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SYNOPSIS
The guide summarizes the present state of technology, presents and
interprets the data on lightweight-aggregate concrete from many
laboratory studies and the accumulated experience resulting from
its successful use, and reviews performance of structural light-
weight aggregate concrete in service.

This guide includes a definition of lightweight-aggregate
concrete for structural purposes and discusses, in a condensed
fashion, the production methods for and inherent properties of
structural lightweight aggregates. Current practices for propor-
tioning, mixing, transporting, and placing; properties of hardened
concrete; and the design of structural concrete with reference to
ACI 318 are all discussed.

Keywords: abrasion resistance; aggregate; bond; contact zone; durability;
fire resistance; internal curing; lightweight aggregate; lightweight concrete;
mixture proportion; shear; shrinkage; specified density concrete; strength;
thermal conductivity.

ACI Committee Reports, Guides, and Commentaries are
intended for guidance in planning, designing, executing, and
inspecting construction. This document is intended for the use
of individuals who are competent to evaluate the significance
and limitations of its content and recommendations and who
will accept responsibility for the application of the material it
contains. The American Concrete Institute disclaims any and
all responsibility for the stated principles. The Institute shall
not be liable for any loss or damage arising therefrom.

Reference to this document shall not be made in contract
documents. If items found in this document are desired by
the Architect/Engineer to be a part of the contract documents,
they shall be restated in mandatory language for incorporation
by the Architect/Engineer.
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CHAPTER 1—INTRODUCTION AND SCOPE

1.1—Introduction

The objectives of this guide are to provide information and
guidelines for designing and using lightweight concrete. By
using such guidelines and construction practices, the struc-
tures can be designed and performance predicted with the
same confidence and reliability as normalweight concrete
and other building materials.

This guide covers the unique characteristics and perfor-
mance of structural lightweight-aggregate (LWA) concrete.
General historical information is provided along with
detailed information on LWA and proportioning, mixing,
and placing of concrete containing these aggregates. The
physical properties of the structural LWA, along with design
information and applications, are also included.

Structural lightweight concrete has many and varied
applications, including multistory building frames and
floors, curtain walls, shell roofs, folded plates, bridge decks
and girders, prestressed or precast elements of all types, and
marine structures. In many cases, the architectural expres-
sion of form, combined with functional design, is achieved
more readily with structural lightweight concrete than with
any other medium. Many architects, engineers, and contrac-
tors recognize the inherent economies and advantages
offered by this material, as evidenced by the many impres-
sive lightweight concrete structures found throughout the
world.

Because much of the properties and performance of light-
weight concrete are dependent on the type of LWA used,
the ready mix supplier, LWA producer, or both, might be an
important source of specific information for attaining the
project objectives.

1.2—Scope

1.2.1 Historical background—The first known use of
lightweight concrete dates back over 2000 years. There
are several lightweight concrete structures in the Mediter-
ranean region, but the three most notable structures were
built during the early Roman Empire and include the Port of
Cosa, the Pantheon Dome, and the Coliseum.

Built in approximately 273 BC, the Port of Cosa used
lightweight concrete made from natural volcanic materials.
These early builders learned that expanded aggregates were
better suited for marine facilities than the locally available
beach sand and gravel. They traveled 25 mi. (40 km) to
the northeast to quarry volcanic aggregates_at the Volcine

complex for use in the harbor at Cesa ( RreleGt@u ments
This harbor on the west coast of ‘tai cc ‘Sisﬁdglf‘rﬁgljﬁsgﬁaring Hub
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four piers (~13 ft [4 m] cubes) extending into the sea. For
two millennia the piers have withstood the forces of nature
with only surface abrasion. They became obsolete only
because of siltation of the harbor.

Built circa 126 AD, the Pantheon incorporates concrete
varying in density from bottom to top of the dome. Roman
engineers had sufficient confidence in lightweight concrete
to build a dome with a diameter of 142 ft (43 m), which was
not exceeded for almost two millennia. The structure is in
excellent condition and is still being used today for spiritual
purposes (Bremner et al. 1994).

The dome contains intricate recesses formed with wooden
formwork to reduce the dead load and the imprint of the grain
of the wood can still be seen. The excellent cast surfaces
that are visible to the observer clearly show that these early
builders had successfully mastered the art of casting concrete
made with LWA. The Roman writer, architect, and engineer,
Vitruvius, who took special interest in building construction,
commented on several unusual features of the Pantheon.
The fact that he did not single-out lightweight concrete for
comment could imply that these early builders were fully
familiar with this material (Morgan 1960).

Built in 75 to 80 AD, the Coliseum is a gigantic amphithe-
ater with a seating capacity of 50,000 spectators. The foun-
dations were cast with lightweight concrete using crushed
volcanic lava. The walls were made using porous, crushed-
brick aggregate. Vaults and spaces between the walls were
constructed using porous-tufa cut stone.

1.2.2 Development of manufacturing process—After the
fall of the Roman Empire, lightweight concrete use was
limited until the 20th century when a new type of manufac-
tured expanded shale LWA became available for commercial
use.

The rotary kiln process was developed in 1918 and is used
to produce expanded shale, clay, and slate. LWAs are manu-
factured by heating small particles of shale, clay, or slate in a
rotary kiln. A particle size was discovered that, with limited
crushing, produced an aggregate grading suitable for making
lightweight concrete (Expanded Shale, Clay and Slate Insti-
tute 1971). When clay bricks are manufactured, it is impor-
tant to heat the preformed clay slowly so that evolved gases
have an opportunity to diffuse out of the clay. If they are
heated too rapidly, a bloater is formed that does not meet
the dimensional uniformity essential for a successfully fired
brick. These rejected bricks were recognized by Hayde as an
ideal material for making a special concrete. When reduced
to appropriate aggregate size and grading, these bloated
bricks could be used to produce a lightweight concrete with
mechanical properties similar to regular concrete.

Commercial production of expanded slag (that is,
expanded shale, clay, or slate) began in 1928, and in 1948,
the first structural-quality sintered-shale LWA was produced
using shale in eastern Pennsylvania.

One of the earliest uses of reinforced lightweight concrete
was in the construction of ships and barges in the early 1900s.
The U.S. Emergency Fleet Building Corporation found that

American Concrete Institute — Copyrighted © Material — www.concrete.org
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for concrete to be effective in ship construction, the concrete
would need a maximum density of about 110 Ib/ft> (1760
kg/m?) and a compressive strength of approximately 4000
psi (28 MPa) (Expanded Shale, Clay, and Slate Institute
1960). Concrete was obtained with a compressive strength
of approximately 5000 psi (34 MPa) and a unit weight of
110 1b/ft® (1760 kg/m?) or less using rotary-kiln-produced
expanded shale and clay aggregate.

1.2.3 Early modern uses—Considerable impetus was
given to the development of lightweight concrete in the late
1940s when a survey was conducted on the potential use of
lightweight concrete for home construction. This led to an
extensive study of concrete made with LWAs. Sponsored
by the Housing and Home Finance Agency (1949), parallel
studies were conducted simultaneously in the laboratories
of the National Bureau of Standards (Kluge et al. 1949) and
the U.S. Bureau of Reclamation (Price and Cordon 1949) to
determine properties of concrete made with a broad range of
LWA types. These studies and earlier works focused atten-
tion on the potential structural use of some LWA concrete
and initiated a renewed interest in lightweight members for
building frames, bridge decks, and precast products in the
early 1950s. Following the collapse of the original Tacoma
Narrows Bridge in Washington, the replacement suspension
structure design used lightweight concrete in the deck to
incorporate additional roadway lanes without the necessity
of replacing the original piers.

During the 1950s, many multistory structures were
designed with lightweight concrete from the foundations up,
taking advantage of reduced dead weight. Examples include
the 42-story Prudential Life Building in Chicago, which
used lightweight concrete floors, and the 18-story Statler
Hilton Hotel in Dallas, designed with a lightweight concrete
frame and flat plate floors.

