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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 TxDOT
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:

« 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:

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

« Use of ice or other concrete cooling ingredients;

« Use of liquid nitrogen dosing systems;

« Controlling rate or time of concrete placement;

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

» 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 light 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 in 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 Concrete Works 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.

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 is 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 inputs.

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 on hourly 30-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 built-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))  Eroa (3.1

where Etoa 1s the horizontal solar radiation at the top of earth’s atmosphere (W/mz) and Ey is the
surface horizontal solar radiation (W/m?). Radiation is defined as “energy emitted by matter that
is 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/m?/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:

Eny,
Eroa = —gog/olcc 3.2)

where Epoucc 1s ConcreteWorks’ predicted daily total surface horizontal solar radiation
(W/m?/day) with zero percent cloud cover and Eroa 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 is the total daily surface horizontal solar radiation (W/m*/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 a, 3, 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.

S

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, m” /kg

Bexar (Alamo) Type I11 486.3
Bexar (Capitol) Type II1 519.8
Eagle Lake Type I1I 517.5
WBSB 8 Type /11 385.2
WBSB 9 Type 1/11 389.3

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 Eagle Lake = WBSB 8 WBSB 9

CsS 46.39% 61.47% 60.33% 32.56% 48.77%
CzS 24.64% 10.82% 14.31% 38.60% 23.36%
CA 6.39% 10.76% 6.20% 12.16% 11.42%
C4AF 11.28% 4.63% 10.64% 5.81% 5.20%
Free Lime 0.90% 0.00% 1.47% 0.00% 0.00%
SO; 3.56% 4.37% 0.66% 3.72% 3.80%
MgO 0.66% 1.30% 3.57% 1.33% 1.27%
Na,O 0.06% 0.11% 0.03% 0.14% 0.13%
K0 0.66% 0.48% 0.68% 0.53% 0.54%

With the mix design, Blaine fineness, and Bogue composition available, ConcreteWorks derives
E. 7, B, o, and Hu using the following empirical formulas developed from previous research
(Poole, 2007):

41,230 + 8,330 - [(pC3A + pC4AF) *Pcement * pgypsum]
E, = —3,470-Na,0.4 — 19.8 - Blaine + 2.96 * priyash * PFiyash—cao (3.4)
+162  peeprs — 516 - pgr — 30,900 - WRRET — 1,450 - ACCL



T
2.68 — 0.386 Pcys * Pecem + 105+ PNa,0 " Pcem + 1.75- pGGBFS) 3.5)

- exp( —5.33 DA Pra-cao — 12.6 * ACCL + 97.3 - WRRET

_04‘94 - 380 " pC3A " pcem - 0594 " pGGBFS
f =exp| +96.8- WRRET + 39.4- LRWR + 23.2- MRWR (3.6)
+38.3- PCHRWR +9.07- NHRWR
_0885 - 137 " pC4AF * pcem
1.031-w/cm — . .
a, = / + exp 283 pNaZOeq Pcem (3_7)
0.194 +w/cm —9.90 * Pra * Pra-cao
—339-WRRET — 95.4- PCHRWR
Hy = Heem * Deem + 550 * Dgeprs—120 + 1800 Pra_cao * Pra (3.8)
_500PC35+260pC25+866pC3A+420pC4,AF (3 9)

Hcem B +624 ) p503 + 1186 - pFreeCa + 850 ) ngo

where Pcss, Pc2s, Pcaas Pcaar, Prreecas Psos, PMaos PNa2o, Paypsum are the respective percent CsS, CsS,
Cs;A, C4AF, Free Lime, SOs3;, MgO, Na,O, and gypsum in the Portland cement; pna2oeq 1S the
percent NayOeq (NayO + 0.658 - K,0) in the Portland cement; peem, Priyashs Pocsrs-120, and Pse are the
respective percent Portland cement, fly ash, slag, and silica fume of the total cementitious
materials content; Pcaoryash i the percent CaO in 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 is 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 (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

Alamo Capitol  Eagle Lake = WBSB 8 WBSB 9
Alite 55.0% 70.0% 65.0% 64.4% 59.0%
Belite 8.6% 5.7% 11.0% 5.3% 6.1%
Aluminate 5.2% 9.9% 4.2% 10.4% 10.3%
Ferrite 8.0% 2.3% 8.8% 2.0% 2.5%
Gypsum 6.9% 9.4% 10.7% 17.3% 14.5%
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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) *Pcem (pCaSO4xH20 + pArcanite) ' pcem]
= —12.2 - Blaine + 1.24 * ppiyasn * Priyash—cao + 120 * Pgeprs

—533pgr — 30,100 - WRRET — 1,440 - ACCL

(3.10)

T
— ex <2-95 — 0.972 - pajite * Deem + 152 PNa,0 " Pcem +1.75- pGGBFS) (3.11)
p —4.00 - ppa " Pra-cao — 11.8- ACCL + 95.1 - WRRET
—0.418 — 2.66 " paruminate * Peem — 0.864 * Peeprs
p =exp| +108:-WRRET + 32.0- LRWR + 13.3- MRWR (3.12)
+42.5-PCHRWR + 11.0- NHRWR
—0.297 — 9.73 * Prerrite * Pcem

1.031-w/cm —325- .
a, = / + exp pNaZOeq Pcem (3_13)

0.194 +w/cm —8.90 " Pr4 * Pra—cao

—331-WRRET —93.8- PCHRWR

Hy, = Heem * Deem + 550 Pstag t 1800 * pra—cao " Pra + 330 " psr (3.14)

_ 500 " pajite + 260 " Ppeiire + 866 * Daruminate + 420 * Prerrite (3.15)

H =
cem +624 - Dsyizate + 1186 * Prime + 850 * Dpericiase

Where palite, PBelites PAluminates PFerites PPericlases PLimes aNd Psuifate are the respective percent alite,
belite, aluminate, ferrite, periclase, and sulfate in the Portland cement; pna2oeq 1S the percent
NayO¢q (Na;O + 0.658 - K,0) in the Portland cement; CaSO4:xH-,O is the total percent by mass
of gypsum, hemihydrates, and anhydrite; peem, Priyash, Pocers-120, and Pse are the respective percent
Portland cement, fly ash, slag, and silica fume of the total cementitious materials content; Pcao.
rvash 18 the percent CaO in 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 is 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, B, and 1. 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 1 LOD 2 LOD 3 LOD 4
Ea  J/mol 33636 34240 37236 26335
T hours 18.568 18.032 15.463
B = 1.026 0.962 0.975
oy = 0.665 0.667 0.674

Hu J/kg 456649 413390 392056 392056

Table 3.5: Capitol Hydration Model by LOD

LOD 1 LOD 2 LOD 3 LOD 4
Ea  ]J/mol 33636 34018 41343 27416
T hours 18.568 17.177 13.862
B z 1.026 1.076 1.071
Oy = 0.665 0.709 0.694

Hu ] /kg 456649 450276 460635 460635

Table 3.6: Eagle Lake Hydration Model by LOD

LOD 1 LOD 2 LOD 3 LOD 4
Ea  ]J/mol 29157 26774 32719 29573
T hours 16.013 14.050 12.321 23.669
B = 1.026 0.958 0.956 0.940
oy = 0.649 0.654 0.656 0.687

Hu ] /kg 456736 452389 438586 438586
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Table 3.7: WBSB 8 Hydration Model by LOD

LOD 1 LOD 2 LOD 3 LOD 4
Ea  J/mol 35958 36594 48838 27122
T hours 16.231 19.801 13.481 18.480
B = 0.965 1.138 1.097 1.032
oy = 0.748 0.768 0.782 0.806

Hu J/kg 448602 410244 469159 469159

Table 3.8: WBSB 9 Hydration Model by LOD

LOD 1 LOD 2 LOD 3 LOD 4
Ea  J/mol 35959 36332 46722 26914
T hours 16.207 17.786 14.034 18.494
B = 0.965 1.116 1.095 0.812
Oy - 0.748 0.772 0.780 0.932

Hu 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 determined 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.

eZ

k-p

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 oz.) of materials in a 10-o0z.
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

Alamo 1.67 0.20
Capitol 1.67 0.20
Eagle Lake 1.91 0.20
WBSB 8 2.46 0.20
WBSB 9 2.45 0.20

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 /2, 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.
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Table 3.10: Alamo Mechanical Properties

12-hr 2432 - -

1-Day 5984 - -

3-Day 8676 1086 4563 3.18
7-Day 9853 1279 4796

14-Day 10391 1043 5227

Table 3.11: Capitol Mechanical Properties

Test f'c f'st E CTE
Time psi psi ksi 10°/°F
12-hr 3479 - -
1-Day 6111 ; .
3-Day 8347 1031 4296 3.16
7-Day 9557 1103 4819
14-Day 10170 1079 4948

Table 3.12: Eagle Lake Mechanical Properties

1-Day 7047 999 5109
3-Day 8550 1048 5336
7-Day 9916 1191 5701 6.03
14-Day 10904 1240 6025
28-Day 11910 1236 6214

Table 3.13: WBSB 8 Mechanical Properties

Test f'c f'st E CTE
Time psi psi ksi 10°/°C
12-Hr 164 53 11
1-Day 1712 476 3485
3-Day 4235 794 4826 4.91
7-Day 4990 839 5116
14-Day 5643 961 5432
28-Day 6634 978 5739




Table 3.14: WBSB 9 Mechanical Properties

12-Hr 292 90 796
1-Day 2117 463 3536
3-Day 4039 821 4768 508
7-Day 4879 899 4916
14-Day 5748 967 5250
28-Day 6454 1102 5641
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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 III 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 US54 beam as well as where ConcreteWorks predicts
temperatures.

