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ABSTRACT

PERFORMANCE CHARACTERISTICS AND
FAILURE MECHANISM OF STRUCTURAL LIGHT-WEIGHT
VS. NORMAL-WEIGHT CONCRETE MATERIALS
by

Mahboob Khan

Various aspects of the performance characteristics of
light-weight concrete materials made with a ceramic-based
coarse light-weight aggregate were investigated and compared
with those of normal-weight concrete with similar mix
proportion (by volume) and fresh mix properties.

Two synthetic fibers with different elastic moduli when
used in light-weight and normal-weight concrete produced
comparable effects on flexural strength and toughness, but
the higher-modulus fiber gave higher impact strengths.
Fibers were generally found to be more effective in light-
weight concrete than in normal-weight concrete.

Light-weight concrete materials were, on the average,
40% more permeable than normal-weight concrete materials.
Compressive loading up to 40% of the compressive strength
increased the average permeability of normal-weight and
light-weight concrete by 29% and 8%, respectively,
indicating more severe damage in normal-weight concrete

under compression.




The microcracking and failure mechanism of light-weight
concrete under compression and impact loading is
distinguished from that of normal-weight concrete by the
lack of microcrack at the aggregate-paste interfaces and

reduced intensity of microcracks in light-weight concrete.
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CHAPTER 1

OBJECTIVES AND SCOPE

A comparative study was made on the following
properties of light-weight vs. normal-weight concrete
materials: (1) effectiveness of synthetic fibers in
enhancing flexural strength and toughness; (2) permeability
characteristics prior to and after loading; and (3) the
nature of microcracking and failure mechanism under
compression and impact.

In work on fiber reinforcement effects it was checked
if reduced fiber-to-matrix modular ratio in light-weight
concrete (noting that light-weight aggregate reduces the
modulus of elasticity of concrete material) leads to
increased effectiveness of fibers.

Light-weight aggregates are more porous than normal-
weight aggregates; they are, however, more compatible with
the cementitious paste (leading to reduced microcracking at
the paste-aggregate interfaces). These two conditions have
opposite effects on permeability. Increased loading also
causes internal damage in light-weight and normal-weight
concrete materials in distinctly different ways, producing
different effects on permeability. These complex
differences in the permeability characteristics of light-

weight concrete (loaded and unloaded) prompted the work in

this investigation on permeability.




The last part of this research dealt with the nature of
microcrack propagation and failure in light-weight vs.
normal-weight concrete materials subjected to compression
and impact loading. Failure in normal-weight concrete
emanates from defects such as microcracks existing at
aggregate-paste interfaces. Under loading, these
microcracks tend to propagate at interfaces and also through
the paste. 1In light-weight aggregate concrete, the
microcrack intensity at aggregate-paste interfaces is
expected to be less severe than in normal-weight concrete,
and the weakness of light-weight aggregates encourages the
propagation of microcracks through aggregates. These
differences were the subject of investigation in the last
part of this research.

Light-weight concrete materials in this investigation
were made with a ceramic based coarse light-weight aggregate
(and normal-weight fine aggregate). All the normal-weight
and light-weight concrete materials were designed to possess
similar fresh mix proportions and comparable aggregate
gradations; light-weight materials, however, had lower
compressive strength when compared with normal-weight
materials.

The conclusions derived in this investigation are
mainly applicable to the ceramic-based light-weight
aggregates used, and also to the specific ranges of
compressive strength and impact resistance of light-weight

and normal-weight concretes considered.



Chapter 2 of this thesis presents a comprehensive
review on the literature of light-weight concrete; this
literature review covers topics beyond the specific subject
matters of this thesis. The work conducted in this research
on fiber reinforcement, permeability characteristics, and
microcracking are presented in Chapter 3, 4, and 5,
respectively. A summary of the work and the resulting

conclusions are presented in Chapter 6.



CHAPTER 2

REVIEW OF THE LITERATURE

2.1 INTRODUCTION

The unit weight of normal-weight concrete varies from
about 140 to 152 lb/cu.ft. (2258-2435 kg/cu.m.) and it is
generally assumed to be 145 lb/cu.ft. (2324 kg/cu.m.). The
unit weight of concrete can be reduced through the use of
light-weight aggregates. Light-weight concrete may weigh
from 20-115 1lb/cu.ft. (320-1843 kg/cu.m.), depending on the
type of light-weight aggregate used and the method of
production. The strength of light-weight aggregate is
roughly proportional to its density. The advantages of
light-weight concrete over normal-weight concrete generally
result from the decrease in foundation size because of
reduced load, the increase in fire resistance, and the
insulation against heat and sound when light-weight concrete
is used. Light-weight aggregate concrete, however, is
typically 30 to 50% more expensive than normal-weight
concrete (1,6), and it has a greater porosity and more
drying shrinkage than ordinary concrete.

