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Chapter 1. Introduction

1.1 Background

The hydration of cement and water is an exothermic reaction capable of generating
significant amounts heat. During curing, excessive temperatures can prevent the normal
formation of a hydration product known as ettringite, only to allow its formation once the
concrete has already hardened. While somewhat rare in the field, this condition is known as
Delayed Ettringite Formation (DEF). Concrete expansion caused by DEF is substantially greater
than any other concrete durability-related issue. A more common problem during curing is the
development of large thermal gradients capable of cracking the concrete. Thermal gradients can
arise out of rapidly increasing internal temperatures or even by stripping forms in cold weather.
While thermal cracks aren’t nearly as large as those caused by DEF, they allow chlorides to
quickly and easily penetrate deep into the concrete to the rebar. For these reasons, controlling
early-age temperatures is a critical part of ensuring long term durability. The current TxXDOT
mass concrete temperature specification is TxDOT Item 420.4.G14:

Mass placements are defined as placements with a least dimension greater than or
equal to 5 ft., or designated on the plans. For monolithic mass placements,

develop and obtain approval for a plan to ensure the following during the heat
dissipation period:

o The temperature differential between the central core of the placement and the exposed
concrete surface does not exceed 35°F and the temperature at the central core of the
placement does not exceed 160°F.

* Base this plan on the equations given in the Portland Cement Association’s Design
and Control of Concrete Mixtures. Cease all mass placement operations and revise the
plan as necessary if either of the above limitations is exceeded. Include a combination
of the following elements in this plan:

o Selection of concrete ingredients including aggregates, gradation, and cement types, to
minimize heat of hydration;

o Use of ice or other concrete cooling ingredients;

o Use of liquid nitrogen dosing systems;

o Controlling rate or time of concrete placement;

s Use of insulation or supplemental external heat to control heat loss;
¢ Use of supplementary cementing materials; or

e Use of a cooling system to control the core temperature.

Furnish and install 2 sets of temperature recording devices, maturity meters, or
other approved equivalent devices at designated locations. Use these devices to
simultaneously measure the temperature of the concrete at the core and the
surface. Maintain temperature control methods for 4 days unless otherwise
approved. Maturity meters may not be used to predict strength of mass concrete.



While the specification recognizes that concrete temperature and durability are related, it
does very little to help prevent excessive temperatures. The calculations found in the Portland
Cement Association’s Design and Control of Concrete Mixtures are difficult, guidance is vague,
and the result is inaccurate. Information in literature regarding temperature rise of materials is
dispersed and irrelevant to local materials. The problem becomes even more difficult when
cracking tendency is considered, which the specification does not even address.

In hght of the deficiencies of the TxDOT mass concrete temperature specification,
researchers at The University of Texas at Austin developed an innovative software package
under TxDOT Project 0-4563. Known as ConcreteWorks, the software gives laboratory
technicians, engineers, inspectors, and contractors a tool to improve and guide TxDOT to better
designs. ConcreteWorks is a free stand-alone Microsoft Windows based software suite capable
of assisting with ACI211 mix design, temperature prediction, cracking probability classification,
and chloride-diffusion service-life analysis.

1.2 Research Objective

Although ConcreteWorks has been very well received at the national and international
levels, it has yet to be integrated into standard TxDOT practices. The goal of this research is to
spur the implementation of ConcreteWorks within TxDOT by-accomplishing four objectives: (1)
develop training materials for ConcreteWorks, (2) deliver training courses to selected TxDOT
districts, (3) implement ConcreteWorks on TxDOT projects, and (4) make minor modifications
to ConcreteWorks.

1.3 Scope of Report

Following this introductory chapter, Chapter 2 briefly covers the development of a
curriculum and training materials to teach TxDOT engineers, inspectors, and contractors how to
incorporate ConcreteWorks into their standard design and construction practices.

Chapter 3 provides an explanation of the laboratory and field testing that was performed
to characterize each of the case studies in ConcreteWorks.

Chapter 4 presents two unique case studies in precast concrete temperature prediction.
Instrumentation and laboratory testing results for each case study are explained and used to
compare observed temperatures with ConcreteWorks analyses. Observations made while 1n the
field are also discussed.

Chapter 5 presents two case studies in mass concrete temperature prediction.
Instrumentation and laboratory testing results for each case study are explained and used to
compare observed temperatures with ConcreteWorks analyses.

Chapter 6 discusses work performed in anticipation of a future case study in chloride
diffusion service-life prediction.

Chapter 7 presents conclusions regarding the results of this research and provides
recommendations for future research related to early-age temperature prediction.



Chapter 2. ConcreteWorks Training

The first task of this research was to develop a curriculum and training course that would
train TxDOT employees how to use the ConcreteWorks software program. The course was
designed to teach the basic principles of ACI 211 mix design, temperature prediction, cracking
probability classification, and chloride-diffusion service-life analysis. While the goal was to keep
ConcreteWorks from being a black box, trainees needed to be able to leave the classroom feeling
comfortable with understanding the inputs and using the program.

2.1 Austin Pilot Course

The ConcreteWorks curriculum originated as an 8-hour course consisting of seven
modules. The typical format of the modules was approximately 45 minutes of presentation-based
instruction followed by a 15-minute demonstration of the actual program relating to the material
taught in the module. One module consisted of a 1-hour hands-on case study in which trainees
were to design a concrete element to meet several performance specifications outlined in the
assignment. Overall, the Austin pilot course was determined to be too long, too hands-off, and
too difficult to follow due to its emphasis on teaching the theory behind ConcreteWorks. What
was needed was an interactive course that would engage trainees and get them comfortable with
using the program. The Austin Pilot Course slides can be found in Appendix A.1.

2.2 Standard Training Course

Several drastic changes were made to the ConcreteWorks curriculum based on the
outcome of the Austin Pilot course. Two modules were removed from the course and the
remaining modules were redesigned to emphasize hands-on use of the program. The general
format of each module was 10 minutes of instruction-based presentation followed by 25 minutes
of instructor-led demonstration and hands-on exercise. In total, the course consisted of
approximately 1 hour of lecture-style training and 3 hours of hands-on use of the program. This
new format kept trainees fully engaged and enabled them to ask questions rather than be buried
in complex theory.

In total, the course was delivered to six districts including Austin, Corpus Christi, Dallas,
El Paso, Fort Worth, Houston, and Lubbock. Although the course was custom tailored to meet
the needs of each individual district, a standard course guide with the presentation slides and
hands-on assignments can be found in Appendix A.2.






Chapter 3. Laboratory Testing Results

Temperature prediction of a concrete member involves several interrelated mechanisms,
none of which have a closed-form solution. Each mechanism must be modeled, and a solution
determined iteratively. As seen in Figure 3.1, the analysis may be divided into three main
components: heat generation from the hydration process, heat transfer through the concrete, and
heat exchange between the element and the outside environment (Riding, 2007). Characterizing
each process and comparing the results with field observations requires a complex laboratory and
field testing program.

A ; ; :
Heat of Hydration Heat Transfer

Temperature

Environmental Cycle

Time

Figure 3.1: Temperature Prediction Processes

3.1 Field Testing Program

One of the concerns that arose early in the project was that of a sensitivity analysis. After
all, ConcreteWorks allows each process to be described to varying degrees of accuracy. If very
little 1s known about a certain process, ConcreteWorks has a built-in predictive or statistical
model to calculate the variables it needs to perform the calculations. Some examples include the
built-in 30-year historical weather model, the use of cement chemistry typical of the cement type,
the ability to calculate hydration parameters from the cement chemistry, and finally the model
for calculating heat transfer constants based on aggregate classification. In all cases, the program
allows for overwriting programmatically determined values with results attained from laboratory
testing. Doing so should theoretically improve the overall accuracy of the resulting temperature
prediction. One of the objectives of field implementation was to determine how much accuracy
could be gained by putting in the effort to determine these mnputs.

A systematic method for gauging ConcreteWorks’ response to various inputs was created
with the development of four levels of detail as outlined in Figure 3.2. Each level of detail
(LOD) represents an increase in effort to characterize the case studies. What follows is an
explanation of the laboratory testing performed for each LOD.
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Figure 3.2: Levels of Detail (LOD) in Process Characterization

3.2 Environmental Cycle

The default ConcreteWorks weather prediction is based cn hourly 3C-year average
weather data calculated from the National Climatic Data Center (NCDC) Solar and
Meteorological Surface Observational Network (SAMSON) CDs (Riding, 2007). With weather
data for almost every major city in all 50 states, selecting the closest city to the project site is
usually sufficient to get an accurate prediction of the weather. At LOD 1, the time, date, and
location of each case study were specified, allowing ConcreteWorks to refer to its tuilt-in 30-
year historic weather data to determine the environmental cycle.

3.2.1 Weather Station

For the purposes of this research, a commercial weather station was installed at the site of
each case study to generate the same environmental cycle in ConcreteWorks as observed in the
field. The weather station was programmed to record temperature, relative humidity, solar
radiation, and wind speed on 15-minute intervals for the duration of each case study. By
removing the environmental cycle as a variable, a fair comparison could be made between LOD
2, 3,and 4.

Analyzing the results of the weather station to produce a table of inputs was fairly
straightforward aside from one small caveat. The weather station measures solar radiation,
whereas ConcreteWorks uses percent cloud cover as an input to calculate solar radiation. A
conversion to back-calculate percent cloud cover was necessary and so was a deeper
understanding of how ConcreteWorks determines solar radiation.

ConcreteWorks assumes a linear relationship between solar radiation and cloud cover
according to Equation 3.1 (Riding 2007):



Ey =(091-(0.7-C)) - Eron (3.1)

where Eroa is the horizontal solar radiation at the top of earth’s atmosphere (W/m?) and Ey is the
surface horizontal solar radiation (W/m?). Radiation is defined as “energy emitted by matter that
1s at a finite temperature” (Riding, 2007); thus the total daily solar radiation would appear to
capture the total energy emitted by mechanisms of solar radiation. Percent cloud cover was
calculated on the basis that the total daily solar radiation (W/mz/day) predicted by
ConcreteWorks should equal that measured by the weather station. As the relationship in
Equation 3.1 is linear, ConcreteWorks was used to predict solar radiation based on zero percent
cloud cover. Assuming zero percent cloud cover, Equation 3.1 becomes:

EHo%cc

B = 3.2
foa 0.91 (3-2)

where Epgocc 18 ConcreteWorks’ predicted daily total surface horizontal solar radiation
(W/m?/day) with zero percent cloud cover and Eros is now the total daily horizontal solar
radiation at the top of the earth’s atmosphere (W/m?/day). Substituting Equation 3.2 back into
Equation 3.1 and solving for percent cloud cover, C, yields:

(3.3)

ZEHo%cc

where Eogs 1s the total daily surface horizontal solar radiation (W/mz/day) observed by the
weather station. Equation 3.3 was used to directly calculate the daily cloud cover based on the
total daily solar radiation predicted by Concrete Works at zero percent cloud cover and that
observed in the field.

3.3 Hydration Model

The heat evolution of a particular concrete mixture can be modeled by an S-shaped curve
requiring only three parameters to describe. It is important to realize that heat produced by any
given concrete mixture is mix specific, so any changes to the mix proportions, cement, or other
materials will alter the shape of the heat signature curve, seen in Figure 3.3.
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Figure 3.3: Mix-specific Heat Signature

The parameters describing the shape of the heat signature curve are o, B, and 1. In the
order they are shown in Figure 3.4, these parameters describe the ultimate degree of hydration,

the reaction rate, and the timing of the reaction.

I

B T

Figure 3.4: Hydration Parameters

As a, B, and t are merely shape factors, a few additional variables are necessary to define

the actual heat output of the concrete mixture. Hu, with units of J/gram of cementitious materials,
defines total heat available in a concrete mixture based on the cement chemical composition as
well as the addition of any supplementary cementitious materials (SCMs). Activation Energy, E,,
defines the temperature dependency of the hydration reaction. Essentially, Activation Energy is

used to scale the hydration reaction based on the concrete temperature.
What follows is an explanation of the laboratory testing performed to characterize the

heat generation properties for each case study as well as the empirical formulas used by

ConcreteWorks to determine E, a, B, T, and Hu.



3.3.1 Blaine Fineness
Blaine fineness was performed on each of the cements sampled from case studies using
ASTM C204 (2007). Table 3.1 summarizes the results.

Table 3.1: Blaine Fineness for Case Study Cements

Blaine Fineness, 2 /kg

Bexar (Alamo) Type 11 486.3
Bexar (Capitol) Type 11 5198
Eagle Lake Typelll 5195
WBSB 8 Type 1/11 385.2
WBSB 9 Type I/11 389.3

3.3.2 Bogue Composition

Cement crystalline phases were determined using Bogue calculations according to ASTM
C150 (2011). While Bogue isn’t the most reliable method of determining the cement phases, it is
readily available on cement mill certificates. Mill certificates, however, are usually only a
monthly estimation of the cement properties. To improve the relevance of the ConcreteWorks
simulations, X-Ray Fluorescene (XRF) was performed to more accurately determine the
chemical composition of the cements. The Alamo cement used at Bexar ConcreteWorks in San
Antonio as well as Eagle Lake contained limestone additions, necessitating a Thermal
Gravimetric Analysis (TGA) to determine the amount of free lime. The product of these results is

shown in Table 3.2.

Table 3.2: Cement Bogue Composition by Case Study
Alamo Capitol  EagleLake WBSBS8 WBSB 9

C3S 46.39% 61.47% 60.33% 32.56% 48.77%
C,S 24.64% 10.82% 14.31% 38.60% 23.36%
CGA 6.39% 10.76% 6.20% 12.16% 11.42%
C4AF 11.28% 4.63% 10.64% 5.81% 5.20%
Free Lime 090% = 0.00% - 1.47% 0.00% 0.00%
SO3 3.56% 4.37% 0.66% 3.72% 3.80%
MgO 0.66% 1.30% 3.57% 1.33% 127%
Na,O 0.06% 0.11% 0.03% 0.14% 0.13%
K;0 0.66% 0.48% 0.68% 0.53% 0.54%

With the mix design, Blaine fineness, and Bogue composition available, ConcreteWorks derives
E.. 1, B, a, and Hu using the following empirical formulas developed from previous research

(Poole, 2007):

41,230 + 8,330 - [(pC3A + pC,,,AF) "Pcement pgypsum}
Ea = -3,470" Na20€q — 19.8 - Blaine + 2.96 - Priyash * PriyAsh—cao
D e 16 B~ SUBOH-WERET — 1450 «ACLI

(3.4)
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P\ —533-prs* Pra_cao — 12.6 - ACCL + 97.3 - WRRET

—0.494 — 3.80 - pC3A . pcem — 0594 *PecBES
p =exp| 4968 - WRRET + 39.4- LRWR + 23.2- MRWR (3.6)
+38.3:-PCHRWR + 9.07 - NHRWR
_'0.885 - 137 " pC4AF * pcem
1.031-w/cm — . .
oy, = / & exp 283 pNazoeq Pcem (37)
0.194 + W/Cm —-9.90 - Pra " PFa-cao
—339:- WRRET —95.4- PCHRWR
Hy, = Heem *Deem + 550 " Pegprs—120 + 1800 * Pra_cao * Pra (3.8)
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where pcss, Pcas, PCia PC4AF: PFreeCa PS03 PMgOs PNa20, Pavosum ar€ the respective percent CsS, C,S,
CsA, C4AF, Free Lime, SO3;, MgO, Na,O, and gypsum in the Portland cement; pnaoeq 1S the
percent Na;O, (Na;O + 0.658 - K,0) in the Portland cement; peem. Priushs Poosrs.120, and pge are the
respective percent Portland cement, fly ash, slag, and silica fume of the total cementitious
materials content; pc.o.ra0 18 the percent CaO 1n the fly ash; Blaine is the Blaine fineness of the
Portland cement [m*/kg]; LRWR is an ASTM Type A water reducer, MRWR is a mid-range
water reducer, NHRWR i1s a Type F naphthalene high range water reducer, PCHRWR 1s an
ASTM Type F polycarboxylate based high range water reducer, WRRET is an ASTM Type A&D
water reducer/retarder, and ACCL is an ASTM Type C calcium-nitrate based accelerator (Riding,
2007). The chemical admixture dosages are in percent solids by weight of cementitious
materials; however, they aren’t specified in the mixture proportions. Instead, ConcreteWorks
assumes typical dosages for each type of admixture indicated in the mixture proportions.

3.3.3 X-Ray Diffraction

Quantitative X-Ray Diffraction (XRD) was performed on each cement sample in order to
fulfill the needs of the LOD 3 ConcreteWorks simulation. Rietveld analysis was then used to
define the cement chemical composition, as summarized in Table 3.3

Table 3.3: Cement Rietveld Analysis by Case Study
Capitol Eaglelake @ WBSB8 WBSB 9
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Using the results of the Rietveld analysis, ConcreteWorks determines the hydration
parameters according to Equations 3.10 through 3.15:

E

a
39,200+ 107 - [(PAluminate) "Peem (pCaSO4xH20 “ pArcanite) ’ pcem]
= —12.2 - Blaine + 1.24 * priyasn * Priyash-cao + 120 * Dgeprs
—533 - pgr — 30,100 - WRRET — 1,440 - ACCL

(3.10)

T
e (2-95 = 0.972 * patire * Peem + 152 PNa,0 " Pcem T 175 pGGBFS) (3.11)
P —4.00 - Py - Pra—cao — 11.8- ACCL + 95.1 - WRRET
—0.418 — 2.66 * pajuminate * Pcem — 0.864 * Pigprs
B =exp| +108-WRRET +32.0:-LRWR + 13.3- MRWR (3.12)
+425-PCHRWR + 11.0- NHRWR
=0.297 =~ 9.73 * Prorvite* Peem

1.031-w/cm =395 . .
g 5 i +exp PNa;0eq " Pcem (3.13)

0.194 +w/cm —8.90 * Pra * Pra-cao

—331-WRRET —93.8- PCHRWR
Hy = Heem * Peem + 550 Pstag t 1800 * pra—cao " Pra + 330" psp (3.14)
H _ 500 * pajite + 260 * pgeyire + 866 - Pawuminate T 420 * Drerrite (3.15)
cem +624 - Psulfate + 1186 * Priwie + 850 * Pporiciase '

where palites PBelites PAluminates Prerrites PPericlases PLimes and Psuaie are the respective percent alite,
belite, aluminate, ferrite, periclase, and sulfate in the Portland cement; pnaxoeq 1S the percent
NayO¢q (NayO + 0.658 - K>0) in the Portland cement; CaSO,;xH>O is the total percent by mass
of gypsum, hemihydrates, and anhydrite; peem, Prnashs Pasrs.iz0, and psr are the respective percent
Portland cement, fly ash, slag, and silica fume of the total cementitious materials content; pc,o.
masn 18 the percent CaO in the fly ash; Blaine is the Blaine fineness of the Portland cement
[mz/kg]; LRWR is an ASTM Type A water reducer, MRWR is a mid-range water reducer,
NHRWR 1s a Type F naphthalene high range water reducer, PCHRWR is an ASTM Type F
polycarboxylate based high range water reducer, WRRET is an ASTM Type A&D water
reducer/retarder, and ACCL is an ASTM Type C calcium-nitrate based accelerator (Poole, 2007).

3.3.4 Calorimetry

Rather than rely on a derivation of the hydration parameters for LOD 4, E, a, B, and t
were directly obtained using isothermal and semi-adiabatic calorimetry. As with the previous
simulations, Hu was still calculated using Equation 3.8.
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Activation energy (E,) was calculated based on a modified ASTM 1074 approach using
isothermal calorimetry. Isothermal calorimetry was performed on paste samples at 15, 38, and 60
°C (59, 100, and 140 °F) over 72 hours using an eight-channel isothermal calorimeter.

Semi-adiabatic calorimetry was performed on a sample of the concrete from each case
study to determine a, 3, and t. Semi-adiabatic calorimetry is a very simple test in which a 6 inch
x 12 inch cylinder of fresh concrete is placed in an insulated drum that measures the temperature
of the concrete as well as the outside environment. Because the calorimeter is not completely
adiabatic, some heat is lost to the outside environment. This is accounted for by using a
calibrated correction factor to determine the actual heat generated by the concrete. The
calorimeter was place in an air-conditioned space shortly after sampling and samples were run
for approximately 120 hours.

3.3.5 Hydration Property Results

A summary of the hydration parameters produced at each LOD for each case study is
presented in Table 3.4 through Table 3.8.

Table 3.4: Alamo Hydration Model by LOD
LOD 2 LOD 3 LOD 4 .

LOD 2 LOD 3 0has

q hours 18.568

LOD 3 LOD 4

12.321  23.669

a, - 0.649 0.654 0.656 0.687
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Table 3.7: WBSB 8 Hydration Model by LOD

oba . LOb2 . LoD3 LOD 4

i Ee I/mo  BB0%8 aén9s ds3n 07id
T  hours 16.231 19.801 13481  18.480
B - 095 113 1092 1.032
oy - 0.748 0.768 0.782 0.806

H. J/kg 448602 410244 = 469159 469159

Table 3.8: WBSB 9 Hydration Model by LOD

LOD 1 LOD 2 LOD3  LOD4

E. J/mol 35989 36337 @ 46727 26914
T hours  16.207 17.786 14.034  18.494
8 B9l 1095 = 0812
oy : 0.748 0.772 0.780 0.932

_ He  J/kg 448776 436329 443901 443901

3.4 Heat Transfer Model

The transfer of heat through a concrete element is defined by two properties: thermal
conductivity and heat capacity. Thermal conductivity, k [W/m/°C], is the ability of a material to
transfer heat. Heat capacity, Cp [J/kg/°C], dictates the energy required to raise the temperature of
a material. Based on literature, ConcreteWorks automatically adjusts both values according to
the mix design and the course and fine aggregate types. Like the hydration model, however, they
may also be overwritten with values acquired from testing.

3.4.1 Thermal Conductivity and Heat Capacity

Heat transfer was characterized by separately measuring the thermal conductivity and
effusivity of paste, coarse aggregate, and fine aggregate samples from each mix. Each
component’s thermal properties were then multiplied by its respective mass fraction of the total
concrete mixture. Summing the results yielded the heat transfer characteristics of the concrete.

Testing was performed with a Mathis TCi Thermal Conductivity Analyzer. Samples were
polished smooth and then placed on the sensor using water as a contact agent. The instrument
was then set to subject the samples to a series of 3-second heating cycles followed by 57-second
cooling cycles. By measuring the temperature of the sample at the end of each cycle, the
instrument determines its thermal conductivity and effusivity. Figure 3.5 shows the sensor.



Figure 3.5: Mathis Thermal Conductivity Sensor

Heat capacity was calculated using Equation 3.16. Because the Mathis TCi requires water
as a contact agent, samples were stored in water and tested in the fully saturated state. Density of
the coarse and fine aggregates was cetermined according to ASTM C127 and C128 respectively
and the saturated density was used as the basis for the calculation of Cp in equation 3.16. Density
of the paste samples was determined gravimetrically.

Cp= (3.16)

Coarse aggregates were prepared by sampling approximately 10 stones large enough to
cover the surface of the heating surface. As evidenced by the difficulty of finding suitable
samples from the precast plant aggregates, 3/4-inch maximum: sized aggregate is the smallest
feasible sample size for normal testing. Stone selected for testing were ground flat on one side
and then polished to a glassy finish.
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Figure 3.6: Polished Course Aggregate Samples

Paste samples were prepared by combining 30 grams (~1 o0z.) of materials in a 10-0z.
epoxy mixing cup. After 12 hours of curing, the paste samples were removed from the cups and
polished smooth for testing. In the event that solids had settled, both the top and bottom of the
samples were tested and averaged to determine the heat transfer properties.

Fine aggregates were too small to be tested individually and were prepared as mortars
instead. Similar to the paste samples, mortar samples were also prepared in 10-0z. epoxy mixing
cups. Once cured, they were ground and polished. Both sides were analyzed and the result was
averaged to account for any settling of the fine aggregate within the paste. As the thermal
properties of the paste component of the mortar mix was already known, the properties of the
fine aggregate were back calculated from the mortar test result. Table 3.9 summarizes the results
of the heat transfer testing.

Table 3.9: Heat Transfer Results

Aame. 06T o
Capitol 1.67 0.20
Fagleloke. 100 020
WBSB8  2.46 T
Wesea 248 B0

3.5 Mechanical Testing

From each case study, 4-inch x 8-inch inch cylinders were cast for mechanical testing.
The aim of the testing program was to gather compressive strength, maturity, elastic modulus,
and splitting tensile strength at ', 1, 3, 7, 14, and 28 days after concrete placement. Mechanical
properties for each case study can be seen in Table 3.10 through Table 3.14.