Figure 4.1: Installation of U54 Male Formwork
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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 is 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 III 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 Type III 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
Water Reducer Sika ViscoCrete 4100 5.50 fl oz/cwt
Retarder Sika Plastiment 2.50fl oz/cwt

4.2.2 Instrumentation

Thermochron iButtons 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.

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 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 4.4 also presents a naming scheme for the sensors, with B,
M, and T representing the bottom, middle, and top rows of sensors respectively.

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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Table 4.2: Bexar Precast Weather Station Data
Temperature Wind Cloud Relative Humidity

Date

Max Min Speed Cover Max Min

- °F °F m/s % % %
9/27/2010 80.1 58.0 5.3 22 86.0 28.4
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 23.2
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.
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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 4.9: Capitol ConcreteWorks Analysis (Sensor M2)
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Figure 4.10: Capitol ConcreteWorks Analysis (Sensor T1)
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Figure 4.11: Capitol ConcreteWorks Analysis (Sensor T2)
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Figure 4.12: Alamo ConcreteWorks Analysis (Sensor B1)
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Figure 4.13: Alamo ConcreteWorks Analysis (Sensor B2)
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Figure 4.14: Alamo ConcreteWorks Analysis (Sensor M1)
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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

Date

Max Min Speed Cover Max Min

- °F °F m/s % % %

7/1/2011 94.8 75.0* 10.1 45 94.0* 39.0*
7/2/2011 97.6 76.5 5.9 19 94.0* 30.0*
7/3/2011 97.0 74.9 4.6 24 94..0* 27.0*
7/4/2011 96.0 74.5 4.4 27 94.0* 32.0*

* 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 Alamo Type III 700.0 1b
SCM Class F Fly Ash 2331b
Water 0.30W/C 269 Ib
Coarse Aggregate 1/2" River Gravel 1527 1b
Fine Aggregate River Sand 1269 1b
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 2.15fl oz/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.

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.

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 ConcreteWorks.
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Figure 4.21: Eagle Lake—ConcreteWorks Analysis (Sensor B1)
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Figure 4.22: Eagle Lake—ConcreteWorks Analysis (Sensor B2)
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Figure 4.23: Eagle Lake—ConcreteWorks Analysis (Sensor B3)

M1 Observed

> s
g e \ — —-M1LOD 4
7 :f][ T X SN\

Ambient

T T 1

0 24 48 72

Time From Placement (Hours)

Figure 4.24: Eagle Lake—ConcreteWorks Analysis (Sensor M1)
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Figure 4.26: Eagle Lake—ConcreteWorks Analysis (Sensor M3)
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Figure 4.27: Eagle Lake—ConcreteWorks Analysis (Sensor T1)
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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.

Figure 4.30: Eagle Lake—Water Cooled Beam

38



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 iButtons 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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Figure 4.34: Eagle Lake—Observed Temperature (Diaphragm)

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 is 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.

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 LOD 3 LOD 2 LOD 1

Capitol 180.5 149.7 134.5 135.6

Alamo 162.5 126.5 124.0 135.7
Difference 18.0 23.2 10.5 -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

It 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 is 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.

45



Figure 5.1: WBSB 8 Site Layout
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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/II 428.01b
SCM Class F Fly Ash 107.51b
Water 0.42W/C 231.21b
Coarse Aggregate 11/2” Dolomitic Lime 1934.0 b
Fine Aggregate River Sand 1356.01b
Water Reducer Sika ViscoCrete 2100 3.70 fl 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 IH 35. The communication wires were routed through a hole in the steel
formwork, 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

Date Temperature

Speed Cover Humidity

= MAX MIN MAX AVG MAX MIN
11/18/2010 65.2 44.7 12.6 14% 69.7 284
11/19/2010 70.8 43.6 7.1 18% 74.2 23.8
11/20/2010 76.0 49.1 8.0 74% 93.5 51.6
11/21/2010 81.6 68.1 11.0 66% 88.0 47.8
11/22/2010 82.3 69.6 11.9 69% 84.6 48.9
11/23/2010 82.6 70.8 7.3 69% 85.8 524
11/24/2010 84.4 71.7 12.2 53% 84.9 45.6
11/25/2010 79.1 45.5 14.2 99% 82.6 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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Figure 5.8: WBSB 8 Observed Data (Temperature Bar D—North)

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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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 143.6 126.9 137.8 123.2 127.0
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 LOD2 LOD1

C-D17 = 0.76 0.57 0.65 0.53 0.59
D17 -DO09 - - 1.26 1.67 1.19 1.35
D09 - D07 2.67 - 1.71 2.24 1.61 1.66
D07 - D05 2.67 3.74 1.93 2.54 1.81 1.87
D05 - D03 2.94 2.94 1.67 2.19 1.57 1.59
D03 - D02 3.74 3.74 1.48 1.93 1.39 1.37
D02 - D01 4.27 3.21 1.35 1.76 1.27 1.23




Table 5.5: WBSB 8 Maximum Thermal Gradients (°F/inch)—Temperature Bar F
REGION OBS(S) OBS(N) LOD4 LOD3 LOD2 LOD1

C-F17 = = 0.62 0.70 0.57 0.64
F17 - FO9 = = 1.46 1.85 1.36 1.63
F09 - FO7 z z 2.37 3.14 2.23 2.54
FO7 - FO5 = = 2.37 3.14 2.23 2.54
FO5-F03 = z 2.37 3.14 2.23 2.54
FO3 - F02 = = 2.37 3.14 2.23 2.54
FO02 - FO1 = = 2.37 3.14 2.23 2.54

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.

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 11° 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 I/II
cement produced by Capitol, 25% Class F fly ash, and a water-to-cement ratio of 0.42. Coarse

56



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 Capitol Type I/II 431.51b
SCM Class F Fly Ash 107.51b
Water 0.42W/C 231.21b
Coarse Aggregate 11/2” Dolomitic Lime 1906.0 Ib
Fine Aggregate River Sand 1348.01b
Water Reducer Sika ViscoCrete 2100 3.00 fl oz /cwt
Retarder Sikatard 930 2.60 fl oz/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.



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.

