 0.03 - 85
U: ¥
- R?=0.993
.
§ 0,02 -
)
001 i —mcasured
i fitted
0 ; : . . . : .
0 2 4 0 8 10 12 14
Time (day)

Figure 3.3 Prediction of P-5 mix of 0.37 w/cm 8@ isothermal
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Another study on the stability of predicted longatechemical shrinkage based on Xiao
and co-workers’ data showed that that after theaigbt days, the predicted long-term
chemical shrinkage values are stable. The prediotegiterm chemical shrinkage values
using data up to different ages longer than 14 aesre within 3% difference, which is

acceptable and well within the coefficient of véina of other testing parameters.
Moreover, the long-term chemical shrinkage valuesdigted using data of 17 day or

older age showed no particular treifrai 2017.

3.4.4 Recommended Modification on Procedure for Determining the Long-Term
Chemical Shrinkage

As discussed previously, the presence of SCMs @&ksSdo not allow calculation of
ultimate chemical shrinkage value of the cementep&®m composition analysis. The
selection of a CS value for use in the Bentz Equatherefore needs further refinement
including such parameters. Based on the aforemesdiaiscussion, long-term chemical
shrinkage value based on a prediction model ismewended. A procedure to obtain
predicted CSis summarized as follow:

Step 1: Perform a modified ASTM C1608 test on thengle cement paste
(reducing the sample thickness3 mm), SCMs and/or SRA can be
included;

Step 2: Record the chemical shrinkage developmentwp to 14 day;

Step 3: Use Eg. (3.4) to fit the curve, find,CS

The proposed procedure simplified the chemicalnglage determination by chemical
composition analysis, regardless of the SCMs artteroadmixtures applied in the
mixture. This enables the application of Eq. (3@)more complicated mixtures with

SCMs or other chemical admixtures like SRA.

Nevertheless, the optimum LWFA content is not soldecided by the chemical
shrinkage value. Factors such as absorption/desorptroperties of LWA, change in
strength and durability parameters are also oftgreasideration in terms of optimizing

LWFA content. Research has shown that a 20% padhcement of natural sand by
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saturated LWFA of a 0.35 w/cm concrete would ingigantly decrease the strength and
increase permeabilittpuran-Herrera et al. 200) While other research has showed that
due to the internal curing process, the concretewslthigher strength and less
permeability. (Cusson 2008; Henkensiefken et al. 2008 verify the proposed
procedure, further experimentation is needed to pehensively investigate all

influential factors to optimize LWFA content.

3.5 MODIFICATION OF THE BENTZ EQUATION

In the original Bentz Equation, Eqg. (3.1), CS is #imount of water sorbed by cement
hydrated. However, a long-term chemical shrinkagéues is desirable, yet hardly
available. Therefore, a method based on the phasgasition of the cement was
introduced and described in the previous sectiohe Themical shrinkage value
calculated is referred as “ultimate chemical shag& in this paper, since it is a
theoretical value representing the volume reductiven 100% hydration is reached. In
this perspective, the CS in the original Bentz Hiquais a material property, which is
independent to testing time, w/cm, and paste matrocture. And when this value is
multiplied by the degree of hydratiom)( the amount of water needed for complete

internal curing in certain mixture is obtained.

A closer look at the measured chemical shrinkadaeeveeveals thats(t)=CSuxa(t),
which indicates that the measured CS value areyalwglated to the hydration degree at
the time of measuring, if the ultimate CS is takena material property. In this paper,
“long-term chemical shrinkage” is referred to thregicted CS value when time tends to
infinity, which denoted as CS Therefore, based on all above-mentioned discossie
Bentz Equation can be rewritten to accommodatetbposed procedure for determining
CS..

_CixCS,

LWFA —
S x® LWFA

(3.5)
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It should be noted tha; in Eq. (3.5) is the total cementitious materiahtemt (kg/nf)

for concrete mixture including SCMs such as fly,aslica fume and slag. This approach
enables the incorporation of SCMs and/or SRA inrttieture, which is not the case for

the original Bentz Equation. In addition, with theesence of SCMs, the ultimate degree
of hydration still needs to be determined to ugeBkentz Equation. However it is avoided

by the Eq. (3.5). To further improve the efficiermfythe Bentz Equation, Castro and his
co-workers proposed another modification to accochet®the absorption and desorption
properties of LWFA Castro et al. 2011

3.6 DRYING SHRINKAGE TEST RESULTS

Previous research has shown that the use of ptedve¥WFA was effective at reducing
autogenous shrinkagéyra 2003; Schilitter et al. 2010; Slatnick et aD12), the long-
term effects of drying shrinkage have been miniynatudied. Two different mixtures
incorporating LWFA were researched. One mixture waderproportioned for internal
curing using the CS of 0.056 g/g, tested at 208thiermal with 3 mm sample thickness.
The other mixture was proportioned with the CSelisin Table 3.2In addition, a safety
factor of 5% was applied to the measured CS valu®.0676 g/g to account for
variability in the CS test as well as the absorptd the LWFA Bentz et al. 2005 In
addition to the LWFA mixtures, a mixture incorpangt a commercial shrinkage
reducing admixture was cast. The specimens weneved from the molds at 24 hours
and then placed in the drying environment that wastrolled at 23 and 50% RH
(ASTM 2008

Drying shrinkage results are found in Figure 3The initial reading was taken when the
concrete was placed in the drying environment. Bigho56 days of testing, the mixture
incorporating SRA was the most effective at redgarying shrinkage. A 42% reduction
in drying shrinkage was found when comparing theAS®ixture (C-2) to the control
mixture (C-1). It can be seen that incorporating-wetted LWFA was less effective at
reducing the drying shrinkage when compared tontisdure incorporating SRA. For
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mixture C-3, the drying shrinkage was reduced by &t 56 days when compared to the
control mixture. Mixture C-4 reduced the drying iskage 15% at 56 days when
compared to the control mixture. Underestimatinghlue for CS increased the amount
when compared to a more accurate estimate of theallfe. The difference might be
attributed to a lesser amount of internally absdriaater being available for hydration
and refilling of capillary voids. While the SRA wése most effective at 56 days, longer-
term drying shrinkage of the HPC mixtures needsetaetermined.
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—_ 0.029%
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S -0.03%
=
_‘__‘ -0.04%
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3 -0.05%

-0.06%

-0.07%
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Figure 3.4 Drying shrinkage results, 1 day cure

Further studies on long-term performance of LWFAreducing drying shrinkage need
to be performed. In order to accurately determioe leffective pre-wetted LWFA is at
reducing drying shrinkage, autogenous shrinkagénteon similar concrete mixtures
needs to be performed. The difference between grghrinkage results of the control

HPC mixture and the mixtures incorporating pre-eett WFA presented in this paper
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could be attributed to the pre-wetted LWFA reducitie amount of autogenous
shrinkage at early ages, but not providing anytaathl benefit for drying shrinkage. To

provide protection against drying shrinkage, addél LWFA may need to be added to
the mixture.

3.7 CONCLUSIONSAND RECOMMENDATIONS

This research identified a simple procedure to iptetie long-term chemical shrinkage
value for high performance cementitious systemstainimg SCMs and/or SRAs. A
recommended procedure to determine the ultimatev&$ was proposed by using a
predictive equation combined with experimentalitgst Suggested improvements to the
ASTM C 1608 standard test method can be used mfédgtand efficiently to estimate

long-term shrinkage for portland cement systemshw®CMs and/or SRAs. The
recommended improvements include:

* An image acquisition and analysis system based &TM C1608 standard
chemical shrinkage test was applied in the reseavbith provided an improved
chemical shrinkage development curve with lessavae in the data.

* The mass change was checked for each sample lzefdrafter the test. In order
to ensure the validity of the test, samples (cotepfapette-vial setup) with a
mass change more than 0.02 g was considered torbeampliant.

 The test was conducted for 14 days to obtain safftcdata for a long-term
chemical shrinkage prediction model.

A sample thickness of 3 mm is recommended for afigiterm chemical
shrinkage investigations. This was confirmed thtoaglepercolation study where
samples of different thickness (3 mm, 5 mm, 7 mm &0 mm) were tested; the
results showed that the chemical shrinkage dealeagh an increase in sample
thickness. This confirmed depercolation in sampieknesses greater than 3
mm.

* It is recommended to use a prediction model (prestp developed) to estimate
long-term chemical shrinkage when time tends tmityf (e.g. representative of
full hydration and the greatest internal water ded)a

» Based on this model, a modification to the origiBehtz Equation was suggested
by replacing (S-am.x) with predicted long-term chemical shrinkag€sg).
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Therefore the complication of identifying ultimathemical shrinkage and
maximum degree of hydration in cementitious systants SCMs and/or SRAs
can be avoided.

Using the modifications outlined above, concreiesms were cast according to ASTM C
192 and then tested in a modified ASTM C157 testlced external cure). It was

shown that:

* Incorporation of LWFA (25% replacement for normatight sand), reduced the
drying shrinkage by 15% at 56 days.

* Incorporation of SRA was the most effective in reidg drying shrinkage with a
reduction of 42% at 56 days.

3.8 ACKNOWLEDGEMENTS

The authors would like to thank the Oregon Depantnoé Transportation for financial

support for this research effort.

3.9 REFERENCES

ASTM (2007). "Standard Test Method for Chemical iSkage of Hydraulic Cement
Paste."/ASTM C1608-07ASTM International, West Conshocken, PA.

ASTM (2008). "Standard Test Method for Length Chamaf Hardened Hydraulic-
Cement Mortar and ConcretédSTM C 157-08ASTM International, West Conshocken,
PA.

Bentz, D. P. (2007). "Internal Curing of High-Perfmance Blended Cement Mortar."
ACI Materials Journal104(4), 408-414.

Bentz, D. P., Lura, P., and Roberts, J. W. (2008)jxture Proportioning for Internal
Curing." Concrete International27(02), 35-40.

Bentz, D. P., and Snyder, K. A. (1999). "Proted®aste Volume in Concrete: Extension
to Internal Curing Using Saturated Lightweight Fihggregate."Cement and Concrete
Research29(11), 1863-1867.

Bishnoi, S. (2009). "Automated Chemical Shrinkagstland Shrinkage Suite Software."
personal communication.



40

Boivin, S., Acker, P., Rigaud, S., and Clavaud;Bxperimental Assessment of Cemical
Shrinkage of Hydrating Cement Pastd?toc., Autoshrink '98 Proceedings of the
International Workshop on Autogenous Shrinkageaidtete 77-88.

Castro, J., Keiser, L., Golias, M., and Weiss, 2D1(). "Absorption and desorption
properties of fine lightweight aggregate for apalion to internally cured concrete
mixtures."Cement and Concrete Composjtg3(10), 1001-1008.

Costoya, M. (2008). "Effect of Particle Size on thé¢ydration Kinetics and
Microstructural Development of Tricalcium Silicdté@octoral Thesis, Thesis No 4102,
EPFL, Lausanne, Switzerland.

Cusson, D. (2008). "Effect of Blended Cements ofedfiveness of Internal Curing of
HPC."ACI, SP-256, 105-120.

Cusson, D., and Hoogeveen, T. (2008). "Internalirguof High-Performance Concrete
with Pre-soaked Fine Lightweight Aggregate for Rrgion of Autogenous Shrinkage
Cracking."Cement and Concrete Resear8B, 757-765.

Delatte, N., Crowl, D., Mack, E., and Cleary, JO@8). "Evaluating High Apsorptive
Materials to Improve Internal Curing of Concret&Cl, SP-256, 91-104.

Duran-Herrera, A., Aitcin, P.-C., and Petrov, ND@2). "Effect of Saturated Lightweight
Sand Substitution on Shrinkage in 0.35 w/b Concted€l Materials Journagl 104(1),
48-52.

Friggle, T., and Reeves, D. (2008). "Internal Cgriaf Concrete Paving: Laboratory and
Field Experience.ACl, SP-256, 71-80.

Fu, T. (2011). "Autogenous deformation and chemsatainkage of high performance
cementitious systems.” M.S. Thesis, Oregon Statedudsity, Corvallis.

Henkensiefken, R., Castro, J., Kim, H., Bentz,dhd Weiss, J. (2009). "Internal Curing
Improves Concrete Performance throughout its Limhcrete InFocus3(5), 22-30.

Ideker, J. H. (2008). "Early-Age Behavior of CaltiuAluminate Cement Systems."
Ph.D. Dissertation, University of Texas, Austin.

Jaouadi, I. (2008). "Etude numérique et expérinmerda retrait endogéne de la pate de
ciment au jeune age." Ph.D. Dissertation, EPFL shaune, Switzerland.

Justnes, H., Sellevold, E. J., Reyniers, B., LooyD Gemert, A. V., Verboven, F., and
Gemert, D. V. "The Influence of Cement Charactesson Chemical ShrinkageProc.,
Autoshrink '98 Proceedings of the International Wa&trop on Autogenous Shrinkage of
Concrete 71-80.



41

Lura, P. (2003). "Autogenous Deformation and Ina&r@uring of Concrete", Ph.D.
Dissertation, DUP Science, Delft.

Lura, P., Jensen, O. M., and van Breugel, K. (2008utogenous shrinkage in high-
performance cement paste: An evaluation of basichamsms."Cement and Concrete
Research33(2), 223-232.

