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Review of Literature on Air-Entraine·d Concrete 

Introduction 

This report results from preparation for research 
concerned with the entrained air system in concrete, and 
should provide a comprehensive review of the present 
state of knowledge in this area. The material is organ
ized to answer the following basic questions in the order 
presented. 

1. How was air entrainment discovered? 

2. What parameters define an entrained air system? 

3. How is air entrained in concrete? 

4. What properties does entrained air contribute 
to the concrete? 

5. What factors are presently known to affect the 
· properties of the entrained air system? 

6. What new technology is needed to promote the 
achievement of desirable entrained air systems? 

1. Discovery of Air Entrainment 

The history of air entrainment in concrete may be 
traced to the early 1930's at which time it was deter
mined that, 

". . . portland cement that inadvertently 
contained 'crusher oil' reduced surface scaling 
as did many of the blends of portland and natu
ral cement that contained tallow added during 
grinding of the natural cement. Laboratory 
tests disclosed that the beneficial effect of the 
crusher oil and tallow was due entirely to the 
additional air entrapped in the concrete by 
these air-entraining agents." ( 1) 

The discovery of this phenomenon was quite by 
accident as pointed out by Jackson. Introducing the 
subject of "Concrete Containing Air Entraining Agents," 
Jackson ( 2) states·, 

" ... I should like to trace briefly the devel
opment of the idea of introducing air into con
crete for the purpose of improving durability. 
As we all know, the practice of applying sodium 
or calcium chloride, either mixed with sand and 
cinders or in the raw state, to icy pavements 
tends to induce surface scaling, particularly on 
new concrete. In an attempt to · prevent this 
trouble the New York State Highway Depart
ment several years ago introduced the practice · 
of blending natural with portland cement in its 
pavement concrete using a proportion of about 
15 percent natural to 85 percent portland. Pre
liminary field experiments indicated that con
crete containing the blended cement was con
siderably more resistant to salt action than 
comparable concrete made .entirely of portland 
cement. In fact,. the results were so outstand
ing that New York State, as well as most of the 
New England States, adopted the use of the 
blend as standard practice. 

"Speculation as to the reasons for this 
superior resistance developed two schools of 

J thought. On the one hand it was ·argued that 
the improvement was due to certain desirable 
characteristics inherent in the natural cement 
itself. On the other hand, the fact that, of the 
two natural cements used in New York State, 
the one which had produced the best results 

contained a small amount of beef tallow used 
as a g,rinding aid led many· to wonder whether 
the improvement in scale .resistance was not due 
merely to this fact or, in other words, whether 
the same benefits would not be derived by in
tergrinding the tallow with the portland cement 
itself. Incidentally, this view was strengthened 
considerably by the discovery about this time 
that a certain portland cement having an ex
ceptionally good service record in ·New York 
State contained a small quantity of oil or grease 
which had contaminated the cement as the re
sult of leakage from the crusher bearings. 

"Recognizing the seriousness of the scaling 
problem, the Portland Cement Association 
about this time began an intensive study of air
entraining agents. The effect of introducing 
§mall quantities of materials such as tallow, fish 
oil stearate, resin, etc., either interground with 
the cement or introduced in liquid form at the 
mixer, was studied both in the laboratory and 
in the field. 

"Beginning in 1938 a number of experi
mental concrete pavements were constructed by 
several of the State Highway departments, cer
tain cities and others, with the idea of demon
strating the effectivenes; of this treatment under 
field conditions. The several test roads built 
by New York State, and the experimental street 
work carried out by the City of Minneapolis 
are examples. However, the field demonstra
tion which has probably been most striking and 
certainly the best known is the one conducted 
by Moore at the Hudson plant of Universal
Atlas. These tests, with which you are all fa
miliar, indicated definitely the possibilities of 
utilizing the air-entraining characteristic of cer
tain materials to improve durability." 

Thus, the practic;e of intentionally entraining air 
bubbles in concrete was introduced in the 1930's and it 
has since become one of the most important developments 
in concrete technology. As pointed out, the main pur· 
pose of introducing air into concrete is to protect it from 
the potentially destructive effect of freezing and thawing. 
Air may also he introduced to aid in the workability of 
concrete having a low cement content. 
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2. Parameters Defining the Entrained Air System 

In order to investigate the air void system in hard
ened concrete, a surface must be prepared by sawing and 
polishing the concrete. to expose the air bubble sections. 
This prepared surface is observed through a linearly 
traversing microscope and the bubble sections intersected 
by the traverse line are counted and the length of the 
bubble chords measured. With information thus ob
tained, various parameters may be determined. 

ASTM designation C457-60T (3) applied the fol
lowing definitions and symbols to the parameters of the 

. air void system: 

" (a) Air Void-A small space. enclosed 
by the cement paste and concrete and occupied 
by air. This term does not refer to capillary or 
other openings of submicroscopical dimensions 
or to voids within particles of aggregate. Air 
voids are almost invariably larger than 2 JL in 
diameter. The term includes both 'entrapped' 
and 'entrained' air voids . . . 

" (e) Air Content, A___:The proportional 
volume of air voids. in concrete expressed as a 
percentage of the volume of the hardened con
crete. 

"(f) Paste Content, P-The proportional 
volume of cement paste in concrete, expressed as 
a percentage of the volume of the hardened con
crete, calculated as the simple summation of the 
proportional volumes of the cement and water 
included in the concrete mixture. 

" (g) Specific Surface, a-The surface 
area of the air voids in hardened concrete, ex
pressed as square inches per cubic inch of air 
void volume. 

"(h) Chord Intercept, T- The average 
length of chord across the cross-sections of the 
air voids intercepted by a line of microscopical 
traverse, in inches. 

"(i) Number of Air Voids Per Inch of 
Traverse, n__:_The number of air voids inter
cepted by a line of microscopical traverse, in 
number of air voids per inch of traverse." 

Powers Spacing Fl1Ctor, L-The Powers spacing 
factor is an index related to the maximum distance of 
any point in the cement paste from the periphery of an 
air void, in inches. The calculation of the spacing factor 
of the air-void system is based upon an assumption that 
all air voids in the sample are equal-sized spheres ar
:r:anged in a simple cubic lattice throughout the cement 
paste. Figure 1, diagram A, shows a single cube of the 
lattice with an air void centered in the cube. The Pow-· 
ers spacing factor,· L, is shown geometrically to be one
half t4e diagonal length of the cube minus the radius 
of the air void. 

