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1. INTRODUCTION

1.1, Fatigue of Concrete in Pavement

When a material fails under a number of répeated loads, each
smaller than the ultimate static strength, a fatigue failure is said
to have taken place. Many studies have been made to characterize
the fatigue behavior of various engineering materialas. The results
of some of these studies have proved invaluable in the evaluation and
prediction of the fatigue strength of structural materials. Consider-
able time and effort has gone into the evaluation of the fatigue behavior
of metals. These early studies were motivated by practical considera-
tions: The first fatigue tests were performed on materials that had
been observed to fail after repeated loading of a magnitude leés than
that fequired for failure under the application of a single load.
Mine~hoist chains, railway axles, and steam engine parts were among
the first structural components to be recognized as exhibiting fatigue
behavior.

Since concrete is usually subjected to static loading rather than
cyclic loading, need for knowledge of the fatigue behavior of concrete
has lagged behind that of metals., One notable exception to this,
however, is in the area of highway and airfield pavement design.

Due to the fact that the fatigue behavibr‘of concrete must be understood
in the design of pavements and reinforced concréte bridges, highway
engineers have provided the motivation for concrete fatigue studies

since the 1920's,



Results from fatigue studies are usually presented in the form
of an S~N curve (stress versus log of the number of cycles to failure).
1f there is a break in the curve and the curve becomes asymptotic to
a line parallel to the horizontal axis, the stress at which this occurs
is called the endurance or fatigue limit, Most metals have an endurance
limit; however, tests on concrete up to 10 million cyclés of load
application have failed to establish an endurance limit.6 It is
 therefore important to quote fatigue strength for a sPecified'number
of cycles when discussing the fatigue properties of concrete. Fatigue
strengtﬁ is defined as the stress causing failure after a stated number
of cycles of loading. Fatigue life is the number of cycles of stress
that a specimen can withstand without failure.

The fatigue of cohcreté is associated with the formation and
propagation of micrécracks at the aggregate~cement matrix interface.

and in_the cement matrix itself. 6,10 ,17 ,43,53

The mechanism of fatigue
frgcture of concrete is essentially identical to the mechanisﬁ of fractﬁre
under stafic and sustained 1oading.10 Fatigue fracture involves
microcracking similar to, but more extensive than, the microcracking
that accompanies static failure, For instance, Bennett6 found that
the total length of surface cracks wvisible on a concrete specimen
subjected to 100,000 c&cles of a stress equal to 75% of the static
strength was typically 35% greater than the length measured after a
single loading to 95% of the static strength.

Most research into the fatigue strength of concrete involves the

repeated application of a constant stress until failure (constant

stress fatigue). If rest periods are allowed during the test, the



fatigue strength increases, Hiladorf and Kesler18 found that rest
periods of up to 5 min., after every 10 min. of testing increased the
fatigue life from 62 to 68%. One possible explanation of this is
concrete's inherent ability to heal cracks in the cement paste,z4
Fatigue life is a function of the range of stress to which the concrete

is subjected.w’33

If a test specimen is subjected to varying stress
levels, the fatigue life will also be altered. It is important to
understand the effect of varying stress levels because this condition
is more representative of the actual condition to which a structural
component will be subjected. The fatigue life of a specimen is larger
if cyclic loading at a high stress level is followed by cyclic loading
at low stress level, 1If the lower stress level is applied first, a

decrease in fatigue life is obsexrved. A relatively low number of cycles

of high loads can increase the fatigue life of concrete under a lower

This increase in fatigue life can be attributed to the fact that concréte
exhibits two opposing effects when loaded:  consvlidation and consequent
strengthening and microcracking and consequent weakening. The controlling
effect will depend on the relative magnitude and method of applicatién

of the loads, Many other factors affect the fatigue strength of concrete;
among these are aggregate type and quality, moisture condition; rate

of loading, age of concrete at testing, type of loading, concrete
strength, curing conditions, specimen size, and air entrainment.22’36’38
Highway concrete slabs are subjected to many repetitions qf traffic

loads during their service lives; thus, the importance of fatigue in

concrete pavement is self-evident. Since the flexural stresses in



concrete pavement slabs are critical, fatigue due to flexural stress
ig used for concrete pavement design. Fatigue tests in compression,
although ugeful for many d@ﬁigﬁ applications, do not provide information
useful to the designer of pavements. Loading schemes which subject
concrete specimens to flexural loading more realistically duplicate
conditions encountered ;n the fieid,

The first fatigue tests using flexure specimens were carried

out by Feret in 1906.36

These tests, although similar to later inves-
tigations, are oply of historical valué due to more recent and complete
regearch. Tgo extensive investigations on flexural fatigue of concrete
were carried out by Purdue University (1922-~24) and the Illinois
Department of Highways (1821-23), The Illinois tests reported by

11,37

Clemmer and the Purdue tests served as a basis for the development

of the Portland Cement Association (PCA) design curve for fatigue
strength of concrete pavement in 1933.45
Clemmer devised a unique testing machine in which 6 in., x 6 in. x
36 in. concrete beams were cantileveréd out from a central hub. Load
was applied by rotating a pair of rubber-tired wheels about the central
hub. Blocks were placed betweén the dantiievered beams to form a
smooth circular track, Load applied by the wheels could be varied by
placing dead weight in two weight boxes located on the axle between the
two wheels, Test beams were subjected to 40 load applications per
minute. Clemmer found that the enduranpe limit for concrete was between

51 and 547 of the modulus of rupture, as determined from a static test,

for up to 2 million cycles of load application. As was previously



stated, more recent investigations have not shown the existence of a
fatigue limit in concrete, at least up to 10 million cycles of load
application.
Hatth at Purdue University carried out flexural tests significantly
different from Clemmer's but came to similar conclusions. Specimens,
4 in, x 4 in, x 30 in., were tested as cantilever beams. Each specimeﬁ
was subjected to stress reversal at a rate of 10 cycles/min. by a test
machine which applied load by weights alternately lowered on the opposite
ends of a cross member fastened to the end of the beam, Hatt felt
that 40 applications of load per minute used by Clemmer was too fast
to compare with actual road conditions. Testing was also shut down
overnight to allow for rest periods to better duplicate field conditions.
Of special significance is the fact that the fatigue response of
concrete in the laboratory was also reflected in actual pavement per~
formance and in results of field road tésts in terms of decrease of
serviceability index and development of cracks with increasing number
of load applications?’20’39’40’48’52
The most widely used fatigue curves for plain concrete pavement

design are those of the Portland Cement ASSOCiation.lg’as

The derivation
and history of these curves will be elaborated later in the text, The

current PCA curve, adopted in 1966, can be expressed as follows:

]

SR = 0.972 - 0.0828 log N

where

SR stress ratio

i

[

ratio of flexural stress to modulus of rupture

and



N = number of allowable load repetitions.

Virtually all modern rigid pavement design methods recognize
the importance of the fatigue life of concrete and, in design, comsider
not only the anticipated weights but also the number of heavy axle
loads which will be applied during the pavement design life. .These
methods, for example, the AASHTO Interim Design'Proce&ure1 used Ey
most highway departments in this country, and the Road Note 29 design
procedurez used in the United Kingdom are also based on road test data,
The major input of both methods 1is the total number of equivalent
18-kip single axle loads applied during the design 1life, The PCA
design procedure evaluates the accumulated fatigue effects of all
heavy axle load applications during the pavement life to prevent slab
eracking.

In summarizing the preceding discussions on concrete fatigue and
rigid pavement design, the following can be concluded:

® Concrete, used in pavement slabs, Is subjected to fatigue
failure.

® Concrete pavement performance and distress is a function of
‘load repetitions; therefore, load repetitions have a direct
influence on the thickness requirements of a concrete pavement,

'# Virtually all modern rigid pavement design methods take

into consideration the fatigue strength (fatigue life and
load repetitions) of concrete,

1.2. Air-entrained Concrete in Pavement

The use of admixtures which cause the entraimment of air in

concrete is considered by many to be one of the most important developments



in concrete technology in the last few decades. The principal applicatibn
has been to pavement concrete, Entrained air benefits concrete mainly
in two ways: (1) improved resistance of the concrete to freezing and
thawing and (2) improvement of the workability and decrease in segrega-
tion of freshly mixed concrete. Air bubbles present in the cement paste
of unhardened concrete can come from several sourceszs: (1) air
originally present in intergranular spaces in the cement and agpgregate,
(2) air originally present within the particles of cement and aggregate
but expelled from the particles before hardening of the concrete by
inward movement of water under hydraulic and capillary potential,

(3) air originally dissolved in the mixing water, and (4) air which

is in-folded and mechanically enveloped within the concrete during
mixing and placing. These are the only sources of air bubbles in
concrete, whether or not an air-entraining agent is used.28 An air-
entraining agent makes use of the fourth method of supplying air
bubbles to a plastic concrete mix. Air-entraining agents reduce the
gsurface tension at air-water interfaces within the cement paste which
reduces the rate of dissolution of air in the bubbles and the tendency
of bubbles to join together, forming larger bubbles. This produces a
uniform distribution of very small air bubbles within the demenﬁ paste
matrix, It is this distribution of bubbles that accounts foi the
increased freeze~thaw durability as well as the decreased compressive
and tensile strengths of air-entrained concrete. These and other
effects of the air void system in concrete have been well docu-

cented, 28529,30,31



Today air-entrained concrete is recommended for all structures
under conditions of severe exposure and for all pavements regardless

19,25,45,51 Depending on the maximum gize of

of climatic conditions.

aggregate, the usual recommended entrained air content varies from

5% for a 2-in. aggregate to 8% for a 1/2-in. aggregate.46 For pavement

concrete the specified air content in Iowa is 6 + 135‘2..44
In recent years, because of the greatly increased use of de-icing

chemicals, it has been found necesary to incorporate higher levels of

air in concrete to assure freedom from deterioration due to frost acfion

(in certain instances, air content of 8 or 9% has been recommended for

use in structures such as highway bridge dec¢ks), Furthermore, there

is reason to suspect that, because of the concern on the part of the

contractor that he achieve the desired workability and meet minimum

air content requirements, the actual air content in field placed concrete

ar than recommended,.

1.3. Fatigue Behavior of Air-entrained Concrete

The effects of air content on most concrete properties such as
compressive strength, workability, durability, and creep are quite well
understood, For example, it is known that, for normal levels of air
content, if there is no change in water-cement ratio the strength will
be reduced by 3 to 5% for each percent air added. However, knowledge
of the effect of air content on the flexural fatigue strength of plain
concrete is nearly nonexistent. In view of recent nationwide interest in

economical pavement design, data must be collected on the effects of all



additives and variables on the fatigue strength of concrete.

