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CHAPTER 1—INTRODUCTION AND HISTORICAL
DEVELOPMENTS

1.1—Scope

Mass concrete covered by this guide generally falls into
two classifications, or types. The first type is the traditional
mass concrete of structures such as dams, where most of
the structure 1s mass concrete and 1s constructed of inter-
twined placements. The second type consists of individual
or distinct placements such as high-rise building founda-
tions or bridges, and is increasingly referred to as ther-
mally controlled concrete. Both types of mass concrete
have similar principles and basic considerations; however,
thermally controlled concrete is often constructed with
commercial ready mixed concrete. Thus, it may be designed
to be pumpable and can consist of self-consolidating, high-
strength, or high-performance concrete, which typically
results in concrete containing much higher cementitious
materials content than traditional mass concrete. Although
this guide mainly focuses on guidance for traditional mass
concrete, much of the information can also be applicable to
thermally controlled concrete.

The design of traditional mass concrete structures, such as
dams, is generally based on durability, economy, and thermal
requirements. Strength performance i1s often a secondary
requirement, rather than a primary concern, and is some-
times specified to be achieved at an age of 56 or 90 days
instead of 28 days.

The one characteristic that distinguishes mass concrete
from other concrete work is thermal behavior. Because
the reaction between water and cement 1s exothermic by
nature, the temperature rise within a large concrete mass,

Significant tensile stresses and strains may result from a
decline in temperature as heat from hydration 1s dissipated
at the volume extremities but not at the mass core. Measures
should be taken where cracking due to thermal behavior may
adversely affect structural integrity, durability, or aesthetics.

This guide contains a history of the development of mass
concrete practice and a discussion of materials and concrete
mixture proportioning, properties, construction methods,
and equipment.

Mass concreting practices were developed largely from
concrete dam construction, where temperature-related
cracking was first identified. Temperature-related cracking
has also been experienced in other concrete structures,
including mat foundations, pile caps, bridge piers, super-
structure elements, roadway patches, and tunnel linings.

High compressive strengths are not typically required in
traditional mass concrete structures; however, there are some
cases, such as thin arch dams, where high-strength concrete
may be specified. Massive structures, such as gravity dams,
resist loads primarily by their shape and mass; strength is
of secondary importance. Of more importance are durability
and properties connected with temperature behavior and the
tendency for cracking.

The effects of heat generation, restraint, and volume
changes on the design and behavior of massive reinforced
elements and structures are discussed in ACI 207.2R.

Cooling and insulating systems for mass concrete are
addressed in ACI 207.4R.

1.2—History

Historically, mass concrete considerations evolved out of
the use of concrete in dams. The first concrete dams were
relatively small, and the concrete was mixed by hand. The
portland cement usually had to be aged to comply with a
boiling soundness test, the aggregate was bank-run sand and
gravel, and proportioning was by the shovelful (Davis 1963).
Tremendous progress has been made since the early 1900s,
and the art and science of dam building practiced today has
reached a highly advanced state. Presently, the selection
and proportioning of concrete materials to produce suit-
able strength, durability, and impermeability of the finished
product can now be predicted and controlled with accuracy.

Covered herein are the principal steps from those very
small beginnings to the present. In large dam construction,
there 1s now exact and automatic proportioning and mixing
of materials. Concrete in 12 yd®> (9 m’) buckets can be
placed by conventional methods at the rate of 10,000 yd?/
day (7650 m?®/day) at a temperature of less than 50°F
(10°C) as placed, even during extremely hot weather. Grand
Coulee Dam still holds the record monthly placing rate of
536,250 yd® (410,020 m?®), followed by the Itaipu Dam on
the Brazil-Paraguay border with 440,550 yd® (336,840 m?®)
(Itaipu Binacional 1981).

1.2.1 Before 1900—Before the beginning of the twentieth
century, much of the portland cement used in the United
States was imported from Europe. All cements were very
coarse by present standards, and quite commonly they were

where the heat is not quickly dissipated, can be quite high........snderburned and had a high free lime content. For dams of
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that period, bank-run sand and gravel were used without the
benefit of washing to remove objectionable dirt and fines.
Concrete mixtures varied widely in cement content and fine-
to-coarse aggregate ratio. Mixing was usually done by hand
and proportioning by shovel, wheelbarrow, box, or cart. The
effect of the water-cement ratio (w/c) was unknown, and
generally no attempt was made to control the volume of
mixing water. There was no measure of consistency except
by visual observation of the newly mixed concrete.

Some of the dams were of cyclopean masonry in which
plums (large stones) were partially embedded in a very wet
concrete. The spaces between plums were then filled with
concrete. Some of the early dams were built without contrac-
tion joints and without regular lifts. There were, however,
notable exceptions where concrete was cast in blocks, the
height of lift was regulated, and concrete of very dry consis-
tency was placed in thin layers and consolidated by rigorous
hand tamping.

Generally, mixed concrete was transported to the forms
by wheelbarrow. Where plums were employed in cyclopean
masonry, stiff-leg derricks operating inside the work area
moved the wet concrete and plums. The rate of placement
was, at most, a few hundred cubic yards (cubic meters) a day.
Generally, there was no attempt to moist cure the concrete.

An exception to these general practices was the Lower
Crystal Springs Dam, completed in 1890. This dam is
located near San Mateo, CA, approximately 20 miles
(30 km) south of San Francisco. According to available
information, it was the first dam in the United States in
which the maximum permissible quantity of mixing water
was specified. The concrete for this 154 ft (47 m) high struc-
ture was cast in a system of interlocking blocks of speci-
fied shape and dimensions. An old photograph indicates that
hand tampers were employed to consolidate the dry concrete
(concrete with a low water content and presumably very low
workability). Fresh concrete was covered with planks as a
protection from the sun, and the concrete was kept wet until
hardening occurred.

1.2.2 1900 to 1930—After the turn of the century,
construction of all types of concrete dams greatly acceler-
ated. More and higher dams for irrigation, power, and water
supply were built. Concrete placement by means of towers
and chutes became common. In the United States, the port-
land cement industry became well established, and cement
was rarely imported from Europe. ASTM specifications for
portland cement underwent little change during the first
30 years of the century, aside from a modest increase in fine-
ness requirement determined by sieve analysis. Except for
the limits on magnesia and loss on ignition, there were no
chemical requirements. Character and grading of aggregates
were given more attention during this period. Very substan-
tial progress was made in the development of methods of
proportioning concrete. The water-cement strength relation-
ship was established by Abrams (1918) from investigations
before 1918. Nevertheless, little attention was paid to the
quantity of mixing water. Placing methods using towers and
flat-sloped chutes dominated, resulting in the use of exces-
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sively wet mixtures for at least 12 years after the importance
of the w/c had been established.

Generally, portland cements were employed without
admixtures. There were exceptions, such as the sand-
cements used by the U.S. Reclamation Service (now the
U.S. Bureau of Reclamation [USBRY]) in the construction of
the Elephant Butte Dam in New Mexico and the Arrowrock
Dam 1in Idaho. At the time of its completion in 1915, the
Arrowrock Dam, a gravity-arch dam, was the highest dam in
the world at 350 ft (107 m). The dam was constructed with
lean interior concrete and a richer exterior face concrete.
The mixture for interior concrete contained approximately
376 Ib/yd® (223 kg/m?) of a blended, pulverized granite-
cement combination. The cement mixture was produced at
the site by intergrinding approximately equal parts of port-
land cement and pulverized granite so that no less than 90%
passed the No. 200 (75 mm) mesh sieve. The interground
combination was considerably finer than the cement being
produced at that time.

Another exception occurred in the concrete for one of the
abutments of Big Dalton Dam, a multiple-arch dam built by
the Los Angeles County Flood Control District during the
late 1920s. Pumicite (a pozzolan) from Friant, CA, was used
as a 20% replacement by mass for portland cement.

In the early part of the twentieth century, cyclopean
concrete went out of style. For dams of thick section, the
maximum size of aggregate for mass concrete increased
to 10 in. (250 mm). The slump test had come into use as a
means of measuring consistency. The testing of 6 x 12 in.
(150 x 300 mm) and 8 x 16 1n. (200 x 400 mm) job cylinders
became common practice in the United States. European
countries generally adopted the 8 x 8 in. (200 x 200 mm)
cube for testing the strength at various ages. By the end of
the 1920s, mixers of 3 yd’ (2.3 m’) capacity were commonly
used, and there were some of 4 yd® (3 m®) capacity. Only
Type I cement (portland cement) was available during this
period. In areas where freezing-and-thawing conditions were
severe, it was common practice to use a concrete mixture
containing 564 1b/yd® (335 kg/m?) of cement for the entire
concrete mass. The construction practice of using an interior
mixture containing 376 Ib/yd® (223 kg/m®) and an exterior
face mixture containing 564 Ib/yd® (335 kg/m?) was devel-
oped to make the dam’s face resistant to the severe climate
and yet minimize the overall use of cement. In areas of mild
climate, one class of concrete that contained amounts of
cement as low as 376 1b/yd® (223 kg/m?®) was used in some
dams (TVA 1940).

An exception was the Theodore Roosevelt Dam built
during the years of 1905 to 1911 in Arizona. This dam
consists of a rubble masonry structure faced with rough
stone blocks laid in portland-cement mortar made with a
cement manufactured in a plant near the dam site. For this
structure, the average cement content has been calculated
to be approximately 282 Ib/yd® (167 kg/m’). For the inte-
rior of the mass, rough quarried stones were embedded in a
1:2.5 mortar containing approximately 846 Ib/yd* (502 kg/
m?) of cement. In each layer, the voids between the closely
spaced stones were filled with a concrete containing 564 1b/
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yd? (335 kg/m?®) of cement, into which rock fragments were
manually placed. These conditions account for the very low
average cement content. Construction was slow, and Roos-
evelt Dam represents perhaps the last of the large dams built
in the United States by this method of construction.

1.2.3 1930 to 1970—This was an era of rapid develop-
ment in mass concrete construction for dams. The use of
the tower-and-chute method declined during this period and
was used only on small projects. Concrete was typically
placed using large buckets with cranes, cableways, railroad
systems, or a combination of these. On the larger and more
closely controlled construction projects, the aggregates were
carefully processed, ingredients were proportioned by mass,
and the mixing water was measured by volume. Improve-
ment in workability was brought about by the introduc-
tion of supplementary cementitious materials (SCMs), air
entrainment, and chemical admixtures. Slumps as low as
3 in. (76 mm) were employed without vibration, although
most projects in later years of this era used large spud vibra-
tors for consolidation.

A study of the records and actual inspection of a consider-
able number of dams shows that there were differences in
conditions that could not be explained. Of two structures
that appeared to be of similar quality subjected to the same
environment, one might exhibit excessive cracking while the
other, after a similar period of service, would be in near-
perfect condition. The records available on a few dams indi-
cated wide internal temperature variations due to cement
hydration. To better understand the discrepancies borne
from thermal behavior observed in the field, the American
Concrete Institute (ACI) established a committee to study
the effects of mass concrete.

ACI Committee 207, Mass Concrete, was organized in
1930 for the purpose of gathering information about the
significant properties of mass concrete in dams and factors
that influence these properties. Bogue (1929) had already
identified the principal compounds in portland cement.
Hubert Woods and his associates engaged 1n investigations
to determine the contributions of each of these compounds
to heat of hydration and to the strength of mortars and
concretes (Woods et al. 1932).

By the beginning of 1930, the Hoover Dam in Nevada
was in the early stages of planning. Because of the unprece-
dented size of the Hoover Dam, in-depth investigations were
carried out to determine the effects of factors such as compo-
sition and fineness of cement, cement factor, temperature of
curing, and maximum size of aggregate on the heat of hydra-
tion of cement, compressive strength, and other properties of
mortars and concrete (U.S. Bureau of Reclamation 2009).

The results of these investigations led to the use of low-
heat cement in the Hoover Dam. The investigations also
furnished information for the design of the embedded
pipe cooling system used for the first time in the Hoover
Dam. Low-heat cement was first used in the Morris Dam,
near Pasadena, CA, which was started a year before the
Hoover Dam. For the Hoover Dam, the construction plant
was of unprecedented capacity. Batching and mixing were

concrete plants, equipped with 4 yd? (3 m?) mixers, was over
10,000 yd* (7600 m?). Concrete was transported in 8 yd’
(6 m’) buckets by cableways and compacted initially by
ramming and tamping. In the spring of 1933, large internal
vibrators were introduced and were used thereafter for
compacting the remainder of the concrete. Within approxi-
mately 2 years, 3,200,000 yd® (2,440,000 m?) of concrete
were placed.

Hoover Dam marked the beginning of an era of improved
practices 1n large concrete dam construction. Completed 1n
1935 at a rate of construction then unprecedented, the prac-
tices employed there, with some refinements, have been
in use on most of the large concrete dams that have been
constructed in the United States and in many other countries
since that time.

The use of a pozzolanic material (pumicite) was given
a trial in the Big Dalton Dam by the Los Angeles County
Flood Control District. For the Bonneville Dam, completed
by the Corps of Engineers in 1938 in Oregon, a portland
cement-pozzolan combination was used. It was produced by
intergrinding the cement clinker with a pozzolan processed
by calcining an altered volcanic material at a temperature of
approximately 1500°F (820°C). The proportion of clinker to
pozzolan was 3:1 by mass. This type of cement was selected
for use at Bonneville based on test results on concrete that
indicated low temperature rise. This is the earliest known
concrete dam in the United States in which an interground
portland-pozzolan cement was used. The use of pozzolan as
a separate cementitious material to be added at the mixer, at
a rate of 30% or more of total cementitious materials, has
come to be regular practice by the USBR, the Tennessee
Valley Authority (TVA), the United States Army Corps of
Engineers (USACE), and others.

The chemical admixtures that function to reduce water in
concrete mixtures, control setting, and enhance strength of
concrete began to be seriously recognized in the 1950s and
1960s (Wallace and Ore 1960) as materials that could benefit
mass concrete. Since that time, chemical admixtures have
been used in most mass concrete.

Around 1945, it became standard practice to intentionally
entrain air for concrete in most structures exposed to severe
weathering conditions. This practice applied to the concrete
of exposed surfaces of dams as well as to concrete pave-
ments and reinforced concrete in general. Air-entraining
admixtures have been used for both interior and exterior
concretes of practically all dams constructed since 1945. Air
entrainment 1s sometimes specified in mass concrete in areas
that are not affected by freezing and thawing as a method
to increase workability without the addition of cement;
this was used most recently on the Folsom Dam Auxiliary
Control Structure in Folsom, CA (U.S. Bureau of Reclama-
tion 1999).

1.2.4 1970 to present—During this era, roller-compacted
concrete was developed and became the predominant
method for placing mass concrete of dams. Because roller-
compacted concrete 1s now commonly used, ACI 207.5R 1s
a principal reference for this subject. Other concrete place-

completely automatic. The record day’s output for the twg........ment methods continue to be used for many projects, large
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and small, particularly where roller-compacted concrete
would be impractical or difficult to use. This often includes
arch dams, large walls, and foundations, particularly where
reinforcement is required.

The continuing development of chemical admixtures has
allowed very large underwater placements where the concrete
flows laterally up to 100 ft (30 m). Float-in construction
methods where structural elements are precast or prefabri-
cated and later filled with underwater concrete have been
developed. Construction of dam sections and powerhouses
have been completed in this manner.

Concern over the effects of high internal temperatures,
temperature differences within elements, and placements
that were traditionally not considered mass concrete began in
the mid-1990s. These concerns started with a noted increase
in the cracking of structures and the increased focus on long
service life of transportation infrastructure. The increase in
cracking was correlated with the use of concrete with high
cement and SCM contents, finer cement grinding, high early
compressive strength, and rapid construction practices.
These practices resulted in concrete placements having high
temperature gains and internal temperature differentials.
Around the same time, delayed ettringite formation (DEF)
came into notoriety in the precast industry and was also
identified as a potential deterioration mechanism in non-
precast concrete. This led to an increased focus on thermal
control of concrete placements for commercial and trans-
portation projects, with these placements being referred to
as mass concrete. There 1s currently no standard definition
of specific characteristics of concrete or placements that
require control of temperatures and temperature differences,
although efforts are underway to develop such a definition
based on the dimensions of the concrete placement and heat
generation of the concrete used in the placement.