Mounanga, P., Khelidj, A., Loukili, A., and Barodtouny, V. (2004). "Predicting
Ca(OH)2 Content and Chemical Shrinkage of Hydra@egnent Pastes Using Analytical
Approach."Cement and Concrete Resear8h(2), 255-265.

Paulini, P. (1992). "A Weighing Method for Cemenydsation."” 9th International
Congress on the Chemistry of Cemidatv Delhi, India, 248-254.

Sahmaran, M., Lachemi, M., Hossain, K. M. A., and\L C. (2009). "Internal curing of
engineered cementitious composites for preventioranly age autogenous shrinkage
cracking."Cement and Concrete ResegrdBA(10), 893-901.

Sant, G., Bentz, D., and Weiss, J. (2011). "Capillaorosity depercolation in cement-
based materials: Measurement techniques and facteihgch influence their
interpretation.'Cement and Concrete Researdli(8), 854-864.

Sant, G., Lura, P., and Weiss, J. (2006). "Measargsn of Volume Change in
Cementitious Materials at Early Ages: Review of tirgs Protocols and Interpretation of
Results." Transportation Research Record: Journal of the nBgortation Research
Board1979), 21-29.

Schlitter, J., Henkensiefken, R., Castro, J., Raéuf Weiss, J., and Nantung, T. (2010).
"Development of Internally Cured Concrete for Iraged Service Life.INDOT Division
of Research, SPR-3211Rurdue University, West Lafayette, IN, 285.

Slatnick, S., Riding, K. A., Folliard, K. J., Juerg M. C. G., and Schindler, A. K.
(2011). "Evaluation of Autogenous Deformation of nCrete at Early Ages.’ACI
Materials Journa) 108(1), 21-28.

Termkhajornkit, P., Nawa, T., Nakai, M., and Saifo,(2005). "Effect of Fly Ash on
Autogenous ShrinkageCement and Concrete Resear8b(3), 473-482.

Trtik, P., Minch, B., Weiss, W. J., Kaestner, Aerjdn, I., Josic, L., Lehmann, E., and
Lura, P. (2011). "Release of internal curing wditem lightweight aggregates in cement
paste investigated by neutron and X-ray tomogrdpRuclear Instruments and Methods
in Physics Research Section A: Accelerators, Spedters, Detectors and Associated
Equipment651(1), 244-249.



42

Villarreal, V. H. (2008). "Internal Curing - Real  Ready Mix Production and
Applications: A Practical Approach to Lightweightadified Concrete.ACI SP-256, 45-
56.

Villarreal, V. H., and Crocker, D. A. (2007). "Bett Pavements through Internal
Hydration."Concrete International29(02), 32-36.

Wei, Y., and Hansen, W. (2008). "Pre-soaked LigigiveFine Aggregates as Additives
for Internal Curing in ConcrerteACI, SP-256, 35-44.

Xiao, K. T., Yang, H. Q., and Dong, Y. (2009). "8yuon the Influence of Admixture on
Chemical Shrinkage of Cement Based Materidf®y Engineering MateriaJs405-406,
226-233.

Yajun, J., and Cahyadi, J. (2004). "Simulation dfic& Fume Blended Cement
Hydration."Materials and Structures37(6), 397-404.



43

4 MANUSCIPT 2

Prediction of Drying Shrinkage for Internally Cured High
Performance Concrete

Tengfei Fd; Tyler Deboodt Jason H. IdekérPh.D.

SP 290 The Economics, Performance and Sustairyatiilinternally Cured Concrete
American Concrete Institute
ACI Symposium Publication 290, 2012

'ACI member Tengfei Fu is a doctoral candidate atgdn State University. Tengfei
received his Masters of Science in Civil Enginegrfrom Oregon State University in
2011. He received his undergraduate degree frohamaniversity of Technology in
2008.

2ACI member Tyler Deboodt is a faculty researchsiast at Oregon State University.
Tyler received his Masters of Science in Civil BEregring from Oregon State University
in 2011. He received his Bachelors of Science inoh&ectural Engineering from the
University of Wyoming in 2008.

3Dr. Jason H. Ideker is an Assistant Professor hadearney Faculty Scholar in School
of Civil and Construction Engineering at Oregon t&t&niversity. . His research

interests are in the area of early-age volume ahasfgcement-based materials and
concrete durability. Dr. Ideker is heavily involvedACI and ASTM.



44

4.1 SYNOPSIS

In this research, ten different high performancectete (HPC) mixtures internally cured
by pre-wetted lightweight fine aggregate (LWFA) @rdshrinkage reducing admixture
(SRA) were cast and their drying shrinkage straas ywonitored using the ASTM C157
test. The data collected was used to evaluatelsirkage prediction models, namely,
ACI 209 model, CEB90 model, AASHTO model, B3 modeL,2000 model and ALSN

model. The study finds that the GL2000 model shdwesbest overall performance in
predicting shrinkage strain for internally cured ®iRHowever, more accurate long-term
shrinkage prediction can be achieved based on theerdt ACI 209 model with

experimental measurements. This proposed proceducapable to predict long-term
drying shrinkage for concrete using local materiatixture by using short-term

experimental measurements.

4.2 INTRODUCTION

Drying shrinkage is regarded as a major cause ibaoititng to the complex cracking issue
in concrete. In 2006, the Federal Highway Admiristm reported that 12% (72,500 out
of 599,976) of the country’s bridges in the Natiokiagghway System were considered
structurally deficient, which refers to bridges mmayvmajor deterioration, cracks, or other
deficiencies in their structural components inahgdidecks, girders, or foundations
(Federal Highway Admistration 20R6According to a survey conducted by Krauss and
Rogalla in 1996, 62% of respondents in the stafadments of transportation (DOTS)
believed transverse cracking was a significant lgrab and more than 100,000 bridges
decks had suffered from transverse cracking, whsichpattern indicating the presence of
drying shrinkageKrauss and Rogalla 1996However, there are many factors which can
lead to cracking in concrete bridge decks, suctim&nsional stabilities (shrinkage and
creep), environment fluctuations and restraint doors. Drying shrinkage refers to the
volume decrease over time due to moisture losheostrrounding environment. It is

affected by many factors, such as cement progertjgality of aggregate, size and
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grading of aggregate, water to cement ratio (w/as)well as water content, relative
humidity, chemical admixtures, duration of curimgdahe size of the concrete specimen
(Huo and Wong 2000 A comprehensive summary of factors affectingirdtage of
hardened concrete can be found in literatd@l(Committee 209 2005

Research has shown that a greater potential okiagadue to the combination of drying
shrinkage, autogenous shrinkage and plastic stgenkaists in modern high performance
concrete (HPC), which is usually comprised of sapmntary cementitious materials
(SCMs) and has a low w/cm below 0.4@o{t 2001; Bentz and Jensen 200%o reduce
the effect of shrinkage, internal curing using pmetted lightweight fine aggregates
(LWFA) has been found effective both in the laboratresearch and field applications in
the last decadeL(ra 2003; Villarreal and Crocker 2007; Delatte at. 2008; Friggle
and Reeves 2008; Lopez et al. 2008; Villarreal 20@8ul and Lopez 2011; Slatnick et
al. 201). Similarly, shrinkage reducing admixtures (SRAaye also been found to be
successful in reducing cracking potential due tduotions in autogenous and drying
shrinkage $hah et al. 1992; Tazawa and Miyazawa 1995; Fadlliand Berke 1997,
Bentz et al. 2001; Bentz and Jensen 2004; Bent3; 206ngbing and Jian 2005; Bentz
2006; Slatnick et al. 20)1More information and a list of literatures camfound in ACI
SP-256 Kohr and Bentz 20Q8a compilation specifically focused on internating of
HPC.

Currently there are various models to predict trgiterm drying shrinkage of concrete.
However, there has not been any previous reseayoh dn predicting the efficacy of
these models on internally cured HPC. Six existingng shrinkage prediction models
were evaluated in this paper to evaluate theiritghtib predict the drying shrinkage of
internally cured HPC. The models analyzed in théper were: ACI 209 model
(ACI Committee 209 2008 CEB90 model Comité euro-international du béton 1993
AASHTO model AASHTO 200y B3 model Bazant and Baweja 20p0GL2000 model
(Gardner and Lockman 20p1and ALSN modelAl-Manaseer and Ristanovic 2004
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The ACI 209 model is predominately used in the eitStates, and has been
incorporated into many of the building codes. Tisdel was developed empirically and
is based on drying shrinkage data obtained prick988. The equations can be used to
predict the drying shrinkage of normal weight, sdigihtweight and all lightweight
concretes.. A detailed description of the method lba found in AClI Committee 209
report AClI Committee 209 2008

European code specifies the prediction of dryingnglage using the method developed
in 1990 by the Comité Euro-International du Bétoil€EB) (Comité euro-
international du béton 1993 The CEB90 modeWas derived using mathematical
functions rather than strictly empirical data, dmk been optimized from information
from a data bank of normal weight plain structwahcrete performance. It is not clearly
stated weather the model can be applied to intgroated HPC, however, the A detailed
description and guidance for this model can be doimthe CEB 1990 code, section
2.1.6.4.4 Comité euro-international du béton 1993

The AASHTO model of determining shrinkage, spedifia AASHTO LRFD Bridge
Design SpecificationsAASHTO 200y Article 5.4.2.3.3, was developed by Huo et al.
(Huo et al. Decermber, 20Q1AIlI-Omaishi Al-Omaishi 200} and Tadros et alTadros
et al. 2003 based on the ACI 209 model. This model is deriftesin the study of

prestress losses in high strength concrete.

The B3 model developed by Bazant and Baweja istt@rotheoretically justified model

than the rest models. It is based on “a systenthgoretical formulation of the basic
physical phenomena involved”, and it was “calibdatey a computerized data bank
comprising practically all the relevant test dathtained in various laboratories
throughout the world” Bazant and Baweja 20D0 Bazant and Baweja state the
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coefficient of variations for the B3 model are muatver than the CEB 90 model and the
ACI 209 model.

The GL 2000 was developed by Gardner and Lockn@ardner and Lockman 20D1
Several minor coefficients have been modified i ldtest versionGardner and Tsuruta
Septermber, 2004 This model is effective at predicting shrinkagenormal strength
concrete with a 28-day compressive strength lems & MPa and a w/cm ratio ranging
from 0.4 to 0.6. Gardner and Lockman stated thatGh2000 method can be used to
accurately predict the shrinkage regardless of wiladmixtures, mineral by-products,
curing regime or casting temperature are emplo@sadner and Lockman 20D1This is
realized by tracking concrete strength developmetit time, and measuring modulus of
elasticity. Then, the concrete stiffness is takdén account thus the model can be applied
to internally cured concretes. However, one assiampt the model is that the shrinkage
decreases with the increase of strength and modiiéssicity. This is not true for the
incorporation of SRAs, which significantly reductee shrinkage and can adversely

affect the strength slightly.

The ALSN model was proposed by Al-Manaseer andaRastic Al-Manaseer and
Ristanovic 200% The model works exactly the same as the GL2000at) expect that a
coefficient was added to take the influence of SRAs account. Thus these two models
are evaluated at the same time for concrete migtwighout SRAsS, and mentioned as
GL2000/ALSN model in the following figures and tabl The ALSN model is the only
model which is designed to predict the shrinkagemfcrete containing a SRA dosage
between 0 and 2.5% based on mass of total cenwerstithaterials AI-Manaseer and
Ristanovic 200% Due to above-mentioned reason, only data of i@aamixtures with
SRAs (Mix 1-SRA and Mix 3C-SRA) are used to evaduthis model.

With all different models at hand, it is criticab thoose a proper model to predict
shrinkage for concrete using local materials. A anajoncern for each model is that

whether the data source used to develop the medepresentative of all concretes, such
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as concrete mixtures with SRAs. With the preseric@RAs in concrete, the shrinkage is
reduced significantly, thus most existing modeks anable to predict shrinkage in these
types of concretes. Another example would be padtidozzolan cement concrete, which
has been widely used in some countridsi€la et al. 2004 ACI 209 committee states in
the 209.2R-08 report that the average ultimatenkhge value along with correction
factors should be used only in the absence of Bpeatirinkage data for local aggregates
and conditions. The report also recommends thapeddorm sensitivity analysis in
selecting a proper model and to carry out shomtegsting to calibrate the models to
improve prediction. However, long-term shrinkagéadia usually not readily available,
especially with novel materials or admixtures. @a other hand, there are no set rules on
how to use short-term testing to calibrate the rhodéo predict long-term performance.
Additionally, very little work has been done to tedth this issue.

To solve this dilemma, Videla et aViflela et al. 2004 proposed a methodology to
update prediction models when different materiadésemused compared to those used to
develop the current prediction models. They inctudecorrection factor applied to an
ultimate shrinkage value, and a correction time cfiom applied to shrinkage
development. An experimental program was designed @arried out to derive a
modified CEB90 model which enabled an accuratenkhge prediction for concrete
made with locally available materials. This resbgsoovided a feasible example on how
to modify and utilize an established shrinkage fotézh model to fit the local materials.
However, they concluded that to achieve estimatigiin 30% or less coefficient of
variation, the minimum testing time required fox75x280 mm and 100x100x500 mm

sample size are 100 and 170 days, respectively.

