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ABSTRACT

In mass concrete constructiagncretetemperature requirements nile establishetb
prevent delayed ettringite formation (DEF) and thermal cracKiigs involves limitingthe
maximum allowable concrete temperature and maximum allowable concrete temperature
difference It is also necessary for a mass concrete spetditdo define an appropriate size
designation for mass concrete members. Theige and temperaturspecifications are
investigated for their potential inclusion in a future ALDOT mass concretifispéon.

Six ALDOT mass concrete members were instruteénwith temperature sensors and
examined for signs of DEF and thermal cracking. These six members were also modeled in
ConcreteWorks to assess the accurady bfi s s temperatargredicsonsBased on all of
the recorded temperature data, predideEmperature data, and site observations, guidelines were
developedor a future ALDOT mass concrete specification.

Becauseconcrete materials, specifically SCMs and {6WE coarse aggregatgday a
major role in theoccurrenceof thermal craking, tiera@ specifications fomass concrete size
designation and temperatuldferencelimit were developedDepending on the condition, it is
recommended taise aleast dimensiorof 4 to 6 ftfor an element to bedesignated asnass
concrete. If the concrete CTdt aggregate type is known, then an-dgpendent temperature
difference limit is recommended for the first 7 days after placeném.lowest tier (worst case)
specifies anass concrete least dimensaesignatioras 4 feet and temperaturelifferencelimit

of 35°F. The concept ofraising the maximum concrete temperatuimit of 158°F was

investigatedputit is recommended that limit of 158 °F beused for ALDOT.
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CHAPTER 1: INTRODUCTION

1.1 Background
Mass concrete is defined by ACI 207 as fdany v
to require that measures be taken to cope with the generation of heat from hydration of the
cement and attendant vol ume c20)nBgsedonthis mi ni mi z
definition, there are thredistinct, but closely relatedssuesassociated with mass concretize,
heat of hydration, and cracking.

Mass concrete construction began in the United States with the construction of concrete
dams. The fregency of such projects increased significantly during the early 1900s with
improving concrete placement capabilities. As more and more dams were constructed, engineers
began to observe significant cracking in the éacgncrete elements. It was wiottil 1930 that
the ACI Committee 207 was formed to examine and solve problems associatethasth
concrete elements. At thiiine, the Hoover Dam in Nevada was in the early stages of planning,
and the committee began investigating the causes of cracking ircomesste elemen{®\Cl
207, 2005) Over the years, a®pncretegechnology improved and structures grew larger, mass
concrete elements became a common occurrence in construction sites. Today, mass concrete
construction includes much more than dam constmicas large buildings and bridges often
have multiple mass concrete elemeAisthe demand for mass concrete has increased, so has
thevolume of associated research.

With regard to size, the primary concern is st dimensiownf the concrete element
Suppose a structurth large concretelementss to be placedThe first is a Xt thick concrete

slab. Its dimensions are 1Xt40 ft x 40 ft, with a volume of 1600%t The second element is a



rectangular concrete footing with dimensions 20 f0ft x 6 ft, giving it a volume of 1200%

While, the slab has a greater volume, only the footing would be classified as mass concrete. This
is due to a large volume of interior concrete, such that the heat from hydration in the center of the
concrete elment cannot escape as quickly. Whilany states and agencies vary as to Wdest
dimensionconstitutes mass concrgtaost state mass concrete specificatmesgnateanass

concreteas concretevith aleast dimensiothat exceeds eithdror 5 feet.

Ancther primary concern in mass concretastructions temperature. During hydration,
entrapped heat causes the el emBwum tohsontypesd t e mp
distress can occur due to a major temperature increase. The first 6f kmesen as thermal
cracking is primarily attributed to a large difference between the conereteemperature ah
external concrete temperatuidhermal cracking can be severe and cause premature deterioration

of a concrete element. Figurells an examl of thermal cracking a bridge column in Texas.

Figurel-1: Thermal Crackingf a Bridge Column in Texas (Photo Courtesy of Dr. J.C. Liu)
The second diype of distresss known as delayed ettringite formati@idEF). DEF is an internal
sulfate attackhat causes expansion that can lead to cracKimg.phenomenon occurs as a

result of thehigh concreteoretemperatures during hydrati¢ihaylor et al., 2001)



In order to mitigate these distresses, mass concrete construction specifications can be
devebped. These specifications can provide guidamt¢ee way of temperature limits,
temperature control strategies, aser construction recommendations and requirem8otsh
a specification should contain information and guidelinesrtiaimize the riskof mass concrete
issues and are eagyunderstand and impleme@urrently, the Alabama Department of
Transportation (ALDOT) Standard Specifications for Highway Construction do not contain a
mass concrete specification. For this reason, researcherp@ainAuniversity were tasked with
developing a specification for ALDOT mass concrete construction.

1.2 Project Objectives
This primary purpose of this project is to develop an ALDOT specification for mass concrete
construction. The work done in this projsets the stage fothe development ot
comprehensive and practicglecification. The primary objectives of tlsisecificationnclude
recommendations faemperature prediction, size designation, materials requirements,
temperature limits, and esite procedures for massoncrete element#n order to accomplish
theseobjectives, the following tasks were performed:
1 Review current mass concrete practices across the United, States
1 Evaluate the effect of SCMs on the probability of Dd€f€urringin mass concrete
members
1 Evaluate the effect of coarse aggregate type on the probability of thermal cracking in
mass concrete placements
1 Measure implace temperatured mass concrete membeitsringconstruction and
observe those members for signs of thermal crackiddodtt,

1 Assess the accuracy of ConcreteWotksnperature and cracking risk predictipns



91 Develop an improved method to determine the temperdiiiezenceto minimize
the risk of thermal cracking,
1 Investigate methods for predicting tensile strength dewedop and creep effects in
order to developraagedependent temperatudéferencelimit,
1 Use ConcreteWorks and fieldstrumented temperature data to develop temperature
control requirements for ALDOT mass concrete constructod
1 Provide recommendatisrfor the assembly and placement of temperature sensors in
mass concrete members
1.3 Research Approach
The followingfive taskswere performedo accomplish the research objectives outlined in
Section 1.2Task 1 consisted of #drature reviewon thecurrert state of practiceTask 2
involved the nodeling of stress development in mass concrete mermmberder to develop a
method for the prevention of thermal crackifigsk 3consisted of the sasurement of iplace
concrete temperature$ six ALDOT mass cocrete elements. The instrumentation of these
elements allowed forthe &ss s ment of the accuracy of Concret
in ALDOT mass concrete applicatiofsask 4involved thedevelopnent of implementation
guidelines for a future ALDOThass concrete specification.
This thesis presentie full procedures of Tasks 1 througihas well as parts of Task 4.
The literature review (Task 1) was completed in the summer of 2014 and updated during the
summer of 2016. ConcreteWorks modeling (TAskas performed during the fall of 2014. Task
3 began in the summer of 2015 with the assembly of temperature sensors in the Auburn

University Structural Laboratory. Lorgrm temperature daveeregathered in May 2016. All of



the temperature data to tlustearepresented in this report, completing Task 3. Future research
will be performedo completehe remaining tasks outlined by the project proposal.

1.4 Organization of Thesis

Chapter Z2xplores literature discussing the issues pertinent to mass canerateers and their
construction Chapter 3 details the review of mass concrete specificaif@mtber agencies and
DOTs across the United States. Chapter 4 lays out the experimental plan implemented for this
project. Chapter 5 summarizes the results ftioenfield instrumentation phasetbis research
project. Chapter 6 discusses the redutisn a comprehensive ConcreteWorks analySlsapter

7 presents guidelines for the development of an ALDOT mass concrete specification. Chapter 8
summarizes all of themformation presented in this repofippendices A through F contain the
additionalinformation and datirom eachof the sixALDOT mass concrete elemant
instrumentedluring the field instrumentation phase of this projagpendix G contains all

outputdata from the ConcreteWorks analysis discussed in Chapter 6.



CHAPTER 2: LITERATURE REVIEW

2.1 Introduction
This chapter reviews published literature pertaining to mass concrete construction. The
information presented in this chapter should provitteeough overview of the mass concrete
issues addressed in the remainder of this report.

As discussedn Section 1.1due to the size of mass concrete eleméhése are two
primary distresses in mass concrete construclibe first of these distressissthermal cracking;
the second is DEA hemechanism, causespitigation practices and examples of thermal
cracking and DEF are covered in Sections 2.2 and 2.3, respectively.
2.2 Thermal Cracking

2.2.1 Thermal Stress Development
Thehydrationof cementitious matialsis an exothermic reaction. As heat is generated and high
temperatures begin to develop in the core of a mass concrete element, the volume change
associated with the temperature change induce
resistancé 0 t hese str ai ns Ressainedehbrmal grdinssalsin tiiermals t r ai nt
stressesThere are two forms of restraimternal and external.

Internal restraint exists as a result of varied temperatures acosssasection
(Bamforth, 200Y. Due to exposure to the air, the edge concrete releases heat and cools much
more quickly than the core. This uneven cooling mechanism produces uneven amounts of
expansion and contraction between the core and the edge concrete. The core concrete restrains

the contraction of the cooling edge concrétais concept is demonstrated in Figur#. 2
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Figure 21: Development of Cracks in a Massive Element due to Tempeiiffeecnces
Assuming Only Internal Restraint (Bamforth, 2007)
Large temperaturdifferenes are especially prominent in mass concrete elements due to the
differences in temperature that develop between the face and\dargercross section
typically results in a large temperatuiference Although the largest temperature difference
typically occurs at the corner of a rectangular concrete element, thermal cracks are most likely to
form along the face of the member, rather than the corner. This is due to the fact that restraint,

namely internal restraint, is largest at the element edgediaated by Figure-2.
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Figure 22: Effect of Internal Restraint on the Development Location of Thermal Cracks

(Tankasala et al., 2017)

External restraint occurs when the concret
resisted, often by a previously p&d adjacent concrete member or other restraining boundary
condition(Rostasy et al., 1998)\s depicted in Figure-3, an adjacent membegstrainghe
contraction of cooling concrete membiessulting inlarge tensilestressegacross the entire

concretecross section

=

N

Q

Figure 23: Restraint of a Concrete Member by Adjacent ElemeBasnforth, 200Y
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In order to quantify thermalrackingin a concrete membdBamforth and Pricé1995)
developed an equation for thermal straireasured in microstrains JJin concrete. Equation-2
1 shows this relationship between tensile strain, temperdifitee=nce and restraint.
Q 0 8YOYY Y Equation 2-1

Where,

esc = tensile straircapacity(in./in.),

K = creep modification factqunitlesg,

CTE= concrete coefficient of thermal expans{an/in./°F),

P Thax= maximum allowabléemperaturelifference(°F), and

R = restraint factor() = unrestrained; 1 = full restraint] (unitless)
As shown Equation-2, there are four primary factorsdetermining the thermal strain in a
concrete element. First, the creep modification fadtpig recommended by Bdorth (1995) at
a constant value of 0f8r concrete at early ageghis valueaccountdor the creep and
relaxation in the concrete at gadgesin a later publication, Bamfortf2007)modified the
default creep modification factor to 0.65 to account for the effects of creep and sustained loading
due specifically to temperature differences across a cross section on concrete at early ages.

Next, there is the coefficient of thermal expansiGi ) which is primarily governed by
the type of coarse aggregate sele€Rrdwne, 1972)A larger CTE indicates that a concrete
specimen will undergo a larger volume change when exposed to the sameaterapdhangas
a specimen with a smaller CTEgure 24 showstypical CTE values for concretes of different
coarse aggregate typeslabama concretes typical contain either limestone or siliceous river

gravel coarse aggregates.
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Figure 24: Effect of Aggregate Type on Concrete Coefficient of Thermal Expansion
Y+ p& Y3 ) (Mehta and Monteiro, 2006)

The third variable is the restraint fact®).(This variable is used tstimatehe magnitude of
the effects of both internal and external restraint ioreciete member. Bamfortind Price
(1995 assumdor mass concreta value of B6 for the restraint factogs restraint can be a
difficult factor to quantify This assumptiooorresponds teestraint quantities frormometypical
mass concrete elements@A207, 2007)In reality, restraint can vary greatly due to the age of
the concrete, member geometry, and external restraint condition. Bamforth (2007) has guidelines
for determining the appropriate restraint factor for concrete elements with diffeestshapes,
and boundary conditions. The fwhichasthedifferenceor i s
in temperature at different locations within the concrete elerAsrntreviously stated, mass
concrete members tend to experience langgpézatue differences due tdarge dimensiosof

thecross section
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B a mf o tharnmaiStsainequation can be utilized to determine allowable temperature
differences in mass concrete elementable 21 wasadapted fronBamforthand Pricg1995) to
provide guidane on limiting temperaturdifferencevalues with varying aggregate types and
restraint factors.