ACI 301, ACI 350, and ACI 349 have specification
requirements for placements designated to be treated as
mass concrete. ACI 301 recommends that placements that
are 4 ft (1.2 m) thick or greater, or capable of generating a
large amount of heat at early ages should be treated as mass
concrete. Placements that trap heat such as those where
heat in soil does not allow placement to cool or in stacked
placements with too little time provided for adequate heat
dissipation should also be considered mass concrete. For
such placements, ACI 301 specifies a maximum tempera-
ture limit of 160°F (70°C) and temperature differences not
exceeding 35°F (20°C). Control of temperatures and temper-
ature variations within the placement is required from the
time the concrete 1s placed until the hottest portion of the
concrete cools to the temperature, which is specified to
be acceptable based on the average air temperature. This
requirement is intended to maintain the maximum tempera-
ture and temperature variation within the specified limits,
which often occurs if thermal controls are discontinued too
early. ACI 301 also requires development and submittal of a
thermal control plan to describe specific measures that will
be used to control temperatures and temperature differences,
and temperature monitoring to demonstrate that temperature

requirements have not been exceeded. All the cited requires:.,
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ments of ACI 301 are the default requirements, which can
be modified by the specifier or by request of the contractor,
subject to review and approval by the engineer.

1.2.5 Cement content—During the late 1920s and early
1930s, it was practically an unwritten law that mass concrete
for large dams should contain more than 376 Ib/yd’ (223 kg/
m’) of cement. However, some authorities of that period
believed that the cement factor should never be less than
564 1b/yd® (335 kg/m’). The cement factor for the interior
concrete of Norris Dam (TVA 1940), constructed by the
Tennessee Valley Authority (TVA) in 1936, was 376 Ib/
yd® (223 kg/m?®). The degree of cracking was excessive.
The compressive strength of the wet-screened 6 x 12 in.
(150 x 300 mm) job cylinders at 1 year of age was 7000 psi
(48.3 MPa). Similarly, 18 x 36 in. (460 x 910 mm) core spec-
imens drilled from the first-stage concrete containing 376 lb/
yd? (223 kg/m?) of cement at Grand Coulee Dam tested in
excess of 8000 psi (55 MPa) at the age of 2 years. Judged by
composition, the cement was the moderate-heat type corre-
sponding to the present Type II. Considering the moderately
low stresses within the two structures, 1t was evident that
such high compressive strengths were unnecessary.

For Hiwassee Dam, completed by TVA in 1940, the
cement content of the mass concrete was 282 Ib/yd’ (167 kg/
m?), an unusually low value for that time. Hiwassee Dam
was singularly free from thermal cracks, which began a
trend toward reducing the cement content. Since that time,
the Type Il cement content of the interior mass concrete has
been approximately 235 1b/yd? (140 kg/m?®) and even as low
as 212 Ib/yd® (126 kg/m’). An example of a large gravity
dam for which the Type Il cement content for mass concrete
was 235 Ib/yd? (140 kg/m?) is Pine Flat Dam in California,
completed by the USACE in 1954. In arch-type high dams
where stresses are typically higher than large gravity dams,
the cement content of the mass mixture is usually in the
range of 300 to 450 Ib/yd’ (180 to 270 kg/m’), with the
higher cement content being used in the thinner and more
highly stressed dams of this type.

Examples of cementitious contents, including pozzolan,
for more recent dams are:

a) Arch dams—282 1b/yd® (167 kg/m®) of cement and
pozzolan in Glen Canyon Dam, a relatively thick arch dam
in Arizona, completed in 1963; 373 Ib/yd® (221 kg/m?®) of
cement in Morrow Point Dam in Colorado, completed in
1968; and 303 to 253 1b/yd’® (180 to 150 kg/m’) of portland-
pozzolan Type IP cement in El Cajon Dam on the Humuya
River in Honduras, completed in 1984,

b) Straight gravity dams—226 lb/yd’ (134 kg/m’) of
Type II cement in Detroit Dam in Oregon, completed 1n
1952; 194 Ib/yd® (115 kg/m?) of Type II cement and fly ash
in Libby Dam in Montana, completed in 1972; and 184 1b/
yd® (109 kg/m?) of Type II cement and calcined clay in Ilha
Solteira Dam 1n Brazil, completed in 1973.

¢) Spillways—128 1Ib/yd® (76 kg/m’) of cement and
383 Ib/yd® (227 kg/m?) of slag cement for 3000 psi (21 MPa)
concrete, and 425 1b/yd? (252 kg/m?) of cement and 180 1b/
yd® (107 kg/m®) of slag cement for 5000 psi (34.5 MPa)

aci®


https://t.me/seismicisolation

6 ACI PRC-207.1-21: MASS CONCRETE—GUIDE

concrete in Folsom Dam Auxiliary Spillway in California,
completed in 2017.

Structural mass concrete mixtures will often be propor-
tioned with higher total cementitious materials content than
typical concrete mixtures used for dam construction. These
proportions are often needed to meet requirements for high
strength, placement in highly congested areas, pumpability,
and other constraints in structural elements. For example,
structural mass concrete mixtures often have a total cementi-
tious materials content in excess of 700 Ib/yd? (415 kg/m?).
High replacement percentages of SCMs are often used to
mitigate high temperature rise in structural mass concrete
mixtures. For example, replacement of cement with 40 to
50% fly ash or 70% slag cement 1s common.

1.2.6 Temperature control—The practice of precooling
concrete materials before mixing to achieve a lower
maximum temperature of interior mass concrete during
the hydration period began in the early 1940s and has
been extensively used in the construction of large dams.
The first practice of precooling appears to have occurred
during the construction of Norfork Dam from 1941 to 1945
by the USACE. The plan was to introduce crushed ice into
the mixing water during the warmer months. By so doing,
the temperature of freshly mixed mass concrete could be
reduced by approximately 10°F (5.6°C).

Not only has crushed ice been used in the mixing water
but coarse aggregates have also been precooled either by
cold air or cold water before batching. Both fine and coarse
aggregates have been precooled by various means, including
vacuum saturation and liquid nitrogen injection during the
batching and mixing of concrete.

It has become a common practice in the United States
to use precooled concrete for mass concrete when ambient
conditions are warm or hot. For dams, this placement
temperature has been frequently limited to the average
annual air temperature at the project site. The temperature
limit was originally intended to ensure that the dam struc-
ture was in a low thermal stress condition during its service
life. For thermally controlled concrete, ACI 301 originally
required the concrete be no warmer than 70°F (20°C) at
the time of placement; however, this limit was eventually
eliminated and replaced with control of temperatures and
temperature differences in the concrete placement, as ther-
mally controlled concrete typically did not have the same
restraint considerations as dams.

On some large dams, including Hoover (Boulder) Dam, a
combination of precooling and post-cooling to temperatures
at or below ambient by embedded pipe loops has been used
(U.S. Bureau of Reclamation 1949). A good example of this
practice 1s Glen Canyon Dam, where the ambient tempera-
tures can be greater than 100°F (38°C) during the summer
months. The temperature of the precooled fresh concrete did
not exceed S50°F (10°C). Both refrigerated aggregate and
crushed ice were used to achieve this low initial tempera-
ture. The maximum temperature of hardening concrete was
kept below 75°F (24°C) by means of embedded pipe loops.
Post-cooling 1s sometimes required in gravity and arch dams

be opened for grouting by cooling the concrete after it has
hardened. Post-cooling controls peak temperatures, which
also helps in the control of thermal cracking. Post-cooling is
increasingly being used in thermally controlled concrete as
one way to control the high temperature rise of concrete with
high cementitious contents and to reduce time to maintain
thermal control measures. ACI 207.4R provides information
regarding post-cooling systems.

1.2.7 Long-term strength design—A most significant
development of the 1950s was the abandonment of the
28-day strength as a design requirement for dams. In
massive structures, such as dams, maximum stresses under
load do not usually develop until the concrete 1s at least 1
year old. Under mass curing conditions, with the cement
and SCMs customarily employed, the gain in concrete
strength between 28 days and 1 year 1s generally large. ACI
232.2R reports that the gain can range from 30% to more
than 100%, depending on the quantities and proportioning
of cementitious materials, properties of the aggregates, and
the timeframe allotted for the strength gain. It has become
the practice of some designers of dams to specify the desired
strength of mass concrete at later ages, such as at 56 or 90
days or even 1 or 2 years.

CHAPTER 2—DEFINITIONS

Please refer to the latest version of ACI Concrete Termi-
nology for a comprehensive list of definitions. Definitions
provided herein complement that resource.

mass and thermally controlled concrete—There is
currently no universally accepted definition for mass
concrete based on specific characteristics of concrete or
placements that require control of temperatures and temper-
ature differences. ACI Concrete Terminology defines mass
concrete as “any volume of structural concrete in which a
combination of dimensions of the member being cast, the
boundary conditions, the characteristics of the concrete
mixture, and the ambient conditions can lead to undesirable
thermal stresses, cracking, deleterious chemical reactions, or
reduction in the long-term strength as a result of elevated
concrete temperature due to heat from hydration”. However,
this definition does not provide any definitive guidance with
respect to the physical characteristics of mass concrete.

thermally controlled concrete—referred to as mass
concrete, or reinforced structural mass concrete (RSMC),
is used to generally describe concrete for construction
where 1ssues with heat generation for higher design strength
requirements can lead to high concrete temperatures during
its curing and high risk of thermal cracking. Thermally
controlled concrete 1s typically used to describe concrete
that generally has higher cementitious materials content,
higher temperature rise, smaller maximum aggregate size,
and/or higher or earlier compressive strength requirements
relative to traditional mass concrete (Bartojay 2012). These
conditions often lead to mixtures having a potential for
higher temperature rise than the mixtures typically used for
traditional mass concrete.

traditional mass concrete—traditional mass concrete

that contain transverse joints so that transverse joints can.......ls, @ term used to generally describe mass concrete for
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Fig. 3.1. I—Definition of mass concrete as a function of the equivalent cement content of the concrete and placement thickness

(Gajda et al. 2018).

construction such as dams where issues with heat genera-
tion have been observed with sequential placements having
large dimensions that trapped a lot of heat (Bartojay 2012).
Traditional mass concrete typically refers to concrete used
for these types of placement that generally have a relatively
lower cementitious materials content, lower temperature
rise, lower or later-age design strength requirements, and/or
large maximum coarse aggregate size.

CHAPTER 3—MATERIALS AND MIXTURE
PROPORTIONING

3.1—General

As is the case with all concrete, mass concrete is composed
of cement, aggregates, water, chemical admixtures, and,
frequently, supplementary cementitious materials (SCMs)
such as slag cement, fly ash, silica fume, and metakaolin.
The objective of mass concrete mixture proportioning is
to select the combinations of materials that will produce
concrete to meet the requirements of the structure. Economy;,
workability, dimensional stability, cracking control, low
temperature rise, adequate strength, long-term durability,
and, in some cases, low permeability, are of utmost impor-
tance for mass concrete structures. The limits and require-
ments for the aforementioned properties will be determined
in consideration of the intended service and exposure condi-
tions considered by design. Specific site conditions and
construction methods are also taken in consideration when
evaluating and selecting materials and proportions for the
mass concrete mixture designs.

For smaller projects and those with a few placements
of thermally controlled concrete, standard concretes from
commercial ready mixed concrete suppliers are often used as
the cost and time to develop an optimized concrete mixture
for the mass concrete application may not be practical. For
larger projects, the efforts to optimize the concrete mixture
are often small in comparison to the benefits provided by use
of the optimized concrete.

This chapter describes optimized concretes for mass
concrete construction and the factors influencing their selec-
tion and proportioning. The recommendations contained
herein may need to be adjusted for special uses, such as

@seismicisolation
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for heavily reinforced structures and tremie placements,
among others.

3.1.1 Defining mass concrete by equivalent cement
method—When developing a mass concrete mixture, one
of the key considerations, in addition to strength and place-
ability, 1s the temperature rise of the concrete after place-
ment. For traditional mass concrete, this determines the
measures that will be needed to address thermal aspects
such as placement height, post-cooling, and the tempera-
ture of the concrete at the time of placement. For thermally
controlled concrete, this can determine if thermal control of
the concrete is required (that is, if measures are necessary to
mitigate stresses due to differential temperatures).

Figure 3.1.1 was developed to define mass concrete as a
function of the primary influencers; the concrete mixture
design and minimum placement dimension (Gajda et al.
2018). It is intended for thermally controlled concrete and
not for traditional mass concrete structures with many inter-
twined placements. This definition can also be used to guide
the development of concrete mixtures to reduce efforts
needed to control temperatures and temperature differentials,
or to develop a concrete mixture for a particular set of place-
ments that does not require thermal mitigation measures. In
Fig. 3.1.1, the green areas are not considered mass concrete;
the red areas are mass concrete; and the yellow areas are
borderline, which indicates that the placement may or may
not be mass concrete. In this regard, mass concrete means
that the maximum temperature in the placement is antici-
pated to exceed 160°F (70°C) or the temperature difference
within the placement 1s predicted to exceed 35°F (20°C).

The equivalent cement content (ECC) of the concrete for
use with Fig. 3.1.1 can be estimated from Eq. (3.1.1)"

ECC = Cement + 0.5:FAsh + 0.8:CAsh + 1.2:SFMK
+ Factor-Slag (3.1.1)

where Cement is Type I/Il portland cement, 1b/yd? (kg/m?);
FAsh is Class F fly ash, Ib/yd® (kg/m’); CAsh is Class C fly
ash (no distinction is made for the calcium oxide content of
the fly ash, which is the main heat generating portion), Ib/
yd’ (kg/m*); SFMK is silica fume or metakaolin, 1b/yd* (kg/
m?); Slag is slag cement (no distinction is made for Grade

(aci}


https://t.me/seismicisolation

8 ACI PRC-207.1-21: MASS CONCRETE—GUIDE

100 or Grade 120), Ib/yd® (kg/m?); and Factor is a variable
that depends on the percentage of portland cement being
replaced by slag cement:

* 1.0 to 1.1 for 0 to 20% replacement;

e 1.0 for 20 to 45% replacement;

* 0.9 for 45 to 65% replacement; and

* 0.8 for 65 to 80% replacement.

3.2—Cements

Economy and low temperature rise can be achieved
by reducing the total cementitious materials content and
selecting cementitious materials with low heat characteris-
tics. ACI 207.2R and 207.4R contain additional information
on cement types and effects on heat generation.

The following types of hydraulic cement are suitable for
use 1n mass concrete construction:

a) Portland cement—Types 1, 11, IV, and V, as covered by
ASTM C150/C150M

b) Blended cement—Types IP, IS, IT, and IL, as covered
by ASTM C595/C595M

¢) Hydraulic cement—Types GU, MS, HS, MH, and LH,
as covered by ASTM C1157/C1157M

Types I and GU cements are suitable for use in general
construction. If these are used alone in mass concrete, they
can pose a challenge to control temperature rise of concrete
without other measures that can help to control temperature
because of their substantially higher heat of hydration.

Types 11 (moderate heat) and MH cements are preferable
for mass concrete construction because they typically have
moderate heat of hydration, which is important to control
temperature and thus mitigate thermal cracking. Type II
cements are designed for moderate sulfate resistance and
may have moderate heat properties. Specifications for Type
IT portland cement require that it contain no more than 8%
tricalcium aluminate (C;A), the compound that contributes
substantially to early heat evolution in concrete. Optional
specifications for Type II cement place a limit of 100% or
less on the sum of 4.75-C5;A and Cs;S or a limit on the heat
of hydration to 70 cal/g (290 kJ/kg) at 7 days. When one of
the optional requirements is specified, the 28-day strength
requirement for cement paste under ASTM C150/C150M 1is
reduced due to the slower rate of strength gain associated
with the use of this cement.

Type III and Type HE cements, not previously listed, are
not generally used in thermally controlled concrete; however,
when used for specific applications, they may complicate
thermal control efforts because of the high temperature rise
associated with these cements.

Types IV and LH, low-heat cements, may be used where
it 1s desired to produce low heat development in massive
structures. These cements have been used in limited applica-
tions because they have been difficult to obtain and, more
importantly, because experience has shown that in most
cases, heat development can be satisfactorily controlled by
other means. Type IV specification requirements limit the
maximum amount of C3A to 7%, the C5S to 35%, and place a
minimum on the C,S of 40%. At the option of the purchaser,

kg) at 7 days and 70 cal/g (290 kJ/kg) at 28 days. Type IV
cement is generally not commercially available in the United
States. LH is available in some markets in Canada.