Light-weight concrete can be classified in accordance
to its density, or alternatively based on the purpose for
which it is to be used. Distinctions can be made between
structural and insulating light-weight concretes.
Structural light-weight concrete has a unit weight between

90-115 1lb/cu.ft. (1400-1840 kg/cu.m.), with a 28-day




compressive strength not less than 2500 psi (17 MPa).
Insulating light-weight concrete has a density generally
lower than 50 1lb/cu.ft. (800 kg/cu.m.) and a compressive
strength between 100-1000 psi (0.7-7 MPa). Light-weight
concretes with properties in between those of insulating and
structural concretes can be classified as moderate strength
light-weight concrete. (2,7,8)

A variety of light-weight aggregates (natural or man-
made) have been used for the production of light-weight
aggregate concrete. Such aggregates typically weigh less
than 70 lb/cu.ft. (1120 kg/cu.m.). Their light weight
results from the cellular or highly porous nature of their
microstructure. The lightest type of aggregate possible is
air which is used to reduce unit weight in aerated
(cellular, foamed) concrete. Examples of the light-weight
aggregate types commonly used for producing different
classes of light-weight concrete are presented in Figqure

2.1.

il Insulating i Moderate strength | Structural i

L concretes ; concretes ! concretes

Unit ( o/m3) 250 500 750 1000 1250 1500 1750 2000
weight

T
Strength range | (0.7-2.0 MPa)

(7-14 MPa) (17-41 MPa)

Vermiculite Pumice Sintered fly ash

R W GPEp—

T
]
|
|
] L ] |
Aggregate : Perlite I: [ Scoria | . [
type : ] Expanded clay or shale
\ |
‘ : i Foamed slag |
| 5 !
| Aerated concrete :
’//J.W/////////////////////////A"//////////////////MA 1
Other lighlwmgh({ No fines (hghtweight) :No fines
concretes | 7
|

: : | (normal weight)

Figure 2.1 Classification of Light-Weight Concrete (4,7).
(kg/cu.m. x 0.0624 = 1lb/cu.ft.; MPa x 145 = psi)




In Figure 2.1, depending on the unit weight and strength of
concrete, distinctions are made between insulating and
structural light-weight concretes.

While the use of light-weight aggregate in structural
concrete elements has been increasing, (5,10) its primary
use is still as an insulating material or in masonry blocks
and secondary structural members (12). Like other
materials;, light-weight aggregate concrete also has certain
limitations and it is only after evaluation of all‘the
merits and demerits with respect to a particular project
that final decision can be made regarding the suitability of
its application (12).

Major technological advancements have been or are being
made in the area of concrete materials. Examples include
the use of short, randomly distributed fibers for improving
the toughness characteristics, impact resistance and tensile
strength of concrete, or the use of polymers in concrete for
improving the impermeability and adhesiveness of the
material. The field of light-weight concrete needs to take
advantage of these technological developments in order to
retain and increase its rapid growth rate in the years to

come.

2.2 LIGHT-WEIGHT AGGREGATE
Light-weight concrete is a broad term covering
concretes made with a wide variety of aggregates, natural or

artificial, with or without treatment. The ranges of
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strength and density, and in fact all the characteristics of
concrete, vary considerably with different aggregates.

Light-weight aggregates can be generally divided into
natural (crushed rock or minerals) and manufactured,
including industrial by-products and recycled waste products
(2,7,14,49). Light-weight aggregates can also be classified
(based on their density) as ultra light 4-35 lb/cu. ft. (64-
561 kg/cu.m.) and light 35-70 lb/cu.ft. (561-1121 kg/cu.m.).
There are also classifications of light-weight aggregates
based on the potential strength, density or other
characteristics of the resulting light-weight concrete.
Light-weight aggregates having dry unit weights ranging from
4 to 35 lb/cu.ft. (64-561 kg/cu.m.) and thermal
conductivities ranging from 0.45 to 1.5 Btu/ft2.hr.CF (0.65
to 0.22 W/mK) are generally classified as group I and are
used for insulation purposes; whereas light-weight
aggregates having dry unit weights from 35 to 65 lb/cu.ft.
(561 to 1042 kb/cu.m.) are classified as group II and are
used for structural purposes (2,11,38).

A summary of the properties and production techniques
for some commonly used light-weight aggregates is presented

in Appendix I.

2.3 MIX DESIGN AND MANUFACTURING
Mix proportioning of concrete consists of selecting
suitable materials (cement, sand, water, etc.) and

determining the quantities of these ingredients. The



economy and performance characteristics of the concrete thus
produced depends on the proportioning of these ingredients.
The procedures adopted for mix proportioning are still
empirical in spite of a considerable amount of work done on
the theoretical aspects of mix proportioning.