Table 21: Limiting Temperaturd®ifferences Based on Assumed Values@FE andTensile

Strain Capacityadapted from Bamforth and Pric995)(Yt  p& ¥3

Aggregate Type Gravel | Granite | Limestone | Lightweight

Coefficient of Thermal Expansidie £C) 12.0 10.0 8.0 7.0
Tensile Strain Capacitg (U 70 80 90 110
Limiting temperature change for different restraint fac{ogy:

R=1.0 7 10 16 20

R=0.75 10 13 19 26

R =0.50 15 20 32 39

R =036 20 28 39 55

R =0.25 29 40 64 78

The limiting temperaturdifferenceof 36 °F (20 °C), as calculated with a resttaactor of 0.36,

is very important. This value edoptedas therecommendedllowabletemperaturalifference

limit for mass concrete constructionACI 301 (2016. Evidence othe widespread adoption of

this temperature limiby U.S. Departments of Transportation (DQF )n Chapter 3f this

report.Based on this table, however, thisilitan be increased when a concrete with a lower

CTE is usedin 2007, Bamforth republished this table of values to reflect the chargelghge

creep modification factor from 0.8 to 0.@amforth (2007 plsorevisited the values of CTE and

tensile stain capacity applied to each aggregate typ@rder to maintain thkmiting
temperaturalifferenceof 36 °F (20 °C) for gravel, the restraint factoodified proportionally
from0.36to042For t hi s research proj ect2007teposaredef aul t

used.

11



2.2.2 Modeling Thermal Stress Development of Concrete Elements at Early Ages
In Bamforttd €007 thermal cracking equation, the creep modification fastassumed as a
constant value of 0.68ecause the effects of creep at early agekighly dependent on time
(Bazant and Baweja, 2000), it would be beneficial to develop adependent creep
modification factor when calculating thermal stréssorder to quantify the effect of creep on a
concrete element, the concrete strength &éffdesss must first be determineflazant and
Baweja (2000 eveloped a model for the prediction of creep, shrinkage, and temperature effects
in concrete structure$his model is known as the B3 Modelnd it is covered in more detail in
the remainder athis section

2.2.2.1 Modeling Strength and Stiffness of Concrete at Early Ages

Theequationused inthe B3modelto calculatecompressive strength is shown in Equatie 2

0 ' 3
_ 0 Equation 2-2

"0 _
W wWo

Where,

femt= concrete mean compressive strength at anytt{ps),

t = age of the concrete (days)

a = 4.0 for moistcured concrete with Type | cement (days)

b = 0.85 for moistcured concrete with Typecement(unitless) and

femes= concrete mean compressive strength at 28 days (psi)
In 1984, Raphael developed a method for calculating concrete tensile strength as a function of
the concrete compressive strengthis particular function was selectbdcause it was obtained
through splitting tension applications, which is the primary mechanism of thermal cracking

mass concrete elementis functionis demonstrated in Equati@3 (Raphael, 1984).

12



0 &0 Equation 2-3
Where,
f, = concrete tensile strengtpsi), and
fc = concrete compressive strenisi).
The concrete stiffness can also be calculated as a function of the concrete compressive strength.
ACI 318 (2014) provides gdance on how to calculate the concrete modulus of elasticity, as
shown in Equatio-4.
0O oo 8 Q Equation 2-4
Where,
E. = concrete modulus of elasticifgsi),
W, = concrete unit weigh(pcf), and
fc = concrete compressive stogh (psi).
When wsing normalveight concrete, Equatid?i4 can be simplified into Equatid5 (ACI 318,
2014).
0 vy mnT@ Equation 2-5
Once the strength and stiffness have been calculated, the finalépeadent variable to the
guantified s the creep modification factor.
2.2.2.2 Modeling of Creep Effects
The BazanBaweja B3 model was designed to predict the effect of creep and shrinkage in
concrete elements (Bazant and Baweja, 2000). The parameters of this model, as well as the ACI
209R92 modelare summarized by ACI 2q2008).In accordance with ACI 214 (2011), the B3
modelusesthe second equation from Talde to calculate actual concrete strength when only

the design strength is known (Bazant and Baweja, 2000).
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The B3 model uses a creep ffmgent to represent the effects of creep in a thermal
cracking analysis. The equation for t2#6.e B3 mo
« 0D 00 0dD p Equation 2-6
Where,
4 ( o) 5 cteep coefficient
J(t,t,) = average compliance function
E(t,) = static modulus of elasticity at the age of concrete loading
t = age of concreteand
t, = age of concrete loading
In this model, the creep coefficient is directly calculated from the compliance function. The
complian@ function found in the B3 model is shown in Equagen
vold 6 dd 6 AP Equation 2-7
Where,
0: = instantaneous strain due to unit stress
Co(t,to) = compliance function for basic creep
Cql(t,to,tc) = compliance function for drying creegnd
t. = age dying began (end of moist curing)
Lastly, the B3 creep coefficient can be converted into a creep modification tsatgr Equation
2-8. The creep modification factor adjusts the concrete stiffness to account for the effects of
creep(ACI 209, 1982)By cdculating a creep modification factor, the creep effects in
Bamforthés ther mal c r-1acarkbe mapelexl qauadifdepemdent( Equ at i o
quantity.

P Equation 2-8



Where,

4 ( o) 5 cteep coefficientand

K(t) = creep modification factor
Unfortunately, the compliance function in the BazBatveja B3 model underestimates the
effects of creep and relaxation at concrete eadygagd does not account for the development
of the modulus of elasticity with agBecause of thiByard and Schindler (2015) developeed
Modi fied B3 model. The Modi fied B3 model I S s
compliance function. Thisodified B3 model uses two modifications to improve the B3
compliance function at early agédyardand Schindler2015).

2.2.3 Causes anceffects of Thermal Cracking
In order to better understand the concept of thermal cracking, it is helpful to IBigjue2-5.
The vertical dotted | ine marked AAO0O signifies
stresses have developed because the concrete has remained in a fluid state to this point, incapable
of developing stress. As time passes from condfichd t o condi ti on ABO, th
temperature increases due to initial cement hydration. This results in a compressive stress
devel oping in the restrained constrescwhen Condi t
sufficient cooling has occurred atite concrete experiences tensile stress for the first time. As
concrete temperatures continue to decrease, thermal stresses continue to develop. Tensile
strength begins developing at the time of final set. Once the tensile stresses due to thermal effects

exceed the tensile strength of the concrete, thermal cracks will develop.
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Figure 25: Mechanism of Thermal Crackir{&chindler and McCullougt2002)
Aside from being aesthetically displeasing, thermal crackingnepactthe durability of the
concrete mmber. If thermal cracks grow wide enough, they can allow for the ingress of water
salts,and other harmful chemicals. This can expose reinforcel@aaing to corrosion and
concrete to other lonagerm deterioration mechanismBo mitigate this, there asefew methods

that can be implemented ¢ontrolthermal cracking.

2.2.4 Mitigation of Thermal Cracking
2.2.4.1 TemperatureDifferenceLimits
The primary method for mitigating thermal cracking i¢ittat the temperaturelifferencethat
the concretenay experiencduring constructionln mass concrete elements, the temperature
differenceis defined by ACI 2072007)as fit he cool i ng of the surfac
more stable internal temperatar@he cooling concrete surface contrawisre rapidly than the
conaete core These temperatukfferences produce tensile stressssd can produce thermal

cracks.Passive techniques, such as proper formwork removal and material selection, and active
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cooling techniques, such as internal cooling pipes, can be used te tethperaturdifferences
in mass concrete elements.
2.2.4.2 Formwork Removal

Proper formwork selection and removal tineas reducéemperaturalifferencein a mass
concrete element. If a concrete element is poorly insulated and the ambient temperature is
significantly cooler than the concrete temperature, rapid heat loss will occur at the edges of the
element, resulting in a large temperatdiféerence(ACI 207, 2007) The use of wooden forms
or blanketinsulated forms provides better insulation and allowstnerete temperature to
decrease at a more uniform rate across the entire eléA@nh207, 2007) Wooden forms often
have better insulating properties than steel forms. Steel forms tafidvwicheat to escape a
concrete element more quickhesulting ina rapid decline othe edge temperature with respect
to thecore temperature.

A phenomenon known as fAthermal shocko can
result of early formwork removal. If formwork is removed too soon or in extremely cold
condi ons, the edge concreteds I mmediate exposur
edge temperatures and can result in thermal cra¢kiGy207, 2007) Figure 26 shows this

phenomenon in detail.
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In Figure 26, thedashedine shows the benefit of waiting to remove forms until after the core
temperature has reached its peak and cooled significantly. By removing formwork when there is
a low temperaturdifference the risk of thermal ciking is significantly reduced\n example
of cracks developed from early removal of insulation in a foasirgnown in Figure-Z. The
thermalcracksshownare extremely wide angropagateleep into the element.
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Figure 27: Concrete Core from Footing Mére Insulation Blew Off During Cold Weather

(Gajda and Alsamsam, 2006)
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2.2.4.3 Coarse Aggregate Selection

Selecting the proper coarse aggregate can i mp
cracking in two ways. First, selecting a coarse aggregate \thest CTE can directly reduce
the risk of ther mal cracking because the coar
overall CTE(Browne, 1972)In Alabama, the two primary coarse aggregate types are siliceous
river gravel and limestone. Bakapon research performed at Auburn University, typical CTE
values for Alabama concretes are 69B0° in./in./°F for siliceous river gravel arél52x 10°
in./in./°F for limestone $chindler et al., 20)0Because concrete with limestone aggregateahas
lower CTE, it can tolerate higher temperatdiféerences without inducing a higher tensile
stress. This means limestone concrete has a lower susceptibility to cracking.

Second, coarse aggregate selectiopd)det er mi
This value represents the amount of strain a concrete member can withstand without developing
a crack. Bamfortlj2007)assigedr i ver gr avel angvaluesaiésan8dne conc
e U, r e sThese values enl differ slightly fromthea | ues of 70 and 90 ¢U
Bamforthand Pricg1995. Based on these valudsghly restrainedoncretemadewith
limestone camithstand30%greater temperature chanpan concretenadewith river gravel
beforecracking

2.2.4.4 Pour Dimensions and Elemnt Geometry

The final methods for preventing thermal cracking involve the construction schedule and element
desig (ACI 207, 2005) As described in Section 1.theleast dimensionf a mass concrete
element is what drives the majority of the temperatoreerns associated with mass concrete. A
concrete element with a smalleast dimensiomill typically experience a lower maximum

temperature and lower temperatdiferences. Sometimes in very large concrete pours, such as
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footings, pedestals, or velgrge columns, the concrete can be cast in lifts. For instance, a mat
footing with plan dimensions of 100%t100 ft and a depth of 30 ft haseast dimensionf 30
ft. With an element this size, extremely high core temperatures and tempdifi¢uencs are
likely to occur, creating a high risk for DEF and extensive thermal cracking. However, if the
footing were cast in four equdepth lifts, thdeast dimensiorcould be reduced to 7.5 ft. This
would allow heat trapped in the placement core to basetémore quicklywhich in turn
lowers the maximum temperature reached in the section

2.2.5 Examples of Thermal Cracking in Mass Concrete Elements
Figure 28 is an exampl®f thermal cracking i@ mass concrete member in TeXaghis figure,
it is easy to iéntify thermal cracks running primarily vertically up the center of the column face.
These cracks likely occurred at this location because this location is likely to experience both a
high degree of internal restraint and a large temperdifiezence Based on Equation-2, an
element with a high degree of restraint and a high tempeudittesencewill likely experience

high tensile strains due to thermal effects, which leads to thermal cracking.