Types V and HS sulfate-resistant cements are available in
areas with high-sulfate soils and will often have moderate
heat characteristics. They are usually both low-alkali (less
than 0.6 equivalent alkalis) and low-heat (less than 70 cal/g
at 7 days).

Type IP portland-pozzolan cement is a uniform blend of
portland cement and fine pozzolan. They are produced either
by intergrinding portland cement clinker and pozzolan or
by blending portland cement and finely divided pozzolan.
The pozzolan constituents can be up to 40% by mass of the
portland-pozzolan cement.

Heat of hydration limit of 70 cal/g (290 kJ/kg) at 7 days
1s an optional requirement for Type IP by adding the suffix
(MH). A limit of 60 cal/g (250 kJ/kg) at 7 days is optional for
Type 1P by adding the suffix (LH).

Type IS portland blast-furnace slag cement is a uniform
blend of portland cement and slag cement. It is produced
either by intergrinding portland cement clinker and slag
cement or by blending portland cement and slag cement. The
amount of slag may be up to 95% by mass of the portland-
slag cement. This cement has sometimes been used with
a pozzolan.

3.3—Supplementary cementitious materials

Supplementary cementitious materials (SCMs) include
slag cement, fly ash, natural pozzolans, metakaolin, and
silica fume. SCMs are used in mass concrete to reduce the
portland cement content; lower internal heat generation and
temperature rise (for certain SCMs); improve workability
(for certain SCMs); reduce (improve) permeability; and,
when applicable, lessen the potential for deleterious expan-
sion caused by alkali-silica reactivity (ASR), delayed ettrin-
gite formation (DEF), and sulfate attack. It should be recog-
nized that properties of different SCMs and different sources
of the same SCM may vary widely; silica fume and metaka-
olin have a higher temperature rise than portland cement and
reduce workability. Refer to ASTM C1778, ACI 201R, and
ACI 221R for more information.

Before an SCM is used, it should be tested in combination
with the project cement and aggregates to establish that the
SCM will beneficially contribute to the quality and economy
of the concrete. In comparison with portland cement, the
strength development from certain SCMs may be slow at
early ages but continues at a higher level for a longer dura-
tion. For the same water-cementitious materials ratio (w/
cm), early strength of a concrete containing certain SCMs
is generally expected to be lower (with the exception of
silica fume and metakaolin) than that of a portland-cement
concrete designed for equivalent strength at later ages.

When using SCMs in concrete, the materials are often
batched separately at the mixing plant; however, this is not
always the case, as blended cements are a combination of
interground portland cement and various types of SCM.

ASTM C618 classifies and provides requirements for

the heat of hydration may be limited to 60 cal/g (250 kdLsniso-R@tural pozzolans (Class N) and fly ash (Class F or C), and
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ACI 232 2R addresses the use of fly ash in concrete. Fly ash
has been used to replace up to approximately 60% of the
portland cement in certain applications, and 50% cement
replacement by Class F fly ash has become increasingly
common; however, the useful upper limit depends on the
chemical composition of portland cement and fly ash. Fly
ash particles are typically spherical, which aids in the work-
ability and pumpability of the concrete. The benefit of Class
F fly ash in the reduction of the temperature rise of concrete
can be seen in Eq. (3.1.1); Class F fly ash has approximately
half the heat of hydration as portland cement.

Slag cement is governed by ASTM C989/C989M, which
specifies three grades based on slag activity index: Grade
80, Grade 100, and Grade 120. The use of slag cement in
concrete 1s discussed in ACI 233R. The effect of slag on the
temperature rise of concrete depends on the replacement
level, as can be seen in Eq. (3.1.1). Slag cement is typically
used to replace between 50 and 75% of the portland cement
in a mass concrete mixture. Higher replacement levels have
been used when specific testing is performed, as perfor-
mance depends on the specific sources of portland cement
and slag cement.

ACI 318 does not permit concretes where the cementitious
materials content consists of more than 25% for fly ash or
50% for slag cement to be used in placements exposed to
freezing and thawing in the presence of deicer chemicals
(Exposure Class F3). This is based on early historical expe-
riences where scaling occurred on some horizontal surfaces
with a high SCM content and high w/em, exacerbated by
inadequate curing and/or improper finishing prior to salt
exposure. There are many examples of successful high SCM
concretes where 75% of the cementitious materials consisted
of SCMs. ASTM C672/C672M, or similar newer tests such
as CSA A23.2-22C, can be performed to verify scaling resis-
tance of high-SCM concretes (Hooton and Vassilev 2012;
CSA A23.2-22C).

Silica fume and metakaolin are sometimes used to increase
the early-age strength of the concrete and to improve the
permeability; however, the inclusion of these materials often
requires additional attention to plastic shrinkage cracking
and curing. Replacement of portland cement with silica
fume, metakaolin, or both, typically increases the tempera-
ture rise of concrete as can be seen in Eq. (3.1.1). The use of
silica fume is discussed in ACI 234R.

3.4—Chemical admixtures

Chemical admixtures provide important benefits to mass
concrete in its plastic state by improving workability,
increasing slump, reducing water content, delaying setting
time, modifying the rate or capacity for bleeding, entraining
air, reducing segregation, and reducing rate of slump loss.
Chemical admixtures can provide important benefits to
mass concrete in 1ts hardened state by allowing concrete
proportions to be modified and optimized (to reduce the
cementitious content) to produce concrete with lower heat
evolution during hardening, increased strength, increased
durability, improved permeability, and improved abrasion

or erosion resistance. An extensive discussion of admixiures. ..,
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1s contained in ACI 212.3R and requirements for chemical
admixtures are contained in ASTM C494/C494M.

Air-entraining admixtures produce microscopic air bubbles
in concrete during mixing, which is needed for freezing-and-
thawing resistance. Other benefits of air entrainment include
improved workability, reduced segregation, and lessened
bleeding. For these reasons, air entrainment is sometimes
used even when the structure is not exposed to freezing-and-
thawing cycles during its service life. In general, each 1% of
entrained air permits a reduction in mixing water from 2 to
4%, with some improvement in workability and no loss in
slump. For the same w/cm, an increase in the air content by
means of entraining air will generally reduce the strength of
concrete. A typical rule of thumb is that each 1% increase
in the entrained air content will reduce the strength by 3 to
5%. However, where the cement content is held constant and
advantage is taken of the reduced water demand imparted by
the entrained air, lower w/cm 1s achieved. Air entrainment in
mass concrete can have a negligible effect on strength. Some
of the factors that influence the amount of entrained air in
concrete for a given amount of agent include grading and
particle shape of the aggregate, richness of the mixture, pres-
ence of other admixtures, mixing time, slump, and tempera-
ture of the concrete. For a given quantity of air-entraining
admixture, air content increases with increases in slump, and
decreases with increases in amount of fines, temperature of
concrete, and mixing time. If fly ash is used that contains high
carbon content, an increased dosage of air-entraining admix-
ture 1s expected to be required. When air-entrained concrete
is required, most specifications require the air content to be
in the range of 5 to 8%; however, this depends on the coarse
aggregate size. Refer to ACI 301 for specific requirements.

Accelerating admixtures are typically not used in mass
concrete because they increase the rate of early heat gener-
ation and can pose a challenge in controlling tempera-
ture. When high early strength 1s desired and accelerating
admixtures are incorporated in the mass concrete mixture,
such as in a tower crane pad, testing should be performed
to assess temperature rise and develop a thermal control
plan with representative data. Due to its accelerating prop-
erties, similar care should be exercised where admixtures
containing calcium nitrite, such as in corrosion inhibitors,
are used 1n the concrete.

Water-reducing admixtures are used to reduce the required
mixing water for a given workability to increase strength,
reduce shrinkage of the concrete, increase the workability of
the concrete, or produce the same strength with less cement.
Set-controlling or hydration-stabilizing admixtures can be
used to keep the concrete in a plastic state longer so that
successive layers can be placed and consolidated together
before the underlayer sets. Water-reducing admixtures
reduce water content by 5% or more. If the water content 1s
kept constant, these admixtures will increase slump instead.
Depending on the composition, these admixtures can retard
the set time of the concrete but not necessarily reduce the rate
of slump loss. Depending on the type of concrete, composi-
tion of the cement, temperature, and other factors, the use
of chemical admixtures can result in significant increases in
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early and later strengths. This gain in strength can be attrib-
uted to a reduction in the w/cm and a better dispersion of the
cementitious materials throughout the concrete, resulting in
a higher degree of hydration.

3.5—Aggregates

Fine and coarse aggregate requirements are governed
by ASTM C33/C33M. The combined gradation affects the
paste content, and smaller maximum aggregate size gener-
ally require more paste than larger maximum aggregate
size. Additional information on aggregates 1s contained in
ACI 221R.

Fine aggregate passes the 3/8 m. (9.5 mm) sieve. It may
be composed of natural material (sand), material obtained
by crushing larger-size rock particles, or a mixture of the
two. Fine aggregate should consist of hard, dense, durable,
uncoated particles. Fine aggregate should not contain
harmful amounts of clay, silt, dust, mica, organic matter,
or other impurities to such an extent that, either separately
or together, they render it impossible to attain the required
properties of concrete when using normal proportions of
the constituents. ASTM C33/C33M specifies general and
widely accepted deleterious material limits in fine aggregate.
The specifier should consider the exposure conditions of the
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Fig. 3.5a—Coarse aggregate rewashing.

mass concrete and specify deleterious limits deemed appro-
priate based on severity of environment.

The grading of fine aggregate strongly influences the
workability of concrete and strength performance. Sand
gradations for mass concrete should be within the limits in
ASTM C33/C33M unless laboratory investigation shows
other gradations to be satisfactory. Once the proportion is
established, the gradation of the fine aggregate should be
controlled to avoid variations in the concrete workability.

Each point represents an average of two 18 x 36-in. (450 x 900-mm)
and two 24 x 48-in. (600 x 1200-mm) concrete cylinders tested 1 yr
for both Grand Coulee and Clear Creek aggregates.
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Fig. 3.5b—Effect of aggregate size and cement content on
compressive strength at 1 year (adapted from Higginson et
al. [1963]).

Table 3.5a—Grading guidance for cobble portion of coarse aggregate gradation (U.S. Bureau of Reclama-

tion 1981)
Percent by mass passing designate test sieve
Test sieve size, square
mesh, in. (mm) Cobbles: 6 to 3 in. Coarse: 3 to 1-1/2 in. Medium: 1-1/2 to 3/4 in. Fine: 3/4 in. to No. 4
(150 to 75 mm) (75 to 37.5 mm) (37.5 to 19 mm) (19 to 4.75 mm)
TL1715) 100
6 (150) 90 to 100
4 (100) 20 to 45
3 [713) 0to 15
2 (50) Oto5 ]
Refer to ASTM C33/C33M
1-1/2 (37.5)
1 (25)
3/4 (19)
3/8 (9.5)
No. 4 (4?5) @seismicisolation
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Table 3.5b—Ranges In each size fraction of coarse aggregate that have produced workable mass concrete

with cobbles (U.S. Bureau of Reclamation 1981)

Percentage of cleanly separated coarse aggregate fractions
Cobbles: Medium: Fine aggregate
Maximum size in 6 to 3 in. Coarse: 3to 1-1/2in. | 1-1/2to 3/4in. | 3/16 (No.4) to 3/4in. | 3/8 to 3/4 in. 3/16 (No. 4) to 3/8 in.
concrete, in. (mm) | (150 to 75 mm) (75 to 37.5 mm) (37.5 to 19 mm) (4.8 to 19 mm) (9.5 to 19 mm) (4.8 to 9.5 mm)
6 (1350) 20 to 35 20 to 32 20 to 30 20 to 35 12 to 20 8to 15
3 15) 20 to 40 20 to 40 25 to 40 154025 10to 15
1-1/2 (37.5) 40 to 55 45 to 60 30 to 35 15to 25
3/4 (19) 100 w3 27 to 45

Coarse aggregate is defined as gravel, crushed gravel,
crushed rock, or a mixture of these, nominally larger than the
No. 4 (4.75 mm) and smaller than the 6 in. (150 mm) sieves.
Coarse aggregate should consist of hard, dense, durable,
uncoated particles. Figure 3.5a shows a coarse-aggregate
rewashing screen at the batch plant where dust and coatings
accumulating from stockpiling and handling can be removed
to ensure aggregate cleanliness. ASTM C33/C33M provides
deleterious particle limits in coarse aggregate sources based
on concrete class designation, which is based on application.

The general rule for mass concrete 1s to use the largest
practical maximum size of well-graded coarse aggregate
to reduce the cementitious paste content needed for work-
ability. Such aggregates may be 3 or 1.5 in. (75 or 38 mm).
The use of poorly graded aggregates, those that are flat/elon-
gated, or both, can require as much or more cementitious
paste than if a smaller aggregate size is used, thus defeating
the purpose of using a large maximum coarse aggregate size.

In some cases, the use of smaller aggregate may be
dictated by the close spacing of reinforcement or embedded
items or by the unavailability of larger aggregates. However,
the smaller the aggregate size, the higher the water demand
and paste content. Higher cement and paste contents can
pose adverse effects on internal heat generation, cracking,
and shrinkage potential. Regardless of the aggregate size,
mass concrete should be workable and capable of being
placed, consolidated, and finished with the selected means
and methods. The maximum aggregate size should be
a function of the least dimension of the structure, clear
distance between reinforcing steel, and cover. It has been
demonstrated (Fig. 3.5b) that to achieve the greatest cement
efficiency, there is an optimum maximum aggregate size for
each compressive strength (Higginson et al. 1963).

Aggregates should be composed of a blend of large,
intermediate, and fine aggregates to provide a well-graded
distribution. It has been found that maintaining the percent
passing the 3/8 in. (9.5 mm) sieve at less than 30% in the
3/4 in. to No. 4 (19 to 4.75 mm) size fraction (preferably
near zero if crushed) will greatly improve mass concrete
workability and response to vibration (Tuthill 1980).

ASTM (C33/C33M provides requirements for coarse
aggregate gradations with a maximum size of 3.5 in.
(89 mm) or less. Table 3.5a provides guidance for aggre-
gate particles greater than 3 in. (76 mm) from the U.S.
Bureau of Reclamation (1981). Table 3.5b gives examples
of blended coarse aggregate gradations that have produced
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workable mass concrete with cobbles. In absence of expe-
rience, the gradation recommendations in Table 3.5b are a
good starting point.

3.6—Water
Water used for mixing concrete should comply with
ASTM C1602/C1602M.

3.7—Selection of proportions

The primary objective of proportioning studies for mass
concrete 1s to establish economical mixtures of proper
strength, durability, and permeability with the best combina-
tion of available materials that will provide adequate work-
ability for placement and least practical rise in temperature
after placement.

As noted previously, for smaller projects, concrete
mixtures using standard materials from the local commercial
concrete batch plant are often used for thermally controlled
mass concrete placements. These mixtures may be standard
concrete mixtures or may be specially developed using the
available materials based on the specific needs of the project.
For larger or very large projects, it is economical and bene-
ficial to develop special concrete mixtures for the project.
In some cases, nonlocal materials such as coarse and fine
aggregate may be imported because they are advantageous
to use over the site or local materials.

The remainder of this section 1s primarily for tradi-
tional mass concrete placements of dams; however, the
general principles described in this section also apply to all
mass concrete.

Selection of w/cm will establish the strength, durability,
and permeability of the concrete. There should also be suffi-
cient fine material to facilitate placement. Trial mixtures
using the required w/cm and the observed water require-
ment for the job materials will demonstrate the cementitious
material content that may be used to provide the required
workability (Portland Cement Association 1979; Ginzburg
et al. 1966).

The first step in arriving at the actual batch weights is
to select the maximum aggregate size for each part of the
work. Criteria for this selection are given in Section 3.5. The
next step is to assume or determine the total water content
needed to provide required slump, which may be as low
as 1-1/2 to 2 in. (38 to 50 mm). In tests for slump, aggre-
gate larger than 1-1/2 in. (38 mm) should be removed by
promptly screening the wet concrete. For 6 in. (150 mm)
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maximum-size aggregate, water contents for air-entrained
minimum-slump concrete may vary from approximately
120 to 150 Ib/yd® (71 to 89 kg/m?®) for natural aggregates,
and from 140 to 190 Ib/yd® (83 to 113 kg/m?) for crushed
aggregates. Corresponding water requirements for 3 in.
(76 mm) maximum-size aggregate are approximately 20%
higher. For strengths above 4000 psi (28 MPa) at | year,
however, the 3 in. (75 mm) maximum-size aggregate may
be more efficient (Fig. 3.5a).

