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Abstract

Recent laboratory results confirm that it is possible to protect concrete
from freezing solely using chemical admixtures and indicate that the
amount of admixture required may be significantly less than previously
recommended. Researchers have also verified that admixture-based freeze
protection can produce concrete that is durable to winter exposure for a
minimum of 20 years, through petrographic examination of core
specimens obtained from past field demonstrations.

Freeze protection for concrete using chemical admixtures alone has been
an area of active research for 3 decades; however, the most recent
methodology recommends very high addition rates of accelerating and
corrosion inhibiting admixtures, which result in significant challenges,
including slump loss, rapid setting, and potentially excessive temperature
rise. As part of a laboratory study, researchers systematically varied the
dosage of freeze protection admixtures used in concrete cured in a 23 °F
environment. Preliminary findings indicate that a 50% reduction in
admixture dose maintained adequate freeze protection and resulted in
compressive strengths exceeding those of room-temperature controls at 7
and 28 days. The combination of improved handling, reduced cost, and
verified durability associated with the use of admixtures for freeze
protection makes a compelling case for broader adoption of this technique
in winter operations.

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes. Ci-
tation of trade names does not constitute an official endorsement or approval of the use of such commercial products.
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to
be construed as an official Department of the Army position unless so designated by other authorized documents.

DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR.
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Introduction

The following report details research performed as part of an investigation
into the long-term durability and early age behavior of concrete placed in
freezing conditions. This concrete is protected from the damaging effects of
early age freezing through the use of off-the-shelf additives, a technique that
the Engineer Research and Development Center, Cold Regions Research and
Engineering Laboratory (ERDC-CRREL) has used for several decades. The
primary objectives of this study are to better determine the effects of these
additives on the early age performance of concrete, and to assess the effects of
this technology on long-term durability of concrete in cold climates. These
objectives were set to enhance the transferability of additive-based freeze pro-
tection for concrete to both civil and military applications. This will be accom-
plished via improvements to the user friendliness and economy of the tech-
nology, and validation of the durability of the resulting product.

Background

Concrete placed in cold weather must be protected from the damaging ef-
fects of ice formation at early ages to ensure long-term durability and ade-
quate strength. The American Concrete Institute (ACI) defines cold weather
for concrete as “when air temperature has fallen to, or is expected to fall be-
low, 40 °F” (ACI 2016, p. 306). The primary guidance for protection is ACI
306R-16, Guide to Cold Weather Concreting; typical protection methods
detailed by ACI in this guidance include “concrete mixture acceleration, in-
sulation, heat systems, enclosures, or a combination.”

The use of enclosures, heating systems, and insulated formwork can incur
significant labor and material costs. These protection measures also must be
stored onsite or furnished by a contractor. The challenges of these methods
led to the development of Cold Weather Admixture Systems (CWAS) at
CRREL. CWAS incorporated off-the-shelf admixtures that protect concrete
from freezing through freeze-point depression and promotion of rapid
strength development. The development of CWAS began at CRREL in the
late 1980s and continued until approximately 2012.

The primary advancement from this period was the ability to place and
cure concrete using only off-the-shelf concrete admixtures, on frozen
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subgrade, with ambient temperatures down to 23 °F, while achieving a
dramatic reduction in material and labor expense. Figure 1 shows an ex-
ample of the difference between a CWAS placement and a conventional
placement. Using the CWAS approach, the cost of the admixtures could be
less than the cost required only for fuel to heat the enclosure used in a con-
ventional approach.

Several successful field demonstrations of the technology took place dur-
ing this period of research (1989-2012), including wintertime slab replace-
ments at the Soo Locks in Sault Ste. Marie, MI and military hardstands
constructed during winter months at Fort Wainwright, AK. An American
Society for Testing and Materials (ASTM) specification, C1622 (2016a),
was also developed with the support of CRREL research to specify perfor-
mance requirements for admixtures to be used as part of CWAS, and lan-
guage describing the general use of admixtures for cold weather concreting
was added to the ACI 306R (2016) Guide to Cold Weather Concreting.

While the current ACI 306R guidance document mentions the use of admix-
tures for cold weather concreting, it provides no specific guidance for the
quantity or type of admixture required for protection under specific exposure
conditions. The 306R document is also a guidance document, meaning that it
does not carry the mandatory requirements of a specification. For cold
weather concreting, the specification document is ACI 306.1, Standard Speci-
fication for Cold Weather Concreting (ACI 1990), which has not been modi-
fied since 1990. The only mention of admixtures in the 306.1 document is for
the purpose of reducing the protection period from 3 to 2 days when used.

While the successes of the CWAS research program were substantial,
adoption and transfer of the technology to military and civil use was lim-
ited due to a number of factors. The most substantial of these was the gen-
eral lack of performance-based guidance for additive dosage rates. The pri-
mary admixtures used in CWAS accelerate the chemical curing of concrete,
and depress the freezing point of the mixture. CWAS was conservative, in
that the amount of admixture used was typically the maximum recom-
mended by the manufacturer. The quantity and number of admixtures
used in CWAS presented a significant challenge to concrete placement lo-
gistics, specifically related to truck haul-time and premature hardening.
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Figure 1. Bridge curb repairs performed in the winter of 2002, on the west and east sides of
the Trues Brook Bridge in Lebanon, NH. The west side (left) of the bridge was repaired using
CWAS concrete, while the east side (right) was repaired using conventional concrete in a

heated enclosure.

T

The guiding principle behind the development of CWAS was to protect
concrete from freezing; the possibility of ice formation must be eliminated
through the depression of the freezing point of the fresh mixture. To ac-
complish this, the amount of admixture required by CWAS is high: typi-
cally on the order of more than 10 gallons per cubic yard, and the admix-
tures that are typically used also act as accelerators. The result was that a
mixture containing these admixtures in the recommended quantity might
have an extremely short handling time before initial setting.

In the past, this was compensated for through the delay of CWAS addition
until the arrival of the concrete truck at the job site; however, this creates
issues related to the large quantity of additional water contained in more
than 10 gallons of admixture. To maintain an acceptable water-to-cement
ratio with this amount of site-added admixture, the initial water added at
the ready-mix plant needed to be relatively low. This necessitated the use
of high dosages of water-reducing admixtures at the plant, and made con-
trol of slump difficult throughout the mixing and placement process.

Several factors other than directly lowering the freezing point of the mix-
ture contribute to the protection of fresh concrete from frost damage:

e Concrete is only vulnerable to damage from ice formation before it has
developed a compressive strength of 500 psi (Kosmatka and Wilson
2015), which can occur fairly quickly when a mixture contains acceler-
ating admixtures.
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e Hydration of Portland cement is exothermic, and substantial heat is re-
leased during the first 24 hours of hydration (Mindess “et al. 2003); this
effect is also increased through the addition of accelerating admixtures.

¢ Hydration of cement also binds water chemically (Taylor 2004), in-
creasing the concentration of CWAS in the mixture and further lower-
ing the freezing point as a result (Korhonen et al. 1998).

¢ When the freezing point of a concrete containing CWAS is reached, the ice
that does form is pure water, which increases the concentration of CWAS
in the remaining solution, thereby again lowering its freezing point.

These factors combined, together with empirical evidence from several
field placements in which ambient temperatures were much colder than
23 °F, indicate that the dosage of CWAS required is likely much lower than
previously recommended. The hypothesis that depression of the freezing
point to a temperature below that of ambient conditions is mandatory for
freeze protection was never tested for concrete in a laboratory setting. The
only published instance of deviation from the maximum recommended
dosages used for CWAS in concrete is an experiment at Fort Wainwright,
Alaska, in which several different amounts of admixture were used in the
placement of military hardstands (Barna et al. 2010). This work did find
that less than the maximum dose could be used successfully in field place-
ments, but did not determine any recommendations for CWAS dosage
based on temperature, mixture, or geometry.

The most recent efforts related to developing tools for CWAS dosage
(Barna and Korhonen 2012) acknowledged the need to build a library of
curves that capture the self-heating potential of a range of admixture dos-
ages. This approach was to be based on the characterization of the heat of
hydration for various CWAS dosages, in combination with a simple one-
dimensional thermal model; however, neither the model nor the heat of
hydration curves was available at the time of this report.

A final issue during the development of CWAS was the unknown effect of
the technology on long-term durability in field conditions. Many previous
field demonstrations of CWAS have been in service for as long as 2 dec-
ades. Visually, these sites appear to be durable; however, this study dis-
cusses a follow-on study of cores obtained from several sites to better
quantify the long-term performance of CWAS concrete under harsh winter
conditions. Figure 2 shows an example of the relative weathering, circa
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2018, of concrete placed with and without CWAS in the winter of 2002 at
the Trues Brook Bridge in Lebanon, NH. A laboratory study for Phase III
of this effort conducted by CRREL researchers is also ongoing to deter-
mine the quantity of admixture required for freeze protection. This study
is examining the effect of a range of additive dosages and types on the
compressive strength, setting time, and freeze-thaw durability of concrete
cured at below freezing temperatures.

Figure 2. Representative photos showing the conditions of the CWAS (left) and conventional
(right) bridge curb repairs detailed in Fig. 1, circa September 2018. The repair performed
using CWAS exhibits superior surface quality as well as less extensive cracking after 16 years
of exposure to winter freeze-thaw cycling and road-deicing salts.

Organization

The content of this report is presented in the following structure:

e Chapter 2 discusses the experimental design of the testing program for
the two major phases: constructability and durability trials. This chap-
ter includes reviews of all testing procedures completed.

e Chapter 3 provides the results of the constructability trials for plastic
properties and compressive strength testing for over 40 concrete mix-
tures at different curing temperatures.

e Chapter 4 discusses the mixtures selected from the screening process
from the constructability trials. Chapter 4 also provides results of the
durability trials for the plastic and mechanical properties at each speci-
men age.

e Chapter 5 discusses the development and results of an adiabatic testing
chamber created to simulate mass effects and provides a brief back-
ground on temperature sensing.

¢ Chapter 6 provides details on the results of testing completed on field
specimens collected during Phase 1 of this research. Tests completed
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included hardened air-void analysis and inspection of extracted pore
water from cored specimens.