Phi/leo Factor, S-According to Larson, et al. ( 4), 
this factor defines, 

". . . the distance which, in a given per
centage of cases, is equal to or greater than the 
distance from any given point in the paste to 
the near~st air bubble. 

" ... it may be thought of as the thickness 
of spherical shells concentric with randomly 
distributed air voids such that the volume con-

. tained within all such spheres in a unit volume 
of paste constitutes a given percentage of the 
paste." 

The Philleo Factor is shown in Figure 1, diagram B. 

Figure 1. Polished section of air-entrained concre·te as 
seen through a microscope. 

3. Entrainment of Air in Concrete 
During the miXmg of concrete, layers of air are 

trapped between the in-folding surfaces of paste. These 
lay~rs are quickly broken up and dispersed as. bubbles, 
which in the presence of agitation collide and tend to 
coalesce. Coalescence is a natural tendency for air bub
bles because i,t is accompanied by a reduction of inter
facial area and pressure within the bubbles; thus a re
duction in the energy o.f the system results. 

Coalescence is accompanied by an increased prob
ability that the bubbles will escape during mixing be
cause it creates large bubbles possessing higher buoyant 
forces. For escape to occur during mixing, the bubble 
near the surface must exert enough buoyant force to 
move through the paste at a rate that will enable it to 
reach the surface be.fore circulation removes. it from the· 
surface region. 
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A principal function of the air-entraining agent is 
to prevent this coalescence by forming a film at the inter
face of the bubbles. This film is more effective when it 
prevents migration of air from small to large bubbles and 
causes adhesion of minute bubbles to solid· particles in 
the concrete. The film must also resist deterioration with 
time and be elastic enough to sustain short time loads. 

There are many agents capable of entraining air in 
concrete. In an extensive evaluation program conducted 
by the Bureau of Public Roads ( 5) 27 commercial ad
mixtures submitted for test were classified in the follow
ing seven categories: 

( 1) salts of wood resins (pine wood stumps) , 
(2) synthetic detergents (petroleum fractions), 
( 3) salts of sulfonated lignin (paper pulp industry), 



( 4) salts of petroleum acids (petroleum refining), 
( 5) salts of proteinaceous materials (processing of 

animal hides) , 
( 6) fatty and resinous acids and their salts (paper 

pulp and animal hide processing) , and 
(7) organic salts of sulfonated hydrocarbons (petro

leum refining.). 

Entrained air is present in concrete in voids of two 
general types. As stated by Mielenz et al. ( 6) , these 
types are, "(l) those subjected only to capillary and 

hydraulic pressure of water in the fresh concrete; and 
(2) those called 'entrapped' voids and 'entrained' air 
bubbles, respectively. The 'entrapped' voids are ineffec
tive or harmful in unhardened concrete because they do 
not increase the spacing of solid particles in the mass 
and hence they do not . decrease the dilatancy necessary 
to mal).ipulation. Entrained air bubbles increase the 
spacing of the solid particles and decrease the dilatancy; 
moreover, they facilitate movement of particles of aggre
gate by sep-arating solid surfaces and sustaining short
time loads." 

4. Properties Contributed to Concrete. by Air Entrainment 

From the advent of air-entrained concrete in the 
l'930's until 1945, little was known of the mechanism 
through which air entrainment increased frost resistance. 
Using experimentally determined properties, Powers ( 7) 
obtained information in 194$ which contributed signifi
cantly to the understanding of frost action in concrete. 

Power.s found that not only is the total volume of 
air contained in the concrete important, but more so is 
the size and spacing of the air voids comprising the total 
volume. These findings were arrived at through an in
vestigation of the hydraulic pressure developed within 
the concrete paste during freezing. 

As stated by Po~ers, 
"According to the hydraulic-pressure hy

pothesis of frost action on concrete the effec
tiveness of entrained air depends on void spac
ing. The theoretical maximum permissible 
spacing is found analytically to be a function 
of paste properties, degree of saturation of the 
paste, and rate of cooling. Applied to experi
mental data from six different pastes, cooled 
at 20oF per hour, the theoretical calculations 
gave spacing factors ranging from 0.01 to 0.026 
in. or more, depending on paste characteristics 
and void size. 

"The outstanding significance of the analy
sis is that it accounts for the necessity of closely 
spaced voids in paste liable to be frozen rapidly 
while it is saturated, or nearly saturated, with 
water; the order of magnitude of the calculated 
requirement is the same as the actual require
ment. It is especially significant that the com
putation of permissible bubble spacing involv.ed 
the use of experimental values for certain prop
erties of the paste, particularly permeability, 
strength, and freezable-water coefficient. The 
magnitudes of these experimental values, as well 
as the theory as to their combined effects, de· 
termined the magnitude of the computed result. 

"The computations based on measured 
properties of the . paste show that a body of 
nearly saturated paste more than a few hun
dredths of an inch thick, cannot possibly be 
frozen rapidly without incurring damage." 

Thus, Powers introduced a factor defined as the 
maximum average distance , from a point in the paste to 
the nearest air void and indicative of the distance water 

would have to travel during the freezing process in order 
to reach an air void. According to Powers, if these 
voids . were spaced closely enough together, the internal 
hydraulic pressure created by the resistance to flow 
of excess water would be sufficiently low to prevent 
rupture of the paste in tension. Analysis of laboratory 
freeze-thaw data available at that time led Powers to 
propose that the magnitude of this distance he equal to 
or less than . 01 inches. 

More recent work by Mielenz et al. ( 8) indicates- an 
upper limit of about .008 inches. Figure 2 shows the 
correlation between Powers spacing factor and . freezing 
and thawing resistance. The results of previous findings 
are shown by the dashed line in Figure 2. 

Extensive freezing and thawing tests by Klieger ( 9) 
provided further substantiation of the void spacing 
concept. 
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Another approach to the void spacing concept has 
been under investigation recently by Larson ( 4) et al. 
They state: 

"Research by Powers advanced the concept 
of hydraulic pressure as the principal destruc
tive mechanism and the role of· entrained air 
bubbles in reducing such pressure to tolerable 
levels. Brown and Pierson applied the Rosiwal 
traverse method to the proble~ of :~p.easuring 
the parameters of the voi<{_ system which Powers 
had conceived as being most significant. These 
were air content, bubble chords per unit length 
of traverse, specific surface, and spacing factor. 
Spacing factor has been considered the best 
indicator of the adequacy of an air-void system, 
but limits for this parameter, which will assure 
good correlations with performance, are not 
logically determinable. Total air content, per-

-haps the most widely used parameter, often 
fails to be a reliable indicator of frost resist
ance because it does not reflect the quality of 
an air void system." 