These structural applications stimulated more concen-
trated research into the properties of lightweight concrete.
In energy-related floating structures, such as an oil drilling
rig, great efficiencies are achieved when a lightweight mate-
rial is used. A reduction of 25 percent in mass in reinforced
normalweight concrete will result in a 50 percent reduction
in load when submerged. Because of this, the oil and gas
industry recognized that lightweight concrete could be used
to good advantage in its floating structures and structures
built in a graving dock, and then floated to the production
site and bottom-founded. To provide the technical data
necessary to construct huge offshore concrete structures, a
consortium of oil companies and contractors was formed to
evaluate which LWA candidates were suitable for making
high-strength lightweight concrete that would meet their
design requirements. The evaluations began in the early
1980s with results available in 1992. As a result of this
research, design information became readily available and
has enabled lightweight concrete to be used for new and
novel applications where high strength and high durability
are desirable (Hoff 1992).
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CHAPTER 2—NOTATION AND DEFINITIONS

2.1—Notation

A = fractional solid volume (without pores) of the
vitreous material of an individual particle

B = subsequent fractional volume of pore (within the
particle)

BD = bulk density, Ib/ft? (kg/m?)

C = fractional volume of particles

C; = cement factor or the mass of cement per cubic foot
(cubic meter)

CS = chemical shrinkage of the binder per unit mass of

the binder at 100 percent reaction (typically 0.07
mL/g cement)

¢ = heat capacity, Btu/(Ib - °F) (kJ/(kg - K))

D = fractional volume of interstitial voids (between
particles)

E = calculated equilibrium density, 1b/ft* (kg/m?)

E. = modulus of elasticity, ksi (GPa)

E.; = dynamic modulus of elasticity of the particle, ksi
(GPa)

f. = concrete compressive strength, psi (MPa)

f. = average splitting tensile strength, ksi (MPa)

f = compressive strength

k thermal conductivity, Btu/(hr - ft - °F) (W/(m - K))
M= mass of the lightweight aggregate
p
R
RD
U

dry mean particle density, 1b/ft* (k/m?)
thermal resistance

= relative density, Ib/ft® (kg/m?)

= thermal transmittance, Btu/(hr - ft> - °F) (W/(m? -

K))

S = saturation level of the LWA
¥V = volume of concrete produced, ft* (m?)
W, = oven-dry density of concrete, Ib/ft* (kg/m?)
W.. = weightof cement in batch, Ib (kg)
W, = weight of coarse aggregate in batch, 1b (kg)
Wy = weight of dry fine aggregate in batch, 1b (kg)

w, = unit weight of normal concrete or equilibrium
density of lightweight concrete, 1b/ft® (kg/m?)

w, = densities in moist conditions, Ib/ft* (k/m?)

w,q = densities in oven-dry conditions, 1b/ft* (k/m?)

expected maximum degree of reaction for the
binder ranging from 0 to 1

@, 4 = measured absorption capacity of the lightweight
aggregate

amwc

2.2—Definitions

ACI provides a comprehensive list of definitions through
an online resource, “ACI Concrete Terminology,” http://
www.concrete.org/Tools/ConcreteTerminology.aspx. Defi-
nitions provided here compliment that resource.

all-lightweight concrete—concrete in which both the
coarse- and fine-aggregate components are lightweight
aggregates.

contact zone—transitional layer of material connecting
aggregate particles with the enveloping continuous mortar
matrix.

Full document details: ACI 213R-14

fresh density—mass-per-unit volume of concrete in fresh
state, before setting.

high-strength lightweight concrete—structural light-
weight concrete with a 28-day compressive strength of 6000
psi (40 MPa) or greater.

insulating aggregate—nonstructural aggregate meeting
the requirements of ASTM C332; includes Group I aggre-
gate, perlite with a bulk density between 7.5 and 12 Ib/ft®
(120 and 192 kg/m?), expanded vermiculite with a bulk
density between 5.5 and 10 1b/ft* (88 and 160 kg/m?), and
Group II aggregate that meets the requirements of ASTM
C330/C330M and ASTM C331/C331M.

internally stored water—water internally held by the
lightweight aggregate that is not readily available at mixing
and, therefore, does not affect water-cementitious material
ratio (w/cm).

masonry-lightweight aggregate (MLWA)—aggregate
meeting the requirements of ASTM C331/C331M with bulk
density less than 70 Ib/ft® (1120 kg/m?) for fine aggregate
and less than 55 1b/ft® (880 kg/m?®) for coarse aggregate.

net water—total water less amount of water absorbed by
the aggregate.

oven-dry density—density reached by structural light-
weight concrete after being placed in a drying oven at 230
+ 9°F (110 + 5°C) for a period of time sufficient to reach
constant density, as defined in ASTM C567/C567M.

specified density concrete—structural concrete having a
specified equilibrium density between 50 to 140 1b/ft* (800
to 2240 kg/m?®) or greater than 155 1b/ft? (2480 kg/m?).

structural lightweight aggregate—structural aggregate
meeting the requirements of ASTM C330/C330M with bulk
density less than 70 Ib/ft® (1120 kg/m?) for fine aggregate
and less than 55 1b/ft® (880 kg/m?®) for coarse aggregate.

CHAPTER 3—STRUCTURAL LIGHTWEIGHT
AGGREGATES

3.1—lInternal structure of lightweight aggregates

Lightweight aggregates (LWAs) have a low-particle rela-
tive density because of the cellular pore system. The cellular
structure within the particles is normally developed by heating
certain raw materials to incipient fusion; at this temperature,
gases evolve within the pyroplastic mass, causing expansion
that is retained upon cooling. Strong, durable LWAs contain
auniformly distributed system of pores that have a size range
of approximately 5 to 300 um, developed in a continuous,
relatively crack-free, high-strength vitreous phase. Pores
close to the surface are readily permeable and fill with water
within a few hours to days of exposure to moisture. Interior
pores, however, fill extremely slowly, with many months of
submersion required to approach saturation. A small frac-
tion of interior pores are essentially noninterconnected and
remain unfilled after years of immersion.

3.2—Production of lightweight aggregates
Lightweight aggregates (LWAs) are produced in several
ways. Some are produced in manufacturing

bhocuments
materials, including suitable shals, Clajs, skes, fy.ashes,  in g Hub
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or blast-furnace slags. Naturally occurring LWAs are mined
from volcanic deposits that include pumice and scoria. Pyro-
processing methods include the rotary kiln and sintering
processes. The rotary kiln method uses a long, slowly
rotating, slightly inclined cylinder lined with refractory
materials similar to cement kilns. In the sintering process, a
bed of raw materials and fuel is carried by a traveling grate
under an ignition hood. After the bed passes the firing hood,
the molten slag is agitated with controlled amounts of air or
water. No single description of raw material processing is
all-inclusive. Local LWA manufacturers can be consulted for
physical and mechanical properties of their LWAs and the
concrete made with them.

3.3—Aggregate properties

Each of the properties of lightweight aggregate (LWA)
may have some bearing on properties of the fresh and hard-
ened concrete. It is important to recognize that properties
of lightweight concrete, in common with those of normal-
weight concrete, are greatly influenced by the cementitious
matrix. A list of specific properties of aggregates that may
affect the properties of the concrete are included in 3.3.1
through 3.3.8.

3.3.1 Particle shape and surface texture—Lightweight
aggregates from different sources or produced by different
methods may differ considerably in particle shape and
texture. Shape may be cubical and reasonably regular, essen-
tially rounded, or angular and irregular. Surface textures
may range from relatively smooth with small exposed pores
to irregular with small to large exposed pores. Particle shape
and surface texture of both fine and coarse aggregates influ-
ence proportioning of mixtures in such factors as work-
ability, pumpability, fine-to-coarse aggregate ratio, binder
content, and water requirement. These effects are analo-
gous to those obtained with normalweight aggregates with
such diverse particle shapes as exhibited by rounded gravel,
crushed limestone, traprock, or manufactured sand.

3.3.2 Specific gravity—Due to their cellular structure, the
specific gravity (relative density divided by density of water)
of LWA particles is lower than that of normalweight aggre-
gates. The specific gravity of LWA varies with particle size,
being highest for the fine particles and lowest for the coarse
particles, with the magnitude of the differences depending
on the processing methods. The practical range of coarse
LWA specific gravity corrected to the dry condition is from
approximately 1/3 to 2/3 that for normalweight aggregates.
Particle densities below this range may require more cement
to achieve the required strength and may thereby fail to meet
the density requirements of the concrete.