A simple alternative procedure based on the ACI @@filel is proposed. It allows the
prediction of long-term shrinkage strain using $ttierm experimental measurements.
The reliability of proposed procedure was alsoussed. In addition, free shrinkage data

collected from 10 different HPC mixtures was congplato calculated shrinkage strains
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using all six prediction models. The appropriatsnet using each model for concrete

containing lightweight fine aggregate (LWFA) andBRAs was examined.
4.3 RESEARCH SIGINIFICANCE

Since concrete durability is closely related toeef§ of shrinkage, it is important to
develop proper prediction models. The ACI 209 madetecommended by American
Concrete Institute and widely used in the U.S. farmal strength concretes using
conventional aggregates. It recommends to perfsingrt-term testing on concrete to
calibrate the model to improve predictions for lataterials ACl Committee 209 2008
However, the calibration procedure is not cleatated in the document. The significance
of this research is to propose a procedure basethemCl 209 shrinkage model to
predict long-term shrinkage strain using short-teexperimental measurements. In
addition, evaluation of the accuracy of six exigtishrinkage models is reported
compared to the authors’ experimental data. Thesgeta are the ACI 209 model, the
CEB90 model, the AASHTO model, the B3 model, the2G20 model, and the ALSN
model. The shrinkage values determined by each Mmade compared against the
experimental results from 10 high-performance cetecmixtures with incorporation of
LWFAs and/or SRAs.

44 EXPERIMENTAL

The experimental program was designed to investitiad effect of LWFA and/or SRAs
on reducing drying shrinkage in HPC. Two differéypes of LWFAs (one expanded
shale and one expanded clay) and one SRA werepoed into the standard local
DOT HPC mixture, which contains 30% class F fly asld 4% silica fume replacement
by weight of cement. Drying shrinkage was monitsing the ASTM C157 test up to 180
days; compressive strength tests (ASTM C39) anduhugdof elasticity tests (ASTM
C469) was also performed at 28 days.
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4.4.1 Materialsand Mixture Proportions

The cement and SCMs used in this research wereSAtMAC150 type I/ll cement, an
ASTM C618 class F fly ash, and an ASTM C1240 sifigane containing nearly pure

silica dioxide in a noncrystalline form with appmmately 1% crystalline silicon.

Local siliceous river gravel and natural siliceauger sand were used in all concrete
mixtures. The maximum size of the river gravel i@smm (3/4 in). The LWFAs used
met ASTM C330 specifications. The absorption t&ETM C128 cone test) was
performed and the results showed the absorptioacigof the two LWFAs were 17.5%
and 34.1% for expanded shale and clay, respectivetiesorption test (modified ASTM
C1498) showed that more than 97% of the LWFA aleibrboisture was released by the
point when an external relative humidity (RH) of84vas obtained. This was true for
both LWFA, regardless of their composition. Moretalled information about the
LWFAs can be found in another reference by onéefauthorseboodt 201}

Table 4.1 shows a summary of the 10 mixture prapustinvestigated in this research.
All mixing was conducted according to ASTM C192.eTh8-day compressive strength
was targeted at 34.5 MPa. A w/cm of 0.37 was usedlli mixtures. The mixtures
contained 375 kg/fnof cementitious materials, including cement, fihand silica fume.
The SRA was added at 2% of the total cementitioatenals by mass, as an equal mass
replacement of mixing water. A high-range wateru@dg admixture (HRWR) was
adjusted and used to ensure uniform workabilityhvgiimilar slumps of 100 to 150 mm
among all mixtures. An air entraining admixture swalso used to ensure proper
free/thaw resistance specified by the local DO lad a target air content of 5% to 7%.
The standard LWFA replacement level was determingidg a previously published
equation Bentz et al. 2005; Fu et al. 20 Wwhich was 164 kg/fhfor the shale LWFA
and 77 kg/mfor the clay LWFA, which would provide the same ambof internally
available water in the reservoir of two types of EXWbased on their different absorption

capacities, provided above. In addition, two addidl replacement levels, approximately
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60% and 80% of the standard level, were investiyadedetermine the effectiveness of
the LWFA. A full replacement of normal weight fieggregate by the shale LWFA was
also studied for a maximum effectiveness. The eftéc¢he combination of LWFA and
SRA was also studied with the LWFA shale mixturéhwd% SRA. All LWFA was pre-
wetted at least 24 hours prior to mixing to enghegr absorption capacity was reached.

Table 4.1 Curve fit and predicted long-term chexhséhrinkage values

Silica Coarse Fine

Mixture  Note Cemesn' Fly As3h Fume Watesr Aggregate Aggregate LWFQ SRA3 AE 3 HRW'§

(kg/m®) (kg/nr) (kg/n?) (kg/nr) (kg/n?)  (kg/m?) (kg/m) (kg/m®) (mL/m?) (mL/m?)
1 Control 248 112 148 139 1074 659 0 0 61 905
1-SRA w/SRA 248 112 148 131 1074 659 0 753 451 1030
2A  LowClay 248 112 148 139 1074 556 45 0 61 900
2B Mg?;‘;m 248 112 148 139 1074 518 62 0 56 880
2C Stglr‘;yard 248 112 148 139 1074 482 77 0 41 900
3A LowShale 248 112  14.8 139 1074 512 93 0 56 800
38 MEIUM 248 112 148 139 1074 452 131 0 54 900
3C Stsag‘;ird 248 112 148 139 1074 400 164 0 52 860
3D FullShale 248 112  14.8 139 1074 0 466 0 104 920

Standard

3C-SRA Sga;l{i w248 112 148 131 1074 400 164 753 133 945

4.4.2 ASTM C157 Prism Test

Free shrinkage was monitored using the ASTM C158nprtest, which utilizes a
75x75%280 mm (3x3x11.25 in) concrete prism. Thenguduration was modified from
28 days as specified in the standa2®Q08 to better represent actual field exposure
conditions. For all mixtures, three prisms for eatittture and specified curing duration
were cast and cured for 1, 3, 7, 10, or 14 daysem@xfor mixtures 3D and 3C-SRA for
which curing time of 1, 7 and 14 days were appliethling 138 drying shrinkage prisms.
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The specimens were cast and sealed in molds usthdowlap and plastic sheeting to
protect against moisture loss until demoldling @t Rours. Then the prisms were
transferred to a fog room for curing. Upon reachiingir specified curing duration, the
prisms were moved to an environmental chamber wimamtains a drying environment
of 23+2 °C and 50+4% relative humidity (RH), aimitial length of each prism was
recorded. The length change and mass loss weretoneshiup to 180 days from the

initiation of drying. A brief summary of testings@lts is shown in Table 4.2.

Table 4.2 Summary of free shrinkage testing requip to 180 days) and ultimate
shrinkage strain predicted. Environmental chambedition: 23+2 °C 50% RH

Measured shrinkage straigni/m) at time Predicted ultimate shrinkager(/m)

Mixture (;::Ilgg (number of days) from initiation of drying —
oy oy o a0 ome oo e mgE G
1 -344 -484 -637 -764 -811 -832 -868 -912

1 7 -307 -444 -564 -660 -724 -750 -779 -725 -578 -673 -431 -753 -
14 -300 -427 -540 -660 -725 -745 -776 -668
1 -210 -327 -467 -577 -631 -658 -707

1-SRA 7 -160 -244 -400 -530 -578 -622 -654 - - - - - -437
14 -160 -260 -384 -494 -507 -613 -660
1 -420 -574 -717 -800 -847 -871 -894 -912

2A 7 -307 -457 -610 -744 -773 -798 -837 -725 -666 -956 -456 -936 -
14 -297 -454 -627 -730 -772 -792 -834 -668
1 -317 -477 -610 -690 -730 -751 -807 -912

2B 7 -240 -400 -557 -647 -700 -731 -770 -725 -634 -827 -445 -854 -
14 -207 -350 -514 -620 -680 -705 -751 -668
1 -317 -454 -560 -637 -696 -706 -757 -912

2C 7 -254 -394 -530 -630 -692 -729 -743 -725 -569 -653 -429 -740 -
14 -237 -370 -510 -620 -674 -716 -729 -668
1 -277 -394 -527 -600 -639 -660 -750 -912

3A 7 -271  -417 -550 -654 -693 -726 -744 -725 -547 -609 -425 -711 -
14 -244 -377 -520 -617 -676 -703 -760 -668
1 -327 -484 -600 -681 -723 -741 -784 -912

3B 7 -264 -400 -580 -660 -713 -738 -799 -725 -613 -762 -440 -812 -
14 -260 -394 -544 -654 -707 -750 -790 -668
1 -304 -440 -567 -651 -690 -713 -757 -912

3C 7 -247 -397 -534 -647 -714 -745 -798 -725 -579 -675 -431 =775 -
14 -251 -384 -544 -644 -702 -756 -791 -668
1 -250 -420 -517 -618 -667 -686 -697 -912

3D 7 -207 -317 -454 -580 -654 -678 -703 -725 -511 -548 -419 -668 -
14 -147 -230 -370 -514 -594 -630 -663 -668

3C- 1 -167 -267 -387 -507 -527 -563 -620 - - - - - -426
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SRA 7 -130 -210 -357 -477 -522 -553 -590
14 -107 -197 -320 -447 -499 -527 -577

The predicted ultimate shrinkage strains are aigengin Table 4.2 for each model. For
simplicity, results of 3 and 10 day curing was displayed in this table, however all data
were included in the evaluation. Generally, longgiing time resulted in lower shrinkage
at the early age, but did not significantly affsbtinkage at the later age (180 day). In
addition, higher replacement levels of pre-wett®dHA exhibited more benefit in terms
of reducing shrinkage. The incorporation of SRAaswnore effective to reduc the
shrinkage compared to the LWFA. And the combinattdnLWFA and SRA further
reduced shrinkage. A more detailed discussion ertehting results is beyond the scope
of this paper, and can be found in another puldinaby one of the authoréboodt
2011).

4.4.3 Mechanical Properties

In addition to the free drying shrinkage test, twenpressive strength and modulus of
elasticity were also measured at 28 days. Conayiaders measuringp75x150 mm
(®3x6 in) were cast, cured and tested according toME39 and C469. The summary
of the test results is listed in Table 4.3. The soeed compressive strengths were used in

all shrinkage prediction models.

Table 4.3 Mechanical properties of concrete cynscht 28 day

Mixture 1 1-SRA 2A 2B 2C 3A 3B 3C 3D 3C-SRA

Compressive
Strength 36.8 33.245 2384 2865 38.1 4135 31.67 36.64 746.735.01
(Mpa)

Modulus of
Elasticity 37.3 31.5 28.2 28.7 28.8 32.7 24.5 27.2
(Gpa)

45 EVALUTION OF PREDICTION MODELS



54

For each prediction model, certain criteria ap@yeell as different input factors. For the
ACI 209 model, the CEB90 model, the B3 model argl 8.2000 model, a thorough
summary of criterion and input factors with a nuim&xample can be found in an ACI
Committee 209 reporidCl Committee 209 2008More details about AASHTO model is
outlined in literature AASHTO 200y and as for the ALSN modeAl-Manaseer and
Ristanovic 200%

To evaluate the accuracy of the prediction models, methods can be used, including
the residual method, the B3 coefficient of variatimethod, the CEB coefficient of
variation method, the CEB mean square error method, the CEB mean deviation
method. Detailed descriptions of these methods haem summarized by Al-Manaseer
and Lam Al-Manaseer and Lam 20D%nd ACI Committee 209CIl Committee 209
2008 . The CEB mean square errorcfg%) method was arbitrarily selected in this

study:
fi = % x 100 (4.1)
Fi = /ﬁZ}Ll f? (4.2)
Fegp = %Zlivzl Fiz (4.3)

Where Cal X; = predicted shrinkage strain at time j of expenmg& Obs X =
experimental shrinkage strain at time j of expenief; = percent difference between
calculated and observed data poinEjj;= mean square of residuals, %ieg = mean
square error, %m = total number of values j of experiment i consédkat a fixed time;

andN = total number of data sets considered.
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Figure 4.1 to 4.6 show the comparisons betweerxperimental data and the calculated
data from each prediction model. The solid diagdinal in each figure represents perfect
correlation between the measured value and caéxlialue for each model respectively.
Two other reference lines (+x40% of measured vatwe)added in all the figures to show
the relative accuracy of each prediction modelsl rAbdels, except the GL2000,

underestimate the shrinkage strain, especiallgeatater age.
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Figure 4.5 Model evaluation, GL2000/ALSN
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Figure 4.6 Model evaluation, ALSN
In addition, a summary of calculated mean squarerds given in Table 4.4. For

concrete without SRASs, the results show that th@@I0 model (Eeg= 20%) performed
best in this research, followed by the CEB90 md¢Bets = 38%) and the ACI 209 model
(Fces = 42%), while the B3 model @eg = 50%) and AASHTO model @es = 49%)
show the largest variation. All models show simiterformance among HPC control
mixtures and HPC with LWFA mixtures, except the ®0Q model which gives a better
prediction for HPC control mixtures {gs= 13%) than HPC with LWFA (fgs= 20%).