The parameters chosen by Larson et al. were evalu
ated by a laboratory test program in which test speci
mens were subjected to Powers test cycle to determine 
frost susceptibility. They report that ( 4) , " . . . Speci
men dilations correlated with increasing cycle numbers 
in all cases and most probable tenth cycle dilation was 
determined for each specimen." Of the parameters in
vestigated, they state that, "a factor indicating the pro
tected paste volume, termed the Philleo spacing factor, 
was found to give the best correlation." 

This parameter was suggested by R. E. Philleo (10) 
in 1955, and according to Philleo, is the distance equal 

to or greater than the distance from any given point in 
the paste to the nearest air bubble for a given percentage 
of cases. 

For the data reported by Larson et al., Powers spac
ing factor ranged from a low value of .00678 inches to a 
maximum value of .01568 inches while the Philleo spac
ing factor ranged between the values of .002812 and 
.008568 inches, respectively. 

In summary, the principal purpose of entraining air 
in concrete is to protect the paste from the potentially 
destructive forces generated during the freezing process. 
This protection is derived from the cellular paste struc
ture produced by the randomly dispersed air bubbles and 
is related to the thickness. of the cellular walls. Both the 
Philleo and Powers factors are to some extent approxi
mations of the average wall thickness and are dependent 
upon the frequency of air voids and their size distribu
tions. Therefore, a change in the frequency and size 
distribution of air voids and concowitantly the Powers 
and Philleo factors affects the freeze-thaw resistance of 
air entrained concrete. 

Aside from the Powers and Philleo factors, some 
commonly used parameters for defining the frequency 
and void size ,distribution are specific surface area of the 
voids, total number _of voids per unit volume of paste or 
concrete and mean void diameters. 

The theoretical basis for these parameters and the 
mathematical relationships between them are given by 
Lord and Willis (11). 

Equations relating the above parameters to the 
Philleo and Powers spacing factors are presented in 
reference ( 4) and ( 11), respectively. 

5. Factors Affecting the Properties of the Entrained Air Void System 
!n an unhardened, air-entrained concrete, numerous 

factors significantly influence the size distribution and 
frequency of the air void system and therefore, the frost 
resistance of the hardened concrete. 

Results of numerous investigations have shown that 
the following factors significantly influence the void size 
distribution and fr~quency: 

( 1) Properties of the air-entraining agent. 

( 2) Water-cement ratio. 

( 3) Properties of the solids in the concrete mixture. 

( 4) Manipulation and consolidation of the concrete. 

, The influence of these factors on the air void system 
may be investigated by observing changes in the deter
mination parameters of the void system (i.e., spacing 
factors, specific surface area, mean diameters, number 
of bubbles). 

Properties of the Air-Entraining Agent 

Air-entraining agents, when added to concrete, may 
behave in one of two ways. The agent may remain 
soluble and become adsorbed at the air-liquid interface 
or it may: produce an insoluble precipitate which sur
rounds an air bubble when it is caught in the interface 
between the water and air. 

PAGE FOUR 

Air-entraining agents which remain soluble and are 
positively adsorbed at the air-water interface are said to 
be surface active. Such materials cause a reduction in 
surface tension of the water. Mielenz et al. ( 6) have 
reported that a reduction of as much as 18 dynes per 
centimeter may be expected at concentrations of surface 
active agents normally· used in practice. Glasstone (12) 
states that there are indications of ".,._. the formation of. 
unimolecular layers at the surface of a solution contain
ing a substance producing a marked lowering of. surface 
tension." He further states that" ... there may be some 
tendency, in certain cases, for thicker layers to form to a 
limitedextent." Thus, these agents may produce a "film"_ 
around air bubbles which has a thickness of only one 
molecule. 

On the other hand, agents which produce insoluble 
precipitates form a "film" in the interfacial region de
scribed by Mielenz et al. ( 6) as " ... a, solid or gelatinous 
film . . . characterized by finite thickness., strength, elas
ticity, permeability, and other properties which, together, 
control the subsequent response of the air bubble to me
chanical or physical-chemical changes in the system." 

Mielenz et al. ( 6) found that those agents which 
produce insoluble products with calcium hydroxide and 
are not likely to function as surface active agents are: 

(1) Sodium soap of wood resin. 
(2) Sodium abietate. 



( 3) Sodium soaps of lignin derivatives, rosin, or 
fatty acid. 

( 4) Triethanolamine salts of sulfonic acids. 

Many agents based on sulfonates do not form in
soluble precipitates and are therefore likely to function 
as surface active agents in concrete. 

The "film" so formed by air-entraining agents has 
been thought by some to be of importance because coales
cence of bubbles and the rate of dissolution of the air in 
the bubbles may be reduced to an extent depending on 
various properties of the air-entraining agent. As fitated 
by Mielenz, 

" . . . adsorbed films at air-water interfaces 
produced by satisfactory air entraining agents 
dec.rease the rate of transfer of air, decrease the 
tendency of bubbles to coalesce, permit bubbles 
to bear short-time loads, and decrease the work 
necessary to reproduce bubbles of given spe
cific surface area." 

To investigate the variability between agents in pro
ducing small bubbles and preventing coalescence and 
passage of air through the "film" of the agent, Mielenz 
generated air bubbles using various agents in the pres
ence of portland cement slurry. 

The results are shown in Figure 3. Agents F and L 
gave rise to comparably large bubbles which dissolved 
completely, in a short period of time. Agent C produced 
small bubbles (about 13 and 28 microns in diameter) 
which decreased in size until finally becoming stabilized 
at some smaller diameter. Three bubbles were observed 
using Agent J. These bubbles behaved in much the same 
manner as those produced by Agent C, but stabilization 
was achieved at a smaller diameter. 
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There is a tendency for air to transfer from small 
to large bubbles if the mix water is saturated with air. 
When the mix water is not saturated with air there is a 
tendency for the air in small bubbles to go into solution 
. because of the inherent higher pressure in these small 
bubbles due to surface tension. 

If those processes occur to a significant extent 
during the setting period of concrete, they will increase 
the difficulty of producing hardened concrete containing 
high specific surface area bubbles for a given air con
tent and thereby increase the difficulty of producing 
frost resistant concrete. 