3.3.3 Bulk density—The bulk density of LWA is signifi-
cantly lower, due to the cellular structure, than that of
normalweight aggregates. For the same grading and particle
shape, the bulk density of an aggregate is essentially propor-
tional to particle relative densities. Aggregates of the same
particle density, however, may have markedly different
bulk densities because of different percentages of voids
in the dry-loose or dry-rodded volumes of aggregates of
different particle shapes. The situation is analogous to that

American Concrete Institute — Copyrighted © Material — www.concrete.org
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Table 3.3.3—Bulk-density requirements of ASTM
C330/C330M and C331/C331M for dry, loose LWAs

Aggregate size and group ‘ Maximum density, Ib/ft’ (kg/m?)

ASTM C330/C330M and C331/C331M

Fine aggregate 70 (1120)

Coarse aggregate 55 (880)

Combined fine and coarse 65 (1040)
aggregate

of rounded gravel and crushed stone, where differences may
be as much as 10 Ib/ft* (160 kg/m?) for the same particle
density and grading in the dry-rodded condition. Rounded
and angular LWAs of the same particle density may differ
by 5 Ib/ft* (80 kg/m®) or more in the dry-loose condition,
but the same mass of either will occupy the same volume in
concrete. This should be considered in assessing the work-
ability when using different aggregates. Table 3.3.3 summa-
rizes the maximum densities for the LWAs listed in ASTM
C330/C330M and C331/C331M.

3.3.4 Strength of lightweight aggregates—The strength
of aggregate particles varies with type and source and is
measurable only in a qualitative way. Some particles may
be strong and hard while others are weak and friable. For
manufactured LWAs, there is usually no reliable correlation
between aggregate intrinsic strength and concrete strength
for concrete compressive strengths up to approximately
5000 psi (35 MPa). For concrete made with natural LWAs,
which are usually lower in strength, there could be a direct
relationship between compressive strength and the amount
and strength of the aggregate as shown by Videla and Lopez
(2000, 2002).

3.3.4.1 Strength ceiling—Strength ceiling is the upper
limit in compressive and tensile strength above which
paste strength is no longer the controlling factor in concrete
strength. A mixture is near its strength ceiling when similar
mixtures containing the same aggregates and with lower
water-cement ratio (w/c) have only slight increases in
strengths. At the point of diminishing returns, the mixture
no longer produces a correlating increase in strength with
the increase of cement content. The strength ceiling for
some LWAs could be quite high, approaching that of some
normalweight aggregates.

The strength ceiling is influenced predominantly by the
coarse aggregate. The strength ceiling can be increased
appreciably by reducing the maximum size of the coarse
aggregate for most LWAs. This effect is more apparent for
the weaker and more friable aggregates. In one case, strength
attained in the laboratory, for concrete containing 3/4 in. (19
mm) maximum size of a specific LWA, was 5000 psi (35
MPa). The strength, however, was increased to 6100 and
7600 psi (42 and 52 MPa) when the maximum size of the
aggregate was reduced to 1/2 and 3/8 in. (13 and 10 mm),
respectively, without changing the cement content. Conse-
quently, concrete unit weight increased by 3 and 5 Ib/ft® (48
and 80 kg/m?) when the maximum size of the aggregate was
reduced to 1/2 and 3/8 in. (13 and 10 mm), respectively.

Meyer et al. (2003) reported that ) ye™eprVents

tensile strength may not ncroase in a manner compa-
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rable to the increase in compressive strength. Increases in

tensile strength occur at a lower rate relative to increases

in compressive strength. This becomes more pronounced as
compressive strength exceeds 5000 psi (35 MPa).

3.3.5 Total porosity—Proportioning concrete mixtures and
making field adjustments of lightweight concrete require a
comprehensive understanding of porosity, absorption, and
the degree of saturation of lightweight-aggregate particles.
The degree of saturation, which is the fractional part of the
pores filled with water, can be evaluated from pychnometer
measurements. These measurements determine the rela-
tive density at various levels of absorption, thus permitting
proportioning by the absolute volume procedure. Pores are
defined in this guide as the air space inside an individual
aggregate particle and voids are defined as the intersti-
tial space between aggregate particles. Total porosity that
is found within and between the particles is determined
from measured values of particle relative density and bulk
density. The following example shows how to determine
total porosity:

a) Bulk density (BD), dry, loose 48 Ib/ft* (770 kg/m?),
BD =0.77 (ACI211.2; ASTM C138/C138M)

b) Dry-particle relative density (RD) 87 Ib/ft? (1400 kg/
m3), RD = 1.4 (ACI 211.2; ASTM C138/C138M)

c) Relative density of the solid particle material without
pores 162 1b/ft* (2600 kg/m?®), RD = 2.6 (ACI 211.1; ASTM
C138/C138M)

* Note that the relative particle density of the solids,
which, in this example, is ceramic material without
pores (162 Ib/ft> [2600 kg/m’] RD = 2.6) was the
average value determined by the following procedure.

*  Small samples of three different expanded aggregates
were ground separately in a jar ball mill for 24 hours.
After each sample was reduced, it was tested in accor-
dance with ASTM CI188 to determine the relative
density of the ground LWA.

e According to Weber and Reinhardt (1995), a small
percentage of pores in expanded aggregates are less
than 10 um and exist unbroken within the less than 200
sieve (75 um) sized particles. The relative densities of
the solid vitrified portion of the expanded aggregate are
typically in excess of 162 1b/ft* (2600 kg/m?). The true
particle porosity may be slightly greater than that deter-
mined by the following calculations. When very small
pores are encapsulated by a strong, relatively crack-free
vitreous structure, the pores are not active in any mois-
ture dynamics.

*  Then the total porosity (pores and voids), as graphically
shown in Figure 3.3.5, equals

0.45 (voids) + (0.46 (pores) x 0.55 (particles) = 0.70

where

A = the fractional solid volume (without pores) of the
vitreous material of an individual particle, equals
1.4/2.6 = 0.54;

B = the subsequent fractional volume of pore (within

the particle), equals 1.00 — 0.54 = 0.46;
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Fig. 3.3.5—Representation of solids, pores, and voids in
LWA.

C = for this example, the fractional volume of particles
equals 0.77/1.4 = 0.55; and
D = the fractional volume of interstitial voids (between

particles) = 1.00 — 0.55 = 0.45.

3.3.6 Grading—Grading requirements for LWAs deviate
from those of normalweight aggregates (ASTM C33/C33M)
by requiring a larger mass of the LWAs to pass through the
finer sieve sizes. This modification in grading (ASTM C330/
C330M) recognizes the increase in density with decreasing
particle size of LWA. The modification yields the same
volumetric distribution of aggregates retained on a series of
sieves for both lightweight and normalweight aggregates.

LWA is normally stocked in several standard sizes such as
coarse, intermediate, and fine aggregate. By combining size
fractions or replacing part or all of the fine fraction with a
normalweight sand, a wide range of concrete densities can
be obtained. For example, replacing normalweight sand with
LWA fines will typically decrease the equilibrium concrete
density approximately 5 to 10 Ib/ft® (80 to 160 kg/m?).

With the advent of modern concrete technology, however,
it is seldom necessary to significantly increase cement
content to obtain the reduced w/cm required to obtain the
specified strength. Instead, this can be obtained using water-
reducing or high-range water-reducing admixtures.

3.3.7 Moisture content and absorption—LWAs, due
to their cellular structure, are capable of absorbing more
water than normalweight aggregates. Based on a standard

ASTM €127 absorption test, LWAs absoryiaa t @ nts
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Fig. 3.3.8—Relationship between mean particle density and
mean dynamic modulus of elasticity for particles of LWAs
(Bremner and Holm 1986).

percent or more by mass of dry aggregate after soaking for
24 hours, depending on the aggregate pore system.

In contrast, most normalweight aggregates will absorb less
than 2 percent moisture. The moisture content in a normal-
weight aggregate stockpile, however, may be as high as 5
percent or more. The important difference is that the mois-
ture content with LWAs is absorbed into the interior of the
particles, as well as on the surface, while in normalweight
aggregates it is largely surface moisture. This difference
becomes important as discussed in the following sections on
mixture proportioning, batching, and control of concrete.

Depending on the aggregate pore characteristics, the rate
of absorption in LWAS is another factor that has a bearing on
mixture proportioning, handling, and properties of concrete.
The water, which is internally absorbed in the LWA, is not
immediately available to the cement and should not be
counted as mixing water or considered in the w/cm calcu-
lations. ACI 211.2 provides details on water content on
proportioning.