® Button + ConcreteWorks =—Temperature Bar

45 + + + + + +
36 + + + + + + +
~
% 1 I ] ] 1 I ]
=
=
=
= [
o 18 + + +
3 |
9 + + + 3
0 + + + +
0.00 10.14 20.29 30.43 40.57 50.71 60.86 71.00

Width (inches)
Figure 5.15: WBSB 9 Detailed Instrumentation Scheme
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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

59



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

DEWE Temperature

Speed Cover Humidity

- MAX MIN MAX AVG MAX MIN
12/20/2010 74.9 51.1 9.8 55% 90.7 50.6
12/21/2010 77.3 62.6 9.0 56% 88.4 52.9

12/22/2010 64.7 53.7 8.5 100% 93.0 48.1
12/23/2010 64.9 52.7 7.9 99% 71.0 53.8
12/24/2010 65.9 45.5 14.4 100% 93.1 71.5

12/25/2010 45.8 35.5 14.2 56% 80.2 50.4
12/26/2010 50.3 29.0 6.2 17% 80.8 32.8
12/27/2010 59.1 31.8 9.5 32% 85.2 44.2

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 morning 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 5.18: WBSB 9 Observed Data (Temperature Bar F—South)
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Figure 5.19: WBSB 9 Observed Data (Temperature Bar F—North)

Figures 5.20 and 5.21 show the majority of the data collected from the diagonal
temperature bars.
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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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Figure 5.22: WBSB 9 Sensor C Comparison
Table 5.8: WBSB 9 Thermal Performance Summary
MAX OBS LOD 4 LOD 3 LOD 2 LOD 1
Temperature, °F 151.7 141.1 144.6 142.8 133.7
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
C-F20 0.61 0.65 0.68 0.65 0.66 0.71
F20- F12 1.13 1.13 1.66 1.65 1.63 1.80
F12 - F10 1.35 1.35 1.81 1.83 1.81 2.00
F10 - FO8 1.35 1.80 2.19 2.25 2.25 2.50
FO8 - F06 1.80 1.80 2.67 2.71 2.73 3.04
F06 - FO5 1.80 2.25 2.67 2.71 2.73 3.04
FO5 - FO4 1.80 4.05 2.67 2.71 2.73 3.04




Table 5.10: WBSB 9 Absolute Max Gradients (°F/inch)—Temperature Bar D

REGION OBS(S) OBS(N) LOD4 LOD3 LOD2 LOD1
C-D17 0.88 0.89 0.63 0.61 0.61 0.65
D17 - D09 1.81 1.75 1.36 1.40 1.40 1.51
D09 - DO7 2.17 2.17 1.64 1.68 1.68 1.80
D07 - DO5 2.17 1.93 1.82 2.02 1.90 2.01
DO5 - D03 2.89 2.17 1.71 1.93 1.79 1.87
D03 - D02 2.89 2.89 1.50 1.70 1.57 1.61
D02 - D01 2.89 3.37 1.36 1.54 1.42 1.43

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:

¢ 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 is 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 6.2: Corrosion of Tie Beam and Column

Figure 6.3: Cracking of Tie Beam and Column
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Figure 6.4: Cracking of Tie Beam

Figure 6.5: 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
specifically 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 is needed to model those structures, and how to use
ConcreteWorks to compare the results. If ConcreteWorks is 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
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Bexar Concrete Works

Appendix B

Weather Data
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Figure B-2 — Wind Speed
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ConcreteWorks Screen Prints

Figure B-5 — Alamo General Inputs

Figure B-6 — Capitol General Inputs
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Figure B-7 — Bexar Mixture Proportions
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Figure B-8 — Alamo Material Properties (LOD 1)

148



' Material Properties
Cement Chemical/Physical Properties

Check to manually erter cement
chemical/physical properties

-

Type Il

Cement Type
Bogue Caloulated Values (%)
C,5 C,5 C.A

2 C,AF FeeCa0 SO 2

4639 2484 6.39 1.28 05 356
Aggregate Factors

# of Coarse Aggregate Types 1

First Coarse Aggregate Type

Limestone -

#of Fine Aggregate Types 1

First Fine Aggregate Type

Limestone Sand

Check to Manually Enter the Concrete Coefficient of
Thermal Expansion and Themal Properties

cTE 32 10™6/°F
Concreteke 167 |5 BTUMiR/F
Combined Aggregate Cp 020 12| UMb/ F

-5 ]

Blaine{m#kg) Tons COZ/Tons Clinker
4863 0.90 =
Mgd  Na20 K20
066  0.06 0.66

Hydration Calculation Properties

Check to manually enter
hydration properties

O

Activation Energy |

Tau

Beta

Apha (ultimate):

Hu

Figure B-9 — Alamo Material Properties (LOD 2)
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Figure B-18 — Alamo Input Check (LOD 1)
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Figure B-19 — Capitol Input Check (LOD 1)
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Figure B-20 — Alamo Input Check (LOD 2)
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Fertte cortert 2 % |8
gypsum content 65 % ||| Comusion s
Bassanite content 24 %
Anhydrite content 06 %
Periclase content 0 %
Arcanite content 0.8 %
Calcite content 0.7 %
Blaine Fineness 486.3 m"2/.
[Ocfa | |

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

-

|

Caleulate
Temperatures

Figure B-22 — Capit

ol Input Check (LOD 3)
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ions

Cement Content

F Fly Ash Contert

Water Cortert

Coarse Aggregate Content

Fine Aggregate Content

Air Corttent

Chemical Admoure ASTM C494
Chemical Admiure ASTM C434

ial ies
Cement Type
Alite contert
belite cortert
Aluminiate content
Fenite content
gypsum content
Bassanite content
Anhydrite content
Periclase content
Arcanite content
Calcite content
Blaine Fineness

Fine Agg. type
Concrete CTE
Concrete k

Combined Aggregate Cp
Coarse Agg. type

Fine Agg. type

h
(Coarse fog e Jlmestore | |

<

Value Units = | | Parameter Value Units
Environment £3
Ave. Daily Max Temp 867 F
61 IbApd? Ave. Daily Min Temp. 55 °F
204 IbApd? Ave. Max Daily Solar Radiation 8656 Wim™2
256 Ibfyd? Ave. Max Daily Wind Speed 6 mis
1817 Ibfyd® Ave. Max Relative Humidity 887 %
1089 \h/nyr Ave. Min Relative Humidity %59 %
[ P
Type F. PCHRWR Construction Inputs
Type B. Retarder Concrete Fresh Temperature
Blanket R-Value
Forms are stripped after
I} Form Color
m B
57 % Precast Subbase
99 % Cure Method Application Age
23 % L
94 % |7 | Conusion Inputs
24 %
06 %
0 %
08 %
07 %
519.8 m"2/.
[Ocfak [ |
Limestone Sand
32 e Default values are indicated by green
167 BTL/ Questionable input values are indicated by red
0.20 BTUY.
| Lmestone______|_| e l Caloulzte l
Limestone Sand - Temperatures
]

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

Weather Data

Observed
------- Adjusted
-+ Default

o OOO%NWW o

100

90
85
80

aInmetaduwa,

70

7/5

7/4

7/3

2

7/

7/1

Date

Figure C-1 — Eagle Lake Temperature

=
° 3
2 &
a2
]
o <
i
|
|
|
|
|

-+ Default

paads puipy

7/5

7/4

7/3

7/2

7/1

Date
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

Figure C-5 — Eagle Lake General Inputs

Mixture Proportion Inputs

[E=8 Bl =

Mix Proportion Inputs Supplementary Cementing Materials

Cement Content 0 A Click on the check to indicate f an admidure is in the mix -
269 s

Water Content Ib/yd [7] Class C Fiy Ash
1527

Coarse Aggregate Corttert Ib/yd Clss FAyAsh 233 bAd 19 )

Fine Aggregate Content 269 ppg ] Grade 120 Siag
: 7] Utra Fine Fy

Air Contert % [F] Siica Fume =

Chemical Admbdure Inputs

Low Range Water Mid-Range Napthalene High-Range ) Polycarboxyiate High-Range
O Reducer(Type A) 0 Water Reducer O Water Reducer (Type F) Water Reducer(Type F)

Retarder (Type B) Accelerator (Type C)

Need Help with Chemical Admixture Inputs?

Mix Proportions (% by weight) Calculated Mixture Froportion

@
w

Sacks of Cement/yd?
5.83%

@

Gallons of water/sack of Cement  |*
W cement

W viater Water/Cement 03
M coarseagg
fine aga Water/Cementitious

Wcash
38.19% W fash

W siag

[ silica fume:

W uitrafine

¥1.74%

Figure C-6— Eagle Lake Mixture Proportions
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' Material Properties
Cement Chemical/Physical Properties

Check to manually enter cement Blaine{m?/kg) Tons CO2/Tons Clinker

Type ll
LT ) chemicalfphysical properties

522.9 050 &
Bogue Calculsted Values (%)
C 35 C_5 C 3A C , AF FeeCa0 SO 3 MgQd  Na20 K20

2 4
5] 132 89 9.8 08 13 02 06
Aggregate Factors Hydration Calculation Properties
Hof Coarse Aggregate Types | ] Check to manually enter
hydration properties
First Coarse Aggregate Type
Siicsous River Gravel = Activation Energy (2915751 J/mol
Tau 16013 | pg
Beta 1.026
Mpha ukimate): 064574
H of Fine Aggregate Types 1 - Hu 15573 kg
First Fine Agaregate Type
Siliceous River Sand -
] Chech to Manually Enter the Concrete Coefficient of
Themal Expansion and Themal Properties
ctre &1 B wrsrF I Back ] l Next ]
Conerstek  [1-73 BTU/AA/F
Combined Aggregate Cp (0,15 BTUAbSF