15



Table 3.10: Alamo Mechanical Properties
ClE
10° /¢

Table 3.12: Eagle Lake Mechanical Properties

3-Day 8550 1048

14-Day 10904 1240

Table 3.13: WBSB 8 Mechanical Properties
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Table 3.14: WBSB 9 Mechanical Properties

17



18




Chapter 4. Precast Concrete Temperature Prediction

4.1 Research Significance

Concrete mixtures in the precast industry are designed around maximizing production.
The primary objective is to achieve release strength as soon as possible so that forms can be
stripped and prepared for the next beam. Accomplishing this objective usually means utilizing a
combination of high cement content, highly reactive Type IIl cement, and accelerating
admixtures to ensure high early strength. However, accelerating hydration also accelerates heat
generation and excessive temperatures are a common problem that can lead to delayed ettringite
formation, cracking, and other durability related issues.

U-beams are particularly prone to overheating due to the solid-concrete end blocks at
each end of the beam. While the end blocks are typically only 18 to 24 inches thick, they are
usually lined with foam on one side which insulates the concrete and retains heat. The thickness
of the foam varies depending on the length of the beam, but it is usually between 2 and 6 inches.
In addition to making minor adjustments to the thickness of the end blocks possible, the foam
also provides a compliant barrier for easy removal of the formwork.

ConcreteWorks predicts temperatures on a vertical plane through the center of the end
block, where temperatures are the highest. Figure 4.1 shows the installation of a U54. Figure 4.2
illustrates the cross section of a typical U54 beam as well as where ConcreteWorks predicts
temperatures.

Figure 4.1: Installation of U54 Male Formwork

19



. Concrete

D Foam

. Formwork

ConcreteWorks

Figure 4.2: Cross Section of a Typical U Beam

4.2 Case Study: Bexar Concrete Works

Two 54-inch-tall U-beams were instrumented with temperature sensors at Bexar Concrete
Works on September 27, 2010. Located on Loop 1604 north of downtown San Antonio, Bexar
Concrete Works 1s an impressive operation. At the time of this project, the company sourced its
aggregates from Vulcan Materials, located on the west side of Bexar Concrete’s property. On the
east side of the property is Alamo Cement, one of their primary sources of cement. Bexar
Concrete was also sourcing cement from Capitol Aggregates, located just a few miles south of
the precast plant.

This project presented a unique research opportunity because two identical beams with
identical mixture proportions were poured within approximately 1 hour of each other on the
same day. The only difference between the beams was the source of cement. One beam
contained Type III cement produced by Alamo. The other beam employed Type Il cement
produced by Capitol Aggregates. The two cements have significantly different chemical
properties. The plant had reported temperatures varying by 20 degrees simply by switching the
cement. The goal of this project was to monitor the two beams and replicate the field
observations using ConcreteWorks’ temperature prediction software.

4.2.1 Materials and Mixture Proportions

The paste fraction entailed a reasonable cementitious content of 815 pounds, 25% of
which was Class F fly ash. Both the fine and course aggregates were crushed limestone
manufactured by Vulcan Materials. Sika products were used for workability and set retardation.
The mix design used for the beams is presented in Table 4.1. Samples of all the raw materials
used in the concrete mixtures were collected on the day following the pour and brought back to
the Concrete Durability Center for laboratory testing.
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Table 4.1: Bexar Precast Mix Design

Raw Materials Amount

Cement a0 Type lIl . 611.01b
SCM Class F Fly Ash 204.01b
Water 32W/C 256.01b
Coarse Aggregate 3/4" Limestone 1817.01b

Fine Aggregate Limestone 1089.01b

Admixtures Amount

Water Reducer Sika ViscoCrete 4100 5.50 fl oz /cwt

Retarder Sika Plastiment 2.50fl oz/cwt

4.2.2 Instrumentation

Thermochron 1Buttons made by Dallas Semiconductor were used to collect temperature
data in the beams. An iButton consists of an onboard thermocouple, battery, and a memory chip
capable of storing over 2,000 data points and is capable of logging temperature readings every 5
minutes for a period of 7 days. Each beam was instrumented with 12 temperature sensors, all of
which were placed on one side of the end block. Six sensors were placed as close as possible to
the center of the end block for comparison with ConcreteWorks. Six more sensors were placed
near the sides to get a better idea of the temperature distribution throughout the end block. For
the purposes of this research, discussion will focus on the six sensors placed near the center of
the end block. Figure 4.3 illustrates the approximate location of the sensors within the end block
as measured after installation.

s 24 IR e s

6 1/2" A4

Figure 4.3: Bexar Precast—Approximate Location of Sensors

Comparing the installed location of the sensors with the output file generated by
ConcreteWorks raised a few questions concerning the dimensions of the end block as modeled
by the software program. Unless there is an error in the output file, it appears as if a 54-inch U
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beam end block is modeled as 48-inches tall. Whereas typical end blocks range between 18 and
24 inches thick, the modeled end block is 27 inches thick. The beams instrumented on site were
approximately 22 inches thick. There is no option in ConcreteWorks to specify the thickness of
the end block.

Despite these complications, an analysis was conducted of the temperatures observed in
the field and those predicted by ConcreteWorks. The output for ConcreteWorks, illustrated by
Figure 4.4, consists of a two-dimensional array of points in the end block at which temperatures
are predicted on a 5-minute interval. To produce predicted temperatures at the same locations at
which iButtons were inszalled, bilinear interpolation of predicted temperatures surrounding each
iButton was performed. This was done for each time step and plots of the observed and predicted
temperatures were developed. Figure 4.4 also presents a naming scheme for the sensors, with B,
M, and T representing the bottom, middle, and top rows of sensors respectively.

® jiButton

+  ConcreteWorks

Height (inches)

— — Actual End Block

Depth (inches)

Figure 4.4: Bexar Precast—End Block Instrumentation Schematic

4.2.3 Field Observations

A commercial weather station was set up on site the morning of the pour and
programmed to record temperature, relative humidity, solar radiation, and wind speed on a 15-
minute interval. Table 4.2 summarizes the observed weather conditions at the site. A detailed
comparison between the observed weather and ConcreteWorks predicted weather can be found
in Appendix B.1.
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Date

9/27/2010

Table 4.2: Bexar Precast Weather Station Data

Wind
Speed

m/s

Temperature

Max Min
°F °F

Cloud Relative Humidity
Cover Max Min
% % %

80.1 880 53 22 860 284
9/28/2010 87.3 50.3 5.3 22 91.7 24.9
9/29/2010 91.4 56.1 6.7 25 89.9 232
9/30/2010  88.1 55.7 6.7 25 87.3 27.0

Casting of the Alamo beam began at approximately 3:30 p.m., soon followed by the
Capitol beam at 5:00 p.m. Both mixtures arrived at approximately 88 °F. The fast setting time of
the concrete allowed for only 26 cylinders to be collected from each beam. Q-Drums were
prepared and placed in an office on site for the next several days. Both beams were stripped of
their forms at approximately 25 hours.

Data was collected from the sensors 7 days after casting. The Capitol beam reached 180.5
°F and maintained above 170 °F for approximately 12 hours. The Alamo beam reached a
maximum temperature of 162.5 °F. Despite almost identical conditions for both beams, the
Capitol beam reached 18 °F higher than the Alamo beam.

200

180 / \
—~ 160 e
E.J l’ “'—.__.
9 140 S .. NSt ——— S S Alamo
5 H
4 ¢
= [ :‘ \_,_
g- 120 ; ¥ Capitol
: /]
&) i
&= 100 b

80 +

60 + H T T ¥

(4] 12 24 36 48 60 72

Time From Placement (Hours)

Figure 4.5: Maximum Observed Temperature (Alamo vs. Capitol)

4.2.4 Observed and Predicted Temperatures

ConcreteWorks was used to simulate the beams for each of the levels of detail outlined in
Chapter 3. What follows is a plot of each of the six central iButtons compared with
ConcreteWorks’ predicted temperatures (Figures 4.6-4.17). The figures begin with the bottom
temperature sensors and progressing, with the Capitol beam being presented first.
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Figure 4.7: Capitol ConcreteWorks Analysis (Sensor B2)
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Figure 4.8: Capitol ConcreteWorks Analysis (Sensor M1)
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Figure 4.9: Capitol ConcreteWorks Analysis (Sensor M2)
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Figure 4.11: Capitol ConcreteWorks Analysis (Sensor T2)
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Figure 4.13: Alamo ConcreteWorks Analysis (Sensor B2)
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Figure 4.15: Alamo ConcreteWorks Analysis (Sensor M2)
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Figure 4.17: Alamo ConcreteWorks Analysis (Sensor T2)
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4.3 Case Study: Valley Prestress Products

Maintaining adequate temperatures is so difficult that some precast producers install
water cooling pipes in the end blocks of U-beams. Valley Precast, located in Eagle Lake, Texas,
recently began installing water cooling pipes to control temperatures. Although ConcreteWorks
is currently unable to model cooling pipes, both a water-cooled and a non-water-cooled beam
were instrumented.

4.3.1 Structural Plans

A commercial weather station was set up at the precast plant at approximately 10:00 a.m.
on the day of the pour. Located just a few hundred yards away from the beams, the station was
programmed to record temperature, relative humidity, solar radiation, and wind speed on a 15-
minute interval. For unknown reasons, the weather station failed to collect relative humidity, in
which case daily relative humidity statistics were acquired from a nearby weather station in
Wharton, TX. Aside from a brief afternoon shower on the first two days of the monitoring
period, conditions were consistent with southeast Texas weather: hot and humid. A summary of
the observed conditions may be seen in Table 4.3. For a detailed comparison between the
weather observed at Eagle Lake and ConcreteWorks predicted weather, see Appendix C.1.

Table 4.3: Eagle Lake Weather Station Data

Temperature Wind Cloud Relative Humidity
Max Min Speed @ Cover Max Min

h

sl 9e0 oas 44 Z7 0 o e
* collected from wunderground.com

4.3.2 Materials and Mixture Proportions

The same mix design, summarized in Table 4.4, was used for both the water-cooled and
non-water-cooled beam. The mix was a high-performance self-consolidating concrete (SCC). To
characterize the concrete, cylinders were taken on site during construction for mechanical testing
and raw materials were acquired from the batch plant on the day of the pour for laboratory
testing.
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Table 4.4: Eagle Lake Mix Design

Raw Materials Amount

Cement .. Alamb Type 1 ~ 70001b
SCM Class F Fly Ash 2331b
Water 0.30W/C 2691b
Coarse Aggregate 1/2" River Gravel 15271b
Fine Aggregate - River Sand ' 1269 Ib
Water Reducer : Sika ViscoCrete 2110 5.25fl oz/cwt
Retarder Sika Plastiment 1.25fl oz/cwt
Accelerator Sika CNI. 16.44 fl oz /cwt
VMA Sika 4R 2.15floz/cwt

4.3.3 Instrumentation

To speed up instrumentation, six temperature bars (see Figure 4.18) were fabricated for
each end block using 1/4-inch diameter steel tubing and three iButtons evenly spaced at 8 1/8
inches. Because the end block thickness wasn’t known at the time of fabricating the temperature
bars, they were made longer than necessary. Once on site, the bars were cut to size and the ends
were injected with fast curing epoxy for waterproofing. While the cutting and capping of
temperature bars added a little more complication to the instrumentation process, the benefits
were invaluable. The temperature bars ensured precise placement of sensors in the end block as
well as a rigid point of attachment to the surrounding rebar. The temperature bars also make it
very easy to have several sensors grouped to a single multi-conductor wire, which greatly
reduces confusion regarding which wire belongs to which sensor after the concrete has been
poured.



Figure 4.18: Eagle Lake Temperature Bars

Similarly to the Bexar Precast beams, half the sensors were placed as close as possible to
the center of the end block for comparison with ConcreteWorks. The remaining nine sensors
were placed near the sides to get a better idea of the temperature distribution throughout the end
block. Figure 4.19 shows the approximate location of the sensors within the end block as
measured after installation.

# A 4" 212 e 3 -AF 3 3" Foam
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Figure 4.19: Installed Sensor Locations
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The same complications regarding the modeled end block size apply to the modeling of
the Eagle Lake beam. A 54-inch U beam end block is modeled as 48 inches tall and 27 inches
thick. The beams instrumented on site were approximately 22 inches thick. There is no option in
ConcreteWorks to specify the thickness of the end block.

An analysis was conducted of the temperatures observed in the field and those predicted
by ConcreteWorks. The output for ConcreteWorks, illustrated by Figure 4.20, consists of a two-
dimensional array of points in the end block at which temperatures are predicted on a 5-minute
interval. To produce predicted temperatures at the same locations at which iButtons were
installed, bilinear interpolation of predicted temperatures surrounding each iButton was
performed. This was done for each time step and plots of the observed and predicted
temperatures were developed. Figure 4.20 also presents a naming scheme for the sensors, with B,
M, and T representing the bottom, middle, and top rows of sensors respectively.

54
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Figure 4.20: Eagle Lake—End Block Instrumentation Schematic

4.3.4 Observed and Predicted Temperatures

The following figures (Figure 4.21 through Figure 4.29) present the temperatures
observed in the field by each of the nine sensors at the center of the end block as well as their
corresponding temperatures predicted by Concrete Works.
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Figure 4.21: Eagle Lake—ConcreteWorks Analysis (Sensor B1)
180
160
140 B2 Observed
== B2 10D 4
120
----B2LOD3
1+ ... B2 LOD 2
......... 2L0D1
80 B2 LO
———— Ambient
60
4'0 ¥ T 1
0 24 48 72

Time From Placement (Hours)

Figure 4.22: Eagle Lake—ConcreteWorks Analysis (Sensor B2)
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Figure 4.24.: Eagle Lake—ConcreteWorks Analysis (Sensor M1)
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Figure 4.25: Eagle Lake—ConcreteWorks Analysis (Sensor M2)
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Figure 4.26.: Eagle Lake—ConcreteWorks Analysis (Sensor M3)

36



Temperature (°F)

Temperature (°F)

180

160
140 /™ T1 Observed
- ——-T1LOD 4
=
120 775 \\___,-a. A
fl"‘/ .......... ) \/ \ wmn s TLLOD
2 P i P
100 : Do U LTI N e gL T L T1LOD?2
y{/ ......... T1LOD 1
Ambient
60
40 7 T d
0 24 48 72
Time From Placement (Hours)
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Figure 4.28.: Eagle Lake—ConcreteWorks Analysis (Sensor T2)
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Figure 4.29: Eagle Lake—ConcreteWorks Analysis (Sensor T3)

4.3.5 Additional Observations

Although ConcreteWorks does not model water cooling pipes, a water-cooled beam was
instrumented to document the effects on thermal behavior and the results certainly make a strong
case for adding this functionality to the software program.

4.3.6 Water Cooled End Block

In addition to instrumenting a regular U 54 beam, an identical water cooled beam was
also instrumented using the same mix design and poured within an hour of the non-water cooled
beam. The beam was cooled by installing a 4-inch pipe straight down the center of the end block,
illustrated in green in Figure 4.30.
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D Foam

. Formwork

. Cooling Pipe

Figure 4.30: Eagle Lake—Water Cooled Beam
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Rather than allow the water to run through one end of the pipe and out the other like a
typical water cooling system, the pipe was capped at the bottom end and a hose was dropped into
the top. The water simply fills the pipe and overflows out of the top, carrying excess heat away
from the center of the end block. The design is brilliant because it’s very easy to install,
unobtrusive, and targets the hottest part of the end block. The instrumentation of the two beams
showed that the water cooling pipe reduced the maximum temperature 21.6 °F. Whereas the non-
water-cooled beam reached a maximum temperature of 178.7 °F, the water-cooled beam only
reached 157.1 °F. A plot of the two hottest sensors (M2 and M3) is shown in Figure 4.31. Sensor
M2 WC is particularly interesting as it is located just 2 inches away from the water cooling pipe.
At 14 hours, the water was turned off and forms were stripped. The concrete responded with
rapid temperature rise as the hydration reaction was in full swing. Cooling the end block for the
first 14 hours, however, had already ensured the beam was in no danger of overheating.
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Figure 4.31: Eagle Lake—Observed Temperature (Water Cooled Beam)

4.3.7 Diaphragm Temperature

A few spare 1Buttons were brought along in anticipation of any sensor failures detected
before concrete casting. After instrumentation, all 36 sensors installed in the two beams were
confirmed functional. With no need for the spares, one was installed at the center of a diaphragm
in the beam. Diaphragms are concrete bulkheads poured between the beam’s midpoint and each
end. As seen in the design drawing in Figure 4.32, the diaphragms may range between 6 and 12
inches thick. The instrumented diaphragm was 7 inches thick.
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Figure 4.32: Diaphragm iButton

Although a 7-inch thick concrete section seems very unlikely to overheat, it was
sandwiched between a layer of 3-inch thick foam on one side and 2-inch thick foam on the other
side. Figure 4.33 illustrates the instrumentation of the diaphragm. No dimensions are available as
the sensor was very rudimentarily placed by eye.

Figure 4.33: Diaphragm iButton

Despite the insulation provided by the foam, what the iButton captured was nothing short
of surprising. As seen in Figure 4.34, concrete temperatures in the diaphragm behaved semi-
adiabatically, rising to a temperature of 169.7 °F. That’s 12.6 °F higher than the maximum
concrete temperature observed in the water cooled end block!
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4.4 Discussion

The temperature predictions developed for each of the precast case studies reveal much
information regarding the difficulty in replicating observed temperatures. While a large portion
of the error is likely due to the incorrect size of the modeled end block as discussed earlier, it has
always been known that ConcreteWorks” Achilles heel is temperature prediction near the surface
of the concrete. Temperatures near the surface can be very erratic depending on ambient weather
conditions, stripping of the forms, and changes to the boundary conditions caused by curing.
This doesn’t bode well for an element in which the greatest dimension along a viable path of heat
transfer is only two feet. Essentially, almost any point in a precast element is near an exterior
surface.

Despite some of the difficulties with modeling smaller elements, the case studies provide
good indicators of opportunities for improvement in the software. One discrepancy between the
temperature models and the iButton data was the end block’s response to the stripping of forms.
When the forms were stripped, the iButton data for all three beams shows the concrete responded
with a decrease in temperature as heat was lost to the environment. The same effect i1s seen with
the modeled temperatures, however, to a much greater degree. The top sensors installed in the
Eagle Lake beam illustrate this behavior particularly well as the forms were stripped at the
coolest point in the day at only 14 hours after placement. ConcreteWorks assumes that curing
blankets are placed on top of the beam until forms are stripped. Once that occurs, the curing
blankets are assumed to be removed unless specified otherwise in the construction inputs. In the
field trials, curing blankets were permanently removed once the beam was taken off the
production line. The predicted rapid temperature decrease with form removal indicates that the
heat conduction between the exposed concrete and the surrounding environment is overestimated
by ConcreteWorks. Consequently, this could also explain why the predicted maximum
temperatures are significantly lower than the observed maximum temperatures.
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One example of varying construction methods observed in the field was the formwork
used for the exterior face of the end blocks. With the opposite side of the end block completely
insulated with foam, the exterior face is one of the primary locations of heat transfer to the
environment. Accurately defining the boundary conditions here could result in much better
modeling of the thermal behavior of the system. Figure 4.35 shows the reinforced plywood
formwork used by Bexar Concrete Works on the left and the structural steel formwork used by
Eagle Lake on the right. Another example seen in the case studies was the varying thicknesses of
foam used on the end blocks. Currently, ConcreteWorks has no options to specify the foam
thickness or the type of formwork used on the exterior face of the end block.

g

e

Figure 4.35: Exterior Formwork—Bexar (Left) and Eagle Lake (Right)

While near-surface thermal prediction will never be perfect, the software program had a
chance to highlight its greatest strength with the Alamo vs. Capitol comparison: hydration. The
most impressive result of precast thermal predictions was the software program’s ability to
replicate the difference in maximum temperature between the Alamo and Capitol beams cast at
Bexar Concrete Works. This effect can’t be captured by LOD 1 as there were no specified inputs
with which to differentiate the two cements. LOD 2, however, specified the Bogue-calculated
cement composition for the cement used in each beam and yielded a 10.5° difference as seen in
Table 4.5. LOD 3, in which the cement composition was more accurately defined by Rietveld
analysis, achieved a correspondingly higher accuracy in predicting the difference, with a
predicted temperatures varying by 23 °F.

Table 4.5: Maximum Temperature (Alamo vs. Capitol)
' ' Observed LOD3 LOD2 LOD1

Capltol 1805 1497 194F 1356
Alamo 1625 1265 1240 1357

Difference 18.0 23.2 105 -0.1
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4.5 Conclusion and Recommendations

A reliable method was developed for instrumenting precast elements and four U54 beams
were outfitted with several sensors each. Various methods of characterizing the case studies were
compared in ConcreteWorks using the observed temperatures as a baseline. Some
recommendations for future research are as follow:

e Investigation into the importance of adding inputs to specify the type of formwork
used on the exterior face of the end block as well as a comparison between the
modeling of varying foam thicknesses

e Corrections to ConcreteWorks modeled end block dimensions
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Chapter 5. Mass Concrete Temperature Prediction

5.1 Research Significance

[t is well known that freshly poured concrete in the central portion of a large column is
capable of reaching very high temperatures. The center of the column is well insulated by
surrounding concrete and temperatures behave semi-adiabatically. At the exterior of the column,
temperatures closely mimic the outside air temperature. The difference in temperature between
the center of the column and its outer reaches presents internal stresses caused by variations in
thermal expansion. A very large temperature difference isn’t enough to crack concrete, however.
The temperature variation has to occur over a short enough distance. In other words, the
temperature gradient causes the stresses. Thermal gradients can occur for several reasons. If the
concrete is particularly hot or very fast reacting, the center of the column can heat up enough to
cause an excessive gradient. Alternatively, gradients can be caused by stripping forms in a cold
environment. Similar to dropping an ice cube in a glass of water, quickly subjecting a hot
concrete element to cold surroundings can present a thermal shock capable of severe cracking. If
a gradient is large enough, the induced thermal stresses may results in severe cracking.

The maximum thermal gradient is likely to occur at two locations. One possible location
is the center of a column’s widest face as this point represents the shortest path from the center of
the column to the exterior. At the corners of the column, two surfaces are available to transfer
heat to the outside environment, making for rapid heat loss and consequently high potential for
crack inducing thermal gradients.

5.2 Case Study: IH 35/SH 71 WBSB Column 8

The Interstate Highway 35/State Highway 71 (IH 35/SH 71) is located in southeast
Austin. This construction project is a phase 2 effort that adds remaining connector ramps not
included in the original highway interchange construction in 2002/2003. The structures being
built are of particular interest to this research as they qualify as mass concrete placements. The
westbound SH71 to southbound IH35 connector, the tallest flyover at the site, has several
columns exceeding 5 feet least dimension and standing 100 feet tall.

Coincidentally, some of the original columns of the IH 35/SH 71 interchange were used
as a test bed for the initial development of ConcreteWorks. Unfortunately, history often repeats
itself and some of the same instrumentation problems faced by Kyle Riding and Jonathan Poole
reoccurred several years later.

5.2.1 Project Details

The structure of interest 1s Column 8, located at the northeast corner of the interchange.
Column 8 connects westbound SH 71 to southbound IH 35. While it’s not the largest structure on
the site, Column 8 was chosen for instrumentation due to its simple rectangular geometry and
safe and easy access from the surrounding frontage roads. Temperature sensors were to be
installed in the upper half of the column and the frontage road provided access at about mid
height. Figure 5.1 shows the site layout surrounding Column 8. The column measures 10’ 2” x 7’
6” as shown by Figure 5.2.
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Figure 5.2: WBSB 8 Design Drawing

Column 8 was poured in two stages. Stage 1 occurred on Saturday November 13, and
involved the placement of approximately 45 feet of concrete. Stage 2, which occurred on
Thursday, November 18, saw the placement of the remaining 63 feet of the column, bringing it
to its final height of 108 feet. Sensors were installed before Stage 2, at approximately 55 feet off
the ground.

5.2.2 Materials and Mixture Proportions

Concrete was supplied by Lauren Concrete, specifically from batch plant #1 located on
McKinney Falls Parkway, just a few miles southeast of the site. The paste fraction involved a
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mixture of Type I/Il cement manufactured by Capitol, 25% Class F fly ash, and water-to-
cementitious-materials ratio of 0.42. Coarse aggregate was a manufactured dolomitic limestone
originating from Marble Falls, Texas, and the fine aggregate was siliceous river sand. Sika 2100
high range water reducer was added for workability and Sika 930 for set retardation. A copy of
the batch sheet was acquired for the concrete specifically placed at the height of the sensors.
Table 5.1 summarizes the mix design.