Figure2-8: Thermal Cracking of a Bridge Column in Tex@hoto Courtesy of Dr. J.C. Liu)
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2.3 Delayed Ettringite Formation

2.3.1 Introduction
DEF is an internal sulfate attack that causes expawos$ithe hydrated cement pastéis
phenomenon occurs in concrete as a result of elevated concrete temperatures andafxposure
concrete to moistur@avoine et al., 2006During the mid1990s,someconcrete pavements and
precast members began showing signs of premature deteriofidtese instances gained
notoriety and significance because the causes of the dst@sasmkiown. At this pointmany
researchers and consultatddake a deeper look into the cause of these crack formgRas,
2001) The effect of high temperatures and moisture presence were examined, as well as the
chemical composition dhe mixturecomponats. Unfortunately, there remained much
uncertainty when it came to DEF for quite some time. In 2001, a paper published by Taylor,
Famy, and Scrivener (2001) answered many questions associated wign@gbvided a now
widely accepted theory for the foation of DEF in plain portland cement concrefése
primary hypothesis of thisapersuggests that DERduced expansion is dependent upon three
factors: chemistry, paste microstructure, and concrete microstructure (Taylor et al., 2001). The
suggested exgmsion mechanism detailed in this papehiswnin Figure 29 (Taylor et al.,

2001).

Ettringit

$

Figure 29: SuggestedEF Expansion Mechanism (Taylor et al., 2001)
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The cracking mechanism portrayed in Figu@ iggests that uneven paste expansion causes
crackingin the paste and at the pasiggregate interfaces. Ettringite then forms in these cracks.
Initially, expansive pressures are likely low in these cracks. However, as thddbieed
concrete is reheated, further expansion occurs in these ettfilgdecracks, further danggng

the concrete element (Taylor et al., 2001)

Mass concrete elements are particularly susceptible to DEF due to the large amount of
heat from hydration that becomes entrapped in the concrete after placement. In recent years,
therehave beeiimited reports of structural damage in mass concrete elements due to DEF in the
United States. One such ocmrmnce was discovered in Georgia in 2008, as latgagte-filled
cracks up to &n. wide were found in a seal foundatifivicCall, 2013). A schematic of the
cracking in this seal footing is shown in Figuré@2(McCall, 2013). Microscopic analysis of
core samples taken from the seal was performed, and it was concluded that DEF was the primary
contributor to the cracking (McCall, 201&ccording to a report submitted by the Georgia
Department of Transportation, these seal foundations reached temperatures of approximately 200
°F during hydration, as well as a temperatlifierenceof approximately 111 °F (Kurtis et al.,

2012). Those higkemperaturesgesulted inthermal cracking as well as expansion and cracking

from DEF.
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Figure 210: Plan View Schematic of Cracks in a Seal Footing in Georgia (McCall, 2013)
Castin-place concrete columns on the San Aron Overpass in San AntoniogXas
were investigated by URustin for signs of DERnduced expansion (Folliard et al., 2006).
Researchers were able to identify DEF as the primary cause of premature deterioration in at least

one of these columns. Photographs of the column with theextestsive crackingreshown in

Figure 211
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Figure 211: Cracking Due to DEF at San Antonio Y Overpass (Thomas et al., 2008)
An internalmemaandumand batch tickets from TxDOifdicatedthat Type Ill cement was
likely included in the mixture proportiarfor this column (Folliard et al., 2006). Researchers
observed that of three adjacent columns with presumably similar mixture proportions, the
column with the most exposure to weather experienced the most extensive cracking due to DEF
(Folliard et al., 206).

Another group of researchers examined this same bridge element in order to develop

methods for diagnosing DEF in concrete dinues. Backscattered electroimages were
produced on concrete samples taken from the column. These microscopic images sho
significant cracking around coarse aggregate particles, as well as the formation of ettringite in

the gaps caused by the cracking. An example oétimeages is shown in Figurel2.
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Figure 212 Ettringite Formation Tr; éracks aroun(;| éoarse Aggrema@ores Removed from
San Antonio Y Overpass (adapted from Thomas et al.,)2008
2.3.2 Causes andceffects of DEF
In mass concrete, it is paramount for engineers to monitor the core temperature of a
concrete element, ensuring that it does not exceed the maxinouwalae temperature. The
widely accepted limit for concrete temperaturé58 °F 0 °Q (Taylor et al., 2001). However,
this maximum temperature limit is not absolute and can be decreased or increased based on
certain conditions which can accelerate ecelerate DEF in mass concrdter example,
expansion is not only influenced by temperature, but algbdgmount of sulfate in the
concretgPavoine et al., 2006
The second necessary condition for DEF to
oo moi staial,( T2y0 )r. I n research performed in 19
force for growth (of ettringite) is provided by the supersaturatiod,the hydrostatic pressure
that is needed to stop growth increases with the degreepfesr sat ur ati ono ( Scher
Though elevated temperatures and exposure to water are the two undisputed necessary

criteria for DEF, there aretherparameters that can lead to the development of DEF in mass
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concrete elements. Pavoine, Divet, and FdleafP006)reportedthe following parameteralso
have areffect onoccurrence oDEF:

9 Alkali levels in the concrete,

1 Initial cracking of the concrete,

9 Sulfate in the clinker,

1 Sulfates in the cement, and

1 Chemical admixtures.

2.3.3 Preventative Measures for Cotrolling DEF in New Concrete Construction

2.3.3.1 Maximum Concrete Temperature Limits

Maximum core temperature limits are often set in place to prevent DEF. As previously
stated the most common maximum temperature limit58 °F 70 °O), but the use of SCMs
could potentially increase this limfFolliard et al., 2006)The use of SCMs, such as fly ash or
slag cementreduces the amount of sulfate in the concrete (Thomas et al., 2008). For this reason,
the use of SCMs at appropriate replacement levels can preidemical composition less
susceptible to DEF (Myuran et al., 2015). In addition to a better chemical composition, concrete
containing fly ash also produces less heat during hydration than a typical portland cement
concrete. This is demonstrated clearlyFigure 213.

DEF expansion tests were performed for a TXDOT research project to assess the validity
of the 158 °F limit and potentially develop a higher temperature limit for concrete containing
SCMs. This study determined that the following SCMs ai@sfit replacement levels are
effective in mitigating DERnduced expansion at temperatures above théR&it: Class F
fly ash, Class C fly ash, slag cement, metakaolin, andfuliedly ash. These claims are

supported by the expansiast resultshown in Figure 2.4.

26



Adiabatic Temperature Rise (°C)

Adiabatic Temperature Rise (°C)

50

40

30

20

10

50

H
o

w
o

N
o

—_
o

— Type | Cement
—15%-F Fly ash
—25%-F Fly ash

= 35%-F Fly ash

Rate of Adiabatic Temperature Rise (°C/hr)

—Type | Cement
— 15%-F Fly ash
—25%-F Fly ash

- —35%-F Fly ash

P T SR T S SN SN W SO SR TR T S S S S |

—Type | Cement

—30% GGBF Slag

—50% GGBF Slag

10 100
Concrete age (hours)

Rate of Adiabatic Temperature Rise (°C/hr)

0 6 12 18 24
Concrete age (hours)

—Type | Cement

—30% GGBF Slag

— 50% GGBF Slag

10 100
Concrete age (hours)

0 6 12 18 24

Concrete age (hours)

Figure 213: Effect of Fly Ash (top) andslag Cement(bottom) on Heat of Hydratio(Schindler

and Folliard, 2003 p&
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Figure 214: Expansion Test Results for Mortar Bars with Plain Portland Cement in Combination

with Various SCMs Cured at 203 °F (95 °@ypapted frontolliard et al., 2006
The only mortar bars to show signs of expansibove the expansiomit of 0.10%were those
with plain portland cement and 10 percent silica fume replacement. It should be noted that silica
fume not used in combination with another SCM is not effective in mitig&EF (Folliard et
al., 2008).

While both Class F fly aséind Class C fly ash can be used to reduce-DB&ced
expansion, Class F fly ash tends produce less expansion even at lower replacement levels,
making it a more favorable option than Class C fly asiligfd et al., 2006). This concept is

demonstrated gphically by 14day expansion test results in Figuré2
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Figure 215: Reduced Expansion in Class F Fly AsisusClass C Fly Ash Concrete Specimens
(Folliard et al.,2006)

Based orthe experimental results from all of these expansion, teste tempeature limits were

recommendedly Folliard et al. (2006fpor various types of concrete constructidihese Imits

are summarized in Table2

Table 22: TxDOT Research Study Temperature Limit Recommendafewiard et al., 2006

Concrete Element Type Maximum Temperature Limit
Precast girders with plain concrete 150 °F
Precast girders with concrete containing SC 170 °F
Mass concrete 160 °F
The type and dosage for SCMs in fAconcrete

However, the types and slages from the expansion tests shown in Figté @n be
referenced, as they were part of the research as the information in Taties2inknownwhy
the 170 °F limit does not apply to mass concrete placesrddanhy mass concrete specifications

requre low-heat cements and SCMs whiglight alsoreduce the risk of DEH his claim is
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supported by the study of U.S. mass concrete specifisatioChapter 3 of this repoAn
ensuing UTAustin report sponsored by TxDQdfoposed mass concrete maximum terapge
limits in order to be more consistent with precast concrete temperature(kolltard et al.,
2008) Table 23 summarizes the mass concrete specifications changes recommended by this
report.

Table 23: Proposed Maximum #Place Temperature Lim@8pecificationn Mass and Precast

Concrete Constructioff-olliard et al. 2008)

Maximum In -Place

Concrete Prevention Required
Temperature (Tmax)
Tmax< 158°F (70 °C) None.
158AF ( 7,80 ALX§| Use one of the following approaches to mirdethe risk
(85 °C) of DEF:

1. Use portland cement that meets the requirements of
ASTM C 150 for Type I, IV, or V cement and has a

Bl aine fineness O .58 psi
2. Use portland cement with adiy mortar strength
(ASTM C 109) O 20 MPa

3. Use any of the flowing suitable combinations of
pozzolan oslag cementith portland cement:

0 at least 25% fly ash meeting the requirements of
ASTM C 618 for Class F fly ash

0 at least 35% fly ash meeting the requirements of
ASTM C 618 for Class C fly ash

0 at least 35%lag cemenmeeting the requirements of
ASTM C 989

0 5% silica fume (meeting ASTM C 1240) in
combination with at least 25%ag cement

Tmax> 185°F This condition is not allowed.

Although these mass concrete limits are supported by the research re$uésanmended by
research performed for TXDOQTXDOT has not yet adoptdtesdimitsin its mass concrete

specification.
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2.4 Temperature Control Strategies

2.4.1 Introduction
Temperature control is essential in the construction of mass concrete elenoedes b prevent
excessive concrete core temperatures and limit tempecdhtigneences in the concrete element
This section highlights the methods for monitoring and controlling these high temperatures in
mass concrete elemenkfwering concrete temperaturesncbe pgormed by a number of
methods.

2.4.2 Methods for Controlling Maximum Concrete Temperatures
The best and most efficient method for preventing DEF is simply minimizing the maxiraum in
place concrete temperature. This can be accomplished by cooling thetedrefore or after
placement. Cooling the concrete prior to placement is referred to-aeqiieg; cooling the

concrete after placement is referred to as-posting.

2.4.2.1 Pre-Cooling Techniques

The implementation of preooling techniques is very commanmass concrete construction
(ACI 207, 2005). The most simple and cost effective method for reducing maxinqplacen
concreteemperature is a we#ngineeredow-heat concrete (Gajda et al., 2005). Placing
concrete during cooler ambient conditions camdothe placement temperature of the concrete.
Typically, a 1°F decrease in concrete placement temperature resultsia @eduction in
maximum inplace concrete temperature (Gajda and Vangeem, 2002). If meceqiag is
needed to avoid high temparegs, other cooling techniques can be implemented. Four of these
techniques are described in the following numbered list (Gajda et al., 2005).

