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PREFACE

ThisAdissertation is concerned with establishing a method of test
which can be used to measure the durability of concrete. The test can
be conducted on hardened concrete specimens in a few days. The method
of test has demonstrated merit for measuring the durability of concrete
which has been subjected to freezing temperatures during the initial
curing period.
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CHAPTER 1
INTRODUCTION
1.1 Statement of Problem

The broad use of:portland cement concrete as a construction
material has been stimulated by qualities exhibited in its many
applications. But since concrete is manufactured locally, its
qua]ity varies depending upon the care and concern of those responsible
for its manufacture. Extreme variation in the fina} product has
resulted in the need for quality control specifications. When such
specifications are lightly considered or ignored, it is necessary to
instigate thorough inspéction and testing to assure a quality concrete.

Further,'many field operations are not in keeping with good con-
crete practice. In pafticu]ar, concrete is often placed when outside
temperatures are below freezing. The following éxahp]e may help to
j]]ustrate. During the winter of 1961 and 1962 a five-story rein-
forced concrete and masonry structure was being constructed. One large
foundation wall was placed during an afternoon when the temperature of
the air was 32°F. Thé_forms were filled and left exposed without
coverings or heat. The temperature of the air reached a minimum of
6°F dUring the night and was 10°F at the time the forms were stripped

the following day. Heavy frost was visible on the concrete.



Approximately 28 days later core samples taken frbm the foundation
wall exhibited an average compressive strength of 3000 psi.  Concrete
- of the same mix design used in other locations and cured under more
favorab]efconditions had strengths near 5000 psi.

Compressive strengfh of concrete is frequently used as an overall
measure of concrete quality since it has been shown to be closely
related to such concrete quality characteristics as'permeabi1ity,
creep, fatigue strength and freeze-thaw durability. Earily freezing
has been found to 1nf1uence the compreésive strength (1, 2, 3, 4, 5).%
_It.is,rea$onab1e tovexpect that other properties will also be‘a1tered
by freezing.~ One such property is slow cycle fatighe durabi]ity,

This study is concerned‘with the relationship of slow cyc1é fatigue

durébi]ity to overall concrete quality.
1.2 Purpose of Investigation

~The purpose of.this investigation was to develop a fatigue test-
ing method which would relate to the fatigue durability of portland
cement concrete. Inyparticu]ar the program considered a study of the‘
following: |

1. The influence of low temperature curing on the response of

concrete to low frequency,.high intensity cyclic compressive loads.

2. The influence of freezing of fresh concreté on the development
of internal f]aws,.both thoée formed during the_curing period and those

formed as a result of app]ied loading.

*Numbers in brackets refer to references listed in the Bibliography.



3. The inf1uence of entrained air on the response of concrete
subjected to slow cycle fatigue loading.

4. The developiient of a quantitative means bf measuring the
fatigue dhrabﬁ1ﬁty of concrete by Ye]ating to a dﬁrabi]fty'féctor and
to the nuﬁber of load cycles to cause complete failure.

5. Application of the fatigue testing method to an actual con-

crete structure which had concrete of queétionab]e qUaTity.
1.3 Definitions

The following definitions will apply throughout this report:

1. Fatigue durability: In general fatigue durability is defined
as the ability of.concrete to resfst or withstand, for the 1ife of the
structure, all intended loads without excessive deterioration or
failure. More specifica]]y; in this report, durability is a relative
measure of the resistance of concrete to Cyclic uniaXia] compréssion.

| 2. Cool curing: Curing conditions during which the ambient
temperatures are near freezing but not low enough to cause significaht
freezing within a specimen.

3. Bond cracks: Cracks or discontinuities between the paste
matrix and thevcoarse aggregate which are either microscopic or
macroscopic.

4, Fresh concrete: Concrete immediately after placing and before
final set has océurred. Such concrete is in a plastic condition.

5. Cycles to fai]ure: As the slow cycle fatigue test was per-
'formed'the humber’of cycles was automatically counted. Cycles to
fai]ure refer to the total number of load cycles at the time of

complete structural failure of the specimen.



6. Durability factor: The durability factor was calculated from -
the following equation:
?cNi
M

DF =

;

ratio of the dynamic Young's modulus of elasticity at N
cycles of dynamic load to the dynamic modulus at N = 0
cycles of load, indicated as a percentage.

where Pc

N; = number of cycles at which P_ reaches the specified
minimum value for discontinﬁing the test (taken to be
80%) or the specified number of cycles at which the
cyclic Toad is to be terminated (taken to be 1800
cycles); '

M = specified humber of cycles at which the dynamic load
was to be terminated. In this investigation, M = 1800
cgc]es was used (for further details refer to Appendix
A).
7. Autogenous healing: Fine cracks in concrete will heal under
moist conditions. This autogenous healing is probably due to continued

hydration of unhydrated'cement.



CHAPTER II
“ HISTORY OF RESEARCH
2.1 Effects of Early Freezing

The temperature of concrete during initial curing has an important
influence on its strength and durabi]ify at later ages. NcNeese (1)
found that concrete which was frozen in a plastic state and later
allowed to cure under standard conditions, lost up to 50 percent of the
standard compressive strength.v He further found that if the concrete
temperature was 75°F at the time of placing, it must be subjected to
severé freezing within six hours. for any appreciable damage to occur.

If the concrete temperature was 40°F at the time of placing, even a
mild freezing temperéture of 25°F resulted in a 50 percent reduction in
strength.

Other laboratory tests (1, 2, 3) and field tests (4) of concrete
subjected to freezing temperatures show that such concrete usually fails
to deve]op its full compressive strength.

The mechanism of such failure to develop full strength is not
completely known, but from present evidence (5) it appears that micro-
fractures are formed ih the binder as a result of expansion due to
freezing of the water in the pores of the concrete. These microfractures
bring about a ]oss in unit weight in the concfete, reduction in adhésion

of the particles, lower resistance to abrasion, and reduction in the



tensi1e~strength and elasticity of the concrete. There is also an
increase in the permeability of the concrete which in turn accentuates
other harmful effects and brings about progreésive deterioration of the
concrete. | |

~ However, hot all research has shown such definite detrimental re-
sults produced by the freezing of fresh concrete. For exaiple, H. M.
Fitch (2) has reported that concrete, after freezing, will begin to
deve10b strength at the normal rate if the concrete contains adequate
moisture and s subjected to thawing temperature. 'FitchvconcTuded that
if the freezing‘period were omitted in the plotting of the age-strength
curves, the curve would be essentially the same as though the concrete
had never been frozen.

Young (6) indicated that for concrete frozen while still plastic,
the.strength;and_durabi]ity were nearly always affected énd that the
compreséive stfength was USua11y reduced 10 to 50 percent. He also
: observed‘that internal examination of the concrete that was frozen while
still plastic showed evidence of the formation of ice crystals which
appeared as "lTittle turkey tracks."

Hagy_(7) reported that in 1930 some footings were placed in near
- zero weather with no attempt to protect the cqncrete. After three
‘weeks fhe concreté thawed and seemed to be as plastic as when poured.
Cylinders were madevat the time the footings were poured and protected
from ffeezing. Add{tional cylinders from the frozen concrete were
made and cured after it became plastic. After a six-month period,
there was not over a fiVe bercent difference in the compressive strength

of the two concretes.



However, sufficient compfessive strength is no guarantee that early
freezing has not adversely affected another concrete'paraméter such as
»fat1gue_dufabi1ity, ~An example may help to illustrate: A structure
was é reinforced concrete fraﬁe-carrying~a-24-1nch water main across a
cana].' After 21 years of service the structure had-deterioratedvto the
point that extensive repairs were required to save it. The legs had
buckled s1ightly and portions of the deck had dropped into the canal.
The parapets each side of the pipe were.commencing to spall. Some of the |
surface of the concrete was in even worse condition with much steel
exposed. In places daylight could be seen through the core concrete
behind the main bars. A study of the‘engfneer*s records indicated
snowvand ice during part of the construction period with temperatures
as low as 15°F. The fnvestigation pointed to a‘progfessive internal
weakening of the concrete (11).

The literature contains numerous examp]es of structural failures
which were the result of having loads applied to concrete which was
frozen and which had insufficient strength at the time of
Toading (9, 10, 11, 12). A recent example occurred during the con-
struction ?f a,16-story senior citizens' residence in Calgary, Canada.
The roof slab forms were removed 28 days after casting the concrete.
The fo]iowing day a large portion of the roof collapsed. Standard
cured cylinder strengths averaged 3670 pSi, while the cohpressive
strehgth‘of samb]es taken from the collapsed structure had an average
Strength of 311 psi. ‘The cO1]apséd slab had been enclosed and heated
three days after casting; however, the‘top surface was left exposed to
temperatures that averaged 19°F above zero during the 28-day curing

period. The average daily wind was 11 mph. The combination of low



témﬁerature and éhi]]Ifactor effect of the wind delayed the hydration
of the cement, resulting in very low concrete strength. (10).

- In order to prevent failures of concrete structures, the concrete
nééds to be evaluated as the construction of the building progresses.
Determination of the compressive strength of the concrete Has usually
been used to5evaJUate the quality of the concrete. The method of
evaluating the cdmpresSive strength of éoncrete'is simple and
inexpensive. Thé compressive strength is in itself an important
property and is related to many of the other physical properties of
concrete. However, the behavior of conérete‘under some loading and
exposure conditions may not be directly related to the compressive
strength. For example, comsider concrete exposed to extreme freeze
and thaw conditiqns. The sfmp]e addition of entrained air will
increase the durabi]ity under these conditions many times, yet the
compressive strength can be essentia]]y the same. Therefore, to

correct]y'determine,the influence of early freezing, it is important

to evaluate other properties in addition to the compressive strength.

2.2 Durability of Concrete

Deterioration of concrete may be5u1t}from inherent weakness within
the cohcrete,.from the action of internal forées producéd by exposure
to the environemﬁf, or from external 1oading$. ‘ACI Committee 201,
working with concrete durability, has presented a summary of the current
knowledge on durability of concrete in‘service, The committee listed
durability problems and explained the basic}mechanisms of deterioration
and sdggésted proportioning, placing, curing, and maintenance practices

best suited to overcome the difficulties of producing durable



concrete'(13) The best means of produc1ng durable concrete s thus

we]] known though the techn1ques are not always followed in practice.
While ACI Committee 201 has been deep]y concerned with concrete

durab111ty and ACI Comm1ttee 215 with concrete fatigue, there ex1sts

a joint area of fat1gue durab1]1ty which may prove beneficial for

. further study and research. The deteriorating influences of cycTic

1oads cnvconcrete with suspect quality needs fdrther investigation.

- As an examp]e,'ccncrete Which has‘been sebject to early freézing

conditions may have induced flaws which create stress concentrations,

that seriously alter thevfatigue durabi]jty'under»the influence of

cyclic loads.
2.3 Dynamic Modulus of Elasticity

Whitehurst (14), author of the ACI Monograph No. 2, considers the
use of various Sonic teSts to evaluate certain properties of‘concrete.
He presents a brief history of sonic methods end discusses the app11ca-
tion and accuracy of sonic test procedures.

The sonic test,_Sometimes referred to as the resonant frequency
test or the dynamic test, qufck]y done and .has the advantage that the
dynemic modulus of elasticity can be determined without damaging the
Vspecimen. Such sonic tests have been used for many years to evaluate
the general qua]ity of a concrete or to»compare quality lerels ef
different concretes. The resonant frequency of the specimen, measured
in the sonic test, varies with the number of internal flaws. With an
increase in flaws in a concrete‘specimeng there is a decrease in the

resonant frequency of the specimen.
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The nondestructive nature of the tests allows the influence of
various parameters on the sonic modulus to he studied with respect to
tine. Itvhas been found (14, 15, 16) that the‘disintegrafing effects
of ffeeze-thaw cycles can be detected earlier with the dynamic modulus
method than with other available methods. Because the dynamic modulus
test can:be utilized to study the behavior of concrete Under various
cenditiohs_of Toad or environmental exposure, it is en appropriate test
to inVestigate the deteriqrating influence of cyclic load. vFor further
details and calculations, refer to Appendix A. |

| A p1ot of the dynamic moduius of.e1asticity vs. the number of
cyc]es-ef freeze and thaw shows graphically the rate at which a concrete
specimen.is disintegrating. The calculation of both the durability fac-
tor and the dynamic modulus of elasticity established by the resonant
frequency of the specimen has long been a part'of the freezing and thaw-
ing tests presented by A.S.T.M. C290-67 and C291-67 (30). With a fatigue
tests there occurs a progressive deterioration and breakdown of the
specimen due to an inereasing growth of internal flaws. Such deter{ora-
tioﬁ is similar to the progressive deterioration of freeze—thaw specimens.