Table 4.4 Summary of mean square errgg£¥) of different models

égé CEB90 AASHTO B3 GL2000/ALSN ALSN
CONTORL 42 38 55 53 13
Fces CLAY 40 40 45 51 20
for SHALE 38 35 50 47 21
each
group SRA 31

SRA+SHALE 27




59

I:CEB(%)

42 38 49 50 20 29
overall

There are noticeable slope changes in Figure 4.Eande 4.3, in a similar pattern. This
occurred in the ACI 209 model and AASHTO model. S&érends occurred because
these three models work better to calculate longrtehrinkage strains, and share a
similar time function “f(t)= t/(t+a)”. Meanwhile # B3 model (Figure 4.4) uses a
different time function “f(t) = tanh (t/a)”, andeéhCEB90 model (Figure 4.2), the GL2000
model (Figure 4.5) and the ALSN model (Figure 48¢ “f(t)= sqrt((t/t/+a))”. To some
extent, the B3 and the GL2000 model describe thee tdlependence better since the
slopes in those figures remain quite constant. dimers of these three models mostly
come from the discrepancy between estimated uléinsatinkage strain and measured
shrinkage strain.

46 PROPOSED PROCEDURE BASED ON ACI 209 MODEL

Closer attention was given to the ACI 209 modelthis paper. Although directly

applying the model did not yield the most favoraldecuracy according to the
experimental data in this research, the autholig\e that this model has a potential to
capture any given hyperbolic-like drying shrinkageve, regardless of the properties of

constituents and admixtures. The current ACI 20@ehs given as:

(t_tc)a - £
f+(t-to)* shu

&n(t te) = (4.4)

Eshu = 780y, X 10~ mm/mm (in/in) (4.5)

Whereegt, t;) = shrinkage strain at concrete age t since the sfadrying at agect

mm/mm (in/in);espy= ultimate shrinkage strain, mm/mm (in/imy); f = constants defining
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the shape of time-dependent curyg; = the cumulative product of the applicable
correction factors including initial moist curingition, ambient relative humidity, size

of the drying specimen in terms of the volume-stefeatio, and fresh concrete properties
(i.e. slump, fine aggregate factor, cement contamd air content).

It is noted that for simplification an average \valof 1.0 was suggested for constant
representing a flatter hyperbolic form. Howevere thpecific mathematical form of
Eq.(4.4) is able to capture the time-dependentathearistic of a drying shrinkage curve,
which starts from the origin and converges at amggote. To manipulate (curve fitting)
three parameterss, a, andf ), Eq.(4.4) is able to describe any “drying-shegk-like”
hyperbolic-like curves with high accuracy ¥R 0.99). A non-linear Levenberg-
Marquardt least squares fitting tool was used irveditting. In most cases, the curve
fitting tool is applied to a set of drying shrinkagata, and then the three curve fitting
parameters are stable after 10 to 20 iterationsimflar procedure has been successfully
used in predicting long-term chemical shrinka&¢ et al. 2009; Fu 2011; Fu et al.
2011.

To determine the minimum required testing durat@rsensitivity study was conducted
using the proposed prediction model. Table 4.5 shawsummary of the predicted
ultimate drying shrinkage strain using experimemalasurements. The sensitivity study
was performed to determine a minimum testing pefaodifferent concrete mixtures in
order for the prediction model to be valid. It slibbe noted that for concrete without
SRA, after approximately 50 days from initiationdsf/ing, the predicted ultimate values
are stable. Also, there is an assumption that tledigtion from data recorded from a
longer testing period would yield a more accurdtenate shrinkage strain value. Most
ultimate values (except Mix 3A-3 day cure) derivieaim data up to 50 day are around
5% when comparing to the ultimate value derivednfrt80 day data. This is acceptable
and within the coefficient of variation of otheisting parameters. For concrete with the
incorporation of SRA, it was observed that a longeasurement period was needed due
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to delayed shrinkage development. A testing peab84 day was selected as a cut-off
date for Mix 1-SRA and Mix 3C-SRA.

Figure 4.7 shows the comparison between experihemé@asurements, the improved
ACI 209 model, and the GL2000/ALSN model. One migtand curing regime was
randomly selected to represent a group of testchvare the control HPC, HPC with
LWFA, HPC with SRA, and HPC with SRA and LWFA. haved that the proposed
procedure better predicts the shrinkage for athefconcrete mixtures when compared to
the GL2000 model. Therefore, the conclusion cadragvn that it is possible to obtain a
stable and more accurate ultimate shrinkage stéire minimum 50 day testing duration
works well for the control HPC and the internallyed HPC with pre-wetted LWFA. A
longer testing duration of 84 days was selectegraalict shrinkage strain of concrete
with the incorporation of SRA. To apply this methtudlocal or novel concrete, it is
recommended that an individual cut-off date shdaddchosen. The proposed procedure

is briefly summarized as follow:



Table 4.5 Sensitivity study using measuremenbuttifferent age to predict ultimate shrinkage
(Blocked area indicates selected cut-off date, M@-converging)

Curing Number of days from initiation of drying Difference between
Mixture | period selected cut-off date
(day) 28 35 42 49 56 70 84 98 120 180 and 180 day
1 -0.00091| -0.00090 -0.0009 -0.00092| -0.00094 -0.00094 -0.00094 -0.00094 -(P@Q0-0.00094 -2.1%
1 7 -0.00106| -0.00097 -0.0009 -0.00089| -0.00087 -0.00087 -0.00087 -0.00089 -(BBJO-0.00087 2.3%
14 -0.00109| -0.0010% -0.001( -0.00095| -0.00097 -0.00098 -0.00099 -0.00095 -MBQ0-0.00091 4.4%
1 NC -0.00166| -0.00113 -0.00102 -0.000P96 -0.00( -0.00082| -0.00079 -0.00079 -0.00080 -1.3%
1-SRA 7 NC -0.00346| -0.00152 -0.00128 -0.00115 -0.00( -0.00083| -0.00078 -0.00079 -0.000[6 2.6%
14 NC -0.00285| -0.00168 -0.00130 - -0.000, -0.00078| -0.00078 -0.00079 -0.000f9 -1.3%
1 -0.00116| -0.00107 -0.001(¢ -0.00100| -0.00097 -0.00097 -0.00095 -0.00095 -MBJ0-0.00095 5.3%
2A 7 -0.00093| -0.00093 -0.0009 -0.00092| -0.00094 -0.00091 -0.00089 -0.00086 -(@B60Q0-0.00087 5.7%
14 -0.00091f -0.00098 -0.0009 -0.00089| -0.00087 -0.00086 - - -0.000B4 -0.00086 5983.
1 -0.00084| -0.00083 -0.0004 -0.00082| -0.00081 -0.00079 -0.000f8 -0.00079 -07/600-0.00082 0.0%
2B 7 -0.00091| -0.00083 -0.000§ -0.00076| -0.00076 -0.00075 -0.00016 - -0.00078 0@80 -5.0%
14 -0.00076| -0.00078 -0.0007 -0.00072| -0.00071 -0.00072 -0.000f4 -0.00074 -07/6Q0-0.00078 -71.7%
1 -0.00084| -0.00082 -0.000§ -0.00080| -0.00079 -0.00080 -0.000f8 -0.00079 -0/800-0.00082 -2.4%
2C 7 -0.00091| -0.0008% -0.000§ -0.00079| -0.00078 -0.00078 -0.000(8 -0.00079 -(B@AQO-0.00080 -1.3%
14 -0.00073] -0.0007% -0.0007 -0.00075| -0.00075 -0.0007]7 -0.000f6 -0.00077 -0/@Q0-0.00078 -3.8%
1 -0.00068| -0.0007(¢ -0.000€ -0.00069| -0.0006¢4 - -0.00069 -0.000p9 -0.00069 OW/6G -9.2%
3A 7 -0.00089| -0.0008¢ -0.000§ -0.00080| -0.00081 -0.00079 -0.000Fy8 -0.00079 -0r6dJ0-0.00079 1.3%
14 -0.00088| -0.00082 -0.0009 -0.00080| -0.00078§ -0.00078 -0.000f8 -0.00078 -0r8Q0-0.00082 -2.4%
1 -0.00080| -0.00081 -0.000§ -0.00081| -0.00081 -0.00079 -0.000f9 -0.00078 -07/800-0.00081 0.0%
3B 7 -0.00137| -0.00097 -0.000§ -0.00084| -0.00082 -0.00081 -0.00081 -0.00080 -(B0J0-0.00083 1.2%
14 -0.00092] -0.00090 -0.0004 -0.00085| -0.00084 -0.00084 -0.00084 -0.00084 -(B6Q0-0.00086 -1.2%
1 -0.00084| -0.0008(¢ -0.0007 -0.00077| -0.00077 -0.00076 -0.000f6 -0.00076 -0r67J0-0.00079 -2.5%
3C 7 -0.00090| -0.00090 -0.0009 -0.00085| -0.00083 -0.00081 -0.00081 -0.00082 -(BBAO-0.00086 -1.2%
14 -0.00087| -0.00088 -0.00094 -0.00084| -0.00083 -0.00083 -0.00083 -0.00083 -(BWQ0-0.00088 -4.5%
1 -0.00116| -0.00107 -0.001¢ -0.00100/ -0.00097 -0.00097 -0.00095 -0.00095 - 005 5.3%
3D 7 -0.00093| -0.00093 -0.0009 -0.00092| -0.00094 -0.00091 -0.00089 -0.00086 - 08y 5.7%
14 -0.00091f -0.00098 -0.0009 -0.00089| -0.00087 -0.00086 - - - -0.00086 3.5%
1 -0.00117| -0.00117 -0.00094 -0.00080 -0.00085 -| -0.00069| -0.0006% -0.00065 -0.00069 0.0%
SISA 7 NC -0.00157 - -0.00079 -0.00077 - | -0.00067| -0.00066 -0.00065 -0.00065 3.1%
14 NC - - - -0.00082 - -0.00067| -0.00067 -0.00064 -0.00066 1.5%

62



0

00001 #  Nix-1 (14 day core) Measvrement
%‘ 00002 —— ACT 209 Fitt=d
@ -0.0003 - - — GL2000
=
*E' L0.0004 -
£ 00005 -
—S -0.0006 -
= _0.0007

0.0008

-0.0008 ; . . ; ;

0 30 &0 20 120 150 180
Time (days)
0
#  Mix-2C (7 day cure) Measvrament
-0.0001
ACT 209 Fitted

% 0.0002 {4 — — GL2000
= 00003
=
i -0.0004 -
Z 00005
_-g -0.0006 -
il
= _0.0007

-0.0008 -

-0.0009 ; . . ; ;

0 30 &0 o0 120 150 180

Time (days)

Figure 4.7 Comparison between experimental measane ACI 209 fitted curve using selected cut-affaj and GL2000/ALSN

&
:

111

00007

S hrinlegre B trads { mun 1n/in)

1

*  Mix-1-3FA (10 daw core) Magsurement
= ACT 209 Fitt=d

30 &0 0 120 150 180
Time (days)

00001

000002

S hrinlegre B trais { o infin)
===,
i

g

# DNix 3C-8RA (7 day cure) Measurement
ACT 205 Fitted

- = ATSN

30 &0 o0 120 150 180
Time (days)

calculated shrinkage strain

63



64

* Perform ASTM C157 test, track the length change iweekly basis (daily
basis for the first week of drying);

* After each measurement starting from 28 days @indr perform curve
fitting to all data at hand using Eq. (4.4), deterathe three parametefsh «,
andf);

» Keep tracking the shrinkage development till thteéi e, is stable at certain

drying period (cut-off date), take the last fitteg as the ultimate shrinkage
value;

* For the HPC studied in this research, a cut-ofé ddit50 day is reliable for the
control HPC and the HPC internally cured by pretectL WFA.A longer cur-
off date of 84 day is selected for the HPC incoaped with 2% SRA.

4.7 CONCLUSIONSAND RECOMMENDATIONS

Ten different HPC concrete mixtures with LWFA odaSRA were cast and drying
shrinkage was monitored by the ASTM C157 test. Raléected was used to evaluate
six existing shrinkage prediction models, includitige ACI 209 model, the CEB90
model, the AASHTO model, the B3 model, the GL2000dei1 and the ALSN model.

Several conclusions can be drawn as follows:

* All models, except the GL2000 model, underestimatathkage compared to
experimental measurements in this research;

« The GL2000 is the best model to predict shrinkagpecially for the HPC
control mixture, at the later ages, followed by @€B90 model. The GL2000
model also gave an acceptable performance predietPC internally cured
by pre-wetted LWFA,; and,

* Although developed to predict shrinkage for coreneith SRA, the ALSN
model did not perform satisfactorily as expectethis research.

A procedure to prediction long-term shrinkage stasing short-term experimental
measurements was proposed based on current ACindd®l. The comparison results
indicated that the prediction using the proposedc@dure outperformed all existing
shrinkage models. A 50 day test period was recenaad for HPC and internally cured
HPC with pre-wetted LWFA. A longer test period of 8lay was recommended for
concrete with SRA.
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5.1 ABSTRACT

Cracking at an early-age of high performance reggd concrete structures, in particular
bridge decks, results in additional maintenancetsgosurden on serviceability and
reduced long-term performance and durability. Tlaeises behind cracking in high
performance concrete are well known and documeredhe existing literatures.

However, appropriate shrinkage limits and standahbdratory/field tests which allow

proper criteria to ensure crack-free or highly knag-resistant high performance

concrete are not clearly established either intéolnical literature or in specifications.
The purpose of this research is to provide shriektgeshold limits for specifications

and to provide a robust test procedure which alleasy determination of compliance
with specified threshold limits. It has been shawat the “ring” tests (ASTM C1581 and

AASHTO T334) are the most comprehensive accelerkiedratory tests to accurately
identify cracking potential. In addition, accep®lalorrelation between the ring test and
the field test has been observed and documentedeV&s, a more simple and robust test
procedure is in demand from materials suppliers Radartments of Transportation. A
data analysis of current research shows that ttie o free shrinkage to shrinkage
capacity (theoretical strain related to tensileersgth and modulus of elasticity), or
“cracking potential indicator”, is a promising asseent of cracking resistant
performance. In this way, only the free shrinkagstt(ASTM C157) and basic

mechanical properties are required to assess ageigk of candidate concrete mixture
designs. This research investigation shows tha®kl€3s than 2.5 indicates low cracking

risk.