1. Evaporative coolingthis is the most economical cooling method (Gajda et al., 2005).

Evaporative cooling is dorgy sprinkling water on the aggregate stockpile and using
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evaporation to remove heat from the aggregate stockpile. The amount of cooling
depends on the cooling effect of multiple ambient factors, such as temperature, wind,
and relative humidity (ACI 207,0D5).

2. Ice This is the most common method of ymeoling. This method simply involves
replacing batch water with ice. This cools the mixture first by lowering the batch
water temperature and second by removing heat during the melting process. Ice is
typicdly allowed to replace up to 80 percent of the batch water (Gajda et al., 2005)
and can lower the concrete temperature up to approximatély @CI 207, 2005).

3. Chilledwater t his method is very similar to th
the tempeaiture of the batch water, the maximum temperature can be lowered up to
about 8°F.

4. Liquid Nitrogen this is the most effective method for lowering the fresh concrete
temperature more than 20 °F (Gajda et al., 2005). Liquid nitrogen can be added to the
conaete mixture in multiple ways. It can be injected directly into the reacted
concrete truck drum and mixed in with the plastic concrete (ACI 207, 2005). Liquid
nitrogen is sometimes selected because it allows contractors to maite on
adjustments tdie placement temperature. Local availability should always be
considered when considering liquid nitrogen as acpaing option (ACI 207, 2005).

2.4.2.2 PostCooling Techniques
Where precooling is effective in lowering the placement temperature;@oging teehniques
are used to remove heat from the concrete during the hydration procesodbdostis primarily
conducted by use of internal cooling pipes. Prior to concrete placement, cooling pipes are

threaded through t he c ondediatheconerete Afterrthe élement nt er
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is cast, cool water is pumped through the pipes, removing heat from the concrete with post
cooling. There are multiple variables that determine how much heat is removed from the
concrete. These variables include tlze @nd type of pipe used, temperature of the water, length
of pipe, and velocity of the water flowing through the pipes (Kim et al., 2000). The primary
disadvantage of internal cooling pipes is the difficulty in placing and maintaining the pipes
before ad during the concrete placement. In order to protect the tubing from damage, only
durable materials should be used. Options for tubing materials include aluminum tubing, thin
walled steel tubing, and heavy duty PVC piping (ACI 207, 2005). Pipe spacirdjeaneters

can vary from one element to another, tubing with a diameter greater than 1 in. tend to be most
effective in postooling practice (ACI 207, 2005). Figurel® demonstrates the benefit of
installing cooling pipes in a mass concrete element.igrfitjure, it is important to observe the
decrease in maximum concrete temperature from approximateRF1G3°C) to 144°F

(62°C). If the element in Figure-2 specified maximum Hplace concrete temperature limit of
158°F (70 °C), this postcoolingwould be effective in maintaining concrete temperatures below

that limit.
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2.4.3 Concrete Temperature Monitoring Methods
Concrete@mperature monitoring is typically conducted from the time of placement to a
specified number of days after placemd@mmperature moniting details are outlined in a mass
concrete thermal cortl plan (TCP) In the TCP, the contractor describes the type of temperature
monitoring systems to be used, the locations of the temperature sensors, and the duration of
monitoring.Multiple monitoring systems or instrumerm&n be installetb ensurghatthe
temperature will still be monitored should one system(feill 207, 2005) This also allows for
the comparison of data in the case of an issue with the accuracy cataaiilmf a particular
sensor

Specifications typically requirgensors attheelme nt 6 s core as wel |

the element. Core sensors are the most important, as they are essential in monitoring both the
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maximum inplacetemperature and the temperatdierenceat various places in the concrete
element. Edge sensoredypically placed at the location of the element most litely
experience thermal cracking. Sensors should be embedded deeply enmugéctathe sensor
from damage during construction as well as prevent the ambient temperature from disrupting
concretegemperature measuremerltss often convenient to tie the sensor to the reinforcement.
Obtaining temperature data for both the element core and the element edgefalmisthe
maximum concrete temperature and temperatifferenceto be monitored

Types of temperature sensors vary from one project to an8iv@etemperature
sensing devices included thermocouples, intelliRock sensors, and iBltttaged information
containing the capabilities and construction of temperature sensors ussd@search pject
are shown in Section 4.4
2.5 Thermal Control Plan
Contractorsnust work to develop a plan for maintainicgncretegemperaturethat meet the
project specification requiremertgoughout construction. This sort of document is typically
referred to as a Thermal Control Plan, or TCP. A TCP is ordirdeiglopedy the contractor
and approved by the engineer prior to construction.

The following bulleted information is from the Georgia Department of Transportation
(2013) and details infornian contained in a typical TCP:

1 Concretamixture proportions

1 Preplacement temperature control techniques (i.e. placement time, placement

temperature, preooling, etc.)
9 Curing duration and method

1 Estimated maximum concrete temperatures and tempeditigrences,
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1 Description of when and how mitigating measures will be taken if temperatures or
temperaturaifferences approach maximum limits

1 Thermal stress models from placement until 28 days after placesment

1 Temperature monitoring and recordingtsys information, including location and

type of temperature sensors

2.6 ConcreteWorks
2.6.1 ConcreteWorks Background Information
ConcreteWorks is a uséniendly software program developed to aid engineers and contractors in
predictingconcreteemperatures in verus concrete placements. ConcreteWorks allows the user
to accurately model very specific details unique to a particular coreteztent Heat of
hydration and heat transfer models provide the user with a temperature development profile
across the entirelementcross sectionuring the early ages of a concrete placement. Multiple
maturity functions can also be used to calculate stress and strength development in the concrete
element. The ConcreteWorks software package is free and available on the TxD€XE we
(http://www.txdot.gov/insidexdot/division/informatioatechnology/engineeringoftware. htmi).
Concr et exénsivensnber of adjustable inputs enaltles user to tailor the
software model to a particular reabrld concrete placement. Conciaterks also provides
default input values that provide guidance in the event that a concrete placement has conditions
that may be unknown. ConcreteWorks groups all of the inputs into nine catdgunesete

Durability Center, 2005)Each category and it®ntents are summarized in TaBid.
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Table2-4: ConcreteWorks Input Categories

Input Category

Contents

General Inputs

Time, date, and location (city, state) of concrete placeme
Duration of analysis (14 days)

Shape Inputs

Element type and shape

Member Dimensions

Member dimensions, specific the element shape

Mixture Proportions

Mixture proportions and properties of mixture component

Material Properties

Cement chemical composition and hydration properties
Coarse and fine aggregate type and cdaadtd E

Mechanical Properties

Maturity function inputs

Construction Inputs

S_A A=A |A A=A

Fresh concrete temperature, form type, and method and
duration of curing

Environment Inputs

Weather data (temperature, wind speed, cloud cover, rel
humidity)

Corrosion Inpu

Type of reinforcing steel, reinforcement clear cover, and
corrosion inhibitors used

In most cases, default values provide a reliable temperature analysis. However, as more accurate

inputs are manually applied to the prediction model, the accuracy @niperature predictions

improves.

ConcreteWorks is capable pifoducingstrength and maturity curves, temperature

profiles, thermal cracking risk, and chloride diffusion service life. For mass concrete elements,
the core temperature, temperatdifference, and cracking risk are the most pertinent outputs.
ConcreteWorks uses a plane strain fititference scheme to calculate the elastic stress in the

memberTable2-5 is adapted from the ConcreteWorks User Manual. It summarizes the outputs

ConcreteWorkss capable of producing for various mass concrete members.
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Table 2-5. ConcreteWorks Mass Concrete Outp@adapted from Concrete Durability Center

2005)
. Thermal
Mass Concrete Member Type SChI_ondg Cracking Tempgra}ture
ervice Life Risk Prediction
Rectangular Column X X X
Rectangular Footing X X X
Partially Submerged Rectangular Foot X X X
Rectangular Bent Cap X X X
T-Shaped Bent Cap X X
Circular Column X X
Drilled Shaft X X

This research project focuses on the thermal cracking risk ampetatare predictions.
ConcreteWorks is capable of producing both of these outputs for all six of the ALDOT bridge
elements instrumented with sensors amatieked in ConcreteWorks.

ConcreteWorks also enables the user to select and download the tempeoéitasegbr
various edge and core locations. This is particularly useful in analyzing the temperature
differences at various edge locations during the periods of high cracking risk. Rigutrehows
an example of ConcreteWorks output information for a atepedestal in Scottsboro,

Alabama This element wasiodekd as a rectangular footing.
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Alow cracking probability classification only indicates that the concrete member may have a lower

probability of cracking than one with a higher cracking probability classification.
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i@ Rectangular Footing Temperature Model [a@ ]| =]
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Figure2-17: Output Summary (top) and Cracking Risk Profile (bottom) of Concrete Pedestal
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The red, orange, yellow, and green bars on the cracking risk profimiadhe cracking
risk of a concrete element during the first 168 hours after placg@entrete Durability Center,
2005) Green indicates a low cracking probability and a tensile sétemsgth ratio less than
0.60. Yellow indicates a medium crackingoability and a tensilstressstrength ratio from
0.60t0 0.67. Orange indicates a high cracking probability and a testséigsstrength ratio from
0.67 t00.72. Red indicates a very high cracking probability and a tensile-stresgth ratio
greaterthan 0.72. Quantifying the risk of cracking allows the engineer to anticipate potential
durability issues and take the necessary preventive meaSaresore information regarding the
models and methods used in ConcreteWorks predictions, the Concretd¥gerkdanual is

available for free download axDOT online library.
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CHAPTER 3: REVIEW OF MASS CONCRETE SPECIFICATIONS

3.1 Investigation of Current Mass ConcreteSpecifications
This section contains detailed information on how other agencies manageomass$ec
concerns and regulate mass concrete constructiorgrohpsdiscussed are the ACAASHTO,
FHWA, various state DOTSs, and industry consultants. Eactsactiion in this chapter covers a
differentgroup

3.1.1 ACI301
ACI Committee 30X2016)released aaport containing useful information on the designation of
mass concrete elements and requirements for those mass concrete efsGie1$.(2016)
recommends applyinipe ACI 207(2005)least dimensionesignation for mass concrete

elements as 4 fl.able3-1 summarizes the requirements for mass concrete found in ACI 301

(2016)
Table 31: ACI 301 (2016)Mass Concrete Requirements
Material Temperature Monitoring Temperature =
. . an
Requirements System Requirements

1 The useof Type I 1 Temperature sensaisbe |  Maximumeconcrete |  Thermal
cement shall not be | placed at the core and thg placement control plan
permitedunless edge, at a maximum of 2 | temperaturef 95°F | must be
approved by the inches from the centefo | 1 Maximum concrete| submitted
engineer thenearest concrete temperaturef and

9 Use hydraulic cemer] surface 160°F approved
with low heat of 1 2 independent sets of 1 Maximum by the
hydration or portland| Sensors to be used temperature engineer
cement with Class F | 1 Temperatures should be | differenceof 35°F
fly ash or slag recorded no less often the
cementor both every 12 hours
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Optional requirements for mass concrete in ACI 301 (2016) state that fly ash often makes up 40
to 50 percent of cementitious materials, whereas slag cement often makes up pérteii5

3.1.2 AASHTO and FHWA
The FHWA does not havguidelineswritten specifically for mass concrete construction. Still,
the FHNVA Standard Specifications Book (FHW2()14) contains materialequirementsand
temperature requirements for general concrete constnuti@appliesto mass concrete. This
information is shown in Table-3.

Table 32: FWHA FP-16 Specifications

. Temperature
Material o .
; Monitoring Temperature Requirements
Requirements
System
f Maximum flyash | 1 Maturity meter | 1 Allowable concreteplacement temperature §0
replacement level| probes and 80°F
2504 temperature 1 Maximum concrete temperature 140for high
T Maximum slag sensors to be strength concrete and 18P for prestressed
cement installed in concretgno mass concrete designagion
replacemenlevel | accordance  Maximum temperaturelifference35 °F
50% with AASHTO | q Concrete only to be placed when ambient
T325 temperature is betweetove45 °F for cold
weatherconcretingandbelow85 °F for hot
weather concreting

An investigationof mass concrete spdications and temperaturequirementsn the
AASHTO Construction Specificationgelded no results. The only pertinent piece of information
found was a maximum temperature requirement of°Ed@r precast construction (AASHTO,
2016).