3.3.8 Modulus of elasticity of LWA particles—The
modulus of elasticity of concrete is a function of the moduli
of'its constituents. Concrete may be considered a three-phase
material (aggregates, cement paste, and interfacial transition
zone); however, as explained in 6.3, lightweight aggregate
concrete may be considered a two-phase material consisting
of coarse-aggregate inclusions within a continuous mortar
fraction that includes cement paste, entrained air, and fine
aggregate. For this reason, it is relevant to consider the LWA
modulus of elasticity and its influence in the modulus of
elasticity on concrete. One approximation to assess LWA
modulus of elasticity is to use dynamic measurements on
aggregates alone, which have shown a relationship corre-
sponding to the function £ = 0.008p?> (Bremner and Holm
1986), where E is the dynamic modulus of elasticity of the

American Concrete Institute — Copyrighted © Material — www.concrete.org
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particle, in psi (MPa), and p is the dry mean particle density
in Ib/ft? (k/m?) (Fig. 3.3.8).

Dynamic moduli for typical expanded aggregates have a
range of 1.45 to 2.3 x 10°® psi (10 to 16 GPa), whereas the
range for strong normalweight aggregates is approximately
4.35 to 14.5 x 10° psi (30 to 100 GPa) (Muller-Rochholz
1979).

CHAPTER 4—SPECIFYING, PROPORTIONING,
MIXING, AND HANDLING

4.1—Scope

The proportioning of lightweight concrete mixtures is
determined by technical and economical combinations of the
constituents that typically include portland cement, aggre-
gate, water, chemical admixtures, or mineral admixtures;
therefore, the required properties are developed in both the
fresh and hardened concrete. A prerequisite to the selection
of mixture proportions is knowledge of the properties of the
constituent materials and their compliance with pertinent
ASTM specifications.

Based on knowledge of the properties of the constituents
and their interrelated effects on the concrete, lightweight
concrete can be proportioned to have the properties speci-
fied for the finished structure.

4.2—Specifying lightweight concrete

General considerations when specifying lightweight
concrete include that:

a) The average strength requirements for lightweight
concrete do not differ from those for normalweight concrete
for the same degree of field control

b) Tests for splitting tensile strength of concrete are not
intended for control or acceptance of the strength of concrete
in the field (ACI 318)

c¢) The analysis of the load-carrying capacity of a light-
weight concrete structure, either by cores or load tests, be the
same as for normalweight concrete

d) Maximum fresh density be determined before begin-
ning construction of the project

e) Equilibrium density be calculated in accordance with
ASTM C567/C567TM

4.3—NMaterials

Lightweight concrete is composed of cement, aggregates,
water, and chemical and mineral admixtures similar to
normalweight concrete. Admixtures are added to entrain air,
reduce mixing water requirements, and modify the setting
time or other property of the concrete. Laboratory tests
should be conducted on all the ingredients, and trial batches
of the concrete mixture proportions be performed with the
actual materials proposed for use.

4.3.1 Cementitious and pozzolanic materials—These
materials should meet ASTM C150/C150M, C595/C595M,
C618, C1157/C1157M, or C1240.

4.3.2 Lightweight aggregates—For_structural concrete,
lightweight aggregate (LWA).shonld Mlﬂbmeﬁts
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Table 4.3.2—Example of mixture design for 3500
psi (24 MPa) lightweight aggregate concrete

Quantities, 1b/yd? (kg/m?)
Cement 510 (303)
Fly ash 130 (77)
Coarse LWA 875 (520)
Normalweight fine aggregate 1350 (800)

strength, the cement contents necessary to produce a specific
concrete strength will vary with aggregates from different
sources. This is particularly significant for concrete strengths
above 5000 psi (35 MPa). An example of an average mixture
design of a 3500 psi (24 MPa) compressive strength light-
weight concrete is shown by Walter P. Moore and Associates
(2012). The use of trial batches is always recommended if
using LWA for the first time.

4.3.3 Normalweight aggregates—Normalweight aggre-
gates used in lightweight concrete should conform to the
provisions of ASTM C33/C33M.

4.3.4 Admixtures—Admixtures should conform to appro-
priate ASTM specifications, and guidance for use of admix-
tures may be obtained from ACI 232.2R, 233R, 234R,
ASTM C260/C260M, ASTM (C494/494M, and ASTM
C1017/C1017M.

4.4—Mixture proportioning criteria

Chapter 5 includes a broad range of values for many
physical properties of lightweight concrete. Specific values
depend on the properties of the particular aggregates being
used and on other conditions. In proportioning a light-
weight-concrete mixture, the architect/engineer is concerned
with obtaining predictable values of specific properties for a
particular application.

Specifications for lightweight concrete usually require
minimum permissible values for compressive and tensile
strength, maximum values for slump, and both minimum
and maximum values for air content. In addition, a limita-
tion is always placed on the maximum value for fresh and
equilibrium density.

From a construction standpoint, the workability of
fresh lightweight concrete should also be proportioned for
optimum performance. Some properties are interdependent
so improvement in one property, such as workability, might
affect other properties like density or strength. The final
criterion to be met is overall performance in the structure as
specified by the architect/engineer.

4.4.1 Specified properties

4.4.1.1 Compressive strength—Compressive strength is
further discussed in Chapter 5. The various types of light-
weight aggregate (LWA) available will not always produce
similar compressive strengths for concrete of a given cement
content, water-cementitious materials ratio (w/cm), and
slump.

Compressive strength of structural concrete is specified
according to the design requirements of a structure. Normally,
strengths specified will range from 3000 to 5000 psi (21
to 35 MPa) and less frequently up to 7000 psi (48 MPa).
Although some LWAs are capable of producing consistently
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strengths over 4000 psi (27.6 MPa), do not expect concrete
made with every LWA classified as structural to consistently
attain strengths over 4000 psi (27.6 MPa).

4.4.1.2 Density—Density is an important consideration
in the proportioning of lightweight-concrete mixtures for
structural members. While this property depends primarily
on aggregate density and the proportions of lightweight
and normalweight aggregate, it is also influenced by the
cement, water, and air contents. Within limits, concrete
density is maintained by adjusting proportions of light-
weight and normalweight aggregates. For example, if the
cement content is increased to provide higher compressive
strength, the density of the concrete might be increased. If
several different sources of LWA are available, the optimum
balance of cost and concrete performance could require a
detailed investigation. Only by comparing concrete of the
same compressive strength and equilibrium density can the
fundamental differences of concrete made with different
aggregates be properly evaluated. In some areas, only a
single source of LWA is economically available. In this case,
it is only needed to determine the density of concrete that
satisfies the economic factors and specified physical proper-
ties of the structure.

4.4.1.3 Modulus of elasticity—Although values for E. are
not always specified, this information is usually available for
concrete made with specific LWAs. This property is further
discussed in detail in Chapters 5 and 7.

4.4.1.4 Slump—Slump should be consistent with the ability
to satisfactorily place, consolidate, and finish the concrete.
Slump should be measured at the point of placement.

4.4.1.5 Entrained-air content—Air entrainment in light-
weight concrete, like normalweight concrete, is required for
resistance to freezing and thawing, as shown in ACI 201.2R,
Table 1.3.1. In concrete made with some LWAs, it is also an
effective means of improving workability. Because entrained
air reduces the mixing water requirement, bleeding, and
segregation, while maintaining the same slump, it is normal
practice to use air entrainment in lightweight concrete
regardless of its exposure to freezing and thawing.

The total air content requirement by nominal maximum
aggregate size and exposure condition provided in Table
4.4.1.5a for concrete exposed to freezing and thawing apply
to lightweight concrete. Recommended total air content
by nominal aggregate size for air-entrained lightweight
concrete not exposed to freezing and thawing are given in
Table 4.4.1.5b.