¢ Chapter 7 closes the document with a summary of the research and final
discussion of results as well as recommendations based on findings. This
chapter also introduces the Phase 3 efforts of this work titled “ARCTEC -
Additive Regulated Curing for Thermally Extreme Conditions.”
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Experimental Design

Goals

The primary findings of the Phase I report indicated that concrete placed
in below freezing temperatures using CWAS technology is durable with re-
gards to freezing and thawing cycles as well as exposure to deicing chemi-
cals. These findings are based on the assessment of multiple field sites that
range in age from 1 to over 2 decades. In many cases, CWAS concrete ex-
hibits superior durability when compared to conventional cold weather
concrete placed simultaneously and exposed to the same conditions. Past
technical reports have documented the reduced cost and improved con-
structability of CWAS when compared to conventional sub-freezing con-
crete placement techniques.

Despite the cost and construction advantages of CWAS, as well as prelimi-
nary findings that indicate highly durable concrete made with these tech-
niques, use of this technology in the last decade has been extremely mini-
mal, particularly in the domain of civil works. Two critical needs that must
be addressed to further the ultimate utility and application of CWAS are
the need for published guidance or tools, and the need to increase the un-
derstanding of the mechanisms responsible for cold climate durability. To
help fill these needs, this experimental program had two principal goals: to
develop better guidance and tools to increase predictability when using
CWAS technology, and to validate the long-term durability of in-service
specimens collected during Phase I of this work. Figure 3 shows the
flowchart and major milestones for the Phase II experimental program.

Figure 3. Flow chart for test plan.

QLFY19 Q2-Q3FY19 Q4 FY1e
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The first stages of this project phase included a brief literature review to
build on what was reported in Phase 1. Materials needed for concrete mix-
ing including aggregates, cement, admixtures, and molds were procured
and concrete materials were analyzed to determine relevant properties.
Developing improved guidance involved creating a mix program to better
determine the role of admixtures. The mix program was split into two
parts: part one was known as “constructability trials” and included over 40
small trial mixtures that were used to screen mixtures for part two, known
as “durability trials.” The results from the constructability and durability
trials, as well as adiabatic testing, will be compiled for a prototype dosage
tool at the completion of Phase III of this work. Development of the adia-
batic testing chamber proved to be an iterative process that required con-
tinuous changes and updates that will be discussed later in this document.

Field specimens collected during Phase I from four field sites including
Sault Ste. Marie, Michigan, Fort Wainwright, Alaska, and Fairbanks,
Alaska were sent to a fellow U.S. Army Engineer Research and Develop-
ment Center (ERDC) laboratory, the Geotechnical and Structures Labora-
tory in Vicksburg, Mississippi, for hardened air-void analysis (ASTM
2016¢; Peterson et al. 2001), as well as pore solution extraction and chemi-
cal analysis (Hooton and Thomas 2009).

A key objective of the laboratory testing program is to determine how
CWAS concrete achieves durable performance in the field. This includes
assessing the relative effects of the air-void system as well as the contribu-
tion of the additives themselves. Concrete with and without entrained air
was created and tested to evaluate this, and to determine if freeze protec-
tion additives contribute to the freeze-thaw resistance of concrete inde-
pendently of air entrainment. The freezing point of CWAS concrete is
lower than that of conventional concrete, which may reduce the number of
freeze-thaw cycles experienced in the field. The current standard for
freeze-thaw testing, defined in ASTM C666 (2015), is not intended to cor-
relate to field durability, but does provide a reliable method by which to
compare the freeze-thaw durability of different concretes.

To conserve time and resources, the constructability trial mixtures were
only evaluated based on plastic properties and 7-day strength. This

screened out unviable mixes before choosing final designs for durability
trials. Constructability trial mixtures were much smaller than durability
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trials; mixtures with varied curing temperatures, admixture types, and ad-
mixture dosages, were created with the goal of meeting specified plastic
properties. The best performing mixtures were selected for the larger du-
rability trials. The durability trials included compressive strength testing
at three ages, modulus of elasticity testing at two ages, freeze-thaw re-
sistance testing, and testing of resistance to deicers and scaling.

To easily keep track of the admixture types and dosages, a unique naming
convention was developed. The notation was devised first with a set of default
assumptions for mixture design and plastic property targets, based on typical
winter concreting practices. These assumptions are described as follows:

Seven sack mix (658 1b/yd3 Portland cement)
Water-to-cement ratio of 0.42

Target slump of 6 + 2 in.

Target air content of 6 + 2%

Curing temperature of 23 °F

Target fresh temperature of 60 °F.

AN R

These parameters are assumed unless indicated otherwise by the naming
convention. The naming convention itself always begins with a single letter
indicating admixture manufacturer; for this program, the two manufactur-
ers were designated as “A” or “B.” Immediately following the manufacturer
code is a series of characters indicating freeze protection additive type and
dosage. These are summarized in Table 1, and admixture chemical compo-
sition is provided in Appendix A. Admixtures evaluated included those
typically included in CWAS: non-chloride accelerators, calcium nitrite cor-
rosion inhibitors, and cold weather specific admixtures. Cold weather spe-
cific admixtures are generally similar in formulation to non-chloride accel-
erators, with the primary difference being target use case. Also included
were shrinkage reducers, which in the past have been evaluated as possible
CWAS components (Korhonen and Brook 1996), and calcium nitrate ferti-
lizer, which was evaluated as a possible expedient alternative to non-chlo-
ride accelerators (Korhonen 1999).

Dosage amounts for admixtures designated in Table 2 are also indicated in
the name, using the units of dosage designated by the manufacturer. For
most admixtures, this is fluid ounces per hundred pounds of cement (cwt);
however, type C admixtures are dosed in gallons per cubic yard.
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Table 1. Admixture type codes.
Admixture Type Code
Non-Chloride Accelerator

Calcium Nitrite Corrosion Inhibitor/Accelerator
Retarder

Cold Weather Specific Admixture

Shrinkage Reducing Admixture

Other

SQlww|o|lm|O |2

Table 2. Non-default target parameter codes.

Parameter Code | Unit

Cement Content C | Sacks (94lb)
Curing Temperature | T | Degrees Fahrenheit
Target Fresh Temp F | Degrees Fahrenheit
Target Air A | Air Percent

This is typical practice for admixture use in the concrete industry. Using
this system, a mixture with a code of “AN45C45” would indicate manufac-
turer A, with a 45 oz/cwt dose of non-chloride accelerator and a 4.5
gal/yd3 dose of calcium nitrite corrosion inhibitor, with the default water-
to-cement ratio (w/c), cement content, slump and air targets, curing tem-
perature, and fresh temperature indicated above. When mixtures deviated
from these targets, a “.” followed by a character and numeric value would
indicate the differing parameter. These codes are summarized in Table 2.

For example, the same “AN45C45” mixture, altered to “AN45C45.To”
would indicate that mixture was cured at o °F. Admixture dosages were
generally tested at three standardized levels, based on a percentage of the
manufacturers’ maximum recommended amounts. These levels were used
in both constructability and durability trials.

1. N30C3, representing a 50% dose of non-chloride accelerator and a 50%
dose of calcium nitrite corrosion inhibitor

2. Ny45C45, representing a 75% dose of non-chloride accelerator and a 75%
dose of calcium nitrite corrosion inhibitor

3. N60C6, representing a 100% dose of non-chloride accelerator and a 100%
dose of calcium nitrite corrosion inhibitor.
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Unless otherwise stated, tests were performed according to ASTM stand-
ards. When discussing goals of the project with local concrete suppliers,
recommendations were provided for fresh temperature and mixing time to
simulate ready-mix concrete operations as much as possible in a labora-
tory setting. With this in mind, concrete was mixed for 20 minutes to sim-
ulate traveling to a project site and fresh concrete temperatures were tar-
geted at approximately 60 °F. Ready-mix concrete suppliers typically
achieve this temperature by heating mixing water when aggregates are
stored outdoors in cold environments.

Constructability trials

The constructability trials portion of the testing program lasted for approxi-
mately 3 months and included over 40 mixtures. All mixes other than room-
temperature controls were mixed and cured in a cold room. To keep equip-
ment from getting too cold, all testing materials were kept in a room-temper-
ature environment and brought into the cold room just before the 20-minute
mark and moistened according to the standards. Researchers had to be cau-
tious regarding water use in the room to reduce ice formation on tools.

2.2.1 Plastic property testing

Plastic properties measured included slump (ASTM 2012a), unit weight
(ASTM 2013a), temperature (ASTM 2013b), time of set (ASTM 2008b), and
air content (volumetric) (ASTM 2016b). During constructability trials, the
only hardened concrete test performed was a 7-day compressive strength
test (ASTM 2014c). Mixtures were selected for the larger, durability trial
mixes based on initial setting time and compressive strength results.

Fresh concrete temperature was measured at both the 10 (T1) and 20-minute
(T2) mark to track the change over time. Immediately after the 20-minute
mix period, slump was measured, and if the mix was workable, additional
testing was conducted for unit weight and air content concurrently with spec-
imen preparation. If the mix were too stiff and could not be adjusted with wa-
ter reducer during the mixing period, it was immediately disposed of after
measuring slump to prevent damage to equipment. Once all testing was com-
pleted and cylindrical specimens were made, the remaining concrete was re-
moved from the cold room and sieved for time of set testing. The concrete
was mixed in 23 °F, but sieved and tested outside of the cold room in an ap-
proximate 73 °F environment according to ASTM C403 (2008b); because
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colder concrete sets more slowly, this provided a conservative indicator of
setting time in cold climates. Similarly, the base of the volumetric air meter
was prepared with concrete in the cold room, but the remainder of the test
was run in a 73 °F environment according to ASTM C173 (2016b).

2.2.2 Mechanical property testing

During constructability trials, compressive strength samples were stored
in the cold room until they were tested. Cylinders were removed from the
cold room and demolded at 7 days and tested for unconfined compressive
strength according at ASTM C39 (2014c¢) while still cold, using unbonded,
neoprene caps.

Modifications were made to compressive strength testing for both the con-
structability and durability trials to capture the effects of specimen ther-
mal environment on temperature rise and strength development. When
curing in a cold environment, different specimen sizes will retain more or
less heat. To capture this effect, specimens of different sizes can be made
and cured concurrently; however, this creates a need for much larger batch
sizes. To capture this effect without the need for multiple specimen sizes,
individual specimen insulation sleeves were constructed from reflective in-
sulation (Figure 4). These sleeves enable side-by-side and independent
curing of 4-in. x 8-in. specimens in two different thermal conditions. In
addition, thermocouples were inserted into one bare and one insulated
cylinder to track internal temperature.