Therefare, the proposed sTow cycle test method can produce test
resu]ts that can be evaluated by both the graphica1.p1ot of the dynamic
modulus vs. the humber of cycTes of load and the durability facﬁor to

determine fatigue durability.
2.4 Fatigue of Concrete

When concrete fails under a number of repeated loads, each smaller
than the Single static‘]oed.which would cause failure, it is said to

have failed in fatigue.
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AC; Committee 215 (17) has published a comprehensive bibliography
on the fatigue of concrete. This bib]ibgraphy 1ists the major technical
periodicals, bulletins, and tests, both foreign and domestic. Further,
it Tists studies of compressive and flexural fatigue ioading of plain
and reinforced concrete and also of the resistance of bond to fatigue
loading. |

Fatigue strength of concrete is known to be lower than its static
strength and this may well be due to the formation and development of
internal cracks. Many investigations have shown that the resistance
of plain concrete to a very large number of repeated compressive loads
is approximately 50 to 55apereent 6f the stetic ultimate (17). The
number. of repetitions that concrete can resist decreases rapidly as
the maximum stness increases. Approximately 5000 repetitions of load
at 70 percent of the nominal ultimate Toad ane required to cause
fajlure (18).

ACI .Committee 215 Indicated the need for more research in almost
every phase of concrete fatigue. The committee report says that
information is needed on the effect of moisture, aggregate bond,
different aggregates, air entraining,-admixtures,vcuring, rest periods,
microcracks in the paste, different environments of corrosive agents,
specimen si;e, range of stress, combined Toading, accumuiative fatigue

damage, freezing and thawing, and previous stress histories.
2.5 Slow Cycle Fatigue

Most of the past fatigue research has utilized a constant loading
frequency in the range of 10 to 800 cycles per minute (17). Slow

cycle fatigue for the purposes of this report is defined to have a



loading frequency ranging from 1/2 to 3 cycles per mfnute.v The higher
frequency range is a,resu]t of the response rate of the testing
equipment used. |

‘ STow cyc]e fat1gue test data within the range of 1/2 to 3 cycles
per minute is essent1a11y nonex1stent in the 11terature The
'relat1onsh1p to durab111ty of a durab111ty factor or of a changing -
dynamic-moculus as a result of cyc11c loading has not been applied in
a mean1ngfu1 way with fatigue testing. Therefore, a brief history
of slow cyc1é_fatigue research conducted at the Brigham Young
University 15 here presented.

~In 1964, research sponsored by Brigham Young University, was con-
ducted to evaluate concrete frozen while in a pléstic condition.
Results of this research indicated an internal deterioration‘under
cyc11; loading progressing at a faster rate than for concrete not
subjected to freezing. An extension of this research was used to
separate‘many of the variables and to verify and extend the original
results. Several graduate students in the Department of Civil
Engineering conducted further research on frozen con;rete by using the
slow cycle fatigue method under supervision of the author. Variables
'such as size of specimen, moisture content at the time of test and
extent of freezing required special handling of the speéimens‘and to
the deVe]opment Of‘special apparatus used at the time.of tést (19, 20).
Additional research brought to 1ight the effects of type of éement,
type and ampunt Qf loading, and effect of real atmospheric curing
cdnditions (21, 22, 23). }Later microscopic investigations were
qonducted to study the effects of freezing of fresh concrete as well as

the progressive deterioration which resulted from cyclic loading (24, 25).
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-As the research‘prbgressed, confidence in the technigue and
approach also increased. It was evident from the beginning that a
testing program which could be used to eya1uat¢ concrete sampleé
taken from construction projects was the u1tim§te goal for developing
a slow cycle fatigue testing method. As a part of the total fatigue
tesfing program, concrete samples from consfruction projects were
obtained and tested according to the fatigue method previously
developed. This testing brogram also included a microscopic evaluation
of the concrete samp]és.

Continuing research has provided additional information with
regard‘fo fatigue durability; (a) for variations ih coricrete consis-
tency with a constant water-cement_katio (26); (b) for variations in
the.percentage of entrained air and, (c) for variations in the rate
of load application (27); | | |

The limited size and capacity of the freeziné.uhits used in the
laboratory made it difficult at times to maintain suitable tempera-
tures for freezing. At times it was felt that only the surface of
the ffesh concrete.had been damaged. It has been observed that
smaller specimens (4 x 8 in. cylinders) showed more consistent results
than Targer.speéimehs (6 x 12 in. cy]inders). Carefu1 control of the
freeiing as well aé of other factors resulted in consistent |
determfnation of -change in the durability factor and number of cycles
of load causing failure (28).

With due regard. to the development of equipment and technidues,
the mofe significant results of the above research have been presented

at this time and are included in the results of this report.



CHAPTER III
EXPERIMENTAL DETAILS
3.1 General

In search of a suftab]e test method which could be used to evaluate
the damagé‘sustained by concrete subject to freezing, it was decided to
subjeét specimens which had been frozen while plastic, thawed, and stan-
dakd cured, to a slow cyc]ic compressive 1bad. Both a plot of the dy-
namic hodu]us of elasticity vs. the number of cycles of load and a dur-
ability factor were used to detekmine if the cyclic load was producing
any significant internal change.v In addition, the total number of cycles
of load producing complete failure was recorded and used as an indicator
of the concrete fatigue durability.

Tests performed on specimens frozen while Sti]] plastic were used as

a means of evaluating the fatigue method of test. : This evaluation be-
- comes meaningful only when the results of tests on specimens frozen and
those not frozen but taken from the same batch of concrete are compared.
For simplification in presenting the results and for describing the pro-
cedure, the fkozen specimens, which were later curéd under standard con-
ditions, will be referred to as damaged and those specimens cured en- -
tire]y under standard conditions wi]] be referred to as nondamaged or

standard cured.

14
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As the research progressed it was observed that there was a sighifi-
cant difference in the number of cycles to failure and the rate at which
the,dynamic modulus changed between the damaged specimens.and the non-
damaged or standafd'specimens. However, durihg-fhe fnitia] periods of
research, the results were found to be irregular and difficu1t_to repro-
duce. In partﬁcu1ar, it was noted that és a specimen became drier, it
réquired'a greater number of cycles of load to pfddUce a given change
in the dynamic modulus of elasticity.

In order to obtain more consistent résu]ts;'it was decided to do
all dynamic testing with the specimens in a saturated condition. In
addition, it was also decided to submerge al]_specihens in water for 48
hours pridr to starting the cyclic Toad test.

~ Another problem encountered ear]y»in the research ﬁrogram was the
need for a decision on.the amount of load to apply. Fo]iowing pilot
testing during which the peak cyc]ic Toad_was varied-bétween 35 and 90
percent of the ultimate compressive strength on different samples, the
figure of 70 percent of the ultimate load was arbitrarily selected for
most of the testing. It may be found from future testing that a peak
cyc]ic load value other than 70 percent will prove more economical of
testing time and still give reliable results.

The entire research was initiated to sfudy and evaluate the effects
of freezing temperatures during fhe early curing period on the fatigue
durability of concrete. in order to properly evaluate the fréezing ef-
fect on the concrete, it was necessary to try to isolate some of the
variables. Specific parameters which have been studied include: (1)
rate of Toad application, (2) vériation in the_maximum and minimum

values of cyclic Toad, (3) variations in air content, -and (4) age at
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the time of test. Additional studies were made tb determihe the effect
on compressive strength caused by freezing fresh cdncrete. For evalua-
tion of,these factors a microscopic evaluation of the COncreté was uséd
io further clarify the.physiéél phehomenon éésociated with'eériy freez-
ing and the slow cycle fatigue type of failure. In addition, the dur-

abiTity factor and the number of cycles to fai1ure for concrete cast on
the job site undervfreezing conditions was comparéd to similar results

obtainedAfrom the laboratory investigation.
3.2 Materials

Local coarse and fine aggregates uséd in the concrete were hard
limestone or do16mite. The aggregates used were obtained from local
‘commerc1a1 sources and met ASTM requirements (31). ‘

A Specific gravity values for both fine and coarse aggregates were
2.6. . Fok the_type I and type III portland cement the specific gravity
was assumed 3.15. | |

The maximum size‘of coarse aggregate was 3/4 in. and the maximum
size of fine aggregate was 3/16 in.

The mixing water used was from the local culinary water system.
The 1iquid air entraining agent was dispersed in the mixing water prior
to mfxing in the concrete. The pressure method Was used:to‘détekmine
the amount of'air entrained in the concrete.

Prior to testing 611 specimens were cappéd with a sulfur compbund

approximately 3/16 in. thick.
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3.3 Description of Spetimens :

Specimens cast in the Taboratory and subject to the slow cycle
fatigue te$tvwere eiﬁher 4 in. in diémeter'by 8.ih.’in height or 6 in.
in diameter by 12 in. in height. ' | |

Core specimens 3.3/4>1n. in.diameter and generally 8 in. long were
cut perpendicu]af to their axis at both ends énd céppéd with sulfur com-
pound approxfmaté]y 3/16 1in. thick. |

Most of tﬁé concrete core specimehs were obtained from the founda-
tion of a large reinforced concrete'and’masbnry‘building, parts of which
were COnstructed in freezing weather durihg.1962 and 1963.

One-inch thick samples from the cy]indhica] test specimens were ob-
_tafned'for microscope examination by cutting with a masonry saw equipped
with a diamond blade. The cut samples were po]ished_in a rotary polish-

ing machine.
3.4 Fabrication and Curing

The concrete mixes'were proportioned by weight of ingredients based
upoh a trial mix design method. Proportions varied depending upon the
water-to-cement ratio_and the air entraihment used. For specific pro-
portions refer to Appehdix C.

The concrete was mixed in a stationary horiionta1 pan éonﬁrete
mixer. The éoncrete was placed in_thé'specimen molds within 15 minutes
frqm'the time all ingredients were added to the mixer.

Curing of the laboratory specimens was.varied in order to study

the resulting effects. For details refer to Appendix C.
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In ordef to establish uniformity as well as standardize the test
procedure, a majority of the specimens were cured in one of two ways:

(1) Standard curing condition. A portion of the specimens from
each batch was cured in air for 24 hours at 70°F; After removing the
molds the specimens were placed in a fog rooh to cure at 73°F and 90
percent humidity until timé for testirng. AI1 speciméns subject to cyclic
loading Were immersed in water 48 hours prior to_tésting.

- (2) Ear]y_freezihg condition. The remaining specimens from each
batch were cured in air at 70°F for six hours. The molds were stripped
and the;speciméns placed in a freezer unit for 24 hours at -10°F. After
removal from the freezer the specimehs were p]écéd in .the fog room at
73°F and 90 percent humidity until 48 hours before time of test at which
time.the.specimens'were immersediin water.

Specific variatiqns to the above curing conditioné may be noted in

Appendix C.
3.5 Equipmént

The majbr équipment used in performing the slow cycle fatigue tests
is Tisted below. L

1. Universal testing machine With a 300,000 1bs. Static capacity
and cyclic Toad control. See Fiédre~]. v

2. Sonic Modu]ué equipment for determining the dynamic modulus of
elasticity. See Figure 2. o _.

3. A commercial freezéf unit capab1e of tempefatures 0° to -13°F
with a 15 cu. ft. capacity.

4. Horizontal pan concreté mixer with a capacity of 2 cu. ft.

5. Masonry saw equipped with diamond blade.



Figure 1.

Baldwin, Tate, Emery, Universal
Testing Machine Capable cof
Automatic STow Cycling



Figure 2.

Sonic Modulus Equipment for
Determining Dynamic Young's
Moculus of Elasticity
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6. Rotary polishing machine with coarse, medium and fine grinding
powder.