Attempts to reduce lightweight concrete costs by using a
large proportion of normalweight aggregate with a higher
than recommended air content are typically counterproduc-
tive. This practice is usually self-defeating because compres-
sive strengths are incrementally reduced as the entrained
air content is increased beyond the ranges recommended.
Although the percentages of entrained air required for work-
ability and resistance to freezing and thawing reduce the
concrete density, it is not recommended that air contents
above the limits given in Table 4.4.1.5b for lightweight
concrete that is not exposed to freezing.and t

ments
It is also recommended that air coni nt he ‘198}6%}“%“{%% aring Hub
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Table 4.4.1.5a—Total air content for concrete
exposed to cycles of freezing and thawing (Table
4.4.1,ACl 318-11)

Table 4.4.1.5b—Recommended air content for
air-entrained lightweight concrete not exposed to
freezing (Exposure Class F0)

Maximum size of aggregate Air content percent by volume

Nominal maximum Air content, percent
aggregate size, in. Exposure Classes F2
(mm)* Exposure Class F1 and F3
3/8 (10) 6 7.5
1/2 (13) 5.5 7
3/4 (19) 5 6
1 (25) 4.5 6
1-1/2 (38) 4.5 5.5
2 (51 4 5
3 (75)7 35 4.5

"Refer to ASTM C33/C33M for tolerance on oversize for various nominal maximum
size designations.

TAir content applies to total mixture. When testing concretes, however, aggregate
particles larger than 1-1/2 in. (38 mm) are removed by sieving and air content is
measured on the sieved fraction (tolerance on air content as delivered applies to
this value). Air content of total mixture is computed from value measures on the
sieved fraction passing the 1-1/2 in. (38 mm) sieve in accordance with ASTM C231/
C231M.

given in Table 4.4.1.5a for lightweight concrete exposed to
freezing and thawing be used. Nonstructural or insulating
concrete may use higher air contents to lower density.

4.4.1.6 Other properties—Other properties such as
shrinkage, creep, or thermal insulation, which are not
commonly specified, might also be of interest in some
specific projects. These properties are further discussed in
Chapters 5 and 6.

4.4.2 Workability—Workability is an important property
of freshly mixed lightweight concrete. The slump test is the
most widely used method to measure workability. Similar
to normalweight concrete, properly proportioned, light-
weight concrete mixtures will have acceptable placement
characteristics.

4.4.3 Heat of hydration—The heat generated during
hydration mainly depends on the type of cement and its
fineness, the cement dosage, and the w/cm. The use of other
cementitious materials such as fly ash, silica fume, blast
furnace granulated slag, and natural pozzolans have a great
influence over the amount and rate of heat released in light-
weight concrete as it is in normalweight concrete. Solids in
LWA have a specific heat similar to normalweight aggre-
gates; however, because of the presence of voids that can
be empty, partially saturated or fully saturated with water
the effective heat mass and thermal conductivity might
vary widely. This means that for the same amount of heat
of hydration generated by the cementitious materials, light-
weight concrete might reach higher peak temperature and
might reach it more rapidly than normalweight concrete.

4.4.4 Water-cementitious materials ratio—The w/cm can
be determined for lightweight concrete proportioned using
the specific gravity factor as described in ACI 211.2. When
LWAs are adequately prewetted, there will be a minimal
amount of water absorbed during mixing and placing. This
allows the net w/cm to be computed with accuracy similar
to that associated with normalweight concrete. The time
required to reach adequate prewetting and the method of
wetting used will vary with each aggregate. The thermal and
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3/4 in. (19.0 mm)
1/2 in. (12.7 mm)
3/8 in. (9.5 mm)
“See more details in ACI 211.2.

4.5+ 1.5 percent
5.0 £ 1.5 percent
5.5+ 1.5 percent

vacuum saturation method may provide adequate prewetting
quickly. The sprinkling or soaking method may take several
days to reach an adequate prewetted condition. Therefore, it
is essential to determine the prewetting method and length
of time required. The percent moisture content achieved
at an adequately prewetted condition is normally equal or
greater than the moisture condition achieved after 24-hour
submersion.

4.5—Proportioning and adjusting mixtures

Proportions for concrete should be selected to make the
most economical use of available materials to produce
concrete of the required physical properties. Basic relation-
ships have been established that provide guidance in devel-
oping optimum combinations of materials. Final propor-
tions, however, should be based on field data or established
by laboratory trial mixtures that are then adjusted to provide
practical field batches, in accordance with ACI 211.2.

The principles and procedures for proportioning normal-
weight concrete, such as the absolute volume method, may
be applied in many cases to lightweight concrete.

4.5.1 Absolute volume method—When using the absolute
volume method, the volume of fresh concrete produced by
any combination of materials is considered equal to the sum
of the absolute volumes of cementitious materials, aggre-
gate, net water, and entrained air. Proportioning by this
method requires the determination of water absorption and
the particle relative density factor of the separate sizes of
aggregates in an as-batched moisture condition. The prin-
ciple involved is that the mortar volume consists of the total
of the volumes of cement, fine aggregate, net water, and
entrained air. This mortar volume should be sufficient to fill
the voids in a volume of rodded coarse aggregate plus suffi-
cient additional volume to provide satisfactory workability.
This recommended practice is set forth in ACI 211.1 and
represents the most widely used method of proportioning for
normalweight concrete mixtures.

The density factor method trial mixture basis is described
with examples in ACI 211.2. Displaced volumes are calcu-
lated for the cement, air, and net water. The remaining
volume is then assigned to the coarse and fine aggregates.
This factor may be used in calculations as though it were the
apparent particle relative density and should be determined
at the moisture content of the aggregate being batched.

4.5.2 Volumetric method—The volumetric method, which
is described with examples in ACI 211.2, consists of making
a trial mixture using estimated volumes of cementitious

materials, coarse and fine aggregates,%eﬁclingmg

water to produce the requir:a s'ainp. The resultant mixture
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is observed for workability and finishability characteristics.
Tests are made for slump, air content, and fresh density.
Calculations are made for yield, which is the total batch
mass divided by the fresh density, and for actual quantities
of materials per unit volume of concrete. Necessary adjust-
ments are calculated and further trial mixtures made until
satisfactory proportions are attained. Information on the dry-
loose bulk densities of aggregates, the moisture contents of
the aggregates, the optimum ratio of coarse-to-fine aggre-
gates, and an estimate of the required cementitious material
to provide the strength desired can be provided by the aggre-
gate supplier.

4.6—Aggregate preparation for mixing

ASTM (C94/C94M applies to lightweight concrete as it
does to normalweight concrete. Aggregates with relatively
low or high water absorption need to be handled according to
the procedures that have been proven successful before. The
absorptive nature of lightweight aggregate (LWA) requires
prewetting to maintain as uniform a moisture content as
possible before adding other ingredients to the concrete. The
proportioned volume of the concrete is then maintained, and
slump loss during transport is minimized or eliminated.

Conditioning of the LWA can be accomplished by any of
the following:

a) Atmospheric—The length of time required to adequately
prewet a LWA is dependent on its absorption characteris-
tics. Uniform prewetting can be accomplished by several
methods, including sprinkling, using a soaker hose, and
water submersion. These processes can be applied at the
aggregate plant, the concrete batch plant, or both.

b) Thermal—Achieved by wetting hot LWA. Because of
possible thermal shock, the temperature of aggregate when
water is introduced should be carefully established for each
specific aggregate and it is typically completed at the manu-
facturer’s facility.

¢) Vacuum—Dry aggregate is introduced into a vessel
from which the air can be evacuated. The vessel is then filled
with water and returned to atmospheric pressure.

Prewetting minimizes the mixing water absorbed by
the aggregate, thereby minimizing the slump loss during
pumping. This additional moisture also increases the density
of the LWA, which in turn increases the density of the fresh
concrete. Increased density due to prewetting will eventu-
ally be lost to the atmosphere during the drying process and
provides for extended internal curing.

4.7—Placing and finishing

There is little or no difference in the techniques required
for placing lightweight concrete from those used in prop-
erly placing normalweight concrete. ACI 304R discusses in
detail the proper and improper methods of placing concrete.
The most important consideration in handling and placing
concrete is to avoid segregation of the coarse aggregate from
the mortar matrix. The main difference with normalweight
concrete is that it is the lower-density coarse aggregate that
segregates to the surface instead of sinking to the bottom.
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The basic principles required for a good lightweight concrete
placement are:

a) A workable mixture using minimum water content

b) Equipment capable of expeditiously handling and
placing the concrete

¢) Proper consolidation

d) Good workmanship

Placing a finishing should be done properly as described in
ACI309R. A well-proportioned lightweight concrete mixture
can generally be placed, screeded, and floated with less effort
than that required for normalweight concrete. Overvibration
or overworking of lightweight concrete should be avoided.
Overmanipulation only serves to drive the heavier mortar
away from the surface where it is required for finishing and
to bring the lower-density coarse aggregate to the surface.
Upward movement of coarse lightweight aggregate (LWA)
could also occur in mixtures where the slump exceeds the
recommendations provided in this chapter.