3.1.3 U.S. States
A review of mass concrete specifications was performed for each state DOT. Table 3

summarizes whichktatescontainspecificationdor mass concrete construction.
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Table 33: U.S DOTswith Mass Concrete Specifications

DOTs with specification DOTSs without specfication
Arkansas New Hampshire | Alabama Maine Oklahoma
California New Jersey Alaska Maryland Oregon
Florida New York Arizona Michigan Pennsylvania
Georgia Ohio Colorado Minnesota South Dakota
Idaho Rhode Island Connecticut Missouri Tennessee
lowa Souh Carolina | Delaware Montana Utah
Kentucky Texas District of Columbia Nebraska Vermont
Louisiana Virginia Hawalii Nevada Washington
Massachusetts West Virginia lllinois New Mexico Wisconsin
Mississippi Indiana North Carolina  Wyoming

Kansas North Dalota

Tables 34 through 310 summarize the mass concrete requirements for each individual
DOT. Colorcoded maps are also included to illustrate the mass concrete requirements across
the U.S. DOTs. The following list highlights eagértinent topidn mass concrete specifications.
This list also detailsvhich table or figure pertains to eacpic:
1 Type of document containing a mass concrete specification (Taf)le 3
1 Least dimensiofior mass concrete elements (Tabid 8nd Figure d),
1 Cementitious mat&l and chemical admixtures (Table5}
1 Temperature restrictions (Tabler}
o Allowable temperaturdifferences (Figure 32),
o Maximum allowable concrete temperature (Figu®),3
1 Temperature monitoring requirements (Tabi@)3
1 Cooling system requiremen{Table 29), and

1 Thermal control plan (Table-B0).
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Table 341 Mass Concrete Specification Reference Document

DOT Reference Document
Arkansas 2014 Standard Specifications
California 2015 Standard Specifications
Florida 2013 Standard Specifications
Georgia 2013 Special Provision
ldaho 2012 Standard Specifications
lowa 2012 Standard Specifications Amendment
Kentucky 2008 Standard Specificationsofrfound in 2012)
Louisiana 2013 Standard Specifications
Massachusetts 2012 Supplemental Specificat®n
Mississippi 2004 Standard Specifications
New Hampshire 2016 Standard Specifications
New Jersey 2007 Standard Specificationgpg@ated 2016)
New York 2016 Standard Specifications
Ohio 2016 Construction and Material Specifications
Rhode Island 2013 Sandard Specifications

South Carolina

2007 Standard Specifications

Texas

2014 Standard Specifications

Virginia

2007 Standard Specifications

West Virginia

2010 Special Provision
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Table 35: Definition of Mass Concretacross U.S. States

DOT Least dimensionRequirement

1 CIP pile with diameter > 8 ft (temperature monitoring only required
California diameter > 14 ft)
1 All other elements with least dimension > 7 ft

Georgia 1 Element with least dimension > 5 ft (> 6 ft for drilled shafts)
ldaho 9 Element with least dimension > 4 ft
lowa 1 Footing with least dimension > 5 ft
9 Element with least dimension > 4 ft
Kentucky 1 Element with least dimension > 5 ft (excluding drilled shafts)
Louisiana 9 Element with least dimension > 4 ft
Ohio 9 Drilled shaft withleast dimension > 7 ft

9 Element with least dimension > 5 ft

Rhode Island 9 Element with least dimension > 5 ft

1 Circular element > 6 ft in length and > 5 ft in diameter

South Carolina . . .
9 All other elements with least dimension > 5 ft

Texas 1 Element with leastichension > 5 ft (excluding drilled shatfts)

West Virginia 9 Element with leat dimension > 4 ft

L [ En

¢> >

ST
RS <

| Least
Dimension
>4 1t [l
0 Q
QL >5ft [l
X
il §> >71t I}

% Excludes drilled Denotes special designation E Denotes special designation
shafts for circular elements for rectangular elements

7

Figure 31: Mass Concrete Designation across U.S. DOTs
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Table 36: State DOTCementitious Material and Chemical Admixture Requirements

DOT

Material Requirements

Arkansas

1 Type Il (MH) cement
1 Maximum fly ash content of 120 pcy

California

1 CIP piles with diameter > & require 25% fly ash replacement
1 Fly ash acceptable replacement range e32% by weight
1 Slag cement acceptable replacement range-G5560 by weéght

Florida

1 Type Il MH cement

1 Fly ash acceptable replacement rabh§&0% by weight (350% if
core temperature expected to exceed 165°F)

1 Slag cement acceptable replacement range-G080 by weight

1 At least 20% fly ash and 40% portland cenreguired n a ternary
mixture

Georgia

1 Class F fly ash acceptable replacement rang026

1 Slag cement replacement < 70%

1 Type lll cement, Class C fly ash, silica fume, and metakaolin
prohibited

1 Testing of aggregates for ASR susceptibility recommended

lowa

1 Minimum cementitious conterdf 560 pcy
fwlc <0.45

7 Class C fly ash replacement < 20%

1 Total SCM replacement < 50%

1 Only Type I/ll cement allowed

1 Air entrainment required

Kentucky

1 Class F fly ash acceptable replacement rang@02b
1 Slag cement replacement < 50%

Louisiana

1 Fly ash replacement < 15%
1 Slag cement replacement < 50%

Massachusetts

1 Recommends following mixing guide in special provision (not foun

Mississippi

1 Class C concrete for massive reinforced section (V065)

New Hampshire

1 Allowable slump = 13 inches

Ohio

1 Minimum cementitious contef 470 pcy
1 Slag cement replacement < 50%

1 Type Il cement not permitted

1 Accelerating admixtures not permitted

Virginia

1 Minimum cementitious contemf 494 pcy for massive lightly
reinforced

1 Minimum cementitious coentof 423 pcy for massive unreinforced

West Virginia

1 Class F fly ash replacement < 25%
1 Slag cement replacement < 50%
1 Total SCM replacement < 50%
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Table 37: State DOTTemperature Restrictions

DOT

Temperature Restrictions

Arkansas

1 Allowable concreteplacement temperaturaf 50-75 °F
1 Maximum temperaturdifferenceof 36 °F

California

1 Maximum concretegemperaturef 160 °F
1 Maximum temperaturdifferencedetermined by TCP

Florida

1 Maximum concretegemperaturef 180 °F
1 Maximum temperaturdifferenceof 35 F

Georgia

1 Maximum concreteplacement temperatucé 85 °F unless approved |
TCP

1 Maximum concretegemperaturef 158 °F (should remain within 70 °f
of mean annual ambient temperature)

1 Maximum temperaturdifferenceof 35 °F

Idaho

1 Maximum temperaturdifferenceof 35 °F

lowa

1 Allowable concreteplacement temperatucé 40-70 °F

1 Maximum concretegemperature during heat dissipation 160 °F

1 Maximum temperaturdifferenceasa function of hours after
placementf: 20 °F at 624 hrs, 30 °F at 248 hrs, 40 °F©&48-72 hrs,
50 °F after 72 hrs

Kentucky

1 Maximum concrete placement temperature/0f°F
1 Maximum temperaturef 160 °F
1 Maximum temperaturdifferenceof 35 °F

Louisiana

1 Maximum concreteplacement temperatucd 95 °F
1 Maximum concretgemperaturef 160 F
1 Maximum temperaturdifferenceof 35 °F

New Hampshire

1 Maximum concretegemperaturef 160 °F

1 Maximum concretegemperaturef 160 °F

New Jersey 1 Maximum temperaturdifferenceof 35 °F

New York 1 Maximum temperaturdifferenceof 30 °F
1 Surface temperatuseshall not drop more than 18 °F in a 24 hr perig

Ohio 1 Max?mum concretetemperature)f 160 °F

1 Maximum temperaturdifferenceof 36 °F

Rhode Island | 1 Maximum temperaturdifferenceof 70 °F

South Carolina

1 Maximum concreteplacement temperatucé 80 °F
1 Maximum temperaturdifferenceof 35 °F

1 Allowable concreteplacement temperatucé 50-75 °F
1 Maximum concretegemperaturef 160 °F(TxDOT sponsored researg

Texas by UT thatdetermined 185 °F could be used for concrete containin
SCMs)
1 Maximum temperaturdifference35 °F
West Virginia 1 Maximum temperature 160 °F

1 Maximum temperaturdifference40 °F
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Temperature
Differential
30 °F
35°F
36 °F
40 °F
Iowa: Contains time-dependent temperature differential specification 50 °F

California: Allowable temperature differential is determined by the TCP 10°E
West Virginia: Higher limit can be developed and approved by the engineer

HOEE W

Figure 32: Allowable TemperaturBifferences aross U.S. DOTs
The temperaturdifferencelimit imposed by the lowa DOTdenoted by the star in Figure3
ard listed in Table &, is particularly intriguingEstablishing a time&lependent temperature
differencelimit utilizes the increasing tensile strengthconcrete As the concrete matures and
developsstrength, it can withstaral higher temperatudifference A time-dependent
temperaturalifferencelimit of this nature would ideally be included in a future ALDOT mass
concrete specificatiorResearch work performed to develop such a specification is detailed in

this report.
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Maximum
Temperature
158°F [
160 °F [
180°F [

* West Virginia: Higher limit can be developed and approved by the engineer

Figure 33: Maximum Temperatureimits across U.S. DOTs
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Table 38: State DOTTemperature Monitoring Requirements

DOT

Temperature Monitoring Equipment

Arkansas

1 Temperature to be monitored for 7 days

California

1 Temperature to be recorded hourly until core temperatwiabe
falling; at that time, temperature recording may be discontinued
1 Sensors placed in hottest location, outer edge, corner, and top

Florida

1 Temperature recording interval no greater than 6 hours

1 Insulating materials outlined in TCP are not to be remanill core
temperature is within 50 °F of ambient temperature

1 Measuredconcretecore ancexterior surfacéemperatures approved b
engineer

Georgia

1 Temperatures to be recorded hourly (Engineer should be notified i
core temperature reaches 140 °F or terapuredifferencereaches
30°F)

1 Sensor locations to be approved by the engineer

1 2 independent sets of sensing devices in center, midpoint of side (
to center, midpoint of top surface, midpoint of bottom surface, and
corner furthest from the centexdge sensors-@ inches from surface)

Idaho

1 Temperature to be monitored for 7 days

lowa

1 Temperatures to be recorded every 4 hours and monitored by the
engineer until core temperature is within 50 °F of ambient tempera

{ At least 10 sensors to be lochi specified points and operating on
different systems (backup system required)

Kentucky

1 Temperatures to be recorded every 4 hours and monitored by the

engineer until core temperature is within 35 °F of ambient tempera
1 Temperaturalifferencenot © be recorded until 12 hrs after placeme
1 2 sensors installed in core and 2 sensors installed at the edge

Louisiana

1 Temperature recording interval no greater than 6 hours
1 Sensors placed at center and edges using 2 independent systems

New Jersey

1 Temperatires to be monitored for 15 days or until core temperature
within 35 °F of the lowest ambient temperature after placement

Ohio

1 Temperatures to be monitored and regulated for 28 days after
placement
1 2 independent systems of sensors to be used

Rhode Isand

1 2 independent systems of sensors to be used
1 Internal and external temperatures to be monitored

South Carolina

1 Sensors placed at center of the placement and 2 inches from surfg

1 Temperature to be monitored for 4 days unless otherwise approve

Texas 1 2 independent systems of sensors to be used
1 Edge sensors to be placed no more than 3 inches from the surfacg
West Virginia 1 Temperature recording interval no greater than 6 hours

1 Sensors to be placed at the core, top, and sides of the placement
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Table 39: State DOTIn-Place Concrete Temperature ConRelquirements