Table 5.1: WBSB 8 Mix Design

Raw Materials Amount

Cement . Capitol Type I/1I 428.01b
SCM Class F Fly Ash 107.51b
Water ~ 042 W/C 231.21b
Coarse Aggregate 11/2” Dolomitic Lime 1934.01b
Fine Aggregate " River Sand ~ 1356.01b
Water Reducer . Sika ViscoCrete 2100 ' 370l oz/cwt
Retarder Sikatard 930 2.60 fl oz /cwt

5.2.3 Instrumentation

Installation of the sensors took place after the entire 100 feet of the formwork and steel
rebar cage had been erected. At this point, approximately 45 feet of the column had been poured
below, leaving 53 feet of column in addition to a 10 foot capitol remaining. The column was
accessed by taking a man lift to the top of the formwork and climbing down 60 feet to a location
approximately 10 ft above the concrete surface created by the placement of Stage 1. The purpose
of placing the sensors so high in the column was to eliminate the effects of the shade created by
the northbound deck of [H 35. The communication wires were routed through a hole in the steel
tormwork, allowing the sensors to be programmed and read at any time from a safe location on
the ground. Figure 5.3 presents a view from half way up inside the column.
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Figure 5.3: Looking up from Inside WBSB 8§

The temperature sensors used were Thermochron iButtons, made by Dallas
Semiconductor. With an onboard thermocouple, battery, and a memory chip capable of storing
over 2,000 data points, the iButtons are capable of logging temperature readings every 5 minutes
for a period of 7 days. The only downside of utilizing these iButtons is that they must be
installed in the concrete where they are exposed to the construction environment and rendered
irretrievable. Great consideration was put into protecting the sensors from being stepped on by
construction workers, being battered by concrete vibrators, and having water forced into
openings (consequently short-circuiting the electronics). In the interest of making the sensors
durable as well as minimizing installation time on site, the temperature sensors were preinstalled
on four short lengths of rebar. With seven iButtons per rebar length, the sensors were then coated
with epoxy for waterproofing.

In the event of sensor failures, two opposite quadrants of the column were instrumented
for redundancy. The placement of sensors can be seen in Figure 5.4.
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Figure 5.4: Column 8 Instrumentation Schematic

Figure 5.4 illustrates the instrumentation of one quadrant of the column where the axes
form the outside faces of the column with point (0,0) representing the corner and point (61,45)
representing the center of the column. Two strings of sensors are present, showing the installed
location of the iButtons. The diagonal string of sensors, aligned radially from the center of the
column straight towards the corner, is temperature bar D. This temperature bar was intended to
measure thermal gradients resulting from heat loss through the corner of the column. The second
string of sensors extending toward the widest face of the column is temperature bar F. Sensors
are named according to the bar on which they are located: D for the diagonal bar and F for the
bar extending towards the face of the column. The number following the bar label indicates the
sensors depth from the widest face of the column. Sensor D17, for example, is located on the
diagonal temperature bar 17 inches from the face of the column. Finally, a single sensor was
placed at the center of the column to measure the maximum temperature. The figure also shows
how ConcreteWorks divides an element up into a grid, reporting predicted temperatures at
evenly spaced nodes represented by the + symbols.

To prevent the concrete from segregating during placement, it was poured into a chute at
the top of the column. The chute was installed at the right where the central temperature bars (bar
F) were intended to go. As a result, the temperature bars had to be offset by about a foot from the
centerline of the column. Figures 5.5 and 5.6 show the temperature bars in WBSB 8.
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Figure 5.5: Diagonal Temperature Bar in WBSB 8§

Figure 5.6: WBSB 8 Temperature Bar

Despite measures to protect the sensors against the construction environment, the
temperature bars had a few flaws. First of all, wires running the length of the temperature bars
made it difficult to completely seal the sensors from water intrusion. The epoxy did not bond
well to the wire insulation; under enough pressure, it’s possible the connecting wires actually
acted as a direct path for water intrusion into the sensors. Additionally, the epoxy exhibited very
brittle behavior; if brought into contact with a concrete vibrator, the epoxy could have chipped,
leaving the sensor completely exposed to the surrounding elements.

5.2.4 Field Observations

A commercial weather station was set up on site prior to the concrete pour and
programmed to record temperature, wind speed, solar radiation, and relative humidity on a 15-
minute interval. The daily conditions are summarized in Table 5.2. Refer to Appendix D.1 for a
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detailed comparison of the observed weather data with ConcreteWorks” default weather model as
well as the model adjustments based on the observed conditions.

Table 5.2: WBSB 8 Weather Station Data

Wind Cloud Relative
Speed Cover Humidity

Temperature

- MAX MIN AVG MAX MIN
ii/iBg/20l6 652 a47 106 14% = . 284
11/19/2010 70.8 43.6 7.1 18%  74.2 23.8
11/20/2018 760 491 B0 % 935 516
11/21/2010 81.6 68.1 11.0  66% 880 47.8
11/22/2010 . 823 696 119 69% B4s  4BY
11/23/2010 82.6 70.8 7.3 69% 858 52.4
11/24/2010  84.4 717 122 53% 849 455
11/25/2010 79.1 455 142  99% 826 29.0

On November 18, 2010, at 2:00 a.m., all 29 sensors were confirmed operational. An hour
and a half later at 3:30 a.m., concrete was placed at the sensor location, the semi-adiabatic
calorimeter was prepared, and cylinders were cast for mechanical testing. At 6:00 a.m.,
cementitious materials were obtained from the batch plant and taken to the Concrete Durability
Center for testing.

5.2.5 Observed and Predicted Temperatures

For several reasons already discussed, 22 of 29 sensors installed in the column failed
prematurely. Of those 22 sensors, 16 failed to even read, thus providing no data. As a result, no
data was collected from the sensors located at the faces of the column and several sensors on the
diagonal temperature bars failed a few days into the monitoring period. In total, only seven
sensors survived the full 7-day period. Figures 5.7 and 5.8 present the majority of the data that
was collected. The sensors that failed during the monitoring period can be seen dropping off of
the plot.
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ConcreteWorks simulations were performed for each LOD and compared with the
observed data. For a detailed look at the ConcreteWorks simulations, refer to the screen prints
documented in Appendix D.2. Bilinear interpolation of ConcreteWorks’ temperature output was
used to solve for the temperature at each iButton based on its location and the predicted
temperatures of the four surrounding nodes. This method was performed at each 5-minute time
step and allowed ConcreteWorks’ prediction to be directly compared with data gathered from the

field.
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Figure 5.7: WBSB 8 Observed Data (Temperature Bar D—South)

~————— Ambient

T T T T

0 24 48 72 96 120

Time From Placement (Hours)

144

1

168

Figure 5.8: WBSB 8 Observed Data (Temperature Bar D—North)
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Maximum Temperature

The maximum temperature recorded in Column 8 was 143.6 °F. The most accurate
ConcreteWorks simulation was LOD 3, which came within 5.8 °F of the observed maximum
temperature. Figure 5.9 and Table 5.3 present the results.
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Figure 5.9: WBSB 8 Sensor C Comparison

Table 5.3: WBSB 8 Maximum Temperature Summary
MAX OBS LOD 4 LOD 3 LOD 2 LOD 1

Temperature,°F  143.6 1269 1378 1232 1270
Differential, °F 81.0 59.9 71.9 56.2 63.0

Thermal Gradients

Tables 5.4 and 5.5 present thermal gradient data.

Table 5.4: WBSB 8 Maximum Thermal Gradients (°F/inch)}—Temperature Bar D

REGION OBS(S) OBS(N) LOD4 LOD3 1LOD2 LOD1
o D17 o _ - b ey pec 053 059
D17 -B09 - - 1.26 1.67 112 - 135
by o2 7 17 2 141 LBb
D07-D05  2.67 3.74 1.93 2.54 1.81 1.87

DU5-D03 294 294 1.67 219 157 159
D03-D02  3.74 3.74 1.48 1.93 130 157
pbz.pot 427 321 1.35 176 127 @ 123
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Table 5.5: WBSB 8 Maximum Thermal Gradients (°F/inch)—Temperature Bar F

F17 - FO9
F09-FO7
FO7-FO5 :
gt
F03-FO2 - :
F02-FO1 _

254

5.3 Case Study: IH 35/SH 71 WBSB Column 9

The Interstate Highway 35/State Highway 71 (IH 35/SH 71) interchange is located in
southeast Austin. The original interchange was constructed in 2003. This construction project is
a phase 2 effort that adds remaining connector ramps not included in the original highway
interchange. The WBSB ramp connects westbound SH 71 to southbound IH 35. It’s the tallest
ramp on site, with several mass-concrete columns exceeding 100 feet in height. At the center of
this ramp and at the very center of the entire interchange is Column 9. Situated between the
northbound and southbound lanes of IH 35 as well as the eastbound and westbound lanes of SH
71, Column 9 is a massive 11’ 10” x 7° 6” column that rises 111 feet from its base.

5.3.1 Project Details

Similarly to Column 8, two quadrants of the column were instrumented for redundancy.
As seen in Figure 5.10, Column 9 is oriented such that the south corner gets significantly more
solar radiation than any other corner. To compare the impact this had on temperatures, the
southern-most and northern-most quadrants were chosen for instrumentation.

00+£01 VIS 3NIT HOLWA

Figure 5.10: WBSB 9 Site Plan
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Column 9 differs from Column 8 in that it isn’t a simple rectangular column. Each of the
two widest faces has a 3-foot wide x 3-inch deep architectural inset. Unfortunately,
ConcreteWorks does not model complex shapes, so a decision had to be made on how model the
insets most accurately. The formwork for the insets, as seen in Figure 5.11, is important because,
as will be seen from the sensor data, it provided significant insulation and caused even the
concrete near the surface to behave semi-adiabatically.

Figure 5.11: WBSB 9 Inset Formwork

Two possibilities were available for trying to model the impact of the insets in
ConcreteWorks. The actual dimensions of the column, as shown in Figure 5.12, are 11’ 10” x 7°
6”. One option was to model the structure as an 11’ 10” x 7’ column with architectural form
liners across the width. Form liners, just like the insets, tend to minimize the exchange of heat
between the concrete and the environment. On the actual column, the insets cover a relatively
small portion of the width. By modeling the column with the full width insulated, the entire
column would behave semi-adiabatically, the maximum predicted temperature would be
artificially high, and thermal gradients would be significantly reduced. The simplest solution,
and probably the best representation of the actual column, was to ignore the insets and model the
structure as an 117 10” x 7° 6” rectangular column.
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Figure 5.12: WBSB 9 Design Drawing

As seen in Figure 5.13, access to the upper half of the column was available from the
roadway deck of IH 35. Concrete barriers were installed along the left shoulder of the
southbound deck, allowing for a well-protected workspace. The structure was poured in three
stages: 0 to 50 feet for Stage 1, 50 to 100 feet for Stage 2, and the capitol on Stage 3. To
minimize pressure head from the concrete poured above, sensors were installed midway up Stage
2 at approximately 75 feet from the base of the column. This also eliminated the effects of the
shade created by the IH 35 roadway decks.
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Figure 5.13: Column 9 Profile View

5.3.2 Materials and Mixture Proportions

Concrete was supplied by Lauren Concrete batch plant #1, located just a few miles
southeast of the site on McKinney Falls Parkway. The mix design used for Column 9 is
essentially the same as that used for Column 8. The paste fraction involved a mixture of Type /11
cement produced by Capitol, 25% Class F fly ash, and a water-to-cement ratio of 0.42. Coarse
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aggregate was a manufactured dolomitic limestone originating from Marble Falls, Texas, and the
fine aggregate was siliceous river sand. Sika 2100 high range water reducer was added for
workability and Sika 930 for set retardation. Table 5.6 summarizes the mixture proportions as
per the batch sheet acquired for the concrete placed at the location of the sensors.

Table 5.6: WBSB 9 Mix Design

Raw Materials Amount

Cement . . = CGaphol Typel/ll . 43151

SCM Class F Fly Ash 107.51b
R e

Coarse Aggregate 11/2” Dolomitic Lime 1906.01b

, FipgAggregéfé, . . RiﬁérSafnd : ;f,,:, 134801b

Admixtures Amount

WaterReducer ~ SikaViscoCrete2100  3.00floz/cw

Retarder Sikatard 930 2.60floz/cwt

5.3.3 Instrumentation

Due to the problems experienced with Column 8, an entirely new approach was taken to
the fabrication of temperature bars. Instead of using rebar, 1/4-inch diameter hollow steel tubing
was adopted as the new platform. Overall, the hollow steel tubing provided many advantages. It
was easier to cut and shape. The notches, which provide a stable place to seat the iButtons, were
very easily cut and widened in either direction to accurately place sensors at exactly 1, 2, 3, 5, 7,
9, and 17 inches. All of the communication wires were routed internally through the tube. The
notches were cut slightly large, providing access for the wires to be soldered to the sensors.
Finally, a much tougher epoxy was found. To prevent water intrusion, the sensors were coated
with the epoxy on the outside and the tubes were injected with epoxy at each end. The result of
all these changes was a very lightweight and rugged system with very few potential entry points
for water. The only downside to the hollow tubes is that they bend easier if stepped on. This risk
was mitigated by installing the temperature bars on the underside of rebar whenever possible.
Figure 5.14 shows one of the temperature bars being assembled.
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Figure 5.14: Fabrication of New Temperature Bar

Temperature bars were strategically placed to capture the maximum thermal gradient and
a single sensor was placed at the center of the column to measure the maximum temperature.
Placement of the temperature bars is depicted by Figure 5.15, which illustrates one quadrant of
the column. The axes represent the exterior faces of the column, where point (0,0) is the corner
and point (71,45) is the center of the column. ConcreteWorks predicted temperatures are
reported at the nodes indicated by the + symbols. The iButton locations as installed in the
column are also illustrated.
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Figure 5.15: WBSB 9 Detailed Instrumentation Scheme

58



The same naming scheme used for Column 8 also applies to Column 9. D represents the
diagonal temperature bar extending toward the corner of the column, where sensor D7, for
example, designates the sensor on the diagonal temperature bar located 7 inches away from the
column’s widest face. F represents the temperature bar extending toward the widest face, where
sensor F4, for example, denotes the sensor on the central temperature bar located 4 inches from
the concrete surface. It’s important to note that with the architectural insets, F4 is only located
one inch from the concrete surface of the actual column. The naming scheme applies to the
column as it is modeled. To avoid confusion, the architectural insets are shown as a dotted line
on the figure above. Finally, C represents the single sensor placed at the center of the column.
Figures 5.16 and 5.17 show the completed installation of sensors in one quadrant of the column.

Figure 5.16: WBSB 9 Completed Instrumentation

Figure 5.17: WBSB 9 Instrumentation
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5.3.4 Field Observations

A commercial weather station was set up on site prior to the pour and programmed to
record temperature, wind speed, relative humidity, and solar radiation on a 15-minute interval.
The daily conditions are summarized in Table 5.7. For detailed comparisons between the actual
weather, ConcreteWorks’ predicted weather, and adjustments made to ConcreteWork’s predicted
weather, refer to Appendix E.1.

Table 5.7: WBSB 9 Weather Station Data

Wind Cloud Relative
Speed Cover Humidity
AX MIN

Temperature

el s mis 9 W, Bt Mo

On December 20, 2010, at 8:00 a.m., Stage two of the concrete pour began and raw
materials were acquired from the batch plant for laboratory testing. At 12:30 p.m., concrete was
placed at the sensors, cylinders were cast for mechanical testing, and the semi-adiabatic
calorimeter was setup and taken to a climate controlled space at the Pickle Research Campus in
North Austin. Cement and fly ash were acquired from the batch plant on the moming of the pour
for physical and chemical analysis.

5.3.5 Observed Predicted Temperatures

Figures 5.18 and 5.19 show the effect of the architectural insets, as temperatures behaved
semi-adiabatically.
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Figure 5.20: WBSB 9 Observed Data (Temperature Bar D—South)
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Figure 5.21: WBSB 9 Observed Data (Temperature Bar D—North)

Predicted Maximum Temperature

Figure 5.22 and Table 5.8 present sensor comparison and thermal performance data.
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Table 5.8: WBSB 9 Thermal Performance Summary
MAX OBS LOD 4 LOD 3 LOD2 LOD1
Temperature ' 1517 @ 1411 1446 1428 1337
Differential, °F 89.1 71.3 70.7 69.9 75.7

Thermal Gradients

The maximum temperature difference recorded by the iButtons was 89.1 °F. The maximum
gradient measured between any two sensors was 6.30 °F/inch (Tables 5.9 and 5.10). In relation
to tables discussing gradients, the "region" column represents C for center, D for diagonal, and F
for Face. The numbers following the prefix are the distance (inches) from the widest face of the
column.

Table 5.9: Maximum Thermal Gradients (°F/inch)—Temperature Bar F

REGION OBS(S) OBS(N) LOD4 LOD3 LOD2 LOD1

€-F20. 061 @ 065 068 065 066 07
F20 - F12 113 1,13 1.66 1.65 1.63 1.80
Fiz. B0 = 135  13¢ | 4@l 183 1864 2.00
F10 - FO8 135 180 2.19 225 - 225 2.50
F08 - F06 180 = 1.80 Pa 2l 3.04
FO6 - FO5 1.80 2.25 2.67 271 273 3.04
Fo5-Fp4 180 @ 405 28 27 s 3.04
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Table 5.10: WBSB 9 Absolute Max Gradients (°F/inch)—Temperature Bar D
REGION OBS(S) OBS(N) LOD LOD3 10DZ  10D1

D17 - D09 i.81 1.75 1.36 1.40 1.40 1.51’

D07 - DO5 217 1.93 1.82 2,02 1.90 2.01

D03 - D02 2.89 2.89 1.50 1.70 1.57 1.61

5.4 Discussion

Temperatures predicted by ConcreteWorks were a little lower than temperatures observed
in the field. However, there is concern that cementitious materials were contaminated during
collection from the batch plant.

Whereas the mass concrete specification limits temperature differences to 35 °F or less,
both observed columns as well as the ConcreteWorks models produced temperature differences
varying between 70 °F and 80 °F. Regardless, structures in the field exhibited no signs of
cracking.

5.5 Conclusion and Recommendations

Recommendations are as follows:

e Investigation into the implications of a maximum thermal gradient instead of a
maximum temperature difference.

e A better method of acquiring cementitious materials from a batch plant is needed.
Cross contamination is too likely when collecting materials from the primary chute.
It is believed that cementitious materials collected for Column 8 and Column 9
were contaminated with fairly high amounts of fly ash, very likely causing a
significant impact on the results for XRF, XRD, and isothermal calorimetry testing.
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Chapter 6. Chloride Service Life

6.1 Case Study: Copano Bay Bridge

The Copano Bay Bridge is located on SH 35, just a few miles north of Fulton, Texas
(Figure 6.1). Constructed in 1967, the causeway was the replacement of a narrow two-lane
structure built of timber and concrete around 1930. After 45 years, the new structure 1s the latest
casualty to be claimed by the harsh coastal environment. With construction of the third structure
soon underway, the purpose of this portion of the research is to provide guidance on the selection
of materials and mixture proportions to achieve a 75-year minimum design life.

Figure 6.1: Copano Bay Bridge (Looking Northeast)

On April 12, 20011, 6 concrete cores were extracted from the Copano Bay Bridge. Three
different zones were targeted with two cores each: the tidal zone, splash zone, and spray zone.
Specifically, two cores were pulled below the tie beams at water level (tidal zone); two cores
were pulled from the tie beam a couple feet above the water level (splash zone); and two cores
were pulled from the roadway (spray zone). Two additional cores were taken from the concrete
deck of the original causeway, which is currently used as a fishing pier.

6.1.1 Field Observations

Access to the piers was made possible by boat. The opportunity was taken while on the
boat to survey some of the degradation of the causeway’s substructure, seen in Figures 6.2—6.6.
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Figure 6.3: Cracking of Tie Beam and Column
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Figure 6.4: Cracking of Tie Beam

Figure 5.5: Corrosion of Precast Concrete Piling
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Figure 6.6: Corrosion of Concrete Slab and Girder Span
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Chapter 7. Conclusion

The ability exists to engineer concrete to achieve not only strength and workability
requirements, but thermal requirements as well. Materials and mixture proportions can be
spectfically selected to attenuate early age heat evolution or minimize it altogether. Aggregates
can be selected based on their ability to minimize thermal gradients at the expense of maximum
temperature or vice versa. Materials and mixture proportions have major implications on the heat
evolution of a concrete mixture as well as the transfer of heat through the structure during curing.
ConcreteWorks has the capability to model these variables and more, however it still needs more
exposure within the Texas Department of Transportation to gain traction. A 4-hr ConcreteWorks
training course was developed and delivered to TxDOT engineers, inspectors, and contractors
throughout the state of Texas. Additionally, this research equates to a complete guide on how to
instrument field structures, what information 1s needed to model those structures, and how to use
ConcreteWorks to compare the results. If ConcreteWorks 1s to succeed as a critical component of
the mass concrete specification, it needs more opportunities to be applied in the field by TxDOT
employees.
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Appendix A: ConcreteWorks Training

Austin Pilot Class

Purpose

Enhance Knowledge And Use Of Concrete Works
Across TxDOT Districts

COPJCRETEW(*‘QKS n ‘ i Identify And Train TxDOT Districts With Upcoming

L oSS

oot

Projects Suvitable For ConcreteWorks Implementation

Provide Technical Support For Districts Interested In
Implementing ConcreteWorks On Upcoming Projects

Specification Approach For ConcreteWorks

The University of Texas Cor

St obility Center

Purpose
Up To Four Projects i Preferred Projects
Technical Support And Guidance o Mass Concrete
. . . # Rectangular Columns
On Site Instrumentation And Testing 4
: : ? - ® Thermal Cracking Tendencies
= Semi-Adiabatic Calorimetry - o
. o Service-life Prediction
o Isothermal Calorimetry
® Marine Structures
© Maturity ® Exposure to Deicing Salts
Validation Of Concrete Works
The University of Texod Concrete Durability Center S5 4562 The U of Texes Concrete Duobility Center 1DOT 5 4560
Agend
—
PO0AM - 925 AM ConcreteWorks Overview
925AM . 10:10 AM Mix Design ond Propertiening
1010 AM - 1025 AM Break
10:25 AM - 1045 Am Demonstration
10:45 A - 1130 MM Heat of Hydration and Thermal Strem Analysis
11:30PM - 12:00Pm Demaonstrotion & Questions
1200PM +  1:00 Pk Lunch
100 PM - 1:45 Pm Chioride Service-Life Modeling
145PM . 2:00PM Demeonstration
2:00PM - 2:20 Pm Cther Dyrability Reloted lssves
220PM - 230PM Group Prolect - Ovetview and lnstructions
2:30PM . 3:00PM Group Project - Cose Stuay
J00PM - XIS PM Break I
AN5PM - B30PM Group Project » Presentations
330PM - 400PM Implementation of Concrete Warks
The University of Texas Concrers Durobility Center 1xDOY 5.4587 The Univeriity of Texes Concrete Durchility Center TRDOT 5.4562
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item 420.4.G4 (2004)

o plachmans s g 4.1«« ok e A ol St ptachet e 4 a9 L

designoted on
The follewing dmlnq o umwm periods
£ e empergune e conva coen of
axcend 35 and

£ D teagpensiune o e o ora of e place s doms w0t srcved 180°F

Base 1his plen o he squetion given i the Porthind Cemeat Association's Design wnd Cantrof of Concrele
Mixtures. Cease all mass plasement operaiions and revise the plan o3 necessary i either of te cbove
Timinations iy exceeded. Tnchude G combination of the following elements in this plore

6 selecrion =l conrars ingrechem inlucking apgreares, grodrion, o comom pen, 7o minmiss weas of Ry
¢ wwe o ke s cher concrore cosling ingredieny

e o1 i Awspon dosing symems;

conmaling oo o e of comr e ploseman
1 o1 aukarion or supplomas ol wxcar et 15 coriel hacs lons
e of supptemamory comeming o s, o

6 vae of o conling syviem 1w somral e core Sempirnee,
Furnish and inval 2 e of temparonre recording devicas, maturity maters, of other appraved eqvivslent
devices ot designated locotions. Use these devicel 10 simohaneovtly mecsure the lemperciure of the
concrete ol the core und the surfuce. Malatain femparciure contial methods for 4 deys unlas otherwise
approved. Marurlty meters may not be ysed 1o predict srengih of mess concrate

o piacersants, develon and obicin upproval for o plon o enre

and tne expicsnd comtsee wrlae dost ot

The University of Texos Concrete Durobility Center TxDOT 5.4563

Why All The Trouble?

o ...and why the specification?
2 Concrete temperature and concrete durability are
related
1 ConcreteWorks can help provide high quality, durable,
crack-free concrete

The Liniversity of Texos Concrete Durcbifity Conter TxDOT 5.4563

Why Do We Need A Program?

