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ABSTRACT

Special precautions must be takemew constructing concrete elements designated as
mass concrete. These precautions may be satisfied thitmaifirmation of a mass concrete
specification. Temperature requirements must be established to mitigate thermal cracking and
delayed ettringite foration (DEF), both of which cause pratare deterioration of concrefehe
temperature difference between the concrete core and outside edge must béoliprgégdnt
excessively wide thermal crackBo prevent DEF, the maximum concrete temperature must be
limited to 160°For 185°F, depending on the amount and type of supplementary cementing
materials (SCMslised When designating a member as mass concrete, a minimum element
dimensionmust be established to help ensure that the temperature limits areeedexThese
temperature and size limits are investigdteck in order to develagn ALDOT specification for
mass concrete construction.

Temperature data from seven ALDOT bridge elemesmti®collectedusingtemperature
sensors. Maximum temperatures amahperature differences were used to determine appropriate
temperature limits for the ALDOT specificatias well as/alidate theeemperature predictions
of theConcreteWorksoftwae used for theame element©OnceConcr et e Worwas 6 accu
determined480 theoretical concrete placements were statistically analyzed to determihe that
use oflow-CTE concreteand SCMs play a major role in limiting maximum temperatures and
temperature difference8. mass concrete specification wagndeveloped, whicldesignates
mass concrete least dimenspomaximum temperatuldenits, and maximum temperature

differencelimits based on SCM use and concrete CTE.
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CHAPTER 1: INTRODUCTION

1.1 Background
Mass concrete construction began in thetéthBState with the construction of concrete dams.
The frequency of such projects increased significantly during the €&4i8swith improving
concrete placement capabilitie@sCl 207.1R 2005)As project size increaseedngineers began
to observe significant cracking large, newlyplaced concrete elements 1930,an American
Concrete InstituteACl) Committee was formeatexamine and solv@e problemsthat had
been discoveredt that time, the Hoover Dam in Nevada was in the early stages of planning
Because of the unprecedented size of the dam, extensive research was carried out to determine
the factors that wereausng cracking in theskarge placements.

The results for the Hoover Dam were the use of aHeat cement, the use of embedded
cooling pipes for the first time, and a new era of improved concrete dam construction
(ACI 207.1R 2005). Over the years, as cortereechnologyhasimproved and structurdsve
grownlarger, massancrete elements becameanmonplace, includinfpundations fobridges
andlarge building and manytherbridgeelements. As suchesearch and investigati®mto
issues associated withe construction and performancenodss concrete have increased due to
the demand for better performing structures.

ACI301(2016)def i nes mass concrete as any fivol ume
combination of dimensions of the member being ¢hstpboundary conditions, the

characteristics of the concretand the ambient conditions can lead to undesirable thermal



stresses, cracking, deleterious chemical reactions, or reduction itetomgtrength as a result of
elevated concrete tempdure duée o heat of hydrationo.

Based orthis definition thesize of a concretelementirectly affectsthe potential for heat
to becomeentrappedThe amount of heaenerated within an elemertmes fronthe
cementitiousnaterialsused that react exothermigaivhen in contact with watem his buildup
of heat can lead to thermal crackiniglayed ettringite formatioQDEF), and other issuehat
develop over the life of the concrete.

Regardingnass concrete designatidhe standardnetricof definitionis theleast
dimension of the element. THeastdimension is suggestive of the amount of heat the interior
concrete will retain during hydration. Tlyeeatertheleastdimension the more heat will be
retaineddue to the larger amount of interior concréenparea slab with dimensions of 40t
40 ft x 1ftto a foundation with measurements of 20 ft x 10 8 K. Both of these elements have
a total volume ofL.600 €, howevernly the foundation would be comisired mass concrete due
to its greater least diemsion. Whilehere is no strict definition of whéttresholdeast dimesion
valueconstitutes mass concrete, ACI 301 (2016) recommends that any structural concrete
member with a least dimension4ft or greater be considered mass concretestitate and
concreteorganizations designatesaze thresholaf 4 or 5 feef as will be discussed @hapter 3.

Theheat of hydration associated with the largglumeof interior concretes the
primary concern when dealing with massive elemetgrapped hedéads to twamajor thermal
distresses within the elemefirst, thebuild-up of heat causes&l e ment 6 s cor e t emp
risedramatically at early ages. Research has showmtBtmay occur in moist concrete tladt
early agegxperiencedemperatuesgreater than or equal to 1%8(Taylor et al.2001) DEF is

an internal sulfate atta¢katresults from high concrete temperatures at early ages, resulting in



later expansion within the paste that can lead to cracking and premature deterioragon of th
concrete (Taylor et al. 2001).

Second, due to the faster rate of heat dissipation at the outer edge of the element, a
temperature differends created between the hotter core and the cooler gtgetemperature
differenceleads tostresses across theosssection which maylead tothermal crackingA
temperature difference above 35°F is the most widségtemperature difference limit before
thermal cracking bexmes a potential risk (Bamfor2007 ACI 301 2019. Figurel-1is an

example of thermal cracking in a Texaghwaybridge column

Figurel-1: Thermal cracking of a bridge column in Texas (Photo Courtesy of Dr. J.C. Liu)

To mitigate these types of distressmass cocrete construction specificatioase being
developedy concrete organizations and state DOTlsese specifications include
recommendations for goaanstruction practices, temperature control strategie;@mete
temperaturdimits. They are designed be easy to understand and implement in the field, all
with thegoal of minimizingtherisks of crackingand occurrence of DERhecurrent Alabama

Department of TransportatigdLDOT) Standard Specificatiorfer Highway Constructionio



not contain a mes concrete specificatiomhe Auburn UniversityHighway Research Centbas
beentasked with developing a specification for ALDOT mass concrete construction.
1.2 Project Objectives
The primary objectivef this project is to develop a&LDOT mass concrete ostruction
specification Thisspecificationshouldinclude recommendations fooncretedemperature
prediction,mass concretsize designation, materials requirements, temperature limits,
temperature monitoringndrequirements for thermalcontrol plan In order to accomplish
these objectiveshe followingsecondarybjectiveswere pursued:
1 Evaluatethe state of the art in mass concrete specifications implemented by agencies
across the United States,
1 Measure irplace temperatures of typical ALDOT massicrete members during
construction and survey those members for signs of thermal cracking and DEF,
9 Determine the accuracy of ConcreteWorkso t
1 Quantify the effects afupplementary cementing materig®&CM9 on themal cracking
and DEF in mass concrete members,
1 Quarify the effect of different cage aggregates on the probability of thermal cracking
in mass concrete placements,
1 Develop a representative approach to determine the temperature difference to minimize
therisk of earlyage thermal cracking,
1 Develop a method for ALDOT to designate members as mass concrete members,
1 Use ConcreteWorks and fieldmperatureneasurement® develop temperature control

requirements for ALDOT mass concrete construction, and



1 Provide recommendations for the assembly and placement of temperature sensors in mass
concrete members.
1.3 Research Approach
The followingtasks were performed to accomplish theaesh objectivesf this project
1 Task 1 consigtdof a literature revievef currentmass concrete specificatmim each
state.
1 Task 2consisted of measuring thepfaceconcrete temperatures of seven mass concrete
elements from ALDOT bridge projects.
1 Task 3used ConcreteWorks to model each ALDOT field elemeass®sshe accuracy
of ConcreteWorksé concrete temperature predi
1 Task 4used an established methioddetermine the impact of lorigrm temperature
differences on the performance of mass concrete.
1 Task 5involved the development of an ALDOmass concrete specification
1.4 Organization of Thesis
Chapter Zontainsa literature review with informatiopertinent to mss concretancluding
analysisconstructionand associatedistressesChapter ummarizes the mass concrete
specifications cuently in use by AClthe FederaHighway Administration FHWA), the
American Association of State Highway and Transportation Offich#sSHTO), and state
DOTsaround the countryChapter 4letailsthe experimental plan implemented in this project.
Chapter ssummarizes the results fraime field instrumentation dat&hapter Gliscusses the
results ofthe statisticaConcreteWorks analysand analysis of ALDOT mass concrete field

elementsChapter Miscusses the project results that contributed to the development of an



ALDOT mass con@te specificationChapter &ontains thgroject summaryconclusionsand
recommendations for further research.

Appendix Acontains a complete draft of an ALDOT massarete specification.
Appendix BthroughAppendix Hcontain additional informationna data from the seven
ALDOT mass concrete elements instrented during Task Zppendix Icontains output data
from the ConcreteWorks analysis@iapter 6Appendix Jcontairs example calculationsf a

thermal and shrinkage cracking analysis performeehoh of the seven ALDOT elements



CHAPTER 2: LITERATURE REVIEW

2.1 Introduction
The twouniquedistresses that originaite mass concretelementsare thermal cracking and
DEF. The causes, mechanisms, mitigation practicesgxantples of thermal cracking and DEF
are coered in Sectiong.2and2.3, respectivelySection2.4 containghe current requirements
for reinforcing steel to control crackimg select specificationgection2.5 containssome
common temp@ture control strategies, andc®ion2.6 cortainsan introduction to
ConcreteWorks, the software udedpredict temperatures and eaalge cracking risks for
various nass concrete elements
2.2 Thermal Cracking

2.2.1 Thermal Stress Development
Whencementhydrates, heat is releasedndhigh temperatures can develaithecore of a mass
concrete membebecausdeat becomes trappéde to the thickness of the elemdntcontrag
concretehydratingclose to the edge of the element can dissipate heat qbiekhuse oits
proximity to the aitside environment. This namiform dissipation of heatreates differential
temperature changesrosshe cross section, causing diffei@hexpansiorand contraction
within an elementThis leads to the buHdp of tendle stresses within an element due to
Ai nt er n adf mavemer(Baaforth 20067)When contraction of the element upon
cooling is restricted bgxternalboundary condions, this is referredtodse x t er n a | restr e
(Bamforth2007).These two types of restraint lead to the development of stresses within the

concrete due to temperature chan@Epending on the dimensions of the elemeiffer@ntial



thermal effects Wi usually dissipate within 10 to 20 days, at which timest ofthe concrete has
equilibrated with the ambient temperna{Base and Murray 1978)h@&reforethe effects of
temperatue differences will be most preheat at early agesbut this does not iehinate the need
to design mass concrete elements for {targn temperature effects as well.

Therate of cement hydration is initially greater than the rate of heat loss to the
environment, causing a rise in temperatmd expansion of the concretehichintroduces
compressive stressgwimarily in the core where the rate of heat loss is the (Basaforth
2007) As the rate of cement hydration slows dovweat generation progressivalives way to
gradualheat losgo the surrounding environmerithiscooling graduallyprodu@sgreater tensile
stresses than theitially introduced compressive stressisst at the edges and more gradually
at the coreThelower rate of heat loss at the core andgreater rate dfieat loss at the edge
results ininternal restraint. Tl resulting stress development causesilecracks to format the
concrete surfacmduced by the temperature difference betwde edgeand the coreThese
early-age cracks areftenjust surface cracks and tend to close as the @pphasesnds
(Bernanded 998.

Figure2-1 demonstratethe conceptof surface crackinglong with the concept of
internal cackingdue toheat lossn the core. IrFigure2-1, as the now hardened concret®ls,
the large change in temperature at the cordezatto the contraction of core concretand the
formation of tensile stresse&lso & earlyages and elevated temperatungisenomena like creep
occur. This relievesome of the tensile stresseshat edgelessening surface crack widths
Simultaneously, the core concre@nfinish cooling at a lower temperature than the edge,
resulting in a stress reversal. This contributes t@dtaction of surface crack widths and the

potential for internal crgking to occur (Bmforth2007).
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Figure2-1: Development of cracks in massivencree membersubject to only internal
restraint caused by temperature differer(@sanforth2007)

The larger the mass cona@etlement, thgreateithe temperature difference will band
thus the greater the cracking risk. Taggest temperature differenicea crosssection is
typically betweerthe corneandcoreof a r ectangul ar el eomenmst 6s cr o
typically an area of low internal restraifftankasala 2017)Crackingdue to internal restraint
will typically occur along the face of the member where restraihighest, as illustratealy the

red zonesn Figure2-2.



depth-distance from corner (ft)

Critical stress index (pst)

1] 1 2 3 4 5 B 7 8
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Figure2-2: Most likely locationgshown in redjo develop thermal cracks due to the effect of
intemal restraint (Tankasala et aD17)

External restraint occurs when tche concret
externally at t (Restagy ktal®ednGommon tymes adxtemalrgstraint
are end restraint and continuous restraint. End restraint refers to deformation in an element being
impeded by an adjacent member, such as at therendersupports of a beam. Continuous
restraint results from one element being cast on top of subsoil, rock, or another element. The
most common type of this restraint is a wall being cast on top of a foundation, resulting in cracks
along the wal(Rostasy et all998).Figure2-3 below depicts the situation in which the

contraction ofacorcretewall is continuously restrained by its previously cast footing

10
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Figure2-3: Restraint of a carete member by an adjacatément (adapted from Bamforth
2007)

Thermal stresses do not begin to develop until the conaatdes final seFigure2-4
demonstrates the corpteof final setanda zerestressemperatures illustrated by Schindler and
McCullough (2002) When concrete is first placed, no stresses develop in the concrete due to the
concrete being in adld stateThefinal-settemperature is the temperature at wtitodl concrete
is restrainecgainst drying shrikage and temperature changmsthe first time(Schindler and
McCullough20032. This is also when the concrete can begin to develop strefitgh this
point,the core temperature of the concrete continues to rise due to continued cement hydration,
causngthermal expansiarThis expansion induces a compressive stress on the newly restrained
concrete. As the concrete begins to aad contracit reaches @ointof zero stresgpoint B),
after which the concrete experiences tensile stsfgsthe firsttime. Further coolingnd
temperaturalifferences within the elemenanlead toincreased tensile stress®¥ghen tensile
stress exceeds tensile strength at any location in the elehesntal craks begin to develop, as

seen in the lower half dfigure2-4.
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Figure2-4: Thermal cracking mechanism at placem@&thindler and McCullough002)

2.2.2 Equation for Thermal Strain
Bamforth and Price (199%)sedan equation for thermal straio quantify the thermal stress a
concrete membethis equation was developed Hyghes (19710 simplify the design process
by comparing the restrained tensile strain induced during the cooling period from peak to
ambient temperature with the tensiteag capacity of the concrete (Bamforth 20@&quation
2-1 shows this relationship betwetamsile straircapacityand induced tensile strain due to
temperature change.

- 0 6 YOYY Y Equation 2-1
Where,

Uk = tensile strain capacitye())

K = creepmodification factor (unitless)

CTE= concrete coefficient dhermal expansion (in./in./°F)

P hax= maximum allowhle temperature difference (SF@nd

R = restraint factor [0 =nrestrainedl = full restraint] (unitless)
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The creep modification factoK, adjusts the concrete stiffness to accounttie effects of creep
(ACI 2091982).Bamforth(1995)recommended constant value of 0.8 to account for creep and
relaxation in coorete at early agek 2007, Bamforth changed the recommended value to 0.65
to account for the effects of creep and sustained loading duedodtagnedemperature
gradient acr oss a cmosssetiocabeatyrages. e el ement 0s
Next the coeffiegnt of thermal expansion (CTE) the concrete is based primarily on the
type d coarse aggregate used (Browir'8¥2). Alarger concrete CTE translates into a larger
volume change whenever a temperature change is indeigede 2-5 showscommon CTE
values for concretes containitypical aggregate The two coarse aggregates most common to

Alabama are limestore 6 O Bd dilicepus rivergravél 1 1 OU/ AC)
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Figure2-5: Influence of aggregate type on concrete QY¥E p& ¥3 ) (Mehta and
Monteiro 2006)

The restraint facton Equation2-1, R, is an estimated representation of internal restraint
in a concrete member. Bamfor2007) derives arecommendededraint factor of 0.42 based on
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limiting temperature values and property data available. This assumption correspibieds to
restraint conditions found in some typicahss concrete elements (ACI 22007), buinternal
restraint can be a very difficult factor to quantitis is because the restraint factor is dependent
upon member geometry, boundary conditions, and teefthe concrete. Bamforth (2007)
provides guidelines for determining an approximate restraint factor based on these conditions.