Durability trials

After compiling and comparing results of 40+ constructability trial mix-
tures, best performing mixtures were selected to be remade for the dura-
bility trials. Durability trial mixtures were larger (=2.5 ft3) to create more
specimens for testing. Additional hardened property tests were incorpo-
rated to better determine the durability of mixtures.
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Figure 4. Insulated and non-insulated specimens.

The same plastic property tests were run with the exception of air content,
which was switched from the volumetric method to the pressure method
(ASTM 2017). The performance of the two methods was verified to be the
same through the testing of several mixtures with both methods near the
end of constructability trials. The pressure meter used for testing is also ca-
pable of characterizing the air-void system via the sequential air method
(SAM) (AASHTO 2018). This test has been adopted by a number of regional
departments of transportation, including New York and Michigan. For the
purposes of this research, the method was used for the sake of familiarity
and to determine if any correlation exists between resistance to frost dam-
age and concrete containing freeze protection additives.

2.3.1 Mechanical property testing

To produce more reliable results, cylindrical specimens created for dura-
bility tests were sulfur capped to ensure plane and perpendicular surfaces
for compression and modulus testing instead of using unbonded, neoprene
caps. Sulfur capping was also required due to the incorporation of modu-
lus testing since lab resources did not allow for grinding cylinder ends.
Specimens at 7 and 28 days of age were removed from the cold room 1 day
before testing to allow them to warm to room temperature before sulfur
capping. To optimize curing space in the cold room, all remaining speci-
mens were removed from the cold room at 28 days and stored in a 73 °F
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room. In most environments, it is not expected that freshly placed con-
crete will remain at constant below freezing temperatures with no warm-
ing for 4 weeks, so this was considered a conservative approach. Speci-
mens remained in their molds until the day before testing, as moist curing
would not be possible at early ages in freezing temperatures, and would
not be practical to implement beyond 28 days of age.

2.3.2 Compressive strength and modulus of elasticity

Unconfined compressive strength was measured at 7, 28, and 9o days for
both insulated and non-insulated specimens. Results from 28- and 9o-day
specimens were used to inform the ultimate load for modulus of elasticity
testing at 28 and 9o days. Modulus of elasticity specimens were tested on a
universal testing frame according to ASTM C469 (2014b) using an Epsilon
extensometer. The extensometer was attached to the concrete specimens to
measure strain while loading the specimen to 40% of the ultimate load three
times. The modulus of elasticity value was recorded for the final two tests
and averaged to achieve the final value. Figure 5 shows the setup of the test-
ing with the Materials Test System (MTS) frame and extensometer. Figure 6
shows resonant frequency testing conducted to calculate relative dynamic
modulus. Figure 7 shows the freeze-thaw chamber with beam specimens.

Figure 5. Modulus of elasticity test setup with extensometer.
. e |
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2.4 Durability property testing
2.4.1 Freeze-thaw resistance

Prism specimens of dimensions 3-in. x 3-in. x 11.125-in. were created for
freeze-thaw testing according to ASTM C666 (2015), Procedure B. Modifi-
cations to the standard included omission of moist curing for specimens,
as well as beginning the test at 7 days of age instead of 14. Earlier exposure
to freeze-thaw cycling was implemented to more accurately reflect likely
exposure conditions of concrete placed in winter climates. Specimens were
cured in the 23 °F cold room for the first 6 days, removed from molds, and
on day 7, measured and placed into the freeze-thaw chamber. Initial meas-
urements for length change, mass, and resonant frequency were taken be-
fore placing them into the chamber. Initial measurements of these proper-
ties were important, as failure occurs when the relative dynamic modulus
of the specimen reaches 60%, as calculated from the initial and current
fundamental transverse frequencies measured according to ASTM C215
(2014a). Length change measurements were recorded according to ASTM
C157 (2008a), and provide an optional failure criteria of 0.10% expansion
defined in ASTM C666 (2015).

Specimens were measured in intervals according to the standard until they
reached 60% of their initial frequency, or 300 cycles, whichever came first.
Freeze-thaw testing cycled specimens with varying mixture designs
through freezing in air for 2 hours, and thawing in water for 2 hours. This
test procedure is used to validate the durability of specimens by determin-
ing resistance to rapid freeze-thaw cycles. Although these cycles do not re-
flect true environmental freezing and thawing cycles, the test provides an
accurate way to compare the relative performance of different mixtures
under exposure to many cycles of freezing and thawing. It is likely that this
method is overly harsh when compared to freeze-thaw cycles in nature, as
most freeze-thaw cycles occur with a periodic frequency of 24 hours
(Nokken et al. 2004), and slow freezing is less likely to damage the interior
void structure of concrete (Cai and Liu 1998; Fridh 2005; Powers 1955).

2.4.2 Scaling resistance

Field investigations from Phase I of this work showed that CWAS concrete
in the field appeared to exhibit superior resistance to scaling caused by de-
icing chemicals when compared to conventional cold weather concrete;
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however, resistance to scaling has never been tested in the laboratory. For
this experimental program, two specimens were created from each mix de-
sign to estimate the resistance to scaling of specimens after exposure to ap-
proximately 50 freeze-thaw cycles and a calcium chloride solution covering
the surface for the duration of the test. Specimens were created and cycled
between a freezing and room-temperature environment according to ASTM
C672 (2012b). Specimens were kept on a cart and rolled in and out of the
freezer each day (Figure 8). When removed from the freezer, lids were re-
moved and the calcium chloride solution was replenished as needed to en-
sure that the surface was covered. Specimens were visually inspected every
day and status was documented weekly.

Figure 8. Scaling testing.

R
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Table 3 lists the mixture design used for all constructability trials, based
on a typical New Hampshire Department of Transportation (NHDOT) AA
mixture design. all materials were locally sourced, and coarse and fine ag-
gregate proportions were set based on the dry-rodded bulk density of the
coarse aggregate, as well as the fineness modulus of the fine aggregate, ac-
cording to the procedures described in ACI 211.1-91 (ACI 1996, p. 1).



ERDC/CRREL TR-21-1 18

Table 3. Mixture proportions used for all concrete made during constructability trials.

Specific Gravity | Absorption % | Ib/yd3
Type I/1l Portland Cement 3.15 - 658
Water 1.00 - 277
Coarse Aggregate 282 0.33 1782
Fine Aggregate 268 0.88 1250

2.4.3 Embedded resistivity

Concrete resistivity, typically measured per AASHTO TP 358 (AASHTO
2017), is widely accepted as a metric for evaluating the concrete’s re-
sistance to ion ingress (Spragg et al. 2013). The curing regime of this study
precluded use of standardized methods; however, an alternative method
was explored. Embedded resistivity measurements were obtained continu-
ously from curing concrete specimens. Electrodes were embedded in the
bottom face of a 4-in. x 8-in. cylinder, 2 in. apart and 3 in. into the depth
of the concrete. Resistivity was measured using a Campbell scientific
CR10X datalogger, using alternating current (AC) excitation to avoid po-
larization of the concrete pore solution (Layssi et al. 2015; Spragg et al.
2013). Measurements were collected every 30 seconds, and reported in kQ.
Resistivity of concrete microstructure can be used as a relative indicator of
the permeability of the cementitious matrix; however, certain chemical ad-
mixtures can have an effect on the results of the test, due to changes in the
ionic concentration of the pore solution (Nokken et al. 2008). Due to the
exploratory nature of this technique, data collected were used solely for in-
formational purposes.
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3.1

Constructability Trials Results

The first phase of the experimental concrete testing program consisted of
constructability trials. These mixtures were designed to screen useful mix-
tures from a broad range of additive dosages, admixture combinations,
curing temperatures, and fresh concrete temperatures. Most of the mix-
tures created during this program were cured at 23 °F; however, some
mixtures were tested at a much harsher o °F. The goal of the screening
process was to select mixtures that had favorable plastic properties for the
larger testing. Specifically, mixtures that possessed useful setting times
and high 7-day compressive strengths were chosen.

Plastic property results and discussion
3.1.1 Mixtures cured at 23 °F

Table 4 summarizes all plastic mixtures cured at 23 °F for which data could
be collected. These include N30C3 and N45C45 dosages for both manufac-
turers A and B, P10oo and P60 dosages for manufacturer A, as well as some
variations on these mixtures with no entrained air. Several mixtures were
also tested with calcium nitrate fertilizer in the place of non-chloride accel-
erator, with the dosage of fertilizer set to equate to the nitrate content of dif-
ferent admixture combinations. Appendix A includes chemical properties of
admixtures used in this study, as obtained during research for the first
phase of this project (Kennedy et al. 2019).These mixtures carry an “O” ad-
mixture type in their name code. The calcium nitrate fertilizer, in solid form,
had a distinct advantage in that it could be added toward the very end of the
20-minute mixing period without any apparent impact on slump.

Table 4. Summary of plastic properties for mixtures cured at 23 °F.

Cure Temp T1 T2 Slump Air Initial Set | Final Set

Mix ID (*P (°P (°F (in) (%) (hr) (hn)
Control 730 784 789 28 45 47 84
A 230 597 - 55 45 90 117
B 230 593 534 75 95 66 121
AN30C3 230 656 599 43 43 366 566
AN30C3 A0 230 695 634 40 25 16 72
BN30C3 230 624 583 98 14.0 34 105
AN45C45 230 60.1 - 38 30 33 87
AN45C45 A0 230 716 655 20 30 34 89
BN45C45 230 618 587 88 45 38 73
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Cure Temp T1 T2 Slump Air Initial Set | Final Set

Mix 1D (°F) (°F) (°F) (in) (%) (hr) (hr)
BC6O 230 639 h91 75 65 25 b6
BC60.F45 230 38.7 423 75 33 11 73
BN60C6.F45 230 406 453 75 38 - -
AP100 230 60.8 52 38 50 28 43
AP60 230 612 53 48 50 36 b1
BN449C303 230 649 596 73 83 21 b9
BN269C182 230 634 b5 7 120 03 40 147

Mixtures at the 100% dose with a normal target fresh temperature were
mixed but are missing from Table 4. These mixtures were attempted; how-
ever the setting time was so rapid that specimens could not be made fol-
lowing the 20-minute mixing time. These mixtures were attempted with a
colder fresh temperature; however, the setting of the mix was still so rapid
that setting time could not be measured.