The batch weight of the cementitious material 1s deter-
mined by dividing the total weight of the mixing water by
the w/cm or, when workability governs, it is the minimum
weight of cementitious materials required to satisfactorily
place the concrete. With the batch weights of cementitious
material and water determined and with an assumed air
content of 3 to 5%, the remainder of the material 1s aggre-
gate. The only remaining decision is to select the relative
proportions of fine and coarse aggregate. The optimum
proportions depend on aggregate grading and particle shape,
and they can be finally determined only in the field. For 6 in.
(150 mm) aggregate concrete containing natural sand and
gravel, the percentage of fine aggregate to total aggregate
by absolute volume may be as low as 21%. With crushed
aggregates, the percentage may be in the range of 25 to 27%.

When an SCM is included in the concrete mixture, the
mixture proportioning procedure does not change. Attention
should be given to the following matters:

a) The water requirement may change

b) Early-age strength may become critical

¢) For maximum economy, the age at which design
strength 1s attained should be greater

Concrete containing most SCMs gains strength some-
what slower than concrete made with only portland cement;
however, the load on mass concrete is generally not applied
until the concrete 1s many months or years old. Therefore,
mass concrete containing SCMs i1s commonly designed
on the basis of 90-day to 1-year strengths. While mass
concrete does not require strength performance at early ages
to perform its design function, most systems of construc-
tion require that the forms for each lift be anchored to the
next lower lift. Therefore, the early strength should be great
enough to prevent pullout of the form anchors. Specially
designed form anchors may be required to allow safe,
rapid turnaround times for the forms, especially when large
amounts of SCMs are used or when the concrete 1s lean
and precooled.

CHAPTER 4—PROPERTIES

4.1—General

Many factors can influence the design and construction
of massive concrete structures. In addition to strength, dura-
bility, and serviceability requirements, other factors can
include cost, environmental conditions, placement method
and associated requirements, availability of suitable mate-
rials of construction, properties of the supporting soils, and
site topography. Economy may also dictate some aspects
of design and construction, including the choice of type of
structure for a given site.

The concrete mixture proportions selected for a mass
concrete project can have a very large effect on the construc-
tion requirements. Investing in the design and testing of the
concrete mixture 1s justified and essential for larger struc-
tures. This includes investigating and evaluating available
aggregate sources, types of admixtures, and different supple-
mentary cementitious materials (SCMs). An optimized
concrete mixture can reduce the risk of cracking and reduce
overall construction costs, including lowering material
costs, reducing thermal mitigation requirements, allowing
larger placements, and expediting construction.

To properly analyze the suitability of a concrete mixture,
the following properties and characteristics may be evalu-
ated: compressive strength, tensile strength, rate of /." and f,
development related to maturity, modulus of elasticity, Pois-
son’s ratio, tensile strain capacity, creep, drying shrinkage,
autogenous shrinkage, adiabatic temperature rise, coeffi-
cient of thermal expansion, specific heat capacity, thermal
conductivity, and permeability. Approximate values of these
properties based on computations or experience are often
used in preliminary evaluations. Actual properties should be
determined by testing of the actual mixture and constituents
to be used for construction when practical because small
inaccuracies can often affect predicted behavior. A mockup
or test block representative of the construction materials and
placement conditions can also provide valuable information
about the temperature rise and performance of the concrete,
which can be used to refine thermal analysis models.

4.1.1 A compilation of concrete proportion data on repre-
sentative dams is given in Table 4.1.1a (Price and Higginson
1963; Ginzburg et al. 1966; ICOLD 1964; Harboe 1961;
U.S. Bureau of Reclamation 1958; Houghton and Hall
1972; Houghton 1969, 1970). Reference 1s made to concrete
mixtures described in Table 3.5a and in discussions of prop-
erties reported in Tables 4.1.1b through 4.1.1f.
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Table 4.1.1b—Mixture proportion and compressive strengths of concrete in various dams

ACI PRC-207.1-21: MASS CONCRETE—GUIDE

1

5

Cement or Water, Maximum size 90-day compres- | Cement efficiency at
cement-SCM, Ib/yd? Predominant aggregate, in. sive strength, 90 days, psi/lb/yd*
Dam Country | Ib/yd® (kg/m?) | (kg/m?) aggregate type (mm) wicm psi (MPa) (MPa/kg/m?)
La Palisse France 506 (300) | 250 (148) Granite 47(120) | 0.49 4790 (33.0) 9.5(0.111)
Chastang France 379 (225) | 169 (100) Granite 9.8 (250) | 0.45 3770 (26.0) 9.9 (0.115)
L’Aigle France 379 (225) | 211 (125) Granite 9.8(250) | 0.56 3200 (22.1) 8.4 (0.098)
Pieve di ,
Bl Italy 337 (200) | 213 (126) Dolomite 4.0 (100) | 0.63 6400 (44.1) 19.0 (0.220)
Forte Baso Italy 404 (240) | 238 (141) Pophyry 3.9 (98) 0.59 4920 (33.9) 12.2 (0.141)
Cabrilo Portugal 370 (220) | 195 (116) Granite 59(150) | 0.53 4150 (28.6) 11.2 (0.130)
Salamonde Portugal 420 (249) | 225 (133) Granite 7.9(200) | 0.54 4250 (29.3) 10.1 (0.118)
Castelo Bode |  Portugal 370 (220) | 180 (107) Quartzite 7.9(200) | 0.49 3800 (26.2) 10.3 (0.119)
Rossens | Switzerland | 420 (249) | 225(133) |  Glacial mixture 2.5 (64) 0.54 5990 (41.3) 14.3 (0.166)
Mauvoisin | Switzerland | 319 (189) | 162 (96) Gneiss 3.8 (96) 0.51 4960 (34.2) 15.5 (0.181)
Zervreila | Switzerland | 336 (199) | 212 (126) Gneiss 3.8 (96) 0.63 3850 (26.5) 10.5 (0.133)
Hungry Horse | United States (11?18:23) 130 (77) Sandstone 6.0 (150) 0.47 3100 (21.4) 11.2 (0.130)
By, | O s (H?'zg) 153 (99) Limestone 6.0(150) | 0.54 3810 (26.3) 13.5 (0.160)
Lower | United States | | 15 49 86.29) | 138 (82) Basalt 6.0(150) | 0.71 2070 (14.3) 10.7 (0.124)
Granite
Libby United States | 148-49 (88-29) | 133 (79) Quartzite 6.0(150) | 0.68 2460 (17.0) 12.5 (0.145)
e (E ;fé) 164 (97) Granite 6.0 (150) | 0.58 3050 (21.0) 10.8 (0.126)
Dioikak | T oieeStates (i??ﬁg) 164 (97) Gneiss 6.0(150) | 0.62 2530 (17.4) 9.5 (0.111)
Dot | kRS (igﬁzg) 166 (98) Gneiss 6.0 (150) | 0.69 2030 (14.0) 8.5 (0.098)
Dotk | SEAedRples (}ggj% 165 (98) Gneiss 6.0 (150) | 0.75 1920 (13.2) 8.7 (0.084)
United States 226-75 Granite, limestone, i
Pucblo 3444y | 168100 P 3.5 (89) 0.56 3000 (20.7) 10.0 (0.116)
Crgstal | oA States | uohmily | daagioey | Shistandaltered 3.0(75) | 047 4000 (27.6) 10.3 (0.119)
volcanics
Flaming : \ 188-94 Limestone and
Gorgs United States | | 1"cc 149 (88) g 6.0(150) | 0.53 3500 (24.1) 12.4 (0.144)
Krasnoiarsk | USSR/Russia | 388 (230) | 213 (126) Granite 3.9(100) | 0.55 3280 (22.6) 8.5 (0.098)
: . Quartzite gravel,
Ilha Solteira Brazil 138-46 (82-27) | 132(82) | - 6.0 (150) | 0.75 3045 (21.0) 16.5 (0.193)
| | 182-22
[taipu Brazil fi0s.13) 143 (85) |  Crushed basalt 6.0 (150) | 0.70 2610 (18.0) 12.8 (0.149)
Theodore
Roosevelt | United States | 270 (160) | 144 (85) Granite 4.0(100) | 0.53 4500 (31.0) 16.7 (0.194)
modification
“Strength at 80 days.
TStrength at 1 year,
@seismicisolation
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Table 4.1.1c—Compressive strength and elastic properties of mass concrete

Elasticity properties
Modulus of elasticity, E x 10°, psi
Compressive strength, psi (MPa) (E, GPa) Poisson’s ratio
Age, days Age, days Age, days
No. Dam 28 920 180 365 28 90 180 365 28 90 180 365
3030 3300 4290
1 Hoover (20.9) (22.8) — (29.6) 5.5(38) | 6.2 (43) — 6.8 (47) 0.18 0.20 — 0.21
4780 5160 5990
2 Grand Coulee (33.0) (35.6) — 413) 4.7(32) | 6.1 (42) — 6.0 (41) 0.17 0.20 — 0.23
2550 3810 3950
3 Glen Canyon (17.6) (26.3) (27.2) — 5.4 (37) — 5.8 (40) — 0.11 — 0.14 —
. 3500 4900 6560 6820
4 Glen Canyon (24.1) (33.8) (45.2) (47.0) 53(37) | 6.3(43) | 6.7 (46) — 0.15 0.15 0.19 —
: 2950 3500 3870 4680
5 Flaming Gorge (20.3) (24.1) (26.7) (32.3) 3.5(24) | 4.3(30) | 4.6 (32) — s 0.25 0.20 —
. 4580 5420 5640 .
6 Yellowtail — (31.6) (37.4) (38.9) — 6.1(42) | 5.4 (37) | 6.2(43) — 0.24 0.26 0.27
. 4770 5960 6430 6680
7 Morrow Point (32.9) @41.1) (44.3) (46.1) 4.4(30) | 4.9(34) | 5.3(37) | 4.6(32) 0.22 0.22 0.23 0.20
- 2070 2420 2730
8 Lower Granite™ | 1270 (8.8) (14.3) (16.7) (18.8) 2.8 (19) | 39(27) | 3.8(26) | 3.9(27) 0.19 0.20 — —
|
: 1450 2460 3190
9 Libby (10.0) (17.0) — (22.0) 3.2(22) | 4.0(28) — N5 {28 0.14 0.18 — —
. 2030 3110
10 Dworshak 1200 (8.3) (14.0) — (21.4) — 3.7 (26) — 3.8 (26) — — — —
; 2320 2755 3045 3190 ‘
11 ITha Solteira (16.0) (19.0) (21.0) (22.0) 5.1(35) | 5.9 (41) — — 0.15 0.16 — —
. 1885 2610 2610 2155
12 [taipu (13.0) (18.0) (18.0) (19.0) 5.5 (38) | 6.2 (43) | 6.2(43) | 6.5(45) 0.18 0.21 0.22 0.20
13 Peace site” 3060 3939 4506 4666 - ‘ - o o - - o -
(21.1) (27.2) (3L1) (32.2)
Theodore Roos- 2400 4500 5430 5800
4 evelt modification | (16.5) (31.0) (37.4) (40.0) Q) B - 0-265) 020 021 o 02l
"Water-reducing agent used.
Table 4.1.1d—Elastic properties of mass concrete
Ave of Instantaneous and sustained modulus of elasticity,* psi x 10° (GPa)
eof |
ﬁngm of Grand Coulee Shasta Hungry Horse Dworshak Libby
loading E E' E? E E' i E E' E? E F i E? E E! B
0.83 0.76 1.4 0.54 0.49 1.4 1.4 0.75 0.70 1.0 0.9
2days (LT sy | 52 | o | an | aa [P 0ry | 0 | 5o | @ |1 69 |62
1.1 1.0 1.0 0.96 1.0 0.90 1.6 1.3
7 days |2.3(16) (7.6) (6.9) 2.1(14) 6.9) (6.6) 42(29)[19(13)|1.8(12) | 2.0(14) - (6.9) (6.2) 3.2(22) (11) 9.0)
20days |3.5(24)|1.8(12)|1.6(11)|3.5(24)|1.8(12)|1.6(11)|4.5(31)|2.6(18)(2.4(17)|2.8(19) - et 4.1(28) s 2]
ol ' ' | | ' ' ‘ | | 9.7) | 9.0 | ™ 15) | (19)
90 days | 4.1(20)(2.5(17)|2.3(16) | 4.4(30)|2.7(19) | 2.5(17)| 5.2(36) | 3.2(22) | 3.0 (21) | 3.8 (26) | 2.2 (15) | 2.0 (14) | 5.2 (36) (22-3) 5-;)
lyear |5.0(34)|25(17)|2.3(16)|4.4(30)(2.7(19)|25(17)|5.2(36)|3.2(22)|3.0(21)|3.8(26)|2.2(15)|2.0(14)|5.2(36) é'g} (;;';]
5years | 5.3(37)|3.6(25)|3.4(23) 5.9(41)| 4.0(28) | 3.8(26) [ 4.9 (34) (3.0 (21) | 2.9(20) | 6.4 (44) | 4.3 (30) (42'81)
7-1/4
— 5.6(39)|4.3(30) 4.1(28)

"All concrete mass mixed, wet screened to 1-1/2 in. (37.5 mm) maximum-size aggregate.

Note: E is instantaneous modulus of elasticity at time of loading; £' is sustained modulus after 365 days under load; and £? is sustained modulus after 1000 days under load.
Instantaneous modulus of elasticity refers to static or normal load rate (1- to 5-minute duration) modulus, not a truly instantaneous modulus measured from dynamic or rapid load

rate testing.
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Table 4.1.1e—Volume change and permeability of mass concrete

Autogenous volume change Drying shrinkage Permeability, K ft/s/ | Permeability, m/s/m*
Structure 90 days, microstrain | 1 year, microstrain | 1 year, microstrain ft* hydraulic head hydraulic head
Hoover — — -270 1.97 x 102 1.83 x 10713
Grand Coulee — — —420 — _
Hungry Horse —44 52 ~520 5.87 x 1072 5.45 % 10713
Canyon Ferry +6 —37 ~397 6.12 x 10712 5.69 x 107"
Monticello =15 -38 998 2.60 x 1071 2.42 x 10712
Glen Canyon —32 —61 —459 5.74 x 10712 533 x 1013
Flaming Gorge = — -496 352 %109 3.27 x 1012
Yellowtail —12 —38 —345 6.25 x 107" 5.81 x 107"
Dworshak +10 -8 -510 6021012 5.59 x 10713
Libby 43 +12 —480 1.49 x 107" 1.38 x 10712
Lower Granite +4 +4 _— - -

“ft/s/ft = ft*/ft* — s/ft of hydraulic head; m/s/m = m*/m? — s/m of hydraulic head; measured in linear length change.

Note: Volume change specimens for Hoover and Grand Coulee Dams were 4 x 4 x 40 in. (100 x 100 x 1000 mm) prisms; for Dworshak, Libby, and Lower Granite Dams, volume
change was determined on 9 x 18 in. (230 x 460 mm) sealed cylinders. Specimens for other dams were 4 x 4 x 30 in. (100 x 100 x 760 mm) prisms. Specimens for permeability for
Dworshak, Libby, and Lower Granite dams were 6 x 6 in. (150 x 150 mm) cylinders. Specimens for permeability for the other dams tabulated were 18 x 18 in. (460 x 460 mm).