ConcreteWorks

1 The caleulations are difficult

i Guidance provided by ACl and PCA is vague

i Information in literature concerning temperature rise
of various materials is dispersed

© The problem becomes even more difficult when
cracking tendency is considered. The specification
does not even address this!

The University of Texos Concrets Durobifity Center TxDOT 5.4563

1 User-friendly software package for the design,
analysis, and performance prediction of structural
concrete
o1 Mass Concrete
o Bridge Decks
o Concrete Pavements

@ Precast Concrete Members

The University of Texas Concraste Durcbifity Cenrer DO 54563

ConcreteWorks

© Mass Concrete

@ Temperature Prediction

1 Cracking Probability

o Chloride Service-life Analysis
Bridge Decks

@ Temperature Prediction

u Chloride Service-life Analysis
Pavements

@ Temperature Prediction
Precast/Prestressed Members
1 Temperature Prediction

o

a

The University of Texas Concrate Durchility Center TxDOT 5-4563

ConcreteWorks

i Pulln
x Materials and Mix Design Inputs
u Geometry of Structural Element
t1 Type of Formwork, Base, Etc.
© Time and Date of Project Placement
® Weather Conditions
- Get Out
o Maximum Temperature Prediction
© Temperature Distribution Throughout Element
& Maximum Temperature Differential
© Other Goodies: ASR, DEF, and Sulfate Attack Susceptibility

The University of Texas Concrete Durcbility Center TxDOT 5-4563
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ConcreteWorks

Advantages
11 Evaluation of Concrete Before Poured
1 Prevent Problems Before they Occur
# No Need to Repair Later
11 Save Consultant Fees $5$$
= Program Development Paid Now
# Softwore is Intended to be Free
1 Save Mix Designs Digitally Forever
= No Need for Keeping Bulky Paperwork

The University o

ncrete Dutohility Center

ConcreteWorks

i

How Do We Do It2

The Universicy af Te

s Concrete Durebility Center 1xDOT 54563

The University of Texos Canceate Dusabilicy Centet TADOT 5. 2863

How It Works

11

Concrete Hydration Heat Generation
1 (Schindler, 2002)

#
§o . il £
L TR i d \,— T‘U (r. )7‘1.2

y

Heot Transfer to the Environment
& (DeWitt, 2002)

g ary
‘_{\k—(_—;J«»

The Univarsity of Tex

Caoncre obility Center

How It Works

How It Works

Numerical Approximation Methods
. Finite Difference/Control Volume = Energy Balance
o {Patankar, 1980)
® Add Rare of Energy Enrering the Control Volume
# Subtract Rote of Energy Lecving the Control Volume
Result?
2 Change in Stored Energy

# AEgoaes = En = Eour

The university of Texc

te Durobility Center IxDOT 5.4

=+ Control Volume Boundary

The Univeesity of Texos Concrete Durobilicy Canter IxDOT 5-4563
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Navigation

The University of Texor Conarete Durnbllity Center TaDOT 54582 The i of Texas C ubifity Center T:DOT &4563

Navigation

@

e » =

Py i i
oo reg i

-

The Universdty of Texos Conceete Durability Canter TxDOT 5.458% The University of Jexos Conarete Ducability Center TDOT 54563

Navigation Navigation

i - e
The University of Texus Concrere Durabiliy Center TxDOT 5-4562 The Univarsity of Texos Concrete Durobility Center TaDOT 54503
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Navigation
 Kootsal - Torigrotuce Griighy
E L

The University of Texos Concrete Durobility Ceates

The University

IxDOT 5.4563

Navigation

BEE T

SR S AT SR | 1 Benefits

 Evaluation of Concrete Before Poured

 Design Mixes With Minimal Crack Susceptibility
= Improve Longevity of Structures

2 Reduce Replacement and Repair of Structures

© Reduce Field Discussions Concerning Placement Time
and Weather Extremes

The Univesrsity of Texos Concrete Durability Center TeDOT 5:4563

The Univarsity of Taxas Cansrete Duscbility Center

TDCT 5-4563

What it Won't Do:

1 Account for Precipitation

1 Freeze Events

1 Recommend 22% or 23% Fly Ash

& Model Odd Shaped Concrete Members

The University of Texas Concrare Ducabitity Center

TxDOT 5

77



wie Durchifine Coniiy

TRBOT G- 563

Mix Design And Propor

intnchuction e e

tioning

o Essential Properties When Designing Concrete:
o Workability
i Performance
# Durability
= Strength
# Uniform Appearance

o Economy

The University of Texas Concrete Durchility Center TxDOT 5-4563

- Mix“Dé}s“ign & Proportioning

THE ACI 211 METHOD

The University of Texos Concrete Durbility Center TDOT 5.4563

ACI 211 Mix Design

1 ACl Method Is Based On Comprehensive Laboratory
Testing Of Concrete

= Materials Used To Develop The ACI Method Are
Likely Different From Local Materials

It Is Expected That Your Mixture Will Not Perform
Exactly As Designed

i+ Concrete Mixtures In Practice Always Adjusted To
Toke Advantage Of Local Materials

The University of Texas Concrete Durobility Center TxDOT 54563

ACl 211 Mix Design

Stap 1 Slomp

Stap 0: Assembia Infrmatiss

Sinp 2 Wanimum Sles Agurdon |

Shups 8: Coania Koot Canten

Hnp 7 Finn Mistndony Camtor
Shap B Magwgain Maisturs Camtunt Adfuriment

S ¥ Tried Beh i ‘

The University of Texos Concrete Durability Center T«DOT 5-4563

ACI 211 Mix Design

Step Us Assemble informaonion

1 From Specifications
o Slump
1 Member Dimensions
© Nominal Maximum Size Aggregate
1 Required Air Content
© Minimum Cementitious Materials Content
o Specified Strength
1 Maximum Water to Cement Ratio

TxDOT 5.4563

The Universify of Texas Concrete Durability Center
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I Exposure Conditions

i Freeze-Thaw
o Marine Environment

o Sulfates

The Uni oncrete Durobility Ceater

TxDOY 542

© Materials
= Specific Gravities of Cementitious Materials
= Bulk Specific Gravities of Aggregates
= Dry-Rodded Unit Weights of Aggregates
= Aggregate Gradations and Maximum Size
i Fineness Modulus of Fine Aggregate
= Aggregate Absorption
& Aggregate Moisture Content

The University of Texas Concrete Durobility TxDOT 8

ACI 211 Mix Design
St 0. s <

Other Requirements (TxDOT ltem 421.4.A.6 Mix Design Options)
Option | - kepiace 20 fo 35% of the cement with Class £ fly ash.
Option 2 - Reiace 35 1o 50% of the cement with GGBFS.

Option 3 - Keplace 35 1o 50% of the cement with o combination of Class F fly ash,
GGBFS, or silica fume. However, no more thon 35% may be fly ash, ond no more
than 10% may be silico fume

Option 4 - Lse Type P or Type IS cemant {Up 1o 10% of a Type [P or Type IS
cement may be replaced with Class £ fly ash, GGBFS, or silica fume).

Option 5 - Replace 35 to 50% of the cement with a combination of Class C fiy asi
and of leost % of silico fume, UFFA, or metakoclin. However, no more than 35%
may be Class C fly ash, nod no mare than 10% moy be silica fume.

&

Option & - Use a lithium nitrate admixiure at o minimum desage of 0.55 gal. of 30%
lithium nitreste solution per pound of alkalis present in the hydraulic cement.

Option 7 - Wher using hydroulic cement only, ensurs that the totol alkali contribution
from the cement in the concrete does not exceed 3.50 poy

i Option B ~ For ony daeviotions from cptions 1-7, test aggregates for expansion
according to ASTM C 1260

The University of Tescs Concrete Dor Canter

TxDOT 5.2563

ACI 211 Mix Design

ki

The University of Teros Concrete Durabifity Center

ACI 211 Mix Design

Minimize Slump While Mcintaining:

11 Ease Of Placement
o Workability
o Finishability

P

The Jniversity of Texos Concrese Durobility Center TxDOY 5.4563

ACI 211 Mix Design

o

Reinforced Foundation Walls and Footing

2 1
Ploin Footings, Caissons, and Substructore Waolls 3 1
Beams and Reinforced Walls 4 1
Building Columns ‘ 4 1
Pavements und Slabs 3 1
Mass Concrete e 1

ACH 211 Table 6.2.1

Rule of Thumb: 1" of Slump = 10 Ib/yd® of Water

The University of Texos Con e Durobility Cenrer

TxDOT
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ACI 21 1 Mix Design

ifd Agracom

. Maximum Size Aggregate (MSA)

i Determined By:
# Formwork Clearance
# Concrete Member Thickness
# Reinforcement Spacing
# Cover Over Steel Reinforcement

11 Affects Workability, Cost, And Performance

i Sieve Size On Which 5 - 15% Of Coarse Aggregate Is
Retained (typicaily 15)

The Urivarsiry of Texas Concrate Durabilisy Convesr TIOT 54863

 Sep 4 it

ACI 211 Mlx Dessgn

Distoncs Betwesn Farms (8):
MSA € §/5

Ruinfoscament Spacing ($):
MSR < %5

Cover Kk
pris e e

The Usiversiy of Texos Concrere Durability Canter

Slab On Grad

Thickness of Sob (T):
MSA < 1/3
Pumped Concrelo:
MSA < 1/3 Dia. af Hose

MSA <1 Vrin

THDOT 54560

ACI 21 1 Mix Deygn

38 1
| - in
—i
—1

— e

e
A
e s

Water Content {Ib,

BEREES

2 a
Desired Slump, in.

Tow Univorsiey of Toxon Congrere Dueibility Cantor TRDOY §-4563

ACI a1 1 Mix Des;gn

Desirad Slump:
Maximum Sized Aggragate:

a0

3-4in,
112in,

Waler Conten {lb/yd?)
Eigsizsi

-
8

Desired Slump, in.

Tom Uslegrsiry of Toxos Concrere Durabilivy Cermnd

|ty

a8 11

e e 0,
o]
-

e b,

THOD! 4300

ACI 211 Mlx Desxgn

3
Desired Slump, in.

The Untvsrsiry of Yooy Concrete Durabillity Canter TADOT 54563

ACI 211 Mix Design

Ber i aone de s Cantent

Non Aireﬁmruined Concrete

ACH 211 Table 6.3.3

The Unbrersity of Texos Concrete Ducability Cemor

TxDOT 54567
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ACI 211 Mix Design

Step L Wicker i B Canlint.

Air-Entrained Concrete
Miatlig Watar, iy for tedisatenl Stump and Mdimum Skre of Aggregatn

a sias L)

Zin i

45 4.0 3.5 0

b s ee s WS D as Al
7570 40 UED. 88 8500 W& 40
ACI 211 Table 6.3.3

The University ¢f Tewas Concrete Dorability Center IxDOT 5.4563

ACI 211 Mix Design

Btap 4 Widter T Coignt Raitls

Wotei-Ceamant w by Wk
i
¢4l
048 0.40
4000 0.57 0.48
3000 0.68 : 0.59
2000 082 074
ACI 211 Toble 6.3.4[0)
The Univerdity of Tesxas Concrete Durobility Center TaDOT 5.4562

ACl 211 Mix Des

Shoags | Weaelt| T mmmnt it

ign

- Supplementary Cementitious Materials {SCMs)

1 Accounted for by Converting the W /C Ratio Based on
the SCM Content and SCM Specific Gravity

1 Weight Equivalency (ACI 211 6.3.4.1)
= Same Weight of Cementitious Matericls
® Larger Total Volume (Due to Lower SG of SCMs)

o Absolute Volume Equivalency (ACI 211 6.3.4.2)
» Sume Volume of Cementitious Materials

® Lower Total Weight of Cementitious Materials

The University of Texor Concrete Durability Center Tx0OT 5-4563

ACI 211 Mix Design

Stap 5 Chmens Gonlent

1 Caleulate Based On Selected Water Content And
Water-Cement Ratio

Cement (Ib/yd’ ) =

Water - Cement Ratio

The University of Texos Concrete Durability Ceater TaT 5-4563

ACI 211 Mix Design

Siop 4 Conesm Anghmgale Conlant

- Coarse Aggregate

1 Larger Than 3/8"

1 Up to 6" or More

o Usually 30-40% of Mix

# By Volume or Mass

Gravel

i Typically Round or Subangular
i Crushed Stone

o Angular

The University of Texas Conwete Durobllity Canter TxDOT 5:4563

ACI 211 Mix Design

Steg o Comse Apamaate Conans

2in. 078 076 074 0.72
Im 0.82 0.80 078 076
&in. 087 085 0.83 081

ACI 211 Toble 6.3.6
The University of Texas Concrete Durnbility Cenner x0T 5-4563
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ACI 211 Mix Design

St id Caitin Ktins ageits Conrent.

t: Coarse Aggregate Factor

11 Intended to Provide Consistent Workability
# Empirical Baosis

© Multiplied by Dry-Rodded Unit Weight of Coarse
Aggregate to Get Coarse Aggregate Content

CA Content = CA Factor x Dry Rodded Unit Weight

The University of Texos Concrete Durability Center TxDOT 5-4563

ACI 211 Mix Design

Step 7 Biee Agirag oy Content |

= Fine Aggregate
o Sand
@ Crushed Stone
= 100% Passing 3/8” Sieve

@ Usually 35-45% of Mix
# By Volume or Mass

@ Only Remaining Volume to be
Determined

The University of Texas Concrete Durability Conter DO 5-4583

ACI 211 Mix Design

Stap 7 Fine Aguteaate Carent

ACI 211 Mix Design

i Caleulate Fine Aggregate On Per Cubic Yard Basis

27 (Unit Volume)

Volume Of Mixing Woter

A Volume OF Air
- Volume Of Portland Cement

()
()
()
1)
()
™

- Volume Of Coarse Aggregate

Volume Of Fine Aggregate

The University of Texos Concrete Durobility Center TxDOT 5-4563

Stup H: Moishure Contest Adlsiment.

o Aggregate Volumes Based on Oven-Dry Weights

11 Aggregates Pulled From Stock Piles Contain Some
Amount Of Moisture

@ Net Change in Water Content And Water-Cement Ratio
1 Need To Adjust For Actual Aggregate Moisture Content

The University of Texas Concrete Durobility Center DO 5.4563

ACI 211 Mix Design

Stap B Moisture Contant Ahustment

© Mix Design Obtained Following ACI 211:

o Cement: 564 Ib/yd?
@ Water: 220 Ib/yd?
o Coarse Aggregate: 1800 Ib/yd?
t1 Fine Aggregate: 1100 Ib/yd?

The University of Texas Concrete Durability Center

TxDOT 5-4560

ACI 211 Mix Design

Sten #: Moisture Contem Adjustmeant
P

=1 Mix Design Obtained Following ACI 211:

o Cement: 564 Ib/yd®
o Water: 220 Ib/yd®
u Coarse Aggregate: 1800 Ib/yd?®
2 Fine Aggregate: 1100 Ib/yd?

' Aggregate Properties:

© Coarse Aggregate
0.5% (by mass)
0.3% (by mass)

# Absorption:
& Moisture:
o Fine Aggregate
# Absorption:
® Moisture:

0.9% (by mass}
1.3% (by mass}

The University of Texos Concrate Durabifity Ceoter TxDOT 54563
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ACI 211 Mix Design

- Stap 0 "‘ﬂ{?!“’ﬂi’&-" ot Al

© Aggregate Water Contribution

- Net Result

The dniversity of Texor Concrete Durohility Center

o CA (0.3% - 0.5%) x 1800 Ib/yd = -3.6 Ib water
GFA (1.3% - 0.9%) x 1100 Ib/yd = +4.4 Ib water

4.4~ 3.6 = 0.8 Ib water added by aggregates
i Adjusted mix water = 220 — 0.8 = 219.2 Ib/yd?

TxDOT 5.856%

ACI 211 Mix Des:gn

Step B Tiod Baieh ;
© ACI 211 Mix Design Process is Intended for Trial
Batch Only
* You Are Responsible for Making Necessary
Adjustments

The Univarsity of Texcs Concrets Durability Ceoter TaDOT 5:4563

i

CONCRETEWORKS MIX DESIGN

The University of Texos Candrere Durobility Center

ix Design & Prop{:%l*jﬂﬁb_ing

TaDOT §.4563

ConcreteWorks Mix Design

. How Does ConcreteWorks Use Mix Proportions?
i Heat Signature Of Concrete
11 Diffusion Coefficient For Chloride Service Life
i Risk Of Shrinkage, ASR, DEF, And Sulfate Attack
2 Many, Many Other Reasons. ..

The University of Texcs Concrete Durchility Center TDOT §.4563

ConcreteWorks Mix Desxgn
. Mikhi Grtion inpuy i

The Untvessity of Texos Conarete Durabliiry Camer

TxDOT 5-4563

ConcrefeWorks Mix De5|gn

Tomin e
i
b

5 o

SERUYT Am. rmmess omiger

b

i
i
:

i

The University of Texas Concrete Durability Center TDOT 54563
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o Materials
® Class C Fly Ash ~ 29% (typicak 22-30%)
# Class F Fly Ash - 19% (typical: 8-14%)
o Basis

® Most Conservative Analysis for Heat of Hydration

The University of Texas Concrate Durabliity Canter The University of Texas Concrete Durcbility Canter
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Concrete

_oncrete Wor

it

Works Mix Design
Rotia el i

The University of Texas Concrete Durability Center 1xDOT 5 4563 The University of Teras Concrete Durcbility Centes 1xDOT 52564

ConcreteWorks Mix Design A ConcreteWorks Mix Design

Maximum o ACI 211
Sized  Air Content

Aggregate « Desired Slump
1 MSA

o Target Strength
# Minimum £,

1 ACI 318
© Minimum £

Desired
Slump

The Jniversity of Tesos Comrete Durobility Center TxDOT 5.4563 } The University of Texos Concrate Dorcbilily Center TxDOT 54563

ConcreteWorks Mix Design

ACH aua-lmemgmwugf ACI 318 Special Exposura cmmm

Corsts Tapom 10 Prasas Thow Sy Erposor v froeas Taow 11 0 ¥ow
i Drrisnel W v Vokmre Prave B BB Cchionor e Dnkig Chanken

Mory Sevwe

Actintns ftm A4 ITB ok 4 20

The University ol Texas Cancrere Durability Centes TxDOT 5-2563 The Unieersity of Taxos Concrete Durobility Ceater TaDOT 5.4563
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ConcreteWorks Mix Design

© Target Strength, '
amummmma

nmmmmmam«mﬂ
Similar Mixes
1 Function Of:
# Sample Stondard Deviation
® Number of Tests
® Minimum Specified Strength, f,

© ACI 318 wm Item 421 msﬁf
mmmwmwmmmmw
Quantities, and Standard De

mw'mmm wmmm

ﬂﬁrwwwﬁmwfnmmmmz
am«mmmmm

1 It Pays to Test Often and Accurately
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ConcreteWorks Mix Design ConcreteWorks Mix Design

1 Aggregate Analysis
. Aggregate Optimization (Optional)
1 Benefits
# Reduce Warer
# Improve Workability
# Minimize Finishing
= Improve Consolidation
® Minimize Heat
# Improve Durability
© Downside
# May Require Use of Three or More Aggregate Sizes

The University of Texas Concrate Durobility Center TxDOT 5. 4563 The University of Texos Concrete Durcbiliy Centet 1xDCT 5 4560

£

oncreteWorks Mix Design ConcreteWorks Mix Design

= Ciradation Opt

- Aggregate Gradation Optimization | 1 0.45 Power Chart
2 0.45 Power Chart 2 Overview
© Coarseness Factor # Theoretically Densest Gradation Possible
& Combined Percent Retained = Historically Used For Asphait Applications

. Refer to Tex-470-A for Greater Detail fAetod

o ,’i )45
% g(ﬂf

d = Sieve Size Being Considered
D = Nominal Maximum Sieve Size

The University of Texor Concrets Durnbility Center TxUOT §5.4563 The University of Texos Concrete Durability Ceorer 1xDOT 54562

Concrete ConcreteWorks Mix Design

Dertis ptimization

11 Aggregate Coarseness Factor
1 Plot of Workability vs. Coarseness Factor
11 Assumes Round Or Cuble Shaped Aggregate Particles
1 Use Judgment For Flat Or Elongated Aggregates

The dniversity af Texos Concrers Durability Center TeDOT 5.4563 Tha Univarsity of Texos Concrete Durnbility Ceater TADOT 54563
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§ = Cumulative % Retained on 3/8 in. Sieve

T = Cumulative % Retained on No. 8 Sieve

+ 2.5% for Every 94 pey in excess of 564 pcy
- 2.5% for Every 94 pey below 564 pcy

The University of Texos Concrete Durability Center

ConcreteWorks Mix Desi

kil Mo Rt
© TxDOT Tex-470-A Method
© Sum of Any Two Adjacent Sieves > 13%
Excludes First and Last Sieves to Retain Material

The University of Texas Concrete Durabifity Canter

b e
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ConcreteWorks Mix Design

i Again - Mix Design is Intended for Trial Batch Only

1 You Are Responsible for Making Necessary
Adjustments

i Hopefully ConcreteWorks Resulted in a More
Satisfactory Result the First Time Around

T University of Texas Cancesrs Durabiiicy Cenrer X0 324542
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L Overview

= Introduction

= Temperature Prediction
o Heat Transfer Model
& Hydration Model

© Thermal Stress Analysis

@ Free Shrinkage and Mechanical Properties
o Elastic Stress and Degree of Restraint
0 Early-Age Creep Mode!
& Cracking Potential
1 Cracking Potential
= Application

The University of Texas Concrete Durability Center TxDOY 54563

Introduction

Famli Mgk In Mose Conere
i High Temperature
@ Delayed Ettringite Formation (DEF)

o Thermal Gradients
@ Thermal Cracking

11 Avoid /Control the Following
1 Excessive Temperatures (> 158 °F)
o Large Temperature Gradients (> 35 °F)

The University of Texos Concrete Durability Centar =DOT 5.456% The University of Teras Concrete Durobility Center TxDOT 5.4563

Introduction
Baloynd Birgging Farmasin [BEF)

Introduction

The University of Texos Concrete Durability Center TxDOT 5-4564 The Uaiversity of Texos Concrete Durability Centes TxDOT 5-4563
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introduction

Tesvmol Cracking in Mass Conctare Bloments

The University of Texos Concrete Durability Center TxDOT 54563

Intfroduction
(lartant Seeis TaUOT lam W20 {preophiased]

Mass plocements ore defined as placements with « least dimension greater than or equal 1o §
1., or designated or the pluns. For moncitthic mass plocements, develop o plon 1o ensure the
follewing:

1 Temperuture at coot ol sore not exceed *60'F
0 Temperoture diffeential batween central core and expoted wifoce nor 1o axcees 35°F

© Bose this plan on the equations given in the PCA's Design and Control of Concrete Mixtures,

Inciude @ combination of the following elements in this plan

Selection of concrete ngsedient inchuding sgaresstes, gradalion, und cemant tyces, 1o minimize heat
of hydrotion

Usa of ke or othwr concietw cooling ingredient
Uses of licuiad nitiogen dosiig systams
Comnalling rute o1 fime f concreta placement

Use of visuiation o1 supplemental exte ool hest to contral heal loss

amom e s

Use of wpplemantory camenting moterials

£ Use af o cooling systent 1 contral the core lemperaivre

Fumnisk ond install 2 sets of temperature recording devices, maturity meters, or other
approved squivalent devices ot designated locotions. Use these cevices 1o simultuneously
measure fe lemperature of the concrete ol the core and the surfate. Malntein tfemperature
control methods for 4 day: unless otherwise opproved. Maturity meters moy not be used o
predicr srength of mais toncrete.