Examination of the plastic property results for the constructability trials
reveals a great deal of variability in both slump and air content. The addi-
tion of large quantities of admixture in fact made achieving target slump
and air contents challenging, particularly with admixtures from manufac-
turer B. The cold weather specific admixtures from manufacturer A, desig-
nated “P” carried a nominal maximum dosage of 60 oz/cwt in the tech-
nical documentation, with a mention of applications using as much as 100
oz/cwt in special circumstances. These dosages were chosen as the “P” ad-
mixture was used alone, in contrast to other mixtures that used a combi-
nation of two admixtures. Both dosages were tested, and plastic property
behavior was among the most predictable of the combinations tried. The
use of a single admixture as opposed to two in combination also reduced
the complexity of batching to a certain extent. The N3oC3 and N45C45 ad-
mixture combinations generally resulted in satisfactory initial setting
times; however the air contents were generally low with manufacturer A,
and unpredictable with manufacturer B.

Figure 9 summarizes the 7-day compressive strengths for insulated and
bare cylinders cured at 23 °F, and tested in a frozen state. These results
show that several of the admixture dosages are capable of achieving com-
pressive strengths comparable to those of a room-temperature control
specimen at this age. Insulated compressive strengths are universally
higher than those of bare cylinders; however, the difference is less
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dramatic as the dosage of admixture increases. The most substantial dif-
ferences in insulated and bare compressive strengths occurred in mixtures
with lower air contents, specifically AN30C3.Ao and AN45C45, for which
air entrainment was omitted. This may indicate that entrained air plays a
role in preventing early age damage due to ice formation in mixtures con-
taining freeze protection additives. This is further reinforced by the dra-
matic difference between AN45C45.A0 and AN45C45. While both mix-
tures contained approximately the same amount of air, the mixture for
which air was deliberately entrained achieved dramatically higher bare
strengths, and slightly higher insulated strengths.

Temperature profiles for mixtures with insulated and bare cylinders are
shown in Figures 10 and 11; the insulation allows the specimen to maintain
a temperature above that of the ambient surroundings for significantly
longer than a bare cylinder, allowing for more strength development. Both
insulated and non-insulated cylinders reached their freezing point before
24 hours of age, indicating that ice did form in the microstructure. Com-
parison of temperature profiles for a control mixture (Figure 10) and the
AN30C3 mixture (Figure 11) show similar behavior, though the freezing
point of the control was higher.

While the strength of insulated cylinders was larger than that of bare cylin-
ders, all admixtures improve compressive strength when compared to control
mixtures cured at 23 °F. This indicates that any amount of freeze protection
additive reduces the damage caused by early age ice formation. This may be
due to the acceleration of hydration, resulting in adequate compressive
strength before the formation of ice begins, or possibly a reduction in the total
amount of ice formed due to the presence of cold weather additives.

For a subset of the mixtures cured at 23 °F, the difference between testing
compressive strength in a frozen or thawed stated was investigated. For
these mixtures, the number of compressive strength specimens was dou-
bled, and half of the specimens were removed from the cold room 24 hours
before testing, while the other half were tested in a frozen state. The goal of
this exercise was to ensure that cylinders retained strength after thawing,
and to demonstrate that they were not adversely affected by ice formation.
Figure 12 shows the results of this investigation.
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For all but two of the mixtures, the strength of cylinders tested after being
allowed to thaw for 24 hours was significantly higher than that of cylinders
tested in a frozen state. This indicates that, for these mixtures, the effects
of ice formation at early ages did not significantly impact the ability of the
hydrating microstructure to gain compressive strength. Two mixtures,
AN30C3 with 4.25% air and BC60.F45 with 3.25% air (a fertilizer mix),
exceeded the compressive strength of the control concrete cured at room
temperature, despite spending a majority of a week curing at temperatures
of 23 °F (Figure 13).

Figure 13. Summary of compressive strengths for mixtures cured at O °F in both bare and
insulated conditions.
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3.1.2 Mixtures cured at0 °F

During constructability trials, several mixtures were tested at tempera-
tures much colder than previously studied. These mixtures were mixed
and cured in a o °F environment, following the same procedures used for
all other mixtures tested during constructability trials. Table 5 lists the
plastic property results for these mixtures. Mixtures with a target fresh
temperature of 60 °F experienced a much larger temperature drop during
mixing in the colder environment, while slump and air behavior was gen-
erally similar to that of the mixtures tested at 23 °F. A notable difference
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3.2

for these mixtures was the incorporation of a shrinkage reducing admix-
ture from manufacturer A; this admixture is glycol based, and therefore
possesses some antifreeze characteristics of its own.

Table 5. Summary of plastic properties for mixtures tested and cured at O °F.

Cure Temp 1 T2 Slump Air Initial Set | Final Set
Mix ID (°F (*P (°P (in) (%) (hr) (hr)
AN45C45 0 60.1 541 35 25 327 10.83
ACE 0 589 511 55 b - -
AP60 0 576 485 725 1025 443 653
AP100 0 528 45 6 925 46 8.66
AP60C6.T0.F35 0 347 354 75 375 115 585
AP100C6.T0.F35 0 335 33 875 375 09 544
AP100S2.TO.F35 0 333 349 475 4 236 613
AP100S2.TO.F35 0 364 3562 75 275 - -
AP100C6.T0.F35 0 354 35 825 45 - -
AP100C6S2.T0F35 0 354 362 75 3 - -

The 7-day compressive strengths of the mixtures cured at the colder tem-
perature were much lower than those cured at 23 °F (see Figure 13). These
mixtures were tested directly from the cold room in a frozen state, and no
mixture exceeded 1500 psi when tested under these conditions. Notably,
the best performing strength was a mixture containing “P” alone, the cold
weather specific admixture from manufacturer A. The insulation of the
cylinders also played a similar role in most mixtures as with the 23 °F
cured cylinders, resulting in an increase in strength.

Discussion

The results presented in this chapter provided an early indication that
lower quantities of freeze protection additive than previously recom-
mended could be used to produce concrete with good early age behavior.
Specifically, an amount of admixture that allows for 3 hours of handling
time before initial set can also provide sufficient freeze protection and
strength development to achieve a compressive strength comparable to
that of a control concrete at 7 days of age. This round of mixes also found
that calcium nitrate fertilizer can tentatively act as a substitute for a cal-
cium nitrate-based non-chloride accelerator, with the handling benefit of
being a solid admixture that can be easily added near the end of mixing.
This application is potentially valuable in adverse conditions when
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conventional concrete admixtures are unavailable, but would not be prac-
tical in a civil works application, due to the non-standard material addi-
tion. This round of testing also found that it would be exceedingly difficult
to implement the highest dosages of freeze protection additive used in past
work from CRREL in modern ready-mix practice, without the significant
complicating step of delayed addition of admixture.

The information obtained during these trials was used to inform the next
stage of mixing, wherein much larger mixes would be created to accommo-
date a larger number of testing ages and methods, including several tests
for concrete durability. Eight admixture combinations were selected for
the larger round of mixtures, based primarily on mechanical performance
and time to initial setting. Mixtures for which air entrainment was deliber-
ately omitted were also included, to investigate the role of air content in
the long-term performance of mixtures containing freeze protection addi-
tive. It was also determined that additives from manufacturer A would be
used exclusively for the larger mixes, due to the more predictable behavior
of the slump and air content of mixtures containing these additives. The
mixtures selected were as follows:

Control (A.T73)
AN30C3
AN30C3.Ao
AN30C3.F45
AN45C45
AN45C45.A0
AN45C45.F45
AP100

AP6o.

© N e @ pE
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4.2

Durability Trials Results and Discussion

Overview

The mixtures selected for durability trials were identical in their proportions
to the corresponding mixtures from constructability trials; however, the
testing program necessitated a larger batch size due to a much larger num-
ber of specimens. The plastic properties measured were similar to those of
constructability trials, with the omission of setting time. The method of
measuring fresh air content was also changed from the volumetric method
(ASTM 2016b), to the pressure method (ASTM 2017). The performance of
the two methods was verified to be the same through the testing of several
mixtures with both methods near the end of constructability trials. For the
purposes of this research, the method was used for the sake of familiarity
and to determine if any correlation between resistance to frost damage ex-
ists for concrete containing freeze protection additives. As with constructa-
bility trials, temperature was measured continuously during the first 7 days
of curing; resistivity was also measured using probes embedded in cylin-
ders. While the embedded resistivity measurements were obtained as a pos-
sible indicator of durability, the resulting data did not provide any clear
trends, likely due the wide array of admixture dosages used in this study.
Appendix A includes the results of embedded resistivity testing.

Plastic property results

Table 6 lists the results of the plastic property testing performed during
durability trials. Several of the mixtures selected for this round of testing
were made more than once due to excessively high air content; however,
the control of air content and slump was more consistent overall, largely
due to experience gained by the researchers over the =40 mixtures made
during constructability trials. One mixture, AN45C45.F45, was also omit-
ted due to a failure of the cold mixing and curing space near the end of the
mixing phase of this round of testing. The overall temperatures during
mixing were higher for these mixtures; this is due both to the larger mass
of concrete in the mixer losing less heat in the cold room, as well as a fail-
ure of the material conditioning location to maintain a consistent tempera-
ture year-round. Finally, the SAM numbers measured from the different
mixtures frequently met the most recently published guidance value of
0.22 or below (Ley et al. 2017). This value is the current recommended de-
sign value for resistance to freeze-thaw damage.
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Table 6. Summary of plastic properties measured from mixtures created for durability trials.