DOT In-Place Concrete Temperature Control Requirements
1 Forms should remain in place for at least 4 days anytime ambient
temperature falls below 40 °F
Arkansas . :
1 All mass concrete shall be curedfoge moisture; water curing shall |
providedfor all exposed surfaces for a period of 14 days
California 1 Cooling pipes should be placed deeper than 4 inches from the sur
Rhode Island 1 Side forms may be remc.zved after 12 hrs, except when ambient
tempeature is below 50 °F
T 1 Use only water curing for horizontal surfaces of mass concrete
exas : : >
1 Forms or insulating membranes must remain in place for 4 days
West Virginia 1 Must_ be moist cured by means of moisture retention, water curing
permitted
Table3-10: State DOTThermal Control Plan
DOT Thermal Control Plan
Arkansas 1 TCP developed by contractor, approved by engineer
California 1 TCP developed by contractor, approved/monitored by engineer
Florida 1 TCP and mix designs developed by contractor, apprbyeghgineer
Georaia 1 TCP developed by contractor, approved by engineer 30 days priof
g placement
1 TCP developed by contractor, approved by engineer (must be
lowa developed by licensed Temperature Control Engineer if element le
dimension > 6.5 ft)
Kentucky 1 TCP developed by contractor, approved/monitored by engineer
Louisiana 1 TCP developed by contractor, approved by engineer
New Jersey 1 TCP developed by contractor, approved by engineer 30 days priof
placement
Ohio 1 TCP developed by contractor, apped by engineer 10 days prior to
placement
Rhode Island | 9 TCP developed by contractor, approved by engineer

South Carolina

1 Mass concrete placement plan prepared by contractor and submit
engineer for approval (contains TCP, expected temperature
develgment, and monitoring system details)

Texas

1 Use ConcreteWorks or other approved method to develop TCP
1 If limits are exceeded, investigation must be performed by the eng

West Virginia

1 Temperature control requirements to be detailed by the engineer |
to construction
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TCP Required [

Figure 34: U.S. DOTs Requiring a TCP for Mass Concrete Construction
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CHAPTER 4: EXPERIMENTAL PLAN

4.1 Introduction
The experimental plan for this project was developed to address each of the objectives outlined
in Section 1.2. Basenh the review of existing mass concrete literature and current ALDOT
mass concrete practices, it was deemed worthwhile to provide guidance on how to effectively
model, predict, and measure concrete temperatures in mass concrete elements. The research team
developed effective methods and recommendations for accomplishing each of these tasks. This
chapter details the software program, numerical mokddderatorymixing and testing
procedures, and field instrumentation techniqueesdto executehe experimetal plan.
4.2 Field Instrumentation
During this portion of the experimental plan, six ALDOT mass concrete bridge elements were
instrumented with temperature sensors. The data from these temperature sensors aided in the
completion of multiple project objectivéiom the Section 1.2. Most significantly, these
elements were observed for signs of thermal cracking and early signs of DEF. Then, the
temperature data from each elemestecompared with temperature predictions from
ConcreteWorks. A study was performaal the accuracy of ConcreteWorks temperature
predictions. Based on this information, temperature limits and temperature control requirements
were recommended for potential inclusion in a future ALDOT mass concrete specification. The
first ALDOT bridge elenent instrumented for this research was cast in July 2015. Final data
recordings were obtained in May 2016.

The primary purpose of the field instrumentation phase is to measure concrete

temperatures iIALDOT mass concrete elements with various shapes, siaasse aggregate
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types, and placement conditiod@ble 41 and Figurel-1 summarize the location, size, and type

of the elements instrumented for this projdtte selection of elements was dictated by the
availability of active ALDOT bridge constructigorojects. It was desired to obtain data for
elementgplacedduring both winter and summer conditioiifis enabled researchers to assess

the effect of placement temperature and ambient conditions on the temperature development of
mass concrete elemenggdditionally, elements with least dimension of 4 to 6 feet were targeted
because this is the common range of mass concrete size designations in other DOT specifications
(See Table & and Figure & of this report)Although the pedestal is much largerrit#ato 6

feet in least dimension, it provided a good example of a large element thatlikelyldall

under a future ALDOT masconcrete designation.

Table 41: Size, Type, and Time of Year of Each Instrumented Element

Cityl Al ber|Har per|Scot t|Bir mi nlEI I

Pl ace Summe V \/ \/ \
Seas Wi nt e V \'
4-5
Foot|56
O §
Pedel0 \/
El e mg 4-5 v
Type Col us6
Si z¢ O §
4-5
Be iCia 56 \
O § V Y
Wal | 4 \/
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Figure 41: Locations of Instrumented Elements

4.3 ConcreteWorks Analysis

4.3.1 Overview of ConcreteWorksAnalysis
In this research project, ConcreteWorks was useddess two main itemsSirst, an analysis
consisting of 48@lacement scenariagas performed to determine which inputs had the greatest
impact on maximuneconcreteéemperature, maximuroncreteemperaturelifference and
thermal cracking risk-or this analysis, rectangular noins were modeled because
ConcreteWorks is capable of producing a cross sectional stress profile of rectangular columns by
performing a 2dimensional structural analysis on the cross section withhmaterial specific
properties. A specialized version obi@reteWorks was used that enables the user to download
and analyze the-@ay stress profile at various locations along the cross section

Second, each of the six ALDOT bridge elements instrumented with temperature sensors
wasmodekd in ConcreteWorks. Aassessment of the accuracy of ConcreteWorks predictions

was performed based on the comparison of those predictions to the field instrumentation data.
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4.3.2 Important Mass ConcreteVariables
In mass concrete construction, certaamiableshave a more significaminpact on concrete
temperatures than others. For the purposes of this research, five inputs significant in mass
concrete construction were isolated and varied. This allowed researchers to asfésst tiie
these five variablesn temperatwe and crackig risk predictions:

1 Coarse aggregate type

1 SCM type and replacement leyel

1 Placement locatign

1 Placement dateand

1 Element size
It is important to note that the concrete CTE was also varied according to the coarse aggregate
type (see Section 2.2.4.3 big report) A comprehensivenass concrete specification contains
recommendations fanaterials, member size, temperature limits, and construction prag&ces
determining which inputs have the greatest impacharimum concrete temperature, maximum
conaete temperaturdifference and cracking risk, ConcreteWorkan aid in the development of
specification guidelines specific to different mass concrete placement sceRarivstance, a
mass concrete element cast during the winter may not have theesprimements as the same
element cast during the summer, due to the fact that maximum concrete temperatures are likely
to be lower for a winter placement.
4.4 Numerical Modeling

4.4.1 Introduction

As explained in Section 2.thermal cracks form when high temperattifferences cause

tensile stresses greater than the concreteobs
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develop an improved method to determine the temperdiffieeenceto minimize the risk of
thermal crackingThis portion of the expemental plan addresses that objective.

In order to develop a timéependent temperatudéferencelimit, a thermal stress
equation was developed. This equation replaces the constant value for tensile strain capacity, as
in Equation 21, with timedependenfunctions for tensile strength and concrete modulus of
elasticity. Thus, Kjuation 41 is an adaptedsersion of Equation-4, isolating the allowable
temperaturalifferenceand using concrete modulus of elasticity to contesile strainnto
tensile stess

o ) Qo Equation 4-1
OO0 VO 07°YOY

Where,

o Taxft) = allowableconcreteaemperaturalifferenceas a function of tim¢°F),

fi(t) = concrete tensile strength as a function of tfpss),

E.(t) = modulus of elaticity as a function of timépsi),

K(t) = creepand sustained loadimgodification factor as a function of tinfanitless)

CTE= concrete coefficient of thermal expans{an/in./°F), and

R = Restraint factor (0 = unrestrained; 1 = full restrajatjtless)
|l nstead of using a c o mEqation 2l Egnation Hleisestime ai n  c a
dependent models for concrete tensile strength and stiffilessreep functioris used in
Equation 41 to account for the fact thédte effects of creep drelaxation also vary with time
during the earlyagesafterconcrete placemerBy replacing constant values for strain capacity
and creep with timelependent strength, stiffness, and creep functions, adipendent function

for the maximum allowable cerete temperaturdifferencewas calculated.
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For the purposes of this research, a tohependent credjactorwas calculated for
comparson to the constant value of 0.68edin the thermal cracking equation by Bamforth
(2007. In order to calculate a tiedependent creefacto, t he B3 model 6s compl
described in Section 2.2.2.1 was used. The compliance function and stifimetssnfuvere then
used to quantfthe B3 creep coefficienthe B3 creep coefficient walsenconverted int@a
creepmodification factorfor applicationthethermal cracking equatioithe creep modification
factor adjusts the concrete modulus of elasticity to account for the effects of creep at early ages
(ACI 209, 1982) This calculation is showm Equatiord-2.

P Equation 4-2

Where,

4 ( o) 5 cteep coefficientand

K(t) = creep modification factor
As mentioned in Section 2.2.2.1, the Modified B3 model developed by Byard and Schindler
(2015) was used to improve the accuracy of compiiaadculations at early agdsffectively
modeling the creep effects using tmsedified B3 model was essentifidr thermal stress
calcul ations, as thermal <cr ackiagegOncesimenost pr o
dependentreepfactorsfor boththe original B3 model and modified B3 modetre determined
time-dependent temperatuddferencelimits for each model were then calculated anthpared
to the limits calculated whersui ng a constant fAKoO value of 0.65

After determining viable models fareep, strengthand stiffnessagedependent

temperaturalifferencelimits wereproducedbased upon CTE values for concretes containing

both river gravel and limestone coarse aggreg&8ased on thselimits, researcheraere able to
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provide recommendains for a timedependent temperatuddferencelimit similar to that of the
lowa DOT (see Tabl8-7) andspecific to the coarse aggregate type.
4.5 Temperature Sensors
4.5.1 AssemblingTemperature Sensors
Temperature sensors were assembled in th&#ittural andConcrete MaterialResearch
Laboratory The type of sensor selected was the DS1921G ThermochrtiariBevice by
Maxim IntegratedThis particular device was selected because it is capable of both recording
and storing up to 2048 data points. The iBultan st ai nl ess steel constru
the forces and pressures experienced during concrete placement. The DS1921G operates within a
range of-40 °F to 185 °F, which contains the range of concrete temperatures expected in the
elements instrunreéed. The Oné/ire Viewer software associated with this sensdires and
easy to navigate. The software allows the user to program the start time and end time of
temperature recording, as well as t htmefrequen
c | o c k 0 as$oeiates anrexact timestamp with each data point. This allows the user to
examine the effects of ambient temperatures on concrete temperatures when processing the data.
Figure 42 displays each piece of the temperature sensor asserailyeR (from left to
right) are a coated iButton sensor, U.S. nickel (for size reference), iButtdr, Wiih twowire

cable connected, USB reader, and battery clip.
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Figure 42: iButton Assembly

In order to access the data after the concrete wasacsistple twewire cable must be attached
to the iButton. Because soldering to the stainless steel semkfficult, the sensorsvereplaced
in a Keystone Battery Holder used to hold 24 mm cell batteries. Once the wasptaced in
the holder clip,hie wiresweresoldered to each side of the sensor. The other end of thevasre
attached to a R11 jack. The R11wasthen plugged directly in a USB Readgratis used to
view the temperature data in the Qviee Viewer software.

To protect the sensduring fresh concrete placemeittetsensor and clip are coated in a
Static Control Epoxy Coating (GP 3525) by Sherwin Williamk@ recommended to keep the
epoxy from becoming too hot while curirif high temperatures ocguhe epoxyharders before
the sensors can be appropriately coated.

4.5.2 Programming and Installing Temperature Sensors
Once the sensors have been assembled ialibeatory they are ready to be placed in the field.
In this project, it is most effecti® program the sensors beforetaing them in the field. This
is possible because of a fAimission start del ay

can simply program the iButton to begin recording data shortly before the concrete is placed. If
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the placemenimeis changed, aser can simply Hprogram the iButton. Temperatures were
recorded every 15 minutes for the first 14 days after placement. At this interval, the iButton has
enough memory to store data for up to 21 days and 8 hours. After 14 days, researchers returned
to the site to retrieve the iday data. Upon leaving the site, the melog interval was changed
to 3 to4 hours, ensuring that temperature weardedat the time of peak temperature
(approximately 3:00 PM) each day. At redimig intervals of 3 and 4 hasthere is enough
memory to store data for up to 256 and 84Ys respectively.