4.7.1 Pumping lightweight concrete

4.7.1.1 General considerations—Unless the LWA is satis-
factorily prewetted, they may adsorb mixing water that can
cause difficulty during the pumping of the concrete. For this
reason, it is important to adequately precondition the aggre-
gate by prewetting before batching the concrete (Refer to
4.4.2 and 4.6).

4.7.1.2 Proportioning pump mixtures—When considering
pumping lightweight concrete, some adjustments may be
necessary to achieve the desired characteristics. The archi-
tect/engineer and contractor should be familiar with any
mixture adjustments required before the decision is made as
to the method of placement. Pumping lightweight concrete
is extensively covered by the Expanded Shale, Clay and
Slate Institute (1996).

When the project requirements call for pumping, the
following general guidelines apply. These guidelines are
based on the use of lightweight coarse aggregate and normal-
weight fine aggregate.

a) Prewet LWA to a recommended moisture content.

b) Maintain a 564 Ib/yd? (335 kg/m?) minimum cementi-
tious content.

¢) Use selected liquid and mineral admixtures that will aid
in pumping.

d) To facilitate pumping, adjustments in the standard
mixture proportion may result in a slight reduction in the
volume of coarse aggregate, with a corresponding increase
in the volume of fine aggregate.

e) Cementitious content should be sufficient to accom-
modate a 4 to 6 in. (100 to 150 mm) slump at the point of
placement.

f) Use a well-graded natural sand with a good particle
shape and a fineness modulus range of 2.2 to 2.7.

g) Use a properly combined coarse- and fine-aggregate
grading. The grading should be made by absolute volume
rather than by mass to account for differences in relative
density of the various particle sizes.

Sometimes it is advisable to plan on various mixture
designs as the height of a structure or di
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of the concrete shall be made at the discharge end of the
pumping system (ACI 304.2R).

4.7.1.3 Pump and pump system—The following are key
items pertinent to the pump and pumping system.

a) Use the largest diameter line available, with a recom-
mended minimum of 5 in. (125 mm) diameter without
reducers

b) All lines should be clean, the same size, and buttered
with grout at the start

¢) Avoid rapid size reduction from the pump to line

d) Reduce the operating pressure by

i. Slowing down the rate of placement

ii. Using as much steel line and as little rubber line as
possible

iii. Limiting the number of bends

iv. Making sure the lines are gasketted and braced by a
thrust block at turns

Observers present should include representatives of
the contractor, ready-mixed concrete producer, architect/
engineer, pumping service, testing agency, and aggregate
supplier. In the pump trial, the height and length to the
delivery point of the concrete to be moved should be taken
into account. Because most test locations will not allow
the concrete to be pumped vertically as high as it would
be during the project, the following rules of thumb can be
applied for the horizontal runs with steel lines (American
Concrete Pumping Association 2011):

1.0 ft (0.3 m) vertical = 4.0 ft (1.2 m) horizontal

1.0 ft (0.3 m) rubber hose = 3.0 ft (0.9 m) of steel

90-degree bend = 9.0 ft (2.7 m) of steel

4.7.2 Finishing horizontal surfaces—Satisfactory hori-
zontal surfaces are achieved with properly proportioned
quality materials, skilled supervision, and good workman-
ship. The quality of the finishing will be in direct proportion
to the efforts expended to ensure that proper principles are
observed throughout the finishing process. Finishing tech-
niques for lightweight concrete floors are described in ACI
302.1R.

For lightweight concrete used as part of a fire-rated
assembly, consult the listing agency for concrete proper-
ties specified for that assembly. Many UL Fire-Resistance
Directory-rated assemblies require specific concrete proper-
ties, including entrained air content (Underwriters Laborato-
ries Inc., 2014).

4.7.2.1 Slump—Slump is an important factor in achieving
a good floor surface with lightweight concrete and gener-
ally should be limited to a maximum of 5 in. (125 mm) at
the point of placement. A lower slump of approximately 3
in. (75 mm) imparts sufficient workability and also main-
tains cohesiveness and body, thereby preventing the lower-
density coarse particles from working to the surface. This
is the reverse of normalweight concrete where segregation
results in an excess of mortar at the surface. Because the
slump test is affected by the weight of concrete, a 3 in. (75
mm) slump lightweight concrete is usually more workable
than its normalweight counterpart.

4.7.2.2  Surface preparation—Surface  preparation
before troweling is best accomplished with magnesium
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or aluminum screeds and floats, which minimize surface
tearing and pullouts.

4.8—Curing

Curing of lightweight aggregate (LWA) concrete can
occur in a traditional manner in which moisture is applied
to the surface of the concrete, and by internal curing that
occurs by the release of water absorbed within the pores of
LWA. Ultimate performance of the concrete will be influ-
enced by the extent of curing provided. External curing of
the concrete should begin upon completion of the finishing
operation. ACI 302.1R and 308.1 contain information on
proper external curing of concrete floor slabs.

4.9—L aboratory and field control

Changes in absorbed moisture or relative density of
lightweight aggregate (LWA), which result from varia-
tions in initial moisture content or grading and variations
in entrained-air content, suggest that frequent checks of
the fresh concrete should be made at the job site to ensure
consistent quality (ACI 211.1). Sampling should be in accor-
dance with ASTM C172/C172M. Tests normally required
include ASTM C567/C567M, ASTM C143/C143M, ASTM
C173/C173M, and ASTM C31/C31M.

At the job start, the fresh properties, density, air content,
and slump of the first batch or two should be determined to
verify that the concrete conforms to the laboratory mixture.
Small adjustments may then be made as necessary. In
general, when variations in fresh density exceed 3 Ib/ft? (50
kg/m?®), an adjustment in batch weights may be required to
meet specifications. The air content of lightweight concrete
should not vary more than £1-1/2 percentage points from the
specified value to avoid adverse effects on concrete density,
compressive strength, workability, and durability.

CHAPTER 5—PHYSICAL AND MECHANICAL
PROPERTIES OF STRUCTURAL LIGHTWEIGHT
AGGREGATE CONCRETE

5.1—Scope

This chapter presents a summary of the properties of light-
weight concrete. Information is based on laboratory studies
and the records of a large number of existing structures
that have provided satisfactory service for more than eight
decades.

5.2—Compressive strength

Compressive strength levels commonly required by the
construction industry for design strengths of cast-in-place,
precast, or prestressed concrete are economically obtained
with lightweight concrete (Shideler 1957; Hanson 1964;
Holm 1980a; Trumble and Santizo 1992). Design strengths
of 3000 to 5000 psi (21 to 35 MPa) are common. In precast
and prestressing plants, design strengths above 5000 psi (35
MPa) are usual. In several civil structures, such as the Heidrun
Platform and Norwegian bridges, concrete cube strengths of
8700 psi (60 MPa) have been sweciﬁBO‘B blmmts
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10,000 psi (69 MPa) for prestressed lightweight concrete
girders have been reported (Meyer and Kahn 2004; Kahn
and Lopez 2005). As discussed in Chapter 3, all aggregates
have strength ceilings, and with LWAs, the strength ceiling
generally can be increased by reducing the maximum size of
the coarse aggregate. As with normalweight concrete, water-
reducing plasticizing and mineral admixtures are frequently
used with lightweight concrete mixtures to increase work-
ability and facilitate placing and finishing.

5.3—Density of lightweight concrete

5.3.1 Fresh density—The fresh density of lightweight
concrete is a function of mixture proportions, air contents,
water demand, particle relative density, and absorbed mois-
ture content of the lightweight aggregate (LWA). Decrease
in the density of exposed concrete is due to moisture loss
that, in turn, is a function of ambient conditions and surface
area/volume ratio of the member. The architect/engineer
should consult with the aggregate supplier before specifying
a maximum fresh density as limits of acceptability at time
of placement.

Fresh density is specified for field control using a unit
weight bucket. Measurements on 6 x 12 in. (150 x 300 mm)
cylinders will average 2.5 Ib/yd® (40 kg/m?) higher than
field measurements on 0.5 ft* (0.014 m?) unit weight bucket
(ASTM C567/C567M).