A literature search of the past 70 years produced only two reported
studies on the fatigue strength of air-entrained concrete. One of the
studies was carried out in 193 by Purdue University for the Kentucky
Department of Highways.14 It involved flexural fatigue testing of
beam specimens in which one of the variables was air entraimment. The
fatigue life of the air-entrained concrete was slightly greater than
non~air-entrained groups. This finding is only of limited interest,
however, since the different groups that were compared contained
different cements, and the variable of air content was not singled out
for compariseon. Alsc, the load histories of the test beams wvaried,
making a comparison of fatigue lives difficult, In the second study,
Antrim and M.cLaughlin4 performed axial compression fatigue tests on
two types of concrete, one air-entrained and the other comtaining only
natural air. This study resulted in two major conclusions:

1. The fatigue behavior of non-air-entrained plain concrete and
air-entrained plain concrete in compression are not signifi-
cantly different. However, there is an indication that air-
entrained concrete exhibits longer fatigue life at low stress
ratios (less than about 77% of static compressive strength)
and shorter fatigue life at higher stress levels.

2. There is considerably less variation present among fatigue
test data for air-entrained plain concrete than there is for
non-air-entrained concrete,

This study is of interest since an air-entrained concrete was
included, although at only one air-content level, However, the failure
of highway pavements is essentially a tensile failure, and this study
involved loading of specimens in compression; thus, an assumption of

the behavior. of concrete pavement based on the results of this study

would be a dangerous extrapolation of the findings.
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2. PURPOSE AND SCOPE

While all of the modern pévement design procedures récognize
the importance of fatigue life of concrete and air entrainment is
being used for all concrete pavements, design curves currently being
used in the design of portland cement concrete pavements do not reflect
the effect of air entrainment, The basic fatigue data, on which concrete
pavement designs have been based for the past 40 to 50 years, were
derived in early 1920's, 20 years before the introduction and 40 years
before the widespread use of air-entrained concrete. No data are avallable
on the fatigue behavior of air-entrained concrete in flexure,

In light of the extensive use of air entrainment and the growing
interest in economy and efficiency of design, it becomes selﬁ-evident
that, in order to properly design concrete pavements, a study of the
effects of air entrainment on the fatigue behavior of concrete in flexure
is urgently needed, The purpose of this study is to evaluate the effects
of air entraimment on the fatigue strength of plain concrete and establish
preliminary fatigue curves for aire-entrained concrete to be used in
‘concrete pavement design.

The scope of this work includes flexural fatigue testings of
concretes at wvarious levels of air entraimment, prepared with one

aggregate and grading, one cement type, and at one water-cement ratio.
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3. MATERIALS AND PROCEDURES

3.1, Test Program

The objective of this investigation was to determine the effect
of varied air content on the flexural fatigue strength of plain concrete.
To Optiﬁize the research effort, the test program was designed with
alr content as the only independent variable. All other variables such
as age of concrete when tested, water-cement ratio, aggregate type,
curing conditions, temperature, and cement Lype were held constant.
A total of five laboratory mixes with air content as the only variable
were studied.

The age wvariable was eliminated by testing all batches at an age
of 28 to 56 days. This meant that a concrete batch was mixed and
poured approximately once each month. After the initial 28~day period
when the first batch was curing, fatigue testing proceeded at a contin-
uous rate. The first batch was tested at the same time the second batch
was curing. At the end of the 28-day period, testing of the first batch
was completed, the third batch was poured, and testing of the second
batch began. 'This cycle was continued until testing of all'five batches
was complete,

The original test program failed to allow for machine down time,
in that problems with the fatigue machine were encountered during testing
of the first batch. Because of this, Batch A was actually tested at
an age of 48 to 97 days. Batches B through E were tested according to
the schedule outlined above, As will be demonstrated later, the age

variable (in Batch A) had no effect on the fatigue behavior up to 97 days.
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Beams for fatjigue testing were 6 in, x 6 in, x 36 in. A modulus
of rupture test was performed on the first 18 in. of the beam (Fig. la)
and a fatigue test on the remaining unstressed portion (Fig. 1b). This
procedure provided a companion modulus of rupture test for each individ~-
uval fatigue test. After the modulus of rupture test and prior to the
fatigue testing each beam was sealed in a plastic bag to'maintain a
saturated moist condition., Previous studiesss have found that if the
beams are allowed to air dry during fatigue testing the scatter of the
data will increase, This is believed to be due to differential strains
generated by moisture gradients within the beam,

The stress level for fatigue testing of each specimen was.arrived
at by taking a percentage of the modulus of rupture. This stress
level @as then converted to an equivalent load to be applied to the
beam., Fatigue testing consisted of repeated applications of this
constant equivalent load until failure occurred. Fatigﬁe tests were
made at four stress levels corresponding to 90, 80, 70, and 60% of
the modulus of rupture. Six specimens were tested at each stress level,
corresponding to an anticipafed 5% confidence limit.23’27

The main fatigue test program was supplemented by five additiomal
investigations; these investigations were centered‘around the f&llowing
subjects:

1. Modulus of rupture tests,

2. Compressive strength tests,

3. Modulus of elasticity determination,
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4, Comparison of air determination methods, and
5. Concrete microstructure by scanning electron microscopy and

mercury penetration porosimry.

3.2, Materials

Concrete used for laboratory test specimens consisted of an iowa
Department of Transportation C-3 mix with Class V aggrega;e?4 The
water~cement ratio used was .41 for all batches, slightly less than
0.43 called for in Jowa specifications. Coarse aggregate consisted
of crushed limestone from the Alden quarry near Alden, Towa. .Fiﬁé
aggregate (concrete sand) was obtained from Hallett Construction |
Company in Ames, Towa. Both coarse and fine aggregates came from Iowa
D.0.T, approved stockpiles. The coarse aggregate had a saturated-surfanén
‘dry specific gravity of 2.55 and absorption of 2.46%. The fine aggregate
had a saturated-surface~dry specific gravity of 2,59 and water absorption
of 1.33%. Further information regarding aggregate gradation and specifi-
cations can be found in Tables A-1 and A-2 of Appendix A and reference 44,
As may be observed in the tables, the coarse and fine aggregates utilized
meet the Iowa D,0,T, specifications. Type 1 Portland cement used in
the concrete batches was obtained from Marquette Cement Corporation in
Des Moines, Iowa. In order to guarantee uniformity, care was taken to
assure that all the cement was taken from one batch at the cement plant.,
Chemical and physical properties of the cement are given in Table A~3
of Appendix A.

Ad-Aire, a vinsol resin produced by the Carter Waters Company of

Kansas City, Missouri (recommended by the engineers of the Iowa D,0,T.),
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was used as the air-entraining agent for all laboratory mixes. Trial
batches were run to determine the amount of air-entréining agent to
use for a specified air content, Tt was found that this amount varied
with respect to age. Due te this variation it was necessary to run
trial batches prior to each concrete pour to determine the amount of
air-entraining agent and other batch quantities necessary for the

desired air content,

3.3, Mixing Procedures and Quality Control

The laboratory portion of the investigation consisted of five
different series of test specimens in wﬁich the only variable was
the amount of air. In one batch of concrete no air-entraining agent
was added, so that the only air would be the natural air, which is a
function of mixer type, amount of concrete mixed compared to mixer
capacity, etc. This non-air-entrained batch was used as the control
for comparison purposes, Each batch (A - E) consisted of approximately
30 fatigue beams 6 in. x 6 in. x 36 in., approximately six modulus of
rupture beams 6 in, x 6 in. x 30 in., and fifteen 6-in. diameter x
12 in. cylinders., Approximately 1 1/2 cubic yards of concrete were
reqﬁired in each batch for preparation of the required test and control
gpecimens.

Because uniformity of mix was of the utmost importance,lall mixing
was carried out in the laboratory. Since no‘mixer of this capacity was
available, a ready-mix transit mixer was rented and brought into the
laboratory. Before the batch quantities were charged into the mixer,

the mixing drum was carefully inspected to determine if there was any
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left-over concrete or mixing water left in the drum which would alter

the desired mix, This procedure allowed strict control of the concrete
batch quantities throughout the mixing procedure. Batch quantities

(see Table A4 of Appendix A) were weighed, corrected for moisture content,
and charged into the empty mixing drum. After completion of a predeter-
mined mixing time, the slump and plastic air content of each bateh was
measured and recorded. The fresh concrete was then transferred to

the beam molds by wheelbarrow. All mixing procedures utilized were

in accordance with ASTﬁ C 192. Flexural specimens were vibrated according
to ASTM C 192 uging a smali laboratory type pencil vibrator with a l-in.
head which operated at 10,500 vibrations per minute. As the concrete

was being placed in the forms control cylinders were cast in 6 in. by

12 in. waxed cardboard cylinder molds that were filled with concrete
representative of that in the beams,

Immediately after initial set the beams and cylinders were covered
with wet burlap and heavy polyethylene sheet to assure proper and
uniform curing conditions.

After an initial curiﬁg period of 24 to 48 hours, the forms were
stripped and the beams removed, They were then transferred to large
metal tanks where they were stored submerged in watex until testing.

Air content determination tests were performed on the fresh concrete
using standard air meters of the pressure type throughout the investiga-
tion (ASTM 231).12 In addition to the Towa State University air meters,
two air meters were borrowed from the Jowa Department of Transportation
for domparison. Both sets of meters were calibrated prior to, and used

only for, this investigation. Air meter readings from both sets of meters
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were in close agreement throughout the test program. For consistency
all plastic air tests were performed by one operator throughout the
investigation, TFresh air contents were later compared with hardened

26
air contents obtained by high pressure  and linear traverse methods.7

3.4. Equipment

Modu lus of-elasticity and compression tests were performed on
a 400k universal testing machine. ASTM standards C 39 and C 46912
were adhered to during all tests, A concrete cylinder compressometer
was used for determination of the modulus of elasticity. The 400k
test machine in conjunction with a one-third point load fixture (see
Fig. 2) was used for modulus of rupture tests. The overhanging portion
of the test specimen caused an insignificant amount of stress of opposite
sense at the critical test section and thus its effect is negligible,
After the modulus of rupture test, the longer portion of the test specimen,
which was approximately 24 in., long, was placed in an Instron Model 1211
dynamic cycler for fatigue testing, The portion of the beam used in
the fatigue test was the overhang portion of the beam and thus was
stress free in the modulus of rupture test, The Instron was modified
so that flexural one-third point loading was applied (Fig. 3). Aé may
be seen in Fig. 1b, the loading on the test specimen is at the same
spacing as in the modulus of rupture tes% (Fig. la). The dynamic
cycler has a + 20,000 1b force capability with the ability to test from
0 to 15,000 1b in tension. The frequency of load application can be

varied from 5 to 35 cycles/sec. All tests during this investigation
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Fig. 2 Photograph of the modulus of rupture test set-up showing supﬁort
conditions for the third-point flexural loading scheme.