The University of Teros Concrete Durcbility Center F2DOT 54503

Introduction
v O Wi MNeed 6 Browirrien

Introduction

[

- The Caleulations are Difficult
- Guidance Provided by ACI and PCA is Yague

Infoermation Regarding Thermal Properties of
Different Materials is Dispersed

- Problem Becomes Even More Difficult When
Cracking Tendency is Considered

2 Not Even Addressed by the Spec

The dniversity of Texos Concrers Durability Center TX0DT 5. 4563

' Variable Concrete Properties

| Temperature Sensitivity of Hydration
' Material Hydration Properties

. Environment Conditions

¢ Construction Process

1 Boundary Conditions

The University of Tex

oncrete Dhuscbility Center TaBOT 54563

Introduction
Conicrnte Works Fravesy

- 9
fract oo vaot
a e o o
PR Y SR
e s s

The dniversity of Texas Concrete Dutoahility Center TaDOT 5-4563

Introduction
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The Univsrsity of Texos Concrete Duichility Center TxDOT 5.4563
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g

AE=E -E, +E, [Wan]

o Where:
% E, = Thermal Energy Entering Control Volume

Hoer Ganertion
o Function of Chemical/Physical Properties of Cementitious
Materials




Temperature Prediction

Cement Chemical

Composition - Bogue
1 Commonly Used

# Alite
= Belite
# Tricaldium Aluminate
# Tetracalcium Aluminoferrite
= Free Lime
# Sodium Oxide
# Magnesium Oxide
# Potassium Oxide

# Colcium Oxide - st

The University of Texos Concrete Durability Center

Temperature Prediction

Cement Chemical Compaosition - Rietveld
o Better Quantification of Cement Composition than Bogue
Requires Advanced Technigues Such as X-Ray Diffraction (XRF}

® Consequently, Rietveld is Not os Common
Preterred Technique if Available

Alire

Belite

Aluminate

Ferrite

o

Gypsum
Bassaniie
Anhydrite

Pericluse

Arconite

Colcite

The University of Texcs Congrete Durchility Cerver

Colorimetry — Measure of Heat Released

Adiabatic Calorimetry

# No Heat Loss

Semi-Adiahatic Calorimetry

# Heat Loss Measured and Accounted For

= Characterizes Materials Very Well

i Isothermal Calorimetry

# Specimen Kept at Constant Temperature

= Great for Studying Specific Couses and Effects
# Doesn’t Mimic Real Life

The Univarsity of Texas (

ivcrers Durability Centat

TxDOT §-4563

Temperature Prediction
el i+ BBl Gl o

Test Details
£ Run on Cement Pastes {Typically ~40g)
1 Sample Maintained ot Constant Temperature

12 Calorimeter Measures Energy Required to Keep Sample at
Constant Temperature

® Waotts / Gram of Cementitious Materials
Purpose
o Useful for Testing Effects on Reaction Rate of:
= Various Cements
® 5 l_'_l Y C iti M
= Chemical Admixtures

ials (SCMs)

t Temperature Dependency of Reaction

@ Activation Energy, E_ (Characterizes the Response of o Reacticn 1o
Changes in Temperature}

The University of Teras Concrate Dusebility ©anrer

Prediction

re
2 oty |

The Univeriity of Teixus Concrete Durobilicy Conter

woOT S

Temperature Prediction

IS SIS
Hiriseation Miadat = ssotheriol Cile

The University of Texas Ca ty Center

23



Temperature Prediction
 Evdirtion Mpdel - othirmal Colorimety

09 -
}ow 8% e
08 ;.15'6-—
| »20°C o
g% [ 38°C —
E 06 | °00°C —
g
x $ '
S 04
3 1
%o,s'
2 02
o1}
0.0 WML

e . |
30 A0 50 40 70 80
Paste Age (Hours)

0 10 20

The University of Texos Concrete Durability Center TxDOT 5-4563

Temperature Prediction
Hydratios Modied + |

sotharmol Colbpimatry |

lnk=]nA~£L
RT

© Activation Energy (Brown and Ma, 1994)
0 Where
# k = rate of reaction
# A = constant (=0}
# R = Universal gas constant {8.314)
# T = reference temperaiure
® E_ = Activation Energy

The University of Tesos Concrete Durcbility Conter

TxDOT 5.4563

Temperature Prediction

Heoration Madel ~ lsethiermal Calorimptey

7 Apparent Activation Energy, E_

¥y = -4,237.40x + 11.55
2 =098
-2 1
E 4 E, = 35,231 J/mo!
=
&
> °
-5
00028 00030 00032 00034 00036 00038
1Temperature (1/°K)
The University of Texos Concrete Durability Center TxDOT 5.4583

Temperature Prediction

Hydration Mot -+ SemisAdinhetic Coloietiy

© Test Details
@ Typical Test Duration is 1 Week
o [nsulated Chamber to Retain Heat
® 6" x 127 Cylinder
0 Heat Allowed to Build in System
® Progressively Increases Reaction Rate
o Must Measure and Account for Heat Loss
' Purpose
© Mimics Real Life Conditions Very Well
0 Material Characterization

The University of Texas Concrete Durcbility Center

PO 54563

Temperature Prediction

Hydration Modal - Semi-Adiahate Colorimatry

The University of Texos Concrete Durability Center TxDOT 5-4563

Temperature Prediction

ydration Model « Seail Adinbatic Calorimatry

10,000,000

wmGenerated Heat
~Degree of Hydration

9,000,000
8,000,000
7,000,000
6,000,000
5,000,000
4,000,000
3,000,000
2,000,000
1,000,000

Ganeratad Haot [W/m';

10
09

Degree of Hydrotion

o 1 10

Test Duration (howrs)

The University of Texas Concrete Durobility Center

1006

TxDOT 54563
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Tempe rature Pred:chon

Lalaimamy

= Measured

€28 2

{°F)

170

&3

140
130
120
110
1oe
%

80

7 :

000 2400

Semi-Adiabatic Temp

48.00 7200 96.00  120.00
Test Duration (hours)

144.00

The Unjversity of Texas Concrete Durability Center TxDOT $:4563

Temperature Prediction

Hyditetion Mode! - BamicAdial lie Calaimeny

~ Semi-Adiabatic Hydration Caleulation Purameters

The Universiy of Texas Concrate Dursbility Center TxDOT 5-4563

Temperature Prediction

lnt::ln,—!--—gL

7 - 4"
qun=1.C E;

—'—r]

The University of Texos Concrere Ducability Center TxROT 54563

Temperature Predtc’r:on

From Literature

[PAG]

(Schindler, 2002)

From Isathermal Calorimetry

The University of Texos Corcrete Durability Center TxDOY 54563

Temperc:’rure Prednchon

5 Developed from Existing Theory
- Wide Body of Literature
Various Boundary Conditions
= No Closed-Form Solution Available
i Must Use Finite Element or Finite Difference Methods
t Finite Difference Chosen for Computation Speed

Trie University of Texas Cancrete Burability Cetiter TxDOT 5-4563

- He Transkar Moda!

Temperature Pred:c’non

' Heat Transfer Mechanisms

1 Radiation
= Solar Radiation
 Atmospheric Radiation
# Radiation from Surrounding Surfaces
® Irradiation

21 Convection
® Free Convection
® Forced Convection

@ Conduction
# Soil, Formwork, Curing Mat, Erc.

The University of Taxas Concrete Durability Center TaDOT 54563
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Temperature Prediction

i Heat Transfer Mechanisms

vaporative Cootimg (Wefiore ¢ wee Mewand Apgiicetions
o
w-‘ln\\ “ ;
|
A

Convectiom 1 fovws Sarfoce.
‘, /ww.-
(4

Readanicer deurns Cievemnd Sawec Lotvectyms ta trom Serface

The University of Texos Concrete Durobility Center TxDOT 5.4563

Temperature Prediction

o Environment
o Temperature
! Relative Humidity
@ Percent Cloud Cover
© Wind Speed
o Yearly Temperature

The University of Texas Concrete Dusability Center TxDOT 54563

Temperature Prediction

" Member Geometry
1 Bridge Deck
o Column

o1 Footing
2 Bent Cap

The University of Texas Concrate Durchility Cante DO 5:4563

Temperature Prediction

i Construction

i Concrete Placement Temperature
o Formwork Type /Material

@ Form Liners

o Time at Which Forms are Stripped

@ Blanket Insulation R-Value

The University of Texas Concrete Durobility Center TxDOT 54563

Temperature Prediction

1= Concrete Thermal Properties
= Thermal Conductivity
= Ability of @ Material to Transfer Heat
© Specific Heat

# Characterization of the Energy Required to Increase the
Temperature of o Material

7 Must Be Updated Every Time Step

The Univensity of Texos Concrete Durability Center TxDOT 5.4563

Temperature Prediction

o

| Thermal Conductivity

21 Ability of a Material to Conduct Heat
- Changes With:
@ Aggregate Content

@ Aggregate Type
o Porosity
o Density
o Moisture Content

o Temperature

The University of Texas Conaete Durabifity Center TxDOT 5.4563
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Temperature Prediction
gl T “ i ) R i

Specific Heat

Temperature Prediction

i Energy Required to Increase Temperature of Matericl
Changes With:

1 Degree of Hydration

1 Mixture Proportions

1 Temperature

AW (84T +339+0, (l-a) C + W, C, +H,-C, )

v

el

The Jniversity of Texos Concrers Durg

TxDOT 8.4563 The Univeruity of Texas Conorete Durabiliry Cenier 12007 5.4563

| Temperature Prediction

i S

Temperature Prediction
Hydration Model Based On (To Date):

i Semi-Adiabatic Calorimetry - 139 Tests

© Isothermal Calorimetry — 630 Tests

Field Calibrated With:

1 33,626 Hrs of Temperature Data

1137 Temperature Sensors from 12 Concrete Members
1 Average R? Value of 0.90

The University of Texo: ete Durnbility Center TxDOY $-4563 The University of Toaas Concrere Dinobility Center X001

Temperature Prediction
I

I
e T e [t [
s R | e |
ottt us T A Penia Cakoms FeiRess freal Lintastcose - .
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i Love 1/91 48 im0y P Yot (PR
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P Lown 1/504 45 Ay 013 Fawing. 103300 Soi Urmyrorw Footing 1 m
Sk bdre Qv bobelo Cosruny Fab ki 16a1620 Swel KT wivey Gioe Faoting 2 133.0 @
Wissia bl Sen % K PWAD Radroos o 014 Nort Cap 133 viasd G Fooling 3 1355 @
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The Uriversity of T xas Concrete Ducability Center TxDOT 5.4563 The University of Texos Concrers Durability Canter TADOT 5.4563
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L What??g2 L Thermal Stress Analysis

| Apparently Cracking is Not Directly Related to
Maximum Temperature Or Maximum Temperature
Differential

1 Just About All Mass Concrete Elements Exceeded
Temperature Limits Without Cracking

| Need a Better Method of Crack Prediction

The Univarsity of Texas Concress Duvobility Canver DO 54563

| Quantify the Effects that Cause Early-Age Cracking
in Texas Mass Concrete Mixtures
1 Early-Age Cracking is Primarily Caused By:
0 Thermal Gradients
B Drying Shrinkage
© Autogenous Shrinkage
1 Must Account for Creep
| Integrate Heat Prediction Model With Thermal
Crocking Behavior
© Thermal Stress Analysis

} + Degree of Restraint

The Univarsity of Texos Concrare Ducshility Coner DO 54563

tha University of Texos Contrete Durability Caster IXPOT 5.4563

L Thermal Stress Analysis I

1 Changing Early-Age Material Properties
© Modulus of Elasticity
@ Strength
& Poisson’s Ratio
@ Coefficient of Thermal Expansion (CTE)
@ Creep
1 Differential Temperoture Development

T Vnivarnity of Texon Concrety Durabilicy Canver THDOT 583

Thermal S

4

tress Analysis

.

© A Three Parameter Model is Used to Describe
Hydration (Freiesleben Hansen and Pedersen , 1985)

© Where
& H{)= Heat Evolved at Time t H(r)
& H, = Totol Amount of Heat "o 7,
Available u
@ a = Degree of Hydration

T Usivarsity of Tewas Concrers Durclility Caner DO 54563

Thermal Stress Analysis

Wi chacisin

~ A Three Parameter Model is Used to Describe
Hydration (Freiesleben Hansen and Pedersen , 1985)
© Where H (l‘)
© H{t)~ Heat Evolved ot Time ¢ i =
0 H, = Total Amourt of Heat Hu
Available
&1, = Equivalent Age V[L”;’
#a, 1, B are determined from a(t,,)=a,, s L0
semi-adiabatic calorimetry
The Universiey of Texon Concrete Durabillity Camer TeDO! 5.4563
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Thermal Stress Analysis
T da Sinkoge dnd Machonico: Fiaod

Ho=H P 4461 p, 1800 p. Py,
From Kishi and Mackawo (1994), Schindler (2004]
H o = 300+ pos + 260" pe s 866 pey +420- pe e
+(;24«pm +1186- py e *Sﬁﬂ‘p,&o

From Bogue (1955), Schindler {2004}

Thie Usivmrsry of Texan Concrets Durobiliry Center TDO 54563

Fitae i ssmane cnek Moctanic!

Thermal Stress Analysis

| o

1 Equivalent Age

1t Time-Temperoture History

# Semi-Adiabatic Calorimetry
®a.r, g
| What Does it Mean

i Allows Us to Compare Apples to Apples

i Concrete Cured for 10 Hours Under HOT Conditions
May Have o Theoretical Age of 14 Hours

TxDOQT 54563

T Unkesewity of Tewos Conerpra Ducabiling Caritgr

Thermal Stress Analysis

] iMststiveini

1 Strength Development
= Tensile
& Compressive

i Elastic Modulus

The Unbesoary of Texon Condrate Durobilry Cemer *OO ! 54563

Thermal Stress Analysis

e P‘r"apm‘iiix‘ai‘

. Elastic Modulus Development
1 Link Between Restrained Strains and Stresses
1 Default Constants Come from ACI 318 Building Code

2= k(1)
k =0.043(w )"’

ne Unlversity of Towan Concrers Durabilizy Cetrer. x0T 34563

Thermal Stress Analysis

o vl Mochamnionl Promanion,

1 Concrete Maturity
© Time-Temperature History
1 Maturity Functions
= Nurse-Soul Method
= Used by TxDOT
= Equivalent Age Method

1 Mix Specific
© Required for Cracking Prediction

The Unbesetity of Texen Concrere Durabilizy Caster O 545010

Thermal Stress Analysis
Fieay m:mmw :mugﬂ‘“fsﬁma:“hﬂbnim:d Praperting

| Poisson Ratio

1 Necessary for Modeling Stresses in Two and Three
Dimensional Elements

1 Decreases with Hydration
1 Equivalent in Tension ond Compression

o Assumed to be Independert of State of Stress

he Utdvensity of Tanis Concrere Curability Cantar TxO0 54503
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Thermal Stress Analysis
Froe Shelilkage onil i sdhonico] Proparties

© Poisson Ratio
050

a8 \
D80 \
038 \

030 x
om0

Poisson Rotio
°
B

1 02 o4 06 o8 0

Degres of Hydration, ¢

The University of Texas Concrete Durability Center T«<DOT 5-4563

Thermal Stress Analysis
Fra Bhrinkage ond Meshonlcol Siperties

' Early-Age Free Shrinkage
o Coefficient of Thermal Expansion (CTE)
1 Autogenous Shrinkage
0 Drying Shrinkage
@ Plastic Shrinkage

Drying and Plastic Shrinkage
o Currently Unaccounted for in ConcreteWorks
o Negligible in Mass Concrete
# low Surface Area / Valume Ratio
@ Currently in Development Under TxDOT 6332
# Thermal Stress Analysis of Bridge Decks

The Univarsity of Texas Concrate Durability Center

TxDOT §.4563

Thermal Stress Analysis
Frae Sirinkage one taechonicel #ropentin

1+ Coefficient of Thermal Expansion
2 Primarily a Function of Constituent Materials
# Coarse Aggregate

+al}V,,

aV +a. ¥V

ca’ cu fa’ ca

» Fine Aggregate o

cteh T
4 I8
® Paste Im+lra+Vp
1 Assumed to be Constant
# CTE Decreases Rapidly Before Time of Set

# Accurate for Normal fo High w/cm Ratios

The University of Texos Concrets Durability Canter TxDOT 54563

Thermal Stress Analysis
Frist S

ko onel Mischonicel Pioperdies

. Autogenous Shrinkage Model
1 Caused by Internal Drying Associated with Low w/c
Ratio
® Chemical Shrinkage

The University of Texos Concrete Durobility Center 1%DOT 5-4563

Thermal Stress Analysis

Eeitly-Agin Cantrnie Craap Mol |

i

- Time dependence of restrained shrinkage and
creep (Mehta, 1993)

g:i
b e T e Bl e vt
x il v rabation,
Z Prmbcted crschong s
[
TIME

The University of Texos Concrate Durabiliy Center TxDOT §.4563

L

Thermal Stress Analysis

= Many Proposed Methods of Estimating Cracking
Risk
o Temperature Difference Requirements
@ Stress — Strain Based Failure

2 ConcreteWorks Cracking Susceptibility Criterion
ti Tensile Stress vs. Tensile Strength

The University of Texas Concrats Durabifity Center TxDOT 54563
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Analysis
ST

[ FuLogmgrel Distritetion

Probnbiity Density

©3 04 08 08 07 08 00 1
Crachang Strozs! Sphting Tensds Strength

e Untesesity of Texon Concrore Durobilig Career

o

ﬁ P

D Wlow

a |
= O Moderaie |
Z @rgh |
=

% B Very high|
£

040 0.50 060 070 0.80 0.50 1.00
Stress/Spliting Tensile Strengih

Tha Unbwsrsry of Tewon Contrata Ducabilivy Conter DO $-4542

Summary

]
ConcreteWorks has been shown to accurately
predict thermal distributions in field structures.
Concrete can be used to predict cracking
susceptibility — needs to be validated in the field!!
More information later on how to implement

ConcreteWorks and incorporate into TxDOT
specifications...

Tha Universiry ol Toxon Contrets Dirobilivy Ceeser OO B N6 3
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L Overview

' Introduction

1 Mechanics of Corrosion

1 Role of Chlorides in Corrosion
i Diffusion Coefficient

i Prevention and Mitigation of Steel Corrosion

The University of Texas Concrete Durobility Center TxDOT 54503

Introduction
it Maotitive oif Conasion.

- Why Does Steel Corrode?

11 Steel is Not Naturally Oceurring
# Manufactured from lron Ore

i1 Prefers to Revert Back to Natural State in Form of Iron
Oxide (Rust)

1 Speed Governed by Rate of lonic Solution Movement
& Rust Occupies Greater Volume than Original Steel
© Induced Tensile Stresses

© Why is This @ Problem for Concrete?
11 Cracking, Spalling, and Delamination of Concrete

o

The University of Texos Concrate Durobillty Canter TxbOT 5.4563

The University of Texas Concrets Durability Center DO 5.4563

Introduction

| Brisic Mactionisey of Cordsion

1 Stages of Corrosion
11 Penetration and Accumulation of Chlorides
11 Chloride Threshold Reached — Initiation of Corrosion
1 Corrosion Induced Tensile Stress Build
11 Cracking, Spalling, and /or Delamination Occurs
11 Structure Loses Load-Carrying Capacity

The University of Texas Concrete Durability Center TDOT 54560

Introductio

1 Stages of Corrosion (Concrete Works)
1 Penetration and Accumulation of Chlorides
11 Chloride Threshold Reached - Initiation of Corrosion
0 Degradation of Reinforcement
u For Rebar: 6 Years

# For Prestress: Inmediate Failure

The University of Texos Concrete Durability Center TxDOT 5-4563
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L Introduction

 Corrosion Protection Strategies
ts Non-Corrasive Reinforcement
© Coatings on Steel
1 Membranes or Sealers
1 Chemical Corrosion Inhibitors
2 Non-Chloride De-lcers
o Increased Concrete Cover
@ Low Permeability Concrete

The Jniversity of Texos Concrate Durobility Center

TxDOT 545673

Introduction

o Critical Structures
t1 Bridge Decks
11 Parking Garages
1 Marine Structures

4

. Supported Members
12 Mass Concrete
1 Bridge Decks

The University of Jexos Concrete Durebifity Center

1«DOT 5. 4563

Introduction
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TaDOT 54565
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L Mechanics of Corrosion l

1xDOT 54863

The Undwarsity of Texos Concrare Durabilicy Corver

L Mechanics of Corrosion

1 Galvanic Couple
2 Anodic and Cathodic Areas With Different Potential
1 Electrical Circuit

1 Metallic and Electrolytic Continuity Between Anode and
Cathode

1 Moisture
1 For Cathodic Reaction
@ To Provide Electrolyte

| Oxygen
@ For Cathodic Reaction

The Universiry of Texos Concrare Ducability Caner T¥DOT 54563

L Mechanics of Corrosion l

1 Pore Solution Composition
1 Dominated by Sodium, Potassium, and Hydroxyl lons
® Alkalis (No', K') Represent Small Proportion of Cement
u 90% of Alkalis End Up in Pore Solution
1 Hydroxy! lons Forced Into Solution to Balance Charge
0 Result: Very High pH ~ 13 - 14

The Univarsity ol Tewas Concrote Durobility Cenver TDOT 54563

L Mechanics

1 Alkaline Conditions Prevail in Concrete

of Corrosion
il e

1 Above pH of Approximately 12.1
11 Formetion of Iron Oxide Film, Passive Layer, on Surface
of Embedded Steel Reinforcement
# Prevents Anode from Forming
# Keeps Oxygen ond Moisture from Reaching Steel

Fe, O, Passive Layer ~ 10 nm

The Usnbeorsity of Texos Concrete Divobility Cotrer TRDOT 54563

f

L Mechanics

Corrosion

1 All Requirements for Corrosion Are Generally Met
Without Passive Layer
1 Problem of Corrosion Arises When Passive Layer is
Compromised or Depassivated

The University of Texar Concrera Durabiliry Center 1xDOT 5.4563

L Mechanics of Corrosion [

1+ Two Mechanisms of Depassivation
& Chioride Diffusion
® Primary Couse of Corrosion in Marine Environment
= Ohlorides from De-leing Salts Penetrate Through Conerate
# Breakdown of Passive Layer
@ Carbonation
® CO, from the A phere Pe
# Reduction in the pH
# Stee! Is Only Effectively Passvated in High pH Environment

™

gh Concrete

The University of Texon Concreve Dueabllivy Cemer DO S.4563
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Mechumcs of Corrosmn
fetin

Two Mechanisms of Depassivation
1 Chloride Diffusion

# Primary Couse of Corrasion in Marine Environment

D
e

» Chlorides from De-king Salts Penetrate Through Concrete
= Breakdown of Passive Layer

2 Carbonation Not Considered in ConcreteWorks

The University ef Texos Concrete Dur

TxDOT §.4563

= CI' lons Incorporate Themselves Into the Passive Film

11 Replace Oxygen

1 Increase Solubility

1 Increase lonic Conductivity
A Local Phenomenon

1 Chloride lons Rarely Distributed Homogenously Over
Steel Surface

2 Random Imperfections in Passive Layer
o Large Cathode-Ancde Ratios

ti Resulting Pitting Corrosion

The Universaty of Texos Concrete Durcbility Center

i First Line of Defense - Slow Down Rate at Which
Chlorides Reach Steel

Moving Chloride Front

Chioride Concentration

b Sk Gl b S s
ke

Debth

The University of Texas Cancrete Durahilicy Center

TxDOT

Role of Chlorides in Corrosion

1 First Line of Defense

11 Slow Down Rate at Which Chlorides Reach Steel

<
Nen-Chieride

De-dcers

Membranes & Sealers

Increcsed Depth of Cover fo Steel, X,
Low Permeability Conerete
Coatings an Stes!

