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EXECUTIVE SUMMARY

The Georgia Department of Transportation (GDOT) considers mass concrete as “any large
volume of cast-in-place concrete with dimensions large enough to require that measures be
taken to cope with the generation of heat and attendant volume change to minimize
cracking.” The current GDOT specification requires contractors to develop and implement
thermal management techniques (e.g., active cooling during curing, precooling prior to
placement, etc.) to mitigate risks arising from high temperatures and thermal gradients in
mass concrete. The bespoke nature of these measures often leads to a risk of the added
expense of developing and enacting cooling measures. Standardized, validated cooling
systems are seen as a way to mitigate this cost risk as the engineering expenses are spread
over many projects. To address these issues on mass concrete, the objectives of this
research are 1) to characterize the heat generation in mass concrete placements typically
encountered by GDOT; 2) to create an analytical method for determining the cooling
requirements for concrete; and 3) to develop a comprehensive guideline for transportation
infrastructure applications. To achieve the objectives, the research team conducted four

main tasks as follows.

e Task 1. Mid-Scale Heat of Hydration and Cooling Experiments at Georgia
Tech: The research team developed new mix designs and assessed their
performance for mass concrete by characterizing their compressive strength and
heat of hydration characteristics. This included both small-scale, semi-adiabatic

specimens and mid-scale specimen tests, one with integral cooling.
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Task 2. Analytical Modeling of Cooling Experiments: The research team created
analytical thermal models, including both simple heat of hydration models and
finite element models depicting heat generation and distribution of temperature in
large placements of mass concrete and including the integration of cooling into
mass concrete.

Task 3. Development of Thermal Management Plan: The research team
developed thermal management plans for mass concrete based on the results from
Tasks 1 and 2. For this purpose, the analytic hierarchy process (AHP) analysis was
conducted to identify the best practice on the mass concrete thermal control
considering cost, performance, and feasibility. For the AHP analysis, the research
team surveyed contractors throughout the country as well as GDOT engineers.
Task 4. Report and Workshop: The research team hosted a progress meeting and

workshop with GDOT engineers to demonstrate the research outcome.

Through the literature review, the research team found that two major concerns exist with
mass concrete. The first is that large thermal gradients during the heat generation phase
and subsequent cooling phase lead to a restraint of thermal movement and subsequent
tension cracking in locations where the tensile stress in the concrete exceeds the tensile
strength. The second is that high temperatures exceeding around 180°F will lead to delayed
ettringite formation (DEF) in the concrete. At this time, the clear solution to both of these
problems is to use Class F fly ash (FA) in all mass concrete. Class F fly ash is pozzolanic,
tending to slow the set of chemical reactions associated with concrete curing; thus, it lowers

both the heat of hydration release and the rate of strength increase in the concrete. In

X



addition, concrete made with fly ash tends to have a higher temperature threshold for DEF.
For this reason, Florida DOT suggests a minimum fly ash content of 25% for all mass

concrete, and it is proposed for GDOT to provide the same specification.

To support this, the research team tested a concrete mix with 25% Class F fly ash and a
second mix with 45% Class F fly ash. The 25% mix demonstrates a modest reduction in
the peak heat of hydration with good early strength gain. The 45% mix demonstrates a
significant reduction in the peak heat of hydration, but with a significant delay in strength
gain. The project team recommends that GDOT consider the 45% mix when it can be
shown that the structural elements (e.g., foundations, pile caps, and piers) will not be
subject to early loading. In addition, the team recommends that GDOT consider specifying
56-day strength requirements for these elements, instead of the 28-day strength
requirements. Additionally, the project team recommends that GDOT assess the current
special provisions for inadvertent requirements that exacerbate mass concrete problems.
This modification is likely in place to ensure a uniform, flowable concrete mix in a situation
where consolidation of the concrete is of concern. But workable, high-flowing mixes can
be developed using other materials such as limestone, which provide workability without

additional heat in the mix.

Through Task 2 (Analytical Modeling of Cooling Experiments), the research team found
that the one-dimensional (1D) forward-time, centered-space (FTCS) model can closely
predict peak temperatures and that three-dimensional (3D) finite-element analysis (FEA)

models slightly over-predict peak temperatures. All models under-predict the rate of



temperature change within concrete when the concrete is not actively cooled. The 1D FTCS
model over-predicts the rate of temperature decrease under active cooling. It is suspected
that the equations generating the parameters of the theoretical energy generation (Egen)
equation may be out of date with current cement mixes; however, other impacts, such as
inaccurate concrete properties, like specific heat or density, have not been ruled out.
Despite discrepancies with experiments, the 1D FTCS and 3D FEA models nevertheless
facilitate the design of effective active cooling systems. The 1D model enables quick
estimates of the impact of pipe size, material, and spacing; water temperatures; and water
flow rates. However, it does not capture the multidimensional effects that the FEA model
does. In practice, the 1D model was used to generate an initial cooling system design that

was refined using the FEA model.