Bruere ( 13) has observed that in cement paste, a 
negligible amount of air is transferred from bubble to 
bubble as a result of the inability of the "film" to pre
vent the passage of air. He states that, "Negligible 
rearrangement of bubble sizes and solution of air from 
small bubbles occurred during the ·period that air
entrained cement pastes are fluid prior to setting," and 
that " ... the type of bubble film appears to be an unim
portant factor in the transference of ·gas between bubbles 
in cement pastes." 

The relative effectiveness of various air-entraining 
agents in producing a system of air bubbles possessing 
high specific surface area is shown in Table P and 
Figure 4. 

The type and amount of air-entraining agent re
quired to produce an air content of 5 percent as deter-

1Tables may be found in the Appendix. 
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mined by the air meter were the principal variables. 
Agents A, B, _C, D, and J were well known air-entraining 
agents meeting the specifications of ASTM C-260 at the 
time the research was conducted. Agent I was not a 
true air-entraining agent. Agent L was an air-entraining 
agent produced outside the United States. 

Figure 4 shows that Agents A, B, C, D, J, and H 
(in liquid form) produced small bubbles while the use 
of Agents B, E, F, G, and L (in powder form) produced 
larger bubbles. The specific surface areas for the agents 
producing the small bubbles ranged from a- high value 
of 1143 in2 /in3 to a low of 800 in2 /in3• Corresponding
ly, the specific surface areas for the group producing the 
larger bubbles were 678 in2 /in3 to 476 in2 /in3• 

'the divergence of the dashed lines in Figure 4 indi
cates that differences in specific surface area may be 
attribued to the agent used rather than the amount used. 
Bruere (14) also found this to be true. 

From present knowledge, the following conclusions 
may be made concerning air-entraining agents: 

l. No data have been presented which indicate that 
one_ class of. agents is superior to the other. (Classes of 
agents being those agents that produce insoluble precipi
tates as opposed ~o the surface active agents.) Within 
classes, however, different agents may entrain bubbles 
with widely different specific surface areas. 

2. Among the surface active agents, Lauer ( 15) 
and Bruere ·(14) reported the anionic type to be superior 
to the cationic type and the cationic to be superior to the 
nonionic type. 

3. Mielenz et al. · ( 6) report that derivatives of 
abietic acid and sulfonated hydrocarbons produce some
what smaller voids than do other types of air-entraining 
agents. 

4. The air-entraining agent and the amount used 
affect the size distribution and frequency of the air voids .. 

5. Negligible rearrangement of bubble sizes and 
solution of air from small bubbles occurs during the pe
riod that air-entrained cement pastes are fluid prior to 
setting. 

6. The type of bubble film appears to be an unim
portant factot in the transference of gas- between bubbles. 
in cement pastes. 

The Effect of the Water-Cement Ratio 

For a given concrete· mixture, as the water-cement 
r<1;tio increases, the air content increases and the specific 
surface area of the bubbles decreases. 

This can be understood by considering the mecha
nisms through which air is introduced into the mixture·. 
As pointed out by Powers ( 16) air presumably enters 
concrete as a result of the infolding action of the fluid 
mixture. As the fluid mixture becomes stiffer, the in
folding action is confined to the vicinity of the mixing 
source while the remainder of the mixture is quiet. 
Thus, the stiffer the mix (lower the water-ce-ment ratio) 
the less air entrained. 

Lower specific surfa~e area of the air void system -: 
due to increased water-cement ratio is a result of low 
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shear stress in the more fluid material. Powers has 
:gointed out that- higher shear stresses exist in the more 
viscous materials (low water-cement ratio) enabling divi
sion ~9£ smaller bubbles than would otherwise occur. 
Conversely, a high water-cement ratio produces a more
fluid material with low shear stresses unabl~ to divide 
the larger bubbles. This results in a void system of lo-w 
specific surface area. 

Figure 5 illustrates the effect of the water-cement 
ratio on the air content anq. the specific surface area of 
the air void system. In one concrete mixture, the af:Potmt 
of air-entraining agent was held constant while .i11 -the 
other mixture the amount of agent was varied to give 
constant air content. A study of these curves indicates 
that an increase of wate-r-cement ratio with the amount 
of air-entraining agent held constant tends to increase the 
size of the bubbles (decrease the magnitude of the spe
cific surface) and to increase the air content of the ce
ment paste greatly. 

The relative size distribution and number of voids 
is also significantly affected by the water-cement ratio 
o.f the mixture. This is illustrated in Figure 6 and Table 
II. 
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DIAMETER OF VOID SECTION -MICRONS 

Figure 6.' Change of distribution of void section size 
with change of water-cement ratio at simila·r air content 
(figure taken from Refe·rence• 19). 

. From Figure 6 it is seen that app·roximately 75. per
cent of the void sections are 50 microns or less in diam
eter for the concrete of low water cement ratio ( .35) , 
whereas only about 12. percent of the voids are in this 
size range in the concrete of high water-cement ratio 
(.75). 

The change in void . distribution is quantitatively 
illustrated in Table II. 

With an increase in water-cement ratio from .35 . 
to .55, the number of voids per cubic inch of concrete 
decreases from about 7,150,000 to about 2,470,000. At 
a water-cement ratio of . 75 the concrete contains only 
about 700,000 voids per cuhi~ inch. Also, voids less 
than 20 m,icrons · in diameter constitute 58 percent of the 
total numbe.r of voids at a water-cement ratio of .35 and 
only nine percent of the voids at a water-cement ratio 
of . 75. With water-cement ratios of .35 and .55 most 
of the voids are less than 20 microns. in diameter, where
as at a water-cement ratio of . 75 most of the voids are 
between 20 and 40 microns. 