5.2 INTRODUCTION

Among 605,000 bridges across the country monitbsethe United States Department of
Transportation (USDOT), 26.9% of them were reportsttucturally deficient” or
“functionally obsolete” in 2010, which refers toethbridge either having major

deterioration and cracks that reduce its load-@agrgapacity, or no longer meeting the
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current design standards.S. Department of Transportation 201 2013, a grade of
C+ was given to the national bridge system by tineeAcan Society of Civil Engineers
(ASCE), and an annual investment of $20.5 billigtireated to improve current bridge
conditions ASCE 2013 In 2003, a nationwide state DOTs survey condlidby
Michigan DOT @ktan et al. 2008on early-age bridge deck cracking issues indétate
that 78% of the 31 responding states identifiedsvarse cracking, which indicates the
presence of drying shrinkage. Cracking, especiatlyearly age, in high performance
concrete (HPC) may result in a significant decreasmncrete durability and service life
of the structure. Concrete bridge decks demanditgsalfrom HPC such as low
permeability, high abrasion resistance, superigalbility, and long design life. To meet
these requirements, bridge deck concrete is ysyatbduced with low water to
cementitious material ratio (w/cm) typically lesh 0.40, high overall cement contents,
inclusion of supplementary cementitious materi@d€Ns) e.g. silica fume, fly ash and
slag, and smaller maximum aggregate size (dueindoreement constraints). All these
features in the mixture design make the HPC bridgeks inherently susceptible to
shrinkage and increased cracking riskdolf 2001, Bentz and Jensen 2004A
comprehensive report on factors that affect shgekaf hardened concrete can be found
in literature ACI Committee 209 2005

The most significant challenge, from a concrete emals perspective, to overcoming
cracking risk is to reduce the shrinkage, and @tety the stresses generated as a result
of such shrinkage. To mitigate the cracking issies to shrinkage, many methods have
been studied and documented. During the last 16sy@#ernal curing with pre-wetted
fine lightweight aggregate (FLWA) has also beenvptbeffective in mitigating concrete
cracking potentialMlohr and Bentz 2008, Schindler et al. 2012, Bentt &eiss 2011

and has been steadily progressing from laboratesgarch l(ura 2003, Friggle and
Reeves 2008, Paul and Lopez 2011, Slatnick eDall)2to field applications\(illarreal

and Crocker 2007, Delatte et al. 2008, Friggle ddekeves 2008, Villarreal 2008, Cusson
et al. 2010. Another focus over the last 10 to 15 years hesnbshrinkage reducing

admixtures (SRAs), which have also proved to becessful in reducing shrinkage
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induced crackingTazawa and Miyazawa 1995, Folliard and Berke 198&ntz et al.
2001, Bentz 2005, Rongbing and Jian 2005, Bents,288liba et al. 2011 Some other
techniques that have proven effective in contrgliimacking in concrete bridge decks are
fiber reinforced concrete Dubey and Banthiga shrinkage-compensating concrete
(ACI Committee 223 20)0and special construction practices (i.e. extdndaring
duration, controlled slump, and proper environmeonditions of placement).
Moreover, the type of aggregate has a significamaict on the amount of shrinkage in
concrete. Research showed that sandstone aggeegateete exhibited the higher drying
shrinkage, while concrete made from limestone aggjee proved to be the most
cracking-resistantrauss and Rogalla 1996, Burrows 1998ther authors have shown
that higher aggregate content (in volume or/andmaximum size) could reduce

shrinkage due to relatively low cement paste cdn@uarrows 1998, Nilson et al. 20p4

To assess the cracking potential of concrete, #srained ring test has given
comprehensive and reliable results, and it has heed by many researchers. This test is
also standardized as ASTM C158KASTM C1581 2004 and AASHTO T334
(AASHTO T334-08 200&formerly known as AASHTO PP34-98). ACI Committ2&3
report on early-age cracking provides a comprelversverview of the qualitative use of
the restrained ring testAClI Committee 231 20)0However, the restrained ring test
requires a complicated equipment setup, such asratg instrument, strain gauges, and
data collection system. It also requires expeftiisprocess and explain the results. All
these features have hindered its potential appmitdiy concrete contractors and small
material testing laboratories. Therefore, a singitesting method or testing protocol is
needed. The free dying shrinkage test specifieASTM C157ASTM Standard C157
2008 is a simple test to assess shrinkage of a givanrete mixture, but it does not give
a comprehensive assessment of cracking risk asttleeestrained ring test. The free
drying shrinkage measured in ASTM C157 has beenvsh® weak correlation to the
cracking potential measured in restrained ring. thgtvertheless, due to its simplicity,
free drying shrinkage limits have been set up basedASTM C157 test by many
agencies, such Unified Facilities Guide Specifadi (UFGS)
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(Unified Facilities Guide Specifications 2012nd some state DOTdMokarem et al.
2005, Nassif et al. 2007, Qiao et al. 2010, Rananiceet al. 2010 The Federal
Highway Administration (FHWA) is also consideringhplementing a single value
shrinkage limit in the new specifications (FP-1Pale P 2012. However, there is no
shrinkage threshold limit commonly agreed upon tsuee a crack-free or highly
cracking-resistant concrete. The next section @ traper summarizes the previous

efforts on linking free drying shrinkage of HPCdmacking performance.

5.3 SHRINKAGE LIMITSAND CRACKING POTENTIAL
ASSESSMENT
A review on the most recent research efforts oraldishing cracking potential
assessment is given in this section. Most of tlstsdies agreed that the restrained ring
test could provide comprehensive estimation of thacking potential of concrete
materials. In addition, since the free drying skaige test is much simpler, some
attempted to link the free shrinkage to the rese&diring test or field performance and

subsequent free shrinkage limits have been recomanen

See et al. Ree et al. 2004dinvestigated a wide range of concrete and martixtures
using the ASTM ring test. Based on the resultsy theggested a cracking potential
classification (as shown in Table 5.1) on the basisither time-to-cracking or stress rate
development in the concrete ring specimen. Thissti@ation was also adopted by
ASTM C1581.

Table 5.1 Cracking potential classification (Basadstress rate at time-to-cracking).
(ASTM C1581 2004, See et al. 2p04

Time-to-Cracking, Stress Rate at Cracking, . .
.., Days S, MPa/Day Potential for Cracking
0<ty<7 S>0.34 High

7T<t<14 0.17< 5<0.34 Moderate-High
14 <,<28 0.10<S<0.17 Moderate-Low

ter > 28 S<0.10 Low
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Time-to-cracking is the difference between the ageracking and the age drying was

initiated. It can be used to assess the relatiaekang performance of specimens that

cracked during the test. If not cracked, the strasgs at the age the test was terminated
can be compared between tested materials.

During the last decade, Virginia DOT (VDOT) alsdiaely sought appropriate limits on
drying shrinkage for performance specificatioMokarem et al. 2003, Mokarem et al.
2005, Ramniceanu et al. 2010In earlier research, VDOT recommended drying
shrinkage limits of 30@um/m 28 days and 400m/m at 90 days for ordinary portland
cement concreteMokarem et al. 2003 and 400 and 50@m/m for supplementary
cementitious materials (SCMs) blended concrete espely (Mokarem et al. 2003,
Mokarem et al. 2005 The shrinkage was measured on ASTM C157 specimt#n?7
days wet curing instead of standard 28 day wenhguiThis was done by comparing free
shrinkage results (ASTM C157) to the restrainedy riest (AASHTO). However,
specimens that performed better in the ring tedtrait subsequently have lower free
shrinkage strain. In recent researBlainniceanu et al. 201,O0VDOT proposed a series of
shrinkage limits on bridge deck overlays which @rerently used in the field in Virginia.
The limits were based on the observation of freenkhge results and scaled bridge deck
overlay specimens in laboratory testing. The redesas concluded that the scaled bridge
deck specimen closely mimicked the field condititimys the free shrinkage could be
linked to bridge deck cracking-resistant perforneanior example, if the 28 day free
shrinkage of the scaled overlay was 750 micronirst@ad no crack was found in the
scaled specimen, the shrinkage limits for thatipalgr mixture was set to 800 micron
strain at 28 day. In this way, a series of shrirklmits were set for specific mixtures.
New Jersey DOT (NJDOT) performed a research profemn 2005 to 2007, to
investigate the cracking potential of the HPC mifes bridge decks in New Jersey
(Nassif et al. 200/ Comprehensive laboratory tests were conducted|uding
compressive strength, splitting tensile strengtbduatus of elasticity, free shrinkage, and

restrained shrinkage. For restrained shrinkagentgsAASHTO PP34-99 was utilized
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with modifications to better capture the crackirggfprmance by monitoring the relative
displacement within the ring specimen. They fouhdt thigh coarse aggregate to fine
aggregate ratio (over 1.5) with high coarse agdgeegantent (over 1110 kgfncould

help significantly reduce cracking potentials. Byrelating free shrinkage to restrained
shrinkage performance, a free shrinkage limit d gf/m at 56 days was recommended

to ensure a high cracking resistant performanc& € bridge deck.

From 2002 to 2006, Texas DOT (TxDOT) conducted seaech project to identify
effective materials-based methods of controllingirdy shrinkage Kolliard et al. 2003,
Brown et al. 200y Innovative methods included the use of fibenf@iced concrete,
SRA, shrinkage compensating concrete, and highmelufly ash (HVFA) were
investigated in laboratory tests, including freerirdkage test, restrained ring test
(AASTHTO), compressive strength, splitting tensteength, and modulus of elasticity.
In addition, several large-scale bridge decks (L¥B&presenting real bridge detailing
were cast and monitored at an outdoor exposure Hite results showed that the free
shrinkage test did not provide enough informatmssess cracking potential, because it
did not agree well with the LSBD performance. Or tontrary, the AASHTO test
agreed well with the LSBD. Given a closer look ¢ tmixtures that performed well in
LSBD, the researchers claimed that an ideal cresi-for highly cracking-resistant
mixture should be the one which shows no crack WSHATO ring test, and has a
relatively low free shrinkage strain (3@@n/m or less) with low early-age modulus of
elasticity but high early-age tensile streng®Brovn et al. 200Y. Nevertheless, no
shrinkage limit or assessment criterion was progodae to the complicated interaction

among all materials properties.

In 2005, the Kansas DOT (KDOT) conducted a studyewaluating shrinkage and

cracking behavior of concret@ritsch et al. 200p In this study, free shrinkage tests
(ASTM C157) and restrained ring tests (AASHTO) wase. The researchers found that
the free shrinkage was a weak predictor of restchghrinkage. This was due to that only

one ring specimen (out of 39) cracked, which wiaslyi due to lack of restraint provided
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by the inner steel ring. Although no shrinkage timvas recommended in this study, it
laid down the groundwork for the following reseamvhich lead to low cracking high
performance mixture design, termed “KU Mix”, featwy moderate strength (25 to 30
MPa), aggregate gradation optimization, low ovécement content (320 kgfn larger
maximum aggregate size (25mm), maximum slump (9Qmany limited placement
temperature (13°C to 21°Clifdquist et al. 2008, McLeod et al. 200% has proven
effective in reducing cracking in bridge decks ield applications in Kansa®arwin et
al. 2010.

Recent research conducted by the Washington DOT@Wtudied early-age cracking
mitigation strategies for concrete bridge deck¥af et al. 201D The goal of this
research was to identify effective early-age cnagkmitigation strategies for concrete
bridge decks in Washington State. In addition te fiee shrinkage test (ASTM C157)
and the restrained ring test (AASHTO), hardenedcte properties, i.e. compressive
strength, splitting tensile strength, flexural sgh, and modulus of elasticity were tested
at 7 and 28 days of age. Based on the resultsetearchers attempted to link the free
shrinkage to cracking performance, and concludatl Idwer free shrinkage strain with
acceptable flexural strength generally indicatethtineely good restrained shrinkage
cracking resistance. WSDOT also adopted the “KU "Migsign methodology in this
research, which resulted in a significant reductiodrying shrinkage. Bridge decks free
of early-age shrinkage cracking were achieved i@ field. Currently, WSDOT is
implementing a free shrinkage limit of 3g@/m strain at 28 day of drying){ao et al.
2010.

Sponsored by West Virginia Division of Highways (\W®@H), a recent research project
conducted by Ray and co-workeRaly et al. 201P studied the correlation between
shrinkage and cracking of HPC for bridge decks.ngsihe AASHTO ring test and
ASTM C157 free shrinkage test, 18 HPC mixtures wdifierent SCMs (i.e. fly ash,

microsilica, slag, and metakaolin) and differentnmv/were investigated. Based on the test
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results, a correlation was established betweerckang index” and time of cracking in
ring tests. The “cracking index” is a factor combmcompressive strength, modulus of
elasticity, and free shrinkage strain. Similar tobe tapproach used by VDOT,
representative highway bridge decks which showetisfaatory cracking-resistant
performance on the field were selected to estaltfisHimit based on the AASHTO ring
tests. It was concluded that for their local maitstiany concrete mixture that cracked
later than 30 days in the AASHTO ring test could tenservatively considered
acceptable in cracking-resistant performance ori¢hd, and the “cracking index” could

be applied elsewhere using the same concepts.