7. Microscope having camera attachment with magnification from 50
to 00X. |

8. Concrete coring machine.

9. Steel cylinder molds with steel base plates. An exception was
made when waxed cardboard molds were used for a group of specimens cast
together in a unit 4 ft. by 4 ft. by 12 in. deep and cured dutside the
laboratory (23). |

3.6 Procedure

Before starting the s]ow cycle fatigue test both laboratory and
core samples from the field were capped, then several specimens from
each group were tested to establish the static .compressive strength of
'the concrete. A thfrd speéimen from the same group was removed from the
wéter'tank and the dynamic modulus of elasticity was determined as shown
in Figuré 2. The specimen was then placed in a steel cylindrical tank
with a milled base plate as shown in Figure 3. The cycle load was ap-
plied to the specimen by the universal testing machine while maintain-
ing complete saturation in the apparatus as shown in Figure 1.

The cycle ]oadFWas'compressivevand the peak load ranged from 35 to
90 percent of the average ultimate compressive stress previously deter-
mined on different samples. The most common cyc]ic load went from 0 to
70 pertent and back to 0, each cycle. Howéver,'a numbef of other cyclic
load patterns were used. o

| At periodi¢ intervals during the test, the specimen was removed

from the cyclic load machine and the dynamic modulus of elasticity was



Figure 3. Special Apparatus Used to Main-
tain Complete Saturation Dur-
ing Slow Cycle Fatigue
Testing
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determined. It was also necessary to frequently clean and Tubricate
the sphericaf head in order to insure free movement and to eliminate any
EEnding in the specimeéns.

~ An automatic counter maintained'a:constant recording of the total
number of load cyc]és.

Plots of the dynamic modulus vs. the number of load cycles were
prepared ffom the data obtained. See Figures 4 through 9. The total
number of load cycles to Eause failure were compared for similar speci-
mens from the same batch of concrete.

A microscopic study of the . concrete specimens was made of polished
samples cut from the specimens. _For core specimens the samples cut from
the ends prior to capping'were polished and observed in the microscope.
After careful study and detailed examination, any cracks found were
marked for identification and photographed. The magnification used was
from 50 to 200X. _ |

‘In an attempt to correlate the extent of internal damage with the
number of Toad cycles, samples for microscopic study were prepared from
test specimens which had been subjected to increasing numbers of load
cycles. For example, two specimens from the same source and each sub--
jected to early freezing showed significant decrease in dynamic modulus
at 2400.and 3600 cyc1es,_respective1y. The change ih dynamic¢ modu]ds
wés from 5.7 x ]06 psf to 5.1 x 106.psi at 2400 cycles forvthé first

sample and from 5.8 x 106 psi to 4.5 x 10'6

psi at 3600 cycles for the
second sample. Samples for microscopic study from each specimen were
prepared and comparisons made. |

The dynamié modulus of e1astic1ty was determined'pribr to the cy-

clic load test and at frequent intervals during_fhe test to ensure
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sufficient data for c31Cu1ating the durability factor and plotting the
dynamic modulus vs. the number of load cycles. For example calculations
refer to Appendixes A and B. The results of these tests are reported

in the following chapter.



CHAPTER IV
 EXPERIMENTAL RESULTS
4.1 Slow Cycle Fatigue Method of Test

The slow cycle fatigue method of test developed during this re-
search has provided a successful means for compéring the fatigue dura-
bi]ity effects of freezing frésh concrete.

The mefhod is briefly outlined:

(a) Concrete specimens: For convenience the specimens can be 4
by 8 in. or 6 by 12 in. cylinders. These are Stahdard sizes for . .com-
pressive strength specimens.

(b) Testing machine: The frequency of cyclic load is such that
most compressive testing machires or universal'testing machines can be
operated without danger of démage to the machine. For this research a
hydrau]ic‘universal testing machine was altered to cycle automatically
and record the cycles for a total cost jess than $200.

(c) Procedure: Concrete specimens, capped as normal compression
test specimens, were satufated 48 hours prior to the cyclic load appli-
cation. Thé specimens were placed in the sonic test equipment and the

.dynamic modulus of elasticity determined. The specimen was transferred
to the testing machine for cyclic load. Since the test must be con-
ducted on the spe¢imen in a saturated condition, a steel cylindrical

tank was used to maintain saturation during the test.

31
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If the peak cyclic load is 70 -percent of the ultimate compressive
strength and»varies ffom'zero Toad, the'cyc1ic Toad portion of the test
can usually be'comb1eted in two days. In the rebbrted tests the ulti-
mate cOmpressive strength was obtained from additional specimens from
the same source immediately preceding the cyclic load test.

At frequent intervals the test was stopped, the sample removed, and
the dynamic modulus of elasticity determined.

A durabfiity factor was calculated, both a b]ot of dynamic modulus
of elasticity vs. number of load cycles, and the number of cycles of
load to céuse-comp1ete'fa11Ure were compared as a measure of fatigue
durability. |

- For the purposes of this reseérch, good or poor fatigue durability
is a relative measure of . how concrefe resists cyclic Toads. A definite
quantity or number is not available to indicate a particular level of
durability. Only when comparisons are made between similar concrete
samples subject to different curing.and cyclic loading conditions as
outlined in this research, can a realistic comparison be made. Even
then further research should be performed before adequate correlation
can be obtained between the results of the suggested test proéedure and

field conditions.
4.2 ‘Durability of Concrete Specimens

Figures 4, 5, 6, 7, 8, and 9 graphically represent the influence of
freezing of fresh cdhcrete on its response to slow cycle fatiqgue testing.
In these figures, there was a significant change in the number of cycles-
to-failure for specimens damaged as compared to those not damaged by

early freezing. Except for Ficure 8 each figure represents a group.of
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specimens from the same concrete batch but éubject to different curing
conditions during the first 48 hours. Control specimens refer to
standard cured specimens while the remaining specimens wefe all subject
to early freéZing.A For Speéific properties and curing conditibns,'refer
to Appendix C. |

Figure 9 is a graphical representation of change in fatigue
durability for concrete core Specimens taken from actual structures.
Except for specimen A8, which had unknown curing cohditions, the remain-
ing specimens‘Al through A7 were subject to freezing temperatures during
the‘initial 24 hour curing period. Note the marked simi]arity between

‘the 1Aboratory specimens of Figure 4 and the core specimens of Figure 9.
4.3 Bond Failure Effect of Ear]y'Freezihg

After concrete specimens were subjected to freezing temperatures
while the concrete was still piastic, the microscopic examination re-
vealed flaws around the coarse aggregate particles. These flaws at the
coarse aggregate interface increased in number and size with the number
of 1oad cycles until a complete breakdown of the specimen resulted.

Figure 10 is typical of specimens cured under standafd conditions
while Figures 11, 12, and 13 are representative of specimens which were
subject to freezihg temperatures during the initial curevperiod.

The progressive breakdown of damaged spécimens is represented in
Figures 14 and 15. Observe the clean separation of the coarse aggregate
from the cement matrix as a result of a_weak'bond relationship.

A study of samp]esvfrom the core specimens which had been taken -
from a structure exposed to freezing during the initial curjng period

indicated that bond cracks were present and easily identified. Figures



Figure 10. Microscopic Study of Aggregate
Matrix Interface of Sample M3
After 3600 Cycles at 70% of
Ultimate Load. No Cracks
Typical for Non-Damaged Speci-
men. Magnification is 51x.
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Figure 11.

Microscopic Study of Aggregate
Matrix Interface of Sample
FP6 After 818 Cycles at 70%
of Ultimate Load. Typical
Bond Crack Clearly Visible
for Damaged Specimen. Mag-
nification is 51x

35



Figure 12.

Aggregate Bond Crack on Core
Semple Similar to Samples
A1, A2, A3. Damage was
Dene Eight Years Prior to
Protograph. Magnification
15 5%
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Figure 13. Aggragate Bond Crack and Matrix
Crack on Core Sample Similar
to Al, A2, A3. Damage was
Done Eight Years Prior to
P?otograph. Magnification is
51x
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Figure 14.

Progressive Bond Failure for Core
Sample A5. Typical of Damaged
Specimens
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Figure 15. Ultimate Failure of Core Sample
AZ Indicating a Bond Failure
Around the Aggregates. Typi-
cal of Damaged Specimens

39
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12 and 13 show typical bond cracks existing after eight years of service
even thoughvthe concrete had increased in‘average‘strength firom 3000 psi

~ to 5855 psi.
4.4 Effects of Air Entrainment

Air-entrained specimens appeared to be affected to a lesser degreé
by freezing temperatures, early in the curing period, than non-air- .
entrained specimens. DosHi‘(ZB) found that'the durab11ity factor of
both standard SpécimEHS‘énd those subject to eariy freezipg:variéd as
‘the percent of entrained air varied. The‘greﬁtest durability factor
occurred at five percent entrained air for 3/4 1n.,méx1mum size aggre-

gafe. See Figure 16.

4.5 Relationship Between Compressive Strength
and Durability

One of the most éign1f1cant results of the tests was in the lack of
correlation foﬁnd between compress1ve streﬁgth and fé£1gue durability in
specimens that have bgen frozen. Concrete with compressive strengths
ranging from 2500 psi to'more than 6000 psi are in common use throughout
~ the building industry. For example, the concrete strengths in excess of
4060 psi shown in Figures 4 and 5 and the concrete strengths in excess
of 5800 psi shown in Figure 9 would under normal conditions be considered

excellent, However, concrete specimens with sufficient strength to meet
the structural and bu11d1qgﬁpode.§equ1rements may exhibit poor fatigue

~ durability (as seen in Figures 4, 5, 6 and 9) 1f the concrete had been
subjected to ffeéz1ng;temgeratukes soon after placing,:
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4.6 Statistical Evaluation

~ Applying statistical techniques to the experimental data from Doshi
(28) which are found in Tdb]e VII, a significant difference is found be-
tween specimens cured -in a standard manner‘ahd those subject to eérly
freezing. | |
"Table I indicates the results of 6 by 12 in. cylindrical speci-

mens which were placed in the freezer units in Timited numbers to insure
.freezing temperatukes throughout the initia]ncuring period. The air con-
tent was varied and the rate of load was varied for both standard cured
specimens and those frozen after only six Hours of air curing.
Comparisohé of durébi]ity'factor, number of cycles to failure and com-
pressive strengths are made for spetimens originally cast from the same
batch of concrete. |

Statistica11y, using the t—diStrfbution with a level of significance
equal to 0.05, the resd]ts are as follows: . -‘

1. The durability factor for frozen samples was significantly
Tower than for the unfrozen samples; |

2. The‘numbér_of cycles to failure was significantly lower for .
frozen samples; and |

3. The compressive strength was significantly lower for frozen
samples. . o
If we consider the average percent change in»the above ;omparisons for
the frozen:samples, they become (1) for the durabi]ity-a decrease of
47.4%% (2) for the number of cycles to failure a decrease of 38.1%; (3)

for compressive strength a decrease of 4.5%.A



TABLE I :
RESULTS OF CYCLIC LOAD TESTS (6 INCH X 12  INCH CYLINDERS)(28)

Average Percent ' Rate of Average Percent Averag.e Average Percent
Number Percent  Compressive - Decrease ~ Curing Cyclic Load Cycles Decrease Dynamic Durabitity Decrease
of Air . Stress From Period Kips per - to From Modulys - Factor -From
Group Specimen Content ksi e Standard Days Minute Failure  Standard ED x 107 kst . DF Standard
ASt 3 2 4.16 7.0 38 - 200 . - 782 68 _5.51 - 4.2 23
AEf 3 3.87 » 44 _ - 248 5.38 3.7
BSt. 4 2 4,32 . 5.8 . 83 100 412 46 - 5.42 5.27 37
BEf 4 4.07 86 219 5.42 3.28
(:St 3 2 4.46 1.6 45 50 221 - 8 5.48 6.32 56
cEf 2 4.39 . 54 ' - 203 5.14 2.78 '
DSt 3 5 3.75 4.5 76 200 1240 23 4.82 33.1 - 42
DEf 3 3.58 79 943 4.87 22.65
ESt 3 5 3.69 6.2 . 76 100 920 . 28 5.44 11.61 4 -
EEf 3 3.46 79 655 | 5.38 - 6.92
FSt 3 5 3.66 13.7 75 50 375 38 5.2 - = 8.09 70
Feg 3 3.16 79 . 229 5.32 2.41
GSt‘ 4 10 3.85 3.1 88 200 722 57 4,92 19.13 64
GEf -4 3.73 80 304 © 4,96 » : 6.88
HSt 3 10 4.64 2.4 - 718 100 458 12 4.97 5.65 22
He ¢ 3 4.53. - 83 402 5.14 4.38
ISt 4 10 4.25 3.5 77 50 . 429 © 63 4,72 7.69 73
IEf 4 4.40 83 158 4.74 2.07
St = standard cured
Ef = early frozen

ey



CHAPTER V
DISCUSSION
5.1 General

Tésting'of specimehs for this research was done over a period of
sévera] years. Even though all of the cement for the laboratory came
from the same source* it was obtained ét the beginning of each phase
of the reéearch. Thus the purchase of the cement as well as the sample
preparation and testing was extended over a period of serveral years.