With the outcomes from Tasks 1 and 2, the research team conducted AHP analysis to
identify the best practice for mass concrete. From a result of an online survey with
contractors and GDOT engineers, the importance weights of the criteria were determined
as follows: 1) cost: 0.322; 2) performance: 0.406; and 3) feasibility: 0.273. With the
importance weights, the research team completed AHP analysis on a passive strategy.
According to the results, fly ash (FA) + blast furnace slag (BFS) concrete was the best
alternative for mass concrete structures, and coarse cement concrete was second. These
results were based on the cost information collected by a concrete supplier in Georgia and
the experiment results in this study. The price and availability of concrete mixtures depend

on the region, and therefore, results may vary from region to region.
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1. Introduction

The Georgia Department of Transportation (GDOT) defines mass concrete as “any large
volume of cast-in-place concrete with dimensions large enough to require that measures be
taken to cope with the generation of heat and attendant volume change to minimize
cracking” and regulates that “any concrete element with the least dimension greater than
5 ft. (or greater than 6 ft. diameter for a drilled shaft) shall be designated as mass concrete.”
GDOT permits contractors to utilize approved methods for mass concrete cooling as long
as a temperature differential of 35°F or less is maintained between the interior and exterior
portions of the designated mass elements, and the maximum internal temperature of mass

concrete does not exceed 158°F (Georgia Department of Transportation, 2013).

The current GDOT specification requires contractors to develop and implement thermal
management techniques (e.g., active cooling during curing, precooling prior to placement,
etc.) to mitigate risks arising from high temperatures and thermal gradients in mass
concrete. The bespoke nature of these measures often leads to a risk of the added expense
of developing and enacting cooling measures. Standardized, validated cooling systems are
seen as a way to mitigate this cost risk as the engineering expenses are spread over many
projects. To mitigate the risks, researchers, as well as members of other state construction
and structures divisions, have been evaluating and implementing specifications regarding

the methodology of mass concrete cooling.

For example, the California Department of Transportation (CalTrans) Division of Research

and Innovation investigated the effects of the heat of hydration of mass concrete for cast-



in-place piles (Al-Manaseer & Elias, 2008). Through a series of studies on mass concrete,
several DOTs have developed their own mass concrete specifications and specific methods
of cooling mass concrete structures to ensure the quality of the structure (FDOT, 2015;
Georgia Department of Transportation, 2013). In most cases, however, they provided only
passive methods that replace some proportion of cementitious material with other
admixtures, such as fly ash and blast furnace slag (BFS). Moreover, most specifications
require a consistent mass concrete design for concrete elements over a certain size, despite
the fact that the heat of hydration of concrete varies greatly depending on the size of the
elements and the surrounding environment. To address these problems, this study proposes
a decision-making framework to apply a proper mass concrete cooling method according
to the size of the mass concrete structures and the surrounding environment. In addition,
this study suggests optimal alternatives for passive and active cooling methods based on

the results of the analytic hierarchy process (AHP).



2. Literature Review

2.1 Mass concrete specifications

Although many national organizations, including the American Concrete Institute (ACI),
define the term mass concrete, the definition typically varies among states and regions
(Gajda & Vangeem, 2002). More specifically, most State Departments of Transportation
(DOTs) have their own definition for mass concrete structures. In California, for example,
cast-in-place (CIP) piles with a diameter greater than 8 ft. (2.4 m) and all other elements
with the smallest dimension greater than 7 ft. (2.1 m) are defined as mass concrete (Al-
Manaseer & Elias, 2008). In Georgia, mass concrete is defined as any concrete element
with the least dimension greater than 5 ft. (1.5 m) or greater than a 6-ft. (1.8 m) diameter
for a drilled shaft (Georgia Department of Transportation, 2013). Eiland (2016) has
organized mass concrete specifications in states. Figures 1 and 2 describe updated mass

concrete designations and specifications, respectively.

Mass concrete designation

Dimension [ |61

o
[ar | NIA Special requirement for
[ |sr | | Specified on plans @

circular elements (ft)

Figure 1. Mass concrete designations in the United States
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Figure 2. Mass concrete specifications in the United States

Figure 2, only Florida lists a maximum temperature of 180°F. This is because

the Florida DOT has not approved a concrete mixture to be used for mass concrete

applications

without slag or fly ash, based on several studies indicating that the delayed

ettringite formation (DEF) is mitigated in fly ash and slag concrete (Chini, Muszynski,

Acquaye, & Tarkhan, 2003). Table 1 shows the variation in definitions in the United States.

Table 1. Mass concrete definitions in the United States

State DOT Definition
e CIP pile with a diameter greater than 8 ft. (2.4 m) and temperature
California monitoring required for diameter greater than 14 ft. (4.3 m)
o All other elements with least dimension greater than 7 ft. (2.1 m)
¢ Concrete with the least dimension of 3 ft. (0.9 m) where the volume to
Florida surface area of the concrete exceeds 1 ft. (0.3 m)
e Drilled shafts with a diameter greater than 6 ft. (1.8 m)
¢ Any element with least dimension greater than 5 ft. (1.5 m)
Georgia

e Any drilled shaft with least dimension greater than 6 ft. (1.8 m)




Table 1. Mass concrete definitions in the United States (Continued)

State DOT Definition
o e Least dimension of 5 ft. (1.5 m) for drilled shafts, foundations, footings,
fifinots substructures, or superstructures
Kentucky e Any structural element, excluding drilled shafts, with least dimension

greater than 6 ft. (1.8 m)

Louisiana | e Any concrete placement with least dimension greater than 4 ft. (1.2 m)