2.3.1 Light-Weight Concrete Materials

Portland cement type I is normally used in light-weight
aggregate concrete. Structural elements exposed to marine
environments are made of cements having high tricalcium-
aluminate contents (7%), an amount which can resist sulphate
attack on the elements made with light-weight aggregate
concrete in a similar fashion as in normal weight aggregate
concrete.

Fly ash could be used to improve strength and sulphate
resistance, and to reduce water absorption and improve
curing properties. Light-weight aggregates should satisfy
ASTM C-330 requirements (7). Typical gradation requirements

are given in Table 2.1.




Table 2.1. Gradation requirements for light-weight
aggregates (11).

Size 1in 3/4in 1/2in 3/8in No.4 No.8 No.16 No.50 No.100
25mm  19umm 12.5mm  9.5mm 4.75mm  2.36mm 1.18mm  300@m 150@m

Designation

Fine Aqgregate
No. 4 to O - - -

Coarse
Aggregate

1in to No. 4 95-100 - 25-60 - 0-10 - - - -
3/4in to No.4 100 90-100 - 10-50 0-15 - - - -
3/8in to No.8 - - 100 80-100 5-40 0-20 0-10 - -

Combined Fine
and Coarse

Aggregate

1/2in to O -

3/8in to 0 - - 100 90-100 65-90 35-65 - 10-25 5-15

Water free from salt and organic matters (fit for drinking)
should be used in light-weight aggregate concrete mixtures.

Air entraining admixtures should conform to ASTM C-26.

2.3.2 Peculiarities of Light-Weight Concrete Mix
Proportioning

Light-weight aggregates tend to segregate and float on
the surface of concrete in high-consistency mixtures. This
problem can be controlled by limiting the maximum slump and
by entraining air in fresh concrete mixtures made with
light-weight aggregates (11).

A major factor necessitating adjustments in the
proportioning and control procedures of normal-weight

concrete when applied to light-weight aggregate concrete is
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the greater water absorption and higher absorption rate of
light-weight aggregates (11).

Light-weight aggregate mixtures are usually
proportioned by trial on a cement and air content basis at
the required consistency, rather than on a water-to-cement
ratio basis, because water-to-cement ratio cannot be
established with accuracy due to absorption of water by
light-weight aggregates.

Grading of fine and coarse aggregétes and the
proportions used have important effects on concrete
properties. A well-graded aggregate will have a continuous
distribution of particle size, producing a minimum void
content and requiring a minimum amount of cement paste to
fill the voids. This will result in economical use of
cement and will provide maximum strength with minimum volume
change due to shrinkage and temperature effects (11).

In light-weight aggregates, unlike normal-weight
aggregates, the specific gravities of fractions retained on
different sieves are not equal. Hence, it is the volume
occupied by each size fraction, and not the weight of the
materials retained on each sieve, that decides the void
content and cement paste requirements in a mix.

For a typical light-weight aggregate, the percentage
retained on each sieve by volume and weight are given in

Table 2.2.



11

Table 2.2. Comparison of fineness moduli by weight and
by volume for typical light-weight aggregates.(11)

Sieve Opening Percent Cumulative percent
retained by Specific retained by
In Mm Weight Volume Gravity Weight Volume

No. 4 .187 4.67 0 0 1.4 o] (o]

No. 8 .0937 2.36 22 26 1.55 22 26

No. 16 .0469 1.18 24 25 1.78 46 51

No. 30 .0234 .600 19 19 1.9 65 70

No. 50 .0117 .300 14 13 2.01 79 83

No.100 .0059 150mm 12 10 2.16 91 93
Passing

No. 100 9 7 2.40 100 100

Fineness modulus by weight = 3.03 Fineness modulus by
volume = 3.23

Fineness modulus by volume is greater than fineness
modulus by weight which indicates that light-weight
aggregates require a higher percentage of materials retained
on fine sieves on a weight basis, than do normal-weight
aggregates, to provide an equal size distribution (11).

The particular properties of light-weight aggregates
pose special problems in calculating mix proportions for
light-weight concrete. The absolute volume method, which is
the basis of the ACI method for proportioning normal-weight
concrete, can not be used with confidence for light-weight

concrete. This is due to two major factors.
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1. Variations in bulk specific gravity of light-weight
aggregates.

2. Changes in the light-weight aggregate moisture content.

The bulk specific gravity of light-weight aggregates
depends upon porosity which varies with particle size.
Hence, grading curves determined on weight basis cannot be
used for proportioning light-weight concrete because they
cannot be converted directly to volumetric basis, as shown
in Table 2.2.