Cure Temp T1 T2 Slump Air

Mix 1D (°F) (°F) (°F) (in) (%) SAM
Control 73 782 791 6.25 79 009
Control 73 788 795 5 110 011
AN30C3.A0 23 684 64.7 75 22 024
AN30C3 23 739 706 75 71 01
AN30C3 23 672 657 75 103 017
AN30C3 F45 23 431 438 85H 92 0.05
AN45C45 A0 23 686 676 T 23 017
AN45C45 23 44 726 65 42 041
AP60 23 723 682 49 49 0.19
AP100 23 717 692 7.25 61 032

Mechanical property results

Figure 14 summarizes the results of compressive strength testing for the
mixtures described in Table 6. Figure 14 illustrates the evolution of com-
pressive strength for each mixture at 7, 28, and 9o days for both insulated
and bare cylinders. The air content of each mixture is also presented near
the mixture ID to facilitate rapid assessment of the influence of air content
on compressive strength. The influence of air content on compressive
strength is evident in the measurements obtained from the control mixtures
cured at room temperature, where the 11% air mixture has significantly re-
duced performance compared to the control mixture containing 7.9%. With
very few exceptions, mixtures containing any amount or type of freeze pro-
tection additive, cured at 23 °F, outperformed the control mixtures cured at
room temperature. Mixtures universally continued to gain strength
throughout the curing period, despite a lack of water for curing.

Insulation during the first 7-days of curing played a significant role in the
strength development of some mixtures. As in constructability trials, the
mixtures with the lowest air content generally exhibited the greatest differ-
ence between insulated and bare strength. This is most evident in the
AN45C45.A0 mixture, in which the insulated strength exceeds the bare
cured strength by more than 1500 psi at all ages. The same mixture with
air entrainment, AN45C45, exhibits greater bare cured strengths than
AN45C45.A0 at all ages. This is contrary to the increase in air content: in
general, for every 1% increase in air content, compressive strength de-
creases by 5% (Kosmatka and Wilson 2015) if no other factor is present.
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Figure 14. Summary of compressive strength results for mixtures at 7, 28, and 20 days of age.
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This provides more evidence to suggest that air entrainment in mixtures
containing freeze protection additives plays a role in protection of the mi-
crostructure from damage due to formation of ice. The two mixtures made
with a single cold weather admixture, AP60 and AP100, exhibited the
most uniform compressive strength performance with age, and exhibited
the smallest differences between insulated and bare cured strengths. AP60o
contains the smallest total quantity of admixture of any of the mixtures
tested, but exceeds all other mixtures in strength at 7 days of age.

Figure 15 shows the results for elastic modulus, which generally exhibit
less variation than results for compressive strength. The influence of air on
elastic modulus is visible in the control specimens, but not to the same de-
gree as the strength results. Mixtures containing freeze protection addi-
tives typically exceeded the modulus of the controls at 9o days of age,
while 28-day moduli were approximately similar to control values.

Durability testing results

Figure 16 summarizes the result of testing for resistance to damage from
rapid freeze-thaw cycling. The failure criteria for the test is a relative dy-
namic modulus of less than 60% at the end of 300 cycles. Of the mixtures
tested, only two approached or exceeded this limit, mixtures AN30C3.Ao
and AN45C45.A0. Both of these mixtures did not contain any air entrain-
ment, with the purpose of assessing the potential for freeze protection ad-
ditives to provide resistance to freeze-thaw damage in the absence of en-
trained air. While AN45C45.A0 did not ultimately fail, the progressive de-
crease in relative dynamic modulus from 175 to 300 cycles is an indicator
that damage was occurring.

All air-entrained specimens tested for resistance to freeze-thaw exhibited
similar behavior, generally showing an increasing relative modulus as the
number of cycles increase. Some specimens exhibited an increase of =50%
which is not typical of the test when performed as described in ASTM
C666 (2015). The modified curing schedule used in this research, which
did not involve moist curing before the beginning of the test, was likely the
cause of this unexpected behavior.

?
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Figure 15. Summary of elastic modulus results.
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During the test, the specimens are thawed via submergence in water. Dur-
ing this time, the saturation of the specimens increased, and dynamic mod-
ulus increases with saturation in concrete (Kazmierczak et al. 2019). The in-
creasing saturation of specimens with cycles can be confirmed through ex-
amination of the mass change data summarized in Figure 17. All specimens
tested experienced an increase in mass throughout the duration of the test.

Figure 17. Mass change data collected from specimens throughout freeze-thaw testing.
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The length change data collected from freeze-thaw specimens during test-
ing, summarized in Figure 18, provide additional information relating to
the failure mechanism of the two mixtures that did not contain entrained
air. AN30C3.A0 expanded substantially during the testing period.
AN45C45.A0 also exhibited a significant amount of expansion, particularly
relative to its lowest overall value. These results provide further indication
that the mixtures without air entrainment were being damaged progres-
sively by the test. All air-entrained mixtures exhibited very little change in
length throughout the course of the test, generally remaining within
+0.05% of their original length.
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Figure 18. Length change results of mixtures tested for resistance to damage from rapid

freezing and thawing.
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Scaling data were collected from two specimens of each of the 10 durability
trial mixtures over 50 cycles. These data included weekly pictures and rat-
ings of scaling damage according to ASTM C672 (2012b). Visual ratings of
the surface of each specimen were recorded by three people on the project
since it is a subjective measurement. Guidance is provided in the specifica-
tion but open to interpretation of the rater. The results, shown in Figure
19, are the average of six total ratings for each mixture: three different
raters independently rated two replicates for each mix. Rating is based on
a scale provided within the specification (Table 7).
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Table 7. Scaling visual rating reproduced from ASTM C672 (2012b).

Rating | Condition of Surface

0

No scaling

Very slight scaling (3 mm [1/8 in.] depth, max, no coarse aggregate visible)

Slight to moderate scaling

Moderate scaling (some coarse aggregate visible)

EBlwIN]|E-

Moderate to severe scaling

5

Severe scaling (coarse aggregate visible over entire surface)

Source: ASTM C672/C672M-12 (2012h)

This qualitative test allows mixtures to be compared by their ability to re-
sist scaling when exposed to freezing and thawing cycles and deicing
chemicals. All mixtures experienced some level of scaling over the 50+ cy-
cles of freezing and thawing. The best performing mixture during the scal-
ing testing was AN30C3, which also had the highest air content at 10.3%.
The worst performing mix was AP100, which contained the cold weather
specific admixture and had an air content of 6.1%. All mixtures began to
show coarse aggregate by cycle number 50 except AN30C3, both with and
without air entrainment.

Figure 19. Results of mixtures tested for resistance to scaling damage from freezing and

w

Scaling Severity
[\ ]

thawing while exposed to deicing chemicals.

—_— -1
- ""___, = I
—_— = - __,.---"'
—_— - -— ’,‘.-..—"'
—_— - —_em=
— T == _—
S P ==
/.____ — ";"'..‘-- v —
o T .':4":.' —_—
/"" > e —— -
. '-"- -
20 25 30 35 40 45 50
Cycles
Control - 7.9% Air — - =AN30C3.A0- 2.2% Air — - =AN30C3 - 7.1% Air
— - =AN30C3 - 10.3% Air — - = AN30C3.F40 - 9.2% Air — — AN45C45 - 4.2% Air

—— — AN45C45.A0 - 2.3% Air ====- AP60 - 4.9% Air AP100 - 6.1% Air



ERDC/CRREL TR-21-1 38

4.6

Discussion

The results of mechanical, plastic, and durability testing for mixtures con-
taining freeze protection additive have produced several observations that
are new to the state of research with regards to additive-based cold
weather concreting. The most impactful result from this experiment is the
performance of the AP admixture. This admixture, at a dosage of 60
oz/cwt, produces concrete with can be placed and cured at 23 °F, can be
resistant to damage from rapid freezing and thawing, and can achieve
compressive strengths in excess of 7000 psi at 9o days of age. This repre-
sents a significant reduction in the amount of admixture required to pro-
tect concrete from damage due to early age freezing when compared to
past recommendations for CWAS. The AN30C3 combination of additives
achieves similar results, with slightly lower ultimate strengths.

The role of entrained air in the behavior of concrete containing freeze pro-
tection additives is significant at the dosages examined in this study. Air
appears to have an impact on early age properties, particularly compres-
sive strength, and may play an important role in protection of mixtures in
which the freezing point of the mixture is higher than the minimum tem-
perature experienced. The role of air in resistance to rapid freezing and
thawing is clear: at the dosages examined in this study, entrained air is es-
sential. The only mixtures that experienced damage from freezing and
thawing were those in which no air-entraining admixture was used. Dur-
ing scaling testing, all mixtures experienced scaling with a severity of at
least 1 after 50+ cycles of freezing and thawing. The best performing mix-
ture was that with the lowest dosage of freeze protection additives,
AN30C3. This mixture also had an air content higher than the targeted 6%
at 10.3%. Although AP100 performed well during freeze-thaw, modulus,
and strength testing, it proved to be the worst performing mix during scal-
ing. This further proves that there is not one test method that exists to de-
termine durability of concrete specimens in cold environments. Mixtures
that produce high strengths and perform well during freeze-thaw testing
could still be exposed to scaling on the surface due to de-icing salts.
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Adiabatic Testing Chamber Development

Adiabatic temperature rise

In regions where temperature rise in mass concrete is a concern, thermal
finite difference modeling is commonly employed to predict temperature
rise based on placement temperature, ambient temperature, and a calcu-
lated adiabatic temperature rise (ATR) based on the Portland cement con-
tent of the mix (ACI 2005). A simple, one-dimensional model can be cre-
ated to model concrete temperature over time using this method, which
could be applied to mixtures containing CWAS admixtures. To support
this, an experimental apparatus was developed to cure concrete cylinders
under precisely controlled dynamic thermal conditions. USACE maintains
a standard testing procedure, CRD-C38-73, Method of Test for Tempera-
ture Rise in Concrete (HQUSACE 1973), to measure ATR; however, this
specification was developed with mixtures containing large (>3-in.) aggre-
gates in mind, and requires the use of prohibitively large (11 ft3) speci-
mens. The guidance provided in CRD-C38-73 was used to inform the de-
velopment of a smaller, more modern testing chamber that measures ATR
from 4-in. x 8-in. cylinders. The resulting chamber enables ATR measure-
ment through both match curing, as well as curing of cylinders as though
they were part of a much larger structure. Combined with variations in
mixture design, this test provides data points to eventually quantify the ef-
fects of varying cement content and dimensions on the temperature rise
associated with a range of CWAS dosages.

Development of a prototype adiabatic testing chamber was conducted
throughout the duration of the project detailed in this report. The opera-
tion of this chamber is relatively simple in principle; however challenges
exist related to minimization of error, consumable temperature sensors,
and a control loop with independent sensing elements. The following
chapter describes details of the current solutions to these issues and the
development process.