Figure C-7 — Material Properties (LOD 1)

= ==

Material Properties
Cement Chemical/Physical Froperties

Type ll Check to manually enter cemert Blaine(m¥kg) Tons CO2/Tons Clinker

Cement Type chemical /physical properties

5175 EE
Bogue Caleulaled Values (%)

CSS CQS C?.A C4AF Free Ca0 503 Mgd  Na20 K20

60.33 1431 6.20 10.64 147 066 357 003 0.68

Aggregate Factors Hydration Calculation Properties

#of Coarse Aggregate Types 1 ] Checl to manually enter
hydration properties

First Coarse Aggregate Type

Silceous River Gravel = Activation Enerzy |25 Jmol
Tau 14.05 Hrs
Beta
Alpha {uttimate):
#of Fine Aggregate Types 1. o

First Fine Aggregate Type

Siliceous River Sand -

Check to Manually Enter the Concrete Coefficient of
Themmal Expansion and Thermal Properties

ce 50 B e [ — ” o I
Concretek 191 5 BTUMeA/F

Combined Aggregate Cp [020 12| BTUAD/F

Figure C-8 — Material Properties (LOD 2)
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" Material Properties

Cement Chemical/Physical Properties

Type Il Checkto manuall ertercemert. Blanemikg)  Tons CO2/Tons Clinker
T M chemical/physical properties i
5175 090 2
Rietveld Calcuiated Values (%)
Alite Belte  Aluminate  Femite Gypsum Bassanite  Anhydite Periclase Arcanite  Calcite
0 &[0 & 42 = ke = [07 &[z¢ ks o [ e EHp7 E

Aggregate Factors
H of Coarse Aggregate Types 1

-

First Coarse Aggregate Type

Siiceous River Gravel -

H of Fine Aggregate Types 1
First Fine Agaregate Type

Siliceous River Sand -

Checl to Manually Enter the Concrete Coefficient of
Themal Expansion and Themal Properties

cte &0 1076/°F
Concretek (131 |5 BTUMeArF
Combined Aggregate Cp 020 |2 gTusbsF

Hydration Calculation Properties

]

Check to manually enter
hydration properties

Activation Energy

Tau

Beta
Apha (ultimate):

Hu

| Back Next

Figure C-9 — Material Properties (LOD 3)

. Material Properties
Cement Chemical/Physical Properties

Cement Type ¥Rl ~

a
Bogue Calculated Values (%)

C?.A C . AF  Free Ca0
8 8

08

Aggregate Factors
#of Coarse Aggregate Types 7 |

First Coarse Aggregate Type

Siliceous River Gravel =

Hof Fine Aggregate Typss 1

First Fine Aggregate Type

Siliceous River Sand -

Check to Manually Enter the Concrete Coefficient of
Themal Expansion and Thermal Properties

cre 50 B 10rsF
Concretek | 191 BTUshrft/F
Combined Aggregate Cp (020 /=] BTU//F

Check to manually enter cement
chemical/physical properties

Blaine(m®kg) Tons CO2/Tons Clinker
5229 0.90 |
50 3 Mg0  Na20 K20
39 13 02 06

Hydration Calculation Properties

Check to manually enter
hydration properties

Activation Energy 29573 J/mol

Tau 13268 1y

Beta 0339

Mpha uttmate): 3676

5z g Vg

I Back ] l Next ]

Figure C-10 — Material Properties (LOD 4)
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Concrete Placement Temperature:

® Calculated from indivual
constituent material temperatures

time: of placement

@ Manually enter concrete fresh temperature

Estimated Placement Temperature

Fomwork
Concrete age at Form Removal 14 hrs
Form Type Steel -
Form Color Red -

Blanket Insulation R-Value

Blanket R-Value
(Thickness / Themal
Conductivity)

Click the method of calculating the concrete fresh temperature:

Change Constituent

® Concrete fresh temperature is equal to ambient temperature at

ENRG

Precast Concrete Inputs

Select the combination of curing procedures used
Whits or Clear Plastic Black Plastic

Blarket/ tam used on sides

Concrete age when cure: 1
methed is started

[ hs

e ——

Figure C-11 — Eagle Lake Construction Inputs

=R )

Temperaturs | Wind Speed | Percent Cloud Cover | Relative Humidy | Yeary Temperature | Summary Graphs |

Temperature is in Degrees F

Check to manually enter
temperature data

day Maz Min
1 54.8 75
2 97596 76.5
3 57 745
4 96 745

Figure C-12 — Eagle Lake Environmental Inputs (Temperature)
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oo s |

Temperature | Vind Speed | Percent Cloud Caver | Relative Humidty | Yeary Tempersture | Summary Graphs |

Check to manually enter
wind speed data

Figure C-13 — Eagle Lake Environmental Inputs (Wind Speed)

Temperature | Wind Speed | Percent Cloud Cover | Relative Humidy | Yeary Temperature | Summary Graphs |

Cloud Cover is according to a

Cloud Coveris used to calculate the solar radiation.

sliding scale as shown below

day

Max

»

Check to manually enter
cloud cover data

Cloud Cover Sliding Scale Index

o

Partly Cloudy

=

=

0 10 20 30 40 50 60 70 80 30 100

45

15

24

|| pa | —

27

Figure C-14 — Eagle Lake Environmental Inputs (Cloud Cover)
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Temperature | Wind Speed | Percent Cloud Caver | Refative Humidty | Yeary Tempersture | Summary Graphs |

Humidity is in percent

day

vy

=

Check to manually enter
humidity data

2 EER=

S

Parameter Value Units
General Inputs
Project Location Victoria
Uni System_____________[Engish | |
Analysis Duration 3 days
Concrete placement time 3 pm
Concrete placement date 74201
Member Inputs
Shape Choice U54 Beam
Mixture ions
Cement Cortent 700 lbAyd®
F Fly Ash Cortent 233 lbAd®
Water Content 269 lbAyd®
Coarse Aggregate Content 1527 IbAyd?
Fine Aggregate Content 1269 IbAyd?
5
Chemical Admixdure ASTM C434 Type F, PCHRWR
Chemical Admixdure ASTM C434 Type B, Retarder
Chemical Admidure ASTM C494 Type C. Accelerator
Material ies
1}
[Defat | ]
- ut I
Coarse Agg. type Siliceous River Gravel
E
Coarse Agg. type
Si

Parameter Value Units
Environment s

Ave. Daily Max Temp 507 F
Ave. Daily Min Temp. 757 F
Ave. Max Daily Solar Radiation 8037 Wim™2
Ave. Max Daity Wind Speed 143 m/s
Ave. Max Relative Humidity 518 %
Ave. Min Relative Humidity B4 %
Construction Inputs

Concrete Fresh Temperature 50 F
Blanket R-Value 291 F
Forms are stripped after 14 hrs

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

|

Caleulate
Temperatures

)

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

Parameter Value Uniits
Environment s

Ave. Daily Max Temp 964 °F

Ave. Daily Min Temp. 752 F

Ave. Max Daily Solar Radiation 5185 Wsm™2
Ave. Max Daity Wind Speed 62 m/s
Ave. Max Relative Humidity 54 %

Ave. Min Relative Humidity 32 %
Construction Inputs

Concrete Fresh Temperature
Blanket R-Value

Forms are stipped after
Form Calor

Parameter Value Units =
Shape Choice US4 Beam

Mixture ions

Cement Content 700 IbAyd?
F Fly Ash Cortert 233 Ib#yd®
Water Content 269 Ib#yd®
Coarse Aggregate Contert 1527 by
Fine Agaregate Content IbAyd®
5

Chemical Admixdure ASTM C494 Type F, PCHRWR

Chemical Admidure ASTM C494 Type B, Retarder

Chemical Admidure ASTM C494 Type C, Accelerator

Material

Cement Type n

C35 content 60.33 %
C25 content 1431 |z
C3A content 6.2 %
C4AF content 1064 %
Free Ca0 content 147 %
503 content 0.66 %
MgO content 357 %
Alkali content 048 %
Blaine Fineness 517.5 m"2/ .
Hydration P el Dcfaut ||
Coarse Agg. type Siliceous River Gravel

[Fine Agatpe | Siiceous Rver Sand | __|
Conerete CTE €0 1076,
Concrete k 151 BTU/
Combined Aggregate Cp 0.20 BTU/
Coarse Agg. type Siliceous River Gravel

Siiceous five -
| m ] »

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

[

Calculate
Temperatures.