Fro·m the above considerations, the following con
clusions may he made concerning the effect of the water
cement ratio on the air void system of air-entrained 
concrete: 

1. Increasing the water-cement ratio results in a 
reduction of the specific surface area of the air void 
system. 

2. An increase of the water-cement ratio increases 
the air content of the cement paste. 

3. Increasing water-cement ratio increases the per
centage of large voids and decreases the total number of 
voids. 

Properties of the Solids in the Concrete Mixture 

Scripture, Hornihrook, and Bryant ( 17) reported 
that in mixes employing sand alone, the amount of air 
entrained is markedly affected by the gradation of the 
sand. They found that the amount of air entrained rises 
with decreasing size of the sand to a maximum for the 
size 28-48 mesh, thereafter decreasing rapidly. In mor
tar, they reported that the same trend was observed, but 

to a lesser degree and that the sand gradation at which 
-maximum air-entrainment was obtained ·moved toward 
the coarser sizes. They also concluded that in concrete 

: mixtures the effect of the sand is further suppressed. 
According to Powers ( 16), aggregate gradation and air 
entrainment are related inasmuch as void size and void 
content of the aggregate are functions of gradation. 
Powers states that, 

". . . the aggregate provides a screen that 
holds bubbles when the cement is absent, or 
that holds bubbles. in plastic concrete when no 
air-entraining agent is used; and its voids, 
slightly dilated, provide the space for paste and 
bubbles. Therefore, the relationship between 
air content of a given mixture and aggregate 
characteristics is determined by whether or not 
emulsification is the major entraining process, 
as well as by aggregate void content in the di
lated state, and sometimes by void size. The 
latter two factors are functions of size range 
and grading; for a given size range, aggregate 
characteristics vary with grading. If grading 
of aggregates for a given mix is changed by in
creasing the proportion .of a given size group a 
change in air content of the mixture may he ob
tained, and thus the change in the air content 
seems to he the effect of the particular size 
group that was increased. But, the effect ac
tually is due to change in voi<;l content of the 
aggregate, and possibly to change in void size." 

Powers has shown that as the size ratio (ratio of 
the mean size of the fine aggregate to the mean size of 
the coarse) of aggregate mixtures increases, the voids. 
are enlarged and there is an increase in total aggregate 
void content. 

Singh (18) has published work on the relation of 
aggregate gradation to air entrainment, some of which 
is shown in Table III. The gradings are shown along 
with the air contents of two different concrete mixtures 
with and without an air-entrainiil.g agent. The last four 
columns of Table III show that with or without the air
entraining agent the amount of air retained hy. a given 
mixture was greater the greater the size ratio of fine to 
coarse aggregate. Bubble sizes were not reported, but 
according to Powers (16), 

" ... it is safe to say that the maximum. 
size of bubble increased as the screen size in
creased. It should he noted also that the in· 
crease of air content due to the agent was about 
three percent in most cases, regardless of the 
total air content." 

Mielenz et al. ( 19) have reported that in mortar 
hatches made with sands of fineness moduli from 2.00 
to 3.26, no appreciable variation in the air void system 
was observed. 

Mielenz also reports that, 

" ... it appears that the influence of the 
sand grading on the air void system, although 
generally apparent, may he appreciable only in 
very lean mixes and, from a practical point of 
view, may be ignored in the richer mixes since 
a relatively large amount of cement fines, with 
adequate air, seems to insure a good void 
system." 
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Mielenz has- further reported that surface roughness 
of sand particles has some influence oil the size of the 
air voids. In mixes containing sand of a rough surface 
texture the average specific surface area of voids was 
found to be 1037 in. -t, while for the smoother sands, 
an average specific surface area of 742 in.-1 was ob
served. 

Investigations by Scripture, Benedict, and Litwino
wicz (20) have shown that as specific surface area of 
cement increases, the amount of air entrained by an 
air~entraining agent is reduced. Little effect on air
entrainment was observed in mixes containing no agent. 

Data presented by Bruere (21) substantiate the fact 
that . air contents of pastes vary widely with the type of 
cement, and further that the specific surface area of 
bubbles varies only slightly with the type of cement used. 

The effect of calcium chloride on the air void sys
tem is relatively unexplored. Mielenz ( 19) reported that 
addition of one percent calcium chloride by weight of 
cement resulted in a void system with larger bubbles 
(smaller specific surface area of bubbles) while Bruere 
( 21) reported that additions of two percent by weight 
of cement resulted in little change in the air void system. 

The following conclusions may be made concerning 
the effect of the solid materials on the air void system. 

1. If size ratio is defined as the ratio of the mean 
size of the fine aggregate to that of the coarse, then with 
or without an air-entraining agent, the amount of air 
retained by a given mixture increases with increasing 
size ratio. 

2. Wide differences in air content result from the 
use of different cements, but there appears to be little 
effect on the specific surface area of the bubbles. 

Manipulation and Consolidation of Concrete 

The duration and speed of the stirring or kneading 
procedure affect the air void system in such a w~y as 
to cause an increase in the air content and specific sur
face area of the voids as mixing time and speed increase. 
This is illustrated by data presented in Table IV and 
Table V. Using a given dose of air-entraining agent, 
Bruere (22) found that during prolonged mixing at con
stant speed, air content increased rapidly at first and 
then slowly approached an upper limit, as shown in 
Figure 7, diagram A. He also found that more air is 
accumulated the faste-r the mixture is stirred. This is 
illustrated in Figure 7, diagram B. 

Powers (23) points out that, 

". . . the kind of stirring device as well as 
its mode of operation have a significant effect 
on the amount of air entrained in cement paste; 
and, with any given device and mode of opera
tion, rate of air accumulation is smaller the 
larger the batch since only a fraction of the 
hatch is being subjected to effective stirring or 
kneading at a given time, and this fraction is 
usually smaller the larger the batch." 

The handling and manipulation of air-entrained 
concrete acts to diminish the air content while the spe
cific surface area of the bubbles increases. This is 
illustr~ted in data obtained by Mielenz et al. ( 19) and 
shown in Table VI. 
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Figure 7. Effects of stirring time a:nd speed of stirre·r 
on air content of neat paste (figure taken from Refe-r
ence 22). 

Higginson ( 24) found that regardless of the amount 
of air originally entrained in laboratory specimens; all 
but about one percent could be removed from the speci
mens through vibration. He reports that with an initial 
air content of nine percent, one-half of the air could be 
removed from a .5 cubic ft. sample in a standard unit 
weight measure with 50 seconds of vibration, whereas 
removal of half of ·the air in a .2 cubic ft. sample re
quired about 12 seconds vibration time. In tests made -
during construction of concrete dams, where the concrete 
was handled in large batches and placed in massive sec
tions by vibration, Higginson found practically no loss 
of air during transport and final vibration. This obser
vation seems in agreement with laboratory findings just 
mentioned; since the dam construction concrete was 
handled in large quantities, it is not surprising to find 
the loss of air reduced to a negligible level. Powers (23) 
points out that smaller quantities of concrete such as 
used for pavement slabs, may exhiD1t losses of air that 

*Air-entraining agent: sodium dodecyl sulfate; dose: 
0.0125 percent by W'eight of cement. 



are not negligible, although it is doubtful that losses as 
, high as those observed in laboratory concrete would 
result. Higginson concluded that the large rates of loss 
under laboratory conditions were due to intensification 
·of vibration from the walls of the container. 