Nar-Corrovive Reinforcemant
Chumicoi Corresion inhibitors

Role of Chlorides in Corrosion
‘ Chicklde igitess |
Chloride Ingress Is a Factor of:

@ Chloride Surface Concentration, C,
® Severity of the Environment

&1 Temperature
= Chlorides Penetrate Quicker in Warmer Climates
11 Depth of Cover to Steel, X,
21 Corrosion Threshold, Ct
@ Chioride Concentration Required to Initiate Corrosion
# Typically 0.05 — 0.1% (by mass) or 2 — 4 pcy
2 Diffusion Coefficient, D
u Concrete Permeability

The University of Texas Concrare Dutabiliry Ca

10O 5

4563

The Univarsiry of Texas Concrete Durability Center DT 54563
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Chloride Surface Concen’rrahon

 [teinal Sournsis of Choriles in Conarete

© Chloride-Containing Chemical Admixtures
11 CaCl,-Based Accelerators
# Not Allowed in Any TxDOT Work

. Aggregates
11 Sea-Dredged Sand
1 Presence of Mineral Halite
17 Mixing Water
11 Chloride Limits per TxDOT Item 421 Table 1

w Bridges & Prestress: 500 ppm
= All Other Concrete: 1000 ppm

The University of Texas Concrete Durability Center

TeDOT §.4563

Chloride Surface Concem‘raﬂon
Exrarnal Soureds nf k‘h\omwt In lionkre|

© Seawater
& Marine Structures, Oil Platforms, Coastal Bridges, Etc.
© Groundwater

11 Piles, Tunnels, Foundations, Footings

© De-lcing Chemicals
1 Rock Salt Used on Paving Surfaces

The University of Texar Concrete Durubility Center IxDOT 5-4563

Chloride Surface Concentration

Chliskin Susface (.mmmﬁan ﬁuimgsp b

i Easy to Model for Constant Boundary Conditions

o Marine Exposure

~ Typically Varying Concentration Otherwise
1 With Season
® Application of Deicer Salts in Winter
# Washing Away of Deicer Salts in Summer
& Within Same Structure
# Local Differences in Slope
# Proximity to Drains
# Relative Location to Deicer Salt Application

The University of Texos Conarete Durability Center TxDOT 5-4563

Chloride Surface Concentrchon
Chlaeii Sl Colkathonin Blldup

. Approximated as Smooth Curve

9
R
S ./‘w
&
b
5 .l i
4
2 b
34 D =C .. o
14b
2 L
: y
whio. i e
o § 0 % 20
Time (Yesy
The University of Texas Concrete Durability Center 1xDOT 5.4563

Chlonde Surface Concemranon

= C,{t) A Function Of:
11 C ax = Maximum Chloride Surface Concentration
@ b = Chloride Surface Concentration Build-Up Rate
ot = Time (t, = Concrete Age at First Chloride Exposure)
1 Cax @nd b Selected by ConcreteWorks Based On:
@ Location (City and State)
1 Exposure Class

i Variables May Also be Manually Entered

The Usiversity of Texos Concrate Durability Center T<DOT 5.4563

Chloride Surface Concenfrahon

Shleridde Surtacs Contantntion

t Structural Clossification
% Rural Rood
= Urbon Road
= Parking Garoge

1 Location Cl
© Splash Zone
@ Sproy Zone
& Within 0.8km of Oceon

o Lot S o o Sy

Within 1 Skm of Ocoon

®

The University of Texus Concrete Dusability Center TxDOT 5-4563
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Chloride Surface Concentration

Mambirones & i

 Membranes
1 Chloride Surface Concentration Assumed 0
u 100% Effective for Duration of Warranty Period
11 Degrade Linearly After End of Warranty Period
® 0% Effective ot End of Degradation Period
i Sealers

Chloride Surface Concentration

Mamdiranes & Seders

i Degrade Linearly from Time of Application
# 100% Effective ot Time of Application
= 0% Effective ¢t End of Degradation Period

The Univertity of Texos Concrete Durobility Cemter TADOT 5.4563

The University of Texus Concrese Durchilily Center 1sDCY 5 4563

Chloride Surface Concentration |

Membrgne 8 Sealers

The University of Texos Conarete Durabllicy Center TaBOT 54563

Temperature

1 Increased Temperature Accelerates Diffusion of
Chlorides Into Concrete

© Automatically Accounted for in ConcreteWorks

The University of Texos Cancrete Durcbibty Center TaDOT 54563

Depth of Cover to Steel i

- Extend the Time it Takes for Chlorides to Reach
Reinforcement

i Bridge Deck:
2 Defined on Member Dimensions Screen

- Mass Concrete
t Defined on Corrosion Inputs Screen

The University of Texos Cancrete Duiability Center TkDOT 54583

Depth of Cover to Steel

Chioride Concentration (Ib/yd?)

w20 Years
w40 Years
= 60 Years

Depth (in)

sive cover - less resistance to thermol/drying shrinkoge

The University of Texos Concrets Dursbility Cenrer T1DOT 5-4563

s RS
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Depth of Cover to Steel

The University of Texas Concrere Durability Cenver

TaDOT 545463

L Chioride Threshold

= Concentration Required to Initiate Corrosion

@ Corrosion Will Not Begin Until Corrosion Threshold is
Reached

@ Increasing Threshold Allows for Greater Accumulation
of Chlorides Before Onset of Corrosion

= Ways to Increase Corrosion Threshold
o1 Chemical Corrosion Inhibitors

m Corrosion Resistant Reinforcement

The University of Texas Concrete Durchility Center TaDOT 5.4563

Chloride Threshold

Chloride Concentration (Ib/yd?)

2 3

T

1

1

o

ke e 20 Years
£ i
= wew 40 Years
? 1 = 60 Years
e 1

i

1

1

1

N
The Liniversity of Texas Concrate Durability Center TxDOT 5-4563

Chloride

Chiesd

Threshold

el Celreadon Ilibi

o Calcium Nitrite
@ User-Defined Dosage
© Amines & Esthers
o Fixed Dosage: 1 gal/yd®
©: Manually Defined Chloride Threshold

The University of Texas Concrete Durability Center TxDOT 54563

Chloride Threshold

Chloride Threshold

P
-
» e

B e
T Ny
Pty

s
e

- i

e T S e o

L ety s s P
- i
. =

b e

Mt -~
bt SOLE

i M

The University of Texas Cancrete Durability Center TxDOT 5-4563

© Alternative Reinforcement Options
o Epoxy Coated Steel
o Grade 316 Stainless Steel
7 Manually Defined Chloride Threshold
© Valve Largely Dependent on Reinforcement Material
@ Non-Corrosive Reinforcement Has a Larger Threshold
than Standard Steel Reinforcement

@ No Rule of Thumb, However, Lower Value is More
Conservative

The University of Texas Concrete Durobility Center TxDOT 5 4563
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Chloride Threshold |

& Reinfardemeat

l

=

Diffusion

e
_— “lons Don't Fly, They Swim!l”
T -PK. Mehta
-
The University of Texas Cencrete Durnbility Center D07 5:4583 The University of Texas Concrate Durobility Center TaDOT 5-4563
[ £
 Diffusion i

Dlafinitices

- Diffusion
o Molecules in Water Are in Constant Random Motion
o This Motion Causes These Molecules to Move From
Regions of High to Low Concentration
 This Process is Called Diffusion
© When Molecules are in Equal Concentration in All
Regions, the Substance is Said to Be In Equilibrium

The University of Texos Concrese Durability Cemer TxDOT 54563

Sugar

molecule Equilibrium

The University af Texos Concrete TxDOT 5-4563

Ourchility Center

Diffusion
Diffusion Copf

- Contributing Factors

o Time
o Temperature
2 Mix Design
" SCMs
» W/C Ratia

The University of Taxos Concrete Durobility Center TxDOT 5.4563
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.m ‘Water to Cement Ratio
1 Porosity & Permeability Decrease w/ Decreasing W /C

06 08
Water to Cement Ratio (w/c)

The University of Texos Concrere Durability Center

1 As Hydration Progresses:

11 Decreasing Total Porosity

1 Disconnectivity of Pore Network

i Decreasing Concrete Permeability /Diffusivity
1 Decays Asymptotically to Ultimate Value

The Uniiversity of Texas Concrate Durability Center

5 SCMs — Ultra Fine Fly Ash and Silica Fume

@ Reduced Porosity
© Smaller Particle Sizes
» Particle Packing

B ormnonsd )

= SCMs ~ Slag and Fly Ash

£ Na Chainge:in 26-Diny Diffision Cooficiens
A b ki e e Ci
# Pozzolanic Reaction
= Filling of Pores with Hydration Products.

026404 74,50
m M*ﬁ.&»{ﬁwﬁ}

The University of Texas Concrete Durability Center
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Diffusion

The Jniversity of Texay Concrete Ducobllity Center

TaDOT & 4563

Diffusion

| Measurna Ditfusion iﬁ‘.-f.‘c_mtmm

1 Bulk Diffusion

ot Fairly Long Term Test
® At Least 35 Days
® Can be 90+ Days
© Somewhat Complex Analysis

The University of Texas Conerers Durchility Conter

T2DOY 58563

Diffusion

Meassring Diflusion in Conciis

©hloice (% 0

The Univecsity of Texes Cancrare Durabiity Canter

€, amdt D, tound by cunve fitting

Life

W

TebOT 5.4543

Diffusion

Maowring Diffulis # Concrate

1 Rapid Chloride Permeability Test (RCPT)
= Doesn't Directly Measure Diffusivity
= Measures Resistivity
# Cumulative Charge Passed Over 6 Hour Period
1 Drawbacks of RCPT
o Temperature of Sample Increases During Test
# Decreasing Resistivity
1 Requires 4"x8” Cylinder to Be Cut Down 1o 2" Length
i Takes 6 Hours

The University of Texos Concrete Durcbility Center T«DOT 54563

Diffusion

100000 T

o
o
2
o
Z 10000 { L
< ® 1
_l: ..‘*.A. Qé% |
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8 e o
o ° LY
5 ® gné
& ® o  4n |

100 ;

1E13 1E12 TE1 1E10
Diffusion Coefficient {m?/s) — ASTM C 1556
The University of Texus Concrete Durability Center TaDOT 5458

Application

Adsmitions of Seivacellife Mol

o Concrete
1 Uncracked
o Saturated
@ Constant Density

1 Diffusion the Only Transport Mechanism
# Moss Tronsport from ony Temperature Gradient or Pressure
Gradient is Negligible
1 Reinforcement
o Corrosion Degradation Period
® Reber: 6 Years

» Prestress: Inmediately

The University of Teaos Concrete Durability Center 00T 5-4563
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Overview

© Introduction

© Alkali-Silica Reaction (ASR)

= Sulfate Attack

= Delayed Ettringite Formation (DEF)

The University of Texas Concrete Durability Center 12D0OT 5:4563

The Universl v of Texos Concrete Durability Cantes TaDOT 5.4563

Introduction

Specilicotion: for Durability

© Fulfillment of Specification Requirements For:
o ASR
t1 DEF
o Sulfates
- Prescriptive Spec
o Mix Design
11 Performance Spec (Predicted)
o Temperature

The Univeesity of Texis Concrete Durabilivy Canter TxDOT 5-4563

Alkali-Silica Reaction (ASR)

1+ Defin tions

i+ Mechanism and Symptoms

i Centr’buting Factors

©: Mitigetion Strategies

i Applization to ConcreteWorks

The University of Texos Concrete Durabifity Canter TxDOT 5 4563

Alkali-Silica Reaction (ASR)

' Reaction between the alkalis (sodium and
potassium) in portland cement and certain siliceous
rocks or minerals present in some aggregates

 Products of the reaction may cause abnormal
expansion and cracking of concrete in service

ACI 116

The University of Texos Concrete Durchility Center TxBOT 5-4563
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Allkali-Silica Reaction

i-Silica Reaction

Alkal

(ASR)

Concrete Model Showing:

o Siliceous Aggregate Attacked
1 Cement Paste

t: First by Hydroxyl, OH

2 Reactive Siliceous Aggregate 2 Then by K™ and Na™

o Pore Solution Dominated By: Formation of Alkali-Silica Gel
# Sodium, Na™

1 Composed of Na, K, and Si
w Potassium, K~
» Hydroxyl, OH

= Minor Amounts of Ca?”

The University of Texoy Conarete Durability Center TaDOT 54563 The Untversity of Texas Concrats Durcbility Center

Alk

ali-Silica Reaction
o

(

ASR |

i

Gel Absorbs Water
o From Cement Paste
Resulting Expansion
11 Internal Stresses

11 Eventual Cracking

The University of Te

Center TxDOT §.24543

The Univessity of Texus Concrete Durobility Center

ASR

The Unbvarsity of Ta

v Concrets Ducoblling Center TxDOY 5.4563

The University of Texas Concrete Durcbility Center

TxDOT 5-45463
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Alkali-Silica Reaction (ASR)

tar

= Non-Reactive Aggregates

@ TxDOT Considers All Aggregates Reactive

o See 8 Mix Design Options per TxDOT ltem 421 .4.A.6
= Minimize Total Alkali Content of Concrete

The University of Texas Concrets Durability Center TxDOT 5-4563

(ASR)

A

Alkali-Silica Reaction

N | vty

= TxDOT ltem 421 (2004)
£ Minimum SCM Content
o Lithium Nitrate Admixture
& Maximum Alkali Content

Na,O,. =Na,0+0.658K,0

cemeni [pcy] x Na,O_ [%]

Alkali fpey] = 10

<35 pey

The University of Texas Concrate Durobility Center TaDOT 5-4563
Sulfate Attack
= Definition
fr - = Mechanism and Symptoms
B s
== ; Contributing Factors
- : B = Mitigation Strategies
= Application to Concrete Works
£ irmn emin.
The University of Texas Concrete Durabllity Cemer TxDOT 5-4563 The University of Texas Concrete Durability Canter TaDOT 5-4563

Sulfate Attack

1 Deterioration of Concrete Through the Actions of
Sulfate Salts and/or Acids, Chemically or Physically
o Internal
® Source of Sulfate is Internal to Concrete
@ External

® Source of Sulfate is External to Concrete
# Ground Water
= Soil
# Industry Waste
= Fertilizer
& Atmospheric SO3

© Physical vs. Chemical

The University of Texas Concrete Durability Center TRDOT 5-4563

Sulfate

Attack

= Cyclical Transformation of Sodium Sulfate Between
Anhydrous and Hydrous States With Change in
Temperature and Humidity
© Similar in Nature to Freeze-Thaw

= Hydrous Form Occupies Much Greater Volume
o Induced Tensile Stresses on Concrete

o Fatigue

The University of Texos Concrete Durability Center TxDOT 5-4563
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Sulfate Attack

Milgotion Srategles - Physieal

i Low Permeability Concrete

i Epoxy Coctings or Sealants

The University of Texos Concrete Dutobility Center

TxDOT 5. 4563

Sulfate Attack

Aschonism ans Symprams - Chamiodt

= Result of Chemical Reactions Involving Sulfate Anion,
SO,#, Which Forms Ettringite and /or Gypsum

11 Ettringite Formation, Followed by Water Absorption,
Leads to Expansion and Cracking

21 Gypsum Formation Leads to Loss of Cohesion and
“Mushy” Consistency of Cement Paste

The Univetsity of Texas Cancrete Dorchility Cenfer

1xDOT 54563

Sulfate Attack

Contributing Fuciors | Ohermiced

- C,A Content of Cement

. Form of Sulfate
. Sulfate Concentration
- Sulfate lon Availability to Rea

- Availability of Moisture Inside
t1 lons Don't Fly, They Swim!

The University of Texas Concrete Durability Center

1 Chemistry /Minerology of Fly Ash

ctants

Concrete

TxDOT 54563

Sulfate Attack

Aitiganioe ‘3lircim‘mm:ﬂ (CHemiial

1 Reduce Sulfate Penetration
i Lower C,A With Type Il or Type V Cements
 Incorporation of SCMs

+ Good Construction Practice

The University of Texas Concrete Durobility Center TuDOT 5-4563

Sulfate Attack

Hlalion Seatenies

ACI 318 Sulfate Exposure TxDOT 421 Sulfate Exposure

i B i

Conerata N Exparad s Fraunes
Megtebts 230 R 3

Conarete Exgesod - Fraess. lum
Modeire 4005 Cyclun and Orombonsl Expotorn 1o 2
nciewe

Cancrors Exposedt -3 brema:Thow

Serses 4500 Cocho ined bn Contiionn Cootmt it 3
U melmas ;
Comrets Expesed oo bramze- Thaw
Very Cychos, in Contimmin Conver with
Soms M0 e, ond Erpasart o Dowing *
Sak
Adapred from AQ 38 Tubla 4.1 DO 4214
The University of Teaos Concrete Duiubility Center

Laayinn

Rnpher 205 355 of vae Comant With Clons £ By
A

Rephosw 33 7 D0% of the Camars Wit GCHHS

Roplocs 38 40 SOT of e Comienr With &

Combimerion of Cioet F Hy koh, GG B, or Sieo
Foms. Mowwwer, Mo Masa Thae 153 May o tiy
Ay M More Thon 1%, Moy $e Siica pure:

Ut Iype 19 00 Tyioe 3§ Coment (75 10551
Typa 12 or Typa 15 Comern Moy ba Haphoced Wi
Cless F Hy Ash, GGAFS, o Sl bome]

L4

TxDOT-5-4563

Sulfate Aftack

Applicatics1al Conorere Wit

The University of Texos Concrete Durohilivy Center

TADOT 5-a563
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Delayed Ettringite Formcmon (DEF)
[ ‘ ‘
©: Definition

7 Mechanism and Symptoms

i+ Contributing Factors

1 Mitigation Strategies

i Application to ConcreteWorks

The Usiversity of Texos Concrete Durobility Center 1xDOT 54563

Delcyed Eﬂrmgne Formcmon (DEF)

i Internal Sulfate Attack
© Damage (Expansion & Cracking) of Concrete Due to
Formation of Ettringite After Concrete Has Already
Hardened
o Result of Excessive Temperatures During Curing Which
Prevent the Normal “Early” Formation of Ettringite

The University of Texas Concrete Durability Center ¥xDQT 54563

Delayed Eﬁnnne Formonon (DEF)

Machanisem gud Symplony

Delayed Eﬂrmgne Formation (DEF)

MuehaniEm o Symphoms

11 At High Temperature
11 Early Stages
# Incongruent Dissolution of Ettringite
# Sulfate & Alumina Enveloped in Rapidly Forming Inner CSH
1 Later Stages - Upon Cooling
# Ettringite Formation in Fine Pores of Outer CSH
# Resulting Expansion of Hardened Cement Paste
= Ettringite Causes Paste to Expand Away From Aggregates

The Univeesity of Texos Conaete Durability Camer TaDOT 5-4563

The Usiversity of Texas Concrete Durability Center TxDOT 5.4563

Delayed Ettringite Formation (DEF)

Machanism and Symphiom

The University of Texas Concrete Durability Center

TxDOT 5.4563

Delayed Ettringite Formation (DEF)

Lontributing Fodars

1 Excessive Temperatures During Curing

11 Prevents Normal “Early” Formation of Ettringite
@ Type Il Cement Susceptible to DEF
1 Late Release of Sulfate From High-sulfate Clinkers

The University of Texas Concrate Durability Center IxDOT 5-4563
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Delayed Eﬂrmgn‘e Formcmon (DEF)

Mdligation Stratetiey

- Sulfate-Resistant Cement
© SCMs

" Good Construction Practice

The University of Tero:

x Concrete Durobility Center

TxDOT 54563

Delayed Ettringite Formmlon (DEF)

Rpplieating te Tonerats Wi

-1 TxDOT ltem 421 (2004)
1 Minimum SCM Content

Tmax Predicted < 158°F

0 AT, ., Predicted < 35°F

mex

The University of Texos Concrete Durebility Cenrer TaDOT 5.4563

Delayed Eftringite Formcmon (DEF)

Apphramcm o Comente v‘u;ui;a. i

Basic DEF Prescriptive Spec
o ConcreteWorks Only Flags 158 F Max
User Needs to Be Aware of TxDOT Specs
o TxDOT Spec is:

# 170 for Cement + Fly Ash

= 150 for Precast

w158 for Mass Concrete

The University of Tesos Concere Durobility Center

TeDOT §.456%

Delayed Ettringite Formanon (DEF)

D

[

Thee University of Texos Concrete Durability Center 12007 5-4563
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Ccse Study and Group Progecf

- The objective of this assignment is for you and your
colleagues to work in groups to design a concrete
mixture for a large, rectangular column that meets
all technical requirements described herein.

= Your group's assignment is to design a concrete
mixture for large rectangular column to be placed
in an aggressive environment in Galveston, TX.

The LUniversity of Texas Concrete Durability Center TxDOY 5.4563

L Case Study and Group Project

11 Using Concrete Works, select an option that meets the
technical requirements and also is practically and
economically feasible. Each group will be asked to
give a 10-15 minute presentation, briefly summarizing
your proposed mixture proportfion and construction
plan,

i Be innovative and have fun!! Be sure to have o name for
your group and maybe even o theme (e.g., sustainability,
innovation, speed, technology, efc.). In your group
presentation, please give justification for your group’s
approach and back this up with output from
Concrete Works).

The Unbversdty of Texas Concrete Durability Center T«DOT 5.4561

Case Study and Group Project

Constroction Derails

. Casting date — December 29, 2010

11 Casting time — 7 am (but time of pour can be shifted
five hours earlier or later, if necessary)

7 Temperature analysis duration = 7 days

. Life cycle analysis duration = 75 years

. Column dimensions = 5' x &' (non-submerged)

= Steel forms, stripped at 96 hours (you can try to strip
earlier provided you meet mass concrefe requirements
for maximum temperature and maximum thermal
gradient)
Crushed ice and liquid nitrogen are available to reduce
fresh concrete temperature

The University of Texar Concrete Durability Centes TxDOT §.4563

Case Study and Group Pr0|ect

EMpeaure Condivians dng Bursibilit

i Exposure Classification: Splash Zone
0 Use Default Values for Chloride Concentrations

1 Corrosion of reinforcing steel must be cvoided for
75 yearsl!

The University of Texos Concrate Durabllity Center TxDOT 5-4563

Case Study cmd Group Pr0|ec1

Moss Concrend « &

1 Maximum fresh concrete temperature = 75 °F

1 Maximum tempercature anywhere in column = 158
°F (to avoid Delayed Ettringite Formation or “DEF”)

" Maximum temperature gradient in column = 35 °F
(to avoid thermal cracking)

The University of Texos Concrete Derobility Center TDOT 5-4563
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Case Study and Group Project

tik (Wettaviols

Case Study and Group Pr

| Aol Mt

Maximum cementitious matericls content = 600 Ibs/yd? 11 Chemical admixtures

{os per DOT requirements for mass concrete) » Water reducer
© Portiand cement [ASTM C 150) ® Mid-range water reducer

o Type ! # Retarder

o Type 1/l # Accelerator

o Type il » Air-entraining agent

Fly ash (ASTM C 618) # Corrosion inhibitor — colcium nitrite {to raise chloride

o Class F fly ash (CaO = 5.0%) threshold value)

& Class C fly ash {CaO = 25.0%) 1 Aggregates

Ground granulated blast-furnace slag (Grade 120} ® Siliceous river sand or manufoctured sand (limestone)
s Silleg: Furie [dentified) # Siliceous river gravel or crushed limestone (1" max size)
The Unhwarsitr of Tewon Concrare Durabiling Centie xDOT 5-4567 Tha Univorsity ol ‘axos Corcrure Durobility Carver THOOT 54543
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Overview

1 Project Tasks

= Obijectives

1 Mass Concrete

1 Chloride-Service Life

. Discussion

The University of Texas Concrete Durobillty Center 1xDOT 5.4563
Project Tasks Obijectives
11 Implementation of ConcreteWorks
© Mass Concrete
@ Pavement Applications
u Sufficient Research Currently in Progress
o Service-Life Prediction
o Bridge Decks
® In Progress Under TxDOT 6332
iecticns to C 1 Development of Specification Approach
The University of Texos Concrele Durability Center 12DOT 54563 The University of Texcis Conerste Durchility Center 1:DOT 5.4563
Mass Concrete Mass Concrete
1 Temperature Difference Modification Factor (TDMF) o
22T x 10° 1,
o Determined By: g ¢ 2
%8 x 107 1/
u Compressive Strength Development % g 5
= Concrete Member Size 3e . /)/m,“ poe ‘,,F\
u Concrete Coefficient of Thermal Expansion é E "/
o Limited Max Temperature Difference : 20 - 60° F 2 ;-'3 7
if, e X
E g — a4 X 10% 18
gl TN anrnot e
0 .
4 8 8 10 2 1 16

The University of Texas Concrate Dorobility Center TxDOT 54563

Least Column Dimension (fty

The University of Texas Cancrete Durcbility Center xDOT 5-4563
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Mass Conc
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In-Place Compressive Strength (psi}

The University of Texos Conarete Durobility Ledter

5000 6000

1xDOT 54562

Mass Concrete

G AL stk

© Maximum Temperature Deviation From a Concrete
Thermal Stress Analysis

The: Lniversity ol Texos Concrete Durchility Center TxDOT 5.4563

Mass Concrete

ifleetion o

© Proof of Compliance With Job Specification
1 Requisite Data Collection

© Instrumentation and Monitoring

o Format and Language

2 Ensure Use of Accurate Analysis Parameters

The dniversity of Texor Concrets Durnbility Canter TxbOT 8-4563

Mass Concrete

= Testing of Job-Specific Materials
1 Isothermal Calorimetry
=t Semi-Adiabatic Calorimetry
1 Maturity
=1 Other Material Properties Essentiol to ConcreteWorks
 Preliminary Evaluation
7 Modeling of Project in ConcreteWorks
Instrumentation Plan
& Data to Collect
© Where to Put Sensors
o How Many

~ Calibration/Validation of ConcreteWorks

The University ol Texns Concrere Dorobility Center TxDOT 5-4563

Service Life

. 75-year Design Life
' Marine or Deicing Salt Exposure

THDOT 54560

The Joiversity of Texos Concrete Ducability Center
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Service Life

