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ABSTRACT

It was the intent ‘bf tois work to develop a 'mands of f"
procedure for: ut111z1ng image ana1y51s equ1pment to determine
.tota] air content and other air vo1d parameters in a hardened
concrete sample. . A

Lemont Sc1ent1f1c‘1mage Ana]ys1s equ1pment was used and an
appropr1ate procedure was deve]oped Samples.requ1red 30 m1nutes'
of actual preparat1on thh an overn1ght drying.in a desiccating

: oven to aifoﬁ masking. THe actual analysis took 10 minutes.

Three batches of concrete of approximately 3.0%, 6.0% and .
9.0% air content by volume ﬁere orepared. Air content for each
batch Qaé evaluated Lsiog the pressure test'and hardened concrete
samples from each batch were used for a standard Ros1wa1 linear
. traverse: and the 1mage analysis eva]uat1on. 'f

The results of the three test methods were comparable.‘ The
degree of _reproduc1b111ty of - the Image Analysis procedure
" {approximately ; .5% ﬁith 95% confidence for typical air
contents) was similar to results of researchers using e1ther

standard linear traverse or image ana]ys1s_procedures..
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CHAPTER 1

INTRODUCTION

Since concrete is a Very important building material, wmuch

: , v _
work has been carried out to -both understand and improve its

' properties. Naturally, ~durability 1is a large factor in the

acceptability of'cohcrete as an externé]ly used material. When

it was rnéticed in the 1ate"1930‘§(1) that 3ome concrete
roadways -gave good service while other‘ comparable concrete
roadwa}s in the samg area were subject to extensive spa1}ing due
to frost damége;fan‘effort was made fo fi;& out why some concrete

was seemingly :.protected and to  learn how to achieve this

photection ‘in_'aT1 external .coh;rete.' It was eventually

(44)';ﬁhat the grinding aid "used -in. the manufacture

recognized
of the cement. was responsible for the entrainment of small air
bubbles in the concrete which in turn was the  reason for the

protéction against spalling. There 1is still not full agreement

~as to how the .protection mechanisms actually work, but it is

. .

generally accepted that an entrained air content of 9% in the

mortar portion of ‘concrete will protect against frost damage ‘in

mgst cases.
Many procedures to determine the -air content of concrete
have been formulated. ‘The methods used for air content
. <

measurement of fresh concrete only yield information as to total



3
'afn content, which, while adequa}e for field quality inspection,
does not provide a coﬁplete_pictufe. The size and spacing of‘the
. air voids are a]so'important parameters .to know aﬁd these can
;urfently on]J be established by microscopic -examination of the
hafdened ‘concrete. The prdcedures which_ have been déve]oped"

such -as - linear traverse and modified point count  are
' chafactebizéd.by high cost, Fediousnwork énd ingccuracies due to
human error. ‘ | . .
| The - re]ativg]y new techﬁo]ogy of  image analysis 'makes it
poﬁsfb1e to replace the human operator in a conventional linear
traverse by chénging th? sample preparation-somewhat.' It fs the
intent of this.study to d ve]op-é "hands of f* air vofd analysis
-procedure fog?hardeﬁed cadncrete aﬁa]yéis_using image analysi$ and
to demonstrate that this new procedure can provide aif void

information with at least the same reliability as standard linear

traverse with a savings in time and manpower.



CHAPTER 2,

. : . kS
AIR ENTRAINMENT OF CONCRETE

2.A GeneraT

Air entrained concrete is:simply concrete in which aipehas
" been ihcorpbratéd in the form of numerous discrete air bubbles,
. usually ranging in size between 10 and 1000 microns in

25)

diameter.( This entrained air dis in addition to .