Vibration influences concrete in such a way as to 
fluidize the paste. Therefore, for the small quantities 
.of concrete confined in laboratory molds, conditions are 
enhanced for escape of bubbles, preferentially the larger, 
more buoyant ones. At the same time however, new air 
may be emulsified or air already present may be further 
divided into smaller bubbles. The final results would 
therefore be a leveling off of air content at some lower 
value and eventual loss of all but the smaller bubbles, 
hence increasing the specific surface area of the re· 
maining bubble· system. 

The preferential loss of larger bubbles is illustrated 
in Table VII. The total number of voids per cubic 
centimeter of concrete is indicated to decrease from 
about 303,000 to about 120,000, and the number of voids 
smaller than 40 microns decreased only from 83 to 82 
percent of the total number of voids in the concrete in 

DIAMETER OF VOID SECTION -MICRONS 

Figure 8. Change of 4istribution. of vocid section size 
with change of duration of vibration (figure taken from 
Reference· 19). 

each condition. The number of voids greater than 60 
microns is greatly reduced in frequency by additional 
vibration. 

The increase in specific surface area of the voids 
with increased vibration is demonstrated in Figure 8 by 
additional vibration of 25 seconds, void sections larger 
than 90 microns are reduced from 19.5 to 11.0 percent 
of the total number of voids, and void· sections smaller 
than 50 microns are increased from 55.0 to 12.0 percent 
of the total number. 

Indications are that losses of air from air-entrained 
concrete during handling have desirable consequences 
provided a sufficient amount of air was initially P!"esent 
to insure protection from freeze-thaw damage. Mielenz 
et al. (19) give the following example: When the 
air content of a certain concrete mixture was reduced 
fro~ 6 .. 7 to 1.2 percent by vibration, the number· of bub
bles was reduced from 905,000 to 434,000. However, 
the remaining number apparently was adequate since the 
results of freezing and thawing tests were such as to indi
cate a high degree of protection with either number. 
At the same time, the 28-day compressive strength of the 
concrete containing the lesser number of bubbles showed 
an increase of 1000 psi over that of the concrete with 
the larger number of bubbles. 

The following observations concerning the influence 
of manipulation and compaction of air-entrained con
crete may be made: 

l. With increasing mixing time and speed, higher 
air contents and· specific surface areas of the resulting 
void systems are obtained. 

2. The size of the sample being subjected to vibra
tion plays a significant part in the effect vibration has 
on the resulting air system. Large quantities of air may 
be removed from small laboratory specimens by relatively 
minor vibration, whereas vibration affects the air system 
of massive concrete pours very little. 

3. When air is lost from air-entrained concrete 
through handling and manipulation, the resulting con
crete contains fewer bubbles. Those remaining are pre· 
dominantly small and appear to be adequate in protect
ing the concrete from damage by freeze-thaw. 

6. New Technology Needed to Promote the Achievement 
of Desirable Entrained Air Systems 

The foregoing review of present knowledge of en
trained air systems in concrete has illustrated the desira· 
bility for research in several areas which are outlined 
below: 

l. A study of the effectiveness of present field prac
tices in achieving a desirable air void system. 

2. The development of a field test to determine the 
quality of an entrained air system (to supplement exist
ing tests which measure only the quantity) . 

3. The effects of various combinations of air-en
training agents, retarders and mixing methods on the air 
void system. · 

4. A study of practical hatching, placing and fin
ishing methods with regard to their effect on the air 
void system. 

Work is being conducted at the present time by the 
Structural Research Department of the Texas Transpor
tatioJ). Institute in all of the areas listed and reports will 
be forthcoming. 

PAGE NINE 



Selected References 

1. Klieger, P., "Air Entraining Admixtures," Ameri
can Society for Testing and Materials, STP 169-A, 
1966, pp. 530-542. 

2. Jackson, Frank H., "Concretes Containing Air-En
training Agents," Journal of the American Concrete 
Institute, Vol. 40, 1944, pp. 509-515. 

3. American Society for Testing and Materials, "Con
crete and MineTal Aggregates, Part 10, 1964 Book 
of ASTM Standards,"· ASTM Designation: C-457-
60T, pp. 318-319. 

4. Larson, T. D., t:ady, P. D., Malloy, J. J., "The Pro
tected Paste Volume Concept using New Air Void 
Measurement and Distribution Techniques," ASTM 
Jour_nal of Materials, Vol. 2., No. 1, March, 1967, 
p. 202. 

5. U. S. Bureau of Public Roads, "Evaluation of Air
Entraining Admixtures for Concrete," Public Roads, 
Vol. 27, No. 12, February 1954, pp. 259-267. 

6. Mielenz, R. C., Wolkod.off, V. E., Backstrom, J. E., 
and Flack, H. L., "Origin, Evolution and E.ffects of 
the Air Void System in Concrete. ·Part !-Entrained 
Air in Unhardened Concrete," Proceedings, Ameri
can Concrete Institute, Vol. 55, 1958, pp. 95-121. 

7. Powers, T. C., "The Air Requirement of Frost Re
sistant Concrete," Proceedings, Highway Research 
Board, Vol. 29, 1949, pp. 184-202. 

8. Backstrom, J. E., Burrows, R. W., Mielenz, R. C., 
and Wolkodoff, V. E.., "Origin, Evolution and Ef
fects of the Air Void System in Concrete. Part 2-
Influence of Type and Amount of Air Entraining 
Agent," Proceedings, American Concrete Institute, 
Vol. 55, 1958, pp. 261-272. 

9. Klieger, P., "Effect of Entrained Air on Strength 
and Durability of Concrete Made with Various 
Maximum Sizes qf Aggregate," Proceedings, High
way Research Board, Vol. 31, 1952, pp. 177-201. 

10. Philleo, .R. E., "A Method of Analyzing Void Dis
tribution in Air Entrained Concrete," Unpublished· 
paper, Portland Cement Association, Research and 
Development Division, 1955. 

11. Lord, G. W., and Willis, T. F., "Calculation of Air 
Bubble Size Distribution from Results of a Rosiwal 
Traverse of Aerated Concrete," ASTM Bulletin, No. 
177, 1951. 