- i it

. Determination of Relevant Material Properties
. Diffusion Modeling

© Validation of Diffusion Modeling

. Correlation of Diffusion Coefficients with RCPT

The University of Teaos Concrere Durchility Center TaDCT 54563




1 Menitoring V

1 Collect and Analyze Materials and Mixes

1 Visual Inspection i

"1 Cores from Job and Cylinders at Job Site (for RCPT
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Standard Class

ConcreteWorks Overview

. Enhance Knowledge And Use Of Concrete Works
Across TxDOT Districts

Identify And Train TxDOT Districts With Upcoming
Projects Suitable For ConcreteWorks Implementation

Provide Technical Support For Districts Interested In
Implementing ConcreteWorks On Upcoming Projects

Specification Approach For ConcreteWorks

The Lnivarsity of Texas Concrata Durnbility

[
Concr
fingiatunt
Up To Four Projects i Preferred Projects

Technical Support And Guidance 1 Mass Concrete
® Rectangular Columns

eteWorks Overview
. ‘

On Site Instrumentation And Testing
u Th | Cracking Tendencies
2 Semi-Adiabatic Calorimetry ermat mracking fende
i Service-Life Prediction

1 Isothermal Calorimetry .
® Marine Structures

= Maturity
. Validation Of ConcreteWorks

# Exposure to Deicing Salts

The Ui sy &f Texus Conerete Durobility Cemer TxDOT 5-4563 The University of Texes Concrete Dot

ConcreteWorks Qverview

Mass plocsments are delined o ohscemens with  leust dimention greater than or swvel 16 5 11, of
desiunuted on the plans For monoflithic mass plocemants, develos ond abieln cpprovol for ¢ plan 10 easura
. = the Tollowng during the Fear disipation pariod:
BOCAM - # CengreteWorks Overview e samporgns iarewiad bersen e tuTal ot ol placomen and 18 expsied winams o dars o5
. encend 18 el
gicam . Mix Design and Preportioning £ the ramparotens o % Curn o1 e phacaensrs domn we' exivmd U™
B2 AM - i Demanstrarion and Hends-On Exercise . Base e plon oo the s ghven i tha P slaed Cement Associorion's evign dnd Conreal of Concrele
= s el Mixivres. Couse ait et operations Gndl ravise the slon ot necessory if enihar of the above
B.45 AM - Temperature Prediction # o combinution of e (oliowing element i this plan:
B e bk B O i o m,.m,;wwr.}, grentatin, om ¢ s skt st of Myckieions
sy e lians,
220 AM - i Crack Prediction £ e of S e v sy ey
Q30 AM . 985AM  Demenswation and Honds-On Exerdis & <'ﬂ-w!*"uw~ i of s e
@ e of i o e somos w3 Core ol e ey
9:55AM - 1070 AM 15 Minute Breck 5 me o plamerrory Comasing mondsiah; o
1010 AM - 10:20 AM Chloridie Service-Life £ i B
Furnlah one lnstall 7 sen of lemperatns 1econding davices, matuily metars, 6 offist approved sauhatent
10:20 AM - 10:45 AM Demenstration and Hands On Exerclse davices o1 derignoted locations. Use these davices te simuilanecusly mecsure the temperaisre of the
i & i 2l il concrate of the cone ond the surfces Maintein lemperciure comiol methods for 4 doyt usdess otherwine
1045 AM - 11:00 AM Case Svdy — Overview & instructions cpproved. Maturiry meters may ror be vsad 1o predict sirangh of mass concrete.
THOC AM - 11:30 AM Case Study ~ Group Work
TE3CAM - 1200 PM Cate Study ~ Presamations
The Liniv of Texcs Cancrets D ¢ Ceme TaDOT 5.456% The University of Texos Contres Durabifity Center T4DOT 5-2563
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ConcreteWorks Overv

iew
Wl\& AL TH Towititel [ :

0 ...and why the specification?

1 Concrete temperature and concrete durability are
related

11 Concrete Works can help provide high quality, durable,
crack-free concrete

The University of Texas Concrere Durobility Cenmer TaDOT 5.4563

Wil Dl Was s o oot

ConcreteWorks Overview

11 The caleulations are difficult

11 Guidance provided by ACI and PCA is vague

11 Information in literature concerning temperature rise
of various materials is dispersed

. The problem becomes even more difficult when
cracking tendency is considered. The specification
does not even address this!

The University of Texas Concrets Durobility Conter T«DOT 5.4563

ConcreteWorks Overview

© User-friendly software package for the design,
analysis, and performance prediction of structural
concrete
1 Maoss Concrete
i Bridge Decks
© Concrete Pavements
© Precast Concrete Members

The University of Texos Concrete Durability Center TXDOT 5-4565

ConcreteWorks Overview

" ' Mass Concrete

11 Temperature Prediction

@ Cracking Probability

i Chloride Service-life Analysis
iy  Bridge Decks

d

i Temperature Prediction
3 Chioride Service-life Analysis
Pavements

) Temperature Prediction
Precast/Prestressed Members

T & Temperature Prediction

The University of Texas Concrete Durabiliry Censer TDOT 5-4563

ConcreteWorks Overview

7 Put In

1 Materials and Mix Design Inputs

u Geometry of Structural Element

u Type of Formwork, Base, Etc.

u Time, Date and Location of Project Placement
1 Get Out

1 Maximum Temperature Prediction

u Temperature Distribution Throughout Element

o Maximum Temperature Differential

u Cracking Susceptibility

1 Other Goodies: ASR, DEF, and Sulfote Artack Susceptibility

The University of Texas Concrete Durabiliy Center TxOT 5 4561

ConcreteWorks Overview

" Advantages
 Evaluation of Concrete Before Poured
i Prevent Problems Before they Oceur
# No Need to Repcir Later
@ Save Consultant Fees $558
# Progream Development Paid Now
= Software is Intended to be Free
© Save Mix Designs Digitally Forever
# No Need for Keeping Bulky Paperwork

The Unbvesity of Texas Cencrete Dorebility Conter TxDOT §-4563
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Concrete Works Overview

 Other Benefits
o Design Mixes With Minimal Crack Susceptibility
i Improve Longevity of Structures
11 Reduce Replacement and Repair of Structures

2 Reduce Field Discussions Concerning Placement Time
and Weather Extremes

e Unbversity 8l Texon Concrers Durability Conter TADOT 54561

Concrete Works Overview

1 What it Won't Do:
11 Account for Precipitation
1 Freeze Events
11 Recommend 22% or 23% Fly Ash
o Model Odd Shaoped Concrete Members

The Univeesity al Ta o Concrme Dorabiivy Camer

e
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Mix Design And Proporflonmg

Stup/ Ui Asamble Informetrion

1 Specifications
o Shmp
o Specified Strength
= Maximum Water to Cement Ratia
fl TxDOT hem 421 406

sass88

Exposure Conditions
u Freeze-Thaw

8 Marine Environment
o Sulfares
Material Praperties

Specitic Gravities of Camentitious Materials
Bulk Specific Grovities of Aggregates

i Dry-Rodded Unit Weights of Aggragetes

Aggregate Grodations ond Maximum Size
Fineness Motulus of Fine Aggregate
Aggregate Absorption

Aggregate Moisture Content

The University of Texas Concrete Durability Center

TxDOT 5:4563

: Typas of Consdouction - iy

Reinforced Foundarion Walls and Footings 3 1
Plain Footings, Caissons, re Walls 3 1
Beams ond Reinforced Walls 4 1
Building Calumns A ]
Povements ond Slobs 3 1
Moss Concrere 2 1

ACi 211 Table 6.3.1

Rule of Thumb: 1" of Slump = 10 Ib/yd? of Water

The University of Texcs Concimte Durability Center TxDOT 5:4563

Mix Design And Proportioning

Step 2 Maximum Size Agormoats

o Maximum Size Aggregate (MSA)
@ Determined By:
# Formwork Clecrance
u Concrete Member Thickness
® Reinforcement Spocing
» Cover Over Steel Reinforcement
o Affects Workability, Cost, And Performance

11 Sieve Size On Which 5 - 15% Of Coarse Aggregate s

Retained (typically 15)

The University of Texas Concrate Durability Center

T«DOT 5.4563

Mix Design And Proportioning

Step & Maximum Size Agdregate

Slab On Grade

Distance Betwaen Forms (B): Thickness of Slab (T):
g MSA S T/3

Reinforcement Spacing ($):
MSA < %5 Pumped Concrate:

Cover (C): MSA < 1/3 Dia. of Hose
MEBA € SaC MSA <1 Vsin

The University of Texos Concrate Durobifity Center TxDOT 5 4563

Mix Design And Proportioning

Stap 3 Warer And Al Coment
Non Air-Entrained Concrete
. Minlm Water, B4 y« Hox ndigated Shormp nhdt Mimum Sixa of hqgumm
Hithli s osmes.

220 190
245 210
270 -
03 02

AC! 211 Toble 6.3.2

The University of Texas Concrete Durability Center TxDOT §.4563
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Mix Design And Proportioning

SEep 3 Woteld And MiF Clnteny.

Air-Entrained Concrete

Reeostmendad Totul Alr C«mmiuumeml

ACI 211 Toble 6.3.3

The university of Texor Concrete Durobility Center TxROT 5.65463

Mix Design And Propor'ﬂonmg

Stop i Wcitr T Compen Rt

6000 0.41
5000 0,48 0.40
4000 0.57 0.48
3000 0.68 0.59
2000 082 074

ACH 211 Toble 6.3.4(c}

The Univarsicy of Texus Condrete Durobifity Center 12007 54563

Mix De5|gn And Propomonmg

Step &

Lemiant Conteni il

~ Coleulate Based On Selected Water Content And
Water-Cement Ratio

Water (I fb /ydj )

Cement (Ib/yd’ ) = :
Wcrfer to Cemem Runo

© Consider SCMs
o1 % Replacement by Weight (ACI 211 6.3.4.1)
11 % Replacement by Volume (ACI 211 6.3.4.2)

The University of Teacs Concrers Durability Center

T«DOT 54560

Mix Design And Proporhonmg

Htap & Conres Antiannte Gonees

© Coarse Aggregate
11 Larger Than 3/8"
£ Up to 6" or More
1 Usually 30-40% of Mix
= By Volume or Mass
= Gravel
11 Typically Round or Subangular
: Crushed Stone
w1 Angular

o

The University of Texos Concrens Dutebility Center DOT 54563

Mix Design And Propomonmg

Step 4 Coores Agmiegirta G antanl

Nesinsl Baebom
Gitre ot

2in. 078

076 0.74 0.72
din. 082 0.80 078 076
6in. 0.87 085 0.83 0.81
ACI 21 Toble 6.3.6
The inbearsity of Texos Concrete Durability Center TxDOT 5-4563

MIX De5|gn And Propor'rlomng

=1 Coarse Aggregate Factor

1 Intended to Provide Consistent Workability
= Empiricol Basis

o Multiplied by Dry-Rodded Unit Weight of Coarse
Aggregate to Get Coarse Aggregate Content

CA Content = CA Factor x Dry Rodded Unit Weight

The University of Texos Cancrete Durcbiliry Center TxDOT 5-4563
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Mix Design And Proporﬂomng

Step 7 Fine Aogregote Conent

= Fine Aggregate
© Sand
© Crushed Stone
o 100% Passing 3/8" Sieve
o Usually 35-45% of Mix
# By Volume or Mass

© Only Remaining Volume to be
Determined

The Unbeersity of Texos Concrete Durability Center

TxDOT 5-4563

Mix Design And Proporhonmg

Bhup 7 Fine Mmmgmx Comair

o Caleulate Fine Aggregate On Per Cubic Yard Basis

27 (Unit Volume] (1"}

Yolume OFf Mixing Water (1%}
Volume Of Air (ft")

Volume Of Portiand Cement (f1')
Volume Of Coarse Aggregate (ft’)

Volyme Of Fine Aggregote (f1%)

The University of Texax Concrete Dutability Cemer DO 54563

Mix Design And Proportioning

Step @ Mosturs Camtanl Adivsiment

1 Mix Design Obtained Following ACI 211:

o Cement: 564 Ib/yd?
o Water: 220 Ib/yd?
o Coarse Aggregate: 1800 Ib/yd?
o Fine Aggregate: 1100 Ib/yd®
1 Aggregate Properties:
o Coarse Aggregate
# Absorption: 0.5% (by maoss)

Does Moisture Content

® Maisture: 0.3% (by mas:

e i Exceed Absorption
o Fine Aggregate c §

» Absorption: 0.9% (by mass) apacity o

= Moisture: 13% (by moss) J Adggregate?

The University of Texas Concrete Durability Center T«DOT 5-4563

Mix Design And Proporflonmg

Stop Hi Motiune Comtent Adjustment

©: Aggregate Water Contribution
o (Moisture — Absorption) x Aggregate Content
o CA (0.3% - 0.5%) x 1800 Ib/yd = -3.6 Ib water
1 FA (1.3% - 0.9%) x 1100 Ib/yd = +4.4 b water
= Net Result
0 4.4 - 3.6 = 0.8 Ib water added by aggregates
o Adjusted mix water = 220 ~ 0.8 = 219.2 Ib/yd*

The University of Texas Concrete Durability Cenrer TxDOT 5.4563

Mix Design And Proportioning

Step ¥: Trial Balch

Testing Of Concrete

© Materials Used To Develop The ACI Method Are
Likely Different From Local Materials
Concrete Mixtures In Practice Always Adjusted To
Take Advantage Of Local Materials

7 ACI 211 Mix Design Process is Intended for Trial

Batch Only

i You Are Responsible for Making Necessary
Adjustments

The University of Texas Conctete Durabifity Center Tx0CY 54563

~ ACl Method Is Based On Comprehensive Laboratory

Mix Design And Proportioning

Hands-On Demonstration of Mix Design and
Proportioning in Concrete Works!

The University of Texas Concrete Durability Center TxDOT 5-4563




Hands-On Exercise
Mix Design and Proportioning

1. Open a new mass concrete project in ConcreteWorks
2. General Inputs
a. Select English units
3. Mixture Proportion Inputs
a. Click Go to Design of Mixture Proportion
b. General Mix Information
i. Compressive strength = 4000 psi
iil. Slump=4in
iii. Number of test used to determine standard deviation = 15-19
iv. Standard deviation = 600
c. Aggregate Properties
i. Enter aggregate gradation properties as seen in the table below

Coarse 1 Coarse 2 Fine 1
2in 100 00l !
1%in 100 100 -
1lin 98.2 100 -
% in 75.2 100 -
¥in 385 100 -
3/8in 235 98.3 -
#4 4.7 36 99
#8 3.7 4 84
#16 3.2 1 63
#30 2.9 0.9 43
#50 2.6 0.8 ! 19
#100 2.2 0.3 4
#200 1.5 0 1
Pan 0 0 0
SG 2.7 2.6 pidg

ii. Coarse Aggregate Oven-Dry-Rodded Unit Weight = 105 Ib/ft’
iii. Try various coarse aggregate percentages to optimize the gradation
iv. Make sure to select “Update Aggregate Properties” each time you make
changes
d. Water Adjustment
i, Addin atype F high range water reducer and assume it reduces water
demand by 25%
ii. Assume your optimized gradation reduces water demand by 5%
e. Final Volumes
i. Add 30% Class F Fly Ash - assume 3% water reduction per 10% fly ash
ii. Add 8% Silica Fume - assume 2% water demand per 1% silica fume
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High Temperature Thermal Gradients

The University of Texas Corncrete Durability Center TXDOT 54563

Temperature Prediction
Hydiitienmonsl -1l ‘

Husl of Hydration Heat Transter 1 Hydration Reaction is Exothermic

@ Gives Off Heat
1 Heat Generation Characterized By:
& Cement Chemical /Physical Properties
u Chemical Compaosition

® Bogue
® Rietveld

Environmental Cycla

® Blaine Fineness
o Calorimetry
@ Cement Content
o Chemical Admixtures

The University of Texas Conarete Durobility Canter TxDOT §-4563 The University of Texas Concrete Durability Contes TxDOT 5.4563

Temperature Prediction Temperature Prediction
' ‘ ’ . i Hiciation Model ' e
=1 Cement Chemical Properties Col) = €40 . i Litia
1 Oxide Analysis .
4 oot e G C,$ = 40710 Ca0-7.6024 - Si0, -1.4297 -Fe,0,-6.7187 - ALO,
# Silicon Dioxide, 510 C,5 = 8.6024 SiO, +1.1.Fe,0, + 5.0683 - Al,0, -3.0710 -CaO
Ferric Oxide, Fe,O.
i i O C,A = 2.6504-A1,0,-1.6920 -Fo,0,
# Froe Lime, €00 C AF = 3.0432 -Fe,0,

® Sulphur Trioxide, 5O,
# Magnesium Oxide, MgQ
# Sodium Oxide, No,O
# Potassium Oxide, K,Q
11 Calevlated Compounds Using Bogue Eq
= Alite, C;5
® Belite, C,5
# Tricalcium Aluminate, C,A
® Tetracoldum Aluminoferrite, C AF

The University of Texos Concrate Durabifity Center TxBOT 5.4563 The University of Texas Concrefe Dercbility Canter TxDOT 5-4563
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Temperature Prediction Temperature Prediction

Lt '

) 8 = Calorimetry

5,000,000 wGenerated Heat 05 i ) )
. swoag00 Degree of Hydrarion o8 i 1 Heat Generation Characteristics
& 7,000,000 2
~§ 6,000,000 £
= 5000000 | £
:gi 4,000,000 'i
E 3,000,000 4

| 2,000,000 &
1,000,000 |
9 : 50 @ Activation Energy
Test Duration (hours) # Temperature Dependency of Hydration Reaction

The Lniversity of Texen Concrete Durubitity Center TABOY 5.4563 The Univaesity of Textss Cancrate Durabibty Canter TADQT 54563

. Temperature Prediction
| - Hes ‘

' Concrete Thermal Properties
1 Thermal Conductivity
o Specific Heat
. Environmental Conditions
@1 Temperature
= Wind Speed
@ Cloud Cover
2 Humidity
. Boundary Conditions
= Formwork
@ Curing

s el

ot Thiit

The University of Texos Conaerz Durability Center TXDOT 54563 The University of Texas Concrete Durchibity Center TxDCT §.4563

Temperature Pre
- et Trieims e Maias -

Temperature Prediction

diction
5 He

<cansfe shaidinl

. Concrete Thermal Properties i1 Energy Balance

£ Coefficient of Thermal Expansion

1 Thermal Conductivity AE=E, —E,, * E,, [Watts]
® Ability of o Material to Transfer or Conduct Heat ' '

1 Combined Aggregate Specific Heat 3 Where:

= Energy Required to Increase Temperature of Material W Thi Beiy et Costnl Velone
® E_, = Thermal Energy Leaving Control Yolume
# £, = Thermal Energy Generated Within Control Volume
i Heat Transfer (E, - E_.)
i Heat of Hydration (E,,,)

The University of Texas Concrate Durability Center TxDOT § 4582 The University of Texus Concrete Ducsbility Center T«DOT 5.4563
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1 Control Volume  Hydration Model Based On (To Date):
@ Transfer of Heat Between Control Volumes © Semi-Adiabatic Calorimetry - 139 Tests
1 Isothermal Calorimetry — 630 Tests
1 Field Calibrated With:
133,626 Hrs of Temperature Data
1137 Temperature Sensors from 12 Concrete Members
1 Average R? Value of 0.90

Hands-On Demenstration of Temperature Prediction in

The University of Texos Concrate Durobility Canter




Hands-On Exercise
Temperature Prediction

1. Opena new mass concrete project in ConcreteWorks
2. General Inputs

a.
b.
2
d.

Select English units

Placement time = 10 am

Temperature analysis duration = 7 days
Project Location = Fort Worth

3. Shape Inputs

a.

Rectangular Column

4. Member Dimensions

a.
b.

Width = 5 ft
Depth=5ft

5. Mixture Proportion Inputs

a.
b.

Click Go to Design of Mixture Proportion
Compressive strength = 5000 psi

6. InputCheck

a.

Calculate Temperatures

7. Results

a.
b.
c

Select “Show Comparison Chart”
Rename Series 1to “Straight Cement @ 10 am”
Close the comparison window

8. Modify the Mix Design and Placement Time

a.
b.

d.
e.

Go to the General Inputs Screen and change the placement time to 10 pm
Go to Design of Mixture Proportion on the Mix Proportion tab and replace
cement with 35% F Ash
Click the Water Adjustment tab and adjust the following sliders:
i. High Range Water Reducer (Type F): -20

ii. Aggregate Shape and Texture: -2

iii. Combined Aggregate Grading: -5

iv. Mineral Admixtures: -10
Give the F Ash a CaO content of 10%
Manually enter the concrete fresh temperature: 60 F

9. Repeatstep 6 and 7 - name the series “Revised Mix @ 10 pm”

a.

Compare your results
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Crack Predici

on
Flald Work i

The Univarsity of Texas Concrete Durabifity Conter

100 54563

Delghin 1
Dolphin 2
‘kert. Beat Cap
T Bumt Cap.
Pedestal

The University of Te kos Concrate Durability Canter

Wxicym Tompriiion
Satfnepnns Miroriied 8

TxDOT 5-4563

Crack Predict

ion
Iirochicn - : .
©: Concrete Cracks When Stress Exceeds Strength
1l Variable Early-Age Properties
= Compressive Strength
® Tensile Strength
® Modulus of Elasticity
u Coefficient of Thermal Expansion
® Poisson’s Ratio
® Shrinkage
® Creep

= Need to Know Progress of Cement Hydration
1 Maturity

The University of Texas Concrete Dusability Conter TxDOT 5:4563

Crack Prediction

sttty

The University of Texos Concrete Durability Center

TxDOT 5.4563

Crack Prediction

‘%!1 i ﬂiy i H

| Method of Comparing Hydration Progress at Different
Temperatures
@ Samples of Concrete Mixture of Same Maturity Should Have
Similar Properties Regardless of the Combination of Time and
Temperature Yielding that Maturity
néG ity Used for D i
Termp diti

Veriabl

in-Place Strength Development in

e C

o

Maturity Functions (ASTM C 1074)
o Nurse-Saul Method
® Time-Temp e-Sirength Rel hip from Laboratory Testing
® Linear Temp Strength Gain Relationshi
o Equivalent Age Method
= Originoted as a General Concept for all Chemical Reactions
# Exponential Temperature-Sirength Gain Relationship

The University of Texas Concrete Durability Center TDOT 5-4563
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Crack Prediction

Cemanets Mani
6000

‘@

a

H

3

&

]

>

‘a

M

°

a

E

5

v

Maturity Index (°F-Hrs)

The Univeesity of Tesos Concrete Durobility Center TxDOT 5.4563

Crack Prediction

Relates Compressive Strength to Elastic Modulus
Default Values Come from ACI 318 Building Code

E=E of ¥ oul?

Where :

E = Elastic Modulus

.~ Compressiv e Strength
w = Unit Weight

E and E_ are Fit Paramaters

ty of Texos Coaxrete Durchility Center TADOT 54567

Relates Compressive Strength to Tensile Strength
Default Values Come from ACI 318 Building Code

b Lo 15

Where :

f. = Splitting Tensile Strength
f — Compressiv e Strength

f_and f_are Fit Paramaters

The University of Texo: fity Center

Crack Prediction

| Integrate Heat Prediction Model With Thermal
Cracking Behavior
2 Thermal Stress Analysis

Early-Age Cracking is Due to Strains Primarily
Caused By:

o Thermal Gradients
o Drying Shrinkage + Degree of Restraint
1 Autogenous Shrinkage

Must Account for Creep

1 Stress Relaxation

The Univarsivy of Te

s Concrete Durchility Cenver 1xDCT 54563

Time Dependence of Restrained Shrinkage and
Creep (Mehta, 1993)

Frabeme tamate wrs

| s e
o} s s
% |
L] Coosres ks o
! A R SRS el e ey
x = b s s s
=
ke Fradsined evacking ik
-
TIME

iction

Fit Lognormal Distrinution

20%,

15%

10%

Probability Density

03 04 05 06 07 0B 08 1
Cracking Stress/ Spiitting Tensile Strength

ersity of Texas Concrete Durabiliny Cenler
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Hands-On Exercise
Crack Prediction

. Open a new mass concrete project in ConcreteWorks
. General Inputs

a. Select English units
b. Set the location to Forth Worth, TX
c¢. Temperature analysis duration = 3 days

. Shape Inputs

a. Rectangular column
Rectangular Column Dimensions
a. Width=3ft
b. Depth=3ft
Material Properties
a. Coarse aggregate type = siliceous river gravel
b. Fine aggregate type = siliceous river sand
Mechanical Properties
a. Check to calculate thermal stresses
b. Maturity function = Nurse-Saul
¢. Nurse-Saul Strength Inputs
i. a=-5450 psi
ii. b =2850psi/°F/hr
Input Check
a. Calculate Temperatures
Modify the Material Properties
a. Coarse aggregate type = limestone

. Input Check

a. Calculate Temperatures
b. Compare Results
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Chloride Service-Life

Baysic Mathonism of Corrosion

= Why Does Steel Corrode?
1 Steel is Not Naturally Oceurring

# Manufactured from Iron Ore

1 Prefers to Revert Back to Natural State in Form of Iron
Oxide (Rust)

o Speed Governed by Rate of lonic Solution Movement
= Why is This a Problem for Concrete?