The temperaturdifference o hax is the maximum allowable temperature difference

between the core and any location in tlerent(see Sectio.2.5. ACI 207 (2007)defines

temperatur e

t e mp e r Astprevioesly stated, mass concrete members can experiegeddaperature
differences. A greater allowable temperature difference depends on the variables listed above in

Equation 21.Table2-1 from Banforth and Price (20Q7rovides some temperature difference

di fference

as At he

c ool iimegnalo f

limits at early agewhen sing various coarse aggregate typeddifferent restraint factors.

Table2-1: Temperature difference limits (°C) based on assumed typical values of CTE and

tensile stri capacity (Bamforth and Pri@07) +  p& VY3

AggregateType Gravel | Granite | Limestone | Lightweight
Coefficient of ThermaExpansione £&C) 13.0 10.0 9.0 9.0
Tensile Strain Capacitg (J 65 75 85 115
Limiting temperaturehangefor different restraint factor® (°C)

R=1.0 6 9 12 20

R=0.80 8 12 16 25

R=0.60 11 17 22 34

R=042 20 28 35 53

R=0.30 24 36 46 71

The temperature limit of 20°C (36°) significant because this valisewidely used and
becameéhe allowable temperature differeneeommended by ACI Committee 3@0(6)for

all mass concreteonstructionNote that this limit as proposed by Bamfoatid Price (2007

14
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the limiting temperature difference for concrete using graggtegatéhigher CTE) at the
internal restraint factor of 0.4Zhis recommended limdf 36°F(35°F in someases) habeen
adoptedby many states as their maximum allowable temperature difference for all mass concrete
construction, regardless of aggregate type Fsgeare3-2). However, based on the work done by
Bamforth higher temperature difference limits canddewedwhen using aggregates such as
granite[28°C (50°F)] andlimestong35°C(63°F)] because of their lower CBE&and higher
tensile strain capacity.
2.2.3 Modeling Early-Age Thermal Stressesn Concrete Elaments

Bamfort hos addmvhermavaacking assitedonstant creep modification factor
of 0.65. However, because thermal cracleffgcts are highly dependent upon timearly ages
(Bazant and Baweja000) an investigation into the benefiof a timedependent creep
modification factor is warrante@azant and Baweja (2008gveloped a model for predicting
creep, shrinkage, and temperature effects in concrete structures known as the Bauhioidel
will be reviewed herein

2.2.3.1 Predicting Early-Age Strength & Stiffness of Concrete Usindghe

BazantBawejaB3 Model

To quantifycreep n a concrete element, the strength and stiffness of the concrete must first be
determinedEquation2-2 from the B3 modeld used to calculate compressive strength at any
time.

o . Equation 2-2

Where,
femt= concrete mean compreasistrength at any time t (psi)

t = age of the concrete (days)
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a = 4.0 for moistcured cogrete with Type | cementéys)

b = 0.85 for moistcured concrete with Typecement (unitlessland

fem2g= concrete mean compressive strength at 28 days (psi)
Equation2-3 is an alternave method for calculating concrete tensile gtefrom Raphael
(1984)that was verifiedhrough splitting tensile applicatiorend use of the concrete
compressive strengtfihis equatiorwas selected becausevas developettased on mass
concrete, anthesplitting tensile testingepresentshe primary mechanism of thermal cracking
in masgve concreteclements (Rapha&b84)

Q pQ Equation 2-3

Where,
fi = concrete tensile strength (psAnd
fc = concrete compressive strengtkifp
The stiffness of concreté&g is alsocalculated as a function of compressive strength as seen in
Equation2-4 (ACI 3182014):
0O oo 8 ™Q Equation 2-4
Where,
Ec = concete modulus of elasticity (psi)
Wc = concrete unit weighpgf), and
fc = concrete compressive strength (psi)
Using normal weight concretEquation2-4 becomes
0 vy mnT@ Equation 2-5
Where,

Ec = concete modulus of elasticity (psi), and

16



fc = concrete compressive strength (psi)
The parameters fahe B3Model are summarized in ACI 209.2R (2008). Default values for
parameters may be used if specific datunavailableat the time of design (ACI 202008).
Equation2-6 is the mear28-daycompressive strength usedh@n only the design strength, is

known.

Q "Q pgmT Equation 2-6
Where,

fem2g= concrete mean compressive strength at 28 days &psi)

fc = concrete design compressive strength (psi)
A creep coefficientti(t,to), is used in the B3 Model topresent the effects of creep as seen in
Equation2-7:

« 00 00 0AD p Equation 2-7

Where,

G ( o) 5 cteep coefficient

J(t,t) = averagecompliance function

E(t) = static modulus of elasticity at the agfeconcrete loading
t = age of concreteand
to = age of concrete loading
The compliance functiord(t,t), considersnstantaneous strain due to unit stress, basic creep,
and dryingcreep inEquation2-8:
v R 6 dp 6 dapM Equation 2-8
Where,

g1 = instantaneous strain due to unit stress,
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Co(t,t) = compliance function for basic creep,

Cud(t,to,tc) = compiance function for drying cree@nd

tc = age drying began (end of moist curing)
In Equations D the creep coefficient can then be converted into a creep modification factor,
all owing Bamforthoés t her vadbe modeled kstimeg equati on
dependent quantity:

P Equation 2-9

Where,
G ( o) 5 cteep coefficient, and
K(t) = creep modification factor
2.2.3.2 The Modified B3 Model

The compliance functiofrom the B3 Modelinderestimates the effeabf creep and relaxatn
in concrete at early agéByard and Schindle2015) It also does nadccount for the
development of the modulus of elasticity with age. Byard and Schififl&éb) developed a
modified B3 Mbdelwhich incorporates two modificatisninto the existingBMo d e | 6 s
compliance function to inmpve its accuracy at early ages.

2.2.4 Effects of Thermal Cracking
Thermal crackingmpactsperformance as well agurability. The width of thermal cracks varies
depending on the severity of the thermaldient.Regardless of crack widteurface cracks may
lead todeleterious effects on durability especially when in combination with shrinkage, ambient
temperature cycles, and aggsive environments (Bernand®98) Figure2-6 shows surface
crackingdue tothermal stresses. Cracking of this kind exposegithigeddedeinforcement

which leads primarily to corrosion, whietill worsen the cracks (Emmoni®93).
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Figure2-6: Themal adacking in a Texabridge elemenfPhoto courtesy of Dr. J.C. Liu)

2.2.5 Limiting Temperature Differences
ACI 207 (2007)describes e mper at ure di fference as fAthe cool
tothemorestablent er nal tf thherspriaceads oo rapidly, tensile stressesll
form, which leads tahermal crackg. To avoid these tensile stressemaimum allowable
temperature differencean be establishetlring construction. Thiemperature difference limit
will help ensure the concretdement cools at a more uniform rateensuring the temperature
difference at any two points within the element does not induce a tensile stress greater than the
strength of the concret8everal state DOTs have already implemented maximum temperature
difference limits and thermal control plans to control the cooling of mass concrete (see
Chapter3). Table2-1 from Bamforth contains some values for a maximum allowable
temperature difference based on certain assumed paramegrmo$hcommonly adopted value
is 20°C (35°F)as will be discussed @hapter 3See Sectio2.5.1andTable2-8 for some

recommendations on the control of the temperature difference.
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2.3 Delayed Ettringite Formation

2.3.1 Background
DEF is an internal sulfate attack that causes expansion in the hydrated cement paste due to
elevded concrete temperatures at eatye and the exposure of coseter to moisture (Pavoine et
al. 2006).Late hst centurysome concretpavements and precast members had begun showing
signs of premature degradation, but no cause had been determined. This spenkestigation
into the cause of these crack formations (PCA 2001). The chemical composition of the mixture
components was exaned. The effects of high temperatures and the presence of moisture were
also examined. However, little was learned about DEF, and the phenomenon continued to be a
topic ofdiscussion for many years. In 200Bylor, Famy, and Scrivener (2001) proposedwa n
widely accepted theory for the formation of B ordinaryportland cemenfOPC)concrete.
This theory suggests that chemistry of concrete matec@ateretepaste microstructure, and
curing tenperatureare thethreemainfactorsupon whichDEFinducel expansiorns dependent
(Taylor et al.2001).

2.3.2 Causes of DEF
Delayed ettringite formatioaccurs when higleoncretedemperatures affect the chemical
reactions that take place during theltation period Eolliard et al.2006). In addition to these
high concretetemperatures, the concrete material must then be wet or moist, intermittently or
permanently, for the damaging effects to ocdiay{or et al.2001). Ettringite
(CsA-3CasSQ-32H0) is a crystalline substance created during the hydration process by th
reaction of calcium aluminates{£€and GAF) with gypsum (CSH) (Folliard et al.2006). At
temperatures over 198in plain portland cement concrete systethe chemistry allowing

ettringite to form is affected, and the chemical compounds are trapea thhe concrete paste
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(Taylor et al. 2001)After the curing cyclés completethe concreté exposire to moisture
allowsettringite to reform in the hardened concrete.

The widely accepted maxum concrete temperatureplain portland cement concrege
158°F (Taylor et al2001). If concrete exceeds this temperature during early age, the presence of
DEF is more likely. However, this maximum temperature limit is not absolutetArieshold
canvarybased on certain conditions that affect the maxiroare temperature and the formation
of DEF. For example, the amount of sulfate present in the concrete affects the growth and
expansio of ettringite (Pavoine et &006).Table2-3 summarizethe work done by Folliard et
al. (20®). This work wasadopted as limitey ACI 2012R (2016)to increase the maximum
concrete temperatutinit based on the use of SCMs

The constant presence of excess moistuessentiain the formation of DEFFor DEF
to occur,the maerial must be webr moist(Taylor et al.2001). Scherer (199@pncluded that
the Adriving force (of ettringite) is provide
that is needed to stop growth ieases with the degree of supersationo According to currat
understandinghe presence of moisture provides a pore solution for ettringite compganents
which ettringitecanform using sulfates within the cement composiii§tark andBollmann
2000. This leads to the crackirapd degradatioseenfrom DEF.

In addition to these two criteria necessary for the presence of DEF in mass concrete, there
are other less influential factors that contribute to the development of DEF as well. Pavoine,
Divet, and Fenouillet (2006) concluded that the following parametsoscahtibute to the
occurrence of DEF:

1 Alkali levels in the concrete

1 Initial cracking of the concrete
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1 Sulfates present in the clinker
1 Sulfates present in the cemeand
I Chemical admixtures
2.3.3 Effects of DEF
The expansion resulting froDEF formation, mweh like with ASR, resits in cracking Folliard
et al.2006). The proposed cracking mechanism due to ettringite formation is illustrated below in

Figure2-7.

Ettringit

$

Figure2-7: Proposed BF expansion mechanis(iaylor et al.2001)

This figuresuggests that uneven paste expansion causes cracking at theggastgte
interface. Ettringite then forms and fills these cracks. If concrete subject to DEF is then reheated,
ettringiteexpands fuher andnduces internalteessesfurthercracking the concret@aylor et
al. 2001).

Structural damagi|m mass concretéue to DEF has been reported in the United States on
limited occasions. In 2008 a seal foundaiioiGeorgiawas found to have crack to 6 in. wide
filled with ettringite. Microscopic analysis of core samples taken concluded that DEF was the
primary cage of structural damage (McCal13).Conclusions in &eorgialnstitute of

Technologyreportestimateca maximum concrete tempeua¢ of 200F and a maximum
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temperature difference of 11A {Kurtis et al2012).Figure2-8 depicts thaneasuredaracking

pattern in this seal footing (&€all 2013).

Crack 0.125” wide
at bottom, 1”
wide at top runs
down at corner

Column

Footing

Void under footing,
diver can reach
under 1.5’. Corner of
rebar cage is
exposed under the
corner of the footing

Corner broken,
see additional
detailed sketch

Figure2-8: Plan view of seal footing with cracks diue DEF (McCall 2013)

DEF was also determined to be the primary cause of crackatgeast one column on
the Samntonio Y Overpass in San Antonio, T;Xhomas et al. 2008Researchers discovered
that Type Ill cemenwas used in theoncretemixture forthese columnsithomas et al. 2008
Type 11l cement produces more héatringhydration, contributing to the potential presence of

DEF. Figure2-9 below shows the most sene cracking foundtahat site
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CENTIMETRES

INCH

Figure2-9: DEFinduced crackingn San Aronio Y overpass (Thomas et 2008)

A group of researchers later examined the same bioddgvelop a method for
diagnosing DEF in concrete elemer@®ncretecoreswere taken in order to examisamples
with a scanning electron microscope. Back scattered electron images of these samglés show
significant cracking at the aggreggtaste interfacegllowing ettringite to form in these cracks

as seenn Figure2-10.
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Figure2-10: Ettringitefilled cracks around coarse aggregate removed from San Antonio Y
overpasgadapted from Thmas et al2008)

2.3.4 Limiting the Maximum Concrete Temperature
As statedn Section2.3.2 the most widely acceptedaximumnconcretetemperature limiis
158F (7¢C) (Folliard et al.2006).This limit became widely accepted after the work done by
Taylor, Famy, and Scrivene2@1). However thetemperature limit at which DEF fornmsay
be altered by the use of SCNASCI 201.2R 2015 Maximum temperature control strategies
implemented during constructiea meet the maximum concrete temperature laretdiscussed
in Section2.5.2

2.3.4.1 Use of SCMs

The use oBupplementargementingnaterials SCMg in concrete can potentially increase the
maximum concrete teperature limit (Folliard et aR006).The use of fly ash (FA) or slag

cement (SC) reduces the amoof sulfate in the concrete (Thomas et al. 2008). Since using
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SCMs provides a different chemicamposition than solely using portland cemesing SCMs
canalsoprovide a concretmixtureless sgceptible to DEF (Myuran et &d015).

Research tas®ss the validity of the 18B limit andpotentiallydevelop a higher
temperature limit  using SCMs was performed BXDOT. This study determined that the
following five SCMsare effective at mitigating DERduced expasion at temperatures above
158°F whenusedin sufficient quantitis: Class F fly ash, Class C fly ash, slag cement,

metakaolin, and ultrfine fly ash.These claims are supported by expansion test results shown in

Figure2-11.
1.40
——pPC-CI
/ —&—_20% FA (F)
1.00 —
-~ —&— - 30% FA (F)
é —%—35%SL
g 0.80 —%— - 50% SL
& ——30%FA(C)
g‘ 0.60 —e——40% FA(C)
a —m—_ 10% ME
. / /WF —A— - 10%SF
——_35% FA (C)
0.20 & 5% SF
EXpansion Limit oo car et e e o FF R e a—

0 140 280 420 560 700 840 980 1120
Time (days)

Figure2-11. Expansiortest results for mortar bars with plain portland cement in combination
with SCMs cured a203F (95°C) (adapted from Folliard et £2006)

The twomortar bars to show signs of expansion above the expalimsit of 0.10%
contained either onlglain portland cemnt or al0% silica fume replacement. Silica fume not
used in combination with other SCMs is not effective at mitigating the effects of DHiardro
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et al. 2008). Bth Class C andl@ss Fly ashcan reduc®EF indwced expansion, b@lass F

tends to be the less expansive of the tRaliard et al.2006).Figure2-12 compares the tday

expansion tests of a 20@assF fly ashreplacement with 35% and 40@tassC fly ash

replacements.