12. Glasstone, S., "Textbook of Physical Chemistry," 
Second Edition~ April 1946, p. 1198. 

13. · Bruere, G. M., "Rearrangement of Bubble Sizes in 
Air-Entrained Cement Pastes During Setting," Aus-

PAGE TEN 

tralian Jaurnat of Applied Science, Vol. 13, No. 3, 
1962, pp. 222-227. 

14. Bruere, G. M., "Effect of Type of Surface-Active 
Agent on· Spacing Factors and Surface Areas of 
Entrained Bubbles in Cement Pastes," Australian 
Journal of Applied Science, Vo~ 11, No. 2, 1960, 
pp. 289-294. 

.. 15. Lauer, K. R., "The. Me~hanisms of Air Entrainment 
of Mortars," Purdue University, Doctoral Disser
tation, 116 pages ( 1960). Abstract in Dissertation 
Abs.tracts,-21, No. 7, 1889 (January-Vol. 21, No. 
7, pp. 1889, 1961). 

16. Powers, T. C., "Topics in Concrete Teehnology, 3. 
Mixtures Containing Intentionally Entrained Air," 
J ournai of the PCA Research and Development La:b. 
oratories, Vol. 6, No. 3, 1964, pp. 19-41. 

17. Scripture, E. W., Jr., Hornibrook, F. B., and 
Bryant, D. E., "Influence of Size Grading of Sand 
on Air Entrainment," ACI Jaurnal, Nov. 1948, 
Proceedings, Vol. 45, p. 217. 

18. Singh, B. G., "Aggregate Grading Affects Air En
trainment," Jo·urnal of the American. Concrete Insti
tute (January 1959). 

19. Backstrom, J. E., Burrows, R. W., Mielenz, R. C., 
W olkodoff, V. E., "Origin, Evolution, and Effects 
of the Air Void System in Concrete. Part 3-In
fluence of Water-Cement Ratio and Compaction," 
Proceedings, American Concrete Institute, Vol. 55, 
1958, pp. 359-375. 

20. Scripture, E.. W., Benedict, S. W., Litwinowicz, F. J., 
"Effect of Temperature and Surface Area of the 
Cement on Air Entrainment," Proceedings of the 
Am.erica:n Concrete Institute, Vol. 48, 1952, pp. 
.205-210. 

21. Bruere, G. M., "The Relative Importance of Various 
Physical and. Chemical Factors on Bubble Charac-. 
teristics in Cement Pastes," Australian Journal of 
Applied Science, Vol. 12, No. 1, 1961, pp. 78-86. 

22. Bruere, G. M., ."Air Entrainment in Cement in S~lica 
Pastes," Journal of the Ame'rican Concrete Institute 
(May .1955). 

23. Powers, T. C., "Topics in C~ncrete Technology, 4. 
Characteristics of Air-Void Systems," Journal of the 
PCA Research and Development Laboratories, Vol. 
7, No. 1,; 1965, pp. 23-41. 

24. Higginson, E. C., "Some Effects of Vibration 
and Handling on Concrete Containing Entrained 
Air," Journal of the America;n Concrete Institute 
(September 1952). 



Appendix Tables 

TABLE I. EFFECT OF AIR-ENTRAINING ADMIXTURES ON THE VOID SYSTEM IN CONCRETE* 

Quantity of Water- Air con- Void parameters determined microscopically Freeze-
Air- air-entraining cement tent, per-

Air Spacing 
thaw 

entraining admixture ratio cent, by Chord Specific Voids in- expansion 
admixture per cu yd by pressure content, intercept, surface, tercepted factor, per cycle, 

of concrete weight method percent in. in.-1 per in. L, in. millionths 

A 110 ml 0.45 5.6 5.9 0.0042 952 14.22 0.0046 o.o 
B (solution) 1032 ml 0.4.5 4.9 3.5 0.0048 833 7.40 0.0066 0.0 
B (powder) 111 g 0.45 4.8 4.8 0.0059 678 8.05 0;0071 0.0 
c 147 ml 0.45 5.1 4.6 0.0045 889 10.14 0.0058 0.4 
D 109 ml 0.45 5.4 5.1 0.0035 1143 14.57 0.0040 0.0 
E 1176 ml 0.45 4.9 5.0 0.0061 656 8.19 0.0073. 0.0 
F 1838 g 0.45 4.6 5.2 0.0061 656 8.48 0.0071 0.1 
G 738 g 0.45 5.1 4.1 0.006·5 615 6.28 0.0082 0.0 
H 3665 ml 0.45 4.7 3A 0.0050 800 6.87 0.0071 0.2 
I 9398 ml 0.45 2.7 2.8 0.0089 449 3.08 0.0139 
J. 770 ml 0.45. 5.1 4.0 0.0038. 1050 10.43 0.0051 0.0 
K 2192 ml 0.45 .5.0 5.8 0.0058 690 9.85 0.0065 0.1 
L 411 ml 0.45 4.8 2.3 0.0084 476 2.74 0.0140 6.0 
B (solution) 52 ml 0.65 4.9 5.7 0.0063 635 9.05 0.0062 0.0 
J 204 ml 0.6.5 4.7 5.2 0.0051 784 10.19 0.0055 0.0 
L 300 ml 0.65 4.8 5.9 0.0112 357 5.26 0.0101 60.0 

*Paste content 24.4 to 26.3 percent for W /G = 0.4.5 and 21.2 to 22.5 percent for W tC = 0.65. Table from Reference 8. 

TABLE II. EFFECT OF WATER-CEMENT RATIO ON 
THE SIZE DISTRIBUTION OF VOIDS JN CONCRETE 

OF NEARLY CONSTANT AIR CONTENT 

Number of voids 
per cu em of concrete* Diameter 

of voids, 
microns W/C = 0.35 W/G = 0.55 W/C = 0.75 

20 
40 
60 
80 

100 
120 
140 
160 
180 
200 . 
250 
300 
350 
400 
450 
500 
600 
700 
800' 
900 

1000 
2000 
3000 
4000 
Total 

255,234 
128,386 
26,035 
13,183 

7,348 
1,847 
1,354 

812 
639 

1,271 
118 
33.7 
15.3 
59.8 
47.7 
68.4 
4.3 
3.1 

20.3 

436,479.6** 

73,2'40 
39,685 
16,285 
8,191 
5,215 
4,002 

889 
832 
.523 

1,381 
129 
120 

61.1 
94.2 
54.1 

104.0 
14.9 
17.8 
1.6 
1.3 
9.7 
1.0 

150,851.7** 

4,000 
20,661 
7,878 
3,234 
1,589 
1,103 

694 
531 
779 

1,672 
196 
136 
118 

57.9 
31.8 
79.5 
18.2 
17.8 

1.7 
1.3 
8.7 
2.0 

42,810.9** 

*Calculated in accordance with the method established by 
Lord and Willis. 