Difficulty in obtaining consistent results was observed when spec-
imens which were several days old were.subject to slow cycle fatigue
testing. For example, at seven days concrete is still gaining strength
rapidly under moist curing. It was observed that during the testing
time the compréssive'strength increased and hence thé percent of load
and rate of loading decreased enough to influence the results. For
example, the fatigue test for specimen FC19 was commenced with a cyclic
Toad that varied from a peak value of 70 percent to a minimum value of
35 percent of the average ultimate compressive strength. After 1800
cycles the average ultimate compressive strength was again checked'by

using reserve specimens, and the compressive strength was found to have

*Ideal Cement Company, Devils Slide, Utah.
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increased. The actual lbading condition at the end of 1800 cycles
ranged from 60 percent peak load to 30 percent minimum cyclic loading
(21,22).

: Variatiohe were observed in the amount and depth of damage caused
by early freezing. The number and size of specimens in»addition to the
type and amount of cement used in the specimens were variables that
seriously affected the degree of damage caused by a iaboratory freezer
of ]imited heat exchange ;apabi]ity._ In some cases the temperature rose
and remained above freezing for as much as. four hours after introduction
of specimens to the freezer cabineﬁ. Since the extent of damage was
dependent in part upon the strength of the concrete prior to the time
of freezing, it became necessary fo limit the quantity of concrete
placed in a freezer unit at one time. | |

For example, the fo11owing results taken from Tables II and IIl .
(21, .22, 24,.25, 26, 27) indicate that concrete samples when subject to
freezing conditions in a laboratory environment may produce sufficient
heat due to hydration to keép the major portion of the concrete above
freezing. The resulting cool curing can result in an increased compres-
sive strength if standard curing is later continued. However, a reduc-
tion in the durability factor and the number ef cycles-to-failure can

still occur.

Standard | Early Freezing
Average Durability Factor 19.2 . .‘ 15.2
Average Compressive Strength 6,380 psi- ' 6,460 psi
Total Number Specimens 30 ' 25

Average Cycles to Failure 1,079 : 851



TABLE 11

DURABILITY OF CONCRETE SAMPLES SUBJECT TO CYCLIC LOADING
' AND STANDARD CURING CONDITIONS

~Ultimate Cyclic Rate of Dynamic

- _ Curing Static Load Cyclic .Modulus3 Durability Cycles
Test -Period Percent Strength Percent of Load ED x 10 Factor to _
Number Days Air - ksi Ultimate? k/min. -7 ksi DFP "~ Failure
M1 90 1 7.50° 64 124.20 5.6 89.3 8070
M2, M3 28 1 6.86 70 135.71 5.7 86.0 3000+
P4, P5 28 5 5.15 70 102.14 5.3 64.2 2307
P6 120 9 5.01 70 99.34 4.6 25.3 1421
V7 15 1 5.94 35 + 35 58.84 5.4 82.8 1800+
V8, V9 , 16 1 6.00 70 118.37 5.3 13.3 513
V10 17 1 6.01 35 + 35 59.50 5.4 83.2 1800+
C11 30 1 6.25 70 123.90 5.6 41.1 1699--
V12, V14 14 5 4.93 70 97.56 4.6 17.2 592
V13 . 14 5 4.93 35 + 35 48.78 5.0 81.5 1820+
V15, V16 14 5 5.00 35 + 3 49.53 5.0 75.6 1919
D17, D18, D19 33 1 6.77 70 200.00 " 5.6 26.7 893
D20, D21, D22 33 5 6.16 70 200.00 5.5 12.3 559
D23, D24, D25 37 8 5.00 70 - 200.00 4.6 10.5 579
D26, D27, D28 62 10 5.56 . 70 200.00 5.1 12.1 564
D29, D30, D31 66 6.5 6.25 70 300.00 . 5.3 13.6 756
L32, L33, L34 69 5 ©7.02 70 200.00 5.9 15.3 1076
L35,% 136 92 1 7.42 70 200.00 850
L37, L38, L39 51 5 6.26 70 200.00 5.5 ©34.9 1224
L40, L41 : 41 1 7.17. 70 200.00 5.5 10.1 690
L42, L43, L44 87 5 5.65 70 200.00 4.9 16.2 622
L45, L46, L47, 84 i 7.91 70 200.00 6.1 15.5 709
L48, L49, L50 55 5 5.84 70 200.00 4.9 8.1 482
L51, L52 73 1 7 4.7 51.6 5520

.30 70 200.00
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TABLE IT (Continued

Ultimate Cyclic  Rate of  Dynamic

: Curing ‘Static - Load Cyclic Modu]us.3 Durability Cycles
Test - Period Percent Strength Percent of ‘Load ED x 107 - Factor - - to

Number -~ Days Air ksi Ultimate? k/min. Pksi DFP . Failure
1S-1 28 1 5.90 56 - 41.6 -— -- -=
25-1 28 1 6.22 57 44.6 -— - --

1LA-2 - 28 9 2.79 40 3 14.1 -- -- : -
1LA-3 28 9 2.79 70 24.6 == -- -
1SA-2 28 5 6.74 35 29.7 - -- --
1SA-3 28 5 6.74 50 42.5 -- -- --
1SA-24 28 5 6.74 60 63.6 -- -- --

4709 cyclic load means 70% of the ultimate compressive strength was app11ed as a cyclic load. 35 + 35
means 35% of ultimate strength as static load and 35% as cyclic load.

bRe]atwe measure of durability. High DF, good durability; low DF, poof durability.
CSonic Modulus Equipment was not operating properly.

dProbab]y error in results.

Ly



TABLE

IlI

DURABILITY OF. CONCRETE SAMPLES SUBJECT TO CYCLIC LOADING
' AND EARLY FREEZING CONDITIONS

' Ultimate Cyclic Rate of Dynamic Durabil-
Curing S Static Load ~ Cyclic . Modu]us3 ity Cycles
- Test -Period Percent Strength  Percent of - Load ED x 10 Factor to
Number Days Air ks Ultimate?  k/min. ksi DFD Failure
FM1 90 1 7.45 70 147.00 5.6 17.8 1438
FM2, FM3 28 1 6.43 70 127.34 5.6 6.5 175+
FP4, FP5, FP6 28 5 5.07 70 100. 40 5.2 37.6 1504
FP7, FP8 120 9 4.90 70 96.83 4.7 19.6 948
FV9, FV10 15 1 5.64 70 111.70 5.2 4.9 138
FV11, FV12 15 1 5.77 35 + 35 57.15 5.2 32.7 1158
FV13, FV14 27 5 4.71 70 93.20 4.4 14.0 328
FV15 26 5 5.43 35 + 35 107.60 4.9 52.8 1441
FV16 15 5 4.65 35+ 35 91.80 4.4 40.0 1401
FC17 8 5 4.31 40 + 40 48.63 3.3 .3 55
FC18 8 5 4.31 80 97.26 3.3 4.8 190
FC19 7 5 4.04 35 + 35 40.00 3.3 86.5 1800+
FC20 27 5 4.87 35 + 35 48.16 4.6 43.8 1315
FC21 27 5 4,87 30 + 30 41.28 4.6 92.2 1800+
FC22 7 1 4.34 80 98.26 4.7 4.8 115
FC23 7 1 4,34 60 73.70 4.6 8.4 1437
FC24 6 1 5.45 40 + 40 61.73 4.2 4.4 116
FC25, FC26 8 1 5.78 45 + 45 '73.70 3.4 .6 34
Fc27 ‘ 27 1 6.41 70 126.98 5.5 14.9 1206
FC28 27 1 5.21 66 97.50 4.4 9.4 1187
FC29 31 1 5.64 60 95.70 5.6 88.0 1800+
- FC30 31 1 5.64 62 98.89 5.4 62.0 1800+
FC31 28 1 6.27 40 + 40 70.90 5.5 3.3 79

8Y



TABLE III {(Continued)

Ultimate: Cyclic Rate of Dynamic Durabil-
" Curing - Static - Load Cyctic Modu1us3 C ity ~ Cycles
Test Period Percent Strength  Percent of Load - - ED x 10 Factor ~to
Number Days - Air ksi - Ultimated k/min. - ksi . DFP Failure
"FC32 . 28 1 6.27 - 35 +.35 62.00 5.5 28.3 - 1115
FC33 25 1 6.32 30 +. 30 53.58 5.5 90.5 1800+
FC34 25 1 6.32 . 3H +. 35 62.51 5.4 49.9 1218
FC35 30 1 6.80 34.+ 34 65.45 5.7 90.1 1800+
FC36 30 1 6.80 35+ 35 67.38 5.7 89.4 1800+
FC37 27 1 6.27 35 + 35 62.13 5.4 70.2 1745
FC38 27 1 6.27 40 + 40 71.00. - 5.5 13.3 354
F(339C 27 1 6.27 35 + 35 62.13 5.6 35.1 1151
FD41 34 1 .6.80 70 200.00 5.4 .6 128
FD40, FD42 34 1 6.80 70 200.00 5.6 21.0 1480
FD43, FD44, FD45 35 5 6.94 70 200.00- 5.5 14.7 594
FD46, FDA7, FD48 38 8 4.98 70 200.00. 4.8 15.5 745
FD49, FD50, FD51 - 67 10 5.80 70 200.00 5.0 13.6 586
‘FD52, FD53, FD54 72 6.5 6.64 70 300.00 5.3 18.5 810
FD58,dFDS9,dFDGO 98 6.5 7.21 70 50.00 5.7 2.9 : 212
FL61,d FL62 d d- 72 -5 8.16 70 - 200.00 617
FL63,  FL64,  FL65 83 . 1 7.99 70 200.00 : 1157
FL66, FL67, FL68 48 5 7.39 66 - 200.00 5.6 17.6 842
FL69,dFL70, FL71 46 1 8.00 70 . 200.00 5.8 49.0 1665
FL72, FL73a FL74 90 5 5.81 70 200.00 4.8 15.5 573
FL75, FL76,% FL77 83 1 6.63 70 200.00 5.7 5.4 451
FL78, FL79, FL80 57 5 6.04 70 200.00 4.9 13.7 997
FL81, FL82, FL83 69 1 7.57 70 200.00 5.8 23.0 1639
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TABLE III (Continued)

.Rate of

ST Ultimate Cyclic Dynamic Durabil-

“Curing Static Load Cyclic Modulus ity Cycles
Test Period Percent Strength  Percent of  Load ED x 10~ - Factor “to
Number Days - Air ksi Ultimate?@ k/min. “ksi DFP Failure
15-4 28 1 4.28 56 30.2 -- -- 2000
15-6 28 1 4.42 54 - 30:1 - -- 275e
1S-8 - 28 1 4.54 53 30.2 - - - 300e
1S-10° 28 1 4.78 54 32.5° -- - 375e
25-3 28 1 4.56 57 - 32.8 -- -- 850
25-5 - 28 1 4.18 57 30.0 - - o
25-7 28 1 4.20 57 30.1 - -- 850e
1LA-6 28 9 1.64 40 8.27. -- - 550e
1LA-7 28 9 2.32 40 11.67 -- -- 750e
1LA-11 28 9 1.20 40 6.05 -- -- 350
1SA-6 28 5 6.74 35 29.7 -- --
1SA-7 28 5 6.74 35 29.7 - - o
1SA-10 28 5 2.07 35 9.1 - -- 1550
1SA-12 28 5 5.25 35 23.2 -- -- ’

370% cyclic load means 70% of the ultimate compressive strength was applied as a cyclic 1oad; 35 +
35 means 35% of ultimate strength as static load and 35% as cyclic load.

bRe]ative measure of durability. High DF, good durability; low DF, poor durability.

C

Unexpected failure.

Results not considered reliable.

dSonic modulus equipment was not operating’properly.

e

Approximate values.