T ¢ Any concrete placement, excluding drilled shafts, with least dimension
exas

greater than 5 ft. (1.5 m)

2.2 Delayed ettringite formations (DEF)

The temperature of hydraulic cement rises as the mixing of the material causes chemical
reactions, which is defined as the heat of hydration. Most factors influencing the hydration
process also affect the rate of heat development and should be assessed in a mechanistic
modeling procedure (Al-Manaseer & Elias, 2008). Main factors impacting the hydration
heat in mass concrete structures include amount and type of cement, water content,
conditions of the surrounding environment, thermal properties, and structural geometric
properties. The temperature of the inner structure will peak a few days after the concrete is
placed; this is followed by cooling to a stable temperature (Mindeguia, Pimienta,
Noumow¢, & Kanema, 2010). During the rising temperature phase, a DEF can occur if the
internal temperature exceeds a critical value. The DEF is an internal form of concrete
deterioration. Volume changes impact the temperature change, which influences the
amount of thermal expansion for the concrete. For example, as concrete is placed in
formwork, the volume change is restrained during the cooling process, which builds a

tensile strain sufficient to cause internal cracks and deterioration.



2.3 Thermal control methods
Two variables are required to minimize cracking in mass concrete structures. These
variables are the temperature differential and the maximum temperature of the concrete
material. The following four methods are typically implemented as thermal control
methods (Riding, Poole, Schindler, Juenger, & Folliard, 2006):
e Lowering concrete mixture heat by maximizing cement replacement and
minimizing cementitious concrete — passive control
e Pre-cooling fresh concrete by shading or sprinkling aggregates, chilling batch
water, replacing batch water with ice or adopting liquid nitrogen — active control
e Applying thinner placements to quicken the cooling process — active control

¢ Implementing post-cooling systems — active control

Thermal control methods can be described as passive or active controls. Passive controls,
which are implemented prior to concrete placement, control the concrete ingredients, the
placement temperature and the mass of the structure. Active controls, which occur during
the hydration period, use insulating blankets to limit the temperature differentials. Active
controls also include installation of cooling pipes to accelerate internal heat exchange and

control the maximum temperature (Gajda & Vangeem, 2002).



3. Objectives
Currently, a common standard for cooling methods for mass concrete does not exist.
Minimal recommendations for thermal management during mass concrete cooling are
available. To provide objective data for decision making about mass concrete cooling, this
research aims to:
1. characterize the heat generation in mass concrete placements typically encountered
by GDOT in its construction projects,
2. create an analytical method for determining the cooling requirements for concrete,
3. and develop a comprehensive guideline for applying proper cooling methods to

mass concrete structures.



4. Mid-Scale Heat of Hydration and Cooling Experiments (Task 1)
To obtain objective data on the methods of hydration heat control of mass concrete, the
research team conducted several tests as follows:
1. compressive strength of proposed mix designs for mass concrete — ASTM C 39
2. semi-adiabatic cylinder tests — ASTM C 1768
3. mid-scale (4x4x6 ft.) heat of hydration and cooling system tests
The results of the compressive strength and hydration heat tests were used as references

for creating the best practice guidelines.

4.1 Compressive strength of proposed mix designs for mass concrete

In this study, the research team proposes five mix designs for mass concrete based on the
results of the literature reviews. Table 2 shows the five mass concrete mix designs and a
baseline concrete. The target slump was from 6 to 8 in. Figure 3 depicts a slump test
conducted with baseline concrete. In this experiment, GDOT class AA concrete was used
as a baseline concrete (Georgia Department of Transportation, 2006). In addition, type-F
fly ash and 40 um limestone were used in this study. A total of 24 compression tests for
the six mix designs were conducted at the end of the 7th, 14th, 28th, and 56th days of
curing, and the tests followed ASTM C 39. Three concrete cylinders were used for each
compression test. The results were calculated as the average of the compressive strengths

of the three cylinders. Figures 5 shows the results of the compressive strength tests.



Table 2. Proposed mix designs for mass concrete

Baseline 45% FA 25% FA FA + BFS Coarse cement Limestone
Cement 696.6 379.8 521.3 410.4 525.6 696.6
Slag - - - 165.6 - -
FA (type F) - 315 173.8 124.2 - -
Cementitious
material 40 pm limestone - - - - 174.6 -
(Ib./cu. yd.)
Total binder 696.6 364.8 695.0 700.2 700.2 696.6
Water 340.2 342 3273 342 309.6 309.6
Ww/C 0.488 0.492 0.471 0.488 0.442 0.444
#67 1684.8 1684.8 1701.0 1684.8 1701.0 1701.0
Natural sand 1254.6 1213.2 1226.0 1180.8 1267.2 1267.2
Aggregate
(Ib./cu. yd.) Coarse/fine ratio 1.34 1.39 1.39 1.43 1.34 -
PCWR 13.932 13.896 20.850 14.004 14.004 13.932

*FA: fly ash, BFS: blast furnace slag, PCWR: polycarboxylate superplasticizer water reducer, W/C: water-cementitious material ratio




Figure 3. A slump test for the baseline concrete
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Figure 4. A scene of the compressive strength test
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Figure 5. The results of the compressive strength tests

The results demonstrated that the higher the content of fly ash, the lower the compressive
strength. The limestone concrete showed similar compressive strength to the fly ash
concrete, and the coarse cement concrete showed the highest compressive strength among

the proposed mix designs.