The mix proportioning procedures commonly used for
light-weight aggregate concrete are presented in Appendix

II.

2.3.3. Peculiarities in Manufacturing Light-Weight Concrete

Production of uniform concretes with light-weight
aggregate involves all the procedures and precautions that
are necessary for ordinary concrete.(l) After mix design,
the ingredients should be mixed according to ASTM C-94 as in
the case of normal-weight concrete. The problem is, however,
more difficult where light-weight aggregates are used
because of greater variations in absorption, specific
gravity, moisture content and gradation of aggregates.
Uniform results can thus be obtained if the unit weight and
slump tests are performed frequently, and the cement and
water contents of the mix are adjusted as necessary to

compensate for variations in properties (1,2,11,22,35).
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Dry light-weight aggregates should not be used at the
mixing stage although they will produce a concrete which can
be placed right after being discharged. Continuous water
absorption by dry light-weight aggregates will cause
concrete to segregate and stiffen before placement is
completed.

In order to insure uniformity, light-weight aggregates
should be wetted 24 hours before use. This wetting will
also reduce segregation during stock piling and
transportation, (1). Presaturation of aggregates will help
achieve unifdrmity but may reduce freeze-thaw durability
(particularly if concrete is not allowed to dry before
exposure to freezing temperature).

It is generally necessary to mix light-weight
aggregates for longer periods than conventional concrete to
assure proper mixing. Workability of light-weight concrete
with the same slump as conventional concrete may vary more
widely because of differences in such properties of light-
weight aggregates as porosity and specific gravity.
Workability of freshly made light-weight aggregate concrete
requires special attention because, with high-consistency
mixtures, the aggregate tends to segregate and float on the
surface. To combat this tendency, it is often necessary to
limit the maximum slump and entrain air. Approximately, 5
to 7 percent air entrainment is generally required to lower
the mixing water requirement while maintaining the desired

slump and reduce the tendency for segregation and bleeding.
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Placing, compaction and finishing of light-weight
aggregate concrete requires less effort than normal-weight
concrete; therefore, 2 to 3 inches (50 to 75 mm) of slump
may be sufficient to obtain workability levels that are
usually shown by 4 to 5 inches (100 to 125 mm) of slump in
normal-weight concretes. A slump of 2 to 3 inches (50-75
mm) represents a relatively high workability, and a
compaction factor not less 0.8 or a Vebe time less than 12
sec correspond approximately to a medium workability. A
slump in excess of 2-4 inches (50-100mm) may cause
segregation with large light-weight aggregate particles
floating to the top. The tendency towards floating of
larger particles of light-weight aggregate may also be
improved by adjusting the grading of aggregates. This can
be done by crushing the larger particles, adding natural
sand, or adding filler materials. In order to minimize
segregation prior to discharge, the mix should be rotated at
least ten revolutions at maximum speed (3). Concretes made
with many light-weight aggregates may be difficult to place
and finish because of porosity and angularity of the
aggregates. The placability of concrete can be improved by
adding air-entraining agents.

Quality control during manufacturing is achieved by
keeping the cement content, slump and volume of dry
aggregate constant per cubic yard of concrete regardless of
variations in absorbed or surface water of aggregate. If

the density of aggregate does not vary, constant volume can
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be maintained by keeping the dry weight of aggregate
constant. Unit weight of fresh concrete should be
determined at frequent intervals. A change in unit weight
indicates a change in air content or change in weight of
damp aggregate. An air content determination will establish
whether or not the correct amount of air is entrained. If
weight of aggregate is changed, it is due to a change in
moisture content, gradation, and unit weight. The aggregate
weight can be easily measured, and this will reveal the
cause of the change.

Different types of light-weight concrete call for
different aggregate gradings; a particular grading which is
suitable for use with one type of light-weight aggregate may
not be suitable with another type (2). Careful selection
and handling of light-weight aggregates to prevent crushing
and contamination, and to ensure uniform moisture content
and uniform weight, are necessary for achieving quality

light-weight concrete.

2.4 MECHANICAL PROPERTIES OF LIGHT-WEIGHT AGGREGATE
CONCRETE

The following properties of light-weight aggregate
concrete will be discussed in this section: Compressive and
tensile strengths, modulus of elasticity and Poisson’s
ratio, impact resistance, ductility and creep

characteristics.
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2.4.1. Compressive Strength
Design compressive strengths of 3000 to 4000 psi (26.7

- 27.5 MPa) at 28 days are common for structural light-
weight concrete. By using high cement contents and good-
quality light-weight aggregates of small size it has been
possible in some precast and prestressed concrete plants to
produce 6000-7000 psi (41.38 - 48.25 MPa) light-weight
concretes (20). Light-weight aggregates with controlled
microporosity have been developed to produce 10,000 to
11,000 psi (69-76 MPa) light-weight concretes which
generally weigh 115 to 125 lb/cu.ft. (1843 to 2000
kg/cu.m.) (8,44,45).