Table 4.1.1f—Shear properties of concrete (triaxal tests)

Compressive strength Cohesion
Dam Age, days wicm psi MPa psi MPa tand S5,
28 0.52 5250 36.2 1170 8.1 0.90 0.223
28 0.58 4530 31.2 1020 7.0 0.89 0.225
28 0.64 3810 26.3 830 Y7 0.92 0.218
Grand Coulee
90 0.58 4750 32.8 1010 7.0 0.97 0.213
112 0.58 4920 33.9 930 6.4 ].05 0.189
365 0.58 8500 58.6 1880 13.0 0.91 0.221
104 0.55 2250 55 500 34 0.90 0.222
Hungry Horse 144 0.55 3040 21.0 680 4.7 0.89 0.224
622 0.60 1750 12.1 400 2.8 0.86 0.229
28 0.62 2800 19.3 610 4.2 0.93 0.218
Monticello
40 0.92 4120 28.4 950 6.6 0.85 0.231
28 0.50 5740 39.6 1140 1.5 1.05 0.199
28 0.60 4920 33.9 1060 1.3 0.95 0.215
90 0.50 5450 37.6 1090 7.5 1.05 0.200
Shasta
90 0.50 6590 45.4 1360 9.4 1.01 0.206
90 0.60 5000 34.5 1040 L2 1.00 0.208
245 0.50 6120 42.2 1230 8.5 1.04 0.201
1807 0.59 4150 28.6 1490 10.3 0.44 0.359
1807 0.63 3220 222 1080 7.4 0.46 0.335
Dworshak
1807 0.70 2420 16.7 950 6.6 0.43 0.393
200 0.59 2920 200 20 5.0 0.84 0.247

*Cohesion divided by compressive strength.
"Designates 18 x 36 in. (450 x 900 mm) test specimens sealed to prevent drying.
‘Designates 18 x 36 in. (450 x 900 mm) test specimens sealed to prevent drying, with 6 in. (150 mm) maximum-size aggregate.

Note: All test specimens (except T and 1) 6 x 12 in. (150 x 300 mm) with dry, 1.5 in. (38 mm) maximum-size aggregate.

4.2—Strength

Among the most common factors that affect concrete
strength are:

a) Cementitious material types, amount, composition,
and fineness

b) Aggregate mineralogy, shape, quality, and gradations. ...

c) Water content

A study of compressive strength data given in Table 4.1.1b
shows a considerable variation from the direct relationship
between the w/cm and strength. Lowering the w/cm will
typically result in increased strength.
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In general, the concrete strength 1n a mass concrete appli-
cation should be limited to that required for the structure
to meet its strength demands. Specifying excess strength
will generally result in concrete proportions with increased
cementitious materials content, thereby increasing tempera-
ture rise and drying shrinkage as well as possible thermal
and drying shrinkage-related stresses. [t may be appropriate
for the design documents to specify minimum compressive
strength requirements to be met at ages later than 28 days
such as 56 days or even later, depending on mixture design
and project requirements.

Measurement of compressive strength i1s often done
using cylinders, and as a general rule, the cylinder diam-
eter should be no less than three times the largest aggregate
and the height-to-diameter ratio should be 2:1. For proj-
ects with concrete that use large coarse aggregates—those
greater than 2 in. (50 mm)—it 1s often impractical to make
and handle the associated large cylinders, so the concrete 1s
typically wet screened to remove aggregate larger than 2 1n.
(50 mm) during the cylinder fabrication process as described
in ASTM C31/C31M. This allows the use of 6 x 12 in. (150 x
300 mm) cylinders. When this practice is employed, a corre-
lation of strength before and after wet screening is often
performed early in the project, as the strength of large test
specimens up to 36 x 72 in. (900 x 1800 mm) will usually
be 80 to 90% of the strength of 6 x 12 in. (150 x 300 mm)
cylinders tested at the same age (U.S. Bureau of Reclama-
tion 2001).

Accelerated curing procedures, such as those described in
ASTM C1768/C1768M and the alternate curing procedure
i ASTM C1202, provide, at early ages, a reasonable indica-
tion of the concrete strength at later ages. The accelerated
strength indicator is helpful where it satisfactorily correlates
with longer-term values using companion specimens of the
same concrete. Although the indicator may not accurately
predict ultimate concrete properties, it can be beneficial
during construction to monitor potential variations in mixing
or the concrete mixture components.

For very large mass concrete projects, such as gravity
dams, there are several complex factors involved in relating
strength tests on small samples to the probable strength
of the full-size structure. Because of these complexities,
concrete strength requirements are sometimes several times
the calculated maximum design stresses for mass concrete
structures. For example, design criteria for gravity dams
commonly used by U.S. Bureau of Reclamation (1976)
and USACE EM 1110-2-2200 set the maximum allowable
compressive stress for usual loading combinations at one-
third of the specified concrete strength. The selection of
allowable stresses and factors of safety depend on the struc-
ture type, loading conditions being analyzed, and the struc-
ture location.

Concrete with higher compressive strength tends to have
higher tensile strength, but there is also large scatter in the
data when plotting these strengths against each other. Tensile
strength can be measured by several tests, primarily direct
tension (USBR 4914 [U.S. Bureau of Reclamation 1992a]),

rupture (ASTM C78/C78M; ASTM C293/C293M) tests.
Each of these tests has a different relationship with compres-
sive strength. The tensile strength of mass concrete varies
significantly and is dependent on the age of the structure, the
coarse aggregate size and type, specimen-to-aggregate ratio,
and the direction the cores were taken and tested (Schrader
et al. 2018). USBR data indicates that most historical dams
with large coarse aggregate (in excess of 2 in. [50 mm]) in
the United States have a direct tensile strength of 3.0 to 6.6%
of the compressive strength (Dolen et al. 2014; Darbar et al.
2016). The tensile strength of structural concrete with small
coarse aggregate (less than 2 in. [S0 mm]) has typically been
reported as 8 to 12% of the compressive strength (Kosmatka
and Wilson 2016; Arioglu et al. 2006).

Where feasible and necessary, testing should be conducted
to confirm these relationships, ideally by measurement of
direct tensile strength (USBR 4914; USACE CRD-164).
Measurements using various materials can and do result in
factors that vary significantly from the generic factor of the
aforementioned formulas, based on aggregate quality and
other factors.

The strength of concrete is also influenced by the speed of
loading; typical tests for concrete are static and use relatively
low loading rates. Dynamic events such as earthquakes,
blast, or impacts result in the development of stresses in a
fraction of a second. When evaluating blast loadings, strain
rate can be an important factor to consider (Schrader et al.
2018). When loaded dynamically, compressive strength
of moist concrete specimens has shown increases up to
30%, and tensile strength have increased up to 50%, when
compared with values obtained at standard rates of loading
(Saucier 1977; Graham 1978; Raphael 1984; Harris et al.
2000). Mass concrete, however, potentially has a lower
tensile capacity for lower amplitude constant stresses over
a longer duration (Darbar et al. 2016). Sensitivity studies
with a range of values should be considered in the absence
of concrete test data to determine the effect this variation can
have on a particular design or analysis.

4.3—Temperature

4.3.1 Temperature control—An important characteristic
of mass concrete that differentiates its behavior from that
of conventional concrete is its thermal behavior. This is
not to say that conventional concrete does not suffer from
temperature-related issues; it means that there is a recog-
nized likelihood of temperature-related issues for concrete
deemed to be mass concrete and that actions are needed to
avoid such issues.

Measures to provide temperature control during construc-
tion are commonly described in thermal control plans, which
include project-specific practices to control and monitor
the maximum temperature and temperature difference in
mass concrete. Thermal control plans are a tool to guide in
planning and executing mass concrete placements during
construction. Aspects related to the reinforcement configu-
ration, structure dimensions, restraints, or all of these, in
the mass concrete placements should be addressed prior to

splitting tension (ASTM C496/C496M), and modulus Qf... oo
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construction in the design phase. Items typically addressed
in a thermal control plan should include:

a) Concrete mixture proportions

b) Calculated or measured adiabatic temperature rise
of concrete

c) Upper limit for concrete temperature at time
of placement

d) Description of specific measures to control maximum
temperature and maximum temperature differential

e) Calculated maximum temperature and temperature
differential in placement based on expected conditions at
time of placement

f) Methodology or modeling for calculation of anticipated
temperature rise and temperature differentials

g) Description of equipment and procedures that will
be used to monitor and log temperatures and temperature
differences

h) Description of measures to address and reduce exces-
sive temperatures and temperature differences, if they occur

1) Drawing of locations for temperature sensors
in placement

1) Description of format and frequency of providing
temperature data

k) Description of curing procedures, including materials,
methods, and curing duration

1) Methods used for cooling concrete after placement,
if used

m) Description of formwork removal procedures to ensure
temperature difference at temporarily exposed surface will
not exceed temperature difference limit, and how curing will
be maintained

It 1s not always practical to avoid thermal cracking, even
in situations within normal concreting practices; thus, when
no cracking 1s required, special measures that may impact
design and construction costs should be expected (Bamforth
2007). Control of cracking associated with non-thermal-
related mechanisms, such as autogenous shrinkage and
drying shrinkage, among other mechanisms, are not intended
to be covered by thermal control plans. However, stresses
from such mechanisms can increase the total stresses and can
reduce the effective thermal stress that results in cracking of
the concrete.

The combination of placement dimensions, timing of
adjoining placements, temperature rise of the concrete,
and concrete temperature at placement creates potential for
significant temperatures within the interior of the placement
and a large temperature difference between the interior and
extremities of the placement. The four elements of an effec-
tive temperature control program, any or all of which may be
used for a particular mass concrete project, are:

a) Cementitious material content control, where the choice
of type and amount of cementitious materials can lessen the
heat-generating potential of the concrete

b) Precooling, where cooling of ingredients achieves
a lower concrete temperature as placed in the structure
or forms

c¢) Post-cooling, where removing heat from the interior

of the concrete with uniformly spaced embedded gooling...
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pipes limits the temperature rise and differentials in the
concrete structure

d) Construction management, where efforts are made to
monitor temperature and protect the structure from exces-
sive temperature differences by knowledge of insulation,
concrete handling, construction scheduling, and construc-
tion procedures

The temperature control may be no more than one or two
of these measures, such as using a low heat-of-hydration
concrete or restricting placing operations to cool periods at
night or during cool weather when the concrete temperature
at placement 1s generally lower, these measures are easier
and cheaper and, thus, are generally selected first as temper-
ature control measures. On the other extreme, some projects
may require a wide variety of separate, but complementary,
temperature control of concrete measures that can include all
the aforementioned strategies. The measure(s) selected are
chosen by the engineer or contractor based on the predicted
temperature rise and differential.

4.3.2 Precooling and post-cooling of concrete—Precooling
of fresh concrete may be achieved by reducing the tempera-
ture of the aggregates, using chilled water or ice as part of
the mixing water, and/or using liquid nitrogen to cool aggre-
gates or the fresh concrete. Post-cooling can be achieved
by use of embedded pipes in the concrete to actively cool
the placement. A detailed discussion of thermal issues is
contained in ACI 207.2R. Guidance in cooling systems for
mass concrete can be found in ACI 207 .4R.

4.3.3 Temperature rise—The principal means for limiting
temperature rise 1s controlling the type and amount of
cementitious materials. Controlling temperature rise of
concrete 1s typically desired to minimize the maximum
concrete temperature and reduce temperature difference of
the concrete after placement during the curing period. Best
practices for determining temperature rise include labora-
tory or mockup testing using representative construction
materials and placement conditions. For preliminary design
purposes, the temperature rise of the concrete ina 6 ft (1.8 m)
thick or greater placement that occurs at approximately 7 to
10 equivalent age days can be roughly estimated using the
following expression (Gajda et al. 2018), which i1s a modifi-
cation of Eq. (3.1.1)

Rise = 0.16-(Cement + 0.5-FAsh + 0.8-:CAsh + 1.2-SFMK
+ Factor-Slag), °F (4.3.3a)

Rise = 0.15-(Cement + 0.5:-FAsh + 0.8:CAsh + 1.2-SFMK
+ Factor-Slag), °C (4.3.3b)

where the factors are the same as Eq. (3.1.1).

Equations (4.3.3a) and (4.3.3b) should not be used for
final design purposes. The final thermal control plan should
consider tested material properties and the effects from actual
material combinations and the expected range of tempera-
ture conditions. Other methods of predicting the temperature
rise of the concrete are discussed in ACI 207.2R.
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4.3.4 Maximum (peak) temperature—Reducing the
maximum temperature of the concrete decreases volume
changes and tensile stresses that can lead to cracking. The
maximum temperature of concrete 1s often limited to 160°F
(70°C), mainly because certain cements can be susceptible
to a durability issue known as delayed ettringite forma-
tion (DEF) when internal temperatures exceed this limit.
However, not all concrete mixtures are exposed to the same
level of risk for DEF when exposed to temperatures above
this limit during the curing period. In certain cases, tempera-
tures above this limit can be justified when the cementitious
materials consist of a certain minimum amount of SCMs.
Research (Folliard 2008; Ramlochan et al. 2003; Ferraro
2018) has suggested that maximum concrete temperatures
up to 185°F (85°C) will not result in DEF when the cementi-
tious consists of, for example:

a) 25% by mass of ASTM C618 Class F fly ash

b) 35% by mass of ASTM C618 Class C fly ash

¢) 35% by mass of ASTM C989/C989M slag cement

Even though research has shown benefits in reducing DEF
expansion with concrete containing SCMs, the same level of
mitigation may not be always achieved with all sources of
SCMs. Further information related to DEF can be found in
ACI 201.2R, Day (1992), Thomas and Ramlochan (2002),
Ramlochan et al. (2004), and Ferraro (2018).

4.3.5 Temperature difference—A large temperature differ-
ence within a concrete placement results in thermal stress.
Cracking generally occurs when the tensile stresses exceed
the developing tensile strength. Depending on the exposure
conditions and durability requirements, concerns may arise
due to cracking. Such cracking occurs at the surface of the
concrete, typically first at the center of the large surfaces for
concrete where restraint is primarily internal, as i1s the case
for thermally controlled elements such as a bridge footing
on steel piles and ground. External restraint can affect the
location and severity of the cracking, and external restraint is
addressed in detail in 207.2R. External restraint also affects
thermal shrinkage stresses at the interface between place-
ments, which 1s not addressed 1n this section.

ACI 301 requires limiting the maximum temperature
difference between the center and the concrete near the
surface during the curing period to a maximum of 35°F
(20°C). This is a simple method that has historically worked
in the absence of project-specific thermal control measures.
However, this does not consider all aspects of performance.

For concretes with a low coefficient of thermal expansion,
a higher temperature difference limit is sometimes used.
For example, for concrete with granite coarse aggregate, a
temperature difference limit of 45°F (25°C) 1s sometimes
used, and for concrete with pure limestone coarse aggregate,
a temperature difference limit of 56°F (31°C) is sometimes
used (Bamforth 1984).

The aforementioned limits are simple methods intended to
minimize/prevent thermal cracking of the concrete. They are
by no means rigorous enough to prevent thermal cracking in
all cases and may be overly conservative in most other cases.
When a higher likelihood of preventing thermal cracking is

the developing tensile strength of the concrete is often used
(Gajda 2008; Gajda and VanGeem 2002). Such a limit 1s
based on the premise that cracking instantly occurs when
the tensile stresses at the surface exceed the tensile strength
at the surface of the concrete, or the tensile strain developed
exceeds the tensile strain capacity of the concrete (Houghton
1972; Houghton 1976; Dusinberre 1945). The following
simplified expression, derived from a series of equations,
can be used to determine the limiting temperature difference
associated with cracking due to internal restraint (Bamforth

1984; Crook 2006; Bamforth 2007)

Temperature difference limit, °F (°C) = /.
ExCTExRxC

(4.3.5)

where /' 1s tensile strength, psi (MPa); CTE is coefficient
of thermal expansion, in./in/°F (mm/mm/°C); E 1s modulus
of elasticity, psi (MPa); R is degree of restraint; and C 1s
creep factor.

Equation (4.3.5) is used to develop an approximate rela-
tionship between the temperature difference limit and the
developed in-place properties of the concrete. It 1s not
intended to be used as a single temperature difference limit
that does not change with age or in-place properties, such as
the 35°F (20°C) limit. It is intended to be used with proper-
ties at the exterior surface of the concrete, which is where
cracking first occurs. With Eq. (4.3.5), the restraint is typi-
cally assumed based on the placement type (Bamforth 2007;
Bamforth and Price 1995). Refer to ACI1207.2R for additional
detail regarding restraint. Considerations associated with
early-age creep affect the temperature difference limit calcu-
lations. Because creep testing is relatively time-consuming,
a creep factor 1s often assumed from values reported in tech-
nical literature (Bamforth 2007; Crook 2006).

Equation (4.3.5) is approximate because the material
properties and restraint factor are difficult, at best, to know
accurately. Developers and users of thermal control plans
should be aware that the calculated temperature difference
limit from Eq. (4.3.5) will only be as accurate as the accu-
racy of the assumptions made for the input parameters,
which change with time.

Users are cautioned that Eq. (4.3.5) does not incorporate
safety factors that would account for variations that are
inherent to concrete.