Fig. 3 Photograph of the Instron dynamic cycle used for fatigue testing.
Note plastic bag around test beam to maintain moist condition.
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were run at 5 to 7.5 cycles/sec, Kesler21 has shown that speed of
testing between 70 and 440 cycles/min, has a negligible effect on the
fatigue strength of plain conerete, The bottom fibers of the specimens
were subjected to a nominal minimum load to tension load cycle for
fatigue testing with tension corresponding te the maximum flexural

load applied.

Air contents of hardened concrete by high pressure air meter and
by linear traverse methods were performed at Iowa D,0,.T,. 1abofatories
with Iowa D,0.T, equiément.

Microstructures of hardened concrete were studied using a JEOL
JSM-13 scanning electron microscope and a Micromeritics Model 905-1

mercury porosimeter.
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4, RESULTS AND DISCUSSION

4,1, Physical Propetrties

In the following sections the experimentally determined physiﬁal
characteristics for the five batches of concrete tested in this study
are presented. A summary of the concrete properties are presented in
Table 1. The 28-day compreséive strength presented is the average
of three compression tests, modulus of elasticity value is‘the average
of two tests, and the modulus of rupture value is the average of all
beams tested in each batch. Note that the data presented in Table 1
is in order of increasing air contents, Batch designations represent

order of pour, i.e., A was first, B second, and so forth.

4.1,1., Modulus of Rup;ure
In addition to modulus of rupture stresses obtained in the fatigue
beams, two modulus of rupture tests were performed per each additional
beam in order to establish the degree of variability within aﬁd between
the various beams of a given batch. It was found that occasionally a
significant difference would occur (up to 12%); however? the diffe;ence
between companion breaks was usually less than 3%. The method.of supply-
ing a companion static test for each fatigue test is felt to be the
most accurate when dealing with a nonhomogeneous material such as concrete.
The results of the modulus of rupture tests are plotted in Fig. 4.
The curve shown represeﬁts a log-~log regression analysis with a correla-

tion coefficient (r) of -0.99. The equation of the line is;:



Table 1. Physical characteristics of concretes studied,
Modulus
28-day of
Slump, Unit Compressive Elasticity-

Batch % Alr in. Weight, pcf Strength, psi psi x 100 Modulus of Rupture, psi

c 2.8 1.00 149.9 5365 5.03 862.8

A 3.5 1.25 146.7 5000 - 4,24 817.9

E 6.4 4.50 140.1 3650 3.23 582.3

D 10.2 5.00 132.4 2608 2.66 -482.3

B 11,3 3.75 133.1 2728 2.33 508.5

it
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Fig. 4 Modulus of rupture vs percent air.
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Fig. 5 Compressive strength vs percent air.
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fr = 1337.09 pa - 0.42

where fr is the modulus of rupture and Pa is the percent air. (Hence-
forth, "percent of air" refers to plastic air content unless otherwise
stated,) ‘Modulus of rupture values observed in the laboratory are
higher than can be expected in the field, due primarily to the superior
curing conditions available in a laboratory enviromment. The results
of these tests show that as the air content of concrete increases the
modulus of rupture decreases at a second-order rate. This finding
agrees with the general relationship between tensile strength of

concrete and the square root of the compressive strength,

4,1,2., Compressive Strength

Results of the 28~day compressive tests are shown in Fig. 5.
The line represents a linear regression analysis, the equation of which
is:

fé = 313.95 Pa + 6000

where fé is the 28-day compressive strength, Pa is the percent air,
and the correlation coefficient (r} is ~0.98. From these tests it
can be concluded that the compressive strength of concrete decreasés
linearly as air content increases, about 300 psi or 6 to 12% decreage

in strength for each percent of air added.

4,1.3. Modulus of Elasticity

As the amount of entrained air in a concrete specimen goes up
the elastic behavior of the concrete is altered. Fig. 6 shows the

effect of air on the modulus of elasticity of plain concrete,
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The equation of this line is:

B, = -0.28 Pa + 5.42
where Pa is the percent air in the concrete, the correlation coefficient
(r) is -0,96, and EC is the modulus of elasticity in 106 psi. Modulus
of elasticity tests were made using a standard concrete cylinder compresso-
meter with a dial gage attachment. The elastic modulus was determined
by taking the difference between strain readings at 354 and 1768 psi
stress., These vélues correspond to 10,000 and 50,000 1b loads,

respectively.

4.1.4, Unit Weight

The results of the unit weight determinations are shown in Fig. 7.
A loss in unit weight of approximately 2 1b/cu ft accompanied the addition

of 1% air.

4,2, Air Content

The benefits of air entraimment in concrete with respect to freeze-
thaw, salt-scaling resistance, and workability have been discussed earlier.
Depending on the maximum size of aggregate @nd therefore on the amount
of air bubbles in mortar), the usually recommended total air content
ranges from about 5% for a 2~in. aggregate to about 87 for a 1/2-in.
aggregate,

Although total air content is specified and measured in current
practice, the more important air void property influencing concrete
durability is a parameter calied the spacing factor, i.e., the average

distance from any point in the paste to the periphery of the nearest
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air bubble., As the spacing factor decrcases, thelfreeze-thaw durability
increases. It has been found that for proper durability a maximum
spacing factor of dbout 0.01 in. is required. Warren3 has shown that
the void-spacing factor is decreased by about half when air content is
increased slightly above tﬁat obtained without using an air-entraining
agent., For air contents greater than about 3% the void~5pacing fa;tor
decreased only slightly with an increase in air content of from 3 to 8%.
This finding indicates that there ig little advantage in increasing

air content beyond about 4%, especially in view of the reduction in
strength with increase in air content. On the other hand, it is
possible, although unlikely, to obtain the recommended total air content
but not the desired protection against freeze-thaw actjon if the bubbles
are too large and not well distributed throughout the mortar component
of the concrete.

Ty I oy A as 2 T £
LW (¥ u 3_

1., There exists an optimum range of air contents which gives
the desirable gqualities of durability and workability without
undue loss of strength,

2. There is a need for a better or alternate method of specifying,
measuring, and controlliing air content in concrete other than
total air content.

Air content of concrete in the plastic state can be measured

by the pressure method (ASTM C 231), the volumetric method (ASTM C 173),
or the gravimetric method (ASTM C 138), The air content of hardened
concrete can be measured by the high pressure air method26 or various
microscopic methods; among these are the point count method, the areal

traverse method, and the linear traverse method.31’41
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An Towa Department of Tfansgortation high pressure air meter was
used for detéfmining the air content of 4-in, diameter hardened concrete
cores drilled from end sections of tested fatigue beams. Cores wére
first oven dried for 72 hrs at 300°F, and then cooled for a period of
3 hrs, After weighing, the cores were soaked in water for 48 hrs. The
cores were then wéighed in water, removed and patted dry with a cloth,
and weighed again in air to determine the water absorption, With
specimen preparation complete, the cores were placed in the high
pressure air meter. Pressure of approximately 5000 psi was then applied
to the specimen chamber by means of a cylinder piston. A dial reading
was recorded from which the air content of the core could be computed,
Detailed information concerning the high pressure air tests can be
obtained by consulting Test Method No. Iowa 407-A, April 1971, Iowa
Department of Tramsportation, Materials Department,

Linear traverse air content determinations were performed according
to ASTM C 457, with a few modifications as noted below. Specimens were
also cut from the end section of tested fatigue beams using a diamond
gaw, The same beams were used to obtain linear traverse specimens
and high pressure air specimens. Each linear traverse sample was
polished with wet silicon carbide paper of grades 120, 240, 320, 400,
and 600, Polishing time was approximately 15 min. for each grade
except the 120 grade which was applied for 30 min. A total traverse
of 100 in. waé obtained from a minimum area of 24 sq. in. Minimum
distance between traverses was taken as (.2 in. All measurements
were made at a magnification of 50 times. Both total and less than

1 mm diameter air contents were determined, the latter being considered



28

by many as the upper limit of "entrained air." To determine voids -
less than 1 mm in diameter, the counter reading corresponding to
1 mm was determined. A traverse was first completed for total air,
and then all voids larger than 1| mm or parts thereof were counted along
the same traverse. The amount of less than 1 mm air was then deter-
mined by taking the difference between these two readings. Spacing
factors were also caleculated based on equations given in ASTM C 457.

The results of air content determinations are given in Table 2,

High pressure air meter results are compared with plastic air
contents in Fig. 8, The line shown represents a4 linear regression
analysis of the data with a correlation coefficient of 0.99. The
equation of the line is

HA = 1,28 Pa 4+ 0.25

where HA is high pressure air content and Pa is plastic air content,

Linear traverse results are also compared with plastic air
contents in Fig., 8. The linear traverse curve represents a linear
regression with a correlation coefficient of 0.99, The equation of
the line is

LT = 1.15 Pa - 0,28

where LT is linear traverse percent air and Pa is the plastic air
content. Although there is no agreement on the differences between
ent;apped and entrained air, if for discussion purpose air voids larger
than 1 mm are called "entrapped air" and air voids less than 1 mm

are referred to as "entrained air," the following statements can be

made,
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Table 2., Air content of concrete by various methods.
Average
Average High-~ Average Linear
Plastic Pressure Traverse 7 Air Spacing
Batch % Air % ALr < 1l mm Total Factor, in.
C 2.8 3.4 1.08 2.61 L0362
A 3.5 4.5 - 3.55 L0410
E 6.4 9.4 5.99 7.89 . 0096
D 10.2 13.0 10,59 11.51 . 0045
B 11.3 14,5 10,51 12,32 .0040
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The percent "entrapped air" (larger than 1 mm) ranged from 0.9
to 1,9 with an average of 1.5 and was independent of total "entrained
air" (less than 1 mm) content, Spacing factor ranged from 0.0362 in.
for 2.8% air (non-air-entrained) concrete to 0.0040 in., for 11.3% air
concrete. Except for one case, both high pressure air and linear
traverse methods yielded results higher than the original plastic
air content, especially at higher air content levels, This is in
general agreement with findings of other investigators.