0.40%

0.35% A

0.30% -

0.25% A
0.20% A

0.15%

0.10% A
0.05% A

Expansion at 14 Days (%)

(}.ﬂn" [ T - T T

== == Fxpansion Limit

Mix Options

Figure2-12: Comparativeexpansion of class f fly ash at higher replacement |éizeléiard et al.

2006)

The TxXDOT study concluded with Folliaed al. (2006yecommending a new set of

temperature limits in ZT6. Table2-2 summarizes tteenew temperature limithowever the

types of and replacement quantities of SCMs were not specified

Table2-2: Temperaturéimit recommendations forxDOT (Folliard et al2006)

Concrete Element Type

Maximum Temperature Limit

Precast girders with plain concréiéo SCMs) 15C°F
Precast girders with concrete containing SCV 170F
Mass concrete 16C0°F

27




It is unknown why the 17F limit shown inTable2-2 does not apply to the mass

concrete placements that contain SCMs. Many mass concrete specifications require low heat

cements and SCMs which help reduce the risk of RIEETable3-7). Based on this origal

work by Folliard et al. (2006), ACI 201.2R (2016) ated the temperature limiis Table2-3.

Table2-3: Recommended measures for reducing the potential for DE6&ncrete exposed to
elevated temperatures at early ages (adopted from ACI 201.2R, 2016)

Maximum Concrete
Temperature, T

Prevention Required

T O 158AF

No prevention required

158AF < T O

1

Use one of the following approaches to minimize the ris|
expansion:

1.

Portland cement meeting requirements of ASTM C14

moderate or high sulfatesisting and lowalkali cement

with a fineness value less than or equal to 43Bgn

Portland cement with a-day mortar strength (ASTM

C109) less than or equal to 2856l

Any ASTM C150 portland cement in combination wit|

the following proportions of pozzolan or slag cement]

a) Greater than or equal to 25 percent fly ash meetir
the requirements of ASTM C618 for Class F fly aj

b) Greater than or equal to 35 percent fly asletng
the requirements of ASTM C618 for Class C fly a|

c) Greater than or equal to p&rcent slag cement
meeting the requirements of ASTM C989

d) Greater than or equal to 5 percent silica fume
(meeting ASTM C1240) in combination with at leg
25 percent slagemnent

e) Greater than or equal to 5 percent silica fume
(meeting ASTM C1240) in combination with at lee
20 percent Class F fly ash

f) Greater than or equal to 10 percent metakaolin
meeting ASTM C618

An ASTM C595/C595M or ASTM C1157/C1157M

blended hydraulic ceemt with the same pozzolan or

slag cement content in Item 3

T > 185°F

The internal concrete temperature should not exceed 1§
(85°C) under any circumstances.
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In addition to raising the maximum concrete temperature lthetuse of SCMs may also

be pat of an effective temperature control strategye Thaximunin-placeconcrete tmperature

maybelowerdue to SCM replacement at certain levélse adiabatic temperature rigé fly ash

and slag cement replacements compared to a purely Type | caimanre aredemonstratech

Figure2-13.
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Figure2-13: Effectof fly ash and slag cement replacement on heat of hydr@idnndler and
Folliard 2005 (°F = 1.8 x°C + 32)
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2.4 Minimum Steel ReinforcementRequirementsto Control Cracking

Thefocus of this requirement review was directedsttiblishing the minimum amount of
reinforcementequiredto control cracking due to thermahd shrinkage effects in mass concrete
elementsSteel einforcement is pvided tocontrol crack widths and withstand tensile stresses
in concrete members when cracking ocd@#bert 1992. Service loads are an expected cause
of cracking, but cracking may occur due to numerous other causes incdadimggeand
temperatureffects Thermal cracking is addressed in Sec®ad Shrinkage effects lead to

direct tension cracking in restrained elements by causing axial tension throughout an element
(Base and Murra$979). To avoid &cessively wide crackadequate amounts of welhchored
reinforcement must be providedhere significant tension is expect@silbert 1992)

Direct tension forces as a result of shrinkage and thermal effetob® the entire cross
secton to contribute to the formation tifrough cracksin direct tension situations, such as a
restrained slab, shrinkage will typically cause a few widely spaced cracks that can penetrate the
entire member. If insufficient reinforcement is provided in trsigmtions, yielding of the
reinforcementvill occur resulting inwide, unserviceable cracks (Gilb&@92). The number of
cracks and the final crack widths depend on the length of the member, the quantity of
reinforcement provided, the quality of bondween concrete an@inforcementthe amount of
shrinkage, and the concrete strength.

Because of the size of mass concrete memb#farential shrinkage will cause a
maximum buildup of tension forces at the surface@mdpressio at the interior, similato the
effects of temperatureftierences (Base and Murray 197Base and Murray (1978) investigated
sever al examples of restrained reinforced mem

with similar configuratiors. They noted that in some casls concrete contained wide cracks
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that propagated through the entire member, and in o#fs&s no cracking occurtéiche
difficulty lies in determining the amount of reinforcement to provide.

ACI 224R (2001) provides a guide to reasonable crack widthsdoon exposure
conditions as shown ifTable2-4. The requirecamount of shrinkage and temperature
reinforcemenprovided should be basegon this tableGilbert (1992) and Bamforth (200&)so
suggest a maximum crack width@B8 mm (0.012 in.) for members with exposed surfaces,

durability, and aesthetic significance.

Table2-4: ACI 224Rguide to tolerable crack widths in RC under service loads

" Tolerable Crack
Exposure Condition Width
Dry air, protective membrane 0.016in. | 0.41mm
Humidity, moist air, soil 0.012in. | 0.30mm
De-icing chemicals 0.007in. | 0.18mm
Seawater and seawater spray; wetting and dry 0.006in. | 0.15mm
Waterretaining structures 0.004in. | 0.10mm

2.4.1 Current Shrinkage andTemperature ReinforcementRequirements
The amount ofeinforcementequired to control cracking depends on the level of crack control
required the restraint, and the total amount of shrinkage (Bamforth 20@@)maximum
acceptable crackiadth depends on the type of structure, the environment, and the consequences
of excessive cracking (Gilbet®92).The current minimum reinforcing steel requirements of
ACI 318 (2014), AASHTO (2016), and AS 3600 (20 (Australian Standard for Concrete
Structures2009)arereviewed anadtcompared in this sectioithe Australian standard was
reviewed because of the higher minimum amount of reinforcement required.

ACI 318 (2014 )provides minimum shrinkage and temperature reinforcement ratios for

beams, slabgnd walls ashownin Table2-5. The minimum ratio of 0.18%s empirical buhas
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beenusedsatisfactoity for many years (ACI 318 2014hlowever, in the case of slabs and
elements subject to significant restrasui¢h as massive elements), it may be necessary to
increase the amounf reinforcement require control cracks due tshrinkage and thermal

effects in badt principal directions (ACI 318 2&; PCI MNL 12Q Gilbert 1992).

Table2-5: Minimum reinforcementequirements from ACI 318014)

. .| Minimum reinforcement
Reinforcement Type fy, psi ratio, |
Beams and Deformed bars < 60000 0.0020
(T b|S|a§ZS432 Deformed b ded wire| 2> Ay
able 24.4.3. eformed bars or welded wire
reinforcement > 60000 | Creater (0.0018 60000/fy
of: 0.0014
. Bar/wire . Minimum transverse
. Reinforcement Type : fy, psi : )

Cast-in-place size ] reinforcement ratio, }
Walls d No O 60 0.0020
(Table 11.6.1 Deformed bars 1< 60,000 0.0025
> No. 5 Any 0.0025

Note:fy = yield stress of steel reinforcement

The AASHTO LRFD Bridge Design Specification8q1§ requirements for shrinkage
and temperature reinforcemere shown irEquation2-10 andTable2-6. Shrinkage and
temperature reinforcement requirements are similar to ACI 318 (2@ithe total required
reinforcementireato grosscrosssectional area ratiof 0.18%has been redefined Equation
2-10to show that the total required reinforcemet= 0.0018bh, is distributeglvenly around
the perimeter of the elemef8ASHTO 2016) This method provides a more unifoapproach
for finding the amount of shrinkage and temperature steel in eteraany sizeThe
coefficient inEquation2-10is the product of 0.0018, = 60 ksi, andAs = 12.0 in./ft andit has
the units of kips/inft. The result of this equation and the reinforcement ratio limitgotesl in
Table2-6 have units of irf/ft and define the area of reinforcement in each direction in each face.

AASHTO also defines that shrinkage and temperature steel shall be placed near any concrete
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surface subject to daily terapature change3able2-6 also contains the maximum spacing
limits AASHTO requirel for shrinkage and temperature reinforcement.
_ 8 41 Equation 2-10
Where,
As = area of reinforcemerpier foot,in each directionandon each face (ifift),
b = least width of element cross section (in.),

h = least thickness of element cross section (in.), and

fy=specifiedyieldse ngt h of reinforcing bar

Table2-6: Minimum reinforcement requirements from AASHT®FD (2016

Section Requirement
0. 11(dft)@ 0. 60
Reinforcement for shrinkage and temperature stresses shall be

Shrinkage and| Providednear surfaces of concrete exposed to daily temperaturs
Tenperature | changesand instructural mass concrete

Reinforcement| Spacing of S&T reinforcemeibars shall not exceed:

(5.10.8) f 3.0 times the component thickness, or 18.0 in.
1 12.0in. for walls and footings greater than 18.0 in. thick
1 12.0in. for other components greater than 36.0 in. thick

The Australian Standard code for concrete structures (26Q@jesreinforcementatios
for controlling crack widthsnuchgreaterthan thoseequiredby ACI 318(2014) or AASHTO
(2016) For walls, the AS 3600 minimum reinforcement requiremargssummarized ifable
2-7. Theminimum amount ofeinforcementequired by AS 3600 for walls is 0.25%r any
sized baasopposedo the 0.20%required by ACI 318 for any sized bar up thla 5. The AS
3600minimumreinforcementequiremerg are based othe level of exposure to the

environmentExposure Classes A2, B1 and B2 are most similar tadheoastalkexposure
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environments found in Alabama. Class A2 is for temperate cliretdsClasses B1 and B2 are

for near coastal antbastal climates, respectively, such as Motlapama

Table2-7: Minimum transverse reinforcement for walls (Australian Standard 3600, 2009)

Level of Crack] = :
Exposure Class Control } min Special Note
Section Minor  0.0028  Eor walls longer than 8, additional
11.7.2 Al & A2 Moderate |0.0035 horizontal crack control reinforcemen
Strong 0.008| may be needed at the base of the wal
B1, B2, C1, &C2 All 0.00@p|control thermal cracking during hydratic

2.4.2 Predicting Crack Widths
Bamf or t h é s edmteng diackdvidthdndrginfordng steelstress in mass concrete
elements ardiscussed in this section. &lprediction of crack widthis used in this studip
determine the amount of reinforcement needed to control crack widths in mass concrete
elemets. This method wasised to estimate theng-term crack behavior of instrumented
ALDOT elements to assess the efficiency ofriaeforcemenprovided.

2.4.2.1 Bamforthd s Met hod

Bamforth (2007 presentsa methodfor calculating the required amount of shrinkagd an
temperaturegeinforcemenbased on earfpge andong-termcracking due to temperature and
shrinkage effectd-or earlyage predictions, Bamforth assumes that the most likely time of
cracking will occur between three and seven days, and he recommearglsargirete properties
at three days in most cases. For lbegn predictionsBamforth recommends using-28y
concrete propertie3.helongtermtemperature differeces used in thisiethodare the difference
in thepeakconcrete core temperatusad thdowest recorded lorterm temperature hefull
methodinvolves the following four steps:

1. Define the allowable crack width associated with eadg thermal cracking
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2. Estimate the magnitude of restrained strain and the risk of cra€kig
3. Estimate the @ckinducing strain(;, and
4. Check thepredictedcrackwidth, w.

Refer to Appendix for examplecalculationgrom this method.This methodfollows the
requirements of Eurocode 2: 19921 and Eurocode 2: 1992 (Bamforth 2007).European
design code regrementsare notdiscussed here, but all coefficients used for this method are
based on recommended valdiesn the Eurocode 2: Design of ConcreteuStures, unlessther
values were recommended for tseBamforth.

Defining the allowable crack width &do do with the relationship between crackitivi
and functionality (Bamfortl2007). Crack width limitsn Table2-4 are an excellent aid for
designers when considering crack control reinforcement.

The level of retraint must be considered as wakkcurately stimating the level of
external and internakstraintrequires knowledge of many concrete factors, all of which
contribute to theverall restraint factgiR, which ranges from 0.0 to 1.Bamforth provides
guidance on how to estimate extdraad internal restraintvhichis largely based oACI
207.2R (2007)As noted in Sectiof.2.2 Bamforth(2007)recommends usg an internal
restraint factor of 0.42 for preding earlyage cracking.

The crackinducingstrain Ui(t),in Equation2-11i s used in Bamforthos
crack widthslt is equal to the restrained component of the free stii) minushalf of the
tensile strain capacity #tne, t. In this section the time, is referred to as either earfge (EA)
or longterm (LT). The earhage valuesreused to estimate a typical average crack width, and
the longterm valuesreused to estimate the woitsdse scenario for a crack widening during the

coldest part of the year.
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- 0 -0 ™ O Equation 2-11
Where,
C(t) = crackinducingstrain(mm/mm,
G(t) = restrained straifmm/mn), and
Gu(t) = tensile strain capacity of concrete under snsthioadingmm/mm).
The free strairfor earlyage Ged(EA), in Equation2-12 s the tothamount of autogenouwsnd
thermal shrinkage that would occur with no external restréivd.temperaturehangeTy, is the
difference between the maximwureconcretedemperature and the concrete temperature when
it matches ambient weather conditions.
- 00 Y - 00 Equation 2-12
Where,
Ghee(EA) = total unrestrained strainhencore reaches ambient temperat{men/mm),
T. = temperaturaifference in peak core temperature and core at ambient (€@)p
U = concrete coefficient of thermal expansignm/mm /°Q, and
Wa(EA) = autogenas shrinkagevhen core reachesmbient temperatur@gnm/mm.
Bamforth(2007)defines the residual free strain fong-term crack widthsGee(LT), in Equation
2-13 as the difference iautogenoushrinkagethe tdal drying shrinkageandthethermal
shrinkageor T, thatwould occur The longterm temperature differencé, is the difference
between the ambient temperature frérrand the lowest predicted (or recorded) concrete
temperature for the year. This laamperature will occur during the coldest time of the year.
- 0"Y Y 17 - - Equation 2-13
Where,

Ghee(LT) = residual free strain from end ®f until 28-day valuglmm/mm),
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T, = temperature difference in core ambient temjpgeaand lowest core temC),

UL = concrete coefficient of thermal expansionm/mm /°Q,

tl4a = difference in autogenous shrinkagesatly-age and 28 daysm/mn), and

Uq = ultimate drying shrinkagénm/mm).
The restrained straitij(t), is equalto the free straimultiplied by the appropriate restraint
factors. Bamforti{2007)calculates the earggerestrained strainj(EA), in Equation2-14 by
multiplying the earlyage free strain by the external rastit factor and the creep factor.