From all previous research endeavors the curremterstanding of cracking risk
assessment can be summarized by: 1) it is welledgupon that the retrained ring test
(both ASTM and AASHTO) provide the most compreheasestimation of concrete
cracking potentials; 2) high-cracking-resistant arete is concrete that has low free
shrinkage, relatively low modulus of elasticity,daimigh tensile (or flexural) strength; 3)
there is no commonly agreed up on testing methat sabsequent shrinkage limits to
control cracking risk; 4) most shrinkage limits diped by state DOT, if any, only

applied to specific mixture designs.

The deficiencies in previous approaches are liggefbllows:

* The shrinkage limits are specific to mixtures. Treg limited by the concrete
mixture designs use to develop those limits. A galrepproach is needed.

* The restrained ring test could be used to acceskiog risk. However, the ring
test, by its nature, requires complicated instruEmgon and a well facilitated
laboratory. Therefore, a simpler yet as reliabkt taethod/protocol is needed to
assess concrete potentials.

In this research, internal curing with FLWA and taiskage reducing admixture were
selected as shrinkage reducing methods. Two diffeaggregate types, siliceous

sandstone and limestone, were also included innhestigation. A “cracking potential

indicator” (CPI), accompanied with a simple testipgtocol, is proposed based on
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results of this study to assess cracking potemtitiiout restrained ring test. Only free
shrinkage test (ASTM C157) and basic mechanicapgny tests (splitting tensile

strength and static elasticity modulus) are requite satisfactorily assess concrete
cracking potential. Theoretically, this approachuldobe generally applied to any given

concrete mixture design.

54 EXPERIMENTAL
5.4.1 Materials

5.4.1.1 Binders

The cement and SCMS used in this research wereSamMAType /Il ordinary Portland
cement, an ASTM C618 Class F fly ash, and an ASTIN240 silica fume. The dioxide
analysis of the cement and fly ash is shown in @&b2. The silica fume contains nearly

pure silica dioxide in noncrystalline form with apgimately 1% crystalline silica.

Table 5.2 Cement and fly ash oxide analysis (wt %)

Total
CaO SiQ AlIL,O; FeO; MgO NaO K,O TiO, MnO, P,Os SrO BaO S@ Alkalies
as NaO

Loss on
Ignition

OPC 683.5719.95 4.71 350 0.85 0.25 0.27 0.24 0.09 0.09 0.16 0.049 3 0.43 3.19

Fly Ash 10.20 55.24 15.77 6.27 3.64 3.64 2.08 094 0.12 023 0.32 0.62 0.70 -0.23

5.4.1.2 Admixtures

A high-range water-reducer and an air-entraineewssed and adjusted in all mixtures to
achieve consistent workability (target 150mm slung)d appropriate air content
(5+1.5%) to ensure proper freeze/thaw resistance. 8RA which is compatible with the

air entrainer was used in some mixtures, at 2% ®tatal cementitious materials.

5.4.1.3 Aggregates

Local siliceous river gravel and natural silicesiver sand were used in most mixtures.
The maximum size of the river gravel was 19 mmilikeous limestone was used as the

coarse aggregate in one mixture, with 19 mm maxiraize.
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One ASTM fine lightweight aggregate (i.e. expanddthle) was used as an internal
curing agent in certain mixtures to partially reganormal weight fine aggregate.
Absorption and desorption test were performed tratterized this FLWA in literature
(Deboodt 2011 The replacement level of FLWA was based on tleatB Equation
(Bentz et al. 2005and the calculation can be found in literature €t al. 2012 A
summary of aggregates properties is given in Talie

Table 5.3 Aggregates properties

Absorption  Desorption

Specific Capacity Capacity Fineness

Gravity (%) (%) Modulus
River Sand 2.41 3.08 - 3.0
River Gravel 2.44 2.58 - 7.1
Limestone 2.68 0.58 - 6.5

Expanded Shale 1.55 17.50 16.0 2.7

5.4.2 Mixture Design

All mixtures in this study were based on Oregon DBFC mixture design for bridge
decks. The target compressive strength was 34.5. MRacm of 0.37 was used for all
mixtures except for one OPC mixture which used 0m@m. The total cementitious
materials content in all mixtures was 375 kg/including 30% replacement of class F
fly ash and 4% silica fume, except for two OPC miigs which contained only portland
cement. For mixtures incorporating with FLWA, apgmately 40% river sand was
replaced volumetrically by expanded shale. Twoedéht wet curing durations (i.e. 3 day
and 14 day) were used. A detailed mixture propoitig and description is given in
Table 5.4. SYN is an HPC mixture with incorporatiohboth FLWA and SRA (SYN
short for synergy). OPC1 and OPC2 are two mixtwiglsout fly ash or silica fume. LS
is a HPC mixture with limestone as coarse aggregaber than local river gravel. CRM
is a proprietary repair mortar which is typicallged for structure repairs such as

mending bridge deck cracking. It was mixed accagdommanufacturer instructions.
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Table 5.4 Concrete mixture proportioning and descriptions

Mixture D?Jligtri]gn Cement Fly ash fsumn(1:2 Water aggraerSSIe Sand FLWA SRA
(day) (kg/nt) (kg/nT) (kg/m?) (kg/nr) (kg/m?) (kg/nt) (kg/nT) (kg/nt)
HPC1 3 249 112 15 139 1074 659 - -
HPC2 14 249 112 15 139 1074 659 - -
SRAl1 3 249 112 15 131 1074 659 - 7.5
SRA2 14 249 112 15 131 1074 659 - 7.5
FLWA1 3 249 112 15 139 1074 400 164 -
FLWA?2 14 249 112 15 139 1074 400 164 -
SYN 14 249 112 15 131 1074 400 164 7.5
OPC1 14 375 - - 139 1074 659 - -
OPC2 14 375 - - 158 1074 659 - -
LS 14 249 112 15 139 1100 740 - -
CM* 3 - - - - - - - -

*CM — a proprietary repair mortar without coarsesgate.

Note that although the mixture proportioning of HP&nd HPC2 are exactly the same,
the curing duration is different. In the ring tetbte curing duration are important factors
to affect testing results, therefore HPC1 and HR@2 treated as two mixtures in this
study. This is also true to SRA1/SRA2, and FLWAMFA2. For OPC1 and OPC2, they
have different w/cm but same curing duration. Airgiduration of 14 day was chosen to
match ODOT standard. In addition, according to jes researcheboodt 201}, a
shortened curing duration of 3 days was also ssdeict make a distinguishable different
in terms of free drying shrinkage.

5.4.3 Methods

For each mixture, the following specimens were greg accordingly:

e Cylinders $100 x 200 mm) for compressive strength (6 repl&Eatsplitting
tensile (6 replicates), and static modulus of elagt(4 replicates) for both 28 day
wet cured condition and 28 day match cured conalitio

e ASTM C157 prism (3 replicates);

 ASTM C1581 ring specimens (3 replicates).
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Note that for mechanical properties tested on dgie, two curing durations (matched
cure with rings, and standard 28 day wet cure) weezl. The ASTM C157 prisms were

match cured with ring specimens.

5.4.3.1 Mechanical Properties

Compressive strength, splitting tensile strengti atatic modulus of elasticity were
tested according to ASTM standards, at 28 daysgef &or each mixtureg)100 x 200
mm cylindrical samples were cured in two conditiosteindard 28 day wet cure, and 28
day matched cure. For standard curing, samples demlded 24 hours after casting
and stored in standard moisture room (23°C and 1839 until testing. For matched
curing, samples were demoded 24 hours after caatidgstored in the standard moisture
room until the end of desired wet curing periodsefl these samples were moved to the
drying chamber (23°C and 50% RH) and stored nearrithg specimens until testing.
This was to ensure the measured mechanical prepedie representative of ring

specimens.

5.4.3.2 Free Shrinkage

Free shrinkage was measured using the ASTM C15.7Ties concrete prisms dimension
is 75x75x280 mm. All specimens were cast and sdaléldde molds until demolding at
24 hours, then moved to the moisture room for gutintil the end of desired wet curing
periods. Instead of standard curing duration wiscB8 days wet curing, all prisms were
match-cured with the ring specimen. This was atserisure the measured free shrinkage

is representative of corresponding ring specimen.

5.4.3.3 Restrained Shrinkage

All restrained shrinkage ring specimens were preg@ccording to ASTM C1581. Four
strain gauges were attached 90° apart to the sunréace of the steel sing at mid-height.
The strain was recorded using a data acquisiti@tesy. After concrete placement, all
specimens were immediately moved to a drying chanip8°C and 50% RH) and

covered with wet burlap and plastic sheet untilhi®urs of age. Then, the outer PVC
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rings were removed and all concrete surfaces wevered with wet burlap and plastic
sheeting for the entire desired curing period. Bgirihe curing period, to maintain the
moisture condition, the burlap was re-wetted eviyhours. At the end of the desired
curing period, the burlap and plastic sheet wenmeoreed. Then the top concrete surface
was sealed by a waterproof sealant to ensure dmymtg circumferentially. All rings
specimen were inspected every 24 hours until craeks observed in all three replicates.
By examining the strain gauge recording, the exawt of cracking can be determined.

All tests were terminated at 60 days regardlesghafther cracks were observed or not.

5.5 RESULTSAND DISCUSSIONS

5.5.1 Mechanical Properties

Table 5.5 shows the summary of compressive strerggihiiting tensile strength, and
modulus of elasticity of all mixtures. Most of tineixtures met the 34.5 MPa strength
target. For curing, in addition to the standardd2§ wet cure method, cylinder samples
were also match cured with ring specimen to matwh eéxact curing duration. For
instance, cylinders using 28 day match cured candgitvere wet cured for 3 day (the

first 24 hours in the mold), and exposed to drygngironment for 25 days before tested.

Table 5.5 Concrete Mechanical Properties

Curing 28 Day Wet Cured 28 Day Match Cured
Mixture Duration Compressive Tensile Modulus of Compressive Tensile Modulus of
(days) Strength Strength  Elasticity Strength Strength Elasticity
(MPa) (MPa) (GPa) (MPa) (MPa) (GPa)
HPC1 3 28.8 3.42 229 30.3 3.49 24.4
HPC2 14 35.4 4.06 28.7 39.9 4.40 27.5
SRA1 3 33.2 3.97 28.0 - - -
SRA2 14 36.4 3.78 29.3 39.1 4.08 27.4
FLWA1 3 36.6 3.72 24.2 - - -
FLWA2 14 454 5.17 29.6 53.5 5.48 29.7
SYN 14 26.1 2.76 22.0 24.2 2.93 211
OPC1 14 44.7 3.67 32.2 45.7 4.29 33.1
OPC2 14 34.5 3.42 30.0 - - -
LS 14 34.2 3.90 324 35.9 412 25.6

CM 3 - - - 61.2 5.86 29.4
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One interesting observation that can be made frabiel5.5 is that test on matched cured
cylinder test yielded almost consistently highempoessive (except for SYN) and tensile
strength, but a similar modulus of elasticity. Nd¢t@t matched cured cylinders went
through significant drying duration (14 days), whics considered unfavorable for

strength gain for concrete by classic theories.e Tdason is still unknown and further

investigation of this phenomenon is underway.

Table 5.6 shows a summary of five compressive gthetest results and variation. Each
set of test were from a HPC control mixture, caddadng two years’ time when the
research project was conducting. The mixture progaing of each mix was the same
among all five mixtures. And same materials, sustc@mentitious materials, chemical
admixtures, and fine and coarse aggregates weie insell of these mixtures. Same
mixture procedure was followed.

Table 5.6 Variation of 5 Compressive Strength Jest

Test __ Compressive Strength (MPa)  aye. Standard ~ Max
Deviation difference

# A B C (MPa) (MPa) within test

1 29.0 26.4 28.0 27.8 1.3 9.6%

2 34.7 35.2 315 33.1 2.3 9.8%

3 31.6 29.7 32.9 31.3 2.2 10.0%

4* 28.4 29.7 28.3 29.0 1.0 4.7%

5** 34.5 33.9 37.7 35.8 2.7 10.5%
Average of 5 tests 31.4 3.2

*HPCL; *HPC2

According to ASTM C39, the acceptable range (d2s8scdbed in ASTM C670) of
individual cylinder (100 x 200 mm) strength is 1%.6ASTM C67] It can be seen that
all five mixtures met the requirement. Howeverjsitdifficult to control the viability
between different mixtures, even in laboratory d¢bods. Possible reasons are aggregate
sampling, environment conditions (temperature ahi), Rnd testing operators. And also

the variability of concrete lies in itself as a quusite material.
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5.5.2 Free Shrinkage

Table 5.7 gives a summary of free shrinkage measemes of all mixtures at increasing
age. HPC2 represents the control mixture and cuorglition. The percentage in the
brackets show the relative scale of certain shgekeompare to HPC2 at the same age.
The free shrinkage at the early age was effectivatiyiced for mixtures using mitigation
methods (SRA, FLWA, or synergy of both). Howeveveg the high shrinkage nature of
this HPC mixture, using the FLWA alone was not fisotive as the other two methods,
especially at later age. The synergy of SRA and ALEVost significantly reduced the

free shrinkage. This effect is also shown in Figaieand Figure 5.2.