Although there are numerous structural applications of
lightweight concrete using both coarse and fine LWAs, the
customary commercial practice in North America is to design
concrete with natural sand fine aggregates. Long-span bridges
using concrete with three-way blends (coarse and fine LWAs
and small amounts of natural sand) have provided long-term
durability and structural efficiency (density/strength ratios)
(Holm and Bremner 1994). Earlier research reports (Kluge
et al.1949; Price and Cordon 1949; Reichard 1964; Shideler
1957) compared concrete containing both fine and coarse
LWAs with reference normalweight concrete. Later studies
(Hanson 1964; Pfeifer 1967) supplemented the early find-
ings with data based on lightweight concrete in which the
fine aggregate was a natural sand. There are also several
reported projects where lightweight fines and normalweight
coarse aggregate have been used with precast elevated floors
on steel decks and post-tension applications.

5.3.2 Equilibrium density—Self loads used for design
should be based on equilibrium density that, for most condi-
tions and members, is achieved after 90 days of air drying.
Extensive North American studies demonstrated that, despite
wide initial variations of aggregate moisture content, equi-
librium density was found to be between 3 and 5 Ib/ft® (50
and 83 kg/m?) above oven-dry density (Fig. 5.3.2) for light-
weight concrete. European recommendations for in-service
density are similar (FIP 1983). Concrete containing high
cementitious contents, and particularly those containing
efficient pozzolans, will tend to dry less, developing equilib-
rium densities more similar to fresh densities and in longer
drying periods.

For precast members or when critical load conditions
occur prior to the equilibrium density being achieved, the
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Fig. 5.3.2—Concrete density versus time of drying for struc-
tural lightweight concrete (Holm 1994).

fresh density should be used to compute self loads for design
calculations.

When weights and moisture contents of all the constituents
of the concrete are known, a calculated equilibrium density
can be determined according to ASTM C567/C567M from
Eq. (5.3.2a) and (5.3.2b)

0= (Wdf+ Wdc +1.2 Wct)/V (5323)

E=0+3Ib/ft (O + 50 kg/m®) (5.3.2b)

where 1.2 is the factor to account for water of hydration.

5.4—Tensile strength

5.4.1 Splitting tensile strength—The splitting tensile
strength of concrete cylinders, determined according to
ASTM C496/C496M and ACI 318, are not intended for
control or acceptance of the strength of concrete in the field.

5.4.1.1 Moist-cured concrete—Fig. 5.4.1.1 indicates a
narrow range of this property for continuously moist-cured
lightweight concrete. The splitting tensile strength of the
normalweight reference concrete is nearly intermediate
within these ranges.

5.4.1.2 Air-dried concrete—The tensile strength of light-
weight concrete that undergoes drying is more relevant in
respect to the shear strength behavior of structural concrete.
During drying of the concrete, moisture loss progresses at
a slow rate into the interior of concrete members, resulting
in the development of tensile stresses at the exterior faces
and balancing compressive stresses in the still-moist interior
zones. Thus, after drying, the tensile resistance of lightweight
concrete to external loading will be reduced from that indi-
cated by continuously moist-cured concrete (Hanson 1961;
Pfeifer 1967). Figure 5.4.1.2 indicates this reduced strength
for concrete that has been moist-cured for
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Fig. 5.4.1.1—Splitting tensile strength: moist-cured concrete.
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Fig. 5.4.1.2—Splitting tensile strength: air-dried concrete.

C330/C330M). The splitting tensile strength of lightweight
concrete varies from approximately 70 to 100 percent that of
the normalweight reference concrete when comparisons are
made at equal compressive strength.

Replacement of the lightweight fines by sand gener-
ally increases the splitting tensile strength of lightweight
concrete subjected to drying (Pfeifer 1967; Ivey and Bluth
1966). In some cases, this increase is nonlinear with respect
to the sand content so that, for some aggregates, partial sand
replacement is as beneficial as complete replacement.

Tests have shown that the diagonal tensile strengths of
beams and slabs correlate closely with the splitting tensile
strength of lightweight concrete (Hanson 1961).

Tensile strength tests on lightweight concrete specimens
that undergo some drying correlate well with the behavior
of concrete in actual structures. Moisture loss progressing
slowly into the interior of concrete members will result
in the development of outer envelope tensile stresses that
balance the compressive stresses in the still-moist interior
zones. ASTM C496/C496M requires a 7-day moist and
21-day laboratory air drying at 73.4°F (23°C) at 50 percent
relative humidity before conducting splitting tests. Light-
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weight concrete splitting tensile strengths vary from approx-
imately 75 to 100 percent of normalweight concrete of equal
compressive strength. Replacing lightweight fine aggregate
with normalweight fine aggregate will normally increase
tensile strength. Further, natural drying will increase tensile-
splitting strengths.

5.4.2 Modulus of rupture—The modulus of rupture
(ASTM C78/C78M) is also a measure of the tensile strength
of concrete. Figure 5.4.2a and 5.4.2b indicate ranges for
normally cured and steam-cured concrete, respectively,
when tested in the moist condition. For prism specimens, a
nonuniform moisture distribution will reduce the modulus
of rupture, but the moisture distribution within the structural
member is not known and is unlikely to be completely satu-
rated or dry. Studies have indicated that modulus of rupture
tests of concrete undergoing drying are extremely sensitive
to the transient moisture content and, under these conditions,
may not furnish reliable results that are satisfactorily repro-
ducible (Hanson 1961).

The values of the modulus of rupture determined from
tests on high-strength lightweight concrete yield inconsis-
tent correlation with code requirements. While Huffington
(2000) reported that the tensile splitting and modulus of
rupture test results generally met AASHTO requirements for
high-strength lightweight concrete, Nassar (2002) found that
the modulus of rupture of high-strength lightweight concrete
was approximately 60 to 85 percent of code requirements of
A x 7.5\f, where A for sand lightweight concrete is recom-
mended to be 0.85. Meyer (2002), however, found that no
additional reduction was required for high-strength light-
weight concrete mixtures. It is recommended to perform
additional testing for the specific mixtures, for example,
LWA, to verify the 0.85 factor for high-strength lightweight
concrete.

5.5—Modulus of elasticity

The modulus of elasticity of concrete depends on the rela-
tive amounts of paste and aggregate and the modulus of
each constituent (LaRue 1946; Pauw 1960). Normalweight
concrete has a higher £, than lightweight concrete because
the moduli of sand, stone, and gravel are greater than the
moduli of lightweight aggregate (LWA). Figure 5.5 gives
the range of modulus of elasticity values for lightweight
concrete. Generally, the modulus of elasticity for lightweight
concrete is considered to vary between 50 and 75 percent
of the modulus of sand and gravel concrete of the same
strength. Variations in LWA grading usually have little effect
on modulus of elasticity if the relative volumes of cement
paste and aggregate remain fairly constant.

While there is agreement that the modulus of elasticity of
concrete depends on its density and compressive strength as
expressed by the equation for £, given in ACI 318, some
research has shown that such formulas may not adequately
represent the relationship between density and compressive
strength and the modulus of elasticity.

Cook (2007) has developed a new formula for modulus
of elasticity that provides a.better es mm‘&s
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Fig. 5.4.2a—Modulus of rupture: normally cured concrete.
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Fig. 5.4.2b—Modulus of rupture. steam-cured concrete.

concrete and high-strength concrete than the following
equation.

Ec — WL'2A687 . (fc')024 (55)

The formula has proven that it may be used for values
of w, between 100 and 155 Ib/ft* (1600 and 2480 kg/m?)
and strength levels of 1000 to 23,000 psi (7 to 158 MPa).
Concretes in service may deviate from this formula; thus,
when an accurate evaluation of £, is required for a particular
concrete, a laboratory test in accordance with the methods of
ASTM C469/C469M should be carried out.

5.6—Poisson’s ratio

Tests to determine Poisson’s ratio of lightweight concrete
by resonance methods showed that it varied only slightly
with age, strength, or aggregate used, and that the values
varied between 0.16 and 0.25 with the average being 0.21
(Reichard 1964). Tests to determine Poisson’s ratio by the
static method for lightweight and normalweight concrete
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Fig. 5.5—Modulus of elasticity.

gave values that varied between 0.15 and 0.25 and averaged
0.2.