0§
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The above specimens were each 6 by 12 inch cyclinders tested at a
cyclic Toad of 70 percent of the ultimate compressive strength. The
loading rate was 200 kips per minute. The 25 specimens subject to early
freezing were Originally part of the same batches as the 30 standard
specimens, The only difference was in curing during the first 24 hours.
It should be noted genera]ly that a decrease in compressive strength
was observed if the spétimen actually froze throughout rather than
freeziné superficial on the surface during initial cure period. If 20
matched pairs are considered statistically using the t-distribution
with the level of significance equal to 0.05, there exists-a significant
increase in cpmpressive strength for the cool cured samples with no
significant change in durability factor or the number of cycles to
failure.

A1l specimens associated with Table VII (28) were placed in the
freezér.units in fewer numbers to reduce the above mentioned problem.

As seen from the results in Table VII, with one exception, all speci-
hens subject to early freezing had a corresponding reduction in ulti-
mate compressive stréngth. The durability factor and number of cycles
to failure were consistently ]éss for all specimens subject?to early
freezing.

Even though a durability factor can be calculated, insufficient
information is available to verify that a particular number. represents
4good fatigue durébi]ify or not. Durability factorsArange between 0 and

‘]OOf A high durabi]ity factor repreﬁents good fatigue durability and a
~ Tow durability factor represents poor fatigue durability. However, the
durability facfor is a relative measure of fatigue durability and is

most effective when comparing concrete of questionable quality vs.
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concrete of good quality from the same source. Additional study and
evaluation of the durability factor may eventda]]y provide a general
range; below which would be classed as questionable concrete and above
as-good concreté relating to fatigue_durabi]ity, but as yet this is
not possible.

Results frdn early investigations indicated that as a sample dried
but the number of cycles to failure increased greatly {19, 20). . There-
fore, to insure a consistent and practical means of control, the speci-
mens were testéd in a saturated condition in a special apparatus shown
in Figure 3. A m111ed,stee1 base plate was inserted in the bottom of
the special appafatus to insure an even distribution of load on the
specimen.

Since ‘the rate of 1oading'inf1uence$ the number of cycles to
failure for a specimen, it was necessary to periodically check the
rate and make any necessary adjustments. |

Cracks were observed in specimens which had been subject to early
freezing. The cracks were observed adjacent.to and around the coarse
aggregates and were usué]]y observed on the same side of the aggregates.
The position and nature of the cracks appeared to be associated witﬁ
the bleeding process, where free water, whi]e moving thrbugh the con-
}crete, &ccumu]ated adjacent to the coarse aggregate in-the direction of
bleeding. This accumulated free water then froze, expanded and caused
a crack whfch resulted in a bond failure between the éenent paste and

the coarse aggregate.
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5.2 Supporting Data

Cdntihuing research has added supporting dafa to the éuccessful
Aapp]icathn of the slow cycle fatigue method_bf’test (21, 22, 23, 24,
25, 26, 27, 28). | | ’

For thevslow cycle type of‘test it was found that the rate of
loading was directly proportional to the numbek of load cycles causing
failure as shown in Figuré'17 (28).

The tofa] time required to comp]efe a slow cycle fatigue test was
nearly the same regardless of the rate at which the load was applied.

| Type Iii portland cement with its increased heat of hydration and
rate of strength gain offers some benefits.fdr éoncrete subjected to
freezing temperatures. The average durability factor and number of
cycles-to-failure increased when type III cement was used instead of
type I (20, 23). Figure 18 graphically shows thé varjation in durabil-

ity factor affected by. air entrainment and type of cement.
5.3 Field Testing

The slow cycle fatigue method of test can be applied in the field
to an actual structure when damage resulting from the freezing of
fresh]y'p]acéd concrete is suspected.

vaa portion of a concrete structure is suspeéted of damage and a
Cyc]e test is anticipated; core‘speciméns fram the concrete'cén be sub-
jected to cyc]fc loads and the results of; (a) durability factor, (b)
changing dynami¢ modulus and (c) the number of cycles-to-failure can be
" determined. These results should then be‘compared to}similar results

from standard cured samples taken when the concrete was placed.
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It is possible to take core specimens from areas not suspected of
damage due to freezing and compare the results listed above with speci-
.mens taken from the suspected frozen area.. Caution should be taken to
complete all fests.uhdef similar conditions holding constaht as many
variables as possible. |

A 1ist of the variables that can have a significant effect on the

results 115ted previously follow as a remindef and guide: (1) type of
cement, (2)  rate of loading,(3) size and shape of specimen,(4) use of
additives'such:as'entrained air,(5) age at time of test,(6) type and
extent of curing,(7) moisture content of specimeh at time of test,
(8) - extent of freezing,(9) compressive strength of specimen at time of
freezing,(10) number of cycles of freezing and thawing, (11) amount of
Toading considered as a percent of the ultimate strength, and(12) mix
design and type of materials used in the concrete.

When most of these variables listed above are held constant, the.
cycle ldad test will indicate a relative durability of the frozen cdn-
crete. A Timitation on the practical application of such tests, however,
is that several days would be required to obtain specimens and complete
the cycle load test on suspected concrete. A microscopic study of
concrete Samp]es from the suspected areé could, however, provide some

visual evidence of damage due to freezing the fresh concrete.
5.4 Hypothesis Relating Static and Fatigue Properties

The order in which stress levels are applied to a material has an
important effect on the progress of fatigue damage (52). For example,
a coarse crack started by a previous_high'stress will not propagate very

rapidly under a subsequent low stress. On the .other hand, a fine crack
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left by'a previous low Stress might bropagate very rapidly under a sub-
sequent high stress. Applying this princip]é in the case of early
freezing of concrete whére.bond cracks have beeh produced as.a result
of ear]yAfreézing before ahy load is}app]ied, it-seéms reasonable to
assume that some of the bond cracks will be in such a direction as to
propagate more rapidly than if the bond crack did not exist. This
process in turn would cause the concrete to disintegrate more rapidly
as illustrated in Figures 10 and 11, if it had been damaged by early
freezing than_wouid be indicated by static test. |

- Fatigue of a material is strongly influenced by minor as well as
major discontinuities in structure. It is influenced by stress-concen-
trations and in general by the non-homogeneous nature of the material.
If by some action a concrete structure is made léss homogeneous or if
discontinuities in the structure are present because of freezing action,
then the fatigue life would be réduced.

Figures 12 and 13 show aggrégate bond cracks in which the concrete
was allowed to freeze before sufficient hydration and strength had
occurred to prevent damage. When bleeding occurs in concrete, there is
a tendency for this water to accumulate adjacent to large impervious
objects -such as aggregate, steel reinforcement, formwork, etc. If the
concrete is exposed to freezing conditions at the ﬁime this bleeding
is taking place the accumulated free water can freeze ahd form ice in
these regions. The expansion caused by the ice formation resuTts in
extending any existing cracks adjacent to‘the hard objects as we11 as
produéing new Cracks in the cement matrix. As a result, the fatigue
ddrabi]ity of any concrete which is later subject to repeated'loads will

be less than if the concrete had not been allowed to freeze.
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Concrete which has been frozen may‘however, under continued moist
curing conditions, attain suitable compressive strength. The compres-
sive strength could be well above minimum structurai'requirements, as
iT]ustfated in the aCcombanying tables. The load under static condi-
tions can be transferred by a three dimensional sheli or structural
action past the 1arge'aggregate around which the bond has been destroyed.
Thué a static compressive test will not indicate fhe presence of or ef-
fect of the decreased bbnd on the aggregate. A fatigue loading however ,
will cause some of the bond cracks to enlarge and extend, altering the
fatigue durability of the concrete as well as the fatigue durability
of cohcrete structures.

A similarity exists between static compressive strength test and a
fatigue type test( Both tests result in_failures_quicker with satur-
ated specimens than when the specimens are dry. The internal pore
pressure created as a result of the water present certainly has an in-
fluence on the test results. There may be a relationship between the
speed of loading and the rate at which the voids are allowed to fill
and refi]] with water. Further research may provide an optimUm speed
of load creating a failure in minimum time.

The degree of damage caused by early freezing of concrete is a
comp]erré]atibnship dependent upon many factors. The following should
be considered: (1) air entrainnent will reduce bleeding, hence reduce
accumulation of free watér;(Z). a stiffer concrete mix will have less
bleeding; (3} thebwater-cement ratio and heat of hydration will effect
the probable damage§(4)' the temperature gradient through the concréte
effected by size and location of concrete. These and many more factors

can alter the extent of damage caused by early freezing.



" Thus, definite conclusions are possible when strict procedures

are followed as outlined in the next chapter.
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TABLE IV

NUMBER OF CYCLIC LOADS TO FAILURE FOR- SAMPLES
SUBJECT TO STANDARD CURING CONDITIONS (27)

Ultimate Cyclic  Rate of | Average

Curing | Static Load: Cyclic _ Cycles
Test Period Percent Strength-  Percent of Load ' to

~ Number Days Air ksi - Ultimate k/min. ~ ksi/min. Failure
D29, D30, D31 66 6.5 6.25 70 ~300.00 - 10.60 | 756
D20, D21, D22 33 5.0 6.16 70 - 200.00 7.07 559
D32, D33, D34 113 6.5 6.35 70 ~100.00 3.53. 286

D35, D36, D37 % 6.5  6.38 70 ~50.00 1.77 239
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TABLE V

NUMBER OF CYCLIC LOADS TO FAILURE FOR SAMPLES
SUBJECT TO EARLY FREEZING CONDITIONS (27)

Ultimate Cyclic " Rate of -Average
: Curing Static Load Cyclic Cycles
Test -~ Period Percent Strength Percent of Load _ . to
Number - Days Air ksi Ultimate k/min. ksi/min. Failure
FD52, 53, 54 72 6.5 6.64 70 300.00 | 10.60 810
FD43, 44, 45 35 5.0 6.94 70 200.00 7.07 594
FD55, 56, 57 114 6.5 7.34 70 100.00 3.53 466
FD58, 59, 60 98 6.5 70 50.00 1.77 212

7.21
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TABLE VI

DURABILITY OF CONCRETE CORE SAMPLES SUBJECT TO CYCLIC LOADING
AND FREEZING FIELD CONDITIONS

Ultimate Cyclic - Rate of v. -Dynamic

Curjng _‘ Static Load ’Cyc]ic Load . MOdu]us3 Durability Cycles
Test - Period Pergent Strength Percgnt of ~K1gs per (k§1/ ED x.10- Factor ‘_to

Number - Years AirC . ksi Ultimate Minute min) ksi DF Failure
:A] 8 | 1 5.86 - 70 45.1 (3.58) 4.7 6.7 242
A2 8 1 5.86 70 45.1 - (3.58) 5.5 8.9 615
A3 8 1 5.86 70 45.1 (3.58) 4.5 6.8 370
A4 8 1 5.86 70 45.1 (3.58) 5.3 13.3 491
" A5 8 1 5.86 70 45.1 (3.58) 5.3 A 4.4 300
3 8 1 4.53 70 35.0  (2.78)  4.2¢ 10.0¢ 539
A7 8 1 4.53 70 35.0 (2.78) 4.2 10.0 536
agP 19 5 2.99 70 6.2 (3.67) 4.3 5.3 906

%Concrete core samples taken from foundation walls of large reinforced concrete and masonry building.
Concrete was cast January 1964 in freezing temperatures, forms were stripped less than 24 hours and air
temperature had reached 6°F above zero. No protection was used. Specimen A8 not taken from this structure.

bInitia] cure conditinons unknown.
“Air content is estimated for all samples.

dA6 was taken at the same time and from the same locality as A7. Cycles to failure were 539 for A6 and
536 for A7. Therefore, the dynamic modulus and durability factors are assumed similar.
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DURABILITY OF CONCRETE SAMPLES SUBJECT TO CYCLIC LOADING
AND WINTER CURING CONDITIONS

TABLE VI

I

Type )
Cement Ultimate - Cyclic Rate of
: . Curing and Static - Load Cyclic Durability
Test Period - Percent Strength Percent of Load Factor

Number Days Air - ksi Ultimate? k/min. DF Remarks.
U1, U2 27 I-1 6.10 70 120.75 13.6 Uncovered
u3, U4 27 1.1 6.10 35 + 35 60.38 51.0 Uncovered
U5, U6 26 I-1 6.12 70 120.97 21.0 Covered
u7, U8 26 I-1 6.12 35 + 35 60.48 80.0 Covered
u9, U10 29 1-5 5.23 70 103.51 31.6 Uncovered
un, w12 29 I-5 5.23 35 + 35 51.75 86.7 Uncovered
U13 29 1-5 5.23 40 + 40 59.15 15.7 Uncovered
u14, U15 33 I-5 5.11 70  107.03 25.6 Covered
U16 33 I-5 5.11 35 + 35 50.52 84.9 Covered
Uiz, U118 33 - I-5 5.1 40 + 40 57.73 35.5 Covered