Table 5.7 Summary of Free Shrinkageni/m) and % relative to HPC2

Curing
Mixture D(L(eratio)n 7 day 28 day 56 day 90 day 180 day
ays

HPC1 3 340 (91) 600 (87) 727 (90) 780(85) 863 (90)
HPC2 14 373(100) 693(100) 810(100) 917 (100) 960 (100)
SRA1 3 133(36) 337 (49) 443 (55) 497 (54) -
SRA2 14 190 (51) 447 (65) 573 (71) 640 (70) 710 (74
FLWAL 3 280 (75) 535(77) 633(78) 703 (77) -
FLWA2 14 323(87) 663 (96) 800(99) 870 (95)  918)(9
SYN 14 140 (38) 345 (50) 465 (57) 530 (58) -
OPC1 14 360 (97) 600 (87) 690(85) 750(82) 830 (86
OPC2 14 300 (80) 557 (80) 677 (84) 747 (81) 837 (87
LS 14 240 (64) 380 (55) 430 (53)  457(50) -

CM 3 207 (55) 447 (65) 610 (75) 740 (81)  853(89)
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Figure 5.3 shows the effect of water to cemenbrat well as incorporation of SCMs.

OPC1 and OCP2 showed over 8Qfh/m shrinkage at 180 day of age, which is
considered high shrinkage. Moreover, the preseh&MWLCs (30% fly ash and 4% silica

fume) may have further augmented shrinkage of timéral HPC mixture.
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Figure 5.4 Free shrinkage versus drying time, dytalire, effect of aggregates
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As discussed previously, aggregate type also hgsifisant impact on shrinkage
behavior. As shown in Figure 5.4, free shrinkage weduced by 45% at 28 days after
drying using limestone instead of siliceous riveavgl as coarse aggregates. From a
point of view of aggregate type, CM, as a mortag,nstill showed superior shrinkage
performance, likely due to that the mixture congdirnigh volume of quartz sand, which

is believed to perform best in shrinkage behaviarancrete.

5.5.3 Restrained Drying Shrinkage

Table 5.8 gives a summary of the ASTM C1581 rirgults, including time-to-cracking
and the corresponding stress rate.

Table 5.8 Summary of time-to-cracking and stress rate

. Curing Time-to-Cracking, Days Stress Rate, MPa/Day (I;L?glr?t?eg
Mixture Duration Classification*
(days) — A B C  Ave A B C  Ave.

HPC1 3 4.0 5.5 5.2 4.9 0.380 0.315 0.338 0.344 H
HPC2 14 4.4 4.6 3.6 4.2 0.343 0.281 0.482 0.369 H
SRA1 3 139 184 188 17.0 0.094 0.073 0.094 0.087 L
SRA2 14 161 149 116 142 0.104 0.093 0.139 0.112 ML
FLWA1 3 6.5 7.0 7.3 6.9 0.238 0.213 0.284 0.245 MH
FLWA2 14 7.4 7.9 n/a 7.7 0.245 0.263 n/a 0.254 MH
SYN 14 19.7 140 140 159 0.115 0.070 0.060 0.081 L
OPC1 14 4.0 5.6 5.3 5.0 0.278 0.383 0.314 0.325 MH
OPC2 14 4.2 4.6 3.6 4.1 0.257 0.266 0.359 0.294 MH

LS 14 40.9 nocrack 231 320 0.045 =  0.099 0.072 L

CM 3 230 280 330 280 0.084 0.072 0.063 0.073 L

* H — High; ML — Moderate High; ML — Moderate Low;— Low.

Time-to-cracking is the time elapsed between idraof drying and the cracking in the
rings. Upon cracking, a sudden change will showwia or more strain gauges recording,
which can also be confirmed by visual inspectiotress rate at time-to-cracking was
calculated according to ASTM C1581. Based on timeracking or stress rate, a

cracking potential can be given to each mixturee Tduthors believe that when



88

determining the cracking potential classificatibigh priority should be given to stress
rate at cracking. On the one hand, the stress bratier quantifies the stress of the
concrete, which is directly related to crackingiss On the other hand, time-to-cracking
is involved in stress rate calculation. In otherrég stress rate indicates a more
comprehensive evaluation. Figure 5.5 shows a geladionship of time-to-cracking with

stress rate, with correlation coefficient over 0.9the power relationship indicates that

with the decrease of stress rate, the time-to-angokould be significantly prolonged.
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Figure 5.5 Time-to-cracking versus Stress rate

It is noted that SRA most significantly prolongduk ttime-to-cracking. FLWA also

effectively prolonged the time-to-cracking. SYN steal the lowest free shrinkage and
similar time-to-cracking to SRA. In addition, CMsal exhibited superior cracking-
resistance, which indicates drying shrinkage rdlatecking are likely not a concern
when repairing an HPC bridge deck using this malteri

Among all 11 mixtures, mixture LS, which is a lin@se HPC, lasted the longest before

cracking. In fact one LS ring specimen showed raxikcrat 60 days after initiation of
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drying, when the test was terminated. One setrafrsjauge data is presented in Figure

5.6, showing the strain development in three irdliai ring specimen of mixture LS.
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Figure 5.6 Strain development versus time, thmelevidual rings of mixture LS

Ring C showed a typical response as most testglwdansist of an increase in strain and
a “sharp jump” toward zero strain at the end. Hosveving B did not show this sudden
change, but rather a slow decrease in strain itidgatress relaxation in the ring. This
can be seen in the later age of ring A as well. &xaanation is that after a certain
period of time, about 28 days in this case, theatfbf stress relaxation starts to impact
the cracking behavior of ASTM ring specimens. lhestwords, if a concrete mixture
survives 28 days or longer in the ASTM ring, thaaking potential could be further
lowered due to stress relaxation. However, ringhd € did not sustained the ring test as
long as ring B, which is likely due to material®perties variability. This phenomenon is
quite usual in restrained ring testofliard et al. 2003, See et al. 2004, Radlinskalet
2007, Qiao et al. 2010
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As discussed previously, mixture LS, lasted longedhe ring test. It should be noted
that, the only difference between LS and other HRigtures is the coarse aggregate
used. In mixture LS, an angular limestone coarggeaate with similar gradation and

maximum size was used, while a pure silicious rotmdr gravel aggregate was used
was used in other HPC mixtures. By only replacing toarse aggregate, the time-of
cracking of concrete with limestone was signifitamnproved, from 4.2 days (HPC2) to

32 days, which is even more effective than mitigatiechniques such as incorporation of
FLWA (7.7 days) and SRA (14.2 days). This might lwalates to the interfacial

transition zone (ITZ) theory. Due to the fact tha limestone aggregate was angular in
shape and rough in surface, more bonding surfagdatter mechanical bonding formed
in ITZ could help to improve the cracking resistan@his aggregate effect was more

significant than expected, more study is underway.

5.5.4 Cracking Potential Indicator (CPI)

As outlined previously, a high cracking-resistanskould come from combined
properties: 1) low free shrinkage; 2) relative highsile strength to resist tensile stress
developed within concrete, and, 3) relative low molad of elasticity so less stress
development on same amount of shrinkage. ThustacKing potential indicator” (CPI)
is proposed to assess cracking potential, takingpuad of free shrinkage as well as
mechanical properties (i.e. splitting tensile sggtpnand static modulus of elasticity). The

equation is given as follows:

free shrinkage __ €free

CPI =

(5.1)

nominal tensile strain capacity - ft/Ec

Where:

*  &greelS free shrinkage (m/m) measured at 28 day frotretion of drying;
» fris splitting tensile strength (MPa) measure atag age, and;
» Ecis static modulus of elasticity (GPa) measuregiBatlay age.
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The ratio off; to £¢ is named nominal tensile strain capacity (m/m)isTatio does not
have any physical meaning, but is used as a relatbymparison between materials. A
larger nominal tensile strain capacity indicates iaterial is able to accommodate more
tensile deformation before cracking occurs. SirRel@ys is a common industrial practice
used for quality control for concrete propertigswas selected as the testing age. Note
that for mechanical properties tests, concreteispats were test at 28 day age, while for
free shrinkage tests the 28 day from initiationdofing is equivalent to age of 28 day
plus curing duration. Using the data listed in Eabl5 and Table 5.7, the CPI for all
mixtures can be calculated using both standard 28rélay and matched cure 28 day
mechanical properties, and shown in Figure 5.7.
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Figure 5.7 CPI versus time-to-cracking

Figure 5.7 shows the relationship between CPI amgk-to-cracking. According to
cracking potential classification given in Tabld She chart was divided into four zones
by time-to-cracking. A general trend can be obsgtbat mixtures with lower CPI tend

to fall into lower cracking risk zone. The logaritft relations are also given in the chart
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with equations and correlation coefficient. Oneeiasting finding is that CPI calculated
using matched cured concrete properties showedrhmitrelation with time-of cracking
than CPI calculated using standard curing or “2§ da&t cure”. This is likely due to
concrete samples match cured with ring specimens @ccurately represented concrete
rings. Therefore, match cured concrete samplesnwhailable, should be used to
estimate the cracking risk of given concrete mixtUfigure 5.8 shows the relationship
between CPI and time-to-cracking. It suggests sintiend: the CPI correlated well with
stress rate. A low CPI indicates a lower stress irathe ring test.
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Figure 5.8 CPI versus stress rate

Based on the relationship shown in Figure 5.7 aBd & preliminary cracking potential
classification based on the CPI is proposed in g al.
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Table 5.9 Cracking potential classification basadhe CPI

Cracking Potential

Indicator Potential for Cracking
(CPI)

CPI=4.0 High
3.0<sCPI<4.0 Moderate-High
25<CPI<3.0 Moderate-Low

CPI<25 Low

According to the proposed CPI theory, a combinabémigh tensile strength and low
modulus of elasticity is preferred. However, thase properties are usually not
independent of each other; therefore it might Hécdit to manipulate in practice to
achieve desired values. Generally speaking, thesecaggregate type could impact the
tensile strength (round v.s. angular) and modultiselasticity (stiffness of coarse
aggregate). But this is also limited by aggregatailability. Therefore, the factor that

could most significantly affect the cracking potal# is still free drying shrinkage.

5.6 CONCLUSIONSAND RECOMMENDATIONS

According to the results of ASTM C1581 restrainadyrtests, by incorporating FLWA
and/or SRA the cracking resistance of ODOT HPC sigusificantly improved. And HPC
with SRA showed most significant benefits in impray the cracking resistance. The
results also indicate that HPC mix using river g@tashowed significant higher shrinkage
and cracking prosperity than HPC mix using limeston

The ASTM C1581 rings test is the most comprehensiag to evaluate the cracking
performance of different HPC mixtures in this stullyith an attempt to simplify this

test, a “cracking potential indicator” (CPI) wasoposed in this study. And a good
correlation was found between CPI and ring tesiltes To use CPI, only free shrinkage
test (ASTM C157) and basic mechanical properties r@quired. And match cured

mechanical properties under match cured conditisith representing field curing
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condition should be used when available. A recondudrest protocol based on CPI is
summarized as follows:

 Cast ASTM C157 prisms and wet cure until requiredng time according to
specification of HPC bridge decks, then measure $terinkage strain at 28 days
from initiation of drying;

» Using the same batch of material cast minimum (éeeplicates for each tests)
150 x 300 mm cylinders and test mechanical progpe(ft and Ec) at 28 day from
casting. Use the same curing regime as ASTM C157;

* Use Eq. (5.1) to calculate CPI,

 Refer to Table 5.9 to identify the potential foracking of testing concrete
mixture.

A preliminary data analysis showed that a CPI teas 2.5 indicates low cracking risk.
Theoretically, the CPI concept is not limited te tmaterials used in this research, and
could be easily applied universally using othercdly materials. Further verification is

needed.
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6 GENERAL CONCLUSIONS

Cracking, especially at early age, in high perfanoeconcrete (HPC) may result in a
significant decrease in concrete durability andviserlife of the structure containing it.
Concrete bridge decks demand qualities from HP(h sag low permeability, high
abrasion resistance, superior durability, and Idegign life. To meet these requirements,
bridge deck concrete is usually produced with loatew to cementitious material ratio
(w/cm), typically less than 0.40, high overall cemecontents, inclusion of
supplementary cementitious materials (SCMs) sucéilea fume, fly ash and slag, and
smaller maximum aggregate size (due to reinforcéro@nstraints). All these features in
the mixture design make the HPC bridge decks imtilgreusceptible to several types of

shrinkage and thus increased cracking risk.