**Corresponding numbers of voids per cu in. of concrete 
are 7,153,890; 2,472,447; and 701,6.55, respectively. 
Table taken from Reference 19. 
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TABLE III. EXAMPLE OF EFFECT OF CHANGE OF AGGREGATE GRADING ON AIR CONTENT 

Grading 
No. 

Aggregate grading, 
percent in size-group indicated 

Fine aggregate (by sieve numbers) 
100-50 50-30 30-16 16-'8 8-4 

1 
6 
2 
3 
4 
5 

25.4 
24.0 
1.5.4 
12;9 
11.7 
11.2 

15.4 
12.9 
11.7 
11.2 

Table taken from Reference 18. 

12.9 
11.7 11.7 
11.2 11.2 11.2 

TABLE IV. EFFECT OF DURATION OF STIRRING 
ON AIR CONTENT AND SPECIFIC SURFACE AREA 

OF BUBBLES IN NEAT CEMENT PASTE 

Stirring Air Specific surface 
period, content, area, a 

minutes ner cent in2 /in3 cm2 /cc 

1 13.6 1470 579 
3 2:1.4 1760 693 
4 21.4 1830 720 
7 26.4 1940 764 

15 26.7 2000 787 

Notes.: 
W/C = 0.45. 
Agent: Sodium dodecyl sulphate, 0.025 per cent of 
cement. 

Table taken from Reference 21. 

Air content, . percent 
1:4.5 Mix, 1:6 Mix, 

by wt by wt 
W/C = 0.45 W/C = 0.55 

Coarse No With No With 
4-o/s, %"-%," Agent Agent Agent Agent 

74.6 0.3 2.2 0.3 2.9 
38.0 38.0 1.0 2.9 0.8 3.4 
34.6 34.6 1.0 3.9 1.9 5.0 
30.6 30.7 1.6- 4.7 2.9 5.8 
26.6 26.6 1.8 4.9 3.0 7.0 
22.0 22.0 2.0 5.4 3.4 6.3 

TABLE V. INFLUENCE OF SPEED OF STIRRER ON 
SPECIFIC SURF ACE AREA OF BUBBLES PRODUCED 

IN NEAT CEMENT· PASTE 

Speed of 
Specific surface area, a Mean sp. 

Air 
in2 cm2 

surface 
stirrer, content, diameter, 

rpm per cent f;f cc microns 

750 13.7 1230 484 124 
1000 21.4 1760 693 87 
1200 20.3 2150 846 71 

Notes: 
W/C = 0.45. 
Agent: Sodium dodecyl sulfate, 0.025 per cent of 
cement. Mixing time 3 minutes, temperature 20-22°C. 

Table taken from Reference 21. · 

TABLE VI. EFFECT OF HANDLING AND MOLDING ON THE VOID SYSTEM OF CONCRETE 

Source 
Void parameters determined microscopically 

of Air Chord Specific Voids Paste-
sample content, intercept, surface, intercepted air 

percent in. in.-1 per in. ratio 

Natural gravel coarse aggregate, low air content 
Mixer 7.8 0.0135 296 5.775 3.04 
Unit weight can 3.4 0.0095 421 3.578 7.31 
Slump cone 2.9 0.0090 444 3.221 8.6·2 
Hand rodded bar 2.3 0.0071 563 3.238 10.94 
Vibrated cylinder 2.2 0.0065 615 3.384 11.45 

Natural gravel coarse aggregate, high air content 
Mixer 10.3 0.0065 656 16.884 2.23 
Unit weight can 7.8 0.0053 755 14.716 3.02 
Slump cone 7.1 0.0051 784 13.921 3.34 
Hand rodded bar 6.3 0.0046 870 13.694 3.80 
Vibrated cylinder 5.7 0.0039 1030 14.614 4.23 

Crushed limestone coarse aggregate, high air content 
Mixer 13.5 0.0057 702 23.658 1.70 
Unit weight can 8.5 0.0045 889 18.887 2.86 
Slump cone 8.4 0.0043 930 19 .. 534 2.89 
Hand rodded bar 7.3 0.0040 1000 18.250 3.37 
Vibrated cylinder 6.5 0.0032 1250 20.312 3.82 

*Corrected for air content of the concrete. 
Table taken from Reference 19. 
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Paste 
content, 
percent* 

23.74 
24.88 
25.01 
25.16 
25.19 

22.92 
23.56 
23.74 
23.94 
24.09 

22.94 
24.27 
24.29 
24.59 
24.80 

Spacing 
factor, 
L, in. 

0.0103 
0.0130 
0.0135 
0.0117 
0.0110 

0.0034 
0.0040 
0.0043 
0.0044 
0.0041 

0.0024 
0.0032 
0.0031 
0.0034 
0.0031 



TABLE VII. EFFECT OF INTERNAL VIBRATION ON 
VOID SIZE DISTRIBUTION IN CONCRETE , 

Diameter 
of voids, 
microns 

20 
40 
60 
80 

100 
120 
140 
160 
180 
200 
25-0 
300 
350 
400 
450 
500 
600 
700 
800 
900 

1000 
2000 
3000 
4000 
Total 

Number of voids per cu em of 
concrete* 

2 sec vibration 50 sec vibration 

155,839 
96,180 
19,830 
14,666 

6,014 
5,847 
1,855 

884 
772 
418 
525 
139 

65.6 
45.0 
23.9 
18.2 

4.1 
12.7 

7.4 
1.8 

13.9 
0.6 
0.7 

- 0.2 

303,163** 

68,869 
29,887 
15,641 

2,981 
1,836 

838 
491 
306 
265 
180 

70.1 
19.1 
2.0 

20.4 
23.0 

5.7 
0.6 
3.6 

121,438** 

*Calculated in accordance with the method established 
by Lord and Willis. 

**Corresponding numbers of voids per cu in. of concrete 
are 4,968,841 and 1,990,368, respectively. 
Table taken from Reference 19. 
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