Installation of the temperature sensors is unique to each element, as sensors were placed
in different locations depending on the element type. It is easigstail tempeature sensors
after thereinforcementage has been tebutbefore all sides of the formwotiavebeen
erected. For each element, two comptetess sectios of sensors were installed to provide
redundancy irthetemperature monitoringystem Furthermeoe, two core sensors were installed
in eachcross sectionas core temperature dat@the most crucial to both maximum temperature
and temperaturdifferencecalculations In order to provide ALDOT recommendations on the
proper placement methods andbbdéaons f or fedge sensors, o0 i Butt
reinforcing barsand in the cover area near the edge of the formwork. Thisecasnplished by
extending edge sensors away from the rebar ymewps of FRPebarfrom thelaboratory
Figure 43 is an example of edge and rebar sensors instaledrashwall in Harpersville,

Alabama
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Figure 43: Rebar and Edge Sensors in Harpersville Crashwall

4.6 Laboratory Testing of Site Materials
Laboratorytesting ofraw concretematerialsfrom each site wasgpformed in the AlStructural
and Concret®laterialsResearch.aboratory. Each of the tests described in this section was run
to obtain an input necessary for ConcretekgoAs discussed in Section Z.gmodifying
default input valuewiith values specifito each element can greatly improve the accuracy of
ConcreteWorks temperature predictions. Each battdield-collected raw materials was
proportioned for a total of 1.5%fof concrete and mixed in a 3 fhixer.

4.6.1 Raw Materials
Raw materials were collead from thebatchplant that supplied the concrete for each
instrumented element. The concrete mixture proportions tierapproved project mixture
proportionsobtained from the ALDOT engineer for each site. The materials were then sealed

and stored in #lab until mixing.
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4.6.2 Mixing Procedure
Eachlaboratorymixturewaspreparedn accordance with ASTM C 192 (200dsing the
following summarized procedure
T Prior to mixing, the mixer was ,thoroughly
1 Once the mortar was empdiérom the mixer, all aggregates and 80 percent of mix
water was mixed for two minutes
1 Cementitious materials (cement and fly ash) were then added to the mixer along with
the remaining 20 percent of mix watand
1 All materials were then mixed for threemates, rested for three minutes, and mixed
for a final two minutes
A slump test was then performed according to AASHTO T 119 (2007) guidelines, and an air
content test was run according to AASHTO T 152 (2005) guidelines. If these values were
acceptably lose to the values recorded on site during the concrete placement, the batskedvas
to produce glindersfor eachspecifictest in accordance with ASTM C 192 (2010).
4.6.2.1 SemiAdiabatic Calorimetry
Once the concrete was mixed, one 6 x 12 in. cylinder wasum@jor semiadiabatic
calorimetry in a @rum The temperature of the concrete and the weighteotylinder were
then recorded, and tluglinder was placed in the-@um testing apparatusachQ-drumtest
lasteda duration of seven days. At the endhd test, the adiabatic temperature adeteesaved.
Finally, heat of hydration models developed by Schindler and Folliard (2@98)sed to

calculate the necessary ConcreteWorks hydration parameters
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The Qdrum test was performed for each batch irbegance with the guidelines
provided by iQuadrel Serviceshe Q-drum testing apparatus used during this resdarnch

Figure 44.

Figure 44: Q-Drum Testing Apparatus

4.6.2.2 Compressive Strength and Modula$ Elasticity Test
In order to determine the Z28aycompressive strength and stiffness modulus, three 6 x 12 in.
cylinders were prepared. At 28 days, they were tested in accordance with ASTM C 39 (2010)
and ASTM C 469 (2010ap determine their compressive strength and modulus of elasticity,
respectively
4.6.2.3 CTE Test
The final test was the CTE test, run in accordance with AASHTO T133$pecificationsin
order to perform this test, two 4 x 8 in. cylinders were prepared for each lpattis. testthe
concrete sampl esd6 t e mpFI0Q)tandl22F (5GC).dhetehgibhd bet we

change of the sample is measured, which allows the CTE to be calcBktadse this test is
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nondestructive, it can be run as many times as necessary to verify the Fagults.45 shows

the CTE testing apparatus usihgring this research.

gin
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aproc

e 18
ot diswib
please

Figure 45: CTE Testing Apparatus
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CHAPTER 5: PRESENTATION AND DI SCUSSION OF INSTRUMENTATION DATA

5.1 Introduction
Chapter 5 of this report focuses on profasksassociated with the instrumentation of ALDOT
mass concrete elementstiviemperature senso The field-measuredemperature data for six
ALDOT mass concrete elements, as well as the discussion and anathsisedfitaare
presented in this chapter.
5.2 Field Instrumentation Data
5.2.1 Field Instrumentation Overview

For each elementhe following information is presented in either tabular or graphic form:

1 General site information,

1 Sensor layout diagram,

1 14-day concrete temperatures (core and edge),

1 14-day concrete temperatuddferences,

1 Longterm concrete temperatures (core angeg¢dand

1 Laboratorytesting results
All of this information, as well as peplacement site observations, is included in this chapter.
All site information, temperature data, datioratorytesting results not included in this chapter
can be found iMpperdix A through F The following list contains the section and appendix
designated for each instrumented element:

1 Albertville Bent Cap (Section 5.2.2 and Appendix A)

1 Harpersville Crashwall (Section 5.2.3 and Appendix B)

1 Scottsboro Pedestal (Section 5.20 &ppendix C)
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1 Scottsboro Bent Cap (Section 5.2.5 and Appendix D)

1 Elba Bent Cap (Section 5.2.6 and Appendixdad

1 Birmingham Column (Section 5.2.7 and Appendix F)
With regard to the sensor layout diagrams, the number of sensors placed into eachvedsmen
determined based on the element type. The bent cap and column cositagestsors petross
section while the crashwall and peddstantainedeightsensors pecross sectionThe two
additionalsensors in the crashwall and pedestal were installde: bottom corner of the
element, as these elements were cast on top of previous concrete plateaprasided
continuous external restraint along the bottom of the elembist.concept is demonstrated in

Figure 51.

Previous concrete placement

Figure 51: Continuous RdgintalongBottom Edge of Crashwall and Pedestal
In order to ensure the collection of data from at least one core sensor amg@semrsor, two
identicalcross sectios of sensors were installed into each element. Additionally, because the
core sensois the most important for analysis purposes, two sensors were placed at the core of
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eachcross sectionA sensor layout diagram illustrateg tbensor locations of owceoss section

of each element. When viewing each sensor layout diagram, it is importaste that the

sensors with white fill are the sensors whose data are shown in the temperature graphs for the
corresponding element.

5.2.2 Albertville Bent Cap

Figure 52: Photograph of Albertville Bent Cap

5.2.2.1 Site Details

Table 51: Albertville Bent Cap Siterifformation

Placement Date 7/31/2015

Placement Time 6:00 A.M.

Placement Location Albertville, Alabama
Member Type Rectangular bent cap
Member Dimensions 6. 560. %5400 6
Cement Type I/11

Total Cementitious Materials Content (pcy) | 567

SCM Type (% Replacement) Class F Fly Ash (25%)
Coarse Aggregate Type Limestone

Form Type Wood
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5.2.2.2 Sensor Layout
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Figure 53: Albertville Bent CagElevation View (top) an€ross ction(bottom)
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5.2.2.3 14-Day Temperature Data
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Figure 54: Albertville Bent Cap 19ay Concred Temperature Data
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Figure 55: Albertville Bent Cap 14ay Concrete TemperatubsfferenceData
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5.2.2.4 Long-Term Temperature Data
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Figure 56: Albertville Bent Cap Longlrerm Concrete Temperature Data
5.2.2.5 PostInstrumentation Site Observations
Fourteen days aftepastruction asite observation took place on August 14, 2015. At that time,
no signs of thermal cracking or DEF were found. A final site visit took place on October 6, 2015.
Again, no signs of temperaturelated distresses were observed. The sensomligad were cut
during the final site visit, as there would soon be no-fifaan site and no access to the sensors.
5.2.2.6 Laboratory Testing Results

Table 52: Albertville Bent CaplLaboratoryTesting Results

Total Heat of HydrationH, (J/kg) 375000

Activation EnergyE (J/mol) 31,800

Q-Drum Hydration Slope Parametdr, 1.574
Hydration Time Parametel(hr) 15.74

Ultimate Degree of Hydratiot, 0.846

Concrete CTE (in./in./°K 10 4.82

28-day Concrete Mean Compressive Strenfyths(psi) 5,300
28-day Concrete Modulus of Elastici@;ng(psi) 4,750000
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5.2.3 Harpersville Crashwall

Figure 57: Photograph of Harpersville Crashwall

5.2.3.1 Site Details

Table 53: Harpersville Crashwall Site Information

Placement Date

8/24/2015

Placement Time

10:20 A.M.

Placement Location

Harpersville, Alabama

Member Type Crashwall
Member Dimensions 484 &100
Cement Type I/l

Total Cementitious Materials Content (pcy) | 535

SCM Type (% Replacement)

Class C Fly Ash (20%)

Coarse Aggregate Type

Limestone

Form Type

Wood
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5.2.3.2 Sensor Layout
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Figure 58: Harpersville Crashwaltlevation View (top) an€ross ction(bottom)
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5.2.3.3 14-Day Temperature Data
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Figure 59: Harpersville Crashwall t®ay Concrete Temperature Data
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Figure 510: Harpersville Crashwall 2Day Concrete TempatureDifferenceData
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5.2.3.4 Long-Term Temperature Data
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Figure 511 Harpersville Crashwall Lorgerm Concrete Temperature Data
5.2.3.5 PostInstrumentation Site Observations
Fourteen days after constructiosite observation took place on September 7, 2015. At that
time, no signs of thermal cracking or DEF were found. Additional visits took place on January
18, 2016 and Mag9,2016. Again, no signs of temperatuetated distresses were observed
during either of these visits. As of thest site visit, only oneross sectiorof sensor leadavires
were accessible due to the addition ofrap at the base of the element.

5.2.3.6 Laboratory Testing Results

Table 54: Harpersville CrashwallaboratoryTesting Results

Total Heat of HydrationH, (J/kg) 437,500

Activation Energy,E (J/mol) 34,500

Q-Drum Hydration Slope Parametdr, 1.138
Hydration Time Parameted(hr) 1369

Ultimate Degree of Hydration, 0.758

Concrete CTE (in./in./°K& 10F) 4.47

28-day Concrete Mean Compressive Strenfyths (psi) 6,200
28-day Correte Modulus of ElastiCit\Ecm2s(pSi) 6,160,000
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5.2.4 Scottsboro Pedestal
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Figure 512: Photograph of Scottsboro Pedestal

5.2.4.1 Site Details

Table 55: Scottsboro Pedestal Site Information

Placement Date 9/3/2015

Placement Time 10:20 AMT 3:55 PM
Placement Locdion Scottsboro, Alabama
Member Type Pedestal

Member Dimensions 10x0l 2 .x3@ 0
Cement Type I/l

Total Cementitious Materials Content (pcy) | 620

SCM Type (% Replacement) Class F Fly Ash (20%)
Coarse Aggregate Type Limestone

Form Type Steel
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5.2.4.2 SensorLayout
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Figure 513: Scottsboro Pedestalevation View (top) an€ross &ction(bottom)
5.2.4.3 14-Day Temperature Data
For scheduling reasons, tharly age temperatudata was actually obtained thirteen days after

placementinstead of fourteen days.
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Figure 514: Scottsboro Pedestal -Dlay Concrete Temperature Data
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Figure 515: Scottsboro Pedestal -y Concrete TemperatuBsfferenceData
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5.2.4.4 Long-Term Temperature Data

The lead wires were cut by construction workers sometime after ttayldataverecollected.
For this reason, no loAgrm temperature dateerecollected for the Scottsboro pedestal.