Results of the high pressure air tests are compared with linear
traverse results in Fig. 9. Again the curve represents a linear
regression analysis with a correlation coefficient of 0.998. The equation
of the curve is

HP = 1,11 LT +:0.56
where HP is high pressure percent air and LT is linear traverse percent
air. Air content values determined by the high pressure method were
consistently higher, |

The coefficient of determination, rz, for all three curves is
very close to 1,00, indicating a good linear data fit.

Since pavement specifications are wriﬁten on the basis of plastic
air content, curves of this type are useful ip establishing the
original plastic air content any time after placement of a concrete

pavement.
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4.3, Microstructure

4,3.1. Scanning Electron Microscopy

A JEOL/JSM~U3 scanning electron microscope was used to visually
examine the microstructure of hardened concrete sPecimens from all
batches. The purposes were: (1) to establish the differences, if
‘any, between entrapped and entrained air, (2) to determine the effect
of air entrainment on the pore structure and pore size distribution,
and (3) to examine the microcracks in thercement paste matrix caused
by stress.

The relative size of entrained versus entrapped air is a subject
that few authorities agree on, Neville35 indicates that entrained
air is of the magnitude of 0,5 mm (0.02 in.), with a range between
0.5 and 1.30 mm (0.002 and 0,05 in.), while entrapped air fofms much

larger bubbles her authorities give varying pa

differentiation between entrained and entrapped air. Among those
who believe there is a size difference between entrapped and entrained
air, the dividing size seems to be 1.00 mm,

Scanning Electron Microscope photographs are shown in Fig. 10,
11, aﬁd 12. All specimens observed under the scanning electron
microscope were taken from end sections of beams subjected to fatigue
loading at 70% of the static modulus of rupture,

Figure 10 shows the size, shape, and size distribution o£ éir
bubbles of typical non-air-entrained (2.8% air), normal air-entrained

(6.4% air), and high air-entrained (11.37% air) concrete at about

100 magnification. ¥Figures 11 and 12 show micrographs of the same



(A) 2.8% AIR (NON-AIR-ENTRAINED) (B) 6.4 AIR (C) 11.3% AIR
SPACING FACTOR = 0.0362 IN. SPACING FACTOR = 0.0096 IN. SPACING FACTOR = 0.0040 IN.
(0.92 mm) (0.24 wm) (0.10 mm)

Fig. 10. Scanning electron micrographs of concrete speciments taken from end section of
tested beams (X 1088). |

e



(A) 2.8% (NON-AIR-ENTRAINED) (B) 6.4% AIR | (C) 1. 3% AIR

Fig, 11.

Scannlng electron micrographs of concrete spec:unens taken from end sectlon of
tested beams (X 308). :

ce



(A) 2.8% AIR (B) 3.5% AIR (C} 11.3% AIR

Fig. 12 Scanning electron micrographs of concrete specimens taken from end sections of
tested beams (% 1000).

9t
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three concretes at about 300 and 1000 magnifications. Details of
Fig. 10a is shown in Fig. 1228 and those of Fig. 10b and ¢ are shown
in Figs., llb and c.

The introduction of air-entraining agent increased the number of
bubbles, the bubble density, and the uniformity of aix»bubbles; this
is most evident from Fig. 10. The spacing factoré'are-indicated for
visual comparison. Air.bﬁﬁbles_in air-eﬁtrained coﬁcrete cqngist of
a uniform distribution of very éﬁall air voids, mpétJy bep@éenib;oz.
and 0.10 mm (20 and 100 pm); few are as large as 0.2 mm.andksome are
as small as 0.005 mm (S_Rm), and are usually spherical in shape.
However, air bubbles as large as 1.5 mm, although not shown in the
micrographs presented, have_ﬁgeﬁ.observed. The intexiﬁr of most air
bubbles is usually smooth in a§peérancé;; The air bubbles of the
non-air-entrained concrete_ééﬁ.;éﬁéily be chafaﬁterized by a lack
of intermediate size bubbleé, presehce of large bubbles (as large as
2 mm), and by bubbles of more irregular shapes and rough interior
texture (Fig. 12a). However, smooth, spherical air bubbles of sizes
in the range found in airaentrained_¢pngrefe can alsp_be found,(Fig,
1la)., ¥From these micrégraphs it is_diﬁficulﬁ'tﬁ conclﬁde thap_tﬁere
is a dividing line between entrainé& and_eh;fgpped air based oﬁ size
and shape., The differentiétion between eﬁﬁfaiﬁed and entrapped air
should, therefore; be bas;é‘on intent and effgct rather than a strict
size determination. Entfainéd air is a uniform network of small air
voids intentionally placed in a concrete mix, Entrappéd alr éan be
any size air void naturally present in the material and/or caused

by mixing actiom or improper compaction, Entrapped air, due to its
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uneven distribution,and its often large size and spacing factor, does
not have a beneficial gffect on freeze-thaw durability,

As shown in Figs. 10a, lla, lle, and 12, microcracks can be observed
in specimens subjected to stress, Fatigue behavior of metals is based
on crack propagation and growth on a microscopic scale, Microcracks
in concrete have been observed under dynamic as well as static 1oads.10
It would seem that some parallel could be drawn between the fatigue
behavior of metals and concrete. 1In order for this to be done the
iritiation and propagation of microcracks in concrete must be well

documented and understood. This subject should be pursued in future

studies to better understand the fatigue behavior of concrete.

4.3.2, Pore Size Analysis by Mercury Porosimetry

Most of the importaﬁt properties of hardened concrete, especially
strength and durability, are influenced by the quantity, size, and
size distribution of various types of pores in the concrete, In an
attempt to characterize and quantify the pores of concrete specimens
with various air content, mercury porosimetry was used,.

The principle of the mercury penetration technique is quite simple.
The size and gquantity of pores in solid materials are measured by
determining the quantities of a nonwetting liquid - mercury - that is
forced into the pores under investigation at various pressurés. The
equation describing the penetration of mercury into pores under
pressure is given by Washburn49:

pr = =20 cos B

vhere p is the pressure applied, r the pore radius, ¢ the surface
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tension of mercury, and § the contact angle of the mercury with respect
to the solids, Specimens used in this study were concrete cores, 1 in.
long by 1 in. diameter, drilled from slices cut from the end section
of test beams. Prior to placing the specimen in the sample cell of
the porosimeter, the concrete core is soaked in acetone for several
hours to remove lubricant used in drilling and then oven-dried. ‘The
sample cell, containing the specimen, is then placed in the pressure
chamber of the mercury porosimeter, A vacuum is used to evacuate the
chamber so that the pressure gages will indicate the net pressure, p,
used in the Washburn equation. Once the pressure chamber is evacuated,
mercury is let into the chamber, fiiling the sample cell and immersing
the specimen. Knowing the volume of the mercutry which flows inte

the sample cell and the volume of the sample cell, it is possible to
caleculate the bulk volume of the sample, As pressure is applied,
mercury intrudes the specimen. Both the volume of mercury which
intrudes the specimen and the corresponding pressure are measured,
Using these data in the Washburn equation, it is possible to compute
the radius of pore which is being intruded at a given pressure,

After completion of the pressurization/mercury penetration measure-
meﬁts, a de-pressurization/mercury retention can be run. Mercury
expelled from pores as a function of decreasing pressure can be measured.,
This gives information about the shape and structure of the pores.

The porosimeter used in this study was a Micromeritics Model 905-~1
Mercury Penetration Porosimeter. It has a pressure range from about
2.7 to S0,000lpsi for large sample cell, Using a mercury surface tension

of 474 dyn/em at 25°C and a contact angle with concrete of 1300, it is
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possible to measure pore diameters between 32,7 and 0,003534 ym,

At least three cores were tested from each batch., The results are
presented in two ways: (a) cumulative pore volume distribution curves
(Figs. 13, 14, and 15) and (b) cumulative pore volume‘as percent of
total pore volume versus pore diameter curves (Figs. 16, 17, and 18).

TIn discussing mercury penetration results aﬁd comparing them
with air content results of hardened concrete measured by conventional
methods, the following should be noted;

® As indicated in pore size distribution curves the maximum
pore size detected by mercury penetration technique is about
10 ym, which is the lower limit of air bubbles which can be
measured by conventional air content determinations.

® The calculated pore diameter is the equivalent diameter of
the pore entrance (''pore entry diameter') of interconnected
or open pores; the total volume of pore may not include all
isolated discrete air bubbles,

¢ The pore volume of the concrete specimens included pores in
the paste (capillary and gel pores), pores in the aggregate,
"under-aggregate" fissures,47 and, in some cases, stress=-induced
microcracks,

Recognizing the above characteristics of mercury penetrarion data,
the following can be observed:

1. 1In spite of the heterogenéous nature of the concrete material
dealt with and the limitations of the small sample sizes, the
results, as seen in Figs. 13 and 14, are surprisingly reproduc-
ible, ‘

2. At low air entrainment (2.8 and 3,5% air), the added air
had essentially no effect on the pore structure of cement
paste, The total porosity of the concrete can be attributed
to the porosity of the aggregate and capillary/gel pores
(see Fig. 13).

3. At a total air content larger thamn 3,5%, as the air content
increages, there is an increase in total porosity and pore
volume (Figs. 15 and 18), This increase was mainly reflected
in the volume of "large' (1 to 10 ym) pores with little effect
on smaller pores (between 1 and 0,008 ym), corresponding
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roughly to the capillary poreé§’47’50 This increase may

also be noted in Fig. 19, in which percent of pores larger
than 1.0 pm was plotted against total air content and
porosity. Pore volume between 1 and 10 um (excluding
pores in aggregate) increased from 0.5% for 2.8% air
(non-air~entrained) concrete to 11.07% for 11.37 air concrete.
The percent pores in the 0,008 to 1 ym range remained
essentially unchanged at about 11% (including aggregate
pores)., Although microcracks could cause some increase in
porosity in the range between 1 and 10 ym, the consistent
increase in pore volume in this region with increasing air
content suggests that it was the direct result of air
entrainment, ~Some evidence of these air bubbles was also
observed in SEM wmicrographs.

4. The median pore diameter (Dsg) also increased with total
air content, from 0.1 ym at 2.8% air to 1.3 uym at 11.2%
air (Fig. 20).