Figure C-17 — Eagle Lake Input Check (LOD 2)

Input Check
Parameter Value Units  *
Mixture ions
Cement Cortent 700 Ib#yd®
F Fly Ash Cortent 233 by
Water Content 269 lbAyd®
Coarse Aggregate Cortert 1527 IbAyd®
Fine Agagregate Content 1269 IbAyd?
Air Cortert R .
Chemical Admidure ASTM C494 Type F, PCHRWR
Chemical Admixdure ASTM C434 Type B, Retarder
Chemical Admixdure ASTM C434 Type C., Accelerator
Material ies
Cemert Type ]
Alite content 65 %
belite cortent n %
Auminate cortert 42 %
Fenite content 88 %
gypsum contert 107 % £
Bassanite cortert 24 %
Anhydrite content 06 %
Periclase content 0 %
Arcanite content 0.8 %
Calette content 0.7 %
Blaine Fineness 517.5 m"2/..

- | Dfaut | ]
Coarse Agg. type Siliceous River Gravel
Siiceous Five
Concrete CTE 6.0 1076
Concrete k 191 BT/,
Combined Aggregate Cp 0.20 BT/,
Coarse Agg. type Siliceous River Gravel
Siiceous River Sc -
4 m ] »

Parameter WValue Units
Environment s

Ave. Daily Max Temp 564 F
Ave. Daily Min Temp. 752 F
Ave. Max Daily Solar Radiation 5185 Wim™2
Ave. Max Daity Wind Speed 6.2 m/s
Ave. Max Relative Humidity 9 %
Ave. Min Relative Humidity 32 %
Construction Inputs

Concrete Fresh Temperature 50 F
Blanket R-Value 291 F

Forms are stripped after 14 hrs
fFomColr  [Red [ ]

Precast Subbase oy | ]

Cure Method Application Age

Cormosion s

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

.

Caleulate
Temperatures

Figure C-18 — Eagle Lake Input Check (LOD 3)
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Parameter Value Units
Concrete placement time 3 pm
Concrete placement date 74201
Member Inputs
Shape Choice U54 Beam
Mixture ions
Cement Cortent 700 lbAyd®
F Fly Ash Cortent 233 lbAyd®
Water Content 269 lbAyd®
Coarse Aggregate Content 1527 IbAyd?
Fine Aggregate Content 1269 IbAyd?
Air Conlent N
Chemical Admixdure ASTM C434 Type F, PCHRWR
Chemical Admixdure ASTM C434 Type B, Retarder
Chemical Admidure ASTM C494 Type C. Accelerator
1}

| Defaut | |
Activation Energy 23573 Jfmol
Apha 0676
Tau 13266 hrs
Beta 0.939
Hu 446523
Coarse Agg. type Siliceous River Gravel
[Fine Agatpe | Siiceous Rver Sand | __|
Conerete CTE €0 1076,
Concrete k 151 BTU/
Combined Aggregate Cp 0.20 BTU/
Coarse Agg. type Siliceous River Gravel
Siiceous five

i

* | | Parameter Value Uniits
Environment s
Ave. Daily Max Temp 964 °F

| | Ave. Daily Min Temp. 752 F
Ave. Max Daily Solar Radiation 5185 Wsm™2
Ave. Max Daity Wind Speed 62 m/s
Ave. Max Relative Humidity 54 %
Ave. Min Relative Humidity 32 %
Construction Inputs

Concrete Fresh Temperature
Blanket R-Value

Forms are stipped after
Form Calor

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

[

Calculate
Temperatures.

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

Weather Data

Temperature

Wind Speed

90

80

70

60

50

40

o  Observed

------- Adjusted

0

.............. Default

\

\%;
\Q.
oD
\

[\

W

A 1
O
] \, 'IQ
\ /o
\
T

T T T T

11/18  11/19 11/20 11/21 11/22 11/23 11/24

16

14

Date

Figure D-1 — WBSB 8 Temperature

o  Observed

------- Adjusted

.............. Default

11/18 11/19 11/20 11/21 11/22 11/23 11/24

Date
Figure D-2 — WBSB 8 Wind Speed
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Observed
------- Adjusted
Default

OGow o S

L

FO0-0-0-0-9 BB E s st ok

5000

4500

4000
3500
3000
2500
2000
1500
1000

uoneipey .JJejos sAlje[nuin)

500

11/19  11/20  11/21  11/22  11/23  11/24

11/18

Date
Figure D-3 — WBSB 8 Solar Radiation

Observed
------- Adjusted
Default

100

LY
T T

o (=} o o

[ee} [ O n

Aypruny aaney

11/19  11/20  11/21  11/22  11/23  11/24

11/18

Date
Figure D-4 — WBSB 8 Relative Humidity
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ConcreteWorks Screen Prints

Figure D-5 - WBSB 8 General Inputs

Figure D-6 — WBSB 8 Member Dimensions
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Figure D-7 — WBSB 8 Mixture Proportions

. Material Properties = Ech==<=

Cement Chemical/Physical Properties

Type 171l = Check to manually enter cemert Blaine(m¥kg) Tons CO2/Tons Clinker
Emeli = ] chemical/physical properties
3715 090 &
Bogue Calculated Values (%)
S c._S C,A C,6 AF FreeCal 50 Mgl  Na20 K20
2 3 4 3

3
60.2 13 6.1 10.9 0.9 27 17 |foa 05

Aggregate Factors Hydration Calculation Properties
#of Coarse Aggregate Types 1 = [ Checisto manualy enter

hydration properties

First Coarse Aggregate Type

Dolomite -
Tau 16231 | Hey
Eeta 0.965
Alpha {uttimate):
#of Fine Aggregate Types 1. an

First Fine Aggregate Type

Siliceous River Sand -

] Check to Manually Enter the Concrete Coefficient of
Themmal Expansion and Thermal Properties

cte 51 E 10erF l Back l I Mot l
Concrete k BT U/ F
Combined Aggregate Cp  |0.20 BTUALSF

Figure D-8 — WBSB 8 Material Properties (LOD 1)
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-5 ]

' Material Properties
Cement Chemical/Physical Properties

Check to manually erter cement Blaine{m#kg) Tons COZ/Tons Clinker

Type I+
EEEilE chemicalfphysical properties

3852 0.90 =
Bogue Calculated Values ()
CSS c._s CSA C , AF FreeCa0 SO3 Mgd  Na20 K20

2

32.56 38.60 1218 581 372 133 014 0.53
Aggregate Factors Hydration Calculation Properties
Hof Coarse Aggregate Typess |1 & B Check to manually enter

hydration properties
First Coarse Aggregate Type

Dolomite - Activation Energy Jimol
Tau Hrs
Beta 1138
Apha (ukimate): |0
#of Fine Aggregate Types 1 - Hu T

First Fine Aggregate Type

Siliceous River Sand -

Check to Manually Enter the Concrete Coefficient of
Thermal Expansion and Themal Properties

cte 49 B werF l Back l I MNext l
Concreteke (246 15 BTU/MiA/F
Combined Aggregate Cp 020 12| UMb/ F

Figure D-9 — WBSB 8 Material Properties (LOD 2)

=N )

. Material Properties
Cement Chemical/Physical Properties

Check to manually enter cement Blaine(m?ka) Tons CO2/Tons Clinker

Type I/l =
Eenahpe chemical/physical properties

3852 0.90 |
Rietveld Calculated Values (%)
Alte: Belte  Aluminate  Femite Gypsum Bassanite Anhydite Perclase Arcanite  Calcite

644 =] [53 [ [104 [ 20 R [173 B[00 e 11 B 07 EFHM4 =

Aggregate Factors Hydration Calculation Properties

#of Coarse Aggregate Types | B Check to manually enter
hydration properties

First Coarse Aggregate Type

Dolomite - Activation Eneray Jimol
Tau Hrs
Beta
AMlpha (uttimate):
tof Fine Aggregate Types. | = Ho 1 dhg
First Fine Aggregate Type
Siliceous River Sand -
Check to Manually Enter the Concrete Coefficient of
Themal Expansion and Thermal Properties
ce 5 B e l Back ] [ Nexd ]

Concretek 246 |57 BTUeft/F
Combined Aggregate Cp (020 /=] BTU//F

Figure D-10 — WBSB 8 Material Properties (LOD 3)
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' Material Properties

Cement Chemical/Physical Properties

Cement Type
Bogue Calculated Values (%)