4.4—Elastic properties

Concrete is not a truly elastic material, and the graphic
stress-strain relationship for continuously increasing load
is not linear. For practical purposes, however, the modulus
of elasticity is often approximated as a constant within the
range of stresses to which mass concrete 1s usually subjected,
up to a maximum of 40% of the ultimate stress.

The compressive moduli of elasticity of concrete repre-
sentative of various dams are given in Table 4.1.1c. These
values range from 2.8 to 5.5 x 10° psi (1.9 to 3.8 x 10* MPa)

required, a temperature difference limit that is a function Qf..,....at, 28 days and from 3.8 to 6.8 x 10° psi (2.6 to 4.7 X
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10* MPa) at 1 year. For a given aggregate type, concrete
with higher strengths tend to have higher elastic moduli.
The stiffness of the aggregate is important, in part because
the large aggregate constitutes a very large percentage of
the concrete volume, and the aggregate stiffness can vary
substantially with the mineralogy of the aggregate. Values
for the tensile modulus of elasticity are generally slightly
less than the compressive elastic modulus. Research has
shown that tensile modulus of elasticity 1s approximately
10% lower than compressive modulus of elasticity (Ferraro
2009; Balendran 1995). For simplification, however, it
is often approximated to be the same as the compressive
modulus of elasticity (Philleo 1966).

The Poisson’s ratio data given in Table 4.1.1¢ tend to range
between the values of 0.16 and 0.20, with small increases
with increasing time of cure. Extreme values may vary from
0.11 to 0.27. Poisson’s ratio, like modulus of elasticity, is
influenced by the aggregate, cement paste, and relative
proportions of the two.

The results of several investigations indicate that the
modulus of elasticity appears to be relatively unchanged
whether tested at normal or dynamic rates of loading (Hess
1992). Poisson’s ratio can be considered the same for normal
or dynamic rates of loading (Hess 1992).

When the stress during short-term loading exceeds approx-
imately 50% of the ultimate stress, internal microcracks
develop, and Poisson’s ratio and elastic moduli becomes less
linear due to the increased strain.

4.5—Creep

Creep of concrete 1s a time-dependent deformation due
to a sustained load, which reduces stress in mass concrete.
Creep generally decreases with Increasing concrete
strength, increasing elastic modulus and over time (Smith
and Hammons 1993). With all mixture parameters being
equal, the risk of cracking increases as the concrete strength
increases, as there is less stress relief from creep. Concrete
with lower strength and lower modulus of elasticity 1s more
likely to realize the benefits from creep. The behavior of
mass concrete with a relatively lower rate of hydration was
reported where a concrete mixture with high volume of
fly ash had slower development of mechanical properties,
which resulted 1n higher rates of stress relaxation (creep) and
was less prone to cracking (Zhao et al. 2019). With concrete
containing the same type of aggregate, the magnitude of
creep is closely related to the paste content (Polivka et al.
1963) and the w/cm of the concrete. ACI 209R discusses the
prediction of creep, shrinkage, and temperature effects in
concrete structures.

The contribution of tensile creep in the mitigation of early-
age cracking in mass concrete has not been well documented
(Zhao et al. 2019). Therefore, other methods that can be
used to indirectly account for contributions from creep are
favored. One method of expressing the effect of creep is as
the sustained modulus of elasticity of the concrete in which
the stress is divided by the total deformation for the time
under the load. The instantaneous and sustained modulus of

elasticity values obtained on 6 in. (150 mm) diameter.cylinz...
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ders made with mass concrete that is wet screened to remove
coarse aggregate larger than 1-1/2 in. (38 mm) are recorded in
Table 4.1.1d. The instantaneous modulus is measured imme-
diately after subjecting the concrete to loading. The sustained
modulus, also called the effective modulus, represents
values after 365 and 1000 days under loading. Table 4.1.1d
shows that the sustained long-term values for the modulus
of elasticity are approximately half that of the instantaneous
modulus when load is applied at early ages and is a slightly
higher percentage of the instantaneous modulus of elasticity
when the loading age is 90 days or greater. Long-term creep
of concrete appears to be approximately directly propor-
tional to the applied stress-strength ratio, up to approxi-
mately 40% of the ultimate strength of the concrete. Above
40%, microcracking develops, which affects the modulus, as
described in Section 4.4 (Liners 1987).

When examining short-term creep, such as when evalu-
ating early hydration temperature stresses, creep values
can be very high and much larger than those for long-term
loading. The early creep values can also change dramatically
during the first few days, and testing can be appropriate when

these values could be important to the evaluation (Altoubat
and Lange 2001; Bamforth 2018).

4.6—Volume change

Volume change occurs primarily from changes in concrete
temperature, moisture content, chemical reactions, and
applied loads. Cracks form in restrained concrete when
the resulting stresses exceed the tensile strength or strain
capacity of the concrete.

Cracking is more likely to occur in restrained structures,
but can also occur in structures with little restraint, from
large temperature differences developed due to the heat of
hydration and associated temperature rise at the interior of
the concrete element. Figure 4.6 shows such cracking due
to a large temperature difference between the interior and
surface of a mass concrete placement. Crack widths can be
expected to increase over time due to combined effects of
autogenous shrinkage, drying shrinkage, or both.

Fig. 4.6—Cracked concrete hammerhead pier cap.
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Cracking in concrete structures, while expected, can
adversely affect durability, visual appearance, and structural
integrity. Volume change data for some mass concrete are
given in Table 4.1.1e. Various factors influencing cracking
of mass concrete are discussed in ACI 207.2R and USACE
ETL 1110-2-542.

Drying shrinkage of concrete occurs at surfaces that are
exposed to air. Drying shrinkage i1s a longer-term consider-
ation and ranges from less than 0.02% (or 200 microstrain)
for low-slump lean concrete with well-graded and high-
quality aggregates, to over 0.10% (or 1000 microstrain) for
rich mortars or concrete with high paste content, low-quality
aggregates, and high water content (Neville 2011). Drying
shrinkage occurs from the loss of moisture within the cement
paste fraction, which can shrink due to drying as much as
[%. Aggregates can provide internal restraint that substan-
tially reduces this value. The magnitude of drying shrinkage
is influenced mainly by the paste and water volume, the type
of aggregate, and external factors such as the prevailing
ambient temperature and relative humidity. The addition
of SCMs can increase drying shrinkage except where the
water requirement 1s reduced. Some aggregates have been
known to contribute to high drying shrinkage. ACI 224R
and Houghton (1972) discuss the factors involved in drying
characteristics of concrete.

Autogenous shrinkage 1s a reduction in volume produced
during the hydration of cement, regardless of drying to the
environment or external loading. Concretes with a w/cm
greater than 0.42 have a negligible autogenous shrinkage
(Holt 2001). Autogenous shrinkage occurs with increasing
magnitude in concretes with a lower w/cm and can be as high
as 200 to 400 microstrain when the w/cm 1s 0.30.

The coefficient of thermal expansion (CTE) of concrete
reflects the types and amounts of constituent materials in
the concrete, including the cementitious materials, water,
coarse aggregate, and fine aggregate. In most conven-
tional concretes, coarse aggregate typically is the largest
volume and therefore has the most influence on the CTE of
the concrete. The CTE of aggregate ranges from approxi-
mately 2 to 8 microstrain per °F (1.4 to 4.5 microstrain per
°C), depending on the minerology (ACI 207.2R). The CTE
of cementitious paste varies from approximately 6 to 14
microstrain per °F (3.3 to 7.8 microstrain per °C), depending
on the types and amounts of the individual cementitious
materials, the w/cm, and degree of saturation (Neville 2011;
Helmuth 1961). The CTE of fully saturated normalweight
concrete is typically in the range of 3.5 to 7 microstrain per
°F (1.9 to 2.5 microstrain per °C) (Hall and Tayabji 2011).

The degree of saturation of the concrete also affects its
CTE. AASHTO T 336 1s typically used to measure the CTE
of saturated concrete. This test method requires a 4 x 8 in.
(100 x 200 mm) cylinder, which is cut to be 7 in. (175 mm)
long. For concretes with coarse aggregates larger than 1 in.
(25 mm), wet screening of aggregates will disproportion-
ally increase the cementitious paste content and will usually
result in a higher CTE. Testing multiple cores to obtain a
statically appropriate sample may be the better approach
when measuring the CTE of large aggregate concretes.
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4.7—Permeability

Permeability is not typically a concern for traditional mass
concrete. The typical permeability of the mass itself is low,
on the order of 107" to 107! ft/s. Permeability coefficients
using USBR 4913 for some mass concretes are given in
Table 4.1.1e. It 1s important for thermally controlled concrete
to protect the reinforcement from corrosion. When concrete
mixtures are properly proportioned, placed, and not subject
to cracking, issues related to durability from permeability
are mitigated.

Arr-entraining and other chemical admixtures permit
significant benefits in concrete such as sufficient workability
with reduced water content and, therefore, contribute to
reduced permeability. The use of SCMs in mass concrete
also significantly reduce the permeability of the concrete at
later ages, as can be loosely correlated to ASTM C1202 test
results (Tibbets et al. 2020).

4.8—Thermal properties

The main thermal material properties that influence mass
concrete are specific heat, density, thermal conductivity,
thermal diffusivity, coefficient of thermal expansion, and
adiabatic temperature rise. The mineralogical composition
of the aggregate 1s usually the primary factor affecting the
thermal properties of a concrete (Rhodes 1978) because
coarse aggregates generally comprise the largest proportion
of the concrete volume. Requirements for cement, SCM, ratio
of coarse to fine aggregate, and water content are modifying
factors but offer a negligible effect on thermal properties.
Entrained air is an insulator and reduces thermal conduc-
tivity, but not significantly. ACI 207.2R provides additional
discussion on the thermal property values for mass concrete.

4.9—Shear properties

For dams, the potential failure mode of cracking and
sliding within the mass concrete or at the concrete/foun-
dation interface requires careful consideration. Sliding
stability relies on the shear strength of the concrete mass
itself, without reinforcement. Shear properties are especially
important at horizontally oriented joints because sliding
stability along these joints is often the most vulnerable part
of a dam and a potential mode of failure. It 1s important to
determine the correct site-specific concrete shear strength
properties for an analysis to be accurate. Assigning realistic
shear strength parameters within the parent concrete and at
the joints requires laboratory testing of specimens from the
subject structure or concrete mixture to be used. Engineering
judgment is used in upscaling the laboratory parameters to
the field scale.

Shear properties for some concrete containing 1-1/2 1n.
(38 mm) maximum size aggregates are listed in Table 4.1.1f.
This table also includes the site-specific concrete properties
of compressive strength, cohesion, and coefficient of internal
friction, which are related linear functions determined from
results of triaxial tests. Linear analysis of triaxial results
gives a shear strength slightly above the value obtained from
biaxial shear strength (U.S. Bureau of Reclamation 1992a).

aseismasoai@st criteria have stated that the coefficient of internal fric-
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tion can be taken as 1.0 and cohesion as 10% of the compres-
sive strength (U.S. Bureau of Reclamation 1976). Investiga-
tions have concluded that assuming this level of cohesion
may be unconservative (McLean and Pierce 1988), and
additional testing may be necessary.

Recent work analyzing historic laboratory data has found
that other laboratory-determined properties (direct tensile,
splitting tensile, and uniaxial compressive strengths) are
poor predictors of the shear strength of concrete (Linden-
bach 2017). A recent analysis of over 1000 shear strength
tests provides realistic ranges of parameters for an initial
design. However, the author cautions that given the broad
range of values provided and the lack of a good correlation
to other properties, shear strength of concrete for design
purposes should be determined through laboratory testing
of specimens from the structure being analyzed (Linden-
bach 2017). The shear strength relationships reported are
typically analyzed using the Mohr envelope equation Y =
C + Xtan¢, in which C (unit cohesive strength or cohesion)
is defined as the shear strength at zero normal stress; tan¢,
which is the slope of the line, represents the coefficient of
internal friction; and X and Y are normal and shear stresses,
respectively. Note that the use of a linear Mohr-Coulomb
failure envelope is a linearization of a small portion of the
larger curved failure envelope. The slope and intercept
(internal friction and cohesion, respectively) of the linear-
ization depend on the normal stresses applied during testing;
extrapolating shear strength parameters for normal stresses
outside of those used to develop the linear envelope should
be performed with caution. As the mobilized shear strength
envelope has a nonlinear concave-down shape, there will be
a steeper failure envelope (larger friction angle and smaller
cohesion) at lower normal stresses, likely also due to the
amount of particle breakage along the sliding interface.

In many cases, the shear strengths in Table 4.1.1f were
higher for older specimens; however, there is not a defin-
able trend (Harboe 1961). The ratio of triaxial shear strength
to compressive strength varies from 0.19 to 0.39 for the
various concretes shown. When shear strength 1s used for
design, the confining pressures used during testing should
reflect anticipated conditions in the structure. Whenever
possible, direct shear tests on both parent concrete and on
jointed concrete should be conducted in accordance with
USBR 4915 (U.S. Bureau of Reclamation 1992b) and/or
ASTM D5607 to determine valid cohesion and coefficient of
internal friction values for design. It 1s important to note 1s
that the mobilized shear strength has been shown to decrease
significantly with increasing shear displacement (Yathon et
al. 2019). This phenomenon is likely due to shear surface
degradation during sliding and needs to be considered when
determining the correct testing procedure and shear strength
parameters for the anticipated boundary condition. Bonded
horizontal construction joints may have shear strength
comparable to that of the parent concrete. Unbonded joints
typically have lower cohesion, but the same coefficient of
internal friction, when compared with the parent concrete.
If no tests are conducted, the coefficient of internal fric-

tion can be taken at 1.0 and the cohesion as 0 for unbonded..,
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joints. For bonded joints, the coefficient of internal friction
can be taken as 1.0, while the cohesion may approach that
of the parent concrete (McLean and Pierce 1988). Linden-
bach (2017) provides a significant amount of data from an
extensive library of testing, which can aid the practitioner
in selecting appropriate ranges of shear strength parameters
(Lindenbach 2017).

4.10—Durability

A durable concrete is one that has the ability to resist
weathering action, chemical attack, abrasion, and other
conditions of service. Laboratory tests can indicate rela-
tive durability of concrete, but 1t 1s usually not possible to
directly predict durability in field service from laboratory
testing. While the durability of the concrete itself is impor-
tant, eliminating or reducing cracking can be as important
as the overall durability of the structure. ACI 318 contains
durability requirements for structural concrete.

Disintegration of uncracked concrete by weathering 1s
mainly caused by the disruptive action of freezing and
thawing while the concrete is critically saturated and by
expansion and contraction under restraint, resulting from
temperature variations and alternate wetting and drying.
Entrained air improves the resistance of concrete to damage
from frost action and should be specified for all concrete
subject to cycles of freezing and thawing while criti-
cally saturated. Selection of high-quality materials, use of
entrained air, low w/cm, proper mixture proportioning,
proper placement techniques to provide a watertight struc-
ture, and good water curing usually provide a concrete that
has excellent resistance to weathering action (ACI 201.2R).

Chemical attack occurs from exposure to acidic waters,
exposure to sulfate-bearing waters, and leaching by mineral-
free waters, as explained in ACI 201.2R. Typically, port-
land-cement concrete 1s not very resistant to attack by acids.
Should this type of exposure occur, the concrete is best
protected by surface coatings.

Sulfate attack can be rapid and severe. The sulfates react
chemically with the calcium hydroxide and hydrated trical-
cium aluminate in cement paste to form calcium sulfate and
calcium sulfoaluminates. These reactions are accompanied
by considerable expansion and disruption of the concrete.
Concrete containing cement low in tricalcium aluminate
(ASTM Types 11, IV, and V) is more resistant to attack by
sulfates (ASTM C150/C150M). SCMs also provide resis-
tance to sulfate attack.

Calcium hydroxide is one of the products formed when
cement and water combine in concrete and is readily dissolved
in pure or slightly acidic water that may occur in high moun-
tain streams. SCMs that react with calctum hydroxide liber-
ated by cement hydration can prevent leaching. Surfaces of
tunnel linings, retaining walls, piers, and other structures are
often disfigured by efflorescence from water seeping through
cracks, joints, and interconnected voids. With dense, low-
permeability concrete, leaching is seldom severe enough to
impair the serviceability of the structure.