4.2 Semi-adiabatic cylinder tests

To examine the heat of hydration for each concrete mixture, the research team conducted
semi-adiabatic cylinder tests with the six mix designs used in the compressive strength tests.
For this purpose, the research team prepared insulated/uninsulated 6x12-in. cylinders with
low-modulus strain/temperature sensors, as seen in Figure 6. The test followed ASTM

C1768 (ASTM, 2017).
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Figure 6. The insulated (left) and uninsulated (right) cylinders
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Figure 7. The temperature increase in insulated cylinders
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Temperature Increase in Uninsulated 6 inch Cylinders
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Figure 8. The temperature increase in uninsulated cylinders

Figures 7 and 8 depict the temperature increase in insulated cylinders and uninsulated
cylinders respectively. With the results of the compression tests and the semi-adiabatic
cylinder tests, the research team found that the 25% fly ash mix demonstrated a modest
reduction in the peak heat of hydration with reasonable early strength gain. The 45% mix
demonstrated a significant reduction in the peak heat of hydration, but with a significant
delay in strength gain. Therefore, the research team recommends that GDOT consider the
45% mix when it can be shown that the structural elements (e.g., foundations, pile caps,
piers) will not be subject to early loading. Since the tests were conducted on different dates,
the ambient temperatures were also different. Therefore, to acquire more reliable data, the

tests should be performed again on the same date.
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4.3 Mid-scale heat of hydration and cooling system tests

The research team built a mid-scale (4x4x6 ft.) specimen to characterize the internal heat
generation of different mix designs and associated stresses. The specimen contained
approximately 3.6 cubic yards of concrete weighing around 15,000 pounds. The specimen
was instrumented with the temperature sensors and concrete strain gauges to directly
measure the temperature increases caused by hydration heat and compressive stresses
associated with the restraint of expansion and of shrinkage caused by differential
temperature changes and by differential shrinkage. Figure 9 is an image of the assembled

concrete form for the mid-scale specimen.
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Figure 9. The concrete form for the mid-scale specimen

4.3.1 Mid-scale test without a cooling system
The first experiment was conducted with the baseline concrete without a cooling system

inside. The specimen is configured to promote one-dimensional heat flow (one cool surface
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at the top) and also a zone near the bottom that exceeds the temperature for delayed
ettringite formation (DEF). In order to collect the data, several sensors were installed.
Thirteen sensors were used for the specimen; the detailed information and the installed

locations are shown in Figure 10.
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Figure 10. The locations of the sensors

The four low-modulus strain/temperature sensors were positioned to capture the tensile
stresses caused by the differential temperature at the heat flow boundary. Additional
embedded temperature sensors (thermistors) were located near the boundaries of the
formwork to assess the efficacy of our insulation scheme and to help calibrate the finite
element models. Surface temperatures were measured on the uninsulated surface and on
the surface of the formwork. The data collecting interval was 5 minutes for the first 14 days

and every 15 minutes for the remaining 16+ days required for the specimen to cool.
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GDOT MC_Mid-scale experiment without cooling system - Baseline mix
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Figure 11. The results of the mid-scale specimen test (without cooling)

The temperature data collected by the sensors in the mid-scale specimen are shown in
Figure 11. The maximum temperature was 152.78°F (67.1°C) for T3 after casting the
concrete 46 hours. The maximum temperature difference between the surface (S2) and the

core (T3) of the concrete specimen was 48.5°F (27.1°C).

4.3.2 Mid-scale test with a cooling system

The research team also conducted a second mid-scale test with the cooling system. In this
test, 25% fly ash concrete was used. The research team rebuilt the formwork and fabricated
inside frames for installing sensors and cooling systems as shown in Figure 12. A total of
six thermal sensors and nine strain-thermal sensors were installed to the frame in the
formwork, and three thermal sensors were installed on the top surface. The schematic of
the planned experiment is shown in Figure 13. The experiment featured four cooling loops.
All four of the loops were made of PEX, both for high flexibility and to remove the need
for excess connections. The flow rate was measured at 15 gallons per minute (GPM),

meeting the cooling requirements.
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Figure 12. Plan of the mid-scale test with the cooling system
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Figure 13. The inside frame (left) and the cooling pipes (right)

The temperature data collected by the sensors in the mid-scale specimen are shown in
Figure 14. The cooling started 14 hours after concrete casting and lasted for eight hours.
The maximum temperature was 139.28°F (59.6°C) for TS 4 (temperature of ST04) 17
hours after concrete casting. After cooling started, the temperature decreased to 126.1°F

(52.3°C). The results of comparative analysis between experiment and simulation are

explained in Section 5.

GDOT Mass Concrete - Mid-Scale Actively Cooled Experiment - 25% Fly Ash Mix
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Figure 14. The results of the mid-scale specimen test (with cooling)
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5. Analytical Modeling of Cooling Experiments (Task 2)

The research team created analytical thermal models, including finite element models
depicting the distribution of temperature in large placements of unreinforced mass concrete.
The main goal of these analytical investigations was to provide guidance for the
development of the thermal management plan in Task 3. In addition, the mid-scale test data
was used to calibrate and verify the analytical models. The research team intended to
identify relations between key variables in order to support decisions regarding thermal
cooling system design and application, including characterizing the performance of heat
removal systems configured using PEX, steel, and copper pipe, to enable cost-effectiveness

to be addressed in the thermal management plan.