C35 CZS CEA C ,AF FreeCa0
602 13 6.1 10.9 0.5
Aggregate Factors

H of Coarse Aggregate Types 1 =

First Coarse Aggregate Type

Dolomite -

H of Fine Aggregate Types 1 -

First Fine Aggregate Type

Siliceous River Sand -

Checl to Manually Enter the Concrete Coefficient of
Themal Expansion and Themal Properties

cTE 49 1076/°F
Concretek (246 15 BTUmeArF
Combined Aggregate Cp 020 |2 gTusbsF

Type Ll = Check to manually enter cement
chemical/physical properties

SO3

(5|

Blaine{m?/kg) Tons CO2/Tons Clinker
3715 050 &
MgQd  Na20 K20
17 0.1 0.5

Hydration Calculation Properties

Check to manually enter
hydration properties

Adiivation Energy 27122 J/mol

Tau 18483 g

Beta 1032

Mphs futimate): 0868

i 435953 kg

I Back ] l Next ]

Figure D-11 — WBSB 8 Material Properties (LOD 4)

! Construction Inputs

Conerete Placement Temperature
Click the method of calculating the concrete fresh temperaturs

-, Calculated from indivual
constituent material temperatures

.~ Concrete fresh temperature is squal to ambient temperature at
=" time of placement

@) Manually enter concrete fresh temperature

Estimated Placement Tempersture 64 °F

Formwork

Concrete age at Forn Removal  1p7  hrs

Form Type Steel -

Form Color Yellow -

Blanket Insulation R-Valus
Blanket R-Value
(Thickness / Themal 291
Conductivity)

[ fes

After Forms Are Stripped

Select the comect combination of curing methods on
concrete exposed after forms are stripped

White Curing Compound Black Plastic
L g Comps ]

[] Wet Cuing Blarket  []] White or Clear Plastic

Time between form removal and ] hrs
curing method applied

Form Liners

Check which sides have form liners

[] Width [] Depth

L= |

Figure D-12 — WBSB 8 Construction Inputs
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Temperature | Wind Speed | Percent Cloud Caver | Relative Humidty | Yeary Tempersture | Summary Graphs |

Temperature is in Degrees F
day Mae Min
4 1 652 447
2 708 436
Check to manually erter 3 s 451
tempersture data 4 8186 63.1
5 823 6
6 326 70.8
7 344 T
8 731 454

Figure D-13 — WBSB 8 Environment Inputs (Temperature)

Temperaturs | Vind Speed |FewtﬂoudCom | Relative Humidity | YeainamaMISuma’y&aJhsl

Wind Speed is in mph

Mz
126
71
8
11
1.9

&

— Check to manually enter
wind speed data

73
122
142

o~ h|e | d|w ha| =

Figure D-14 — WBSB 8 Environment Inputs (Wind Speed)
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Temperature | Wind Speed | Percent Cloud Cover | Relative Humidty | Yeary Tempersture | Summary Graphs |

Cloud Cover is according to a

Cloud Cover is used to calculate the solar radiation. sliding scale as shown below

day Max

» 1 14.1

2 17.5

1 Check to manually enter

cloud cover data 3 737

4 65.9

Cloud Cover Sliding Scale Index 5 9.1
6 68.8

Sunny Partly Cloudy Jvercast 7 523
8 98.6

a - =

0 10 20 30 40 50 60 70 B0 950 100

Figure D-15 — WBSB 8 Environment Inputs (Cloud Cover)

| Temperature | Wind Speed [ Percent Cloud Cover | Reiative Humidity | Yearly Temperature | Summary Graphs |

Humidity is in percent

day Manx Min
3 1 63.7 284
2 T42 238
3 535 516
4 28 478
D ety : s Tt
7 249 456
8 826 29

Figure D-16 — WBSB 8 Environment Inputs (Relative Humidity)
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Parameter
General Inputs
Project Location
Unit System

Lif D

Anal Duration
Concrete placemert time
Concrete placement date

Member width
Member depth

Mixture ions

Cement Content

F Fly Ash Cortent

Water Content

Coarse Aggregate Content

Fine Aggregate Content

Air Contert

Chemical Admixdure ASTM C434
Chemical Admixdure ASTM C434

Materi
Cement Typ

Hydration Parameler Values

Coarse Agg. type

Value Units
Austin
lEngish | |

Percent of Concrete
20

4
11/18/2010

| Rect coumn | |
10.17 [
75 it
428 oA
1075 IbAd
212 A
1934 oAy
1356 b Ay

5 |u |
Type F, FCHRWR.
Type B, Retarder

Default
Dolomite

Coarse Agg typs

i

m

Parameter Value Uniits
Environment s

Ave. Daily Max Temp 668 °F

Ave. Daily Min Temp. 522 F

Ave. Max Daily Solar Radiation 4875 Wsm™2
Ave. Max Daity Wind Speed 121 m/s
Ave. Max Relative Humidity 844 %

Ave. Min Relative Humidity 541 %
Construction Inputs

Concrete Fresh Temperature

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

[

Calculate
Temperatures.

Figure D-17 — WBSB 8 Input Check (LOD 1)

Parameter Value Units
Member width 107 ft
Member depth 75 ft
Mixture ons
Cement Cortent 428 lbAyd®
F Fly Ash Cortent 1075 lbAyd®
Water Content anz2 IbAyd?
Coarse Aggregate Content 1934 IbAyd?
Fine Aggregate Content 1356 Ibyd®
A Content [ P
Chemical Admixdure ASTM C434 Type F, PCHRWR
Chemical Admidure ASTM C494 Type B. Retarder
Material Properties
Cemert Type T
C3S content 3256 %
C25 content 386 %
C3A content 1218 %
CAAF contert 581 %
Free Ca0 content 0 k3
MgO content 133 %
Alkcali cortent 0.43 %
Blaine Fineness 3852 m"2/..
- | Dfaut | ]
Coarse Agg. type Dolomite
Concrete CTE 43 1076
Concrete k 246 BT/,
Combined Aggregate Cp 0.20 BT/,
Coarse Agg. type Dolomite
Siiceous Rive

i

Parameter WValue Units
Environment s

Ave. Daily Max Temp 778 F

Ave. Daily Min Temp. 579 F

Ave. Max Daily Solar Radiation 4554 Wim™2
Ave. Max Daity Wind Speed 105 m/s
Ave. Max Relative Humidity 825 %

Ave. Min Relative Humidity 409 %
Construction Inputs

Concrete Fresh Temperature 64

Blanket RVoe 251 [ ]
Forms are stripped after 101 hrs
Form Calor Yelow

Steel

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

.

Caleulate
Temperatures

Figure D-18 — WBSB 8 Input Check (LOD 2)
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Parameter Value Units =
Member width 1017 ft
Member depth 75 ft
Mixture ions
Cement Content 428 Ibfyd?
F Fly Ash Content 1075 Ibfyd®
Water Cortent 2312 Ibfyd®
Coarse Aggregate Content 1934 IbAyd®
Fine Aggregate Content 1356 IbAyd®
Air Cortert E
Chemical Admidure ASTM C434 Type F, PCHRWR
Chemical Admidure ASTM C434 Type B, Retarder

ial Propert
Comeriipe T
Alite content 644 %
belite content 53 % L
Alumiriate content 104 % 1
Fermite content 2 %
gypsum content 173 %
Bassanite content 0s %
Anhydiite content 08 %
Periclase content 11 %
Arcanite content 07 %
Calcite content 41 k
Blaine Fineness 385.2 m"2/.
Hydretion P =T . |
Coarse Agg. type Dolomite
Fi a
Concrete CTE
Concrete k 246 BTUY.
Combined Aggregate Cp 0.20 BTU/. +
« m d

Parameter Value Units
Environment £3

Ave. Daily Max Temp 778 F
Ave. Daily Min Temp. 579 °F
Ave. Max Daily Solar Radiation 4554 Wim™2
Ave. Max Daily Wind Speed 105 mis
Ave. Max Relative Humidity 825 %

Ave. Min Relative Humidity 408 %
Construction Inputs

Concrete Fresh Temperature

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

o]

Calculate
Temperatures

Figure D-19 — WBSB 8 Input Check (LOD 3)