With sintered fly ash and expanded clay or shale there
is no difficulty in obtaining concrete strengths up to 6000
1b/in2 (41 MPa) in spite of the high porosity and inherent
weaknesses of aggregates. Pumice, scoria, and some expanded
slags produce concretes of intermediate strengths near 2000
psi (14 MPa). Vermiculite and diatomite produce concretes
of very low strength in range of 200-750 psi (1.4-5.2 MPa)
(8).

The following factors associated with light-weight
aggregates may contribute towards the differences in
compressive strength of light-weight and normal-weight

concretes:
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1. Aggregate strength.

2. Aggregate stiffness.

3. Aggregate surface texture.
4. Differences in surface area.
5. Aggregate shape.

The compressive strength of light-weight concrete
depends partly upon the shape of light-weight aggregate
particles (see Figure 2.2). Concretes made with round
aggregates (volume concentration of sintered fly ash
aggregates = 0.4) have 28-day compressive strengths about
870 to 1160 psi (6 to 8 MPa) higher than those obtained with
elongated aggregates (length/thickness ratio = 4). The -
differences in specific surface area associated with the

differences in shape contribute to strength variations.
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Figure 2.2 Effects of aggregate shape on the

compressive strength of light-weight concrete. (29)
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The shape of light-weight aggregates affects stress
concentration in concrete under load, causing differences in
the compressive strength of light-weight aggregate concretes

made with different aggregate shapes.

2.4.2. Tensile Strength.

Direct tension test results show great scatter because
of misalignment effects, stress concentration at the grips,
and random effects associated with the location of
aggregates. For this reason, direct tension tests are
seldom conducted on concrete materials. The splitting
tensile strength of concrete cylinders (ASTM C-496) is a
convenient relative measure of tensile strength. The data
in Table 2.3 shows that, like normal-weight concrete, the
ratio between the splitting tensile and compressive
strengths decreases significantly with increasing strength
of light-weight concrete. The modulus of rupture of
continuously moist-cured light-weight concrete also behaves
in the same manner; tests on dried specimens show that the
results are extremely sensitive to the moisture state. For
normal-weight concrete the modulus of rupture is usually
between 8vf’c and 12vf’'c, whereas for light-weight aggregate
it may range from 6vfc- and 8wfc- (44).

Examination of fractured specimens of light-weight
concrete after splitting tension test clearly reveals that,
unlike normal-weight concrete, the aggregate, and not the

transition zone, is generally the weakest component in the
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system. Holmi, et.al.(4) have presented scanning electron

micrographic evidence of this phenomenon.

Table 2.3. Requirements for Structural Light-Weight
Concrete (4).
Air-dried 28-day 28-day splittin 28-day

unit weight, tensile strength, compressive strength,
Max.[1b/ft3(ka/m3)] Min. [psi (MPa)] Min. [psi (MPa)]

All light-weight aggregates

110 (1760) 320 (2.2) 4000 (28)
105 (1680) 300 (2.1) 3000 (21)
100 (1600) 290 (2.0) 2500 (17)

Combination of normal sand and light-weight aggregate

115 (1840) 330 (2.3) 4000 (28)
110 (1760) 310 (2.1) 3000 (21)
105 (1680) 300 (2.1) 2500 (17)

The compressive strength and unit weight shall be
obtained based on the average measurements made on three
specimens, and the splitting tensile strength shall be the

average obtained using eight specimens.

2.4.3. Modulus of Elasticity and Poisson’s Ratio

The modulus of elasticity of light-weight concrete Ec,
that is the slope of the initial straight part of the

compressive stress-strain curve, tends to increase with
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increasing strength of concrete. Typical compressive

stress-strain curves for light-weight concrete are shown in

Figqure 2.3.
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Figure 2.3. Typical Compressive Stress-Strain Curves for

Light-Weight Concrete (44).

Modulus of elasticity of light-weight concrete is
typically lower than that of normal-weight concrete. The
following equation is recommended for calculating the
modulus of elasticity of light-weight concrete with
compressive strengths ranging from 3,000 to 7,000 psi (21 to

48 MPa) (44).

Ec = 40,000 (fc- + 1,000,000)(Wc/145)1-5

The poisson’s ratio for light-weight concrete ranges from

0.17 to 0.21, with an average value of 0.20.
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2.4.4. Dynamic Behavior Under Impact Loads

Stress wave velocity is about 20% less in light-weight
concrete than in normal-weight concrete, with the length of
stress wave being about the same. Period of vibration is
longer in normal-weight concrete when compared with light-
weight concrete, and vibration damping is greater, probably
due to the interface condition between paste and coarse
aggregates.