- 00 YU - 00 Equation 2-14
Where,

W(EA) = restrained straiat earlyage (mm/mm),

Ry = restraint factor at eardgge (unitless),

K1 = creep factor (unitless), and

Ghee(EA) = free strain at earhpge (nm/mm).
Bamforth(2007)calculates the lonterm restrained strait(LT), in Equation2-15 by
multiplying the difference in free strain froearly-age to 28 days by the creep factor and the
appropriate restraint factors.

-0 U Y'Y Y 9 - - Equation 2-15

Where,

G(LT) = long-termrestrained sain (mm/mn),

K1 = creep factor (unitless),

R> = long-termrestraint factofor thermal straingunitless),

T> = temperature difference in core ambient temperature and lowest core temperature,

-

W = concrete coefficient of thermal expansiomg/mm /°Q,
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Rs = longterm restraint factor for drying shrinkage (unitless),

tl4a = difference in autogenous shrinkage at eadg and 28 day®m/mm) and

Ue(t) = ultimate drying shrinkager{m/mm).
Bamforth (2007) uses the maximum predicted crack spaSiag,to predict the longerm crack
width in Equation2-16. This calculatioruses the properties of the concrete cross section and
reinforcing steel to determine the maximum crack spacing.

- Q0 Equation 2-1
v 080 TE C 4 guation 2-16

Snax= maximum predicted crack spacifrgm),
C = concrete covefmm),
ki = coefficient for bod properties of reinforcement. Bamforth recommendalae of
0.8 (unitless),
d = reinforcingbar diamete(mm), and
J eft = ratio ofreinforcemento effective area of concrete in tension around reinforcement
(unitless).
Equation2-17 definesthe effectivereinforcementatio, § ef, used in findhg the crack spacing.
This ratio uses the aream@inforcementind the effective surface depth that will affect the

predicted width of cracks.

” 0 Equation 2-17
prmmmQ

J eft = ratio ofreinforcemento effective area of concrete in tension around reinforcement
(unitless),
As = amount of reinforcememirovided (mnd/m), and

he eff= effective surface depth of concrete in tension (mm).
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Equation2-18 definesthe effective surface depthy«t, used to find the effective area of concrete
in tension.This value considers the properties of the concrete cross section and reinforcing bar
size when defining the effective depth.

0 b Qi i .mcEB) (i)gqmg Equation 2-18

he eff= effective surface depth of concrete in tension (mm),

C = concrete covefmm),

d = reinforcing bar diameter (mm), and

h = dept of concrete member (mm).
To predict the width of longerm cracks, Bamforth providégjuation2-19, using the total
crackinducing strain (earhage plus longerm) and the crack spacing to estimate the crack
width.

OO"Y - 00 0"y Equation 2-19
w(LT)= predicted longerm crack width (mm),
W(EA+LT) = total crackinducing strain, earhage plus longerm (mm/mm), and

Snax= maximum predictedrack spacing (mm).

2.5 Temperature Control Strategies

To control hemaximumconcreteemperature differencand maximuntoncretecore
temperaturgtenperature control strategies may be implementesthivds of monitoring
maximum core temperatures may asausthis processContaind in this section armethods
implementedsuccessfullyn the past teomplete these tasks. There sirategies for before,

during, and after construction, and each will affect concrete temperatures differently.
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2.5.1 Maximum Temperature Difference Control
Sone of themethodaused to control temperature differeneeesmorepassive, such as proper
formwork removal time, proper material selection, proper concrete placement planning, and
coordinating the construction schedule to align wibler ambient temperatures. Other, more
active ways of cooling concrete include precooling coarse aggregate, running cold water through
embedded pipes, and covering fresh concrete with insulating blankets (ACR22007. These
techniques can aldme ugd to control thenaximumconcreteaemperature differenda the
element

2.5.1.1 Formwork Removal
Proper formwork selection and removal tincestributeto controllingthe temperature
difference in mass concrete elements, especially in cold climates. Dwaid)\seather
placementpoorly insulated concrete elements are susceptbkpid heat loss at tiseirface,
leading to large temperature differences (ACI.2822007). Steel formare an example of poor
insulation, as thegan act as heat sinks whendismmass concrete placementsigrapid heat
loss at contact with the formwork also leads to large temperature differences. Wooden forms and
blanket insulated forms have much better insulating properties than steel. This prevents rapid
heat loss at the suda and allows the entire element to cool at a more uniform rate (AGQRO07
2007).

If forms are removed prematuretyr the ambient temperature is much colder than the
elementit her mal s h oThis ghenoraenon occuesiaresult of theignificant tensile
stresses induced when the concrete surface is exposed to lower tempéraisiegosure of
the surface to the cold aitausesmmediate heat loss at the edgéativeto the wellinsulated

concrete cordeadng to the development of thermahcks(ACI 207.2R2007). Byleaving
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formworkin place for the proper amount of tineffects of this issue can be much less s&vas

illustrated by Gajda and Alsamsam (2006kigure2-14.

Surface Inside temperature 80
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no cracking
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Figure2-14: Theeffects of early formwork removal tim{&ajda and Alsamsa2006)(t
Py 3 04

In Figure2-14, when formwork is removed after thrdaysthe difference betweehe
core and edge temperature increasastdtally due to the still elevated core temperature. By
allowing formwork toprovideinsulation for a longer time period, the edge temperature is not
allowed to decreasat a slower ratgpreventing a temperature difference that would induce
thermal craking. An example of crackingecause ogarly formwork removatan be seen below
in Figure2-15. Thiscore sample was taken from a footing where an insulation blanket blew off
during constructiorn cold weatherThe cold weathetaused thermal shock and induced

significantstresses within this member that led to thermal cracking (Gajda and Alsamsam 2006).
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Figure2-15: Corefrom footing exposed to thermal shogkajda and Alsamsa2006)

2.5.1.2 Coarse AggregateSelection
The coarse aggregate selecteghificantly impactghe potential for thermal crackingecause of
the aggregate €TE and the tensile strain capacity tthteaggregate provide(see Equation-2
andTable2-1). A coarse aggregate with a lower CTE will improve resistance to thermal
cracking because tHeTE ofcoarse aggregates the greatest effectcononcr et eds over a
(Brownel972). The two primary types of coarse aggregate used in Alabamssi@ous river
gravel and limestone. Typical CTE values for concrete containing siliceous river gravel and
limestone are 6.95 x fdn./in./°F and 5.52 x 1Bin./in./°F, respectively (Schindler et &010).
Concrete containing limestone coarse agggate has a highegsistancéo thermal cracking
because it can tolerasehigher temperature differentieanriver gravel befor¢he sameensile

stresss induced
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Thecoarse aggregate selected afleThetasiea conc
strain capacity represents the amount of strain a concrete member can withstand without
developing a crack. Values of 65 e¢U and 85 ¢U
respectively, by Bamforth (2007). Bamforth and Price (1995) assigighdsdifferent values
of 70 €U and 90 eU. Based on the ratio of the
withstand 30% more tensile strain than river gravel concrete before cracking.

2.5.1.3 Use ofMultiple PlacementLifts Instead of One Continuous

Placement

As described in Sectidhl, a concrete el ementdos | east di men
temperature problems associated with mass concrete. By pouring a mass concrete element in
separatdifts many of these problentan be avoided. Separate lifts allow the least dimension of
the mas concrete element to beduced, thereby reducing the maximum concrete temperature
and maximum temperature difference. For example, a mat foundation with dimensions of 100 ft
x 100 ft x 30ft has a least dimension of 30 ft. In an element this size, extremely high core
temperatures will occur, and DEF and thermal crackiag becoméssue. However, if the
same element were to be poured in three equal lifts, the least dimension of ezmhdifbe
only 10 ft. While still considered a mass concrete pour, this element size could much more
readily disperse trapped hea the environment, which magwer the risk of damaging effects
from thermal cracking and DHACI 207.4R 2005)

2.5.2 Maximum Concrete Temperature Control
Controlling the maximum concrete temperature is the most effective way of addiektieg
concerns raised thus faspecially DEFLowering the maximum temperature will help lessen

the risk of thermal cracking if the maximwuncretetemperature difference iswered and the
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risk of DEFwill also be lessened by lowering the maximum concrete temperature. There are
precooling and postooling methods for accomplishing this task.
2.5.2.1 Pre-Cooling Methods
Precooling concrete or conceetmaterials can be a simple preventative technique when dealing
with mass concrete constructighCl 207.4R 2005) The most effective method of poeoling
is to usea wellengineeredow heat concrete (Gajda et 2005).Placing coorete at lower
tempergures typicallylowers the maximum irplace concrete tempeuaé ata 1 to 1 ratiqGajda
and Vangreen 2002)oF a 10F decrease in the concrete placententperature, there will be a
10°F reduction in the maximurooncretedemperatureA simple method lile placing concrete
during cooler ambient conditions affethe maximunconcretegemperature as well. Below are
four techniques available for when furtherqgmling is needed (Gajda et 2005).
1. Evaporative CoolingThe process of evaporative coolingatveswetting an

aggregate stockpiley sprinklingand using evaporation to remove heat from the

material. This is the most economical method of cooling aggregate (Gajda et al.,

2005. Theamount of cooling that takes place depends on several factardingl

wind, relative humidity, and ambient temperature (ACI.282005).

2. Ice: Replacing a certain amount of mixing water with ice is the most common way of

pre-cooling. The ice lowers the temperature of the mixing wateatsatemoves

heat as the ice @lts. Ice can replace up to 80 perceiithe batch water (Gajda et al.

2005) and can lower the concrete temperaiyrapproximately 21°F (ACI 207.4R

2005).
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3. Chilled water This method simply chills the mixing water before batching takes
place. This can leer the maximum concretemperature by approximatelyB(ACI
207.4R2005)

4. Liquid Nitrogen While local availabilityshould be considereghen considering this
technique, liquid nitrogeis an effedve precooling method (ACI 207.4R005.
Adding liquid nitrogen to a concretaixtureis the most effective method of lowering
maximum concre temperatures by more than 20°F (Gajda &(4l5).Injection of
the nitrogen directly into the readahyix concrete truck drum is recommendéd|
207.4R2005).This alows the contractor the freedom to makesite adjustments to
the placement temperature.

2.5.2.2 PostCooling Techniques
Postcooling techniques are used to remove heat generated during the hydration prioessss
pre-cooling is done prior to placemefthisis done primarily through the use of internal cooling
pipes placedhside the element prior to casting concr@ece theslement has been casbol
water is pumped through these pipes removing heat from the inside of the concrete. The
variables that detmine how much heat is removed include the pipe material, pipe diameter,
temperature of the water, alahgth of the pipe (Kim et a2000). The main disadvantages of
these pipes arheir installation and maintenance during construction. For this reasbn,
durable materials like aluminum, steel, devyduty PVC should be used for thégpplication
(ACI 207.4R 2005).Figure2-16 from Kim et al. (2000femonstrates the usefulness of installing
cooling pipes in mass concretemmgers.There is a difference of approximately°C (18°F)
betweerthe predictednaximumconcrete termperature without cooling pipes atite measured

temperature with cooling pipes.
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2.5.3 Thermal Control Plan

To regulatanternal concrete temperatur@sgoncrete thermal control plan (TCP) is typically
used for a specified number of days. The TCP requires that the contractor meet and maintain
specific temperature requirementsaiinghout the construction phase of the element. These
temperature requirements depend on the project parameters and element size. The following
information from the Georgia Department of Transportation (28&8&ilsthe typical
requirementgound in a TCP

1 Concrete mixture proportions

9 Strategies for placement time/date,-po®ling, etc.

9 Curing method and duration of cooling
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1 An approximate maximum concrete temperature and temperature difference

1 Direction on the type of temperature monitoring and rangrdystem to be used

1 The required locations for temperature sensors within the element

1 Instruction on how often measurements will take place and any additional measurements

needed if maximum limits are approachadd

1 A recommendation for a8-daythernmal stress model
A full list of state DOB withmass concrete TCP requirements may be foui@inte3-11 and
Figure3-4.

2.5.3.1 Internal Temperature Monitoring Methods
The TCP contains a description of the tgbéemperature monitoring system to be used, the
location oftemperaturesensors, and the duratiohthe temperature monitorinBescriptions of
sensor locations typically require that sensors be placed at the core and multiple edges of the
element. Thigs done to monitor the maximum in place temperatures at those locations and also
to get theeaktime temperature difference between the edge and core of the element. These
sensors (core and edge) are often tied to the surrounding reinforcement foiemre.@ften
more monitoring systems than needed are prescribed imoasystem should fail (ACI 200R
2005). This also allows for comparison of ditan different systems for accuracyable3-9
contains a full list of statBOTs with a requirement for temperature monitoring systems in mass
concrete.
There are several types of sensors available for use. These types tihelaascouples,

intelliRock, iButton and moreMore information on the capabilities and constructiothef

iButton sensorsisedcan be found irsection4.2.1
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254 Bamforthdéds Summary of OptAgeoThesmalt o Hel p M
Cracking
Table2-8 from Bamforth (2007) contains a summary of recommendatiortbéqorevention,
mitigation, and control of eardgige thermal crackindlany of these options are listed and
discused in other parts of this teXtable2-8 is presented becauseibvides a simple summary
from Bamforth(2007)on the best and worst choicést relate to thermal crackinyote that
Bamforth recommends that the best choice of aggregate is an angular aggregate with a low CTE.
This choice corresponds to the limestone aggregate commonly used by ALDOT in concrete

condruction.
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Table2-8: Summary of available options to mitigate thermal kirag (Bamforth2007)

Factor \ Worst Choice Best Choice \ Comments
Concretemixture parameters
Aggregate Rounded Angular Better str&n capacity may be partially
shape offset by higher cement content
Aggregate type High CTE Low CTE
i CEML1 (100% | Addition of FA,
Cementitious
cement) slag cement
Admixtures
(excluding Water reducers, To reduce cemempntent, check
None - - :
latex and superplasticizerg durability requirements
polymers)
Placing . Cooling of constituents using chilled
High Low . T
temperature water, ice, or liquid nitrogen
Construction practice
Ambient High Low Night time concreting is beneficial
temperature
. . Cooling pipes are effectie, but expensive. Surface cooling by water sprg
In situ coolhg : : . :
applicable for sections < 20 in. thick
Formwork for Insulated, GRP, steel,
sections under| plywood with | striking time not| To permit rapid heat loss aneduce T1
200 t hijlongstrikingtime significant
Formwork Plywood, L )
material in Steel, GRP insulated with To minimize thermal .gradlentsekp
S upper surface insulated
mass concrete long striking time
Insulation for Effective for isolated element with loy
None Thermal blanket

mass conete

extenal restraint

Construction
sequence

Alternate bay
between lifts

Sequential
construction or
short infill bays

Not significant if using full movement
joints

Period betweer

First pour may be insulated to reduc

o Long Short difference effectsSlip-forming is
successive lifts - o .
beneficial as casting is continuous
Movement None, partial Full movement | Full movement joints require dowels
joints movement joints| joints and sealing

Prestressing at
base

Not normally economic

Reinforcement

Largediam.bars

distribution

at wide spacing

Small diambars

To increase the surface area of

at close spacing

reinforcement
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2.6 ConcreteWorks
ConcreteWorks is a mixture proportioning, temperature prediaimhchloride diffusion
servicelife softwarepackagedevelopedo aid engneers in predicting concrete behavior in
certaintypes ofelementsincluding many which armass con@te (Concrete Durability Center
2005) It is available for free on the DOT websiteThis software permits the user to input
specific details about thmncrete material]£ement chemistryplacement conditions, and other
features unique to a project to predicass concreteemperatur@and cracking riskehavior.
2.6.1 Inputs
There are nine categories of inputs available for ConcreteVdsrksted inTable2-9. For any
inputs that are not available at the time of modeling, default values are av@ilabtzete
Durability Center2005) This gives the engineer/designer the freedooustomize a project
model to the degree which thaye able. Default values generally provide reliable temperature
predictions, but accuracy will obviously increase as rpoogect specifianputs are manually

applied to the model.