While this property varies slightly with age, test condi-
tions, and physical properties of the concrete, a value of 0.20
may usually be assumed for practical design purposes. An
accurate evaluation can be obtained for a particular concrete
by testing according to ASTM C469/C469M.

5.7—Ultimate strain

Figure 5.7 gives a range of values for ultimate compres-
sive strain for concrete containing both coarse and fine light-
weight aggregate (LWA) and for normalweight concrete.
These data were obtained from unreinforced specimens
eccentrically loaded to simulate the behavior of the compres-
sion side of a reinforced beam in flexure (Hognestad et al.
1955). The diagram indicates that the ultimate compressive
strain of most lightweight concrete and of the reference
normalweight concrete might be somewhat greater than the
value of 0.003 assumed for design purposes.

5.8—Creep

Creep is the increase in strain of concrete under a sustained
stress. The effects of creep properties of concrete may be
either beneficial or detrimental, depending on the structural
conditions. Creep exercises a beneficial effect by relieving
undesirable stresses due to shrinkage and to other imposed
deformations like extreme initial temperatures, or settlement
of supports and yielding of restraints. The long-term reli-
ability of structures, however, may be adversely affected as
creep may lead to prestress loss, loss of camber, or excessive
long-time deflection, and to unfavorable stress redistribution
consequent to delayed change of the structural system in case
of sequential construction. In nonhomogeneous and hybrid
structures, creep-induced stress redistributions transfer
stresses from the parts of the structure creeping more to the
parts creeping less, or from concrete to steel elements.

The time-dependent behavior of concgbe (creep and
shrinkage) can also have an influence m&lments

limit state of buckling in case of slciide: Stmw\@ﬁaring Hub
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columns, walls, arches, and thin shells with a low degree of
restraint, and whenever second-order effects are important.
In these cases, the increase of deflections with time reduces
the safety margins with respect to instability, which may
lead to long-term buckling collapse. Influence on the safety
margins with respect to the ultimate limit state of strength
depends on the ductile behavior of the structure and it can
become a concern in cases where the ultimate limit state is
governed by nonplastic failure of concrete.

The effects of creep, along with those of drying shrinkage,
should be considered in structural designs. A guide for their
evaluation can be found in ACI 209.1R and ACI 209.2R.
Creep is the increase in strain of concrete under a sustained
stress. Creep properties of concrete may be either beneficial
or detrimental, depending on the structural conditions.

Concentrations of stress, either compressive or tensile,
may be reduced by stress transfer through creep, or creep
may lead to excessive long-time deflection, prestress loss,
or loss of camber. The effects of creep, along with those of
drying shrinkage, should be considered in structural designs.

5.8.1 Factors influencing creep—Creep and drying
shrinkage are closely related phenomena that are affected by
many factors, such as type and content of aggregate, type of
cement, grading of aggregate, water content of the mixture,
moisture content of aggregate at time of mixture, amount
of entrained air, age at initial loading, magnitude of applied
stress, method of curing, size of specimen or structure, rela-
tive humidity of surrounding air, and period of sustained
loading.

5.8.2 Normally cured concrete—Figure 5.8.2 shows the
range in values of specific creep (creep per psi [MPa] of
sustained stress) for normally cured concrete, as measured in
the laboratory (ASTM C512/C512M) when under constant
loads for 1 year. These diagrams were prepared with the
aid of two common assumptions: superposition of creep
effects is valid (that is, creep is proportional to stress within
working stress ranges); and shrinkage strains, as measured
on nonloaded specimens, may be directly separated from
creep strains. The band for lightweight concrete containing

= 0.005 0.005
s
= 0.004 |- - 0.004 .
@D ¢ £
LW & 0.003}- - 0.003 €
= g
s
= 0.002 |- -] 0.002
=
0.001 L1 1 1 L= 0.001
3 4 5 6
(20.7) (27.6) (34.5) (41.4)
28-Day Compressive Strength, ksi (MPa)
I ................
Concrete with Concrete with a Blend of Reference
"All-Lightweight"  Lightweight & Normal Weight ~ Normal Weight
Aggregate Aggregate Concrete

Properties of Lightweight Concrete

Fig. 5.7—Ultimate strain.
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normalweight sand is considerably more narrow than that
for concrete containing both fine and coarse lightweight
aggregate (LWA). Figure 5.8.2 suggests that an extremely
effective method of reducing creep of lightweight concrete
is to use a higher-strength concrete. A strength increase from
3000 to 5000 psi (21 to 35 MPa) significantly reduces creep.
5.8.3 Steam-cured concrete—Several investigations have
shown that creep may be significantly reduced by low-
pressure curing and greatly reduced by high-pressure steam
curing. Figure 5.8.3 shows that the reduction for low-pres-
sure steamed concrete may be from 25 to 40 percent of the
creep of similar concrete subjected only to moist curing.
5.8.4 Internal curing effect—One study (Lopez 2005) has
shown that internally stored water in the LWA might reduce
creep as a result of a reduced concrete permeability and the
increase in internal relative humidity, both factors that make
creep mechanisms difficult to develop (refer to Chapter 9).

5.9—Shrinkage

Shrinkage, either autogenous or drying, is an important
property that can affect the extent of cracking, prestress
loss, effective tensile strength, and warping. Note that large-
size concrete members, or those in high ambient relative
humidity, might undergo substantially less shrinkage than
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that exhibited by small laboratory specimens stored at 50
percent relative humidity.

5.9.1 Normally cured concrete—Figure 5.9.1 indicates
wide ranges of shrinkage values after 1 year of drying for
lightweight concrete with normalweight sand. Noting the
position within these ranges of the reference concrete, it
appears that low-strength lightweight concrete generally
has greater drying shrinkage than the reference concrete.
At higher strengths, however, some lightweight concrete
exhibits lower shrinkage. Partial or full replacement of the
lightweight fine aggregate by natural sand usually reduces
shrinkage for concrete made with most LWA.

5.9.2 Atmospheric steam-cured concrete—Figure 5.9.2
demonstrates the reduction of drying shrinkage obtained
through steam curing. This reduction may vary from 10 to
40 percent. The lower portion of this range is not greatly
different from that for the reference normalweight concrete.

5.10—Bond strength

ACI 318 includes a factor for development length of 1.3
to reflect the lower tensile strength of lightweight-aggregate
concrete and allows that factor to be taken as 6.7f.'/f, >
1.0 if the average splitting strength f, of the lightweight-
aggregate concrete is specified. In general, design provisions
require longer development lengths for lightweight-aggre-
gate concrete.

Due to the lower strength of the aggregate, lightweight
concrete should be expected to have lower tensile strength,
fracture energy, and local bearing capacity than normal-
weight concrete with the same compressive strength. As a
result, the bond strength of bars cast in lightweight concrete,
with or without transverse reinforcement, is lower than that
in normalweight concrete, with that difference tending to
increase at higher strength levels (Fig. 5.10) (Shideler 1957).

ACI Committee 408 (1966) emphasized the paucity of
experimental data on the bond strength of reinforced concrete
elements made with lightweight-aggregate concrete.
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Fig. 5.9.1—Drying shrinkage: normally cured concrete.
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Research (Lyse 1934; Petersen 1948; Shideler 1957; Berg
1981; Martin 1982; Clarke and Birjandi 1993) concluded
that the bond strength of steel in lightweight-aggregate
concrete was comparable to that of normalweight concrete.
In contrast, there are studies that indicate significant differ-
ences between bond strengths in lightweight and normal-
weight aggregate concrete (Robins and Standish 1982; Mor
1992) where lightweight concrete showed bond strength
between 45 and 88 percent of that observed in normalweight
concrete.

Overall, the data indicate that the use of lightweight
concrete can result in bond strengths that range from nearly
equal to 65 percent to similar or even higher values than
those obtained with normalweight concrete. For special
structures such as long-span bridges with very high strengths
and major offshore platforms, a testing program based on the
materials selected to the project is recommended.

5.11—Thermal expansion

Determinations (Price and Cordon 1949) of linear thermal
expansion coefficients made on lightweight concrete indi-
cate values are 4 to 5 x 107 in./in./°F (7 to 11 x 10 mm/
mm/°C), depending on the amount of natural sand used.
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Fig. 5.9.2—Drying shrinkage: steam-cured concrete.
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