Shock and energy absorption of light-weight aggregate
concrete is believed to be substantially greater than those

for normal-weight concrete.

2.4.5. Ductility

Ductility supplies the ability to sustain inelastic
deformations after peak load without a significant drop in
load- resisting capacity prior to collapse. The ductility
of reinforced concrete members depends, among other factors,
on the stress-strain behavior and ductility of concrete
materials.

Light-weight aggregate concrete is increasingly being
used as a structural material in reinforced and prestressed
concrete structures. The strength properties of light-
weight aggregate concretes have been studied extensively,
but the ductility of the material, especially at ﬁigher
strengths and for members confined with lateral

reinforcement, has not been understood (17,34).
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Very little information is available on complete
compressive stress-strain behavior of light-weight concrete.
Typical comparisons between the ductility of light-weight
and normal-weight concretes (confined and unconfined) are

shown in Figure 2.4.
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Figure 2.4. Typical effects of confinement on the stress-

strain behavior of light-weight and normal-weight concretes

(23,34).

2.4.6 Creep

There are considerable variations in the creep
characteristics of concretes with comparable densities, and
the magnitude of creep depends on the cement content, water-
cement ratio of the paste, modulus of elasticity of
aggregates, and the rate of moisture loss. Creep is usually
greater in light-weight concrete than in normal-weight

concrete at the same strength (see Figure 2.5).
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Light-weight aggregates have relatively low moduli of
elasticity because of their high porosity. The lower
elastic moduli of light-weight aggregates would offer less

restraint to time-dependent deformations such as creep (7).
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Figure 2.5. Comparison of the Creep of Light-Weight and

Normal-Weight Concretes.(7)

Present-day research has proved that the effect of
cement paste content on creep in light-weight concrete is
the same as in normal-weight concrete; however, the modulus
of elasticity of the aggregate affects the magnitude of
creep through the medium of exponent a in the expression
(30):

= a
C = Cp(l-g- )

Creep of concrete (made with either light-weight
aggregate or normal-weight aggregate) can be predicted by

this equation for periods up to 7 months under load.
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a = 3(1 - &)
1 + +2(1 -2 ,) E/E,
where,
M = Poisson’s ratio of surrounding materials.
= Poisson’s ratio of aggregate
E = Modulus of Elasticity of Surrounding Materials
(Elasticity)
Ey = Modulus of Elasticity of Aggregate
= Volume of Aggregate
= Creep of Concrete
Cp = Creep of Cement Paste

2.5 PHYSICAL PROPERTIES

This section presents discussions on the shrinkage,
specific gravity and thermal properties of light-weight
concrete materials.

2.5.1 Shrinkage:

The shrinkage of light-weight concrete is generally
greater than that for normal-weight concrete with similar
mix proportions and consistency, but some impervious light-
weight aggregates produce concretes having relatively low
shrinkage (36). Light-weight aggregates usually give higher
shrinkage because they have lower moduli of elasticity and
thus produce smaller restraint against the shrinkage
movements of cement paste. Aggregates with a larger
fraction of fine materials smaller than 75 microns (No 200
sieve) show higher shrinkage movements, as fines lead to

larger void contents.
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The fact that the elastic properties of aggregates
determine the degree of restraint against shrinkage
movements is demonstrated in the observation that steel
aggregates lead to shrinkage strains that are one-third
less, and expanded shale light-weight aggregates give one-
third more shrinkage strains, when compared with ordinary
aggregates (46). A typical correlation between shrinkage
and modulus of elasticity of concrete, which depends on the

compressibility of aggregates, is shown in Figure 2.6.
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Figure 2.6. Relation Between Drying Shrinkage after 2
years and Secant Modulus (2).

Ref. 4 suggests that light-weight aggregate concrete
exhibits higher moisture movements (i.e. higher rates of
drying shrinkage) and a somewhat higher ultimate shrinkage
(typically 1600 x 10'6) when compared with normal-weight
aggregate concrete. It seems that the low strength and low
modulus of elasticity of light-weight aggregates have more

Pronounced effects on creep than on shrinkage.
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As mentioned above, the results of many tests (2,48)
show that the shrinkage of light-weight concrete might be 6
to 38% higher than that of normal-weight concrete. Other
test results (47), however, indicate that shrinkage
movements are comparable in light-weight and normal-weight
concrete. It may thus be concluded that shrinkage strains
in light-weight aggregate concrete depend on its specific
types of light-weight aggregate used.