Table2-9: ConcreteWorksnput categoriefConcrete Durability Centé2005

Input Category Specific Inputs
General 1 Time, date, and location of placement
1 Duration of analysis (14 days)
Shape 1 Type and shape of element
Dimensions 1 Member dimensions specific to element shape

Mixture Proportions | { Batch weightaind propertiesf all materials

1 Chemical composition, hydration properties of cement

1 Type of aggregates used and corresponding CTEs
Mechanical Properties| 1 Maturity function, equivalent age, and early ageep inputs

1 Placement temperature, form type, method and duration of

Material Properties

Construction

curing
Environment 1 Ambient weather data
Corrosion 1 Details about reinforcing steel used
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2.6.2 Outputs

Using the given information, the software will put predictions includinghortterm

temperature development profiles across the entire element. The concrete stress and strength

development can also be calculated based on the use of maturity functiohabl®el0 for a

complete list of outputs avable for mass concrete through ConcreteWorks.

Table2-10: ConcreteWorksnass concrete outpu@@daptedrom Concrete Durability Center

2005)
Mass Concrete Member| Chloride ghem.‘a' Temperature Stress/Strength
: . racking -

Type Service Life Risk Prediction Development
RectangulaColumn X X X X
Rectangular Footing X X X X
Partially Submerged X X X X
Rectangular Footing
Rectangular Bent Cap X X X X
T-Shaped Bent Cap X X X

Circular Column X X X
Drilled Shaft X X X

A feature of ConcreteWorks that was very useful for this project is the ability to

download predicted temperature profiles at any location in the element. This allows for viewing

of temperature differences between the core and edge of a modsreshein tandem with the

associated cracking riskigure2-17is an example of ConcreteWodautputssummary and

temperature differenceracking rig plotfor the first 168 hourg¢Eiland2015). The member type

used was a rectantar footing modeled after an ALDOT bridge pedestal placed in Scottsboro,

Alabama.
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 Rectanguler Footing Temperature Model =% o8 =
Mex Checks | Max-Mn graph | Anmation | Maturty | Compressive Strength | Steel Q Conc. | Cracking Probabity Index. | Themmocouple Ports

Parameter Value Unts
Results

TxDOT 2004 Specications Used

This mix is not ASR susceptable 23 defined by TxDOT

Onginal Concrete Matesals CO2 emissions a0 by
Steel Comrosion Results

Time to steed Comosion >20 Years
Time to Concrete Damage From Top Mat Steel Corosion >26 Years
Cracking Probability Index

“Caution: Alow cracking y classé does not g that cracking will not occur.

Alow cracking probabity classfication only indicates that the concrete member may have 3 lower
probabity of cracking than one with a higher cracking probabilty classfication
Cracking Probabiity Classfication Very Hgh

% Rectangular Footing Temperature Model o|l@|'®

M Chacks | Max-Min graph | Anmation | Matusty | Compressive Srength | Steel Gl Conc. | Cracking Probabity index | Themocouple Ports

Cracking Potential & Maximum Temperature Difference

R0 Bunpoesd

Maximum Temperature Difference *F
& 8 3 8

Time (hrs)

9“""0%""""" Backto bputs | | Export Temp. Data |

Figure2-17: Example ConcreteWorks output summary (top) ghtcrackirg risk profile
(bottom) (Eiland2015)

2.6.2.1 Maximum Limits
I n the AResultso summary, the AMax Temperatur

value is greater than 35AF. The fiMax Temper at
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158°F. ncreteWorks will automatically do this if the TXDOT 2004 specification is teelec

(Concrete Durability Cent&t005). These values match the maximum limitsTidDOT (see

Figure3-2 andFigure3-3), excet that the maximum temperature limit has been raised from

158°F to 160°F in the Texas Standard Specifications for Highway and Bridge Construction

(2014).

2.6.2.2 Cracking Risk

The cracking rislprofile shown inFigure2-17is colorcodel according to cracking probability

and tensile stresstrength ratio (Cacrete Durability Cente2005). Se@ able2-11 for the

definitionsof the four colors used his quantification allows for a quick assessment of potential

durability issues associated with the curremxture proportionsPreventative measures can then

be taken to lower the crackingrigko t i c e t

exampl e i

S

he

Avery higho.

ACracking

Probabi

Table2-11: ConcreteWorks cracking riskadapted from Concrete Durability Center 2005)

Color Cracking probability Tensile stres()sgtrength ratio
Low x < 0.60
Medium 0.60 O x <
Orange High 0.67 O x
Red Very High x O 0.72
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CHAPTER 3: REVIEW OF U.S. MASS CONCRETE SPECIFICATI ONS

3.1 Review of Current Mass Concrete Specifications
The following section details the various ways that agencies throughout the United States have
defined the use of mass concrete through standard specificatioss. agencies include ACI,
AASHTO, FHWA, and various state departments of transportation.

3.1.1 ACI Committee 301
The Specifications for Structural Concrete (2016) as reported by ACI Committee 301 contains a
useful summary of mass concrete informatidmsTinformation includes the least dimension
designation recommended bYCACommittee 207 (2005) as 4 &s well as the requirement

listed inTable3-1 to managehe temperaturegached

Table3-1: Massconcrete requirements ACI 301 (2016)

Material Temperature Temperature Thermal
Requirements Monitoring Requirements Control Plan
1 Type Illl Cement { Place two sensors at th¢  Maximum concrete| A thermal
shall not be used center of the largest temperature control plan
unless specified by| portion of the placemen| placement 085°F | (TCP) nust be
the engineer and two sensors no mol § Maximum concrete| Submitted and
fUse hydraulic than 2 in. froncenter of | temperature of approved by the
cement with a low the nearest exterior 160°F project engineer.
heatof-hydration or | surface. The second q Maximum
use a Portland sensoiat each location is temperature
cement in for redundancy. difference of35°F
combination with | § Temperatures should bé
Class F fly ash recorded no less often
and/or slag cement| than every 12 hours

ACI 301 applies maximum limits tihe amounts of SCMs used in normal concrete that

also apply to mass concrete. The maximum amount of fly ash permitted is 25% by mass, and the
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maximum amount of slagement permitted is 50% by mass. The total amount of these two
SCMs together may not exceed 50% by mass.

3.1.2 ACI Committee 201
In addition to the regjrements set forth b&Cl 301, ACI Committee 2012016)provides
recommendations for adaptable temperaturairements to minimize the deleterious effects of
DEFin the Guide to Durable Concrefehese recommendations state that if a concrete

temperaturgreaterthan158°F is unavoidble then the measuresTiable3-2 should be adopted.
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Table3-2: Recommendetheasures for reducing the potential for DEF in concrete exposed to
elevated temperatures at early ages (ATI.2R2016)

Maximum

Concrete Prevention Required
Temperature, T

T O 15 §No prevention required

158 AF < ] Use one of the following approaches to minimize the risk of expansi

1. Portland cement meeting requirements of ASTM C150 moderate
high sulfateresisting and lowvalkali cement with a fineness value le
than or equal to 430 kg

2. Portland cement with aday mortar strength (ASTM C109) less th
or equal to 2850 psi

3. Any ASTM C150 portland cement in combination with the followi
proportions of pozzolan or slagment:

g) Greater than or equal to 25 percéiyptash meeting the
requirements of ASTM C618 for Class F fly ash

h) Greater than or equal to 35 percent fly ash meeting the
requirements of ASTM C618 for Class C fly ash

i) Greater than or equal 85 percent slag cement meeting the
requirements of ASTM C989

j) Greater than or equal to 5 percent silica fume (meeting ASTM
C1240) in combination with at least 25 percent slag cement

k) Greater than or equal to 5 percent silica fume (meeting ASTN
C1240) in combination with at least 20 percent Class F fly as

[) Greater thanmequal to 10 percent metakaolin meeting ASTM
C618

4. An ASTM C595/C595M or ASTM C1157/C1157M blended
hydraulic cement with the same pozzolan or slag cement conten
Item 3

T > 185°F The internal concrete temperature should not exceed 185°F (85°C)
under ay circumstances.

Theabove recommendations are based on the work of Ghorab et al. (1980), Ramlochan et al.
(2003), and Thomas (2001, 2008) which shows that the risk associated with concrete cured at
high temperatures can be effectively eliminated byrtberporation of SCMs (ACI 201R
2016).This table is based orable2-3 which proposes a similar maximum temperature

specification based on the amount of SCMs present.
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3.1.3 FHWA and AASHTO

The FHWA Standard Specification for the Cyostion of Rads and Bridges (2014) does not

contain any specification spéc to mass concrete. It doesntain requirements for concrete

construction that apply to mass concrete. This information is shoWetbile 3-3.

Table3-3: Concrete gecifications for FHWA FPL4

Material
Requirements

Temperature
Monitoring System

Temperature Requirements

1 Maximum percent o
total cemenng
material by mass:

1 Fly ash: 25%

1 Slag @ment: 50%

1 FA+SC: 50%

Provide a maturity
meter that conforms to
AASHTO T 325 and
can collect and store
maturity data for at
least 14 days

fiConcrete temperature at placement

between 50°F and 80°F

TMaximum temperature differential of

35°F

fMaximum concrete certemperature of
140°F for highstrength concrete and
160°F for prestressed concrete

TMinimum edge temperature of 45°F

AASHTO Construction Specifications (2016) currently contains no mass concrete

specificationsHowever, a maximum temperature requiretr@il60°F for precastanstruction

is in place

3.1.4 State DOTs

A review of

each

statebds

standard

construct.

information pertinento mass concrete constructidrable3-4 separates all U.S.ates DOTs

into those with a mass concrete specification and those without alnle.3-5 throughTable

3-11 summarize the mass concrete requirements found for each staté-igre3-1 through

Figure3-4 are included to illustrate these requirements across the United States.
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Table3-4: StateDOT mass concrete specifications

DOTs with a mass concrete specifation DOTs without a mass concrete specificatior
Arkansas Mississippi* Alabama Nebraska
California New Hampshire Alaska Nevada

Connecticut New Jersey Arizona New Mexico
Delaware New York* Colorado North Dakota
Florida North Carolina District of Columbia Oklahoma

Georgia Ohio Hawalii Oregon
Idaho Rhode Island lllinois Pennsylvania
lowa South Carolina Indiana South Dakota
Kentucky Texas Kansas Tennessee
Louisiana Virginia Maryland Utah
Maine* West Virginia Michigan Vermont
Massachusetts* Minnesota Washington
Missouri Wisconsin
Montana Wyoming

*Specification is not specific to mass concrete but includes requirements applicable to mass
concrete construction
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Table3-5: State DOTmass concrete specification nefeace document

DOT Reference Document
Arkansas 2014 Standard Specification
California 2015 Standard Specification
Connecticut 2016 Standard Specification
Delaware 2016 Standard Specification
Florida 2015 Standard Specification
Georgia 2013 Special Rwision to Standard Specification
Idaho 2012 Standard Specification
lowa 2014 Standard Specification
Kentucky 2012 Special Note for Standard Specification
Louisiana 2016 Standard Specification
Maine 2014 Standard Specification
Massachusetts 2012 Supfemental Specification
Mississippi 2004 Standard Specification
New Hampshire 2016 Standard Specification
New Jersey 2016 Standard Specification
New York 2016 Standard Specification
North Carolina 2012 Standard Specification
Ohio 2016 Construction andlaterial Specifications
Rhode Island 2015 Supplement to Standard Specification
South Carolina 2007 Standard Specification
Texas 2014 Standard Specification
Virginia 2014 Standard Specification
West Virginia 2010 Special Provision to Standard Speatiimn
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Table3-6: State DOTdesignation as mass concrete

DOT Mass Concrete Definition

1 CIP pile with diameter > 8 ftemperature monitorgqrequired for
California diameter > 14 jt

1 All other elements witlheast dimension > 7 ft

1 Any concrete placerm (excluding underwater) witleast dimension >
5 ftin each of three different directions

Connecticut . . .
1 Any circularconcrete placenm (excluding underwater) wittiameter
> 6 ftandheight > 5 ft
Delaware As designated in the contradbcuments
Florida As designated in the contract documents
. 1 Any elementith least dimensiom 5 ft
Georgia

1 Any drilled shaft with least dimension6 ft

ldaho Any element \ith least dimensiom 4 ft

1 Any footing with least @dnension> 5 ft

lowa 1 Any structural element with least dimensied ft
Any structural element (excluding drilled shaftsjhweastdimensior>
Kentucky 6 fi
Louisiana Any concrete pleement with least dimension4 ft
Massachusetts As specified on the cotrsiction plans
New Jersey As shown on the construction plans
Ohio 1 Any concrete placement with least dimensiob ft
1 Any drilled shaft withdiameter > 7 ft
Any element with aatio of total wlume to surface area > 0.6 and
Rhode Island

minimum dimensiorof 3 ftin any 3 planes

1 Any element witheast dimension > 5 ft

h li
South Carolina 1 Any circular element with diameter > 6dhdheight > 5 ft

Any concrete placement (excluding drillshafts) with least dimension

Texas > ft

Any concrete mcement (ecluding drilled caissons) with least
dimension> 4 ft

West Virginia
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Excludes drilled

X shafts

Denotes special requirement for
# rectangular footings (ft)

@ Denotes special requirement for
circular elements (ft)

Least Dimension
E>41 > s5 fi C>6 M7 fi
[ As designated in plans  [[] SA:V > 0.6 and >3 ft in 3 planes

Figure3-1: State DOTmass concrete designation
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Table3-7: State DOTmaterial requirementfor mass concrete

DOT

Material Requirements (all percentages areof total cementng material

by weight)

Arkansas

Use Type Il (MH) cement
FI'y ash 120payt ent O

California

E N NE

Total cementingcontentO505 pcy

Total cementingcontent of CIP piles based on diameter:
T 8 ft O) a8y 10 ft

T @0 ft < ®WDpoy 14 ft

Fly ashcontent of CIP pilegwith diameter > 8 ft 28&%
Fly ashcontentrange:25-35%

Slag cementontentrange:50-75%

Florida

E R e

= =

Use Type Il (MH) cement

Heat of hydration at 7 days O
Fly ashcontentrange: 1850%

1 If core temperature is expected to exceed 165°F5085

Slag cementontentrange: 5870%

1 If combinedwith silica fume, ultrafine fly ash, metakaolin:-56%
Minimum 20% fly ash and 40% portland cement when using ternar)
mixture

Georgia

]

Type 11l cement, Class C fly ash, silica fume, and metakaolin are N{
permitted

Class F fly asltontentrange: 2540%

Slag cementontentO75%

Aggregate testinfpr ASR susceptibility recommended

lowa

Use only Type I/ll cement

Total cementingcontentO560pcy
ClassCflyask ont ent O 20 %
Air entrainment required

Kentucky

ENE R I

=

Use Type I(SM), Type IS, or blended cement that conforms to AST
C595

Slag constituent in Type IS is limited to 50% of the mass of the port
blast furnace slag

