CHAPTER 1
Introduction to Concrete

Concrete’s versatility, durability, sustainability, and economy have made it the world’s most widely used
construction material. About four tons of concrete are produced per person per year worldwide and about 1.7
tons per person in the United States. The term concrete refers to a mixture of aggregates, usually sand, and either
gravel or crushed stone, held together by a binder of cementitious paste. The paste is typically made up of
portland cement and water and may also contain supplementary cementing materials (SCMs), such as fly ash or
slag cement, and chemical admixtures (Figure 1-1).

Understanding the fundamentals of concrete is necessary to produce quality concrete. This publication covers
the materials used in concrete and the essentials required to design and control concrete mixtures for a wide
variety of structures.

Figure 1-1. Concrete components: cement, water, coarse Figure 1-2. Ready mixed concrete is conveniently delivered to
aggregate, fine aggregate, supplementary cementing jobsites in trucks with revolving drums.
materials, and chemical admixtures.

Industry Trends

The United States uses about 230 million cubic meters (300 million cubic yards) of ready mixed concrete each
year (Figure 1-2). It is used in highways, streets, parking lots, parking garages, bridges, high-rise buildings,
dams, homes, floors, sidewalks, driveways, and numerous other applications (Figure 1-3).

Cement Consumption

The cement industry is essential to the nation's construction industry (Figure 1-4). Few construction projects are
viable without utilizing cement-based products. The United States consumed 86.5 million metric tons (95 million
short tons) of portland cement in 2014. U.S. cement production is dispersed with the operation of 91 cement
plants in 33 states. The top five companies collectively operate around 59% of U.S. clinker capacity (PCA 2015).
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Figure 1-3. Concrete is used as a building material for many applications including high-rise (left) and
pavement (right) construction.

Cement consumption varies based on the time of year and prevalent weather conditions. Nearly two-thirds of
U.S. cement consumption occurs in the six month period between May and October. The seasonal nature of the
industry can result in large swings in cement and clinker (unfinished raw material) inventories at cement plants
over the course of a year. Cement producers will typically build up inventories during the winter and then ship
them during the summer (Figure 1-5).

The majority of cement shipments are sent to ready-mixed concrete producers (Figure 1-6). The remainder are
shipped to manufacturers of concrete related products, contractors, materials dealers, oil well/ mining/drilling
companies, as well as government entities.

The domestic cement industry is regional in nature. The logistics of shipping cement limits distribution over long
distances. As a result, customers traditionally purchase cement from local sources. About 97% of U.S. cement is
shipped to customers by truck. Barge and rail account for the remaining distribution modes.

Concrete is used as a building material in the applications listed in Table 1-1. Portland cement consumption in
the United States by user groups is defined in Figure 1-7. The apparent use of portland cement by market is
provided for 2014 in Figure 1-8. The primary markets (Figure 1-9) are described further in the following sections.

Pavements

Concrete pavements have been a mainstay of America’s infrastructure since the 1920s. The country’s first
concrete street (built in Bellefontaine, Ohio, in 1891), is still in service today. Concrete can be used for new
pavements, reconstruction, resurfacing, restoration, or rehabilitation. Concrete pavements generally provide the
longest life, least maintenance, and lowest life-cycle cost of all alternatives.

Figure 1-4. Portland cement manufacturing plant (Courtesy Figure 1-5. Storage silos for cement
of GCC). at a manufacturing plant.
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Table 1-1. Markets and Applications for Concrete
as a Building Material

Bridges

Buildings

Masonry

Parking Lots

Pavements

Residential

Transit and Rail

Soil Cement and Roller-Compacted Concrete
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Figure 1-7. Portland cement consumption in U.S. by user h
groups (PCA 2015). Figure 1-8. Apparent use of portland cement by
market (PCA 2015).

A variety of cement-based products can be used in pavement applications including soil-cement,
roller-compacted concrete, cast-in place slabs, pervious concrete, and whitetopping. They all contain the three
same basic components of portland cement, soils/aggregates, and water.

While concrete pavements are best known as the riding surface for interstate highways, concrete is also a
durable, economical and sustainable solution for rural roadways, residential and city streets, intersections,
airstrips, intermodal facilities, military bases, parking lots and much more.