Figure 2.7 shows the drying shrinkage movements of
plain light-weight aggregate (lytag & sand) concrete for
three different sizes of prismatic specimens tested under
constant conditions of 68°F (20°C) and 50% relative
humidity. It can be observed that at the first two days,
unlike normal-weight concrete, there is some expansion in
light-weight concrete and the smallest specimen shows the
largest expansion. This behavior possibly is due to the
water absorption of relatively high amounts of water by
light-weight aggregates (46). The absorbed water in the
aggregate tends to move to the surface, a phenomenon which
causes the expansion of concrete. The movements of water
depend on the rate of evaporation at the surface and, as the
smallest specimen has the highest surface area-to-volume
ratio, the highest expansion tendencies at early drying
periods are observed with the smallest specimen. As
expected, the smaller specimens also show higher rates of
shrinkage development which again can be attributed to their

higher rate of moisture loss.
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Figure 2.7. Drying shrinkage of prismatic light-weight

concrete specimens with different dimensions (49).

In work with shrinkage-compensating expansive cements
water curing is required; otherwise, expansion potential may
be reduced significantly (10). With light-weight
aggregates, the large quantity of water contained within the
porous aggregate particles produces a much better curing
environment for expansive cement, and the expansion can be
as much as 50% greater than that obtained with comparable

normal-weight aggregate concretes.
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2.5.2 Specific Gravity

Since light-weight aggregates generally contain pores,
both permeable and impermeable, the term specific gravity
has to be defined carefully, and there are indeed several
types of specific gravity.

The absolute specific gravity is based on the volume of
solid material excluding all pores, and can therefore be
defined as the ratio of the weight of solid material
excluding the pores (7).

If the volume of the solid includes the impermeable
pores but not the capillary ones, the resulting specific
gravity is called the apparent one. The apparent specific
gravity is then the ratio of ﬁhe weight of the aggregate
after drying in oven at 212 to 230°F (100 to 110°C) for 24
hours, to the weight of water occupying a volume equal to
that of the solid including impermeable pores.

The specific gravity of natural aggregates varies from
2.6 to 2.7. The values for artificial aggregates extend
from considerably below to very much above this range (7).
The specific gravity is difficult to calculate for light-
weight aggregates because of the water absorption
characteristics of the aggregate.

The specific gravity of light-weight aggregates varies
with their size; the finer particles tend to be heavier than
the larger ones. Hence, on a weight basis, the percentage
of finer materials in light-weight aggregates has to be more

than that in ordinary solid aggregate concrete in order to
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achieve comparable gradations on a volume basis. As far as
the proportioning of mix is concerned, it is the volume
occupied by each size fraction (and not the weight) that
determines the final cement paste content and workability of
the light-weight concrete mix.

The higher-strength materials typically have lower void
contents. Foamed concretes, with air acting as light-weight
aggregate, have higher void contents than ordinary concrete.
As observed in Figure 2.8, the strength of light-weight
concrete depends on the density of the material. The
density of concrete is itself a function of specific gravity

of aggregates.
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Figure 2.8. Strength vs. Density of Light-Weight Concretes
(2).
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Another term, specific gravity factor, refers to the
ratio of the weight of the aggregate, as introduced to the
mixer, to the effective volume displaced by aggregate. The
weight of aggregate includes any moisture content, absorbed
or free, at the time of placing the aggregate in mixer.
Specific gravity factor is recommended for calculating
adjustments in mix proportions if any variations in the
properties of fresh light-weight aggregate concrete are
observed. The specific gravity factor is not a true
specific gravity; its value incorporates compensation for
the free water of aggregate, but it is used in exactly the
same way as conventional specific gravity to calculate the
volume relationships. Specific gravity factor depends on
initial moisture content of the aggregate as shown in Figure

2.9.
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Figure 2.9. Specific Gravity Factor vs. Moisture Content of
Light-Weight Aggregates (7).
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2.5.3 Thermal Properties

The coefficient of thermal expansion of light-weight
concrete is the same as that of normal-weight concrete, but
its thermal conductivity is considerably lower because of
the large amount of void space present in light-weight
aggregates. Thermal conductivity depends upon unit weight
as shown in Figure 2.10. The lower thermal conductivity
makes light-weight concrete more fire-resistant than normal-
weight concrete; light weight concrete also provides a

better protection against fire for the reinforcement.
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Figure 2.10. Thermal Conductivity vs. Unit Weight of
Concrete (7).

The thermal transmittance of light-weight concrete is
about 50% that of normal-weight concrete. This greater

thermal insulation is a key factor in many insulating
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applications of light-weight concrete. It also has important
effects on prestressing applications because with light-

eight aggregates one gets: (a) greater camber when one side
is exposed to sun; (b) better response to steam curing; and

(c) better fire resistance.