€9



TABLE VII (Continued)

Type
Cement Ultimate Cyclic Rate of
' Curing and Static - Load Cyclic Durability

‘Test Period Percent Strength Percent of Load Factor
Number Days- Air ksi Ultimate? k/min. DF Remarks
u19, U20 31 IT1-1 4.85 70 96.13 87.8 Uncovered
uz21 31 III-1 4.85 35 + 35 - 48.07 88.9 .Uncovered
u23 31 III-1 4.85 40 + 40 54.93 82.6 Uncovered
u24, U25 44 II1-1 4.13 70 81.90 88.0 Covered
uze 44 II1-1 4.13 35 + 35 - 40.95 | 95.5 Covered
v27, U28 44 TII-1 4.13 40 + 40 46 .80

95.4

Cavered

370% cyclic load means 70% of the ultimate compressive strength was applied as static load. 35 + 35
means 35% of ultimate strength as static load and 35% as cyclic load.
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CHAPTER VI
SUMMARY AND CONCLUSIONS
6.1 Summary of Research

Concrete exposed to freezing temperatures While it is still
p]astfc is subject'to permanent damage caused by the formation of ice.
Even though extended moist curing may restofe the compresSive'strength
to levels acceptable by local building codes, the fatigue durabf]ity
as defined in this research may still be seriously reduced. |

A slow cycle fatigue method of test was developed through an
extensfve laboratory study where concrete damaged by early freezing
was compared to similar concrete cured under standard conditions. It
was determined that the standard compfessive strength of concrete,
which is normally used as a means of quality control for concrete in
practical applications, could not be used to predict the fatigue
durability of concrete.

Air entrainment was found to have a beneficial effect.on the
fatigue durability of concrete subjected to early freeéing and also
concrete that is standard cured.

A microséopic evaluation of concrete samples provided a simple
means of detecting some of the internal flaws created by'freézing of

concrete while still plastic.
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The number of ¢yclic loads to cause a complete failure of a
concrete specimen was observed. The resonant frequency at freguent
intervals during the fatigue test was measured and the dynamic modulus
of é]aéticity determined. A graphical plot of the-éhanging dynamic
modulus vs. fhe numbet of load cyc1és indicated a significant relation-
ship betWeén concrete specimens damaged and those not damaged by early
freezing; The calculation of a durabjlity factor utilizing the reso-
nant frequency of the specimens provides a means of comparing the
effects of early freezing on the fatigue durability of concrete.

»vBond cracks around and adjacent to the large aggregate were
observed in the'microsc0pic study and were typical of the specimens
damagedvby,early freezing. The slow cycle fatigue test did céuse a
more:rapid detefioration of concrete damaged by early freezing'than
for concrete which was standard cured. Thus concrete with a compress-
ive strength of 3000 psi not damaged was shown to have a better'
durabi]ity.than.concfete with a compressive strength of 5900 psi which

had been damaged by early freezing.
6.2 Conclusions

The following conc]usions can be made fromvthis research:

1. Concrete exposed to freezing temperatures while the:concrete
is still plastic can be permarently damaged resulting in much Tower
fatigue durab,ﬂity. R

2. A slow cyc]e'fatigue method of test can be used to compare
the re]ativé fatigue durability of concrete specimens frozen during
the initial curing period to specimens cured under standard conditions.

Calculation of a durability factor is possible.



67

| 3. The changg in the dynamic Young's modulus 6f elasticity as a
result of an increase in the number of cycles of load applied to a
concrete specimen is indicative of the concrete fatigue durability.
Concrete frozen durihg the-initial curing period,produced a ]argek
decrease in dyhamic modulus for a constant number of.cycles than con-
crete cured under standard_conditioﬁs,

4. Concrete frozén during fhe‘initial curing period had a lower
durability factor, lower compressive strength and failed compietely
with fewer load cycles than simi]ar.concrete cured in a'étandard man-
ner. Concrete subject to initial cool curing produced an increased
compressive strength when compared to the standard cured specimens.
No significant éhange occurred in the durability factor or the number
Qf,]oad cycles to cause complete failure. |

5. A microscbpic study of concrete samples frozen during the
initial curing perﬁod showed cracks in the cement matrix adjaceht to
the coarse aggregate. After eight years the average compressive
strength increased from 3000 psi to 5860 psi; however, the bond cracks
were still easily identified.

6. There was a significant change in the fatigue life of both
standardzéamples and those subject to early freezing as a result of
air entrainment. The number of cycles td_fai]ure and the durability.
factor increased aé the air entrainment increased, reaching a maximum
near 5 percent.

7. ff-thevconcrete Was frozen‘during the initail curfng peribd
adequate strength for struchra] purposes could be obtained with con-
tinued moist curing; However, the fatigue durability of the concrete

was still seriously decreased.
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6.3 Suggestions for Further Work

The effécts of reduced bond on aggregates and steel reinforcing
needs additional research to determine the nature and extent of damage.
’v‘Cdncrefe which may be damagéd by freezing temperatures and then
cUréd for only a short period of time should be investigated in .detail.
This would eliminate the effects qf agtogeneous healing and may indi-
cate a gréater difference in durability as affected by early freezing.
| The beneficial effects of cool curing without danger to freezing
should be further investigated, especially as related to increase in
strength and durability of concrete.

Many cohcrete structures such as bridges, highway -pavements and
even'buildings are actually subject to slow cycles of Toad throughout
their lives. .If seems reasonable to assume that much benefit could
be obtained by further stﬁdying the effects of s]oW cycle fatigue as
related to concrete 1n'gehera1, and to the effects of rapid drying of
fresh concrete, effécfs of shrinkage cracks, curing conditions and
addition of additives. Since the fatigue durability of the concrete
structure is of prime importance, the slow cycle fatigue method may
prove useful to further the understanding of concrete fatigue durabil-
City. |

- The testing’procedure needs to be standardized so that results
can be compared more rea115£ica1]y. The following points may be con-
sidered: | .

1. Rate of loading to be constant at‘4,000 psi per minute.

2. A11 specimens must be saturated at a standard temperature of

73°F for 48 hours prior to testing.
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APPENDIX A

THEORETICAL CONSIDERATIONS FOR CALCULATING
YOUNG'S MODULUS OF ELASTICITY AND
DURABILITY FACTOR

The basic equation governing the frequency of vibration of a har
or rod of elastic materié1, vibrating transversely without restraint,

may be written as (16, 32):

n="r |D (A.1)
212V 4
where
n = dynamic resonant vibrational frequency,
k = a cohstant depending primarily on the mode of vibration,
L = length of the bar (or rad), |
r = radius of gyration,
E

D = dynamic Young's modulus of elasticity,
d = density of the material.

Equation (A.1) is more useful in its rearranged form:

2 .42
R (A.2)
rk
Substituting for density d = V%%%%EMV in Equation (A.2), it becomes
| 21 4n2 | \
Ep = Aok 0t (k.3)
rkV
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Weight W , . . . .
Gravitational Constant g° Equation (A.3) is written

putting Mass M =
as

D 2.4 : ’
r'k'Vg -
Moment of Inertia I
Cross-sectional area A

Equation {4) reduces to:

‘and Volume V = Length L x Area,

Substituting k2 =

E = 4ﬂ2L3n2W (A.5)
D 4 : :
Ik'g
Equation (A.5) can be written in more convenient form as:
_ 2
ED = ChWn (A.6)
where
2,3
¢ =kl (A7)
Tk'g

In relation to Equation (A.7) the more practical expressions which
are usable in sonometer work are discussed below.

Consider just albar which vibrates flexurally, a cross-sectional
element may be thought of as actually executing two movements: a motion
of translation laterally which is in the direction of vibration, and one
of rotation relative to the position of the unbent neutral axis. In both
of these cases, the effects of itertia must be considered. Depending
both on the dimensions of the samnple and on the material, the error in-
troduced by neglecting the effects of rotary inertia is not very large.
If the thickness of the bar is a relatively large fraction of the Tength,

then the rotary inertia must be taken into account. In this caSe,
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especially for rectangular bars or irregular corss-section bars, the
driving force axis does not intersect the unbent neutral axis, although
it is perpendicular to the surface specimen. There is a distance between
the driving‘force axis and fhe unbent neutral axis. Ih the case, we
should consider the rotary inertia of fhe cross section. But in this
inVestigation the specimens all are circular cross-section cylinders.
The driving force is perpendicular to the surface and also intersects
the unbent neutral éxis. There is no distance between driving force
axis and unbent neutral axis (or if there is any, it is very small).
Therefore, rotary inertia in this experimental work can be neglected.

On the other hand, one should consider the cross-section under the
driving force. The cross-section is being subjected to alternate
Tateral contractions and expansions which may be taken into account by
the introduction of Poisson‘s ratio. In Equations (A.6) and (A.7) the
C becomes C = C'T in which

- 4Tr2L3

CI
. Im'g

4 .
and T_=-EI is Goens' correction factor, where m represents the 1imiting
'k

value of k.

A.1 Discussion of the Formula Ej = Chin?

The computation of the dynamic Young's modulus of e]asficity was
based on resonant frequency tests. The general testing method provides
fbr‘the detennihatidn of dynamic modulus on the basis of either trans-
verse resonant frequency or 1ongitud1ha1 resonaﬁt frequency. For this

thesis, the dynamic Young's modulus of e]asticity was calculated from
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fundamental transverse frequency, weight and the dimensions of the test

specimen as follows:

Dynamic Young's modulus of elasticity, psi;

Dynamic ED
' W

il

‘weight of the specimen, pounds;

n = fundamental transverse frequency, in cycles
. per second; . '

¢ = 0.00816 (L31)/(d%) sec?

_ ‘per square inch fof a
cylinder; .

L = length of the specimen, inches;

d = diameter of the cylinder, inches;

T = a correction factor which depends on the relation

of the radius of gyration to the length of the
specimen, and on Poisson's ratio.

A.2 Determination of Correction Factor

The values of T for Poisson's ratio of 1/6 are derived from Figure
1 of the paper by Gerald Pickett, "Equations for Computing Elastic Con-
stants from F1exura1‘and Torsional Resonant Frequencies of Vibration of

Prisms and Cylinders," A.S.T.M. Proceedings, Vol. 45, p. 346 (1945).

For a different value of Poisson's ratio, and given r/L, T may be

calculated from the following relationship:

1+ (0.26u+3.22%)
0. 7328 r/L

TV =T /L

where T is taken from Table VIII for the given r/L. For example:
Given:

6 in. by 12 in. concrete cylinder

u = assume 1/6
W = 30.0 1bs.
n = 4,000 CPS
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Find ED
Solution:

From Equation (6).

Ep = (0.00816L31/d%) un?

To find T
“r=d/4=6/4=1.50
r/L = 1.50/12 = 0.125

From Table VIII, T = 2.11.

Therefore:
a3 x 2.1 L 2
£, = 0.00416 2 x 30.0 x (4,000)
(6)
ED = 5.6 x 10% 1bs/in.2.

A.3 Sonic Modulus Equipment for Determining

Young's Dynamic Modulus

Sonic modulus equipment consists of the following:

a. Oscillator and power amplifier. The heart of the electro sono-
meter is an electronic audio frequency oscillator, the function of which
is to génerate é]ectrica1 audio frequency voltages. In figure 19 the
sonoﬁeter block diagram shows the electrical output of the oscillator is
ultimately converted to mechanical vibrations. The electrosonometer's
oscillator is a Hewlett-Packard type 200BR. The frequency of the
oscillator has a guaranteed acciracy of Tess than 2 percent variation
over the entire frequency output kange of 20 cycles pef second to 20,000
cycles per second. The oscillator output is introduced into an amplifier

for amplification to a ‘level suitable for producing mechanical vibrations.