Bridges

More than 70% of the bridges throughout the U.S. are constructed of concrete. These bridges perform year-
round in a wide variety of climates and geographic locations. With long life and low maintenance, concrete
consistently outperforms other materials as a choice for bridge construction. A popular method to accelerate
bridge construction is to use prefabricated systems and elements. These are fabricated off-site or adjacent to the
actual bridge site ahead of time, and then moved into place as needed, resulting in a shorter duration for
construction. These systems are constructed with concrete — reinforced, pretensioned, or post-tensioned (or a
combination thereof). Engineered to meet specific needs, high-performance concrete (HPC) is often used for
bridge applications including: high-durability mixtures, high-strength mixtures, self-consolidating concrete, and
ultra-high performance concrete.
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Figure 1-9. Concrete’s primary markets include: pavements, bridges, and high-rise and low-rise buildings.

Buildings

Reinforced concrete construction for high-rise buildings provides inherent stiffness, mass, and ductility.
Occupants of concrete towers are less likely to perceive building motions than occupants of comparable tall
buildings with non-concrete structural systems. A major economic consideration in high-rise construction is
reducing the floor to floor height. Using a reinforced concrete flat plate system, the floor to floor height can be
minimized while still providing high floor to ceiling heights. As a result, concrete has become the material of
choice for many tall, slender towers.

The first reinforced concrete high-rise was the 16-story Ingalls Building, completed in Cincinnati in 1903. Greater
building height became possible as concrete strength increased. In the 1950s, 34 MPa (5000 psi) was considered
high strength; by 1990, two high-rise buildings were constructed in Seattle using concrete with strengths of up to
131 MPa (19,000 psi). Ultra-high-strength concrete is now manufactured with strengths in excess of 150 MPa
(21,750 psi).

Slightly more than half of all low-rise buildings in the United States are constructed from concrete. Designers
select concrete for one-, two-, and three-story stores, restaurants, schools, hospitals, commercial warehouses,
terminals, and industrial buildings because of its durability, excellent acoustic properties, inherent fire
resistance, and ease of construction. In addition, concrete is often the most economical choice: load-bearing
concrete exterior walls serve not only to enclose the buildings and keep out the elements, but they also carry
roof, wind, and seismic loads, eliminating the need to erect separate systems. Four concrete construction
methods are commonly used to create load-bearing walls for low-rise construction: tilt-up, precast, concrete
masonry, and cast-in-place.
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The Beginning of an Industry

The oldest concrete discovered dates from around 7000 BC. It was found in 1985 when a concrete floor was
uncovered during the construction of a road at Yiftah El in Galilee, Israel. It consisted of a lime concrete, made
from burning limestone to produce quicklime, which when mixed with water and stone, hardened to form
concrete (Brown 1996 and Auburn 2000).

A cementing material was used between the stone blocks in the construction of the Great Pyramid at Giza in
ancient Egypt around 2500 BC. Some reports say it was a lime mortar while others say the cementing material
was made from burnt gypsum. By 500 BC, the art of making lime-based mortar arrived in ancient Greece. The
Greeks used lime-based materials as a binder between stone and brick and as a rendering material over porous
limestones commonly used in the construction of their temples and palaces.

Natural pozzolans have been used for centuries. The term “pozzolan” comes from a volcanic ash mined at
Pozzuoli, a village near Naples, Italy, following the 79 AD eruption of Mount Vesuvius. Sometime during the
second century BC the Romans quarried a volcanic ash near Pozzuoli. Believing that the material was sand, they
mixed it with lime and found the mixture to be much stronger than previously produced. This discovery was to
have a significant effect on construction. The material was not sand, but a fine volcanic ash containing silica and
alumina. When combined chemically with lime, this material produced what became known as pozzolanic
cement. However, the use of volcanic ash and calcined clay dates back to 2000 BC and earlier in other cultures.
Many of the Roman, Greek, Indian, and Egyptian pozzolan concrete structures can still be seen today. The
longevity of these structures attests to the durability of these materials.

Examples of early Roman concrete have been found
dating back to 300 BC. The very word concrete is
derived from the Latin word “concretus” meaning
grown together or compounded. The Romans
perfected the use of pozzolan as a cementing
material. This material was used by builders of the
famous Roman walls, aqueducts, and other historic
structures including the Theatre at Pompeii,
Pantheon, and Colliseum in Rome (Figure 1-10).
Building practices were much less refined in the

Middle Ages and the quality of cementing Figure 1-10. Coliseum in Rome, completed in 80 AD, was constructed
materials deteriorated. of concrete. Much of it still stands today (Courtesy of J. Catella).