5. Figure 21 shows the relationship between mercury retained
in the pores at atmospheric pressure as percent of wolume
of mercury filled at maximum pressure (40,000 psi) and
percent total air (porosity). Since lower percent retention
indicates pores with more or less uniform crossg sections
and large reteation indicates pores with enlargemernts or
constrictions (ink-bottle pores),5 the increase in mercury
retention with increase in air content indicates that the
air entraimment introduces more non-uniform pores. This
is also shown in the uniformity coefficient (D40/Dgg)
versus air comtent curve (Fig. 22), higher uniformity co-
efficient indicating less upiform pore size distribution,

4.4, Results of Fatigue Tests

One hundred and.twelve beams were subjected to flexural fatigue
testing. As has been previously stated, beams of five different air
contents (2.8%, 3.5%, 6.4%, 10.2%, and 11.3%) were tested,

Within each air content group, beams were tested at four different
stress levels. A minimum of five beams within each of the groups
were tested at each stress level, The only exception was in the first

group (3.5% air), where, due to fatigue machine down time, fewer beams
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were tested at two of the stress levels. Modulus of rupture strength,
maximum load applied as a percentage of modulus of rupﬁure, and fatigue
life for each specimen are given in Tables B-l through B~5 in Appendix B,
Each specimen listed in these tables has a three-digit designation, for
example, 3-B-21; the first number indicates the percent of plastic

air in the concrete rounded to the nearest whole number, the 1et£er
designates the specimen as being a beam, while the second number is
simply the specimen number ana varies from 1 to the number of.spécimens
cast in each batch. Specimens which did not fail are also indicated

in these tables, As may be noted, specimens which did not fail were
loaded a minimum of 2 million cycles. 1In each case the minimum stress
applied was approximately 15 psi. Therefore, the beams were stressed
so that the bottom fiber stress varied from essentially zero to a
maximum value of 60, 70, 80, or 90% of the modulus of rupture sﬁrength.
Figure 23 shows the failure faces of modulus of rupture specimens
{(upper sectiomn) and fatigue specimens (lower section) for three air
contents: 2,8, 6.4, and 11.3%. By observing the failure surfaces,

one may note that there is no visual difference between the modulus

of rupture failure surface and the fatigue failure surface for each

of the three air contents. However, there is a difference between the
failure surfaces of the various air contents. The failure surfaces

for the low air specimens exhibit predominantly failure through the
coarse aggregate, Failure surfaces for the high air specimens show
some failure of the aggregate; however, the main failure is between

the cement paste matrix and the aggregate. Thus, it may be concluded
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Fig,

23

(B)

Photographs of tested beams

(C)

showing fractured faces,
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that high percentages of air weaken the interlock or bond between the

cement past matrix and the aggregate.

In Figs. 24 through 28 these data have been plotted on S=N curves

for each of the five air contents. Each of these curves is the result

of a log-log regression analysis plotted on a semi-log scale, The
correlation coefficients for the curves varied from -0.90 to -0.9%4,
Specimens that did not fail before 2 million cycles of load were assigned
a fatigue life of 10 million cyecles and have been indicated on the

curves with small arrows.

For comparison, the curves presented in Figs. 24 through 28 are
presented on a composite plot in Fig. 29. As may be seen in Fig. 29, air
content has a definite effect on fatigue strength. By comparing the warious
curves with the 2.8% air curve, which is tﬁe natural air curve, i.e.,
no air-entraining agent added, one may see the decrease in fatigue
strength as the air content increases. Ninety five percent confidence
limits are shown for 11.3 and 2.8% air in Fig. 30. Confidence limits
for the middle range air contents (3.5, 6.4, and 10.2%), although not
included in this figure do exhibit a comsiderable amount of overlap.
Confidence limits for 2,8 and 11.3% air curves overlap only slightly
at the ends of the ranges. This indicates that while the precise
locations of the middle range curves are probably not statistically
significant, the trend of the data is statistically significant and
umnmistakable, Furthermore, the curves diverge at the lower stress
levels. Based on these findings it can be concluded that air content
has an undeniable effect on the fatigue strength of plain concrete in

flexure. As air content increases, the expected fatigue life of a
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concrete specimen decreases. Although not obvioué from the curves,
due to the semi~log plot, the effect of air is wore drastic at the
lower stress ranges than at higher stress ranges. TFor instance, at
the 70% #tress level 11.3% air concrete would ﬁave an anticipated
fatigue life of 30,000 cycles compared with 200,000 cycles for a 2.8%
air concrete, At the 65% stress level, the v;lues are 200,000 and
1,700,000 cycles, respectively. The difference in fatigue lives of
the two concretes at 70% modulus of rupture is 130,000 cycles, while
the difference at 65% is 1,500,000 cycles., The lower stress ranges
are crucial with respect to pavement design, meking this divergence
of critical importance.

A modified Goodman diagramgz for the fatigue data at one million
cycles is shown in Fig. 31. Any point on & modified Goodman diagram
of this type indicates a load combination that will cause a fatigue
failure at one million cycles, ¥For instance, the diagram can be used
if it were desired to cycle from 607 to some maximum percentage of the
modulus of rupture instead of from zero to maximum. If the minimum
were set at 607, then a specimen with 11.3% air could be loaded up
to 68% and still fail at one million cycles. A 2.8% air specimen
could be cycled from 60% to 73% modulus of rupture and also fail at
one million load repetitions.

If tests were performed from zerc to maximum load, the 11.8%
and 2.8% air specimens could be subjected to 617% and 66,57 modulus
of rupture, reséectively, and also fail at 1 million cycles, In other

words, for the same fatigue life of 1 million cycles, the low air
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concrete can withstand an additional stress equal to 5.5% of the

modulus of rupture.

4.5, Treatment of Fatigue Data
by Application of Fracture Mechanics

Fracture of a material occurs by extension of a pre-existing
flaw, The importance of the siée of the flaw depends on the fracture
toughness of the material. C(Crack extemnsion occurs in three stages:
subcritical, critical, and running, Subcritical crack extension is
slow and is measured as a length change per cycle for fatigue. At
critical erack extension there is a transition from a slowly propagating
crack to a rapidly running crack, Running crack extension corresponds
to fracture of the material. In order to understand the fracture
behavior of a material the transition point from subcritical to
critical c¢rack extemsion must be quantifiéd.

Fracture of concrete can occur by fracture of the cement paste,
fracture of the aggregate, failure of the bond between cement paste
i o and aggregate, or any combination of these. For this reason concrete

differs slightly from the ideal crack extension behavior. '"Two types

of crack growth are present in concrete: an initial stage in which
the rate of release of strain energy with slow crack extension is so
low that any sudden increase in energy requirement, such as encountering

an aggregate, will stabilize the propagating crack; and a final stage

i
i
i
i
!
i
;
t
!
;
i
i
i

where the energy release rate with rapid crack propagation is of such
magnitude that any energy demand encountered will be supplied so that

an unstable situation results.”34 The transition between these two
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stages is a function of the critical stress intensity factor, Kc.
The smaller the Kc, the smaller crack length is required for failure
in fracture. 1In general, the stress intensity factor (K) can be
egpressed as:
K = 3C (A)%

where J = stress, A = crack length, and C is some constant dependent
on the geometry of the material,

Brown and Srawley8 developed ;he following expression for K,
for a single~edge-cracked specimen subjected to pure bending:

6Ma.}5'

sz

K=%Y%

where Y = 1.99 ~ 2.47 (a/w) + 12.97 (a/w)2 - 23.17 (a/w)3 + 24,80 (a/w)a,
a is the flaw depth, w is specimen depth, M is applied bending moment,
and B is specimen width.

Rolfe and Barsom42 presented equations for K'for.various other
conditions.

If stress (or moment above) is held constant, then the only
variable for a constant geometry section is the crack length a, The
critical stress intensity factor (Kc) then corresponds to some critical
crack length a,- When this critical crack length is reached, the
transition between slow and rapid crack propagation will occur.

Fatigue behavior of comcrete can then be thought of as a phenome~
non involving the growth of microscopic flaws, When the length of one
of these flaws reaches the critical value a,, failure will occur,

The fatigue behavior is directly affected by the critical stress

intensity factor, Kc: As Kc goés up, ac also increases, The
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importance of this statement with respect to understanding the fatigue
behavior of air-entrained concrete can be fully understood in light of
the findings of Naus and I..ott..34 Naus and Lott found that Kc decreased
by 8.2% when the air content in concrete was increased fxrom 2.0 to
12,0%.

This finding indicates a decrease in the critical crack length 8.,
with increasing air content. If it can be assumed that microcracking
occyrs at similar rates for varying air contents, then a decrease in
a, will mean a fewer number of load {stress) repetitions will be
required to effect a fracture or fatigue failure. 1In other words,
as air content increases and K, (and ac) decreases, fatigue life
would be expected to decrease.

This theoretical approach is in agreement with the experimental
findings of this investigation. The flexural fatigue life of concreﬁe
was found to decrease as the amount of air increased between ﬁhe limits

of 2.8 and 11.3%.

4.6. Implications in Concrete Pavement Design

The results of two research projects carried out in the early
1§20‘s at Purdue and the Tllinois Department of Highwaysﬂ’B7 provided
basic data for the 1933 PCA fatigue curve shown in Fig. 32.13 This
curve was used in conjunction with Minor's theory32 to evaluate the
accumulated fatigue effects of all anticipated load applicatioms,

to prevent slab cracking, and to evaluate the design adequacy of a

concrete slab thickness for streets, highways, and airfields. Minor's
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theory applies to stress repetitions above the endurance limit and.
postulates that fatigue strength not used by repetitions at one stress
flevel is available for repetitions at other stress levels; Minor's
theory is often referred to as the cumulative damage theory. Due in
part to work done in the 1960's by Hilsdorf and Keslerls and, in part
to results of several test roads, the 1933 PCA fatigue curve was
replaced by the present 1966 curve, |

The fatigue curve which resulted from the work by Hilsdorf and
Kesler is shown in Fig. 32, This curve represents a constant probability
of 0.05, which means that for 100 fatigue tests not more than five
would show fatigue strengths below the curve. Caiculations of pavement
thickness with the Hilsdorf and Kesler curve gave usable results, and
their curve was considered for replacement of the 1933 ?CA curve.
However, due to the limitations of the Hilsdorf and Kesler inveétigation,
evidence from several test roads, and performance of normally constructed
pavements subject to normal mixed traffic, the present PCA curve was
adopted for thickness design.

Results of the current investigation are also shown in Fig. 32
for non~air-entrained (2.8%), medium range air (6.4%), and high air-
entrained concrete (11,3%). These curves also represent a constant
probability of 0.05 and can therefore be compared directly with the
work of Hilsdorf and Kesler and the two PCA fatigue curves.