Class F fly ash content range:-26%

Slag cement content O 50%

Louisiana

E R ]

Use Type Il, Type IP, or Type IS cement

Heat of hydration at 7 days O
Fly ash content range: 280%

Grade 100 & 120 slag cement content range? @t

Massachusetts

Recommends following mixing guide in special provision (not founo

Mississippi

Defines Class C concrete for use in massive reinforced sections
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Table3-7: State MT material requirements for mass concientinued)

1 Type lll cement and accelerating admixtures not permitted
Ohio f Totalcementngc ont ent O 470 pcy
T FIl'y ash & sl ag cement content
Texas Type Il cement not permitted
1 Totalcementngc ont ent f or massive unr
Virginia : . .
1 Totalcementngc ont ent f or massive |ig
f ClassFflyastk ont ent O 25 %
West Virginia | S| ag cement content O 50%
)l

Total SCM content O 50%
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Table3-8: State DOTtemperature requirements

DOT Concrete Temperature Requirements
Arkansas i Plac_ement temperature .ram@é}?S F
1 Maximum tenperature difference: 36°F
California 3 Maximumtemperature: 160°F

Maximum temperature difference determined by TCP

Connecticut

Maximum placement temperature: 85°F

Delaware

= =4

Maximum temperature: 160°F
Maximum temperature difference:
1 First 24 hours: 30°F

1 24-48 hours: 40°F

1 2-7 days: 50°F

1 7-14 days: 60°F

Florida

Maximum temperature: 180°F
Maximum temperature difference: 35°F

Georgia

= =4 =4 =4

Maximum placement temperature: 85°F unless approved by TCP

Maximum temperature: 158@ndwithin 70°F of mean annual ambier
temperature

Maximum temperature difference: 35°F

Idaho

Maximum temperature difference: 35°F

lowa

=

Placement temperature range:A40°F
Maximum temperature during heat dissipation: 160°F

Maximum temperature difference for an element with least dimensi
6.5 ft or less:

N First 24 hours: 20°F
1 24-48 hours: 30°F
1 4872 hours: 40°F
1 After 72 hours: 50°F

Kentucky

Maximum placement temperature: 70°F
Maximum temperature: 160°F
Maximum temperature difference: 35°F

Louisiana

== |=2 =2 =2

Maximum placemat temperature: BF

1 If theinternal temperature of plastic concrete exceeds 85°F, cari
should be taken that succeeding batches do not exceed 90°F

1 Absolute maximum placement temperature: 95°F
Maximum temperature: 160°F
Maximum temperature difference: 35°F

New Hampshire

Maximum tempeature: 160°F
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Table3-8: State DOT Temperature Requirements (continued)

New Jersey i Max?mum temperature: 1.60°F
1 Maximum temperature difference: 35°F
New York Maximum temperature difference: 30°F
North Carolina Maximum temperature: 160°F
Ohio 1 Maximumtemperature: 160°F
1 Maximum temperature difference: 36°F
1 Maximum temperature: 155°F
Rhode Island 1 Maximum temperature difference: 35°F

1 Performance based tempenat difference limit can be determined
as a function of the maturity curve

Maximum placement temperature: 80°F

Maximum temperature difference: 35°F

Placement temperature range: B8 F

Maximum temperature: 160°F

Texas 1 UT determined that 185°F can be used for concrete containing
SCMs through TXxDOT sponsored research

1 Maximum temperat@r difference: 35°F
Maximum temperature: 160°F
1 Maximum temperature difference: 40°F

1 Higher max. temperature difference can be used if it can be pro}
that deleterious effects will be avoided

South Carolina

= =2 =2 =2

=

West Virginia

The temperature difference limits imposed byddare, lowa, and Rhode IslandTiable
3-8 are particularly interesting because they incorporate adipendentoncrete temperature
differencelimit to account fothe increasing tensile strength of maturing concrete. As dencre
cures, it develops more strength and can withstanghreehtemperaturanduced stressThese
types of limits that allovihighertemperature restrictions are ideal for an ALDOT mass concrete

specification and are further investigated in this report.
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Higher limit may
be developed and
approved by the
engineer

Allowable Temperature Difference
[ 30°F M 35°F [136°F Ml 40°F
[l Determined by TCP [] Time dependent temperature difference

Figure3-2: State DOTallowable temperature difference
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Higher limit may
be developed and
approved by the
engineer

Maximum Temperature Limit
[ 155°F [ ]158°F B 160°F B 180°F

[[] No maximum temperature limit, but has maximum temperature difference limit

Figure3-3: State DOTgnaximum temperature limit
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Table3-9: State DOTtemperature monitoring requirements

DOT

Temperature Monitoring Equipment and Requirements

Arkansas

Monitor temperaturéor 7 days

California

Record temperature hourly and monitor until internal temperature
falling

Sensors placed in tiest location, outer edge, corner, and top

Delaware

Monitor temperature until the maximum temperature difference is
reached and the decreasing temperature difference is confirmed i
defined in the TCP

Record temperature at a maximum interval of 15 nesut

Provide 2 independent sets of sensors to monitor interior and extg
temperatures

Locate monitoring pointat geometric center and 2 finom surface
along the shortest line from center to surface

Florida

Monitor temperature until the maximum temgieire difference is
reached and the decreasing temperature difference is confirmed i
defined in the TCP

Record temperature at @rval no greater than 6 hours
Measured concrete core and exterior surface temperatures approg
engineer

Georgia

Recordtemperature hourly (Notify engineer if core and edge reach
140°F and 30°F, respectively)
Provide 2 independent sets of sensors to monitor the center, midj
of side closest to center, midpoint of top surface, midpoint of bottc
surface, and corner furtbiefrom center (edge sensor placedi.
from surface}o be approvedly engineer

Idaho

Monitor temperature for 7 days

lowa

Monitor temperature for duration of curing cycle
Record temperature hourly

Provide 2 independent sets of sensors

Locate at leastO sensors at specified points

Kentucky

Record temperature every 4 hours
Temperature difference is not recorded until 12 hours after placer
Locate 2 sensors at core and 2 sensors at edge

Louisiana

=4 =4 4|2 4 -4 -4 -4 -5

Record temperature at maximum interval of 6 hours
Provide 2 independent monitoring systems
Locate sensors at center and edge of placement

New Jersey

Monitor temperature for 15 days OR until core temperature is with
35°F of lowest ambient temperature after placing

Ohio

=

]

Monitor temperature for 28 days affdacement
Provide 2 independent sets of sensors
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Table3-9: State DOTtemperature monitoring requiremeitsntinued)

1 Monitor temperature for minimum of 90 days

Record temperature at maximum interval of 1 hour

1 Specific data logger shalklused that can determine maturity of
concrete

Rhode Island | T Provide a minimum of 9 sensors for placements less than 500 cu
yards and 17 sensors for placements over 500 cubic yards

1 Locatea pair of sensors at: peak temperature location, lowest
temperature location, ih. from top edge directly above core, centel
side edge. Use 1 sensor to record ambient temperature

1 Sensors in each pahall be between-68 in.apart

=

South Carolina Locate sensors at center and Ziom surface

Monitor temperature for 4 ga unless otherwise approved
Provide 2 independent sets of sensors
Locate edge sensors no more than 3rom surface

Texas

Monitor temperature for 28 days after placement
Record temperature every hour
Provide 2 independent sets of sensors

Locatesensors at core, top face, and center of side furthest away
core

West Virginia

=4 =4 -4 4 -8 45 -4
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Table3-10: State DOTin-place concrete curing requirements

DOT

In-Place Concrete Curing Requirements

Arkansas

Forms shall remain in ate for at least 4 days anytime ambient
temperature falls below 40°F

All mass concrete shall be cured by free moisture; water curing sl
be provided for all exposed surfaces for 14 days

California

Cooling pipes must be remaable to a depth of at leasirv

Delaware

Do not remove temperature control mechanisms until core
temperature is within 25°F of ambient temperature

Florida

Do not remove TCP materials until core temperature is within 50°
ambient temperature

lowa

Continue temperature controltilrcore temperature is within 50°F o
average ambient temperature

Kentucky

Maintain thermal control until core temperature is within 35°F of
average ambient temperature
Insulate concrete until thermal control is finished

Maine

Massive elements are notexceed a temperature change of more
30°F in a24-hourperiod during curing

Massachusetts

Concrete placed at 70°F shall be protectedrbgnclosure witkight
wooden forms at least 5/8 ithick except at corners and where 2 ec
surfaces meet

Artificial heat shall be provided to maintain the minimum required
concrete surface temperature

New Hampshire

Maintain curing until temperature is within 50°F of ambient
temperature

New York

Surface temperature of sections > 2 ft in thickness shall notfalstgr
than 18°F in &4-hourperiod

North Carolina

Provide measures to retain moisture when curing at elevated
temperatures

Maintain a relatively uniform rate of increase in temperature withi
curing enclosure of approximately 40°F/hr

Rhode Island

Do not remove forms until estimated strength of surface exceeds
psi based on lowest indicated maturity AND the mean temperatur]
difference core and ambient is < 30°F

Side forms may be removed after 12 hours except when ambient
temperature is below 50°F

Texas

= =4

Only water curing is permitted in mass concrete construction
Forms or insulating membramneust remain in place for 4 days after
placement

West Virginia

= =4

Maintain curing for 7 days
Water curing is not permitted; white polyethylene sheeting shall b
used to prevent moisture loss
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Table3-11: State DOTthermal control plan requirements

DOT Thermal Control Plan
Arkansas TCP developed by contractor, approved by engineer
California TCP developed by contract@pproved/monitored by engineer
Delaware 1 TCP and thermal behavior analysis shall be prepared by specialty

engineer for the contractor aagprovedoy project engineer 45 days
before placement
1 Specialty engineer must inspect monitoring system

Florida TCPandmixturedesigns developed by contractor, approved by
engineer
Georgia TCP developed by contract@pproved by engineer 30 days before
placement
lowa 1 TCP developed by contractor, approved/monitored by engineer 3

days before placement
1 TCP developety licensed Temperature Control Engineer if eleme
minimum dimension > 6.5 ft

Kentucky TCP developed by contractor, approved/monitored by engineer 3
days before placement
Louisiana TCP developed by contractor, approved/monitored by engineer
New Jersey TCP developed by contractor, approved by engineer 30 days bef
placement
Ohio TCP developed by contractor, approved by engineer 10 days bef
placement

Rhodelsland |1 A General TCPO developed by co
first mass concretplacement. This includes plans for a mock up 6

days prior
T ASpeci f i csubmi@delby conttacon for each unique
pl acement other than what 1is
South Carolina Mass Concrete Placement Plan developed by contractor, agpgrpve

engineer (contains TCP, anticipated thermal developments, and
monitoring system details)

Texas Use ConcreteWorks or other approved method to develop TCP

West Virginia Temperature control requirements to be detailed by engineer prio
construction
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. TCP Required . Has specifications relevant to mass concrete but no TCP requirement

Figure3-4: State DOTs with a TCRequirement
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CHAPTER 4: EXPERIMENTAL PLAN

4.1 Introduction
The experimental plan for this project was develdpeakelp achievéhe project objectives
outlined in Sectiori.2: to provide guidancen mass concretdesignationmaterial
requirements, temperature monitorjrand temperature predictidor future ALDOT mass
concrete projectshis chapter providesn overview othe ConcreteWorks analysisumerical
models field instrumentation techniquesndlab testingthatareall partof the experimental
plan.

Seven bridge elements were instrumented from July 2015 to July2@Lée4-1 shows
the locations of these field elemts around the stafEhese elements varied in shape, size,
coarse aggregatgpe, and placement conditiqrad their main attributesre summarized in
Table4-1. These differing attributes were the primary motivation for selgthese members,
allowing temperature data to be collected in a variety of scenarios to help researchers decide
what qualifications would designate an ALDOT concrete element as mass concrete. The least
dimensiors of most elementwerebetween 4 and 6 feeThis rangecovers common state DOT
mass concrete size thresholds, anthaastigation with ALDOT elements was desired to
determine a threshold using Alabama matebeal®re assigning a least dimenstaresholdo

the ALDOT mass concrete specification
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Figure4-1: Location of instrumentedlementdocatedin the state oAlabama(adapted from
Geology.com (2017))

Table4-1: Seven ALDOT elements instrumenteetween July 2015 and July 2016

Element Type Location PlacementSeason| Least Dimension (ft)
Wall Harpersville 4.0
Pedestal 100
edesta Scottsboro Summer 65
Albertvill 6.5
Bent Cap Bli\r/vtcl)r? 6.5
El . 6.5
Column Birminb;ham Winter 5.0
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4.2 Field Instru mentation
The instrumentation ALDOT bridge elementander constructioprovided temperature data
crucial in completing many objectives$this project.Thesedata allowed researchers to study the
concretegemperature behavior of thegetential mass cameteelements. It was compared to the
ConcreteWorks temperature predictiamshe same elements. It was also compared to the
temperature difference limits produced by numerical modeling. All of this contributed to the
recommendation of temperature limits the mass concrete specification detailed in Appendix
A. Instrumentation of these elements wasomplishedby use of iButton sensotisatis
described in the following section.

4.2.1 Temperature Sensors
The sensor selected for this project was the DS192#&€emocron iButton Device produced by
Maxim Integrated. This model of sensor was selected because it can record and store 2048 data
pointsand operates within a temperature rangel0fF to 185°FThe iButton is encased in
stainless steel, which ensurbattthe sensor will be protected framnstruction activities and
high pressursexpected iimassconcreteapplications The GheWire/iewer software associated
with this sensor allows for user programming of the start time and frequency of data recording
Because theampling intervals can be changed andsémeso attaches a time stamp to diita
points, it is possible to collect months of temperature data in real time without having to
frequently visit the site.

4.2.1.1 Temperature Sensor Assembly

Temperature sesors were assembled in the Auburn University Structural Research Laboratory.
TheiButton sensor was placed in a Keystone battefger in order to solder on 2fauge,

unshielded, Zonductor wire. This assembly was then layered with Static Control Epoxy
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Coating 3525 produced by General Polymers. This was done to wateapcbelectrically
insulatethe assembly in preparation for embedding the sensor in fresh concrete. Oven testing
was done with coated and uncoated sensors to confirm that the epoxynwbatftéct the
i But teroperatsre measuremercuracy.

The other end of the wire was connected to aii Rtelephone jack, which could be
plugged into a USB reader. This USB reader was plugge@ lafiopcomputey allowing data
to be collected vidie OneWireViewer software. The components and completed assembly may

beseen below irfrigure4-2.

Figure4-2: iButton components and complete assenith nickel for scale) (fronk to R:
completed sensor, nickel, iButton,-R1 attached to 28auge wire, USB reader, and Keystone
battery clip)

4.2.1.2 Programming and Installation of Sensors
Programmingpf thesensors began witissigningsensors to specific locations within the
intended e#ment by usinginique serial number of eadutton. Once the placement date and
time was known, the sensors were set to begin recording approximately four hours before
placement. At the start of each placement, the temperature recording frequencyfarasvsey
15 minutes in ordeto very accurately map the temperature profile for the first 14 days. After this
time period the recording interval was changed to every 3 hours, making steediala
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measuremerdt approximately3:00 PMdaily, whichis close to the expectgukak temperature
time. At this interval there is enouglensomemory to store 256 days of data.