To mitigate the shrikage and cracking issues in Hia€@rnal curing by incorporation
pre-wetted fine lightweight aggregate (FLWA) hasvyan effective. To determine the
optimum FLWA content, information about the propggn$or shrinkage in the cement
paste, specifically the chemical shrinkage valseneeded. However, there is a lack of
information on how to determine the long-term cheahshrinkage value for HPC with
supplementary cementitious materials (SCMs) andtminkage reducing admixture
(SRA). Manuscipt 1 identified a simple procedure determine long-term chemical
shrinkage values for given cementitious systemsh VBCMs and/or SRA. Several
improvements to the ASTM C1608 (dilatometry proaeduwere investigated. An
experimental prediction model was adopted and ieerifo estimate long-term chemical
shrinkage values for portland cement systems aongi SCMs and/or SRA. A

recommended procedure was also proposed to deterthi@ long-term chemical
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shrinkage values for HPC systems containing SCMioarSRA, and a modification to a

commonly used FLWA proportioning equation is sugees

Concrete durability is closely related to effects dvying shrinkage, therefore it is
important to develop proper prediction models faxdern HPC. The ACI 209 model is
recommended by American Concrete Institute and lwideed in the U.S. for normal
strength concretes using conventional aggregdtagcommends performing short-term
testing on concrete to calibrate the model to imprpredictions for local materials.
However, the calibration procedure is not cleatated in the document. In Manuscript 2,
shrinkage data collected from ten different highfgrenance concrete (HPC) mixtures
internally cured by pre-wetted lightweight fine aggate (LWFA) and/or shrinkage
reducing admixture (SRA) was used to evaluate atirsbrinkage prediction models.
Those models were the ACI 209 model, CEB90 mod&SHTO model, B3 model,
GL2000 model and ALSN model. It was shown that eacilel was limited by the data
source used to develop the model. The study fobhatithe GL2000 model showed the
best overall performance in predicting shrinkagaistfor internally cured HPC using
local materials. Nevertheless, a major concerreémh model is whether the data source
used to develop the model is representative otaficretes. It was shown that more
accurate long-term shrinkage prediction could Hdeéea®d based on the current ACI 209
model with experimental measurements. This proppsededure was capable to predict
long-term drying shrinkage for concrete using laoalterials mixture by using short-term

experimental measurements.

Although the causes behind cracking in high pertoroe concrete are well known and
documented in the existing literatures, appropriateginkage limits and standard
laboratory/field tests which allow proper critetaensure crack-free or highly cracking-
resistant high performance concrete are not cleaestablished either in the technical
literature or in specifications. The purpose of Msaript 3 is to provide shrinkage

threshold limits for specifications and to provideobust test procedure, which allows
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easy determination of compliance with specifiecgeshiold limits. It has been shown that
the “ring” tests (ASTM C1581 and AASHTO T334) areetmost comprehensive
accelerated laboratory tests to accurately identfgcking potential. In addition,
acceptable correlation between the ring test ardfigdd test has been observed and
documented. However, a more simple and robust gestedure is in demand from
materials suppliers and Departments of TransportatiData analysis of current
experimental data showed that the ratio of freeinkhge to shrinkage capacity
(theoretical strain related to tensile strength amadulus of elasticity), or “cracking
potential indicator”, is a promising assessmentratking resistant performance. In this
way, only free shrinkage test (ASTM C157) and baséchanical properties are required
to assess cracking risk of certain concrete mixteggns. The results indicate that a CPI
lower than 2.5 indicated low cracking risk.

Several future directions this work could lead to:

» Identify the impact of coarse aggregate. It sedmasagggregate effect on cracking
is much more significant than previously expectbtbre research should be
conducted to understand the impact of coarse agtgeguch as aggregate shape,
surface textures, absorption capacity strengtlghnass, and mineralogy, etc;

* Apply more effective/aggressive shrinkage mitigattechniques such as : higher
FLWA content (meaning bring in more than need taunter autogenous
shrinkage), fiber reinforcement, and combined tepes (e.g. SRA plus fiber),
and;

* Apply and verify CPI theory in the field. Oregon DQs working on a draft
specification with CPI incorporated for contractarsl materials suppliers.
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APPENDIX A: DRYING SHRINKAGE PREDICTION
MODELS

A.1 PREDCITING DRYING SHRINKAGE

This section briefly covers the main methodologiesed for predicting drying shrinkage.
The ACI 209 model is predominately used to predigting shrinkage in the United
States, and the CEB 90 model is used in Europler@hethods (B3 model and GL 2000
model) have been developed through research terlgattdict drying shrinkage. With
developments in SRAs, correction factors to accéonthe SRAs have been developed
in the ALSN 2004 model. Within these models, AQ92 CEB90, B3 and GL 2000
model are included in the report by ACI committ@ Zreep and Shrinkage in Concrete
(ACI Committee 209.2R 2008). In this section, aebrdescription of each model
evaluated in Manuscript 2 was presented. Also sorost recent updates and related

research work is also provided in this appendix.

A.2 DRYING SHRINKAGE PREDICTING MODELS
A.2.1 ACI 209

The ACI 209 model is recommended by the Americand@ete Institute, and has been
incorporated into many of the building codes in theited States. This model was
developed empirically based on shrinkage data oéthprior to 1968 (Al-Manaseer and
Lam 2005). The equations can be used to predictstiremkage of normal weight,
lightweight sand and all lightweight concrete. AZO9 is effective with Type | or Type
[l cement and for concrete that is either moisteduor steam cured under standard
conditions outlined in Table A.1. A correction fac(ys) is needed to adjust the ultimate
shrinkage strain,e{),, for conditions other than what is representedable B.1 (ACI
Committee 209 1992).
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Table A.1 Factors Affecting Creep and Shrinkagelred by AClI Committee 209 1992)

Factors Variables considered  |Standard conditions
Cement paste content Type of cement Type I and 11
Water-cement ratio Slump 70 mm
. , , Air content < 6%
Concrete composition | Mixture proportions
Fine aggregate percentage 50%
Aggregate characteristics
Conc ) Cement content 279 to 446 kga’m-1
oncrete : Degrees of compaction
(creep and shrinkage) =
e Moist cured 7 days
ength of initial curing
= = Steam cured 1 to 3 days
Initial curing . Moist cured 232+2°C
Curing temperature
Steam cured <100°C
Curing humidity Relative humidity =>05%
. Concrete temperature Concrete temperature 232+27°C
e A d Environment
EMDET geomElry an Concrete water content ; o iditv o
environment (creep and Ambient relative humidity 40%
shrinkage) Volume-surface ratio VIS =38 mm
Geometry Size and shape or
minimum thickness 150 mm

The ACI 209 model equations are:
Shrinkage after 7 days of moist curing:

t
(&sn)t = 435 (&sn)u

Shrinkage after 1-3 days of steam curing:

t
(Ssh)t = t+55 ' (Ssh)u
Where:

t = time after the end of initial wet curing, and
(Sskbu = 780{5}1 Hm/m.

A.2.2 CEB 90

Europeans typically use the prediction method dgped in 1990 by the Comité Euro-
International du Béton (CEB). The CEB 90 model vdasived using mathematical
functions instead of tables and figures, and has lmptimized from information from a
data bank of structural concrete. This model mtsdhe time dependent deformation of
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ordinary normal weight concrete exposed to a teatpes range of 5 °C and 30 °C and a
relative humidity of 40 to 100 %. The CEB 90 edquas are:

Ecs (b, ts) = €cs0 " Bs(t — L5)

€cso = Es(fem) * Bru

&s(fem) = [160485c - (90 — fi)]- 107°

4 for slowly hardening cement
Bsc = {5  for normal or rapid hardening cement
6 forrapid hardening high strength cemnt

By = {—1.55/3$RH 40% < RH < 99%
RH 0.25 RH > 99%

_ 41 _ (RH\3
IBSRH - 1 (100)
Where:

ecso = hotional shrinkage coefficient;

Bs = coefficient to describe the development ofrgkaige with time;

t = age of concrete, days;

ts = age of concrete at the beginning of shrinkagenalling, days, and;
Bsc = coefficient that depends on cement type.

Factors that can be used to predict drying shriekage the compressive strength,
dimensions of the member, duration of drying areridative humidity and temperature
of the environment (Muller and Hilsdorf 1990).

Also it should be noted that an updated versiothisf model (CEB 2012) model will be

released in the FIB code soon.

A.2.3B3

The B3 model was developed by Bazant and Baweja“vabrated by a computerized
data bank comprising practically all the relevasst tdata obtained in various laboratories
throughout the world”. BaZzant and Baweja statedbefficient of variations for the B3
model are much lower than the CEB 90 model as aglihe ACI 209 model. The B3

model prediction equations were designed underaicertoncrete conditions. These
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conditions are restricted to portland cement caecr®ther conditions include the w/cm
ratio, the aggregate to cementitious ratio andctirapressive strength of the concrete at
28 days (Bazant and Baweja 2000).

The B3 model equations are:
Mean Shrinkage Strain:
Esn(t to) = —&gp0  ky = s(t)
Time Dependence:

Humidity Dependence:

1—h3 for h < 0.98
k, =1 -0.2 for h = 1.0 (swelling in water)
linear interpolation for 098 <h < 1.0
Size Dependence:
Tsn = ke (ks - D)Z
A4
S

(1.00 for aninfinite slab
1.14 for aninfinite cylinder
ks = < 1.23 for aninfinite square prism
1.30 for asphere
1.55 for acube

kt = 8.5t0-0.08fc-1/4 days/mm2
Where:

D

gsh = shrinkage strain;

&sho = Ultimate (final) shrinkage strain;

S(t) = time function for shrinkage;

1sh = shrinkage half time, days;

fc = 28-day compressive strength of concrete;
t = age of concrete, days;

to = age of concrete when drying begins;

V/S = volume to surface ratio
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h = relative humidity of the environment<th < 1);
ks = cross section shape factor;

ki = parameter used to calculatg and;

kn = humidity correction factor for final shrinkage.

A.2.4 GL2000

The GL 2000 was developed by Gardner and Lockmamdi@&r and Lockman 2001) to
better predict the shrinkage of concrete. Theyetged this method since there was not
a widely accepted method in existence at the tiffieis model is effective at predicting
shrinkage in normal strength concrete with a 28-daypressive strength of 82 MPA

and a w/cm ratio of 0.4 to 0.6.

The GL 2000 equations are:
&s(t) = espuB(R)B (L)

30
Esny = 1000k - um/m
fcm28

1.00 Typel cement
kh = {

0.70 Type Il cement
1.15 Type Ill cement

B = t—t,
O e —t.+015- /o2

Where
h = humidity expressed as a decimal;
t = age of concrete, days;
te = age drying commenced, end of moistroyrdays;
K = 1 Type | cement;
K = 0.70 Type Il cement;
K = 1.15 Type Il cement;
VIS = volume-surface ratio, mm, and,

femes = concrete mean compressive strength at 28, déiya.
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If fly ash or slag is blended in the concrete ntitg compressive strength of the concrete
should be used to determine which value of K taubed. Gardner and Lockman state
that the GL 2000 method can be used to accuratelgig the shrinkage regardless of
which admixtures, mineral by-products, curing regior casting temperature (Gardner
and Lockman 2001).

A.2.5ALSN

With the introduction of SRAs the GL 2000 equatidmsve become less useful at
predicting shrinkage since there is no provision &imixtures. Al-Manaseer and
Ristanovic (Al-Manaseer and Ristanovic 2004) hawalifired the GL 2000 equations to
more accurately predict shrinkage of concrete ¢omg SRA. Tests were performed on
27 different concrete mixtures with variations thatlude fly ash, metakaolin, silica
fume, high-range water-reducing admixture, nornaalge water-reducing admixture, and
SRA.

The ALSN 2004 equations are:
&s(t) = &y " B(W)B(O)B(SRA)

30
Esnu = 900k<

cm28

) um/m

h
B(h) =1—1.18(—)*

100
t—t
B() = —
t—t.+ 0.12(§)2
SRA) = ——————
A ) 2 + SRA%7

Where:

€shu = Ultimate shrinkage strain;
B(h) = humidity correction factor;
B(t) = age correction factor;
B(SRA) = SRA correction factor;



K = shrinkage constant;

femeg = average 28-day concrete compressive strengtlaMP

H = relative humidity, %

t = age of concrete after casting, days;
t. = age the concrete drying commenced, days;

V/S = volume-surface area ratio, mm, and;

SRA = percentage of SRA.
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The equation was developed with a mixture desighypie Il portland cement w/cm ratio
was 0.33 and SRA dosage was 2.5% for all test® AN 2004 predicts the shrinkage

of concrete containing a SRA dosage between 0 &%.2Al-Manaseer and Ristanovic

2004)

A.3 SUMMARY

The previous sections introduce five different meder predicting shrinkage. It shows
different model requires different input factors, which the limitations of each model
lies. Table A.2 gives a summary of the input fagterquired for predicting shrinkage in

each model.

TableA.2 Input factors for predicting shrinkage (inspiredAlyManaseer and Lam 20D5

ACI209 CEB90 B3 GL2000 ALSN
Relative humidity X X X X X
Specimen size X X X X X
Specimen shape X
Compressive strength fc at 28 dpy X X X X
Cement types X X X
Curing types X X
Age at end of curing X X X X X
SRA X
Total parameters required 4 4 4 5

A study by Al-Manaseer and Lam\l{Manaseer and Lam 20psompared the ACI 209
mode, the CEB 90 model, the B3 model, and the GQ02thodel to determine the
accuracy of each. The prediction models were coetpto the RILEM experimental
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data bank. Some data points were eliminated bedhey did not fall into the criteria for
the prediction model. Results from this study dade that ACI 209 and GL 2000
overestimate shrinkage, whereas the CEB 90 and 8&els underestimate shrinkage.
Al-Manaseer states that the CEB 90 underestimateause it was designed using finer
European cements. When comparing these four metiodithe data bank, the B3 and GL
2000 methods performed the best at predicting timlsage. Al-Manaseer and Lam
2005 These prediction models are valid for portlantheat concrete with limited w/cm
ratios.
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