It should be kept in mind that the curve presented by Hilsdorf
and Kesler is the result of varying stress fatigue, while the findings

of this investigation are the result of constant stress fatigue testing.
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The present PCA‘fatigue curve is conservative with respect to
Hilsdorf and Kesler air curve as well as the 2.87% air curve of this
investigation. When the effect of high air content is considered,
the PCA curve is not comservative in the higher stress ranges. The
location of the 11.37% air curve indicates that a pavement designed
by current PCA procedures and containing this much air could fail
prematurely. This illustrates most dramatically the effect of air
content on current pavement design procedures.

To further illustrate the effect of air content, pavement designs
were performed using the Towa DOT Pavement Design Pz:’ocedure}"5 with
the fatigue curves from this inﬁestigation as well as the standard
PCA 1933 and 1966 fatigue curves. The results are compared in terms
of both fatigue consumption for a given slab thickness and the slab
thickness required to ensure against fatigue failure. The same deéign
traffic data and subgrade k values were used in all cases. The fatigue
curves that were used are those shown in Fig. 32. The distribution of
axle loads during the design life corresponds to Design Example Number 2
of reference 45. The design calculations are presented in Appendix C.
The effect of air content on the modulus of rupture was taken into
account. Values of modulus of rupture used were 500 psi for 11.3%
air, 700 psi for 2.8% air, and 600 psi for 6.4% air, which correspond
to the 600 psi used for the PCA design calculations. The results of
the thickness design calculations are presented in Table 3,

For the given subgrade, traffic, and modulus of rupture, based
on Towa D,b,ﬁ.‘design methods, a pavement thickness of 9.5 in. is

vequired, Using this thickness as a basis for comparison, the current



Table 3, Comparison of pavement design procedures,

Design Procedure

PCA 1,5.0,
Towa DOT 2,87 Air 6.47 Air 11.3% Air

(Current PCA) 1933 PCA Curve Curve Curve
Assumed
Modulus of 600 600 700 600 500
Rupture, psi
% Fatigue
Life used 75.1 196.9 None 16.9 3322.6
in a 9.5 in,
Pavement
Pavement
Thickness
Required '
for less 9.5 10.0 7.5 9.0 10.5
Than 1259
Fatigue

Life Consumption, in.

79
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D.0,T. procedure arrives at a value of 75.1% of the available fatigue
life used, The 1933 PCA fatigue curve results in a fatigue life
consumption of 196.9%., With 2.8% air and using the I.85,U, fatigue
curve, none of the fatigue life is used. At 5.4% air, 16.9%% of the
fatigue life is used, and at 11,3% air, 3322.6% of the fatigue life
would be used,

A more meaningful comparison can be made by calculating the
respective pavement thickness required when each of the fatigue curves
is used. The current PCA fatigue curve will require a thickness of
9.5 in. The 1933 curve would require 10.0 in, If the fatigue curve
for an air content of 2.8% is used, the thickness required could be
held down to 7.5 in. A 6.47% air pavement would require a thickness of
9.0 in. However, if the fatigue curve for an 11.3% air concrete were
used, a 10.5-in. pavement would be required. This again illustrates
the effect of air content on current pavement design practiées.

It should be noted that the air contents used for the previous
comparison are out of the range of normal design for concrete mixes.
This, however, does not altef the basic finding of this investigation,
that air content does indeed affect the fatigue life of plain concrete
in flexure and should be considered for optimum design of concrete

pavements.
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5. SUMMARY AND CONCLUSIONS

The need for fatigue strength data in the design of concrete
highway and airfield pavements has been known for years. Practically
all rigid pavement design procedures used today make use of the fatigue
life of concrete, The fatigue curves presently used were last revised
in 1966 and do not take into account the effects of entrained air.

Thus, this study investigated the effectsof air on fatigue stremgth
of plain concrete, All other wariables (water-cement ratio, aggregate
type, cement type, ete,) were held constant.

The previous text presents the results of the study on the fatigue
behavior of plain concrete of various air contents. Tests were conducted
on five batches of concrete with air contents of 2.8, 3,5, 6.4, 10.2,
and 11.3%. Fatigue specimens consisted of 6 in, x 6 in. beams subjected
to flexural loading under a zero to maximum load cycle. Under such
conditions the bottom fiber of the beam was subjected to zero to tension
stress cycles., The maximum Bottom fiber stress for a specific test in
most cases was 60, 70, 80, or 90% of the static modulus of rupture,
Concrete for all batches was mixed and poured in the laboratory. Test
specimens were stored submerged in water until testing which took
ﬁlace at a specimen age of 28 to 56 days.

Tests were conducted using an Instron Corporation model 1211l
dynamic cycler fitted with & one~third point loading frame identical
to the one used in the modulus of fupture test. One hundred and twelve
fatigue tests were conducted, Results of these tests are presented

in both tabular and graphic form.
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S~N diagrams show a significant reduction in fatigue 1lifé as the air
content of concrete increases. This reduction is further illustrated
when S-N curves with 95% confidence limits for a point are used for
pavement design. Using the I.S,U, fatigue curves, a pavement containing
2.8% air would require a design thickness of 7.5 in., while a pavement
containing 6.4% air would require a design thickness of 9.0 in.

The main fatigue test program was supplemented by additional
investigations, The compressive strength, modulus of rupture, modulus
of elasticity, and unit weight were determined for each batch, Plastic
air content determinations were compared with hardened air contents
determined by the linear traverse and high pressure air meter methods,
Scanning electron microscope photographs were taken at various magnifi-
cations and various air contents to determine characteristics of the
air void system. A mercury pemnetration porosimeter was used to character-
ize the void properties of the concrete at the various air contents.

As a result of the various tests performed in this study the
following conclusions were reached:

1. The fatigue behavior of plain concrete in flexure is affected
by the air content of the concrete. Fatigue strength decreases
as air content increases, Fatigue curves obtained from this
study (Figs. 29 and 32) provide a basis for an improved rigid
pavement design for pavements in which air-entrained concrete
is used. Pavements designed using the high air and low air
fatigue curves developed in this study resulted in a difference
in thickness of several inches,

2. The linear traverse and high pressure air determination
methods are reliable means of ascertaining the air content of

hardened concrete and can be used to determine the original
plastic concrete air content by mathematical means,
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The modulus of rupture, compressive strength, modulus of
elasticity, and unit weight of concrete all decrease as the
air content of the concrete increases,

As the air content rises the failure of concrete subjected to
fatigue occurs increasingly at the aggregate-cement paste
interface. The fatigue failure surface is, however, identical,
on a macroscopic level, to the modulus of rupture (static)
fajilure surface,

Although it has been generally suggested that entrained air
voids are between 1 and 0,005 mm in diameter and spherical in
shape, and that entrapped air bubbles are greater than 1 mm
in diameter and irregular in shape, the SEM micrographs made
in this study showed that the two kinds of wvoids cannot be
distinguished by either size or shape,

Air entrainment had essentially no effect on pores of capillary/
gel size (less than 1 pym). However, mercury porosimetry data
showed that at higher air entraimment, increased air resulted
in more pores in size of 1 to 10 ym range, between that of
conventional concept of entrained air and capillary pores.
Also, increasing air content increased the median pore diameter
of the micropores as well as the non-uniformity of pore system.
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6. RECOMMENDED FUTURE STUDIES

The present stﬁdy has clearly shown that air content does have
an effect on fatigue concrete in flexure, In view of these findings
the following areas of concrete fatigue in flexure should be pursued:

e Effects of varied W/C ratio

e Effects of different aggregate types

s Surface treatments and other approaches to increase fatigue
life (high density surface, polymer, sulfur penetration, etc.)

Development of comprehensive rigid pavement design curves
applicable for concretes of commonly used combinations of air
content, water~cement ratio, aggregate type, etc,
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9,1, Appendix A. Material Details

Table A.1 Gradation of fine aggregate,

Towa D,0O,T.

Sieve Size % Passing Specifications
3/8 in. 100 100
No. 4 96.5 90 - 100
No. 8 76.6 70 - 100
No, 16 56.0
Ne. 30 36.1
Ne. 30 ‘ 11,1
Ro. 100 0.9
No. 200 0.4 6 - 1.5

Table A.2. (Gradation of coarse aggregate,

Towa D,0,T,

Sieve Size % Passing ‘Specifications
1% in. 100 100
1 in, 96 95 - 100
¥ in. 37 25 = 60‘
No. &4 2 - 10
No. 8 1 0~ 5

No. 200 0.4 6 - 1.5




Table A.3. Cement properties,

Specification

Property Test Value (ASTM C150 and Fed., $8-C-192)

Chemical Data
Mg0 2.6 5.0 max.
803 2.8 3.5 max.
Loss on Ignition .9 3.0 max.
Insoluable Residue .2 .75 max,
Physical Data
Fineness,
Blaine, cm /gm 3460 2800 min.
Soundness,
Autoclave, % .1 .80 max.
Time of Set, min.
Vicat, Initial 80 45 min.
Vicat, Final 155 480 max.
Air Content, 7, 11.0 12.0 max.
Compressive Strength, psi

3 Day 2480 1800 min.

7 bay 4070 2800 min.

LL



Table A.4. Laboratory batch quautitiesa.

Batch Cement, 1b Water, 1bP Sand, 1b Coarse Aggregate, 1b Ad Aire, ml
A 847 32 | 1890 2314 107
B 968 435 2000 2272 1935
c 268 ‘ 435 2000 2272 None
D 968 435 2000 2272 968
E 575 | 259 1188 1350 293

aWater-cement ratio = 0.41,

blnc ludes water required to bring aggregates to saturated surface dry condition,

8L
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9.2. Appendix B, Test Data
Table B.l. Test data, Batch C:‘2.8% air,
% Fatigue Life,
Modulus Number of Load
: of Applications
Specimen Modulus of Rupture, psi Rupture for Failure
3-B-10 850 90 80
3eBe22 855 90 40
3-B-24 820 90 1,150
3-B-20 820 90 3,140
3-B-17 900 90 100
3-B-15 870 90 500
3-B-8 860 80 590
3-B-11 880 80 6,110
3-B-26 780 80 29,200
3-B-19 915 80 400
3-B-6 940 80 1,430
3-3-18 910 81 660
3-B-21 820 70 915,240
3-B-23 780 70 319,700
3-3-27 900 70 82,340
3-B-29 860 70 30,980
3-3-13 820 70 97,230
3-B-14 860 65 2,109,950
3-B-16 830 65 2,566,000%
3~B-7 886 65 1,053,500
3-B-9 880 60 2,041,200%
3-8-25 850 60 2,000,200%
3-B-28 870 60 2,642,000%
3-B-12 910 60 3,889,100%

aFailure did not occur,



Table B.2. Test data, Batch A, 3.5% air.