Parameter Value Units  “
Member width 107 ft
Member depth 75 ft
Mixture ions
Cementt Content 428 IbAyd*
F Fly Ash Cantent 1075 IbAvd?
Water Content anz2 IbAy
Coarse Aggregate Content 1934 IbApd?
Fine Aggregate Content Ibfyd?
5 %]
Chemical Admidure ASTM C454 Type F, PCHRWR
Chemical Admixurs ASTM C454 Type B. Retarder
T
Defaut | |
Activation Energy 2n2 Jimol
Apha 0.363
Tau 18483 hrs
Beta 1.032 g
Hu 435953
Coarse Agg. type Dolomite
Fine Agg. type -
Concrete CTE 106,
Concrete k BTUY.
Combined Aggregate Cp BTU/.
Coarse Agg. type Dolomite
Siiczous Rver Sand
Mechanical Properties
Vaturty Method I NuseSal | |
-
< i J

Parameter Value Units
Environment £

Ave. Daity Max Temp 7i8 F
Ave. Daily Min Temp 579 F
Ave. Max Daily Solar Radiation 4554 W/m™2
Ave. Max Daily Wind Speed 10.5 m/s
Ave. Max Relative Humidity 825 %
Ave. Min Relative Humidity 409 %
Construction Inputs

Concrete Fresh Temperature 64

Forms are stripped after 101 hrs
Form Color Yellow

Steel

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

L= |

Caleulate
Temperatures

Figure D-20 — WBSB 8 Input Check (LOD 4)
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Appendix E: IH35/SH71 WBSB Column 9

Weather Data

Temperature

Wind Speed

80

75

70

65

60

55 A

.
¢
S
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45

40

35

30 T T T T T 1
12/20 12/21 12/22 12/23 12/24  12/25 12/26

Date

Figure E-1 — WBSB 9 Temperature
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Figure E-2 — WBSB 9 Wind Speed

177

Observed
Adjusted

Default

Observed
Adjusted

Default



Observed
------- Adjusted
Default

3000

o
e Q VN
i
AT —lll
........................................... Pg 000 s00:
. Fﬁﬂ.
]
)
............... I'I
...-ru@g
icD!OlDilecbb
0..0...0.&?6...0...0.0...0!.0.
o = = g S N
=) = 2 g 3
n < et = °
N N 1 1

uoneipey .JJejos sAlje[nuin)

12/21  12/22  12/23  12/24  12/25  12/26

12/20

Date

WBSB 9 Solar Radiation

Figure E-3 —

Observed

o

o
3 X
v =
2 8
s o BN ]
< A
]
(]
(]
(]
(]
(]
|

100

70

o
]

80

Aypruny aaney

(=
L

40

12/21  12/22  12/23  12/24  12/25  12/26

12/20

Date
Figure E-4 — WBSB 9 Relative Humidity
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ConcreteWorks Screen Prints

Figure E-5 - WBSB 9 General Inputs

Figure E-6 — WBSB 9 Member Dimensions

179



Mixture Proportion Inputs =N

Mix Propartion Inputs o ‘Supplementary Cementing Materials
Cement Contert 4315 IbAyd* Click on the check to indicate if an admixturs is in the mix -
Water Cortent B 7] Ciass C Py Ash
Coarss Aggregate Content WG g CassFAyAsh 1075 bAd 13 %Ca0
Fine Agaregate Corter 1 by ] Grade 120 Slag
: ] Uttra Fine Fy
Air Cortent % [ Siica Fume =

Chemical Admidure Inputs

B Low Range Water

Mid-Range Mapthalene High-Range Polycarboxylate High-Range
Reducer(Type A} ] o

Waer Reducer Water Reducer (Type F) Water Reducer(Type F)

Retarder (Type B) [F] Accelerator (Type C)

Meed Help with Chemical Admidure Inputs?

Mix Proportions (% by weight) Calculated Madure Proportion
Sacks of Cement/yd® 57
e Gallors of water/sack of Cemert | +2
W cement
BT W water Water/Cemert 054
[ coarseagg —
33.50% fine agg Water/Cementitious 043
W cash
47.36% Mrash
M siso
[H sitica fume:
W uitra fine
l Back ] l Next ]

Figure E-7 — WBSB 9 Mixture Proportions

. Material Properties

=N )

Cement Chemical/Physical Properties

Type 171l ~ Check to manually enter cement Blaine(m¥ka) Tons CO2/Tons Clinker
i a chemical/physical properties
3715 0.90 |
Bogue Calculated Values (%)

CE’.S CQS C?.A C4AF Free Ca0 503 Mgl Na20 K20

602 ) 6.1 27 17 01 05
Aggregate Factors Hydration Calculation Properties
Hof Coarse Aggregate Types | A Check to manually enter

hydration properties
First Coarse Aggregate Type

Dolomite - | Yimol
Tau Hrs
Beta
AMlpha (uttimate):

Hof Fine Aggregate Types 1

M Hu

First Fine Aggregate Type

Siliceous River Sand -

] Check to Manually Enter the Concrete Coefficient of
Themal Expansion and Thermal Properties

cte B E w0erF I Back ] l Nest ]
Concretek | 1.24 BTUshrft/F
Combined Aggregate Cp (0.2 BTU/b/F

Figure E-8 — WBSB 9 Material Properties (LOD 1)
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-5 ]

' Material Properties
Cement Chemical/Physical Properties

Check to manually erter cement Blaine{m#kg) Tons COZ/Tons Clinker

Type I+
EEEilE chemicalfphysical properties

3893 0.90 =
Bogue Calculated Values ()
CSS c._s CSA C , AF FreeCa0 SO3 Mgd  Na20 K20

2

4877 23.36 11.42 52 £x:} 127 013 0.54
Aggregate Factors Hydration Calculation Properties
Hof Coarse Aggregate Typess |1 & B Check to manually enter
hydration properties

First Coarse Aggregate Type

Dolomite - Adtivation Energy Jmol
Tau Hrs
Beta 1116

Apha (utimate): |

#of Fine Aggregate Types 1 - Hu

First Fine Aggregate Type

Siliceous River Sand -

Check to Manually Enter the Concrete Coefficient of
Thermal Expansion and Themal Properties

cte P21 B werF l Back l I MNext l
Concretek (245 15 BTUMif/F
Combined Aggregate Cp 020 12| UMb/ F

Figure E-9 — WBSB 9 Material Properties (LOD 2)

. Material Properties =R <=
Cement Chemical/Physical Properties

Type 171l ~ Check to manually enter cement Blaine(m¥ka) Tons CO2/Tons Clinker

ET T chemical/physical properties

3893 0.90 |
Rietveld Calculated Values (%)
Alte: Belte  Aluminate  Femite Gypsum Bassanite Anhydite Perclase Arcanite  Calcite

590 R [61 R (103 25 a5 B0e 06 EH[1 B 07 HPBE B
Aggregate Factors Hydration Calculation Propertiss

#of Coarse Aggregate Types | B Check to manually enter
hydration properties

First Coarse Aggregate Type
Dolomite - Activation Energy |45

Tau

Beta

AMlpha (uttimate):

#of Fine Aggregate Types 1 -

Hu Jikg
First Fine Aggregate Type
Siliceous River Sand -
Check to Manually Enter the Concrete Coefficient of
Themal Expansion and Thermal Properties
ce BT e l Back ] [ Nexd ]

Concretek 245 |5 BTUeft/F
Combined Aggregate Cp (020 /=] BTU//F

Figure E-10 — WBSB 9 Material Properties (LOD 3)
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' Material Properties

Cement Chemical/Physical Properties

Cement Type
Bogue Calculated Values (%)

C35 CZS CEA C ,AF FreeCa0
602 13 6.1 10.9 0.5
Aggregate Factors

H of Coarse Aggregate Types 1 =

First Coarse Aggregate Type

Dolomite -

H of Fine Aggregate Types 1 -

First Fine Aggregate Type

Siliceous River Sand -

Checl to Manually Enter the Concrete Coefficient of
Themal Expansion and Themal Properties

cte 31 5| w0verF
Concretek (245 15 BTUMeArF
Combined Aggregate Cp 020 |2 gTusbsF

Type Ll = Check to manually enter cement
chemical/physical properties

(5|

Blaine{m?/kg) Tons CO2/Tons Clinker

3715 050 &
MgQd  Na20 K20
17 0.1 0.5
Hydration Calculation Properties

Check to manually enter
hydration properties

Adiivation Energy 26914 /ol

Tau 18495 g
Beta 0812

Mpha futimate): 0855

Hu 462573 kg

= =]

Figure E-11 — WBSB 9 Material Properties (LOD 4)

! Construction Inputs

Conerete Placement Temperature
Click the method of calculating the concrete fresh temperaturs