Adiabatic chamber design

To produce an adiabatic condition in fresh concrete, specimens must be
placed in an environment that prevents any loss of heat from the specimen
to the environment. There are two broadly used approaches to this issue.
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The first, and simplest, is to use a very large specimen (=3-ft x 3-ft x 3-ft)
and insulate the specimen heavily. This approach, while not truly adia-
batic, results in minimal heat loss to the environment relative to that pro-
duced in the specimen. The second approach, which does not require large
volumes of concrete or heavy insulation, involves maintaining the speci-
men in an environment that tracks the temperature of the concrete. By
maintaining a temperature equal to that of the test specimen, heat is pre-
vented from either entering or leaving the specimen, resulting in an adia-
batic condition. Figure 20 shows a functional diagram of the test chamber.

Figure 20. Functional diagram of adiabatic testing chamber.
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Chamber hardware

The specific hardware used for each component in the current prototype
chamber are:

1. Proportional-Integral-Derivative (PID) Temperature Controller: Pana-
sonic KT4R PID controller with Modbus input

2. Datalogger/PLC: Campbell Scientific CR1000x datalogger
Heater: 8ow flexible adhesive oil pan heater with aluminum heatsink

4. Insulated Test Chamber: 9 gallon beverage cooler
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The primary control elements of the chamber consist of the datalogger and
PID controller. These elements are responsible for the tasks of reading the
specimen temperature, logging the specimen and chamber temperature,
setting the chamber temperature, and setting the necessary heater duty cy-
cle required to reach a specific chamber temperature. The PID controller
includes an auto-tune functionality, which optimizes the heater duty cycle
response to produce an accurate temperature in the chamber without un-
der or overshooting the target temperature. The datalogger keeps a record
of all measured temperatures within the system, including the chamber
air, specimen temperatures, PID controller measured temperature, and
target temperature. Based on the specimen temperature, the datalogger
communicates the target chamber temperature to the PID controller using
the RS485 serial protocol. The datalogger also polls the PID controller for
the temperature measured by its independent sensor.

Temperature sensing

The most important factor for the adiabatic control system is the accurate
control of air temperature based on the measured specimen temperature.
In the system shown in Figure 20, this involved measuring the specimen
temperature, and then commanding the PID controller to set the chamber
air to a given temperature. The type of temperature sensing element used
in this control loop plays a critical role in the accuracy of the system. A pri-
mary concern for adiabatic testing is preventing the test chamber from
adding heat to the hydrating specimen, or preventing the temperature of
the air in the chamber from exceeding the temperature of the specimen.
With perfectly accurate and precise temperature sensors, this would be as
simple as setting the temperature of the chamber equal to that of the spec-
imen; however, all temperature sensors have limitations on both accuracy
and precision. In practice, to prevent the chamber temperature from ex-
ceeding the specimen temperature with certainty, the target air tempera-
ture must be slightly lower than that of the specimen temperature. The de-
gree of offset necessary depends entirely on the precision of the sensor.

Initial test runs of the chamber were implemented using basic, twisted
wire thermocouples made from Type T extension wire. These sensors are
generally stated to have an accuracy of 1.0 °C, and are inexpensive and
easy to manufacture. These were initially considered to be unsuitable for
the control algorithm, however, due to this relatively low accuracy. Several
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test runs were executed using thermistors that were calibrated in-house;
however, the response of these thermistors was nonlinear with tempera-
ture; specifically, as the temperature of the specimen increased, the rela-
tive accuracy of the sensor dropped. Platinum resistance temperature de-
tectors (RTDs) were also employed, due to the highly linear response of
those sensors; however, the sensors still needed to be calibrated individu-
ally in-house. Sensors that are embedded in concrete cannot be reused,
and the expense of RTD elements combined with the labor required for
calibration made this option not economical.

A further review of literature related to thermocouples revealed several
facts that caused their suitability for this application to be reevaluated. The
primary source of variation in the measurements of thermocouples is the
variation in the purity of the two different metals used to create a junction.
The accuracy statement on typical thermocouple wire is intended to en-
compass a large range of variation, so that any given spool of the same
product will fall within the stated accuracy limits (Park et al. 1993). These
variations occur as the wire is produced, and it has been determined ex-
perimentally that the variation of measurements taken from thermocou-
ples manufactured from the same spool of wire can be half that of the vari-
ation in thermocouples manufactured from different spools. Additionally,
the variation in thermocouples manufactured from the same few inches of
wire may be as low as 0.05 °F (Burns et al. 1993). Without calibration, the
absolute accuracy of two thermocouples manufactured from the same few
inches of wire may not be known; however, for the application of a differ-
ential control loop, this is not a concern.

Another convenient property of thermocouples is the simplicity with which

an averaging sensor can be created. By connecting several thermocouples in
parallel, a sensor is created that responds based on the average of the three

sensing elements. This also enhances precision, reducing the limits of error
by the square root of the number of sensors in the averaging element.

These factors resulted in the selection of an array of thermocouples for the
control loop algorithm of the adiabatic testing chamber. For each test, six
individual thermocouple junctions are created: three are wired in parallel
and connected to the PID controller to control the chamber temperature,
and three are wired in parallel and embedded in three individual fresh
concrete specimens. This arrangement allows for very consistent control of
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the chamber air temperature, and minimizes the required negative offset.
Measurement of the actual temperature of the test is accomplished
through a calibrated RTD, which measures the temperature of the air.

Size effect modeling

The ATR curves collected from the chamber provide fundamental inputs for
simulation of temperature rise in concrete structures of any geometry
(Jeong and Zollinger 2006 ). This approach is well established for simula-
tion of temperature rise in mass concrete structures, where excessive tem-
peratures can result in thermal cracking (ACI 2007; ACI 2005). Models
used are typically heat flow models with a custom source term to provide for
a reaction corrected rate of heat generation based on the amount of heat
that would be produced in adiabatic conditions at the equivalent tempera-
ture and amount of total heat (Martinelli et al. 2013). The approach used for
this research is based on the method described in Martinelli et al. (2013),
implemented in MATLAB using a finite element approach.

Dosage tool development

Figure 21 summarizes the workflow for development of the dosage tool,
which generally relies on three distinct tasks: experimental data collection,
enumeration and modeling of dosage and size cases, and model validation.
Experimental data collection consists of simultaneous measurement of
ATR as well as the temperature profiles of curing cylinders in both insu-
lated and bare conditions, for a range of admixture dosages and fresh con-
crete temperatures. Model enumeration involves the building of a range of
virtual placement geometries, and simulating their temperature rise across
an array of admixture dosage ATR curves. Model validation will compare
the results of simulated temperature rise with the experimental results ob-
tained from insulated and bare cylinders. The data obtained from the
modeling of a range of placement geometries, temperatures, and admix
dosages will be used to build a tool that can interpolate to find the best
dosage for a given fresh concrete and ambient temperature.
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Figure 21. Dosage tool development workflow.
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5.7 Model input data

For the first round of ATR testing, the cold weather admixture from
manufacturer A, “P” was selected, due to its generally good performance
and the simplicity of using one admixture versus a combination of two.
The admixture was tested with the same mixture design used for all other
experiments in this report, at three different dosages, and with two fresh
mixture temperatures. The dosages were 30, 60, and 100 oz/cwt of
admixture, and the target fresh temperatures were 55 °F and 35 °F.
Figures 22 to 28 show the resulting curves. In Figure 25, the 100 oz/cwt
dosage is missing due to a flaw in that particular run of the test. This
dosage will be retested. Generally speaking, as the dosage of admixture
increases, the maximum temperature rises, and temperature increases at
early ages. Validation data were also collected during the individual
adiabatic tests, from insulated and bare cylinder specimens cured at a

23 °F ambient temperature.
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Figure 22. Adiabatic temperature rise (ATR) curves for three mixtures with a target fresh
temperature of 55 °F. Mixtures tested were AP30, AP60, and AP100.
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Figure 23. ATR curves for two mixtures with a target fresh temperature of 35 °F. Mixtures
tested were AP30, APGO.
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Figure 24. ATR curve for AP30 at 55 °F, with insulated and bare cylinder data for two
replicates each (A and B).
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Figure 25. ATR curve for AP60 at 55 °F, with insulated and bare cylinder data two replicates
each (A and B).
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Temperature ['C)

Figure 26. ATR curve for AP100 at 55 °F, with insulated and bare cylinder data two
replicates each (A and B).
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Figure 27. ATR curve for AP30 at 35 °F, with insulated and bare cylinder data two replicates
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Figure 28. ATR curve for AP60 at 35 °F, with insulated and bare cylinder data two replicates
each (A and B).
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6.1

6.2

Field Specimen Analysis Results and
Discussion

Introduction

A key aspect in understanding the durability of CWAS concrete that has
been in field service for many years is isolating the potential contributions
of the admixtures from more conventional methods such as air entrain-
ment. To accomplish this, two types of forensic testing were performed on
core samples obtained from historical placements. These core specimens
from field investigations completed during Phase I of this work were sent
to the Concrete Materials Branch of the Engineer Research and Develop-
ment Center, Geotechnical and Structures Laboratory (ERDC-GSL), where
researchers completed hardened air-void analysis and attempted to extract
pore solution for chemical analysis (Hooton and Thomas 2009). Pore solu-
tion expression was attempted to assess the residual quantities of the
CWAS admixture present in concrete that had been in field exposure con-
ditions for extended periods of time. It may be possible that residual quan-
tities of admixture were present in concrete to a degree that provide some
residual freezing point depression effect.

Procedures
6.2.1 Hardened air-void analysis

The role of air content plays a large part in long-term durability of con-
crete in environments that undergo freezing and thawing events. As such,
the hardened air-void content was measured in concrete core specimens
obtained from the field investigation described in Phase I of this work.
Hardened air content of the samples was measured using a modified
method based on ASTM C457 (2016¢); details of the modifications are de-
scribed in Peterson et al. (2001). The specimen size recommended in the
test method was reduced due to the size of the cores obtained.