Installation of assembled sensors took place one or two days prior to placement, after the
reinforcement cag@asset in place. At a mimum, there were typically two sets of six sers
installed across two crosgctions within the element for a totéltwelve sensors. At each cross
section two sensors were stalled at the geometric cent&wo were installed at the middde
the sideedgebetween 20 6 in. from the surface.Wo sensors were installed directly aboke
core sensors at the middle of the top surfaeteveen 2 t® in. from the surface. Two sensors
were used at every location for redundarkagure4-3 andFigure4-4 illustrate thetypical

locationof temperature sensors.

Side Edge

> Core
\ AN -~ dL Isometric View

Figure4-3: Examplelayout of temperature sensors in a bent(dap= least dimension) (n.t.s.)
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Figure4-4: Examplelayout of temperature sensor cross sections in a bent cap (left) and
temperature sensors within each cross section (ifight3.)
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betweenhe two edge locations to determine if attaching the sensors directly to the oeftcr w

be sufficient, as this would be the most practical placement location during future ALDOT

projects. These two sensor locationssirewnin Figure4-5. Plastic cabldies were used to

attach sensors to the rebar cage at the closest location possible to the core, side edge, and top

edge.
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Figure4-5: Example of coveredge and rebagdgesensorsn Harpersville cashwall

4.3 ConcreteWorks Analysis

4.3.1 Objectives
ConcreteWorks was utilized help achievéwo objectivesof this project.The first objective of
this analysis was to assess the accuracy of ConcreteWorks by modeling each of the instrumented
ALDOT bridge elements to compare predictions witbasuredield data. Thanks to the
assistance provided B®LDOT project managers, all input information for each element
instrumented was made available for modeling purposes.

The seconabjective was to complie a ConcreteWorks analysis for 480 different
placement scenarios, all modeled using parameters most relevant to ALDOT construction. This
was done to determine which inputs had the greatest impact on maximum concretatieep
maximum concrete temperatudifference, and thermal cracking risk. The element type chosen
for these analyses was a rectangularcolummnc ause of ConcreteWor ksd ceé

a crosssectional stress profile for this element usiAQ &tructural analysisA specialized
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version of ConcreteWorks was used to assess-tlayy Btress profile atarious locations on each
crosssection.

4.3.2 Significant Variables
To complete the first objective, it was important to focus on the variables that have a more
significant impact on tempatures in mass concrete. Five ConcreteWorks inputs were isolated
and varied to determine each of their effeBescause of this approachiotal of 480 test runs
were performedTable4-2 lists the five inputs that were varied thisanalysis To quantify the
effect of each variable on the corresponding outputs, the ANOVA Single Factor Test was used

with a 95% confidence interval.

Table4-2: ConcreteWorks analysis isolated variables

Input Number of Input Variations Input Descriptions
Placement 5 1 Huntsville
Location 1 Mobile
1 Jan.15 @ 12:00 PM
1 Mar. 15 @ 10:00 AM
1 May 15 @ 8:00 AM
Placement Date 6 f July 15 @ 8:00 AM
1 Sep.15 @ 10:00 AM
1 Nov.15 @ 12:00 PM
CoarseAggregate 5 1 Limestone
Type f River gravel
1 100% PC (0% SCM)
1 30% Class F FA sub.
SCMType 4 1 30% Class C FA sub,
1 50%slag cement sub.
1 4
. . 1 5
Least Dimension
() 5 1 6
1T 7
1T 8
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Huntsville and Mobile were chosen as the two placement locations because they represent
the typically warmest and otestambient conditions in Alabama. Default weather data from
each of these locationgereused in at the specified times. ConcreteWorks also contains default
data for Montgomery and Birmingham, but were not seldaotedusé/obile and Huntsville
capturethe climactic extremes of Alabama

Different placement times were used to take
data for different seasons and times of day.
ambient temperatures and common consivu@lacement schedules. Contractors typically
place concrete earlier in the day during warmer months to take advantage of cooler temperatures.
During cooler winter months contractors wait for warmer ambient conditions in the middle of the
day.For eaclscenario,jt was assumed that the concrete placement temperature was equal to the
ambient temperature at that time.

Limestone and river gravel are the two most commonly avaitaiasieseaggregates in
Alabama. The primary change in input when switching @aggregate type is the concrete
CTE for each aggregate. Based on previous research performed at Auburn University, the
standard input values for limestone and river gravel &é&2 x10° in./in./°Fand6.95x 10°
in./in./°F, respectively (Schindler ei. 2010). CTE testing of eadpecific concretesed in the
elements instrumented was performed as part of this experimental plan.

The SCM types selected are those most commonly used by ALDOT. The replacement
levels were selected represent the curreapper limit allowed by ALDOT Section 501 (2012)
ConcreteWorks contains default values for SCM properties that affect mixture proportions and
hydration properties of the concreide properties of the SCMs used on each instrumented

projectwerealso colleted with samples of each SCM
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Least dimensions of-4 ft are common mass concrete designations by other state DOTs
(seeTable3-6). Because there is no strittle that defines a mass concrete least dimension
several sizesweenal yzed to determine at whaadsedtipeoi nt
model to experiencexcessive maximum temperatures, temperature differences, and cracking
risks
4.4 Numerical Modeling

4.4.1 Maximum Concrete Temperature Dfference
An objective of this projet was to develop an improved method for determining the maximum
concrete temperature difference to minimize the risk of thermal cracking. Based on the
information in Sectior2.2, the time dependent relationship between theimam temperature
difference and concrete tensile strength is the link through which to accomplish this.

Equation 21 uses concrete properties devoid of the consideration that tensile strength,
modulus of elasticity, and creep effects change with timen8gifying this equation, a time
dependent maximum temperature difference may be establiststhvasin Equation 41. By
usingEquation2-2 throughEquation2-9, the know CTE values for Alabama coarse aggregates,
and a restraint factor, a tintependent temperature difference limit for use in an ALDOT mass
concrete specification will be determined and compared to the measured data from field projects.

VN Qo Equation 4-1
06 0o 07YOY

P ha(t) = allowable concrete temperature difference as a function of time (°F)
fi(t) = concrete tensile strength as a function of time (psi)

Ec(t) = modulus of elasticity as a function of time (psi)

K(t) = creep and sustained loading modification factor as a function of time

CTE = concrete coefficient of thermal expansion (in./in./°F)
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R = Restraint factor (0 = unrestrained; 1 = full restraint)

4.4.2 Prediction of Long-Term Cracking in Instrumented ALDOT Elements Using

Bamf or

A secondary

thdés Met hod

objective of thi

s plan i 242t)o

to assess the lortgrm effects of concrete mass temperature differencdsi(lotemperature

differences) on the instrumented field elements. Bhlk temperature differenaefers tothe

us

A | oteérrg maximum internal temperature change of a large concrete mass as it cools from as

internal peak temperature to a stable temperature approximately@tfumambient

temperatur eo

( Ba@fiorth 22007).ugeRthit€dmpefature difference to predict

long-term crack widths itTmassconcrete elements restrained by adjacent membignsre4-6

illustratesthe bulk temperatue difference by showing howtemperature drop in the core can

lead to a largéong-termbulk temperature difference. Thsin contrast to theemperature

difference between theore and edge, which affects the concrete masardy agesas shown on

the left part ofFigure4-6. Thecrack widthspredicted with Bamforth (2007) are compared to

crack widths measurezh the field elements durirfgllow up inspections
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Figure4-6. Cortrasting earlyage temperature differences to letlegm bulk temperature

differences in mass concrete
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4.5 Laboratory Testing
Laboratory testing of concrete materis#snpled froneach ALDOT field element was
conducted in the Auburn University Structural Reskdraboratory to obtain user inputs for
ConcreteWorks. By modifying defawtlueswith projectspecific valuesthe accuracy of the
ConcreteWorks predictions was greatly improved for each element. To tesbeacéte
mixture,enough materials were gatkd to make a 1.5%batchof concrete for eacfield
element.
4.5.1 Collecting Raw Materials
Aggregates, cement, and SCMs were gathered from the batch plants that supplied the concrete
for each instrumented element. The materials were sealed and storedeuniih@ approved
mixture proportions werebtainedrom the ALDOT project manager for each site. The chemical
compositions of all cements and SCMs waléinedirom the supplying manufacturers.
4.5.2 Mixing Procedure and TestSpecimens
Each mixture was prepatén accordance with ASTM C 192 (20103ing the following
procedure:
1 A specified amount of ortar s used to coat the inside of the mixer as to prewesstof
paste during mixing. The coating must not affectwen of the specified mixture.
1 All aggregdes and 80% of the mixing water are added to the mixer.
1 Mix for two minutes.
1 Cemening materials and the remaining batch wateraatéed tahe mixer
1 Mix for three minutes.
1 Rest for three minutes.

 Mix for two minutes.
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A slump test was performed in accordamnwith AASHTO 119 (2007), and an air content
test was performed in accordance with AASHTO T 152 (2005). It was the goal of these tests to
be within an acceptable range of the values
fresh properties weracceptable thefour 6 x 12 in. cylinders and two 4 x 8 eylinderswere
prepared for testing in accordance with ASTM C 192 §201

4.5.3 Hydration Parameters Testing
Upon placement in the mold, one 6 x 12 in. cylinder was weighed andattermnt temperature
recorded. It was then placed in a sediabatic calorimetry testing apparatus called@r@m
for no less than seven days. Adiabatic temperature data taken from eacréesed to
calculate ConcreteWorks hydration paramei@sed on heat of hydratianodels developed by
Schindler and Folliard (2005). All-Qrum testing was done in accordance with guidelines
provided by the manufacturer, iQuadrel Servi€égure4-7 shows the €Drum testing
apparatus without the lid and diogler inside the drum.

4.5.4 Compressive Strength and Modulus of Elasticity Testing
Three 6 x 12 in. cylinders were prepared to test thda®8modulus of elasticity and compressive
strength of each batch. These tests were done in accordance with ASTM CRR(ROASTM

C 469 (2010).
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Figure4-7: Q-Drum testingapparatus

4.5.1 Coefficient of Thermal Expansion Testing

Two 4 x 8 in. cylinders were prepared to
T 336 (201). Figure4-8 shows the CTE water bath, water pump, and LVDTSs used for testing.
The concrete samples were submerged in a water bath that cycled between 50°F (10°C) and
122°F (50°C) daily, while measuring the change in lengtlacoh especimen. Each test was run
until consistent results were recorded, and each concrete CTE was calculated from this

information. Two CTE tests were performed for each mixture, and the results were averaged.
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Figure4-8: CTE testing apparatus
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CHAPTER 5: MEASURED BEHAVIOR OF ALDOT MASS CONCRETE ELEMENTS
5.1 Introduction
Seven ALDOT bridge elements were instrumented with temperature sensors from July 2015 to
July 2016. Temperatures were measured at the core and &vieagdes of every element. The
field data collectedrepresented here along with the following information for each site:
1 Projectinformationand initial site observations when available,
1 Sensor installation locations
1 14-dayconcretgemperature profilefrom the core and edges
1 14-dayconcretdaemperature difference profiles for the core and edges
1 Longtermtemperature and temperature difference profiles when available
1 Results of visual inspections upon return to, site
1 Results of crack width predicios usi ng Baméandrt hés met hod
1 Results of laboratory testing
For additional information on each project (mixture proportions, cement composition, weather
data) refer to Appendés BthroughH.

As many as twelve temperatwsensoiprofiles weremeasuredor each element. However,
for simplicity dl figures in this chapter containing temperature digalay only the core and
siderebar temperature profiles for each elentbat resulted in the largest temperature
difference A summary of theecordedempeatures of interest for alllementss presenteth

Section5.9. A summary of crack width predictions for alementds presenteth Sections.1Q
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Forall measuredemperature profilefor each &ment refer tAAppendix BthroughAppendix
H.
5.2 Albertville Bent Cap
The following section summarizes the work done on the Albertville benTTtamixture
proportions, cementing material compositions, weather data, and all temperature profiles for this
element may be found iAppendix B
5.2.1 Project Information
Table5-1 contains the basic project information for this elemEigiure5-1 shows this element

under construction.

Table5-1: Albertville bent cap projechformation

ltem Entry
Placement Date 7/31/2015
Placement Time 6:00 a.m
Placement Location Albertville, Alabama
Member Type Rectangular bent cap
Member Dimension§t) 6.5 x 6.5 x 40
Cement Type I/11
Total CementingViaterials Content (pcy 567
SCM Type (% Replacement) Class F Fly Ash (25%
Coarse Aggregate Type Limestone
Form Type Wood
Placement Temperature (°F) 85
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Figure5-1: Albertville bert cap(Eiland 2015)
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5.2.2 Sensor Locations
Figure5-2 shows the approximate temperature sensor cross section locatdirmperature

sensor locations within each of these cross sections.
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Figure5-2: Albertville bent capnstrumentedross section locatior{fop) and temperature
sensor locations othesecross sectiondpttom
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5.2.3 14-Day Temperature Data
Figure5-3 andFigure5-4 show the 14day temperature data and temperature difference data,
respectively.
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Figure5-3: Albertville bent cap 14lay temperature data
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Figure5-4: Albertville bent @p 14day temperature difference data
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5.2.4 Long-Term Temperature Data
The longterm concrete temperatures recorded for this bent cap are shéwuia5-5.
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Figure5-5: Albertville bent cap longerm temperature data

5.2.5 Visual Inspections
Upon returning to the project site on August 14, 2015, researchers found no sign of thermal
cracking or DEF. On October 6, 20Hnother site visit was made to collect mtaeperature
data, and no signs of distress were found at that time. Because the element would become
inaccessiblesconstructiorcontinued, the sensor lead wires weungat that time.
5.2.6 Bamforth Crack Prediction Results
Table5-2cont ai ns t he r es u-tetmsradk predittioBnaethdddortheh 6 s | ong
Albertville bent capThe type of restraint for this member is ends phcause the bent cap is
restrained by the two supporting piefsie restraint factor weadetermined by modelirtge field

elementn SAP 2000 for abuilt conditionsandthen again fofull restraintagainst contractian
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For the asbuilt condition, the supportingircular pierswere consideretixed at ground level,
which is conservative @hey will provide a high restraint conditicdue to their sizeThe
providedreinforcementatio refers to all of the longitudinédcereinforcing steethat would
cross a vertical crack through the bent ddpe longtermbulk temperature difference refeto
the difference between the maximum recorded concrete temperature andytezrforecorded
low temperaturghowever, br this element no data werecorded during the winter montls® a
long-termbulk temperature difference wastrecordedThe vdue for long-term crack widths

basedon Bamf ort hos qutineddn Sedtiai2el.2.1 met hod

Table5-2: Albertville bent caporedicted crack widths basedBra mf or t h6s met hod

ltem Entry

Type of Restraint Ends only
Providedreinforcementatio, } (%) 0.55
Restraint factor 0.0

Concrete age at low temperature (days DNR

Long-term bulk temperature difference (°f DNR
Predicted longerm crack widths (in DNR
Note: DNR = did not record

5.2.7 Results of Laboratory Testing
The results of the @rum CTE, concrete compressive strength, and modulus of elasticgy test

performed by Auburn researchers are shown beldlable5-3.
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Table5-3: Albertville bent cap laboratory testimgsults

Property Value
Total Heat of Hydrationiy (J/kg) 375,000
Activation EnergyE (J/mol) 31,800

Hydration Slope Parametdr, 1.574

Hydration Time Parametel(hr) 15.74

Ultimate Degree of Hydratior, 0.846

Concrete CTE (in./in./°K 1) 4.82

28-day Concrete Mean Compressive Strenfgtizs(psi) | 5,300

28-day Concrete Modulus of Elasticitiem2s (psi) 4,750,000
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5.3 Harpersville Crashwall
The following section summarizes the work done on the Harpersville crashhalhixture
proportions, cementing material compositions, weather data, and all temperature profiles for this
element may be found #ppendix C

5.3.1 Project Information
Table5-4 contains the basic project information for this elemEigiure5-6 shows this element

under construction.