The principal causes of erosion of concrete surfaces
are cavitation and the movement of abrasive material by
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flowing water. Use of increased-strength and wear-resistant
concrete offers some relief, but the best solution lies in
the prevention, elimination, or reduction of the causes by
proper design, construction, and operation of the concrete
structure (ACI 207.6R). Refer to ACI 207.6R for additional
information about erosion resistance and cavitation in mass
concrete structures.

Alkali-aggregate reactivity (AAR) 1s the chemical reac-
tion between alkalis (sodium and potassium) from portland
cement or other sources, and certain constituents of some
aggregates that, under certain conditions such as high mois-
ture, produces deleterious expansion of the concrete. These
reactions include alkali-silica reaction (ASR) and alkali-
carbonate reaction (ACR), which are discussed elsewhere in
this document. Refer to ACI 201.2R for further information
on durability.

CHAPTER 5—CONSTRUCTION

5.1—Batching

Proper batching of mass concrete requires the same accu-
rate, consistent, reliable batching that is essential for other
types of concrete. Batch plants should be calibrated to
ensure accurate and precise production in conformance with
specified requirements. Certification of batch plants may be
required to meet industry standards, such as National Ready
Mixed Concrete Association (NRMCA). ACI 304R presents
information on the handling, measuring, and batching of all
the materials used in making concrete. ACI 221R presents
information on selection and use of aggregates in concrete.
Batching tolerances are provided in ASTM C94/C94M.

The desirability of restricting the temperature rise of mass
concrete by limiting the cementitious content of the mixture
creates a continuing construction challenge to maintain
workability in the plastic concrete. Efficiently optimized
mixtures for mass concrete typically contain unusually low
portions of cementitious materials, sand, and water. Thus,
the workability of these mixtures for conventional place-
ment 1s more sensitive to normal variations in batching.
Consistency in the gradation of coarse and fine aggregate
as well as consistency in the cleanliness of the aggregate is
extremely helpful in producing consistent uniform concrete.
In addition, constant knowledge of aggregate moisture and
measures to maintain a relatively constant moisture are also
extremely helpful; this typically involves constantly sprin-
kling aggregate stockpiles (during nontreezing conditions)
and moisture probes in coarse and fine aggregate bins.

Usually, the production of large quantities of mass
concrete 1s like an assembly-line operation, particularly in
dam construction, where the performance of repetitive func-
tions makes it economically prudent to use specialty equip-
ment and efficient construction methods.

When ice replaces batch water, for the most efficient use
of ice, 1t should be less than 32°F (0°C) and be brittle-hard,
dry, and finely broken. For maximum efficiency, use auto-
mated equipment. Ice should be batched by weighing from
a well-insulated storage bin, with quick discharge into the
mixer along with the other ingredients.
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Liquid admixtures are generally batched by volume,
although weighing equipment has also been used success-
fully. Reliable admixture batching equipment is available
from admixture or batch plant manufacturers. Means should
be provided for making a visual accuracy check. Provisions
should be made for preventing batching of an admixture
while the discharge valve 1s open. Interlocks should also
be provided that will prevent inadvertent over-batching
of admixtures. Any irregularities in batching admixtures
can cause troublesome variations in slump, air content, or
both. When several liquid admixtures are to be used, they
should be batched separately into the mixer or in accordance
with the admixture manufacturer’s recommendations. For
continuing good operation, equipment should be maintained
and kept clean. Timed-flow systems should not be used.
Also, 1t 1s important to provide winter protection for storage
tanks and related delivery lines where necessary.

Each size fraction of aggregates should be stored in sepa-
rate stockpiles and bins to prevent segregation and to ensure
consistency. One example is that a stockpile of ASTM C33/
C33M No. 467 aggregate tends to segregate; therefore, it
1s better to have separate stockpiles and bins for No. 4 and
No. 67 aggregates.

5.2—Mixing

Mixers for traditional mass concrete should be capable of
discharging low-slump concrete quickly and with consistent
distribution of large aggregate throughout the batch. This
1s best accomplished with large, tilting mixers in stationary
central plants. The most common capacity of the mixer drum
is 4 yd> (3 m?), but good results have been achieved with
mixers as small as 2 yd® (1.5 m?) and as large as 12 yd? (9 m?).
Truck mixers are not suited to the mixing and discharging
of low-slump large-aggregate concrete. Turbine-type and
compulsory mixers are commonly used mixers may be used
for mass concrete containing 3 in. (75 mm) in size. Mass
concrete used in buildings and bridges commonly has a 3/4
to 1 1n. (19 to 25 mm) maximum aggregate size and can be
dry batched, mixed, and delivered as a typical concrete with
truck mixers. Batching and delivering equipment should be
certified by the NRMCA or appropriate agency.

Specifications for traditional mass concrete, include
mixing time range from a minimum of 1 minute for the
first cubic yard plus 15 seconds for each additional cubic
yard (80 seconds for first cubic meter plus 20 seconds for
each additional cubic meter) of mixer capacity (ACI 304R;
ASTM C94/C94M) to 1.5 minutes for the first 2 yd? plus 30
seconds for each additional cubic yard (1.5 minutes for the
first 1.5 m> plus 40 seconds for each additional cubic meter)
of capacity (U.S. Bureau of Reclamation 1981). Blending
the materials by ribbon feeding during batching makes it
possible to reduce the mixing period. Some of the mixing
water and coarser aggregate should lead other materials into
the mixer to prevent sticking and clogging. Mixing time
may be reduced based on results of mixer uniformity testing
(ASTM C94/C94M). Mixing time is best controlled by a
timing device that prevents release of the discharge mecha-

asesmicsoaiiSM until the mixing time has elapsed.
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During mixing, the batch should be closely observed to
ensure the desired workability is consistently produced. The
operator and inspector should be alert and attentive. Tuthill
(1950) discussed effective inspection procedures and facili-
ties. The operator should be able to easily see, either first-
hand or with cameras installed near the mixer, the concrete
batch and be able to judge whether its slump is correct so
that adjustments can be made prior to discharge. Amperage
meters are often used to assist visual observations.

Continuous batching and mixing (pugmill) have been
used successfully in roller-compacted concrete for years,
and in some instances has also been used for traditional
mass concrete with satisfactory performance. Generally,
the maximum aggregate size for this method 1s limited
to 3 in. (75 mm) or possibly 4 in. (100 mm). ACI 207.5R
and ACI 304R discuss continuous batching and mixing in
more detail.

5.3—Placing

Placing includes preparation of horizontal construction
joints (mainly for traditional mass concrete), transporta-
tion, handling, placement, and consolidation of the concrete
(ACI 304R; U.S. Bureau of Reclamation 2001).

The most appropriate preparation of horizontal joint
surfaces begins with the activities of topping out the place-
ment. The surface should be left free from protruding rock,
deep footprints, vibrator holes, and other surface irregulari-
ties. In general, the surface should be relatively even, with
a gentle slope for drainage. This slope makes the surface
cleanup easier prior to placement of the subsequent lift. As
late as is feasible, but before adjoining concrete is placed,
laitance and contamination should be removed to expose
a fresh, clean mortar and aggregate surface. Overcutting
to deeply expose aggregate is unnecessary and wasteful of
good material. Bond strength 1s accomplished by exposing
and allowing direct contact of cement grains, not by
exposing the coarse aggregate. Joint shear strength is deter-
mined both by this bond and by interface friction (Linden-
bach 2017; McLean and Pierce 1988). The friction contribu-
tion is affected by confining pressure and coarse aggregate
interlock. Usually, removal of approximately 0.1 in. (a few
millimeters) of a material will reveal a satisfactory surface
suitable for bonding, depending on how the construction
joint was cured.

The best method for obtaining suitable construction joints
for traditional mass concrete is to green cut the concrete in
a timely manner using high-pressure water blasting (Neeley
and Poole 1996). The use of raking or roughening the
surface of the fresh concrete should be avoided, as bond and
the ability to clean the surface are degraded.

Surface laitance, poorly embedded aggregate, and other
contaminants are typically removed from hardened concrete
by hydro-blasting prior to placement of adjoining concrete.
Depending on the water temperature, the concrete inte-
rior temperature, and the surface temperature, the use
of cold water during the hydro-blasting operation may
need to be avoided to prevent thermal shock. This will be
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Fig. 5.3a—Before and after horizontal construction joint
cleanup using hydro blasting.

exacerbated during periods of high winds or if the curing
water evaporates.

Before and after horizontal construction joint cleanup
with hydro-blasting is illustrated in Fig. 5.3a. Clean joints
are essential to good bond and watertightness.

The clean concrete surface should be free from excess
surface moisture at the time new concrete 1s placed on it
(USACE 1959, 1963; Tynes and McCleese 1973; Neeley
and Poole 1996; Neeley et al. 1998). The concrete should
be close to saturated surface-dry (SSD) and free of ponding
or standing water. Testing has shown superior strength and
watertightness of joints that are clean and free of excess
water when the overlying concrete 1s placed. Tests have
also shown that the practice of placing mortar on the joint
ahead of the concrete is not necessary for either strength or
permeability of the joint (Houghton and Hall 1972). The
mortar coat, although widely used in the past, is no longer
commonly used in mass concrete construction. Equivalent
results can be obtained without the mortar if the first layer
of the plastic concrete is thoroughly vibrated over the joint
area and all rock clusters at batch-dump perimeters are
carefully scattered.

Selection of equipment for transporting and placing mass
concrete 1s strongly influenced by the maximum size of the
aggregate. Concrete for mass placements, such as in dams,
often contains cobbles, which are defined as coarse-aggre-
gate particles larger than 3 in. (75 mm) and smaller than
12 in. (300 mm). The tendency of cobbles to segregate from
the mixture as a result of their greater inertia when in motion
may dictate the use of large, 2 to 12 yd? (1.5 to 9 m?®) capacity
buckets. Railcars, trucks, cableways, cranes, or some combi-
nation of these may be used to deliver the buckets to the
point of placement. For concrete containing coarse aggre-
gate 3 in. (75 mm) and larger, a bucket size of 4 to 8 yd® (3 to
6 m?) is preferable because smaller buckets do not discharge
as readily, and each delivery is too small to work well with
a high-production placement scheme. On the other hand, the
12 yd® (9 m?) bucket puts such a large pile in one place that
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(b)

Fig. 5.3b—(a) Placement of mass concrete by conveyor belt
in a traditional mass concrete placement; and (b) in a ther-
mally-controlled mass concrete placement.

much of the crew’s time is devoted to vibrating for spreading
instead of for consolidation. To preclude these piles being
larger than 4 yd® (3 m®), one agency requires controllable
discharge gates in buckets carrying more than 4 yd* (3 m?).
Extra care should be taken to ensure ample vibration deep
in the center of these piles and at points of contact with
concrete previously placed. Mass concrete of proper mixture
proportions and low slump does not separate by settlement
during such transportation over the short distances usually
involved. Care should be taken, however, to prevent segre-
gation at each transfer point.

Traditional mass concrete may also be transported in
dumping rail cars and non-agitating trucks and placed by
use of conveyors. Placing mass concrete with conveyors has
been most successful and economical when the aggregate
size 1s 4 in. (100 mm) or less. The point of discharge from
conveyors should be managed so that concrete 1s discharged
onto fresh concrete and immediately vibrated to prevent
stacking. Placement of mass concrete by conveyor is shown
in Fig. 5.3b. Additional information on placing concrete
with conveyors is contained in ACI 304.4R.

Availability and job conditions may preclude the use
of aggregates larger than 1-1/2 in. (38 mm) or specialized
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placement equipment. Concrete in such structures may be
placed with more conventional equipment such as smaller
crane buckets, concrete pumps, or conveyors. The selection
of placing equipment should be predicated on its ability to
successfully place concrete that has been proportioned for
mass concrete considerations as defined in Section 3.7, which
emphasizes the reduction of heat evolution. Placing capacity
and concrete supply should be great enough to avoid cold
joints and undesirable exposure to extremes of heat and cold
at placement surfaces. This 1s usually accomplished by using
many pieces of placing equipment. Additional information
on pumping of concrete is contained in ACI 304.2R.

Traditional mass concrete i1s best placed in succes-
sive layers. The maximum thickness of the layer depends
on the ability of the vibrators to properly consolidate the
concrete and combine the layers. A 6 in. (150 mm) diameter
vibrator produces satisfactory results with 4 to 6 in. (100 to
150 mm) nominal maximum-size aggregate and less than
1.5 in. (40 mm) slump in layers 18 to 20 in. (460 to 510 mm)
thick placed with 4 to 8 yd*® (3 to 6 m®) buckets. Smaller-
diameter vibrators will produce satisfactory results with 3 to
4 n. (75 to 100 mm) nominal maximum-size aggregate and
less than 2 in. (50 mm) slump placed in 12 to 15 in. (300 to
380 mm) layers with smaller buckets. Shallower layers,
rather than deeper layers, give better assurance of satisfac-
tory consolidation and freedom from rock pockets at joint
lines, corners, and other form faces, as well as within the
block itself.

The layer thickness should be an even fraction of the lift
height or of the depth of the block. For low-slump concrete,
the layers are carried forward in a stair-step fashion in the
block by means of successive discharges, so there will be a
setback of approximately 5 ft (1.5 m) between the forward
edges of successive layers, as shown in Fig. 5.3b. Placement
of the steps is organized to expose a minimum of surface to
lessen warming of the concrete in warm weather and reduce
the area affected by rain during wet weather. A setback
greater than 5 ft (1.5 m) unnecessarily exposes cold concrete
to heat gain in warm weather and, in rainy weather, increases
the danger of water damage. A narrower setback will cause
concrete above 1t to sag when the step 1s vibrated to make it
monolithic with the concrete placed later against that step.
This stepped front progresses forward from one end of the
block to the other until the form is filled and the lift place-
ment is completed.

Vibration 1s the key to the successful placement of mass
concrete, particularly when the concrete i1s low slump and
contains large aggregate (Tuthill 1953). Ineffective equip-
ment 1s more costly to the contractor because of a slower
placing rate and the hazard of poor consolidation. Vibration
should be systematic and should thoroughly cover and deeply
penetrate each layer. Particular attention should be paid to
ensure full vibration where the perimeters of two discharges
join because the outer edge of the first batch is not vibrated
until the next batch 1s placed against 1t. The two discharges
can then be vibrated monolithically together without causing
either edge to flow downward. Proper vibration of large-

aeeismososaggregate mass concrete 1s shown in Fig. 5.3c. To ensure
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Fig. 5.3c—Consolidation of low-slump mass concrete
placed by bucket.

proper consolidation, the vibrators should penetrate the
lower layer for 2 to 4 in. (50 to 100 mm) and be maintained
in a vertical position at each penetration during vibration.
To prevent imperfections along lift lines and layer lines at
form faces, these areas should be systematically deeply revi-
brated as each layer advances from the starting form, along
cach of the side forms, to the other end form. Any visible
clusters of separated coarse aggregate should be scattered on
the new concrete before covering with additional concrete.
Vibration 1s unlikely to fill and solidify unseparated aggre-
gate clusters with mortar. During consolidation, the vibra-
tors should remain at each penetration point until large air
bubbles have ceased to rise and escape from the concrete.
The average time for one vibrator to fully consolidate 1 yd’
(3/4 m?) of concrete may be as much as 1 minute (80 seconds
for 1 m®). Over-vibration of low-slump mass concrete is
unlikely; however, over-vibration of higher-slump concrete
will cause segregation.

To simplify cleanup operations, the top of the uppermost
layer should be leveled and made reasonably even by means
of vibration. Holes from previous vibrator insertions should
be closed. Large aggregate should be almost completely
embedded. If such work is done by manual means, boards
should be laid on the surface in sufficient number to prevent
deep footprints. Ample and effective vibration equipment
should be available and in use during the placement of
mass concrete. Specific recommendations for mass concrete
vibration are contained in ACI 309R.

Mass concrete for underwater placements is done without
vibration. Generally, the mixture 1s proportioned with a rela-
tively high cementitious materials content and a reduced
aggregate size to promote the required lateral flow of the
mixture after the mixture 1s introduced into the placement
area by tremie pipe or pumpline. It i1s more common to incor-
porate an anti-washout admixture and water-reducing admix-
tures into the mixture to increase the flow of the mixture,
decrease washout of the paste, and improve consolidation of
the mixture. Typical applications include bridge pier tremie
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seals, repair of stilling basins and other in-water structures,
and placement of float-in structures.