5.1 Methodology

To enable rapid modeling, a quasi-one-dimensional forward-time, centered-space (FTCS)
finite difference model was initially implemented in a Microsoft Excel spreadsheet, but
later written in a computer programming language, Python. This model solved the one-
dimensional heat diffusion equation with a term describing the exothermic energy release
due to cement hydration, and a correction term to account for heat transfer through the
insulated formwork (Riding, Poole, Folliard, Juenger, & Schindler, 2012; Schindler &
Folliard, 2005). In addition to computing temperatures and heat transfer within concrete
under non-adiabatic conditions, the model also determined adiabatic quantities such as
adiabatic temperature rise. This model also incorporated a simple scheme to model the
impact of active cooling by water flowing through tubes; factors such as water temperatures

and flow rates, and pipe materials and sizes, were included in the model as well.
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5.2 Analytical modeling of the mid-scale test without a cooling system

Modeling of the mid-scale experiment has been conducted both in a one-dimensional

model and in 3D finite elements using ABAQUS. One-dimensional modeling had

previously been completed using a spreadsheet-based FTCS (forward time, centered-space)
model; however, this version was difficult to maintain and enhance with new capabilities,

such as modeling the thermal effects of formwork and incorporating a basic, simple model

of active cooling systems. Thus, a Python code has been written to provide this more

flexible, quick-turnaround modeling capability used to inform experimental design, aid in

understanding test results, and support subsequent, more detailed analyses in ABAQUS.

For example, the heat generation in concrete is more easily determined with this code, and

this heat generation is used in the ABAQUS model as shown in Figure 15.
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Figure 15. Heat generation history from Python code used in ABAQUS
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Figure 16 shows the results of the 3D modeling and simulation using ABAQUS, and Figure
17 depicts experimentally measured temperature histories at sensor T4 (see Figure 10)
along with temperatures simulated in ABAQUS and the one-dimensional Python model
for the same location. Figure 17 shows the temperature profiles at the center of z=0.66m
of different simulation methods. In Figure 17, peak temperatures are well predicted,
particularly for the Python simulation (153°F (67.1°C) experiment, 154°F (68°C) Python
simulation), although the temperature history in the simulation lags compared to the

experiment.

Figure 16. 3D simulation results for the mid-scale test without a cooling system
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Core Temperatures: Jan. 2017 Experiment vs. 1D & 3D Simulations
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Figure 17. Experimental vs. modeled temperature history in the core of the
specimen (sensor location T4)
Figure 18 shows the experimental surface and ambient temperatures along with similarly
located simulated temperatures for both numerical models. Results show rough agreement
in rate of cooling at the surface despite warmer simulated temperatures; this is perhaps due
to 1) an under-specification of the boundary condition at the top surface in the simulations;
and 2) in the case of the 1D simulations, the concrete is discretized in finite layers such that
simulated temperatures are applied to all points within each layer; therefore the top layer’s

temperature is likely greater than that of the top surface of the concrete.
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Surface and Near Surface Temperatures: Jan. 2017 Experiment vs. 1D & 3D Simulations
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Figure 18. Experimental vs. modeled temperature history near the surface

5.3 Analytical modeling of the mid-scale test with a cooling system

The quasi-one-dimensional Python code supported the design of the mid-scale test with the
cooling system. In addition to supporting decisions on pipe placement and diameter, the
choice of material was taken in light of simulations. Figures 19 and 20 show the
temperature evolution and spatial temperature distribution for the 25% fly ash mix under
active cooling using 3/8-in. pipes made of PEX, steel, and copper; an uncooled simulation
is provided for context. The temperature vs. time comparison (Figure 19) is for a location
midway between cooling pipes, while the temperature vs. height above the bottom of the
concrete plot (Figure 20) is for hour 23 of the simulation, roughly halfway to the conclusion
of active cooling. The conditions are for the same as realized in the experiment: 1.7 GPM
of 56°F water (simulations are run with identical mass flow rates of water, so the volume
flow rates are slightly different for each material due to slight differences in actual pipe
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dimensions). Cooling begins when any point in the concrete reaches 136°F (58°C) and ends

when the hottest point in the concrete cools to 131°F (55°C).

1D FTCS Python simulation of midscale experiment with cooling system
and 3/8 inch pipe of various materials: middle location, time evolution
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Figure 19. 1D simulation of actively cooled concrete, various pipe materials, time
evolution; location is 0.39 m above the bottom of the concrete, midway between
cooling pipes (cooled steel = cooled copper)
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1D FTCS Python simulation of midscale experiment with cooling system and 3/8
inch pipe of various materials: during cooling, spatial comparison at 23 hours

70

60

50

40

30

Temperature (deg. C)

20
Uncooled

—o— Cooled, 3/8 PEX
10 @ Cooled, 3/8 steel

= =0~ = Cooled, 3/8 copper

0 0.2 0.4 06 08 1 1.2 14 16 18 2
Height (m)

Figure 20. 1D simulation of actively cooled concrete, various pipe materials, spatial
distribution (cooled steel = cooled copper)

Steel and copper tubing yield virtually identical results despite thermal conductivities that
differ by a factor of 10. PEX, having a thermal conductivity 100 times smaller than steel,
does have a lower cooling capability and requires just under two additional hours of active
cooling in order for concrete to cool to 131°F (55°C); additionally, because the concrete in
the vicinity of the pipes does not cool as much as with metal pipes, the concrete midway
between actively cooled sections likewise does not cool as much as with metal pipes.
However, for this mix, control scheme, pipe, and water temperature and flow rate, the

concrete’s temperature never rises to a critical level after active cooling ceases.