-, Calculated from indivual
constituent material temperatures

.~ Concrete fresh temperature is squal to ambient temperature at
=" time of placement

@) Manually enter concrete fresh temperature

Estimated Placement Tempersture il °F

Formwark
Concrete age at Fom Removal 129 hrs
Form Type Steel -
Form Color Yellow -

Blanket Insulation R-Valus

Blanket R-Value
(Thickness / Themal 291
Conductivity)

[ fes

After Forms Are Stripped

Select the comect combination of curing methods on
concrete exposed after forms are stripped
[] White Curing Compound [ Black Plastic
[] Wet Curing Blanket [] White or Clear Plastic

Time between form removal and ] hrs
curing method applied

Form Liners

Check which sides have form liners

[] Width [] Depth

= =

Figure E-12 — WBSB 9 Construction Inputs
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Temperature | Wind Speed | Percent Cloud Caver | Relative Humidty | Yeary Tempersture | Summary Graphs |

Temperature is in Degrees F

day Mae Min
4 1 7435 51.1
2 773 626
Check to manually erter 3 47 537
tempersture data 4 6435 527
5 659 455
6 458 35

7 503 23
8 591 e

Figure E-13 — WBSB 9 Environment Inputs (Temperature)

Temperaturs | Vind Speed |FewtﬂoudCom | Relative Humidity | YeainamaMISuma’y&aJhsl

— Check to manually enter
wind speed data

@[~ [@ o &=
=
£

Figure E-14 — WBSB 9 Environment Inputs (Wind Speed)
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Temperature | Wind Speed | Percent Cloud Cover | Relative Humidty | Yeary Tempersture | Summary Graphs |

Cloud Cover is according to a

Cloud Cover is used to calculate the solar radiation. sliding scale as shown below
day Max
» 1 55
2 56
m ST —
4 9
Cloud Cover Sliding Scale Index 5 100
6 56
Sunny Partly Cloudy Overcast 7 7
8 32

a - =

0 10 20 30 40 50 60 70 B0 950 100

Figure E-15 — WBSB 9 Environment Inputs (Cloud Cover)

| Temperature | Wind Speed [ Percent Cloud Cover | Reiative Humidity | Yearly Temperature | Summary Graphs |

Humidity is in percent

day Manx Min

3 1 50.7 5086

2 254 525

3 53 481

4 Nl 538

D ety : me T
7 20.8 328

8 852 442

Figure E-16 — WBSB 9 Environment Inputs (Relative Humidity)
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Parameter Value Uniits
General Inputs
Project Location Austin

Unit System

Concrete placement time 1
Concrete placement date 12/20/2010
| Rect cobmn | _|

Member width 11.833 ft
Member depth 75
Mixture: ions
Cementt Content 4315
F Fly Ash Cortent 1075
Water Cortert 2
Coarse Aggregate Content 1906
Fine Aggregate Content 1348
i Corlert
Chemical Admidure ASTM C454 Type F, PCHRWR
Chemical Admidure ASTM C454 Type B, Retarder

al Properties

Coment Tipe i
[Comert Chemisty Valves  |Defat | |
Hydration Parameter Values Defaut | ]
Coarse Agg. type Dolomite:

Coarse Agg. type

Fine Aga. type

« m d

Siliceous River Sand

Siliceous River Sand

Parameter Value Units
Environment £3

Ave. Daily Max Temp 58.7 F
Ave. Daily Min Temp. 434 F
Ave. Max Daily Solar Radiation 4553 Wim™2
Ave. Max Daily Wind Speed 128 mis
Ave. Max Relative Humidity 778 %
Ave. Min Relative Humidity 493 %
Construction Inputs

Concrete Fresh Temperature ! F
Blanket R-Value 29 F
Forms are stripped after 120 hrs

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

o]

Calculate
Temperatures

Figure E-17 — WBSB 9 Input Check (LOD 1)

Parameter Value Units  *
Member width 11.833 ft
Member depth 75 ft
Mixture ons
Cement Cortent 4315 lbAyd®
F Fly Ash Cortent 1075 lbAyd®
Water Content anz2 IbAyd?
Coarse Aggregate Content 1906 IbAyd?
Fine Aggregate Content 1348 Ibyd®
A Content [ P
Chemical Admixdure ASTM C434 Type F, PCHRWR
Chemical Admidure ASTM C494 Type B. Retarder
Material Properties
Cemert Type ]
C3S content 4877 %
C25 content 2336 %
C3A content 1142 % =
CAAF contert 52 %
Free Ca0 content 0 k3
MgO content 127 %
Alkcali cortent 0.43 %
Blaine Fineness 389.3 m"2/..
- | Dfaut | ]
Coarse Agg. type Dolomite
Concrete CTE 5.1 1076
Concrete k 245 BT/,
Combined Aggregate Cp 0.20 BT/,
Coarse Agg. type Dolomite
Siiceous Rive
4 m J

Parameter WValue Units
Environment s

Ave. Daily Max Temp 629 F

Ave. Daily Min Temp. 4532 F

Ave. Max Daily Solar Radiation 4482 Wim™2
Ave. Max Daity Wind Speed 59 m/s
Ave. Max Relative Humidity 853 %

Ave. Min Relative Humidity 505 %
Construction Inputs

Concrete Fresh Temperature 71

Blanket RVoe 251 [ ]
Forms are stripped after 120 hrs
Form Calor Yelow

Steel

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

.

Caleulate
Temperatures

Figure E-18 — WBSB 9 Input Check (LOD 2)
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Parameter Value Units =
Member width 11.833 ft
Member depth 75 ft
Mixture ions

Cement Content 4315 Ibfyd?
F Fly Ash Content 1075 Ibfyd®
Water Cortent 2312 Ibfyd®
Coarse Aggregate Content 1906 IbAyd®
Fine Aggregate Content 1348 IbAyd®
Air Cortert E
Chemical Admidure ASTM C434 Type F, PCHRWR

Chemical Admidure ASTM C434 Type B, Retarder

Alite content 59 %

belite content 6.1 % L
Alumiriate content 10.3 % 1
Fermite content 25 %
gypsum content 145 %
Bassanite content 0s %
Anhydiite content 08 %
Periclase content 11 %
Arcanite content 07 %

Calcite content 41 k

Blaine Fineness 389.3 m"2/.
Hydretion P =T . |
Coarse Agg. type Dolomite

Fi a

Concrete CTE

Concrete k 245 BTUY.
Combined Aggregate Cp 0.20 BTU/. ~
« m d

Parameter Value Units
Environment £3

Ave. Daily Max Temp B2.5 F
Ave. Daily Min Temp. 452 F
Ave. Max Daily Solar Radiation 4482 Wim™2
Ave. Max Daily Wind Speed 89 mis
Ave. Max Relative Humidity 853 %
Ave. Min Relative Humidity 505 %
Construction Inputs

Concrete Fresh Temperature 7

Forms are stripped after 120 hrs

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

o]

Calculate
Temperatures

Figure E-19 — WBSB 9 Input Check (LOD 3)

Parameter Value Units  “
Member width 11.833 ft
Member depth 75 ft
Mixture ions

Cementt Content 4315 IbAyd*

F Fly Ash Cantent 1075 IbAvd?
Water Content anz2 IbAy
Coarse Aggregate Content 1906 IbApd?
Fine Aggregate Content Ibfyd?

5 %]

Chemical Admidure ASTM C454
Chemical Admoure ASTM C494

Type F, PCHRWR
Type B. Retarder

Activation Energy 26914

Apha 0.895
Tau 18.455 hrs
Beta 0.812 g
Hu 462578
Coarse Agg. type Dolomite
Fine Agg. type -
Concrete CTE 106,
Concrete k BTUY.
Combined Aggregate Cp BTU/.
Coarse Agg. type Dolomite
Siiczous Rver Sand
Mechanical Properties
Vaturty Method I NuseSal | |

-
< i J

Parameter Value Units
Environment £

Ave. Daity Max Temp 625 F
Ave. Daily Min Temp 252 F
Ave. Max Daily Solar Radiation 4482 W/m™2
Ave. Max Daily Wind Speed 59 m/s
Ave. Max Relative Humidity 853 %
Ave. Min Relative Humidity 50.5 %
Construction Inputs

Concrete Fresh Temperature 71

Forms are stripped after 120 hrs
Form Color Yellow

Steel

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

|

Caleulate
Temperatures

Figure E-20 — WBSB 9 Input Check (LOD 4)
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