5.2.4.5 PostInstrumentation Site Observations

Thirteendays after constructionsite observation took place on September 16, 2015. At that
time, no signs of thernharacking or DEF were found. A final site visit took place on May 19,
2016. Again, no signs of temperatusdated distresses were observed. The senscwlizas
were already cut by construction workers, preventing the collection of furthetdong
temperature data.

5.2.4.6 Laboratory Testing Results

Table 56: Scottsboro PedesthhboratoryTesting Results

Total Heat of Hydrationi,, (J/kg) 391,000

Activation EnergyE (J/mol) 34,600

Q-Drum Hydration Slope Parametdr, 1.598
Hydration Time Parametel) 15.29

Ultimate Degree of Hydratior, 0.786

Concrete CTE (in./in./°Kk 1) 4.04

28-day Concrete Mean Compressive Strenfyths (psi) 6,000
28-day Concrete Modulus of Elasticitiemos(psi) 5,400,000
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5.2.5 Scottsboro Bent Cap
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Figure 516: Photograplof Scottsboro Bent Cap

5.2.5.1 Site Details

Table 57: Scottsboro Bent Cap Site Information

Placement Date

9/18/2015

Placement Time

11:00 A.M.

Placement Location

Scottsboro, Alabama

Member Type Rectangular bent cap
Member Dimensions 6. %570. 5461 06
Cement Type I/l

Total Cementitious Materials Content (pcy)

620

SCM Type (% Replacement)

Class F Fly Ash (20%)

Coarse Aggregate Type

Limestone

Form Type

Steel
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5.2.5.2 Sensor Layout
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Figure 517: Scottsboro Bent Cdplevation View (topandCross ction(bottom)
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5.2.5.3 14-Day Temperature Data
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Figure 518: Scottsbhoro Bent Cap dday Concrete Temperature Data
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Figure 519: Scottsboro Bent Cap 1day Concrete TemperatubgfferenceData
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5.2.5.4 Long-Term Temperature Data
The lead wires were cut by construction workers sometiteethe 14day dataverecollected.
For this reason, no loAgrm temperature dateerecollected for the Scottsboro pedestal.
5.2.5.5 PostInstrumentation Site Observations
Fourteen days after constructiosite observation took place on October 6, 2015. Attthee,
no signs of thermal cracking or DEF were found. A final site visit took place on May 19, 2016.
Again, no signs of temperaturelated distresses were observed. The sensenligad had
already been cut by construction workers, preventing thectiolteof further longterm
temperature data.
5.2.5.6 Laboratory Testing Results
Because the same concrete provider was used for both the Scottsboro pedestal and bent cap, only
one set of materials was collected and only one dabofatorytests was performedoFthis
reason, the values from Tablé65And Table 58 are identical.

Table 58: Scottsboro Bent CapaboratoryTesting Results

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

Q-Drum Hydration Slope Parametdr, 1.598
Hydration Time Parametel(hr) 15.29

Ultimate Degree of Hydration), 0.786

Concrete CTE (in./in./°Kk 1) 4.04

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

28-day Concrete Modulus of Elasticit§emos(psi)| 5400000
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5.2.6 Elba Bent Cap
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Figure 520: Photograph of Elba Bent Cap

5.2.6.1 Site Details

Table 59: Elba Bent Cap Site Information

Placement Date 12/18/2015
Placement Time 11:00 A.M.
Placement Location Elba, Alabama

Member Type Rectangular bent cap
Member Dimensions 585 . %462 6
Cement Type I/l

Total Cementitious Materials Content (pcy)

550

SCM Type (% Replacement)

Class F Fly Ash (20%)

Coarse Aggregate Type

#57/#67 River Gravel

Form Type

Wood
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5.2.6.2 Sensor Layout
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Figure 521: Elba Bent Cajlevation View (top) an€ross &dion (bottom)
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5.2.6.3 14-Day Temperature Data
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Figure 522 Elba Bent Cap 4Day Concrete Temperature Data
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Figure 523. Elba Bent Cap 14Day Concrete TemperatubsfferenceData
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5.2.6.4 Long-Term Temperature Data
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Figure 524: Elba Bent Cap Londerm Concrete Tempdrae Data

5.2.6.5 PostIinstrumentation Site Observations

Fourteen days after constructiod4xday site observation took place on January 4, 2016. At that
time, no signs of thermal cracking or DEF were found. A final site visit took place on June 6,
2016. Again, o signs of temperatuelated distresses were observed. The sensemligad are

still accessible by malift, making it possible to obtain further loigrm temperature data.

5.2.6.6 Laboratory Testing Results

Table 510: Elba Bent CajraboratoryTesting Resu#t

Total Heat of Hydrationt,, (J/kg) 411,000

Activation EnergyE (J/mol) 34,700

Q-Drum Hydration Slope Parametdr, 1.035
Hydration Time Parameteld(hr) 11.67

Ultimate Degree of Hydratior, 0.794

Concrete CTE (in./in./°Kk 1) 6.39

28-day Concrete Mean Compressive Strenfyths (psi) 4,700
28-day Concrete Modulus of ElasticCiti¢ms (pSi) 3,950,000
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5.2.7 Birmingham Column

Figure 525: Photograph of Birmingham Column
5.2.7.1 Site Details

Table 511: Birmingham Column Site Information

Placement Date 1/21/2016

Placement Time 9:55 AMi 11:20 AM
Placement Location Birmingham, Alabama
Member Type Rectangular Column
Member Dimensions 4 . B4, 50 06
Cement Type I/l

Total Cementitious Materials Content (pcy) | 600

SCM Type (% Replacement) Class C Fly Ash (20%)
Coarse Aggregate Type Limestone

Form Type Wood
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5.2.7.2 Sensor Layout
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Figure 526: BirminghamColumnElevation View (top) an€ross &ction(bottom)
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5.2.7.3 14-Day Temperature Data

140
-1+ Core

120 - -o- Edge (on rebar)
5
&
g 100 -
B
<
o
g 80 -
=
O
P
[ 60 -
D
—
S 40 -
o
@)

20 4

() T T T T T T
0 48 96 144 192 240 288 336

Concrete Age (hrs)

Figure 527 Birmingham Column 14ay Concrete Temperature Data
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Figure 528: Birmingham Column 14Day Concrete TemperatubBgfferenceData
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5.2.7.4 Long-Term Temperature Data
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Figure 529: Birmingham Column Londerm Concrete Temperature Data
5.2.7.5 PostInstrumentation Site Observations
Fourteen days after constructiod4day site observation took place on February 4, 2016. At
that time, no signs of thermal cracking or DEF were founfin& site visit took place on May
19, 2016. Again, no signs of temperatoetated distresses were observed. All sensorweses
were still accessible at this time, making the collection of furtherteng temperature data

possible.
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5.2.7.6 Laboratory Testing Results

Table 512: Birmingham ColumrLaboratoryTesting Results

Total Heat of HydrationH,, (J/kg) 451,000

Activation EnergyE (J/mol) 34,700

Q-Drum Hydration Slope Parametér, 0.948
Hydration Time Parametel(hr) 13.01

Ultimate Degree of Hydratiory, 0.786

Concrete CTE (in./in./°K 10 5.49

28-day Concrete Mean Compressive Strenfyths (psi) 7,000
28-day Concrete Modulus of ElasticCitlfgm2s(psi) 6,850,000

5.3 Summary and Discussion of Temperature Data

In order to analyzéhe temperature data as a whole, the maximum concrete temperatures and

maximum concrete temperatutéferences for each elememre summarizeoh Table 513.

Table 513: Summary of Maximum Tempature Values from Instrumentation Data

LeastC_:ross Placement Maximum Maximum Concrete
Element ~ section Date Concrete Temperature
Dimension (ft) Temperature Difference
Albertville Bent Cap 6.5 7/31/15 168 °F 40 °F
Harpersville Crashwall 4 8/24/15 168 °F 41 °F
Scottsboro Pedestal 10 9/3/15 185 °F 68 °F
Scottsboro Bent Cap 6.5 9/18/15 167 °F 50 °F
Elba Bent Cap 5 12/18/15 127 °F 21 °F
Birmingham Column 4.5 1/21/16 111 °F 19 °F

The Elba Bent Cap and Birmingham Column experienced significantly lowenmaxi

temperatures and maximum temperatlifierences than the other four elements. This is likely

due to the fact that they were winter placements with sma#st dimensiosithan the other

elements. Although 4 out of 6 elements exceeded the typicalomassete temperature limits of

158 °F (maximum temperature) and 35 °F (maximum temperdiffeeencg, none of the

elements showed signs of thermal cracking or D&&ted distresdt should be noted that even
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if DEFis occurring in these elementsgrs of distress may not be visible during the first year
after placement. These elements should continue to be monitored for signs of DEF for the first
few years after placement.
Although not all temperature sensors fumeed properly, using twoross seabns of
sensors allowethe data oht least one core sensor and at least one edge sensor to be retrieved at

14 days for all six elements.
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CHAPTER 6: RESULTS AND DISCUSSION OF CONCRETEWORKS ANALYSIS

6.1 Assessment of the Accuracy of ConcreteWorkBredictions
Each ALDOT mass concrete element instrumented with temperature sensors was modeled in
ConcreteWorks to obtain predictiookthe development of place concrete temperatures
These temperature predictions were then compared to the measured tigneperarder to
assess the accuracy of ConcreteWorks temperature predictions. All of the necessary input
information, including nearby weather détdtained from the NOAAxndlaboratorytesting
results, was applied in order to thoroughly model thegptent conditions of each element.
Because ConcreteWorks can only calculate stresses for up to seven days after placement, only
seven days of weather datareapplied to each model. The following Sections 5.2.1 and 5.2.2
contain the data and results frone tConcreteWorks assessment.

6.1.1 ConcreteWorks 7-Day Concrete Temperature Predictions
This section contains graphical comparisons of measumecteteéemperatures to
ConcreteWorks predictezbncreteaemperaturesOne of the most useful tools in ConcreteWorks
is the ability to download a-@ay temperature history for any location within tness section
For this research, temperature histories were analyzed for the locations where temperature
sensors were placed. It should be noted that the losatidhe £nsors placed in the elememe
estimated based on the location of the sensors prior to concrete placement. Although the sensors
were fastened to the rebar cage as securely as possible, it is possible that the sensors moved
slightly during concrete placeant. Thecross sectioal locations analyzed in ConcreteWorks
were selected based on measurements taken prior to concrete platteshentd also be noted

from Figure 51 that the sensors placed on the rebar for the Scottsboro pedestal were
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approximately6 inches from the element surface, while the rebar sensors for the other elements
were approximately 2 inches from the element surface. The closer the sensor is to the element
surface, the greater the impact of formwork insulation and ambient weathetiarzdi

Figures 61 through 66 in this section show the comparison results for the six elements
instrumented in this projedEach figure contains two graphdidfirst (on top) displays concrete
temperature data for the core and edge locations, andcbreds@n bottom) displaysoncrete
temperaturalifferencedata between the edge and the core. Each graph shows 168 hours of
temperature data, as this was the duration of the ConcreteWorks amélygigy lines in
Figures 61 through 66 represent Conci@Norks predictions, while all black lines repnase
measured temperatures data.

Any suddenncrease or decreasethe edge temperature for the ConcreteWorks
predictionsoccursdue to the removal of formwork. For each element, an approximate formwork
removal time was obtained from the -Gite engineer. In a few cases, such as the Harpersville
crashwall ConcreteWorks overestimatthe effect of formwork removan edge temperature
change Table 61 contains the approximate formwork removal times for ebghent These
values should be considered whetamining theConcreteWorks temperature datdrigures 61
through 66.

Table 61: Concrete Age of Instrumented Elements at the Time of Formwork Removal

Element Formwork Removal Time
Albertville Bent Cap 72 hours
Harpersville Crashwall 18 hours
Scottsboro Pedestal 8 hours
Scottsboro Bent Cap 8 hours
Elba Bent Cap 72 hours
Birmingham Column 190 hours
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Figure 63: Scottsboro PedestaConcreteWorks Temperature Predictiessus Measured
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Figure 6-4: Scottsboro Bent CapConcreteWorks Temperature Predictioessus Measured
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