Although the results above are for the same conditions (placement temperature, ambient
temperature, etc.) as in the midscale experiment with active cooling, previous simulations

led to similar conclusions, and so PEX tubing was chosen for the experiment on the basis
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of cost and to demonstrate cooling with an inexpensive but thermally adequate material.
Figure 21 shows simulated temperatures along a vertical profile of this experiment at times
before, during, and after cooling with 1.7 GPM of 56°F water through 3/8-in. PEX tubes at

the same locations as the physical experiment.

1D FTCS Python simulation of midscale experiment with cooling system
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Figure 21. 1D simulation of actively cooled concrete, PEX tubing

As before, the cooling water begins flowing when the concrete reaches 136°F (58°C) — just
after 21 hours in this simulation — and turns off once the concrete cools to below 131°F
(55°C) 4 hours later. Compared to the physical experiment, the simulation under-predicted
the rate of initial concrete heating, under-predicted the rate of passive cooling, and over-
predicted the rate of active cooling, as shown in Figure 22. This under-prediction in the
rate of heating and passive cooling was observed in both experiments (see Figure 21; note
in this figure that the simulation data have not been time-shifted to account for concrete

26



transport, as they have for Figure 22). However, in both experiments,

temperatures are similar to those observed.

GDOT MC - 25% Fly Ash Mix - Experiment vs. 1D FTCS Simulation
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Figure 22. Midscale experiment with active cooling vs. 1D FTCS Python simulation
of actively cooled concrete using PEX tubing; the simulation data have been shifted

by 1.2 hours to account for concrete transport

The 1D Python code was also used, in a modified form, to compute the adiabatic behavior

of six concrete mixes and two placement (initial) temperatures in order to examine a worst-

case scenario and to explore the impact of lowering placement temperatures. Above a

certain size, curing concrete exhibits a “core” region where temperatures are spatially

uniform, and therefore, since there can be no conduction heat transfer, this core acts as if

it were curing under adiabatic conditions with temperatures reaching their maximum

possible values. Figure 23 and 24 depict adiabatic temperature rises, showing that a 1°F

(or 1°C) increase in placement temperature results in a roughly 1°F (or 1°C) increase in

final (maximum) temperature.
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Figure 23. Adiabatic temperature rise at placement temperature of 20 °C (68 °F)

Adiabatic temperature rise from Python code CCTadiabatic.py; intial temp. 30 deg. C
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Figure 24. Adiabatic temperature rise at placement temperature of 30 °C (86 °F)
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Increased placement temperatures also increase rates of heating dramatically, as shown in
Figure 25 and 26; internally for this project, the volumetric exothermic release is referred

to as “Egen” or (time rate of) energy generation.
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Figure 26. Adiabatic time rate of energy generation (Egen) at placement
temperature of 30 °C (86 °F)
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6. Development of Thermal Management Plan (Task 3)

Based on the results of Tasks 1 and 2, the research team developed thermal management
plans, including a decision-making framework and analytic hierarchy process (AHP). The
aim of the thermal management plan is to select an optimal alternative in various cooling

methods considering performance, cost, and feasibility.

6.1 Decision-making framework

A framework for a decision making for thermal control plans for the mass concrete
structure was developed, as shown in Figure 27. The proposed process begins with
inputting specifications and determining whether the structure is defined as mass concrete
in the specifications. After that, a proposed thermal modeling process developed in Task 2
is applied for determining whether a passive thermal control plan is enough to control the
maximum temperature and temperature difference; if not, active thermal control plans
should be selected. The definitions of passive strategies and active strategies are stated in
the literature review section (section 2.3). After deciding on passive or active strategies,
the framework specifies AHP analysis to select an optimal alternative. The details of the

AHP analysis are demonstrated in the next section.
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Figure 27. Decision-making process for mass concrete cooling
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6.2 AHP analysis

The research team applied AHP analysis to select an optimal alternative for the thermal
control of mass concrete. The AHP is a mathematical decision-making matrix based on a
group’s preference (Saaty & Peniwati, 2013). Figure 28 describes a framework for the AHP

structured in this research.
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Figure 28. Framework for the AHP

To determine the weights of the criteria, the research team conducted a nationwide online
survey to contractors and DOT engineers. The definitions of each criterion are as follows:
e Cost: Total of the direct and indirect cost of implementing a cooling method,
including materials, labor, and delivery
e Performance: The quality and mechanical properties of the cooled mass concrete
structures (e.g., in passive strategy, the performance is calculated as compressive
strength/heat of hydration)
e Feasibility: Constructability for implementing cooling methods, or the availability

of material in an area, or the acceptability of cooling methods
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The details of the survey are contained in Appendix A. A total of 17 responses were used,
excluding outliers. Since there was no significant difference between the owners’ (GDOT
engineers’) answers and the contractors’ answers, they were counted together. The AHP
can be divided into three consecutive stages:

1. Computation of the vector of criteria weights and consistency

2. Computation of the scores of alternatives

3. Determination of the ranking
To calculate the weights for the criteria, the AHP generates a pairwise comparison matrix,
which is a 3%3 matrix as shown in Table 3. Each value of the pairwise comparison matrix
represents a significance of each criterion relative to the other criteria. For example, in this

study, cost is 1.06 times more important than feasibility (Table 3).