@ Rust Occupies Greater Yolume than Original Steel

1 Cracking, Spalling, and Delamination of Concrete

ity Cardg TRECHE &4 The University of Texas Concrete Durability Center TXDOT 5.4563

Chloride Service-lLife

Hasic Maghanism of Corrasion

Chloride Service-Llife

Bask Mechoniss of Carrasion

i Stages of Corrosion
t1 Penetration and Accumulation of Chlorides
o1 Chloride Threshold Reached — Initiation of Corrosion

o Degradation of Reinforcement
® For Rebar: 6 Years

u For Prestress: Immediate Failure

The University of Texos Conarete Durohility Centes T=DOT 5-4563 The Undversity of Texas Concrete Durability Canter TxDOT 5.4563

Chloride Service-Life Chloride Service-Life

External Sources of Chlorides in Concrete

intarnal Sources of Thiorides in Conirete

i1 Chloride-Containing Chemical Admixtures © Seawater

11 CaCl,-Based Accelerators © Marine Structures, Qil Platforms, Coastal Bridges, Etc.
® Not Allowed in Any TxDOT Work . Groundwater
© Aggregates
0 Sea-Dredged Sand

11 Presence of Mineral Halite

o Piles, Tunnels, Foundations, Footings
1 De-Icing Chemicals

o Rock Salt Used on Paving Surfaces
i Mixing Water

1 Chloride Limits per TxDOT Item 421 Table 1
= Bridges & Prestress: 500 ppm
# All Other Concrete: 1000 ppm

The University of Texas Concrete Durability Center T«DOT 54563 The University of Texas Concrete Durcbifity Center TxDOT 5-4563
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Chloride Service-Life

reivantion:

Membranes & Seclers

Incressed Depth of Gover fo Steel, X,
Low Parmeabitity Concrete

i Cootings on Steel

NonCo
Chemical Corresioe Inhibitors

vo Ruinforcamant

TxDOT 5.4563

The University of Texos Cencrete Durability Center
¥ Y

Chlorid

First Line of Defense
2 Slow the Rate at Which Chlorides Reach Steel
' Second Line of Defense
tl Increase the Chloride Threshold
® Chloride Concentration Required to Initicte Corrosion

® Typically 0.05 ~ 0.1% (by mass) or 2 ~ 4 pcy

The Univessity of Te

icrete Durchibly Caater T«DOT 5.4562

Chloride Service-Life

Surface Concentration
1 C (1) A Function Of:
s C
# b = Chloride Surface Concentration Build-Up Rate

= Maximum Chloride Surface Concentration

smox

#t = Time (t; = Concrete Age ot First Chloride Exposure)
3 C, ., and b Selected by Concrete Works Based On:

# Location (City and State)

= Exposure Class

2 Variables May Also be Manually Entered

The University of Teaas Conarers Durability Center TxDOT 5-4563

Chloride Service-Life

. Membranes

i Chloride Surface Concentration Assumed O
® 100% Effective for Duration of Warranty Period
o1 Degrade Linearly After End of Warranty Period
= 0% Effective at End of Degradation Period
Sealers
11 Degrade Linearly from Time of Application
®» 100% Effective at Time of Application

= 0% Effective ot End of Degrodation Period

The Jniversity of Texas Concrete Darability Centes TxDOT 5:4563

Chloride Service-Life

Low Permeability Concrete

1 Porosity & Permeability Increase w/ Increasing W/C

B0

Diffusion Coefficient (1077 m?/s}

0.0 0.2 04 06 08 10
Water 1o Cement Ratio (w/c)

The University of Taxos Conerete Durability Caner TrDOT 54863

Concentration Required to Initiate Corrosion

1 Corrosion Will Not Begin Until Corrosion Threshold is
Reached

1 Increasing Threshold Allows for Greater Accumulation
of Chlorides Before Onset of Corrosion

Ways to Increase Corrosion Threshold

=t Chemical Corrosion Inhibitors

1 Corrosion Resistant Reinforcement

The University of Texas Concrets Durabiliny Cenrer TxDOT 54563
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Hands-On Exercise
Chioride Service-lLife

. Open a new bridge deck project in ConcreteWorks
. General Inputs

a. Select English units
b. Set the location to Fort Worth, TX

. Shape Inputs

a. Deck w/ Precast Panels

. Member Dimensions

a. Overall Deck Thickness = 8 inches

h. Cover for Top Mat of Steel = 2 inches

¢. Cover from Top Surface for Bottorn Mat of Steel = 6 inches
d. Precast Panel Thickness = 4 inches

. Mix Design

a. Compressive Strength = 4000 psi

b. Click the Water Adjustment tab and adjust the following sliders
i. Mid Range Water Reducer: -12
ii. Aggregate Shape and Texture: -3

. Corrosion Inputs

a. Exposure Class = Urban Road

. InputCheck

a. Calculate Temperatures

. Modify the Mix Design & Corrosion Inputs

a. 5% Silica Fume
b. 30% Class F Fly Ash
¢. Sealer (10 years degradation and 10 year reapplication period)

. Recalculate and Compare Your Results
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Case Study and Group Project

The objective of this assignment is for you and your colleagues to work in groups of 3to 5 to
design a large rectangular column to meet the challenging requirements and specifications
outlined below.

Using ConcreteWorks, select a mix design and construction plan that meets the technical
requirements and is also practical and economically feasible, Each group will be asked to give a
5-10 minute presentation, briefly summarizing your proposed design. Give justification for your
group’s approach and back it up with output from ConcreteWorks.

Just a word of advice - minimize temperatures before calculating cracking probability.
Otherwise you will waste lots of time waiting for the program to calculate.

Be innovative and have fun! Be sure to have a name for your group and maybe even a theme
{e.g., sustainability, innovation, speed, technology, etc.).

1. Construction Details
A. Column dimensions = 7' x 7’ (hon-submerged)
Casting date = july 28, 2010
Casting time = 6 am {can be shifted five hours earlier or later if necessary)
Location = Fort Worth
Chioride exposure = urban road
Temperature analysis duration = 7 days
Formwork = steel {stripped at 72 to 120 hours)

G Mmoo O ®

2. Performance Requirements
A. Temperature Specifications
| Maximum fresh concrete temperature = 75 °F
i, Maximum temperature = 158 °F (to avoid delayed ettringite formation)
. Maximum temperature gradient = 35 °F {to avoid thermal cracking)
B. Serviceability / Durability
1. Low cracking probability index
. 75 year chloride service-life
3. Mix Design
A. Basic Specifications
. Air Content = 6.00%
il Slump =4.00in
B. Strength Requirement
. 28-day compftessive strength = 4000 psi
Il Number of tests used to determine standard deviation = less than 15
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Case Study and Group Project

C. Mix Design Options

I
i
L.

Replace 20 to 35% of the cement with Class F fly ash

Replace 35 to 50% of the cement with Grade 120 slag

Replace 35 to 50% of the cement with a combination of Class F fly ash,
Grade 120 slag, or silica fume. However, no more than 35% may be fly
ash, and no more than 10% may be silica fume.

D. Water Adjustment

L

Mid-range water reducer: 12% water reduction
High-range water reducer: 25% water reduction
Class F fly ash: 3% water reduction per 10% ash

IV. Grade 120 slag: no impact

V. Silica fume: 2% water increase per 1% silica fume

4. Available Materials
A. Portland cement {(ASTM C 150)

L
L.
1l

Type |
Type I/l
Type U

8. Supplementary cementitious materials

i

Class F fly ash (CaO = 19.0%)
Grade 120slag
Silica fume

C. Chemical admixtures

l.
Il
IS

Mid-range water reducer
High-range water reducer
Retarder

IV. Accelerator

D. Aggregates

Coarse
1. Siliceous river gravel
2. Dolomite
3. Limestone
Fine
1. Siliceous river sand

E. Crushed ice and liquid nitrogen are available to reduce fresh concrete
temperature (minimum of 60 °F)
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Case Study and Group Project

5. Mechanical Properties
A. Maturity Function = Nurse-Saul
B. Below 35% SCMs
. A=-5450psi
I B=2830 psi/°F/hr
C. Above 35% SCMs
. A=-7450psi
Il. B=2950 psi/°F/hr
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Bexar Concrete Works

Appendix B

Weather Data
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Figure B-1— Ambient Temperature
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ConcreteWorks Screen Prints

s e Ter e ey i o

Figure B-5 — Alamo General Inputs

Project Time and Date

Placement Tme  5PM
Placement Date

September, 2010

n Mon Tue Wed Thu
B o 2
8- 9

15 16

A 2 B
B X RN
5006 7
Today: 11/5/2011

g -

LBBR LR

T LT T LT s

Figure B-6 — Capitol General Inputs

147



Figure B-8 — Alamo Material Properties (LOD 1)
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: Twell « iy Checkto manudyertercemert Bkl Tons CO2/Tans Crker
Comert Type %5507 ] chemealphysica properies &

Figure B-9 — Alamo Material Properties (LOD 2)

Baneimikg)
5198

Bogue Calculated Values (%)
C,5 ’CVQS CLA C4AF Free Ca0 S0, Mg  Na20 K20

6147 R Wk 48 a7 3 on

Aggregate Factors
#of Coarse Aogregate Tipes 1 o

First Coarse Aggregate Type

Limestone. -

v Check to Manusly Enter the Concrete Coefficient of
Theems Bx ol Tl Progeaties
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Figure B-12 — Capitol Material Properties (LOD 3)
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Concrete Placement Temperature:
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@ Manually eter concrete fresh tempersture:
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Figure B-14 — Bexar Environmental Inputs (Temperature)
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day Max Min
i % 24
2 917 29
3 299 1252

San Artonio

stem Englsh
Analysis Duratior 3
©  Corcrete placemert tme 4
| Concrete placemert date 8¢22/2010
Member Inpuls
Shape Choice L54 Beam
Mixture Proportions
Cemert Content 611
F Fly Ash Contert 204
Water Cortent 256
Coarse Agaregate Cortert 1817
Fine Aggreaate Cortart 1089
5
Chemical Admodure ASTM C494 Type F, PCHRWR
Chemical Admodure ASTM C434 Type B, Retarder

Parameter

1
Environment Inputs Summary
E Ave. Daily Max Temp. 84 F
| Ave Daly Mn Temp 653 °F
| Ave. Max Daily Solar Radiation 7516 Wm2
| Ave. Max Daiy Wind Speed n7z ms
| Ave. Max Relative Humidity 819 %
; Ave. Mir Relative Humidity 448 %
Constnuction Inputs
Concrete Frash Temperature 88 F
Blanket A Vale 29 F
Forms are stipped after 25 53
Comosion Inputs
Defaut values are indicated by green

Questionable rpul vaues are indicated by red

Figure B-18 — Alamo Input Check (LOD 1)
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Chemical Admidure ASTM C494
Chemical Admixture ASTM C454

9/27/2010

US54 Beam

bAyd
IbAyd?
bad
bAyd?
by
Type F, PCHRWR
Type B, Retarder

Parameter Value Units

Environment Inputs Summary

Ave. Daily Max Temp 84 ¥
Ave. Daily Min Temp. 653 f
Ave. Max Diaily Solar Radiation m6 Wm"2
Ave. Max Daily Wind Speed nz ms
Ave. Max Relative Humidity 823 %
Ave. Min Relative Humidty 448 %
Construction Inputs

Concrete Fresh Temparature

Blanket R-Value

Detaut vakues are indicated by green
Questionable inpit values are indicated by red

Chemical Admixture ASTM C434
Chenucal Admibdure ASTM C434

Matenal Properties
Cement Type
C3S content
C25 content
C3A content
CA4AF content

BTU/.

-

Parameter Value Units

Environment inputs Summary
Ave. Daily Max Temp 867 f
Ave Daily Min Temp 55 *
Ave. Max Daily Solar Radiation 8656 Wim'2
Ave. Max Dally Wind Speed € m/s
Ave. Max Relative Humidty 887 %
Ave. Min Relative Humidiy 259 %
Construction Inputs
Concrete Fresh Temperature 88 *
Blanket R-Value 29 *
hes

Defauit values are indicated by green
Questionable input vakues are indicated by red

Figure B-20 — Alamo Input Check (LOD 2)
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Parameter Vahe Units
Membes Inputs

Shape Choice 54 Beam

Mixture Propostions

Cemerit Contert 81 bAd
F Py Ash Cortert 204 bAd
Water Content 25 byt
Coarse Aggregate Content .7 IbAyd®
Fine Aggregate Content 1089 oAyt |
Air Cortent 5 1 4%
Chemcal Admodure ASTM C454 Twpe F. PCHRWR

Chemical Admidure ASTM C454 Type B, Retarder

Matesial Properties

Cemert Type

C3S content %
C25 content %
CIA content
C4AF cortert %

Blaine Finaness 5196 m"2
[Hycration Parometer Values | [Defok | [ ]
[Coame 2eg e T T sione LT
Fine Agg type Limestone Sand

Concrete CTE 32 e
Concrete k 167 BT/
Combined Aggregate Cp 020 BTU/
Liniesicne T
Fine Agg type Limestone Sand

-

| Parameter Value Units
Ave Daity Max Temp 87 '
Ave Daily Min Temp 55 *E
Ave Max Daily Solar Radiatior 8656 wWim™2
Ave Max Daily Wind Speed L3 ms
Ave Max Relative Hunudity 887 %
Ave Mini Relative Humidity 258 %
Construction Inputs
Concrete Fresh Temperature 88

29

Blanket R-Value

Defaull values are indicated by green
Questionable input values are indicated by red

[ [ Codme |
[ Back " |

Mudure ions

Cemest Content &N b /yd?
F Py Ash Contert 204 b e
Water Cortert 256 Io e
Coarse Aggreqate Content 1817 IbAyd®
Fine Aggregate Content 1088 IbAd®

&

Type F. PCHRWR

ertt

Chemical Admidure ASTM C434

Chemical Admidure ASTM C294 Type B, Retarder

Motenial P N

Cemert Type (1]

Alte: cortent 55

beite content g6

Auminate cortent 52 %

Femte cortent B %

gypsum cortert 6% %

Bassanite contert 24 %
g %
0 %
os %
07 %
4863 m"2
R R

s i

imestone Sand

£3
Ave Daity Max Temp 867 i
Ave Daty Min Temp 85 F
Ave Max Daily Solar Radiatior 8656 W2
Ave Max Daily Wind Speed & s
Ave Max Ralative Humidity 887 %
Ave Min Relative Humidity 29
Construction Inputs
Concrete Fresh Tempersture &8
Blanket R-Value 29

Defack values are ndicated by green
Guesionable nput values are ndicated by red

Cocuate |
Temperatures |

Figure B-22 — Capitol Input Check (LOD 3)
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Parameter Value Units “ | Parameter Value Units
Envinment inputs Summary
Ave. Daly Max Temp B67 * i
Ave. Daly Min Temp. 55 *
Ave. Max Daily Solar Radiation 8656 Wim"2
Ave. Max Daily Wind Speed 6 m/s
Ave. Max Relative Humidity 887 %
Ave. Min Relative Humidity 258

Chemical Admidure ASTM C454 Construction Inpuls

Chemical Admidurs ASTM C454 Type B. Fetarder Concrete Fresh Temperature 8e F
Blanket RValue 29 'F

Matenial Progerties Forma are stipped after

Cement Type L M fomiColor

Alte contert n %

belite content 57 %

Auminate contert 539 %

Fenite content 23 %

gypsum content 94 %

Bassanite content 24 %

Anhydrte content 06 %

Periclase content 0 %

Arcanite content 0 %

Calcite content %

Blaine Fineness m

Default values are indicated by green
Guestionable nput values are indicated by red
i

Figure B-23 — Capitol Input Check (LOD 3)
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Valley Prestress Products

Appendix C

Weather Data
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Figure C-1— Eagle Lake Temperature
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Figure C-2 — Eagle Lake Wind Speed
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Figure C-3 — Eagle Lake Solar Radiation
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Figure C-4 — Eagle Lake Relative Humidity
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ConcreteWorks Screen Prints

1 July, 2011 ’
Sun Mon Tue Wed Thu Fn Sat
3 OW M 1 2
3 4 5 6 7 8 3
1 I 12 13 14 15 16
17 18 19 20 11 2 B
24 25 % 21 B B 3N
1 2 4 4
Today: 11/1/2011

Analysis Setup
Temperature Analysis Duration 3days -

State  Tx ¥ City Victona -

Cement Cantert o by Click 6 the check to indicate f 2n admidure s in the mix -
Water Contert B ppd [7] Qlass C Fiy Ash
Coarse Aggregate Contertt B2 g 7] Class FRyAsh 232 bAd 19 %Ca0
Fine Aouregate Contert 25 pae 7] Grade 120 Siag
. =) Uhra e fly
Air Content 5 1 ] Sica Fume & pan
Chemical Admixdure Inputs
7y Low Range Water | Wid-Range - Napthalene Hgh-Range ) Polycaboxylate High-Range
17 Reduces(Type A1 Viater Feducer |- Water Reducer (Type F) 9] Water Reducer(Type P

[¥! Retarder (Type B) v] Accelerstor (Type C}

Need Help with Chemical Admixture Inputs?
Mix Proportions g% by weighty Calcudated Mature Propottion -

Sacks of Cement/v® 23
Gallons of watar/sack of Cemert ~ **

M cerment

B water Water/Cement 038

B coarseagy .

55 e g Water/Cementitious v

BEcash

Bran R

Heon Goto Designof |

8 silica fume I

W vitra fine G

i [ ek El Bt |

Figure C-6— Eagle Lake Mixture Proportions
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Cement Chemical/Physical Propstties:

Check to manually ertercemert  Blanefmkg)  Tons CO2/Tons Clinker
g g 5175 ‘

S,

s
crE 80 & wWesE
Concrete k BTUMNAF
Combined Aggregate Cp BTUMA/F

Cement Type Twelll - E!Mummm

Bogue Calculated Values (%)
- -

Figure C-10 — Material Properties (LOD 4)
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Figure C-12 — Eagle Lake Environmental Inputs (Temperature)
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Figure C-14 — Eagle Lake Environmental Inputs (Cloud Cover)
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Figure C-15 — Eagle Lake Environmental Inputs (Relative Humidity)

Analysis Duration <) days Ave Max Daily Solar Radiation 8037 Wim“2
Concrete placement time 3 pm Ave Max Daily Wind Speed 143 mis
Concrete placement date 7720m Ave. Max Relative Humidity 91e %
Ave. Min Relative Humidity 54 %
Member Inputs
Shape Choice U54 Beam Construction inputs
Concrete Fresh Temperature 90 F
Mixdure Proportions Blanket R-Value 281 '
Cement Content 700 bAd b
F Fiy Ash Contert bt bAd
Water Content 269 bAd®
Coarse Aggregate Content 1827 bAd®
Fine Aggregate Content 1265 bAd®
e
Chemical Admbdure ASTM C494 Type F. PCHRWR
Chemical Admidure ASTM C494 Type B. Retarder
Chemical Admidure ASTM C494 Type C. Accelerator

Material Propesties
Cement

Figure C-16 — Eagle Lake Input Check (LOD 1)
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Cemert Cortent

F Fly Ash Content

Water Content

Coarse Aggregate Cortert

Fine Aggregate Content

Ar Content

Chemical Admidure ASTM C494
Chemical Admidure ASTM C454
Chemcal Admidure ASTH C4%4

Cemert Type
£35S content

(28 cortert
C2A cortent
C4AF content
Free Ca0 content
SO3 content
MgO contert

Concrete CTE
Concrete k

0 byt
m b A
265 AP
1827 bayd
1269 bad | |

e L e ]
Type F. PCHRWR
Type B. Retarder
Type C. Accelerator
n
6031 :
un %

62
1064

e

75 m

Silceous Fiver Gravel

80 1076/
191 BTU/
020 BT/

Sikcenus Fiver Gravel
ous River Sand

Ave Daily Max Temp

Ave Daily Min Temp

Ave. Max Daily Solar Radiation
Max Daily Wind Speed
Max Helative Humidity
Mir Relative Humidity

Construction inputs

||| | Concrete Fresh Temperature
|| Blanket R-value

Forms are stipped after

Defaut values are indi

Questionable input values are indicated by red

%64 F
752 F
9185 Wi "2
€2 m/s
54 %
2 %
% F
29 F
> A
M
.
:
|

e

Calculate |
Temperatures |

Cement Cortent By Iy Ave. Daily Max Temp

F Py Ash Cortert 233 A Ave Daily Min Temp

Water Content 269 bAd® Ave. Max Daily Solar Radiatiar:

Coarse Aggregate Cortert 1827 I Ave Max Daily Wind Speed

Fire Agareqate Cortent 1269 I/ Ave Max Flelative Humidity

I | Ave bin Relative Humidty

Chemical Admidure ASTM C434 Type F. PCHRWR

Chemical Admbdure ASTM C434 Type B Retarder Construction Inputs

Chemical Admiaure ASTM C494 Type C, Accelerator Concrete Fresh Temperature
Blanket R-Value

Matenial Properties

Cemert Type m Form Color

Alite corent 68 %

belite content i %

Auminate content 42 .

Femte content ge .

gypsum cartert 107 L

Bassanite cortent 24 %

Arhydite content 06 %

Penclase content 0 S

Arcanite contert 08 %

Calcite contert 07 %

Blaine Fineness 5175 m°2

[ Hycation ParmeterValues - [Defack ]

Coarse Agg type Siceous Fiver Gravel |

Siceows verSand | |

Concrese CTE BA e Defak values are indicated by green

Lo & 2 BT Cusomabic et v o st b o

Combined Agoregate Cp 020 BT/

Coarse Agg type Sihceous River Gravel

[Fredggbos L [ Siceow Aversand | B

9% 4 F
752 F
9185 Wim"2
62 m/s
94 %,
2 3
50 F
29 F

hrs

Calculate
Te

f
|
|
s

Figure C-18 — Eagle Lake Input Check (LOD 3)
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Parameter Value Units * | | Parameter Value Units.

Concrete piscemert time 3 pm Environment Inputs Summary

Concrete placement date 71201 Ave Daily Max Temp %4 F
Ave. Daily Min Temp 72 t

Member Inputs Ave. Max Dally Solar Fadiation 9185 W2

Shape Choice US4 Beam Ave Max Daily Wind Speed 62 mis
Ave Max Relative Humidity 94 %

Mixture Proportions 1 | Ave. Min Relative Humidty 2 %

Cement Content 700 bAd | i

F Fly Ash Content 33 biyd* Construction Inputs

Water Contert 269 bAd®| | | Concrete Fresh Temperature 90 i

Coarse Aggregate Contert 1527 bid*|

Fine Aggregate Contert 1269 bAd

Chemical Admiture ASTM C494 Type F. PCHRWR

Chemical Admixure ASTM C454 Type B, Retarder

Chemical Admadure ASTM C434

Default values are indicated by green
e le eyt vakies are d

Figure C-19 — Eagle Lake Input Check (LOD 4)
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Appendix D: IH35/SH71 WBSB Column 8

Weather Data
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80 " ] ;X
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.............. Default
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11/18  11/19 1120 11721 11/22  11/23  11/24
Date
Figure D-1— WBSB 8§ Temperature
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s
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o
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=
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/18 Lie dige tyd tEE 1pes e
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Figure D-2 — WBSB 8 Wind Speed
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Figure D-3 — WBSB 8 Solar Radiation
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Figure D-4 — WBSB 8 Relative Humidity
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ConcreteWorks Screen Prints

T Metic @ Englich

Project Time and Date
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Figure D-6 — WBSB 8 Member Dimensions
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Figure D-8 — WBSB 8 Material Properties (LOD 1)
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Figure D-16 — WBSB 8 Environment Inputs (Relative Humidity)
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Appendix E: IH35/SH71 WBSB Column 9
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Figure E-16 — WBSB 9 Environment Inputs (Relative Humidity)
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Farameter Value
General Inputs
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Figure E-18 — WBSB 9 Input Check (LOD 2)
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