80

%

Fatigue Life,

Modulus Number of Load
of Applications

Specimen Modulus of Rupture, psi Rupture for Failure
4-B-19 770/790

4=B=21 820/840

4-8-13 830 90 290
4-Bw14 770 90 310
t-B-15 870 90 530
4-B-1 790 85 830
bwB=2 830 85 850
l=B=3 830 85 1,070
4~B~9 850 85 2,100
4-B-10 790 85 1,420
4-B-11 820 85 1,200
i 810 75 4,880
4uB~5 840 75 2,410
4=B=6 850 75 5,910
4=B=7 870 75 1,010
4-B-8 830 75 10,850
4-B-16 820 65 74,310
4eB-17 890 65 495,460
4-B-18 840 65 2,074,690%
4-B-12 820 55 2,721,640%

aFailure did not occur.



Table B.3. Test data, Batch E, 6.4% air.

81

%

Fatigue Life,

Modulus Number of Load

: of Applications
Specimen Modulus of Rupture, psi Rupture for Failure
6~B~19 585 90 630
6-B~8 548 90 580
6~B-53 590 90 1,110
6~B=22 620 90 330
6-B-0 550 90 460
6-8-18 540 80 1,990
6~B=6 533 80 3,670
6Bl 600 80 6,310
6-B=-3 546 80 9,870
H-B=1 600 80 | 2,830
6-B=20 638 70 5,940
6-B-11 538 70 39,350
6-B-10 548 70 19,280
6-B-16 590 70 22,940
6-B~17 590 70 26,300
6-B-21 643 60 704,830
6~B-7 603 60 144,500
6-B-2 648 60 52,980
6-B-15 600 60 2,200,000%
6B~9 535 60 2,169,790%.

‘ aFailure did not occur.



Table B.4, Test data, Batch D, 10.2% air.

82

%

Fatigue Life,

Modulus Number of Load

of Applications

Specimen Modulus of Rupture, psi Rupture for Failure
10-B-20 460 90 560
10-B-21 495 90 80
10-B-18 440 90 270
10-3-8 490 90 410
10-B-14 506 90 160
10-~B~24 483 90 180
10-B-17 490 80 830
10-B+9 445 80 8,810
10-B-11 445 80 16,120
10~B=12 466 80 17,060
10-B-15 460 80 4,100
10~3-7 477 80 1,390
10-B~4 492 80 690
10-B-5 488 80 2,480
10-B-22 500 70 9,080
10-8-19 425 70 82,840
10-B-27 520 70 10,390
10-B-26 506 70 12,390
10-B-6 500 70 8,010
10-B-3 532 70 7,020
10-8-29 495 60 457,810
10~B~16 494 60 2,548,000%
'10-B-10 471 60 2,652,910%
10~B~13 490 60 1,063,510
10-B-23 440 60 3,147,240°
10-B~25 520 60 29,860

aFailure did not occur.
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Table B.5. Test data, Batch B, 11.3% air.

% Fatigue Life,
Modulus Number of Load
of Applications
Specimen Modulus of Rupture, psi Rupture for Failure
11-B~31 440/450
11-B-30 470/490
11-B-304 450/500
11-B~22 500/540
11-B-5 480 90 1,440
11-B-14 520 90 240
11-B~9 510 90 90
11-B-2 560 %0 100
11-B~23 470 90 360
11-B-20 540 90 50
11-8~3 550 80 460
11~B-15 490 80 3,000
11-B-11 510 80 580
11~B-1 540 _ 80 1,470
11~B~12 540 80 590
11~B~19 530 80 720
11~-B=13 . 510 70 32,970
11-B-16 510 70 277,050
11-B=6 500 70 : 2,810
11~B-10 498 70 17,980
11~8-18 560 70 8,700
11~B-24 520 70 14,600
11-B-4 560 60 72,250
11~B-17 510 60 2,110,720%
11-B-7 470 60 2,000,000%
1i-B-8 520 60 42,950
11~B-29 540 60 322,380
11~B~21 500 _ 60 1,529,260

aFailure did not occur,



84

9.3, Appendix C. Pavement Design Calculations

Axles during design life ~ standard PCA design method (45)

Axle Load
Groups, Kips Axle Loads in Design Life

SINGLE
28-30 3,700
26-28 3,700
24426 ‘ 7,410
22-24 195,000
20-22 764,400
18-20 2,139,150
16-18 2,870,400
TANDEM
52-54 3,700
50-52 3,700
48-50 | 36,270
Le=48 36,270
b4li=b6 57,530
42-44 179,790
40-42 204,750
38-40 296,400
36-38 319,800
34~36 487,500
32-34 | 610,350
30-32 1,078,350

Total 19,500,000
Trucks




CALCULATION QF CONCRETE PAVEMENT THICKNESS
{Use with Cose ] Single & Tandem Axle Dasign Charte)
Design Example - Jowa DOT (furrent PCA Procedure)

Project

Type

No. of Lones

Subgrade & 100 . _pel, Subbose
pei., Locd Safety Factor

PROCEDURE

Combined &

I, Fili in Cal.|,2 ond 6, {isting axle loads in decreasing ordar.

13C

1.2

(LS.F)

2. Assume lat trigl depth. Use |/2~in increments,

3. Anoiyze ist triol depth by compisting columns 3,4,5 ang 7

4 Anolyze other frial depths, varying M.R™ siob depth and subbase ty:n'."
1 .

| 2 3 4 5 ) 7
Axle Axie Steans | Stress Allowable Expacted Fatigue
Loods Loads Rotios | Repatitions | Repetitions | Resistance
X ©.S.F Used *"*
Rips Kips pei No. No. percent
Trial depth___ 9.3 in. WMRM__600 . pui 130 pei
SINGLE AXLES
30 36.0 120 .53 240,000, s Ao o 1.5
28 33.6 300 .90 Unlimited 3,700
TANDEM AXLES
34 64.8 350 w28 57,000 3,700 6.5 .|
S 62.4 340 .57 75,000 1,700 4.9,
590 60.90 330 L35 136,000 36,270 27.9
48 57.6 320 53 240,000, 36,270 151
46 35.2 310 292 300,000 57,530 19.2
4 T Isag 300 .50 | Unlimited 179,790
Total 75.1%

%*

L3

1.3

M.R. Modulus of Rupture for 3rd pt. ioading.

Totof tatigue resistance used should not exceed about 125 percent,

Cement ~treated subboses resylt in graatly increased combined k values.
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CALCULATION OF CONCRETE PAVEMENT THICKNESS
{Uss with Casel Single & Tondam Axie Design Charts)
Design Example - 1933 PCA

Project ‘
Type Ne¢. of Lanes
Subgrade K ...200 pcl., Subbase

Combinad k ..130 pei., Lood Safety Factor 1.2 {LS.F}

PROCEDBURE

I Fit in Col. 1,2 ond 6, listing axia i0ads in dacreasing order.

2.Assume iat trial dapth. Use 1/2-in, increments.

3.Anaiyze st triol depth by compieting cotumns 3,4,5 and 7.

.4.Anglyze othar iriol depths, varying M.R"; sitb dapth and subbase type'.“

1 2 3 4 5 6 7
Axle Axls Stress | Stress Aflowabla Expected Fotigues
i.oads Loads Ratios Rapetitions Repetitions | Resistonce
X &.5.F Used ***
kips kips pai Na. No. percant
Triotdapth__ 9.5 in. MRY__600  pgi 130 pei
SINGLE AXLES
39 36,0 320 .53 77,000 --3,700, 4.8 .4
28 33.6 300 .50 Unlimited 3,700
TANDEM AXLES
54 64,8 350 .38 39,000 3,700 9.5 .
52 52.4 346 .57 43,000 3,700 8.6
| .30 i 60,0 330 55 3% ,000 36,270, A1,.8
48 57.6 320 D3 22,000 36,210 47.3
48 55.2 310 .52 88,000 57,530 65.4
s | 52,8 3G0 =20 Unlimited 179,790
Total  196.9%
.'“ M.R. Modulus of Rupture for 3rd pt icoding.
L)

Cement - treated subbases result in graatly increased combined k volues,

#R® Total totigue resistance used should not exceed cbout |25 percant.
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CALCULATION OF CONCRETE PAVEMENT THICKNESS
{Usa with Cassl Single & Tondem Axie Design Charts)
Project . Design Example - 2.8%7 Afr

Type No. of Lones
Subgrade k 100 ocl., Subboss
Combined k 129 ___pei, Lood Satety Factor 1.2 {I.8.F}

PROCEDURE

L Fill in Coi. 1,2 and 6, listing oxle ioads in decreasing order.

2. Assume lof triol depth. Use 1/2~in, intrements.

3. Analyze st tricl depth by complating columne 3,4,5 and 7.

4. Analyze other trict depths, varying M.R‘,’ slab -depth ond subbase 1ypor*

| 2 3 4 5 5 7
Axie Axly Strass | Stress Altowable Expected Fatigue
Loods Loads Rotios Repetitions Rapetitions | Resistonce
X L.S.F Used ***
kips kips pei No.” _ No., percent
Trioldepth 925 in. MRY_ 700 pei k130 pci
SINGLE AXLES
30 36,0 370 <50 | Unlimited | = I S
28 33.6 3040 i
26 31.2

TANDEM AXLES

55 64,3 350 <.50 | Unlimited —
52 62,4 340
D) 60.0 330
48 57.6 320
46 55.2 310

. Total None
M. R. Meduius of Ruplure for 3rd pt. loading. :

%
* Cement - treoted subboses resvit in graotly increased combinad & values.

#%% rotal fotigue resistance used should not exceed oboud 125 percent.
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CALCULATION OF CONCRETE PAVEMENT THICKNESS
(Usa with Casel Single & Tandom Axle Dasign Charts)
Project ___ Design Example - 6.4% Adv

Type

No. of Lanes

Subgrade k .. 100 _pel, Subbate
Combined k . 130 ____ pel, Load Sotety Factor 1.2 (L.S.F)

PROCEDURE

I Filt in Col. 1,2 and 6, listing oxis loads in dacrecsing order.

Z.Assume it frial depth. Use 1/2-in increments.