5.4—Curing

The use of water for curing mass concrete should be
avoided. However, mass concrete can be cured with water
as long as this does not cause the exterior surface to rapidly
cool and create a condition of an excessively high tempera-
ture difference between the surface and interior of the place-
ment. Even when not the most practical or economical alter-
native, heated water may be specified for curing in some
cases. Moisture retention curing practices, which are more
commonly used, are typically preferred and recommended.

In mixtures with very low cement content, which exhibit
low temperature rise, water curing can provide additional
cooling benefit in warm weather. Water curing can also be
beneficial to mass concrete surfaces that will be exposed to
rapid flowing water or possible erosive, abrasive conditions.

Except when evaporation rates are high (during hot or
cold weather, or when winds are significant), little curing is
needed beyond the moisture provided to prevent the concrete
from drying prior to installation of moisture retention curing
methods; however, the concrete should not be saturated
when it is exposed to freezing temperatures. In above-
freezing weather, when moisture 1s likely to be lost from the
concrete surfaces, mass concrete should be protected from
losing moisture.

Curing methods for mass and thermally controlled
concrete should prevent cracking of the concrete. The dura-
tion of curing for mass concrete is primarily controlled by
the 1tems addressed within the thermal control plan. Curing
procedures should consider temperature control and form-
work removal procedures to ensure maximum temperature
difference limits are not exceeded.

The use of a liquid-membrane curing compound i1s an
acceptable alternative where water curing is not practical,
such as in below-freezing conditions, where the applica-
tion of water may result in rapid cooling of the surface, or
a high temperature difference. If a curing compound is used
on construction joints, it should be completely removed by

sandblasting or water-blasting to prevent reduction or loss
of bond.

5.5—Forms

Forms for mass concrete have the same basic requirements
for strength, mortar-tightness, accuracy of position, and
generally good surface condition, as described in ACI 347R.
Formwork for traditional mass concrete may differ some-
what from other formwork because of the comparatively low
height normally required for each placement, which is tradi-
tionally 5 to 10 ft (1.5 to 3 m). There may be some increase
of form pressures due to the use of low-temperature concrete
and the impact of dumping large buckets of concrete near the
forms, despite the relieving effect of the generally low slump
of mass concrete. Form pressures depend on the methods
used and the care exercised in placing concrete adjacent to
the form. Further information about formwork pressure can
be found in ACI 347R.
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For traditional mass concrete, form ties connected to
standard anchors in the previous lift and braces have long
been used. Many large jobs are now equipped with forms
supported by cantilevered strongbacks anchored firmly into
the lift below. Additional support of cantilevered forms may
be provided by form ties, particularly when the concrete
is low in early strength. Cantilevered forms are raised by
hydraulic, air, or electric jacking systems. Care should be
taken to avoid spalling concrete around the anchor bolts in
the low-early-strength concrete of the lift being stripped of
forms because these bolts will be used to provide horizontal
restraint in the next form setup. High-lift, mass concrete
formwork is comparable to that used for standard structural
concrete work except that ties may be 20 to 40 ft (6 to 12 m)
long across the lift rather than 12 to 40 in. (0.3 to 1.0 m).
To facilitate placement by bucket, widely spaced large-
diameter, high-tensile-strength ties should be used to permit
passage of the concrete buckets.

Beveled grade strips and 1 1n. (25 mm) or larger triangular
toe fillets can be used to mask offsets that sometimes occur
at horizontal joint lines in traditional mass concrete place-
ments. This will generally improve the appearance of formed
surfaces. When used at the top and bottom of the forms, this
can create an effective and aesthetically pleasing groove. A
[ in. (25 mm) or larger chamfer should also be used in the
corners of the forms at the upstream and downstream ends of
construction joints for the sake of appearance and to prevent
chipping of the edges; otherwise, sharp corners of the block
are often damaged and cannot be effectively repaired. Such
chamfers also prevent pinching and spalling of joint edges
caused by high surface temperatures.

Sloping forms, when used, often extend over the construc-
tion joint to the extent that it is difficult to position buckets
close enough to place and adequately consolidate the
concrete. Such forms may be hinged so the top half can be
held in a vertical position until concrete is placed up to the
hinged elevation. The top half is then lowered into position
and concrete placement is continued. Sloping forms are
subject to less outward pressure, but uplift should be consid-
ered in their anchorage.

A common forming problem for spillway sections of
gravity dams is encountered in the sloping and curved
portions of the crest and bucket. The curved or sloped
surfaces can be effectively shaped, thoroughly consoli-
dated, and finished with the use of temporary forms rather
than using screed guides and strike-off. A well-proportioned
regular mass concrete face mixture can be finished as easily
as a mixture with small aggregate; however, sometimes a
different concrete mixture is required on the spillway face for
durability reasons. The desired shape is achieved with skilled
finishers, as shown in Fig. 5.5. Certified flatwork finishers
are recommended for these complicated geometric shapes.
A curved guide rail and roller screed have also been success-
fully used for ogee crests and spillway curves. Finishing of
concrete surfaces for water conveyance structures such as
spillways and rollways are of critical importance to mitigate
the risk of deterioration caused by cavitation.

Fig. 5.5—Finishing the curved spillway of the Minidoka
Dam.

5.6—Placement height and time between adjoining
placements

Control of temperature rise 1s a function of various
factors, including placement heights and placing frequency.
Influencing factors are size and type of massive structure,
concrete properties and cementitious content, prevailing
climate during construction and during service, construction
schedule, and other specified temperature controls. Place-
ment heights range from 2.5 ft (0.75 m) for multiple stacked
placement just above foundations to 5 and 7.5 ft (1.5 and
2.3 m) in many gravity dams, and to 10 ft (3 m) or more in
thin arch dams, piers, pile caps, and abutments.

From the standpoint of construction, higher placement
heights result in fewer construction joints. Regarding past
experience of hardened concrete temperature in cold weather,
the shallower the placement, the higher the percentage of
the total heat of hydration that will escape before the next
placement 1s made. In hot weather with lean mixtures and
precooling, the opposite may be true. When the placement
thickness 1s increased above 10 ft (3 m), heat losses from
the upper surface become a decreasing percentage of the
total heat generated within the full depth of the placement.
Hence, with very deep placement, the internal tempera-
ture reached by the concrete is not significantly influenced
by the length of the time interval between placements. In
such infrequent extreme cases, minimal time between thick
stacked placements may be preferable, especially as a means
of minimizing joint cleanup, mitigating the risk of cracking,
or permitting the use of slipforms, such as for massive piers.
In large blocks, such as in dam construction, the loss of heat
from a placement surface in cold weather does not justify
extended exposure to the environment, provided a means of
internal cooling 1s provided. A long exposure of placement
surfaces to changes in ambient temperature may initiate
cracking. Where stress mitigation measures are imple-
mented, the best construction schedule consists of regular
placement on each block, at the shortest time interval,
with the least practical height differential between adjacent
blocks—again, 1f a means of internal cooling is provided.
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For thermally controlled concrete, where internal concrete
temperatures can be high shortly after placement, care
should be taken to avoid creating a large temperature differ-
ence in the existing placement by the placement of adjoining
concrete or in the new placement by transferring heat too
rapidly into the existing placement.

High-lift mass concrete construction was adopted by some
authorities, particularly in Canada during the 1950s and
1960s in an attempt to reduce potential leakage paths and
minimize cracking in dams built in cold, and even subzero,
weather. The procedure 1s no longer in common use because
of cracking concerns. In its extreme form, the method
provides for continuous placing of lifts up to 50 ft (15 m)
high using wood or insulated forms with housings and steam
heat. Under these placing conditions, the adiabatic tempera-
ture rise (ATR) of the concrete and the maximum temperature
drop to low, stable temperatures are approximately equal.
For control of cracking due to thermal shock, most design
criteria restrict this maximum drop to 25 to 35°F (14 to
20°C), which should be adhered to unless placement specific
analysis shows that higher temperature drops are acceptable.
This requires concrete with a low ATR and a low concrete
temperature at placement. Design requirements can be met
under these conditions by controlling, through mixture
proportioning, the adiabatic rise to these levels (Klein et al.
1963). With precooled 50°F (10°C) mass concrete of low
cement content 1n a warm climate, ambient heat removes the
advantage of shallower lifts and 1s the reason 7.5 ft (2.3 m)
or even 10 ft (3 m) lifts have been permitted by specifica-
tions on several dam projects in recent years.

5.7—Cooling and temperature control

Currently, it is common practice to precool mass concrete
before placement. The concrete temperature at placement
is typically determined via a thermal study. Efficient equip-
ment 1s now available to produce concrete at temperatures
less than 45°F (7°C) 1n practically any weather. Using finely
chipped ice to replace part of the mixing water and shading
damp (but not wet) aggregate will reduce the concrete
placing temperature to a value approaching 50°F (10°C)
in moderately warm weather. For efficient distribution of
admixtures during initial mixing, ice should not replace
100% of the mixing water; for practical purposes, typical
ice replacements can be maximized to approximately 75%
of the mixing water available for batching after aggregate
moisture corrections are performed.

Aggregate storage bins and aggregate piles should be
shaded as 1llustrated in Fig. 5.7a. Aggregates can be cooled
by evaporation through vacuum, inundation in cold water,
cold air circulation (ACI 207.4R; ACI 305R), or liquid
nitrogen. Liquid nitrogen is injected directly into the central
mixer or truck mixer (Gajda and Sumodjo 2012). Figure 5.7b
shows the cooling of coarse aggregate by spraying and inun-
dation with chilled water immediately before placing in the
batch plant bins. Figure 5.7c¢ shows the cooling of batched
concrete by liquid nitrogen into the drum of a concrete truck.
Caution should be used with chilling concrete with liquid
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nitrogen as, if executed incorrectly, damage to concrete
truck drums can result.

Cooling of concrete to the lowest practical temperature
reduces the maximum (peak) temperature of the concrete
but not the temperature rise of the concrete, which is a func-
tion of the types and quantities of cementitious materials
used 1n the concrete. Surface insulation 1s recommended to
mitigate heat loss from exterior surfaces, thereby inhibiting
the development of large temperature differences in the mass
concrete placement, especially in colder ambient conditions
for traditional mass concrete, and virtually all temperature
conditions for thermally controlled concrete. During place-
ment 1n warm weather, absorption of heat by cold concrete
can be minimized by placing at night; managing placement
so that minimum areas are exposed; and, if placement will
be in the sun, by fog-spraying the work area to mitigate
drying and convective heat absorption.

Cooling pipes embedded in the concrete placement can
be used to control the temperature rise in the concrete when
maximum temperatures cannot be limited by other cooling
measures. Embedded cooling pipes can be required to ensure
the minimum opening of contraction joints needed when
grouting joints in dams is necessary. Additional information
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Fig. 5.7a—Metal cover over drained fine aggregate stock-
pile to reduce heat absorption.
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Fig. 5.7b—Cooling coarse aggregate by chilled water spray

and inundation.
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Fig. 5.7c—Cooling batched concrete by liquid nitrogen injection.

on aggregate and concrete precooling, insulation, protection,
and post-cooling considerations are provided in ACI 207.4R.

5.8—Instrumentation

The specific goals of data collection, transmittal,
processing, review, and action procedures are to provide
accurate and timely evaluation of data for potential remedial
action relating to the safety of a structure. Enough instru-
mentation should be installed to provide confirmation of all
important data. It is often desirable to use more than one type
of instrument to facilitate the analysis. Instrumentation is
also required in cases where it 1s necessary to correlate with
or confirm an unusual design concept related to either the
structure or the service condition, or where the instrumenta-
tion results may lead to greater refinements for future design.

Instrumentation should be part of the design and construc-
tion of any mass concrete structure wherever a future ques-
tion may arise concerning the safety of the structure. Also,
preparations essential for an accurate evaluation of the
instrumentation results should be made through long-term,
laboratory-sample studies to determine progressive age rela-
tionships for properties of the actual project concrete (refer
to Chapter 4).

Factors or quantities that are often monitored in mass
concrete dams and other massive structures include struc-
tural displacements, deformations, settlement, seepage, and
uplift pressures in the foundation and the structure. A wide
variety of instruments can be used in a comprehensive moni-
toring program. Instruments installed in dams in the United
States have been primarily of the unbonded resistance-wire
or Carlson-type meter and vibrating wire. Several manuals
on instrumentation of concrete dams are available (USACE
EM 1110-2-4300 1985; USSD 2002; U.S. Bureau of Recla-
mation 1987).

5.8.1 Temperature measuring devices—To properly
monitor ambient and in-place temperature of a mass concrete
placement, it is often necessary to collect instrumentation
data over extended periods. The monitoring equipment
should be simple, rugged, and durable, and be maintained

in satisfactory operating condition. Thermal data loggers
are installed prior to placing concrete, typically at the center
of the placement to measure maximum concrete tempera-
tures and at approximately 1 to 3 in. (25 to 75 mm) from the
exterior surfaces, secured to the reinforcing bar below the
concrete surface, to measure concrete temperatures near the
surface for the determination of the temperature difference
at locations representative of the concrete mass behavior.
Temperature sensors should be electrically and thermally
isolated from reinforcing bar and other internal components.
Concrete temperatures are monitored and downloaded on a
daily (or more frequent) basis. Monitoring of thermal data
allows adjusting thermal control measures during the protec-
tion period.

5.9—Grouting contraction joints in dams

Large arch dams were historically constructed in a series
of distinct blocks with means to post-cool the concrete to
below the average air temperature. This opened the vertical
joints between the blocks, which were subsequently filled
with grout to secure the dam into the abutting rock surface.
Grouting also distributes in-service stresses more evenly
throughout the structure. Prior to grouting, the concrete
should be cooled by post-cooling to allow the joint to open
to at least 0.04 in. (1 mm) to ensure complete filling with
grout. Warner (2004) describes the grouting systems and
grouting operations for grouting contraction joints. Silveira
et al. (1982) describe a grouting system that employs packers
to permit reuse of the piping system. The use of embedded
instrumentation across the joint is the only way to accurately
determine the magnitude of the joint opening (Carlson 1979;
Silveira et al. 1982).

In some gravity dams, the vertical contraction joints were
not grouted. In these dams, as a cost-saving measure, it was
decided that an upstream waterstop backed up by a vertical
drain would prevent visible leakage, and that grout would
therefore be unnecessary because there was no transverse
stress. In recent years, however, the appearance of vertical

@seismicisolation

aci®

American Concrete Institute — Copyrighted © Material — www.concrete.org


https://t.me/seismicisolation

ACI PRC-207.1-21: MASS CONCRETE—GUIDE 31

cracks, parallel to the contraction joints, has prompted
reconsideration of this practice.
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As ACI begins its second century of advancing concrete knowledge, its original chartered purpose
remains “to provide a comradeship in finding the best ways to do concrete work of all kinds and in
spreading knowledge.” In keeping with this purpose, ACI supports the following activities:

-+ Technical committees that produce consensus reports, guides, specifications, and codes.

- Spring and fall conventions to facilitate the work of its committees.

- Educational seminars that disseminate reliable information on concrete.

- Certification programs for personnel employed within the concrete industry.

- Student programs such as scholarships, internships, and competitions.

- Sponsoring and co-sponsoring international conferences and symposia.

- Formal coordination with several international concrete related societies.

- Periodicals: the ACI Structural Journal, Materials Journal, and Concrete International.

Benefits of membership include a subscription to Concrete International and to an ACI Journal. ACI
members receive discounts of up to 40% on all ACI products and services, including documents, seminars
and convention registration fees.

As a member of ACI, you join thousands of practitioners and professionals worldwide who share

a commitment to maintain the highest industry standards for concrete technology, construction,

and practices. In addition, ACI chapters provide opportunities for interaction of professionals and
practitioners at a local level to discuss and share concrete knowledge and fellowship.
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www.concrete.org

The American Concrete Institute (ACI) is a leading authority and resource
worldwide for the development and distribution of consensus-based
standards and technical resources, educational programs, and certifications
for individuals and organizations involved in concrete design, construction,

and materials, who share a commitment to pursuing the best use of concrete.

Individuals interested in the activities of ACI are encouraged to explore the
ACI website for membership opportunities, committee activities, and a wide
variety of concrete resources. As a volunteer member-driven organization,
ACl invites partnerships and welcomes all concrete professionals who wish to
be part of a respected, connected, social group that provides an opportunity

for professional growth, networking and enjoyment.
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