The practice of burning lime and the use of pozzolan was lost until the 1300s. In the 18th century, John Smeaton
concentrated his work to determine why some limes possess hydraulic properties while others (those made
from essentially pure limestones) did not. He discovered that an impure, soft limestone containing clay minerals
made the best hydraulic cement. This hydraulic cement, combined with a pozzolan imported from Italy, was
used in the reconstruction of the Eddystone Lighthouse in the English Channel, southwest of Plymouth,
England (Figure 1-11).

The project took three years to complete and began operation in 1759. It was recognized as a turning point in the
development of the cement industry. A number of discoveries followed as efforts within a growing natural
cement industry were now directed to the production of a consistent quality material. Natural cement was
manufactured in Rosendale, New York, in the early 1800s (White 1820). One of the first uses of natural cement
was to build the Erie Canal in 1818 (Snell and Snell 2000).

The development of portland cement was the result of persistent investigation by science and industry to
produce a superior quality natural cement. The invention of portland cement is generally credited to Joseph
Aspdin, an English mason. In 1824, he obtained a patent for a product which he named portland cement. When
set, Aspdin’s product resembled the color of the natural limestone quarried on the Isle of Portland in the English
Channel (Aspdin 1824). The name has endured and is now used throughout the world, with many
manufacturers adding their own trade or brand names.
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Figure 1-13. Timeline of concrete milestones.
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Figure 1-11. Eddystone lighthouse constructed

of natural cement by John Smeaton. Figure 1-12. Aspdin’s patent for portland cement.

Aspdin was the first to prescribe a formula for portland cement and the first to have his product patented
(Figure 1-12). However, in 1845, I. C. Johnson, of White and Sons, Swanscombe, England, claimed to have
“burned the cement raw materials with unusually strong heat until the mass was nearly vitrified,” producing a
portland cement as we now know it. This cement became the popular choice during the middle of the 19th
century and was exported from England throughout the world. Production also began in Belgium, France, and
Germany about the same time and export of these products from Europe to North America began about 1865.
The first recorded shipment of portland cement to the United States was in 1868. The first portland cement
manufactured in the United States was produced at a plant in Coplay, Pennsylvania, in 1871. Figure 1-13
provides a timeline of significant achievement in the concrete industry.

Sustainable Development

Concrete is the basis of much of civilization’s infrastructure and much of its physical development. Twice as
much concrete is used throughout the world than all other building materials combined. It is a fundamental
building material to municipal infrastructure, transportation infrastructure, office buildings, and homes. And,
while cement manufacturing is resource- and energy-intensive, the characteristics of concrete make it a very
low-impact construction material, from an environmental and sustainability perspective. In fact, most
applications for concrete directly contribute to achieving sustainable buildings and infrastructure.

Essentials of Quality Concrete

The performance of concrete is related to workmanship, mix proportions, material characteristics, and adequacy
of curing. The production of quality concrete involves a variety of materials and a number of different processes
including: the production and testing of raw materials; determining the desired properties of concrete;
proportioning of concrete constituents to meet the design requirements; batching, mixing, and handling to
achieve consistency; proper placement, finishing, and adequate consolidation to ensure uniformity; proper
maintenance of moisture and temperature conditions to promote strength gain and durability; and finally,
testing for quality control and evaluation.

10
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Many people with different skills come into contact with concrete throughout its production. Ultimately, the
quality of the final product depends on their workmanship. It is essential that the workforce be adequately
trained for this purpose. When these factors are not carefully controlled, they may adversely affect the
performance of the fresh and hardened properties.

Suitable Materials

Concrete is basically a mixture of two components: aggregates and paste. The paste, comprised of portland
cement and water, binds the aggregates (usually sand and gravel or crushed stone) into a rocklike mass as the
paste hardens from the chemical reaction between cement and water (Figure 1-14). Supplementary cementitious
materials and chemical admixtures may also be included in the paste.

The paste may also contain entrapped air or purposely entrained air. The paste constitutes about 25% to 40% of
the total volume of concrete. Figure 1-15 shows that the absolute volume of cement is usually between 7% and
15% and the water between 14% and 21%. Air content in air-entrained concrete ranges from about 4% to 8% of
the volume.

Up to 8% Air
7 — 15% Cement

60 — 75% Aggregates
(Coarse and Fine)

14 — 21% Water

Figure 1-14. Concrete constituents include cement, Figure 1-15. Range in proportions of materials used in
water, and coarse and fine aggregates. concrete, by absolute volume.