TABLE VIII

VALUES OF CORRECTION FACTOR T

/L r/L T
0.00 1.00 0.09 .60
0.01 1.01 0.10 .73
0.02 - 1.03 0.12 .03
0.03 1.07 0.14 .36
0.04 1.13 0.16 73
0.05 1.20 0.18 4
0.06 1.28 0.20 .58
0.07 1.38 0.25 .78
0.08 1.48 0.30 .07

79



80

b. Driver, pick;up, and pick-up amplifier (see Figure 19). The
power output of the amplifier is fed into a magnetic driver to produce
mechanical Qibrations, Mechanica] vibrations.are sensed by a piezo-
electric crystal pick-up utilizing a steel needle in a manner similar
to a phonograph. The pick-up is mounted on a specially designed heavy-
base stand, and converts the mechanical vibrations to electrical vibra-
tions. Shielded cabié carries the low level electrical output to an -
amplifier that, in turh, raises the level of the pickup signal to a
value where, after electron tube rectification, it may be indicated on
a meter.

‘c. Oscilloscope. YVibration resonance is c]ear]y-indicatedﬁboth

by a meter and by a Lissajous figure on a cathode oscilloscope.

A.3.1 Sonic Test

~ After a limited number of cycles on concrete specimen, the sonic
or dynamic elasticity was determined by determining the resonant trans;
verse flexural frequency of the cylinder as follows: |
a. The oscilloscope and oscillator wére turned on. The cylinder |
was placed ontwo khife edge supports, each positioned at a distancerf
0.224L from the end (see Figure 21). |
b. The end of the driver hammer was piaced against the side of
the sample, as close as possible to the end}of the side face and parallel
to the end surface of the cylinder. |
¢, The pick-up was placed on the top of the spécimen as close to th
the end as pOSsibie.v The pick-up cartridge assembly was vertically posi-

tioned on the stand so that the needle was resting on the sample with a
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stight preésure. The Tong dimension of the pick-up cartridge was baral-
lel to the specimen dimension L. 

d. .The'output range selector was set at the "100" position, using
fine frequency control fb get the frequéncy; It was started at a lower
frequencyvand increased graduéi]y until a réasOnable flat or slightly
elliptical straight line could be observed at an angle of appfoximaté]y
45° on the oscilloscope. This condition iS'deséribed in Figure 21. The
pick-up was moved along the top face of the specimen and the resoﬁant
vibfation'of the specimen in the fundamental transverse mode caused the
pick-up to encounter a total of two vibrational nodes and three vibra-
tional antinodes. Thé axis of the Lissajous pattern made.one complete
360° revolution in one complete excursion,dbwn the entire top length of
the'specimen (see Figure 21). At a certain frequency, the Lissajous
figure meets the requirement as shown in Figure 21. This frequency is
the one to be used in the equation

- 2
Ep = Chin

to calculate the dynamic modulus of elasticity.

A.3.2 Dynamic Young's Modulus of Elasticity

Modulus of Elasticity. It is the ratio of unit stress to unit

deformation, within the proportional limit. This definition implies
that materials used should be elastic. To make it more general, 1£ is'
defined as the ratio of an increment of stress to a cérresponding incre-
‘ment of deformation. | | |

Modulus of Elasticity = %%%%—%%;%%%-



STRESS

>
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Figure 22. Three Methods of Determining Modulus of
Elasticity From a Stress-Strain Curve
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Perfectly elastic material has a constant modulus of elasticity.
The modulus of elasticity is a measure of the stiffness of the material,
or of the resistance of the material to deformation. -Since concrete,
Tike most other structural materials, is imperfectly,e1astic,vthe
stress-strain diagram is a cused Tine. Hence, three methods have been
used for computing'modu1i of elasticity from a stress-strain diagram as
shown in Figure 22. They are as follows:

1. The “initial tangent moduius"” (Ei) is represented by the slope
of a tangent to the sﬁress-strain curve, drawn throdgh the origin.

2. The “tangeht modu]us'of e]asticity“ (Et).is represented by the
slope of a 1ine drawn tangent.to the stress-strain curve at any point A
on the curve.

3. The "secant modulus of elasticity" (Es) is répresented by the
sTope of a line drawn from thevorigin to any point B on the curve.

Dynamic Modulus of Elasticity. The dynamic modulus of elasticity

obtained by a dynamic resonance method on a prism or cyjinder of con-
crete is always higher than that obtained from a conventional stress-
strain method. Therefore, the modulus of elasticity is called the
dynamic modU]us of elasticity to distinguish it from the other, which is
called the static modulus of elasticity. This difference is due to the
fact that the results of the dynamic method are not affectéd by creep of
' contrefe; In a sonic test, since the deformations are considéred to be
very sma]],‘the modulus of elasticity so determined may be considered

as the initia]vtangent modulus.
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A.3.3 Durability Factor

Repeated ]oading will contribute to a more rapid deterioration of
damaged concrete, and the change in va]ué of the dynamic modulus will
be a meésure of the durability factor of the COncrete; Both of the
standard freezing and thawing tests, A.S.T.M. C290—67 and C291-67,
provide for computation of durabi]ify factor based on resonant frequency
tests. In this same way, we can'ca]cu1ate durability factor of con-
crete for cyclic 1oad testé as follows: |

a. Relative dynamic modulus of elasticity, percentage, can be

shown in the‘formU]a

PC = =5 X 100 (A.8)
n -
0
where |
Pc = relative dynamic Young's modulus ofve1ast1c1ty; percentage,
“after N cycles of cyclic load,.

n, = fundamental transverse frequency at 0 cycles of cyclic load,
n -

fundamental transverse frequency after Ni cycles of cyclic
1oad. | |

The above.ca1cu1ation of relative dynamic Young's modulus of elas-
ticity is based on the assumptioh that. the diﬁensions and wéight are
not changed during the test. If the specimen 1s»disintegrated, the
assumption is not true; however, if the test is just to be used to make
comparisons between the relative dynamic'Young'S’modu11 of different
specimens-or of diffefent concrete formulations, then the Pc is ade-

quate for the purpose.
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b. The durability factor of the test'specimens cah be obtained

from the following formula:

P N. . . . .
e L Ci o L - oy
DF = —— (Af9)
where
DF = durability factor of the test specimen,

p =‘re1ativé dynamic Young's moduTus‘of é]asticity at N cycles
‘of dynamic load, percentage,

N, = numbér of cycles at which Pc'reaches_the specified minimum
valﬁe'for discontinuing the test or the spécified'number of
cycles at which the cycle load is to be ferminated,

M= specified number of cyc]és at which the dynamfc load is to
be terminated. |

Substituting Equation (A.8) into (A.9)

n?N.

DF = —— x 100. 3 (A.10)
n"M
0
In this investigation, the value of M = 1800 cycles was taken to
reduce the time of testing and to compare the testing results with that
of the previous investigations.
Consider three possibilities for determining the durability factor
of concrete specimens:'- |

(I)' N
(II) N

A

1800
1800
(III) N > 1800.

Case I. If the cylinder breaks at N < 1800, then it is necessary
to know the value of n; and N, in Equation -(A.10). The following steps

can be followed to find the vaiue of'ni and Niz
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1. Assume P = 80%;

2. .Find n, from Equation (A.8);

3. vIntekpoTatevthe.value of N; for n; frombthe testing results
as shown in Figure 23; | )

"N, = N,

1 i1 7" X?

but from similar triangles

X o= (NaL. ;.N. e ) M1 7
1+1 i-1 =17 Ny 1 - Ny
substituting
: n: . =n
-1 i
Ny = N, o+ (N q) = : (A.11)
1 =1 T g - Ny
similarly,
n. - N,
-1 i+] 19y
n; =n - (N, = Ny ) g—— (A.12)
i i-1 5 i i-1 N1+] - Ni-] _

where

N
i

number of cycles of n:s

‘Ni-l number of cycles at which n is the next higher frequency;

Nigp = number of cycles at which n is the next lower frequency;
njo1 =N correspond1ng to Ni_q3
Njgp =0 corresponding to Ni+1‘

Case II. If the concrete cylinder is checked at N = 1800, then
n; corresponding to-Ni =.-_1800 is known. The durability factor can be-
determined from Equation (A.9).

Case IlI. If the concrete cylinder breaks at N > 1800, then deter-
- mine the value of n; corresponding to Ni =.1800 by interpolation. -The

- value of n; can be found by substituting Ni ='1800 into Equation (A.12),



FREQUENCY , 1

NO. OF LOAD CYCLES , N

Figure 23. Proportional Relationship Between
Frequency and Load Cycles
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then:
n: ; - n,
i-1 i+1 n
n. =n, « - ge———e— (1800 - N, ;) (A.13)
where
n; = frequency at Ni = 1800 cycles;

n;_y = frequency at the next lower number of cycles;

Nigp = frequency at the next higher number of cycles;

N;_; = cycles corresponding to n, ;3

N1.+1 = cycles corresponding to N1+1.

Out of the three cases listed above, the smallest value was taken

as represehtative of the durability factor for the specimen.



APPENDIX B

SAMPLE CALCULATIONS

Sample calculations of the durabi11ty»of concrete are shown'for
cases I, II, and III listed in Appendix A. The data for the calcula-

tions are taken from the test.results of the specimens.

' Number Frequency 3 Durability
Test Weight Cycles cps Ep x 10 Factor
Number in 1bs. N n ksi DF
HB-5 - 28.8 0 4000 5.40
100 3910 5.16
250 3880 - 5.06
460 13780 4.82 22.95
900 2810 . 2.66
989 0 0
HB-6 28.70 -0 4010 5.41
50 3970 5.30
100 3900 5.12
300 3950 4.98
860 3850 4.98
1250 . 3800 4.86
1480 3750 4.73
1800 3700 4.60
84.70
HB-7 29.10 0 4000 5.46
: 175 3920 5.24
- 650 3890 5.16
875 3830 5.00
1250 3780 4.91
. 1500 3780 4,91 88.60
2110 3750- 4.80 '

Case I. Find the dynamié modulus of elasticity and durability

factor from the data above fdr sHecimen HB-5..
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Solution:
a. Dynamic modulus of elasticity, from Equation (6) of Appendix A:
E

= 2
D CWn

for a 6" x 12" cylinder size;

= 0.00416 L37/d* sec? per sq. in.

C =
L - 12 1inches
d = 6 inches
=16
1= E%E- x_%ﬁ
where:
K=d/4 =1.5
therefore
1.5

K/L = =7 = 0.125
By 1nterpo1ating the value of T “rom the correction table in Appendix A;

T =2.1125 for-% = 0.125

Then substituting and solving, ED becomes

3.2

Ey = 11.717 x 107 |
Ey = 11.717 x 10-3 x 28.8 x 4000°
E. = 5.4 x 10° psi

b. Durability factok
Given:

4000

=3
ti



Now to find the durability factor (DF) first consider Equation
(8), Appendix A:- .

Assume PC = 80% and solve for n;:

n:% x 100

80 =
)2

(4000
n; = 3578

Next, determine N, from Equation (11), Appendix A:

N; = N CORTS g L i
. = N. + e 7N N. --N. .
i T Na T N-TT 0y mnig
where:
Ni—l = 460
Nipp = 650
N = 3780
o Myyy = 3090
then:
= aeq ] | 3780 - 3578
N; = 460 + (65)-460) 3780 I8
= 515.6

use:

N; = 516



Now substituting into Equation (70), Appendix A:

n, N1

oF = 1 21 x 100
n 4

0
Assume M = 1800 cycles:

o = 35782 516 100

s000% ~ 1800 7
= 22.95

Case II. Find the durability factor for specimen HB-6.

Given: _
Ny = 4010
ni = 3700
Ni = 1800
M= 1800

From Equation (10), Appendix A:

pF = L, x%xlm
2
_ (3700)% | 1800
(a010)¢ ~ 1800
= 84.7

Case III. Find the durability factor for specimen HB-7.

Given:

]

3780
1500

-1

Niq

x 100

94



- 3750

=S
it

=z
i

2110
n. = 4000
N, = 1800

From Equation (13), Appendix A:

Then from Equation (10), Appendi< A:

]

M1

3780

3765

DF

DF

DF

N o
i+l Ti-1
H8 8 -
n.L)
—l?-x %-x 100
l’]0
3/65% _ (1800)
4000 1800
. 88.6
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APPENDIX C
TEST DATA
~Curing Conditions

After casting, the specimens were cured in two different conditions:
(a) standard curing condition, énd (b) early freezing condition.

Usually for each group a total o’ ten specimens were cast. Five speci-
mens from the batch were removed from the mold after twentv-four hours
of air curing at 72°F and then transferred to the fog room uhder
standard conditions at 73°F and 90 to 100 percent humidity.