Table 3. The pairwise comparison matrix (3x3) for the criteria

Cost Performance Feasibility
Cost 1.00 0.88 1.06
Performance 1.13 1.00 1.66
Feasibility 0.94 0.60 1.00
Sum 3.08 2.48 3.72

After generating the pairwise comparison matrix, the values in the matrix are normalized
with the sum of the values on each column. Finally, the weight vector of each criterion is
computed by averaging the values on each rows of the normalized matrix. Table 4 shows

the normalized matrix and the importance weight.
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Table 4. The normalized matrix (3%3) and the weight vector

Cost Performance Feasibility Importance weight
Cost 0.325 0.355 0.285 0.322
Performance 0.368 0.403 0.447 0.406
Feasibility 0.307 0.242 0.269 0.273

In AHP, if the consistency ratio (CR), which is a indicator of how consistent the opinions
are, 1s 0.1 or less, it is acceptable to continue the AHP analysis (Saaty, 2005). In this study,
as the consistency ratio (CR) is 0.01016, the importance weight is acceptable. With the
importance weight, the research team conducted AHP for two scenarios: 1) passive cooling
strategy and 2) active cooling strategy. The purpose of the following sections is to provide
an example of the AHP for the passive cooling scenario. Since the cost and availability of
cementitious materials vary widely by region, the results of the AHP analysis may vary

from site to site.

6.2.1 AHP for passive cooling strategies (scenario 1)

In this section, the research team conducted the AHP analysis on a passive cooling scenario
to provide an example. For this, the research team collected the cost information of the six
mix designs for mass concrete proposed in this study. Table 5 shows the cost information

collected from a ready-mixed concrete supplier in Georgia.

Table 5. Cost information of the mix designs proposed in this study

Baseline | 45% FA | 25%FA | FA+BES | CO3¢ | [inectone
cement
Unitprice | 4 134 135 132 134 134
($/cy.)
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In the passive strategy, the performance is determined by the ratio of the increasing rate of
the compressive strength to the increasing rate of the heat generation of the proposed mix

designs based on the baseline concrete. See the equation below.

Perf _AS
erformance = AT

where AS is the ratio of the compressive strength of a mixed concrete to that of baseline
concrete, and AT is the ratio of the hydration heat of a mixed concrete to that of baseline
concrete. Their compressive strength and hydration heat were derived from the experiment
results in Task 1 (see Figures 8 and 10). In this scenario, as the research team assumed that
all materials were equally available, the feasibility scores are equal to 1.0. The results of

the AHP analysis are shown in Table 6.

Table 6. AHP results for passive strategies

Mix designs Cost Performance Feasibility Total score
45% FA 0.33 0.31 0.27 0.91
25% FA 0.32 0.28 0.27 0.88
FA+BFS 0.33 0.47 0.27 1.07

Coarse cement 0.33 0.42 0.27 1.02
Limestone 0.33 0.27 0.27 0.87

In this scenario, FA+BFS concrete was selected as an optimal mixture for the passive

cooling strategy for mass concrete because it showed the highest performance. However,
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the feasibility scores could be measured differently, because several ready-mix concrete
suppliers do not deal with some specific types of admixture. Moreover, since the delivery
fee should be different depending on the presence of the admixture, the cost scores could

also vary.
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7. Conclusion

To summarize, this research was conducted with the series of four tasks. In Task 1, the
research team reviewed manuals and specifications for mass concrete in various states. The
mass concrete specifications varied depending on the area or the time of establishment. In
particular, Florida DOT lists a maximum temperature of 180°F. This is because the Florida
DOT has not approved a concrete mixture to be used for mass concrete applications without
slag or fly ash. Florida DOT suggests a minimum fly ash content of 25% for all mass
concrete, and it is proposed for GDOT to provide the same specification. Based on the
literature review, in Task 2, the research team developed five mass concrete mix designs —
45% FA, 25% FA, FA+BFS, coarse cement, and limestone — and conducted comparative
experiments with a baseline mix (GDOT AA+ concrete). As a result, the 25% FA mix
demonstrates the modest reduction in the peak heat of hydration with good early strength
gain. The 45% FA mix demonstrates a significant reduction in the peak heat of hydration,
but with a significant delay in strength gain. From the results, the project team recommends
that GDOT consider applying the 45% FA mix to the structural elements such as

foundations, pile caps, and piers that will not be subject to early loading.