Aggregates are generally divided into two groups: fine and coarse. Fine aggregates consist of natural or
manufactured sand with particle sizes ranging up to 9.5 mm (3/s in.); coarse aggregates are particles retained on
the 1.18 mm (No. 16) sieve and ranging up to 150 mm (6 in.) in size. The maximum size of coarse aggregate is
typically 19 mm or 25 mm (3/2 in. or 1 in.). An intermediate-sized aggregate, around 9.5 mm (3/8 in.), is
sometimes added to improve the overall aggregate gradation.

Since aggregates make up about 60% to 75% of the total volume of concrete, their selection is important.
Aggregates should consist of particles with adequate strength and resistance to exposure conditions and should
not contain materials that will cause deterioration of the concrete. A continuous gradation of aggregate particle
sizes is desirable for efficient use of the paste.

The freshly mixed (plastic) and hardened properties of concrete may be changed by adding chemical admixtures
to the concrete, usually in liquid form, during batching. Chemical admixtures are commonly used to: (1) adjust
setting time or hardening, (2) reduce water demand, (3) increase workability, (4) intentionally entrain air, and

(5) adjust other fresh or hardened concrete properties.

Figure 1-16. Cross section of hardened concrete made with (top) rounded siliceous gravel and (bottom) crushed limestone. Cement
and water paste completely coats each aggregate particle and fills all spaces between particles.

1
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The quality of the concrete depends upon the quality of the paste and aggregate and the bond between the two.
In properly made concrete, each particle of aggregate is completely coated with paste and all of the spaces
between aggregate particles are completely filled with paste, as illustrated in Figure 1-16.

Specifications for concrete materials are available from ASTM International, formerly known as American
Society for Testing and Materials (ASTM) and the American Association of State Highway and Transportation
Officials (AASHTO) . Material guides and standards for construction are available through the American
Concrete Institute (ACI).

Water-Cementitious Materials Ratio

In 1918, Duff Abrams published data that showed that for a given set of concreting materials, the strength of
the concrete depends on the relative quantity of water compared with the cement. In other words, the strength
is a function of the water to cement ratio (w/c) where w represents the mass of water and c represents the mass
of cement. However, in current practice, w/cm is used and cm represents the mass of cementing materials,
which includes the portland cement plus any supplementary cementing materials such as fly ash, slag cement,
or silica fume.

Unnecessarily high water content dilutes the cement
paste (the glue of concrete) and increases the volume of
the concrete produced (Figure 1-17). Some advantages
of reducing water content include:

e Increased compressive and flexural strength

* Lower permeability and increased watertightness

Increased durability and resistance to weathering

Better bond between concrete and reinforcement

Reduced drying shrinkage and cracking
¢ Less volume change from wetting and drying

The less water used, the better the quality of the concrete Figure 1-17. Ten cement-paste cylinders with water-cement

provided the mixture can still be consolidated properly. ratios from 0.25 to 0.70. The band indicates that each

Smaller amounts of mixing water result in stiffer mixtures; ~ cYlinder contains the same amount of cement. Increased
ith vibrati iff ixt b v placed. Th water dilutes the effect of the cement paste, increasing

W1th VIDTaton, SUer Mixtures can be easily placed. JUS, — yolyme, reducing density, and lowering strength.

consolidation by vibration permits improvement in the

quality of concrete.

Reducing the water content of concrete, and thereby reducing the w/cm, leads to increased strength and
stiffness, and reduced creep. The drying shrinkage and associated risk of cracking will also be reduced. The
concrete will have a lower permeability or increased water tightness that will render it more resistant to
weathering and the action of aggressive chemicals. The lower water to cementitious materials ratio also
improves the bond between the concrete and embedded steel reinforcement.

Design-Workmanship-Environment

Concrete structures are built to withstand a variety of loads and may be exposed to many different environments
such as exposure to seawater, deicing salts, sulfate-bearing soils, abrasion and cyclic wetting and drying. The
materials and proportions used to produce concrete will depend on the loads it is required to carry and the
environment to which it will be exposed. Properly designed and built concrete structures are strong and durable
throughout their service life.

After completion of proper proportioning, batching, mixing, placing, consolidating, finishing, and curing,
concrete hardens into a strong, noncombustible, durable, abrasion resistant, and watertight building material
that requires little or no maintenance. Furthermore, concrete is an excellent building material because it can be
formed into a wide variety of shapes, colors, and textures for use in an unlimited number of applications.

12
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