3. Anclyza |8t trial depth by complating columns 3,4,50nd 7.

4. Anclyze other trial depths, varying M.R"{ slad depth and subbase typa'.“

| 2 3 4 5 ] 13
Axis Axle Strees | Strass Afiowable Expscted Fatigue
L.oods L.oads . Ratios Repetitions Repatitions | Resistance

X L.S.F Used *"*
kips kips pai No. No. percant

Teiol dapth__ 9.5 _in. MRT__A00 _ psi k130 pei

SINGLE AXLES

39 36.0 320 ! 1,200,000 [ _ 3.709 | 0.3 _j

28 33.6 300 50 Unlimited

26

124

TANDEM AXLES

54 64,8 150 .58 170,000 3,700 2.2 ..
52 62.4 340 57 240,000 1,700 1.5,
50 66.0 330 .55 520,000 36,270 7.0
48 57.6 320 W33 1,200,000 36,270 3.0
B 46 . 55.2 310 .52 2,000,000 575140 2.9
X 52,8 300 .50 Unlimited
Total 16.9%

» M. R. Moduius of Rupture for 3rd pt. loading.

i Coment - fragted subbases rosyit in gragtly incressed combined k values,

"A% Total fatigue resistance used should not exceed obout {25 percent.
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CALCUL ATION OF CONCRETE PAVEMENT THICKNESS
{Use with Caee I Single & Tondem Axle Design Charts)

Project Desipn Example — 11,3% Air

Type No. of Lanes
. Subgrads ¥ .00 pcl, Subbose

Combined k L3¢ pci., Load Sofety Foctor 1.2 (L.S.F)

PROCEDURE

L Fili in Coi. 1,2 ond 6, listing oxie loads in dacraasing order,

2.Assume |8¢ trigl depth, Use 1/2-in.increments.

3, Analyze 18t triol depih by completing columns 3,4,% and 7.

4.Anaiyze other trial depihs, varying M.R’: siab depth and subbase 'ypo"

I 2 3 4 5 6 T
Axie - Axie Stress | Stress "Aliowable Expected Fatigue
Loads Loods Ratios Repetitions Repetitions | Resistonce

X L.S.F Used """

Kips kips pei No. No. percant

Trigt depth__9.5 _in. M.RT__300 p8i Kein 130 . . pei
SINGLE AXLES

ko] 36.0 320 L 64 8,000 . . . 3,700_) 46.3 1.
.28 33.6 300 60 3%,000 3,700 9.3

26 31.2 285 Y 140,000 .18 3.3

24 28.8 270, L. .54} 850,600 195,000 22.9
22 26,4} 250 250 Uniimited

TANDEM AXLES

5% 64,8 350 70 800 " 3,700 462,35 _ |
53 62.4 340 68 1,800 1,200 205 b
50 60.0 330 T 3,600 36,270 1607.5
48 57.6 320 A4, £.000 34210 423.4
46 55.2 310 .62 17,000 27,330 334.4

[ 4b | 52.8 300 .60 39.000 179,790 461.0

iz 50.4 287 .57 140,000 204,750 146.3
40 48.0 280 56 210,000 296, 400 141.1
38 45.6 267 +53 11,400,000 319,800 22.8
:;2 ) 43.2 14250 <, 50 Unlimiteg

N Total 3322.6%
M. R. Moduilus of Rupture for 3rd pt loading.

..“ Cement - treated subbasaes rasult in grectly increased combined k values.

%% Totol fotigue resisfonce used should not exceed about |25 parcant.
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CALCULATION OF CONCRETE PAVEMENT THICKNESS
(Use with Casel Singla & Tandem Axle Deaign Chorts)
Design Example - 19373 PCA

Projact

Type No.of Lanes

Subgrade k ... 100 __ pci, Subbase
Combined k . L3%. __pci, Lood Safety Factor

PROCEDURE

1.2 {LS.F)

{. Fill in Col. 1,2 ond 6, [isting onla loads in decraosing ordar.

2.Assuma st triol dapih. Use 1/2-in. increments.

3. Anclyze ist trial depth by complating columns 3,8,5 ond 7.

4 Anoiyze other friai depths, varying M.R",’ siab depth and subboss typ.f"*

i. 2 3 4 5 <) 7
Axnle Axls Strass | Stross Aliowable Expeacted Fatique
Loads L.oads Ratios | Repetitions | Repetitions | Resistonce

X L.SF Usad ***
Kips kips pai No. No. percant
Trict depth.___10.0 _ in. MR"___500 . .psi w130 pei
SINGLE AXLES

30 36.0 <1300 .50 1 iniimired | . - oo ] —d

28 3.6

26 31,2

b2 28.8 1

D 26.4
20 24.0
TANDEM AXLES

54 64.8 330 53 59,000 3,700 6.3,

52 62.4 320 53 77,000 3,700 48

50 6G.0 310 52 28.000 36,270 41,2

48 57.6 300 .30 Unlimited

i 55.2

B 44 52.8

L 432 50.4

490 48.9
Total 52%.3%

_“ M.R. Moduius of Rupture for 3rd pt tcading.
- N

A% Toto! fatigue resistance used should not excead about | 25 parcant,

Cement - trected subbases result in greatly increased combinad k values,
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CALCULATION OF CONCRETE PAVEMENT THICKNESS
{Use with Casal Singie & Yondem Axle Design Charte)

Project Desden Example - 2,8% Adr .
Typo No.of Lanes
Subgrade K .....J00  pci, Subboss

Combined k ..130 __pci, Load Safely Fector 1.2 {LS.F)

PROCEDURE

I Fill in Col. 1,2 and G, tisting gxie ivads in decreasing order.

2.Assums L8t trial depth. Use |/2-in, increments.

3.Anolyze iet trial depth by completing columns 3,4,B5ond T

4.Anolyze other frial dapths, varying M.R™ siab depth and subbase fypof""

| 2 3 ) 8 ] 7
Axie Axte Stress | Stress Allowabls Expected Fatigue
Loods Loads Rotios | Raepatitions | Repetitions | Resistonce
X L.S.F Useg " ®
kips kipe psi No. . No. percant
Triat depth._ -5 in. MR __700 _pei  Kew 130 pei
. SINGLE AXLES
30 36.0 418 .63 1.6, i .. .3.200 1 L 2.2
23 331.6 420 1) Z40, 000 3,700 Q.3
26 31.2 396 B2l 4,700,000 7,410 0.2
24 28.8 373 ] . . .33.§10,000,000
2 26.4 348 < .50 ) Unlimited
TANDEM AXLES
54 64,8 480 £4 11,000 3,700 33,6
52 62,4 468 NYi 27,000 3,700 13,7
50 60.9 430 N4 100,000 36,270 ~36.3...
48 57.6 440 a3 170,000 36,270 21.3 ]
46 53,2 420 .60 740,000 57,530 7.8
L 32.8 405 38 2,200,000 179,791 8.2
a2 50.4 390 .96 130,000,000 204, 750 2.0
40 48.0 375 54 1280,000,000
a8 45,6 338 W51
36 43.2 340 £ 5i0) Inlimited
Total 124.8%

* M. R. Moduius of Rupture for 3rd pt. loading.

ol Cement - traated subbasas result in greatly incregsed combined k voliuas.

8% Total tatigue resistonce used should not exceed obout 125 percent.
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CALCULATION OF CONCRETE PAVEMENT THICKNESS
{Use with Caosal Singles & Tondam Axlie Dasign Charts)
' Design Example 6.4% Air

Projact

Type No. of Lanes
Subgrade x 100 pei, Subbase

Combinad k m.l..ie.mpci., {.00d Safety Facter 1.2 {L.S.F}

... PROCEDURE

t. Fill in Col.i,2 ang 6, listing axle loads in decreasing order.
2.Assyme [s? triol dapth. Use 1/2-in increments.
3.Anclyze ist triol dapth by complating columns 3,4,5 and 7.

4.Anoiyze othar frial depths, varying M.R': slab depth and subbosa typnf"

] 2 3 4 5 6 7
Axnta Axia Strass | Stress Allowabis Expected Fatigue
Loads Loade Ratios | Repatitions Repatitions | Resistance
X G.8.F Used "*®
Rips Rips pet No. No. percant
Tricl depth... 2.0 i, MART__600 _ pei ke—dd0. . peci
SINGLE AXLES
30 6.0 0 .57 250,000 . ... .3,700..) 1.5
28 33.6 324 w34 850,000 3,200 9.4
26 31.2 305 51 2,600,000 7,410 0.3
24 28.8 306, & 500 Unlimired =
[ 22 264
20
TANDEM AXLES
54 648 380 3 30,000 3,700 12.3
57 62.4 165 .61 62,000 1,700 6.0
50 60.0 1553 59 120,600 16, 270 36.2
48 57.6 346 58 180,000 34,270 20,2 )
| 46 55,2 330 L35 530,000 57,530 10.9
44 = 52.8 318 W33 1,300,000 179,790 3.8
- .az. 56,4 308 .51 1 2,600,000 204,750 7.9
a6 48.0 295 <.50 | Unlimired.
Total 1G3.5%

* M. R, Modulus of Rupture for 3rd pt lcading.

%
* Cement - treoted subboses result in graatiy incregsed combined X vaiues.

A% Total fatigue resistance used shouid not exceed about 125 percent.
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CALCULATION OF CONCRETE PAVEMENT THICKNESS
{Ues with Cese ! Single & Tandem Axle Design Charts)

Deglgn Example

11,34 Alr

Projact

No. of Lanes

Type

Subgrade k100 . pcl, Subbose .

Combined k ...£30 ___ pel, tLogd Satety Factor

1.2

PROCEDURE

I. Fifl in Col. 1,2 and 6, listing oxle loods in decrecsing order,
2. Assume 1ot trigl depth, Use 1/2~In increments.

3. Analyze st trial depth by compieting columns 3,4,85 and 7.

(LSF)

4_Anciyze other tricl depths, varying M.R‘: sich depth and subbase typo’“

t 2 3 4 g [ T
Axle Axle Stress | Stress Atiowable Expoctad Fatigue
Loods Loads Ratios ! Repatitions Repetitions | Resistance
% L.5.F Useg X2®
kips Rips pei No. No. - percent
Triob depth10:5 _ in. WARY__S500 __ pai 130 pei
SINGLE AXLES
50 36,0 276 L35 330,000 | _3.700_| 1.1 |
28 33.6 262 52 1,100,000 3,700, wd
26 3.2 . <.50
TANDEM AXLES
54 64.8 309 62 17,000 3,700 21,8
52 62,4 258 6D 40,000 3. 200 9ad
50 60.0 290 238 100,900 36,270 36.3
48 57.6 250 Sh 200,000 36,270 18,1 ]
46 55.2 269 . 54 500,000 57,530 11.5
[ 261 52 1,100,000 179,790 16,3
R 50.4 250 £.50

_“' M. R. Modulue of Rupture for 3rd pt leading.

e

Total 114.7%

Cament - treated subbases resuit in greotly increosed combined i voiues,

®R® rotol fotigue resistonce used should not exceed about i25 percant.