The remaining five specimens from the same batch were stripped
after six hours of air curing, allowing sufficient time for safe
handling. - These specimens were carefully placed in the freezer maintained
at -10°F or as noted in data to attain the early freezing condition.

The specimens were frozen for twenty-four hours and then transferred

to the fog room. Specimens were placed in a tank containing 1ime water
a minimum of twehty-four hours prior to tésting to dnsure 100 percent
saturation. Specimens also remained satufated‘during testing in the
special apparatus provided. |

Unless otherwise hoted 70 percent of the average comoressive'strength

was used as the cyclic Toad. A1l specimens were moist cured until tested

un]eés otherwise'notéd.
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Specimens:

Type of Cement:
Rate of Loading:

Testing Condition:

28 day
Compression

Strength

15-2 . 5900 psi
15-3 4280 psi
15-5 4420 psi
1S-7 4540 psi
1S-9° 4780 psi

Test Number 1S

97

Sand and gravel concrete, 4 in. x 8 in. cylinders,

-2 in. s]lump.

I, 1 percert air content.

One cycle per minute or as shown in table below.

‘Tested immediate1y after removal from fog room.

Rate of
' ' 1 Cyclic
% of the ?8 day Compression Load
Strength Used as the Cyclic Load K/min
- 1S-1 56% or 3300 psi 41,6
15-4 56% or 2400 psi 30.2
15-6 54% or 2390 psi 30.1
15-8 53% or 2400 psi 30.2
1S-10 54% or 2580 psi 32.5

- Curing Method

(4 in. x 8 in. cylinders)
Cured in ajr (70°F ) for 17 hrs , then cured in a
fog mist 73° + 2°F and 90% humidity for the rest

Control: 1S-1
15-2

Test specimens:
15-3
through
15-10

of the 28 day cure period or longer.

Cured in air for 17 hrs , then frozen at -10°F
for a period of 24 hrs., then placed in a fog mist
for the rest of the 28 day cure period or longer.
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Test Number 2S

SpetimenS: | Sand and gravel concrete, 4 in. x 8 in. cylinders,
' B .2 in. slump.

Type of Cement: I, 1 percent air content.

Rate of Loading: . One cycle per‘minute or as shown in table below.

Testing Condition: Tested immediately upon removal from fog room.

: Rate of

28 day a : _ Cyclic
Compression % of the 28 day Compression Load
Strength - Strength Used as the Cyclic Load K/min
25-2 6220 ps1 25-1 57% or 3540 psi 44.6
25-4 4560 psi =~ 25-3 - - 57% or 2600 psi 32.8
25-6 4180 psi 25-5 57% or 2380 psi 30.0
25-8 - 4200 psi 25-7 - 57% or 2390 psi 30.1

‘Cylinder 2S-5 after being loaded 805 times with the cyclic load,
the Dynamic Modulus of Elasticity of this cylinder was 2,200,000 psi.
The age of the cylinder at this time was 28 days. Seven months later
after the cylinder had been cured in standard air the Dynamic Modulus
of Elasticity of this cylinder was 3,880,000 psi , a gain of 1,680,000
psi in 7 months' time; the cylider broke at 5950 psi , a gain of 1,770
psi in strength from 1ts compan1on cylinder 25-6 which was used for 2
control for 2S-5.

Curinq‘Method

(41in. x 8 in.cylinders)- . o
Control: 2S-1° Cured in ai- (70°F ) for 24 hrs , then cured in a

25-2 fog mist 73> + 2°F and 90% humidity for the rest
of the 28 day cure period, or longer.
Test specimehs:‘ - Cured in air for 24 hrs , then frozen at a -10°F
25-3 - for 48 hrs , then cured in a fog mist for the rest

~through of the 28 day cure period or longer.
25-9 . :



Specimens:

Type.of Cement:
Rate of Loading:

Testing Condition:

28 day
Compression

Strength
1LA-1 2790fpsi

1LA-8 2320 psi
1LA-5 1640 psi
TLA-10 1200 psi

(4 in. x 8 in. cylinders)

Control: 1LA-1
1LA-2
1LA-3

Test specimens:
' T1LA-4

TLA-5

1LA-6

Test spec1mens
: 1LA-7
- TLA-8
1LA-9

Test specimens:
1LA-10
1LA-11
T1LA-12
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Test Number TLA

Lightweight, expanded shale, cohcrete, 4 in. X 8 in.
cylinders.

I, 9 percent air content.
One cycle per minute or as shown in table below.

Tested immediately upon removal from fog room.

Rate of
. Cyclic
% of the 28 day Compression Load
Strength Used as the Cyclic Load K/min
1LA-2 40% or 1115 psi 14.0
1LA-3. - .70% or 1950 psi 24.5
1LA=7 40% or 926 psi 11.3 .
1LA-6 40% or 656 psi ‘ 8.3 -
. TLA-11 40% or 480 psi 6.0

Curing Method

Cured in air (70°F ) for 24 hrs , then cured
ina fog mist (73° + 2°F and 90 humidity)
for the rest of the 28 day cure period.

Cured in air for 24 hrs ., then frozen at a
-10°F for a period of 24 hrs , then cured in
a fog mist for the rest of the 28 day cure
period.

Cured in air for 48 hrs , -then frozen at
-10°F for a period of 24 hrs , then cured

in a fog mist for the rest of the 28 day cure
period.

Cured in air for 6 hrs , then frozen at

-10°F for a period of 24 hrs , then cured

in a fog mist for the rest of the 28 day cure
period.



Specimens:

Type of Cement:
Rate of Loading:

Testing Condition:

28 day
Compression
Strength

15A-1 6740 psi

1SA-5 6740 psi
1SA-8 6740 psi
1SA-9 2070 psi
1SA-11 5250 psi
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Test Number 1SA-

Sand and gravel concrete, 4 in. x 8 in. cylinders,
4 1n s1ump _ _

I, 5 percent air content.
One cycle per minute or as shown in table below.

Tested immediately upon removal from fog room.

Rate of
‘ Cyclic
% of the 28 day Compression "~ Load
Strength Used as the Cyclic Load =~ K/min
1SA-2 35% or 2360 psi 29.7.
- 1SA-3 50% or 3370 psi - 42,5
1SA-4 60% or 5050 psi 63.6
1SA-6 35% or 2360 psi 29,7
- 1SA-7 35% or 2360 psi 29.7
1SA- 10 35% or 725 psi 9.1
3.2

1SA-12 - 35% or 1840 psi 23.

Curing Method

(41in. x 8 in.cylinders)

Control: 1SA-1
1SA-2
1SA-3
1SA-4

Test specimens:
1SA-5
"1SA-6

Test specimenS:
1SA-7
1SA-8

Test specimens:
1SA-11
1SA-12

Test specimens:
1SA-9
1SA-10

Cured in ai~ (70°F ) for 20 hrs , then cured in
a fog mist 73° + 2°F and 90% humidity for the
rest of the 28 day cure period.

Cured in air for 20 hrs , then cured in fog mist
for 4 hrs , then frozen at -10°F for 24 hrs ,
then cured in a fog mist for the rest of the

28 day cure period.

Cured in air for 20 hrs , then cured in fog mist
for 4 hrs , then frozen for 48 hrs , then cured in
a fog mist for the rest of the 28 day cure period.

Cured in ai~ for 20 hrs , then cured in fog mist

for 4 hrs , then frozen for 24 hrs , then cured in

a fog mist for 24 hrs , then frozen for 24 more hrs ,
then cured in a fog mist for the rest of the 28 day
cure period.

Cured for 20 hrs in air, then cured in fog mist
for 4 hrs , then frozen for 24 hrs , then cured in
a temp. of 192°F for 24 hrs , then cured in a

fog mist for the rest of the 28 day cure period.
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Concrete core samples taken from large reinforced

Specimens: )
concrete and masonry building. Specimens were sand
and gravel and were 3.75 in.x 8 in.cylinders.

Type of Cement: I, 1 percent air content (estimated).

Rate of Loading:  One cycle per minute.

Curing Method: ~ Concrete was cast in January 1963 in freezing tempera-

tures. Forms were stripped less than 24 hours and
temperatures had reached 62F above zero. No protection
or additives was used. Frost on exterior of concrete
was heavy. Age at test time was 8 years.

Testing Condition: Saturated

'Test
Number

-1
2
3

Test
Number

AT

A2

A3

Results of Compression Test

Failure Loéd | Average Failure Avérage Failure
- ~1bs _ Load, Tbhs - .. Stress, psi
64,500 . :
58,750 63,750 5790
68,000 - .

Results of Cvcle Load Test o

Number  Frequency  Ep X 1Q6

Weight Cycles CPS
1bs N n - psi DF Remarks
7.7 0 5300 4.7
103 5000 4.2 6.7
206 - 4600 - 3.6 v
242 0 0 Failure
7.7 0 5700 5.5
: 200 5100 4.4
300 4800 3.9 8.9
400 600 3.6
608 3700 2.3
615 . .0 0 Failure
7.5 0 5500 4.5
112 5090 4.2 6.8 :
344 1700 3.6 - Cracks
370 . 0 0 Failure



Specimens: .

Type of Cement:

Rate of Loading:

Curing Method:

Testing Condition:

Test
Number

1
2

Test
Number

A4

A5
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Concrete cor> samples taken from large reinforced
concrete and masonry building. Speciméns were of
sand and gravel and were 3.75 in. x 8 in. cylinders.

T, 1 percent air content (estimated).

One cycle per minute.

Concrete was cast in January 1963 in freezing tempera-
tures. Forms were stripped less than 24 hours and
temperature had reached 6°F above zero. No protection
or additives was used. Frost on exterior of concrete
was heavy. Age at time of test was 8 years.

Saturated

Results of Compression Test

Failure Load Average Failure - Average Failure
1bs Load, 1bs Stress, psi
61,000 66,125 . 594
71,250 B

Weight
1bs

7.5

7.5

Results of Cvcle Load Test

Number  Frequency  Ep x 10

Cycles’ CPS
N n psi DF Remarks
0 . 5700 5.3
200 5300 4.6 13.3 New Caps
300 5100 4.3
400 4800 3.8
491 n 0 Failure
0 5700 5.3
100 5100 4.3 4.4
200 - 4400 3.2 .
ailure ‘ Cracks

300 Saved from f
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Concrete core samples taken from large reinforced

Specimens:

. concrete and masonry building. - Specimens were sand
and gravel and were 3.75 in. x 8 in. c¢ylinders.

Typé'of Cement: 1,1 percent air content (estimated).

Rate of Loading:  One cycle per minute. N

Curing Method: Concrete was cast in January 1963 fn Freezing tempera-

‘tures. Forms were stripped less than 24 hours and
temperatures reached 6°F above zero. No protection
was used. Age of specimens was 8 years. :

Testing Condition: Saturated

.Test .
Numbeyr

1
2

Test
Number

A6

A7

Results of Compression Test

;Fai1ufe'Load : Average Failure - Average Fai]ﬂfe
1bs ‘load, 1bs Stress, psi
47,500 50,000 4525

52,500 -

Restilts of Cycle Load Test

Number Fraquency ED X 106
Weight Cycles . CPS
1bs N n psi DF Remarks
7.4 0 2050 Error in
300 frequency
539 Failure S from loose
‘ N wire
- 7.6 0 5000 4.2
210 1500 3.4 10.0
425 - 1100 2.8 '
536 ' -0 0 Failure



Specimens:

Type of Cemént:
Rate of Loading:
Curing Method: |

Testing Condition:
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Concrete core samples taken from private residence
foundation. Specimens were sand and grave1 and

were 3.75 1in. x 8 1n cylinders.-
I, 5 percent air content (éstimated).

Two Cyc1es per minute.

- Initial curing conditions were unknown. Age at time

of test was approximately 19 years.

Saturated

Results of Compression Test

Test Failure Load . Average Failure Average Failure

Number 1bs ‘Load, 1bs . Stress, psi
1 33,000 33,000 | 2990

Test Weight
Numher 1bs
A8 7.2

Results of Cycle Load Test

Number  Freguency -ED x 108

Cycles CPS
N - n psi DF Remarks
0 >100 4.3 ‘
126. 1500 3.4 5.3
315 1300 3.1
432 4200 3.0
571 4000 2.6
- 733 3800 2.4
- 889

906 A Failure
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