2.6 DURABILITY AND PERMEABILITY

Durability is the ability of concrete to withstand the
exposure conditions for which it is designed over the period
of its life time.

An important factor deciding the durability of concrete
is permeability; water permeation into concrete is a
necessary condition for the initiation of many forms of
concrete deterioration.
2.6.1 Permeability

The permeability of light-weight aggregate concrete is
reported to be generally lower than that of the normal-
weight concrete (4). The principal reason for low
permeability of light-weight aggregate concrete is the
general absence of microcracks in the aggregate-cement paste
transition zone. According to Holmet (4), the reduced
intensity of interface microcracks in light-weight concrete
is due to the similarity of elastic moduli between light-
weight aggregates and cement mortar.

Some concretes made with light-weight aggregate may
exhibit higher moisture movements than normal-weight

concrete (2,4). In order to prevent early corrosion of
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reinforcement due to moisture movements in such light-weight
aggregate concretes, the depth of cover should be increased,
generally up to twice that of normal-weight concrete. 1In
exposed situations the British Code CP 110 requires 0.4" (10
mm) additional cover for light-weight concrete when compared
to dense concretes. Alternatively, the use of a rendered
finish or coating of the reinforcement with rich mortar has
been found useful. In the case of concretes made with
clinker aggregate, there is the additional danger of
corrosion due to the presence of sulfur in the clinker and
coating of steel is necessary (2,4).

2.6.2 Freeze-Thaw Durability

The freeze-thaw resistance of light-weight.concrete is
reported to be similar to that of ordinary concrete. Air
entrainment should be used when the concrete will be exposed
to repeated freezing and thawing. The moisture content of
aggregates can be critical because when aggregates are close
to saturation, the freezing water in aggregate pores will
force water out of aggregate particles into the surrounding
paste. The resulting hydraulic pressure may cause tensile
failure if sufficient entrained air is not present to
accommodate the excess water. In order to avoid this
situation the aggregates should have as low a moisture
content as practical during mixing, or the concrete should
have ample time to dry out before being exposed to freezing

temperatures.
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Laboratory freezing and thawing test performed on non-
air-entrained and air-entrained concretes made with light-
weight aggregate and normal-weight natural aggregate
concretes. Each aggregate was used in air-dried and soaked
conditions. The concrete were made at two different
strength levels. On the basis of these tests, the following
observation were made:

(a) The amount of intentionally entrained air required for
adequate durability of concretes made with light-weight
aggregate is similar to that for normal-weight concrete;

(b) Concretes incorporating light-weight aggregate can be
made, through air entrainment, as resistant to the effect of
deicer salts as concretes made with normal-weight aggregate;
and

(c) The spread in durability test results among concretes
made with different light-weight aggregates appears to be
greater than might be encountered with normal-weight
aggregate.

The resistance of light-weight concrete to deicer salt
scaling is reported to be similar to normal-weight aggregate
concrete. Salt sealing resistance is improved by air
entrainment, low water-cement ratio, adequate curing, and a
period of drying before service.

2.6.3 Abrasion Resistance

Light-weight aggregates are porous and therefore more

friable than normal-weight rock and minerals. Consequently,

concretes containing light-weight aggregates generally show
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poor resistance to heavy abrasion. Replacement of light-
weight fine aggregates with natural sand improves the
abrasion resistance.

2.6.4 Marine Durability & Sulfate Resistance

Marine durability of light-weight aggregate is
generally believed to be comparable to that of normal-weight
aggregate cohcrete.

Prestressed light-weight concrete piles have been in
service in sea water since 1955 (4). Inspection in 1968
showed no deterioration problems. Volume change problems
have occurred in some other applications, principally with
prestressed light-weight concrete floor and roof slabs.
These problems are similar to those occurring with
prestressed normal-weight concrete, but are aggravated
because of the low modulus of elasticity of light-weight
concrete and its lower dead load-to-live load ratio, greater
shrinkage, and increased thermal insulation.

The presence of excessive iron sulfide in slag may
cause discoloring and durability problems in concrete
products incorporating slag light-weight aggregates. Under
certain conditions sulfide can be converted to sulfate,
which is undesirable from the stand point of sulfate attack
on concrete. British specification limits the contents of
soluble acid SO3 and total sulfide sulfur in slag to 0.7 to

2 percent (4).
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2.6.5 Fire Resistance

Thermal conductivity of light-weight concrete is about
half as much as that of normal-weight concrete and therefore
the fire endurance is considerably better. The fire
resistance of light-weight aggregate concrete is better by
20 to 50% than normal-weight aggregate concrete.

The type of aggregate affects the strength reduction
under fire, as shown in the Figure 2.11. Light-weight
aggregates gradually lose their strength at temperatures
above 1200°F (684°C). Concretes made with c<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>