Core specimens from three locations with diameters measuring 3 in. were
selected for the analysis: Sault Ste. Marie, Michigan, Fort Wainwright,
Alaska, and Fairbanks, Alaska. These sites were selected due to their avail-
ability and time in service exceeding 10 years. Phase I of this work shows
initial durability verification through a visual inspection and non-
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6.3

destructive testing. To further validate and determine the durability of the
in-service concrete, hardened air-void analysis was completed. During
placement, fresh air content measurements were taken and recorded;
however, the specific test method used to measure air content was not rec-

orded, with the exception of Fort Wainwright, where the pressure method
(ASTM C231 [2017]) was used.

6.2.2 Pore solution expression

Pore solution expression was performed by first crushing core specimens
to remove the coarse aggregate, then by pressing the remaining mortar un-
der extremely high pressure using an apparatus that allows any resulting
fluid to be collected (Barneyback and Diamond 1981). Depending on the
age and moisture condition of the concrete, the amount of pore solution
collected may be very small. Fluid was then diluted and analyzed using ion
chromatography (IC) to determine the anions present in the pore solution.
For this study, the anions measured were selected based on the known
chemical ingredients of admixtures used for cold weather concrete, as de-
scribed in Appendix A.

Results
6.3.1 Hardened air-void analysis

Appendix B includes scanned images of each specimen. These scans show
the initial image of the specimen, and the specimens after preparation. The
specimens were prepared with a process that uses a permanent marker and
silica powder to highlight the void structure. This method, a modified ver-
sion of ASTM C457 (2016¢), is employed by petrographers to estimate air-
void structure in hardened concrete in a more automated way. Figure 29
shows the scans of the Sault Ste. Marie, Michigan control section. As shown,
the sample is prepared to accentuate the void structure and allow research-
ers to estimate the air content of the specimen more accurately.
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Figure 29. Hardened air-void analysis scans, Sample 2.

Of the 12 specimens analyzed, all had an estimated hardened air-void con-
tent higher than that of the fresh air content recorded at the time of place-
ment, as listed in Table 8. The placements in question have shown qualita-
tive signs of durability after more than a decade in service. Completing
hardened air-void analysis allows the researchers to postulate that a factor
of this improved durability of a concrete placement in freezing tempera-
tures is due to a proper air-void structure within the mixture. Additional
information about mix designs and placement of each site can be found in
the Phase I report of this work (Kennedy et al. 2019).

The Sault Ste. Marie, Michigan site was placed more than 25 years ago in
March 1994 and is still in service today. The site included five admixture-
amended slabs and one control slab, each 18-ft x 20-ft and 6-in. thick, and
each incorporating a reinforcement grid. The control slab was kept heated
and under a tent for the first several days to ensure proper curing. Sample 1
was cored from a slab that incorporated a prototype admixture and had a tent
erected during early age curing, but was not heated. The remaining four slabs
incorporated CWAS technology, but were not tented or externally heated.
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The Fort Wainwright site located in Fairbanks, Alaska was placed over a
decade ago in March 2008 to be used as a military hardstand, and is still
in use today. The site consists of five, 15-ft x 25-ft, 6-in. thick reinforced
slabs on grade. The goal of this placement was to vary the admixture dos-
age and compare performance of each. A trial mixture was tested onsite
and the five placements were completed over the following 2 days. None of
the five slabs were tented or heated during the placement or curing pro-
cess. Sample 7 was cored from a slab with the highest admixture dosage of
the whole placement, which also resulted in the highest fresh and hard-
ened air-void content. During the visual inspection of this location, this
slab portrayed surface cracking throughout. The high air content may have
resulted in a strength loss of this concrete, causing cracking, although
there is not enough evidence to confirm this assumption. Samples 8 and
10 were cored from slabs with nearly equivalent CWAS contents, although
a different type of water-reducing admixture was used. Different water re-
ducers may have different effects on the initial slump of the mixture,
which can require different amounts of water to be added onsite to achieve
the desired workability. Samples 7, 8, 9, and 11 contained w/c of 0.38-0.39
while sample 10, which incorporated a different water reducer than the
previous four was placed with a w/c of 0.47.

The Cold Climate Housing Research Center (CCHRC) site located in Fair-
banks, Alaska was placed in March 2007 to be used as a sidewalk and bike
path for the facility. This 8-ft x 8-ft and 4-in. thick slab is still in use today and
visual inspection shows no obvious deterioration after over a decade of use.
Hardened air-void analysis of the sample cored from this site shows an ex-
tremely high air content of 23.05%. Unfortunately, no information was offi-
cially published on the placement, making it difficult for researchers to diag-
nose the cause of such a high value. This air content value would typically
cause a reduction in strength, although signs of weakened concrete were not
discovered during the inspection documented in Phase I of this work.
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Table 8. Air content values.

Sample # Location Cast Date Admixture Type | Plastic Air (%) | Hardened Air (%)
1 Sault Ste. Marie, MI March 1994 BP*190 32 459
2 Sault Ste. Marie, MI March 1994 Control 32 387
3 Sault Ste. Marie, MI March 1994 BP*1150 47 947
4 Sault Ste. Marie, MI March 1994 BN9O 34 727
b Sault Ste. Marie, MI March 1994 AP160 53 911
6 Sault Ste. Marie, MI March 1994 AP*; 5 2%* % 8 106
7 Fort Wainwright, AK March 2008 BN68C4 58 1084
8 Fort Wainwright, AK March 2008 BN34C23 b2 661
9 Fort Wainwright, AK March 2008 BN45C3 54 864
10 Fort Wainwright, AK March 2008 BN34C23 b5 924
11 Fort Wainwright, AK March 2008 BN22C15 57 957
12 CCHRC March 2007 BN90C5 8 23.05
*These cold weather specific admixtures (P) were prototypes from manufacturers Aand B.
**This admixture was dosed as a percentage of solids per cwt and no further information was provided

Through the visual inspection of these sites and the non-destructive test-
ing completed in Phase I, it is apparent that each slab has shown signs of
proven durability. Air-void structure plays a large role in durability in en-
vironments subjected to freezing and thawing. The results of higher than
estimated air contents in each of the slabs could be a factor of the im-
proved durability of these mixtures over time.

6.3.2 Pore solution expression

Pore solution expression was performed on different cores from the same
concrete slabs as hardened air-void analysis; however, it was not possible
to obtain pore solution from a significant portion of the specimens ana-
lyzed. Appendix C includes the results that could be obtained. For the con-
cretes in place at the Sault Ste. Marie, MI site, pore solution was success-
fully obtained and analyzed from all slabs with the exception of the con-
trol. This is unfortunate, as it makes robust comparisons of the concentra-
tions of different anions difficult due to the lack of a baseline from a mix-
ture with no CWAS. Some basic observations can be made however,
namely that nitrate and nitrite are both present in amounts ranging from
0.1% to 1.6% in concrete made with admixtures that contain calcium ni-
trate and calcium nitrite, as described in Appendix C. This indicates that
some amount of these chemicals remains present in the pore solution of
the concrete even after almost 30 years of exposure.



ERDC/CRREL TR-21-1 54

To evaluate the potential for freeze-point reduction of the amounts of ad-
mixture present in the pore solution, the current chemical makeup of the
pore solution can be compared to an estimate of the initial chemical concen-
tration of the same species at the time of mixing. As an example, specimen
#4 was obtained from a slab that contained an initial dose of 9o oz/cwt of
BN admixture (manufacturer B, non-chloride accelerator), had a water-to-
cement ratio of 0.39, and a cementitious content of 707 1b/yd3. Assuming
the chemical makeup of the admixture BN is similar today to the mixture as
it was in 1994, the % by mass of nitrate in the admixture is 29.5%. The total
volume of admixture BN per yd3 is 636 oz or 4.97 gallons. With a density of
11 Ib/gal, the total mass of admixture in this mix would be 54.68 1b, 29.5%
of which is nitrate. This gives a total nitrate per cubic yard of 16.1 Ib, which
can be divided by the total water content of 275 lb, to give an initial nitrate
concentration of 5.8% in the fluid component of the concrete mixture. This
is an approximate estimate that can be compared to the measured nitrate
concentration of the pore solution (from Table C—1) of 10126 ppm or 1.01%.
The reduction, while significant, occurred over a span of 24 years, and indi-
cates that freezing point depression of the pore solution provided by the ad-
mixture may have persisted for some time.

The results of this initial assessment indicate a significant possibility of lin-
gering freezing point depression in hardened concrete containing CWAS;
however, this observation currently requires additional verification and
quantification. The implications of this observation are a potential reduc-
tion in the number of in-situ freeze-thaw cycles experienced by in-place
structures. Further research would likely be necessary to measure the freez-
ing point in conjunction with ambient conditions over an extended period of
time to confirm and characterize this effect in more detail.
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7.1

Conclusions and Recommendations

Conclusions

The Phase II project has led to several significant conclusions regarding
the use of freeze protection additives in cold weather concreting:

1. Mixtures cast and cured in a 23 °F environment can achieve compressive
strengths exceeding room-temperature control mixtures at 7, 28, and
90 days of age, with as little at 60 oz/cwt of freeze protection additive.
These mixtures are durable to rapid freezing and thawing cycles when air
entrained. This amount of freeze protection additive represents a >50% re-
duction in quantity when compared to that recommended by previous re-
search.

2. Itis not necessary for the freezing point of a concrete mixture to be less
than the lowest temperature experienced by the concrete. In the presence
of freeze protection additives, it is possible for ice to form at early ages
without preventing concrete from achieving useful compressive strengths.

3. The AP freeze protection additive is capable of producing higher strengths
with less admixture than the ANC admixture combination.

4. The reduction in admixture dosage allows for an increase in handling time,
with initial setting times as long at 3.5 hours. The reduction in admixture
also directly reduces the cost of the mixture.

5. Manufacturer recommended maximum dosages of CWAS used in the past
result in mixtures with working times of less than 30 minutes at typical
winter temperatures for fresh concrete (60 °F).

6. All mixtures increased in strength with each successive testing age. 9o-day
compressive strengths for the AN45C45 mixture exceeded 8,000 psi. The
continued gain in compressive strength from 28 to 9o days of age occurred

despite a lack of additional curing moisture.
7. For both AN30C3 and AN45C45 mixtures, air entrainment is required for
mixtures to be durable to ASTM C666 (2015) freeze-thaw testing. The two

mixtures without air entrainment experienced damage, with the
AN30C3.Ao failing first.