Table5-4: Harpersville crashwhproject information

ltem Entry
Placement Date 8/24/2015
Placement Time 10:20 a.m
Placement Location Harpersville, Alabamal
Member Type Crashwall
Member Dimension§t) 48x 4 x 10
Cement Type I/11
Total CementingViaterials Content (pcy 535
SCM Type (% Replacement) Class C Fly Ash (20%
Coarse Aggregate Type Limestone
Form Type Wood
Placement Temperature (°F) 85
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Figure5-6: Harpersville cashwallunder construction
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5.3.2 Sensor Locations
Figure5-7 shows the approximate temperature sensor cross section loeattihe temperature

sensor locations within each of these cross sections.
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Figure5-7: Harpersville crashwalhstrumentedrosssection location§top) and temperature
sensor locations dimesecross sections (bottom)
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5.3.3 14-day Temperature Data
Figure5-8 andFigure5-9 show the 14day tempeature data and temperature difference data,
respectively.
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Figure5-8: Harpersville crashwall Xday temperature data
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Figure5-9: Harpersville cashwall 14day temperature difference data
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5.3.4 Long-term Temperature Data

The longterm concrete temperatures recorded for this crashwall are shéwguie5-10.

180

—Core
160

—Edge (on rebar)

140
120
100 '

1 "R (U

Concrete Temperature (°F)
[ o0
(=) (e

NN
o
1

[\
(e
I

0

824 921 10/19 11/16 12/14 1/11 2/8  3/7 44 512
Date

Figure5-10: Harpersville crashall longterm temperature data

5.3.5 Visual Inspections
Upon returning to the project site on September 7, 2015, reseaiminedsno sign of thermal
cracking or DEF. On January 8, 20di6d May 19, 2016site visis weremade during which
researcherdiscoveredne crossection of sensor wires had become inaccessible due to the
presence of backfill and riprap at the base ofthi. No signs of distress were found at that
time. OnJanuary 31, 201’526 days after placememtsite visit wvasmadeand mnor sigrs of
cracking(approx.0.005in.) were discovered in therashwallat the midpoint as illustrated below

in Figure5-11 andFigure5-12.
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Figure5-11: Harpersville cashwall approximate crack location
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Figure5-12: Harpersville cashwallcrack
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5.3.6 Bamforth Crack Prediction Results
Table5-5 contains the results from Bdéno r t h-Gesn chlaak prediction method for the
Harpersville crashwall. The type of restraiot this member is continuowdong its bottom edge
because this wall was cast on the footing that was previouslyltastestraint factor wasased
onBamfa t heGosmmendation of 0.5 for waksmilar to this caselhe providedeinforcement
ratio refers to all of theeinforcing steearound thdaceof thewall that would intersect a
potentialvertical crack in thevall. The longtermbulk temperature di#frence refers to the
difference between the maximum recorded concrete temperature and titertongcorded low
temperatire for this element. The valtéer long-term crack widthsbasedo n Bamf or t h o s
prediction methoautlined in Sectior2.4.2.1 The only observed cracking this member is near
the top of the crashwall and further cracking rhaye occurretbeneath ground surfatieat

could not be observed

Table5-5: Harpersvile cashwallp edi ct ed crack widths based

Item Entry
Type of Restraint Continuous edge restrai
Providedreinforcement a t (%9 , 0.17
Restraint factor 0.5
Concrete agat low temperaturéays) 153
Long-term bulk temperature ffierence (°F) 125
Predicted longerm crack widths (in 0.009
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5.3.7 Results of Laboratory Testing
The results of the @rum, CTE, concrete compressive strength, and modulus of elasticsty test

performed by Auburn researchers are shown belolabie5-6.

Table5-6: Harpersville cashwall results of laboratory testing

Property Value
Total Heat of Hydrationiy (J/kg) 437,500
Activation EnergyE (J/mol) 34,500

Hydration Slope Parametdr 1.138

Hydration Time Parametel(hr) 13.69

Ultimate Degree of Hydratior, 0.758

Concrete CTE (in./in./°k 106 4.47

28-day Concrete Mean Compressive Strenfythrs(psi) | 6,200

28-day Concrete Modulus of Elasticitifgm2s (psi) 6,160,000
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5.4 Soottsboro Pedestal
The following section summarizes the work done on the Scottsboro ped@astahixture
proportions, cementing material compositions, weather data, and all temperature profiles for this
element may be found #ppendix D
5.4.1 Project Informati on
Table5-7 contains the basic project information for this elemEigiure5-13 shows this element

before and after construction.

Table5-7: Scottsborgedestal project information

ltem Entry
Placement Date 9/3/2015
Placement Time 10:20 a.m] 3:55 p.m.
Placement Location Scottsboro, Alabama
Member Type Pedestal
Member Dimension§ft) 10x12.5%x 34
Cement Type I/11
Total CementingMaterials Contentgcy) 620
SCM Type (% Replacement) Class F Fly Ash (20%
Coarse Aggregate Type Limestone
Form Type Steel
Placement Temperature (°F) 95
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Figure5-13: Scottsboro pedestal prito placement (left) @ahpostconstruction(right)

The concrete cover between the side rebar and the formwork is approximately sibasiches
compared to the two to three inches tias used for the other instrumented proj€etiss
pedestal was placed in three lifts, anddbdk grey line in the right picture dfigure5-13is the

construction joint between lifts two and three.
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5.4.2 Sensor Locations
Figure5-14 shows the approximate temperature sensor cross section locations and th

temperature sensor locations within each of these cross sections.
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Figure5-14: Scottsboro pedestaistrumentedrosssection locationgtop) and temperature
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5.4.3 14-day Temperature Data
Figure5-15 andFigure5-16 show the 14day temperature data and temperature difference data,

respectively.
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Figure5-15: Scottsboro pedestal ‘day temperature data
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Figure5-16: Scottsboro pedestal day temperature difference data
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5.4.4 Long-term Temperature Data
No longterm datavereobtainedfor this eement.Upon returning to the project siédter
construction it was discoverdgide sensowires had been cut. After construction ended the lead
wire location wasnaccesible.

5.4.5 Visual Inspections
Upon returning to the project site on September 16, 201éandsers found no sign of thermal
cracking or DEF. Upon returning to the project site on May 19, 2016, researchers discovered the
lead wires had been cut sometime during construction. No sighermal cracking or DEF
werefound. OnFebruary 92017, 525days after placemerdnother site visit was madbgy
canoeto perform a visual inspectigndsigns of thermal cracking were discovered at this time.

The instrumented element is approximately five feet above the waterBexaluse the
inspection was rde from a cangé¢his made inspection of the instrumented element impossible.
Instead, researchers were able to examine the top of the previously placed pedestal section. It is
on this section where the documented thermal cracks were located. Refprab-17 for
approximate locations of the documented craCkacks 1 and 2 are located on the north face of
the pedestal at the indicated locations. Cracks 3 and 4 are located on the south face of the
pedestal at the same indiedtlocations

Figure5-17 throughFigure5-24 documenthese cracktat were found on the
Scottsboro pedestalhe cracks found on the second lift stopped before reaching the surface of
the water below,ra the cracks did not continue up into the third lift that was instruménted
researchThe largest found width and average width of each crack may be foiliathleb-8.

The absolute largest crack widtieasuredvas approximatg 0.022 in.
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Figure5-17. Approximate locations ddll cracks on Scottsboraedestal

Figure5-18: Scottsboro pedestal and beapon day ofinspectionon 2/9/2017
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Table5-8: Scottsborgedestal crack width measurements

Crack No. Measuremen_t Type ValueT
Crack e width | 00161
Crack2 e width | 0016
e mm
Crack s e width | 00101

Figure5-19: Scottsborgedestal crack
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Figure5-20: Scottsborgedestal crack 2
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Figure5-21: Scottsbor@gedestal crack
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Figure5-22: Scottsboro pedestal crack 4
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Cracking observed in this region

Figure 5-23. Scottsboro pdestal tacks observed at top of pedestal (unreachable)

Figure5-24: Scottsboro pdestal closeip of dacks observed at top of pedestaireachable)
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5.4.6 Bamforth Crack Prediction Results

Table559c ont ai ns t he r es u-tetmsradk predictiorBnaethdddortheh 6 s | ong

Scottsboro pedestal. The type of restraint for this member is continuous edge restraihiealong
bottom edgeThe restraint factor was calculated usihg method developed iBamforth

(2007) which is based on ACI 207.2R (200The providedeinforcementatio refers to all of

the circular ties around ttiaceof the pedestal that would intect@potentialvertical crack in

the pedestallhe longtermbulk temperature difference refers to the difference between the
maximum recorded concrete temperature and thetknmg recorded low tempature;however,

for this element no dateererecordedduring the winter months so a lotgymbulk temperature
difference wasotrecordedThe value for log-term crack widthsbasedo n Ba mf or t hd s
prediction methoautlined in Sectior2.4.2.1 Because thanstrumented lift of th Scottsboro
pedestalvas inaccessiblduring the visual inspectiothe crack widthsgathered from the second
lift may not reflect the crack predictions that were based on the temperature profile of the third

lift.

Table5-9: Scottsboropd e st a l predicted crack widths

Item Entry
Type of Restraint Continuous edge restrai

Providedreinforcementatio, } (%) 0.04
Restraint factor 0.8
Concrete agat low temperaturédays) DNR
Long-term bulk temperature difference (°} DNR
Predicted longerm crack widths (i DNR

Note: DNR = did not record
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5.4.7 Results of Laboratory Testing
The results of the @rum, CTE, concrete compressive strength, and modulus of elasticsty test

performed byAuburn researchers are shown below ale5-10.

Table5-10: Scottsborgedestal results of laboratory testing

Property Value
Total Heat of HydrationiHy (J/kg) 391,000
Activation Energy,E (J/mol) 34,600

Hydration Slope Parametdr, 1.598

Hydration Time Parametel] 15.29

Ultimate Degree of Hydratior, 0.786

Concrete CTE (in./in./°K 1) 4.04

28-day Concrete Mean Compressive Strenfgtizs(psi) | 6,000

28-day Concrete Madus of Elasticity Ecm2s(psi) 5,400,000
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5.5 Scottsboro Bent Cap
The following section summarizes the work done on the Scottsboro befitheamixture
proportions, cementing material compositions, weather data, and all temperature profiles for this
elemen may be found i\ppendix E
5.5.1 Project Information
Table5-11 contains the basic project information for this elemEigure5-25 shows this

element under construction.

Table5-11: Scottsbordent cap project information

ltem Entry
Placement Date 9/18/2015
Placement Time 11:00 a.m
Placement Location Scottsboro, Alabama
Member Type Rectangular bent cap
Member Dimension§t) 6.5%x7.5x41
Cement Type I/
Total CementingMaterials Content (pcy 620
SCM Type (% Replacement) Class F Fly Ash (20%
Coarse Aggregate Type Limestone
Form Type Steel
Placement Temperature (°F) 87
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Figure5-25: Scottsbordert cap under construction
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5.5.2 Sensor Locations

Figure5-26 shows the approximate temperature sensor cross section locations and the

temperature sensor locations within each of these cross sections.

1

—~A
— — —1

Bent Cap

>
=
7.5ft

\/%A

Cross Sections
Instrumented
with Sensors

Pedestal instrumented
with sensors

)

Elevation View

6.5 ft ,

751t

Section AA

Figure5-26: Scottsbordent capgnstrumentedrosssection loctions (top) and temperature
sensor locations aimesecross sections (bottom)
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5.5.3 1l4-day Temperature Data

Figure5-27 andFigure5-28 show the 14day temperature data and temperature difference data,

respectively.
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Figure5-27: Scottsboro bent cap 4dhy temperature data
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Figure5-28: Scottsboro bent cap 43hy temperature difference data
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5.5.4 Long-term Temperature Data
No longterm temperature dateerecollected due to the temperature sensor lead wires being cut
sometime during construction.

5.5.5 Visual Inspections
A site visit took place on October 6, 2015, fourteen days after construction. No signs of thermal
cracking were observed at that time. An additional site visit took place on May 19, 2016, and
again no distresses were discovered. At this time it was discavertethie temperature sensor
lead wires had been cut by construction workers. Because of this and the difficulty in accessing
the bent cap, no further site visitgre conducted to this bent cap

5.5.6 Bamforth Crack Prediction Results
Table5-12cont ai ns t he r es u-tetmsradk predictiorBnaethdddortheh 6 s | o n ¢
Scottsboro bent cafphe type of restraint for this member is ends only, because the bent cap is
restrained by the two supporting piers. The restraint factor wasrdesel by modeling the field
element in SAP 2000 for dmiilt conditions and then again for full restraint against contraction.
For the asbuilt condition, the supporting circular piers were considered fixed at ground level
which is conservative as theylmprovide a high restraint condition due to their sizbe
providedreinforcementatio refers to all of the longitudina¢inforcementhat crossea
potential verticatrack.The longtermbulk temperature difference refers to the difference
betweenhe maximum recorded concrete temperature and thetéosngrecorded low
temperature for this elemeiiior this element ntong-termdatawererecorded during the winter

months so a longtermbulk temperature difference wastrecordedThe valuefor long-term

crack wdthisbasedo n Bamf or t h 6 s qutlineddn Sedtio2atd.1L met hod
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Table5-12: Scottsbordent cap predictedr ack wi dt hs based on Bamf

ltem Entry
Type of Restraint Ends only
Providedreinforcementatio, } (%) 0.56
Restraint factor 0.3
Concrete agat low temperatui@ays) DNR
Long-term bulk temperature difference (°f DNR
Predicted longerm crack widths (in DNR

Note: DNR = did not record
5.5.7 Results of Laboratory Testing
The results of the @rum,CTE, concrete compressive strength, and modulus of elasticsy test

performed by Auburn researchers are shown belolabie5-13.

Table5-13: Scottsbordent cap laboratoresting esults

Property Value
Total Heat of HydrationiHu (J/kg) 391,000
Activation EnergyE (J/mol) 34,600

Hydration Slope Parametér, 1.598

Hydration Time Parameteld(hr) 15.29

Ultimate Degree of Hydration), 0.786

Concrete CTE (in./in./°Kk 1) 4.04

28-day Concrete Mean Compressive Strenfyths(psi) | 6,000

28-day Concrete Modulus of Elasticitiem2s (psi) 5,400,000
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5.6 ElbaBent Cap
The following section summarizes the work done on the Elba bentlapnixture proportions,
cementing material compositions, weather data, and all temperature profiles for this element may
be found inAppendix F

5.6.1 Project Information
Table5-14 contains the basic project information for this elemEigure5-29 shows this

element under construction.

Table5-14: Elbabent cap project information

ltem Entry
Placement Date 12/18/2015
Placement Time 11:00 a.m
Placement Location Elba, Alabama
Member Type Rectangular bent cay
Member Dimensiongt) 5x55x%x42
Cement Type I/11
Total CementingMaterials Content (pcy 550
SCM Type (% Replacement) Class F Fly Ash (20%
Coarse Aggregate Type #57/#67 River Gravel
Form Type Wood
Placement Temperature (°F) 72
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Figure5-29: Elbabent capduringconstructiontop) and post construction (bottpm
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