The research team also conducted mid-scale experiments with and without a cooling
system and compared the experimental results to the simulation results in Task 3. From the
comparative analysis, the research team found that while peak temperatures can be
accurately predicted, the rates of heating and passive cooling tend to be under-estimated.
Also, the rates of active cooling are slightly over-estimated in this study. The model used

to estimate energy release due to hydration was taken from the literature and involves
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equations regressed on calorimetry data that provide parameters for an Arrhenius equation.
These equations require many inputs, including cement chemistry, some of which are
difficult to determine. The resulting uncertainty suggests this as a possible source of under-
estimation of heating. Therefore, the future work may include a simplified experimental
procedure, possibly amenable to field use, to determine a model for the exothermic nature
of hydration. Under-estimation of passive cooling is likely related to inaccurate boundary
conditions such as convection coefficients. The over-estimation of active cooling is
comparatively lower and may be due to idealizations used in order to model active cooling
in a one-dimensional computational model and the empirical relations used to estimate heat
transfer relations from water temperatures, material properties, and flow rates. Other future
work would include a continuing examination of scaling relations to inform a more precise
definition of mass concrete and consideration of practical engineering aids such as general
graphical computations to estimate peak temperatures and evaluate methods for thermal

control of mass concrete.

In Task 4, the research team developed a decision-making framework for mass concrete
construction. The framework first determines whether to apply the mass concrete provision
to the target structures based on their dimension and type. If the structures are determined
to be mass concrete, the framework decides between passive strategy and active strategy
for mass concrete thermal control. After that, the framework finally selects an optimal
method via AHP analysis. From the results of a nationwide online survey, the research
team determined the importance weights for three criteria — cost, performance, and

feasibility — as 0.322, 0.406, and 0.273, respectively. With the importance weights, the
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research team carried out AHP to demonstrate it as an example. The results demonstrated
that FA+BFS concrete was the best alternative for passive thermal control. However, since
the prices and availability of the concrete mixtures depend on the region, the results may

vary from region to region.

In this study, all the tests and analyses were conducted under controlled lab environments
and simulated situations. Thus, for the future work, it is necessary to validate the mass
concrete thermal management methods (e.g., passive or active cooling) and decision-
making tools developed from this study through real-world mass concrete construction
projects as pilot case studies. Also, the real-world cost implication of thermal management

methods needs to be investigated.
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Appendix A

Survey Report

mass concrete cooling methods

Q1. In what category do you belong?

10—
g -_—
8 -_—
? —
5 —
-
4 -_—
3 -_—
2 -_—
) - - -
0- I I I I I
Cwner Contractor Project Researcher Enginzer/ Supplier Other (Please
Manager designer specify your
answer below)
M Count
1.54%
3.85%
3.85%
38.46%
3.85%
38.46%
B owner  [Poontractar [ Project Manager [} Researcher Engineer/ designer

. Supplier . Other (Please specify your answer below)
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Q2. How long have you worked in the roadway construction field?

Less than 5 years
5- 10vyears

10 - 20 years

o _

Engineers

30 years or more
(Please specify
years)

H Count

Q3. Please identify your position with your employer.

Board members

Mansgement st _

0 1 2 3 4 B 6 7 10 1 2
M Count

Other answers % Count
Not available 16.67% 1
Owner/ CEO 16.67% 1
President 16.67% 1
Undergraduate Researcher 16.67% 1
Vice President 16.67% 1
Vice President/Project Manager 16.67% 1
Total 100% 6




Q4. How familiar are you with mass concrete projects?

Extremely familiar

Very familiar _
MOdemtEnyami”ar _

Not familiar at all

[ 1 1 [
0 0.5 1 15 2 25 3 35 4 45 5 5.5 6 6.5
M Count

QS. What type of mass concrete project were you working on? (Select all)

Tmnsponation _
1 I | 1 I 1 | I 1 |
0 1 3 5 6 7 8 10 1
M Count
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Q6. Which mass concrete cooling method has your project implemented?
(Select all)

Insulation

Interior Pipe Cooling
Systems

Aggregate Pre-cooling
(e.g. USing quUid _
nitrogen)
Applying thinner layers -

Implementing low heat
concrete mixture

B Count

Other answers

e White membrane curing

e Add ice to mix

e Add ice to mix

e Concrete curing compound and plastic sheeting to keep the moisture from
evaporating
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Q7. From your experience, what do you think is the most efficient method
to control hydration heat in mass concrete projects?

Insulation

Interior Pipe Cooling
Systems

Aggregate Pre-cooling
(e.g. using liquid
nitrogen)

Applying thinner layers

Implementing low heat
concrete mixture

I | | 1

] ] I
0 1 2 3 4 5 8 7
M Count

W -
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Questions for AHP

Q8 —-Q11. Ais ( ) time(s) as important as B.

Subject # Cost vs. Cost vs. Performance vs.
Performance Feasibility Feasibility
1 0.5 0.5 2
2 2 1 3
3 0.5 2 2
4 1 2 1
5 0 0 3
6 1.5 2 1.5
7 1 0.5 2
8 1 1 1.5
9 0.5 0.5 1
10 0 0 2
11 0.5 0.5 0.5
12 2 2 2
13 0.5 1 2
14 0.5 0.5 1
15 0 2 2
16 0.5 0.5 1
17 3 2 0.75
Sum: 15 18 28.25
Average: 0.882 1.059 1.662
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