The conclusions listed above represent a significant step forward in the
state of knowledge for use of freeze protection additives. The combination
of reduced cost, increased handling time, and excellent mechanical perfor-
mance that is achieved with lower doses of freeze protection additive may
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1.2

7.3

enable broader adoption due to an increase in user friendliness. The previ-
ously established temperature limit of 23 °F is likely conservative; it may
be possible to cure concrete with useful strength in a timely manner at
temperatures significantly lower than 23 °F. The role of freeze protection
additives in the curing of concrete at below freezing temperatures is also
not as simple as previously characterized. Based on temperature data from
the first 72 hours of curing, ice clearly forms in mixtures such as AN30C3
and AP60; however, these mixtures achieve strengths exceeding room-
temperature control mixtures at all ages.

Recommendations

The advancements reported in this document are substantial; however,
significant work remains to integrate other existing concrete technologies
with freeze protection additives.

¢ An urgent need is to test the compatibility of freeze protection addi-
tives with supplementary cementitious materials including fly ash,
blast furnace slag, and silica fume. These materials are common and
sometimes mandatory components of modern concrete, and can signif-
icantly enhance the durability of the material in the cases of reactive
aggregate.

o The effect of freeze protection additives on durability to rapid freeze-
thaw cycling is well understood; however, many test methods which
quantify durability operate by quantifying the permeability of the con-
crete. No research has been performed at CRREL to examine the ef-
fects of freeze protection additives on the permeability of concretes
cured at below freezing temperatures.

e The current curing regime used to test freeze protection additives is
unrealistic. A constant temperature below freezing which does not vary
daily does not match any known location. The most realistic curing
schedule would involve daily cycling of concrete temperature, with the
highs and lows set based on climate data from different locations.

e The lower temperature limits associated with specific quantities of
freeze protection additive should be determined.

Future work

The next phase of research involving freeze protection additives will focus
on addressing the needs described above. This phase will also work to
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continue development of the dosage guidance tool, through adiabatic test-
ing of more combinations and types of freeze protection additive. Larger
scale mixtures need to be placed to validate the performance of the lower
dosages of freeze protection additive, and to provide field validation data.
Finally, the results of this report, as well as the next phase, are being incor-
porated into a new, comprehensive suite of tools and guidance for use of
additives in cold weather concreting known as ARCTEC (Additive Regu-
lated Concrete for Thermally Extreme Conditions).

Additive regulated concrete for thermally extreme conditions

ARCTEC incorporates freeze protection additives into a new system
providing tools and methodology to recommend admixture dosage tai-
lored to the conditions, materials, and geometry of each concrete place-
ment. Figure 30 shows a functional diagram of ARCTEC, which illustrates
the details of the input parameters required as well as the output infor-
mation provided. ARCTEC will consist of three main components: an addi-
tive dosage calculator, a list of qualified additive products, and a perfor-
mance prediction model, which will provide an indication of short and
long-term concrete performance before placement. Ongoing laboratory re-
search is supporting the development of the dosage guidance tool as well
as the list of qualified additives; the performance prediction model will be
the subject of future research efforts.

Figure 30. Functional diagram of ARCTEC detailing the role of the tool in design of a winter
concrete mixture.
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Acronyms and Abbreviations

Abbreviation Term

AC Alternating Current

ACI American Concrete Institute

ARCTEC Additive Regulated Concrete for Thermally Extreme Conditions

ASTM American Society for Testing and Materials

ATR Adiabatic temperature rise

BN Manufacturer B, Non-Chloride Accelerator

CCHRC Cold Climate Housing Research Center

CRREL Cold Regions Research and Engineering Laboratory

CWAS Cold Weather Admixture Systems

ERDC Engineer Research and Development Center

ERDC-GSL Engineer Research and Development Center, Geotechnical and
Structures Laboratory

IC lon Chromatography

LIDAR Light Detection and Ranging

MTS Materials Test System

PID Proportional Integral Derivative

RTD Resistance Temperature Detectors

SAM Sequential Air Method

USACE U.S. Army Corps of Engineers
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Appendix A: Admixture Chemical Analysis

Table A-1. Admixture chemical analysis.

lon AP AN BN BC AC
Chloride 0.07 0.01 0.07 0.03 0.04
Nitrite 1216 263 003 | 2178 | 2286
Bromide 139 0.00 0.00 0.00 0.00
Sulfate 0.08 0.09 0.05 0.06 0.05
Nitrate 1359 [ 2927 | 2954 1.05 161
Phosphate 0 0 0 0 0
Lithium 0.00 0.00 0.00 0.00 0.00
Sodium 0.08 102 111 010 0.07
Ammonium 0.00 001 0.00 0.00 0.01
Potassium 0.00 0.00 0.00 0.00 0.00
Magnesium | 0.00 002 0.00 0.00 0.00
Calcium 100 105 94 96 103
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Appendix B: Durability Trials Temperature and
Resistivity Curves

Figure B-1. Temperature curve for insulated and bare specimens for AN30C3 with 7.1% air.
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Figure B-2. Resistivity curve for insulated and bare specimens for AN30C3 with 7.1% air.
Large values at t-zero are a result of the open circuit reading of the data logger before
specimen connection.
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Figure B-3. Temperature curve for insulated and bare specimens for AN30C3 with 10.3% air.
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Figure B-4. Resistivity curve for insulated and bare specimens for AN30C3 with 10.3% air.
Large values at t-zero are a result of the open circuit reading of the data logger before
specimen connection.
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Figure B-5. Temperature curve for insulated and bare specimens for AN30C3.A0 with 2.2%

Figure B-6. Resistivity curve for insulated and bare specimens for AN30C3.A0 with 2.2% air.
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Temperature (°C)

Figure B-8. Resistivity curve for insulated and bare specimens for AN30C3.F45 with 9.2% air.

Resistivity (kOhm)
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Figure B-9. Temperature curve for insulated and bare specimens for AN4A5C45 A0

with 2.3% air.
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Figure B-10. Resistivity curve for insulated and bare specimens for AN4A5C45 A0 with 2.3%
air. Large values at t-zero are a result of the open circuit reading of the data logger before
specimen connection.

1

0.9 ’ ——Bare

0.8 / —— Insulated
0.7
0.6
05
0.4

Resistivity (kOhm)

0.3

0.2
0.1
0

0] 12 24 36 48 60 72 84 96 108 120 132 144 156 168
Time (hours)




ERDC/CRREL TR-21-1

Figure B-11. Temperature curve for insulated and bare specimens for ANA5C45
with 4.2% air.
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Figure B-12. Resistivity curve for insulated and bare specimens for ANA5C45 with 4.2% air.
Large values at t-zero are a result of the open circuit reading of the data logger before
specimen connection.
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Figure B-13. Temperature curve for insulated and bare specimens for AP60 with 4.9% air.
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Figure B-14. Resistivity curve for insulated and bare specimens for AP60 with 4.9%
air. Large values at t-zero are a result of the open circuit reading of the data logger
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Figure B-15. Temperature curve for insulated and bare specimens for AP100 with 6.1% air.
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Figure B-16. Resistivity curve for insulated and bare specimens for AP100 with 6.1%
air. Large values at t-zero are a result of the open circuit reading of the data logger
before specimen connection.
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Appendix C: Forensic Testing Results



74

ERDC/CRREL TR-21-1

Its

Ion expression resu

C.1 Pore solut

92'8LES arve’l6C - T9.E'68C loge'se 8E'EE69 L18'1S6E G206Nd 002 yore OHHOO (12
ceeTey G8EG'8GE - 6989'C0C 69T.L'V6 SrETTI6L 88.'6859 GTOCZNg 800¢ yaieN WY ‘WBLMUIEM Ho4 T
- - - - - - - E£COVENT 800¢ yare WY ‘WBLMUIEM Ho4 ot

- - - - - - - £05Ng 800¢ yare WY ‘WBLMUIEM Ho4 6

- - - - - - - E£COVENY 800¢C yeN WY ‘WBUmUIEM o] 8

- - - - - - - ¥O89NE 800¢ yoIe WMV ‘WBumuIepm Ho4 L

- - - YOCOET 6.C6'8T 86T'¥S6S €80T #x%C'S TadV 66T UdoIeN IN ‘suel '915 Ynes 9
LE9TTC GEEC'YIC | ETE9EL - ¥8CS'ry CCEVCOY | L9LTYC8 09Tdv 66T UdoIeN IN ‘suel '915 Ynes S
L0cy [k - 6T26'VE Z¢S08'10T vevl LT S8'9CT0T OeNg V66T Ydie I ‘eUe 1S ynes 14
L06'660T 66E 006 - - vISL'8L 90S6'6T LT'9E99T 0STTxdd V66T Ydie I ‘eUe 1S ynes €
- - - - - - - lonuog 66T UoIeN IN ‘aue "81s Ines [4
YI1E6'S96T E€LTC'0CS | BLLTO96Y | SC8T'E69T LSLy'evT V61681 ¥06C'S59 06T~dd 66T UdoIeN IN ‘suel '915 Ynes T

ejeuefpy|  elewuod| eplwoig aejng apuolyy SiAIN sleniN|  edAL ainpiwpy aleq 1se9 uonedo| #edwes

'SaINIONIS Pl Woly pauleqo suawdads 10y uonnjos alod 8)a10uod Jo (wdd) uolpw Jod sued ul SUORERIJUSIUOD U] [BIWBYD “T—) dlqel




ERDC/CRREL TR-21-1 75

C.2 Samples, hardened air-void analysis

Figure C-1. Sample 1, hardened air-void analysis (4.59%).




ERDC/CRREL TR-21-1

76

Figure C-2. Sample 2, hardened air-void analysis (3.87%).
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Figure C-3. Sample 3, hardened air-void analysis (9.47%).
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Figure C-4. Sample 4, hardened air-void analysis (7.27%).
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Figure C-5. Sample 5, hardened air-void analysis (9.11%).
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Figure C-6

. Sample 6, hardened air-void analysis (10.6%).
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Figure C-7. Sample 7, hardened air-void analysis (10.84%).
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Figure C-8. Sample 8, hardened air-void analysis (6.61%).
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Figure C-9. Sample 9, hardened air-void analysis (8.64%).
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Figure C-10. Sample 10, Hardened air-void analysis (9.24%).
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Figure C-11. Sample 11, hardened air-void analysis (9.57%).
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Figure C-12. Sample 12, hardened air-void analysis (23.05%).
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