entrapped air which is usha]]y ‘pfésent in .all concrete.
Entrapped'air voids are usually larger in diameter and irreqular
in shape due to the%r having been moulded against adjacent.
partic1e§. >Usua11y, these entrapped air voids are caused by
bubbles %haf were in the proEess of egcaﬁing from the concrete
when initial set of the concréte began. Together, entrappéd air
~and entrainéd air: comprise the tota]-aﬁr content of the concrete.
Sbme authorities répori that due‘té the rapid rate at which air
voidsﬁqT small size disso]ve'in.yhe'mixing‘wéter before hardening

of ‘the cement paste, air voids. less than 7 microns in diameter

-are. essentially ‘non-existeht.(zs)

(21)

However; recent
work indicates -that air voids of 0.1 micron and larger
are present and may be responsible for a large part of .the
" resistance of air entrained'concrete‘resfstanée to frost damage.
Air entrainmenf was discoveréd in 1938 when it was noted

that concretes made.from cements producéd with resin and tallow

" grinding aids were more durable. It was found that thése grinding



aids produced foaming combounds dﬁring the concrete mixing
process,(31) which resu]?ed tn‘ a syséem of small stéb]e aif
_bubbles. The air bubbles proteéted the concrete against frost
damage but to date, there is not full agreement as tb the
important mechanisms involved. Various theories are discussed in
Section 2.C. - .
- The first intentionally air entrained concrete was placed in
@ test section of a highway in the Stéte of 'New York in 1938{
Thereafter, complete highway projects ~were  built Qith air
entrained concfete and the durability carefully monitored in the
following years. .One study‘l) showed that ten to foﬁrteen
years after constructidn, in fourfeen separate projects located
in the northwestern Unjted Sfates, there. was no scaling or
D-cracking on any sections using air-entrained portland cement.
 _w1th 'such "good results the uée‘of.air entrainment in exterior
concrete surfaces spread rapidly. i
Many kinds of air entréining agents havé been formulated.
‘The main types are shown in Table 2,Bl. Hh{1g they work in
various mahnefs they all rapidly produce a system gf fine and
stable foam. The air bubbles that make up the foam reﬁist

coalescence and the foam does not have any harmful chemical

effect on the concrete.



. | ‘ , . .
animal and vegetable fats and oiis and their fatty
acids (beef tallow being an example qf this group)

B natural wood resins, which react with lime in the

cement to form a soluble resinate. The resin may -
~be pre-neutralized with NaOH so that a water-soluble

| soap of a resin acid is obtained (e.g. Vinsol resin)

wetting agents such as alkali salts of sulphated
and suphonated organic compounds ({e.g. Darex)

TABLE 2,A1 THREE MAJOR CLASSES CF AIR ENTRAINING AGENTS

5

”

a
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2.B Effects of Air Entrainment. on Concrete A ‘

The most impbrtant and best known effect of air.entrainment
in ponerete ie the jincreased frost resistance it renders.(s)
However, trere are Eintioqpl benefits that-in‘sqme,céses are
even nore_ important. . The increased workabi]%ty is. of prime.
importanee in maSs'concrete, as the lowered water/cement ratid
resu]ts- in  less “shrtnkage.(zg) Air entraining agents also
render 1ess entrapped air and less b]eed1ng of the f1n1shed
‘ concrete.  (See Figure 2.Bl1 for effect of ajr entraTnment on

durability) '

| There is e‘theoretieal‘d{§advantage to air entrainment_in
that due to the added porosity- of the concrete, for a given
water/cement ~ratio, the strength decreases approximete]y
5.5%(29) for- every 1% "of air entrained. Howeyer with the
increased ‘workability of the air entrained concrete,"the
water/cement rat1o can be decreased to. maintain slunip, thereby
increasing strength. For a lean m1x, this add1t1on in strength
compensates for the loss due to poros1ty comp]etely, and in some-
cases, a net 1ncrease in strength may, be realized. For r1ch
m1xes there may ‘not be sq;h a 1arge strength increase since
wurkab111ty is -not ‘as great]y 1mproved by air entra1nment

However, strength loss will be much less than 5. 5% per 1% a1r

entra1nment
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2.C Theoretical Considerations
| While 'it isf genéraily‘ acceoted that entraining air into
‘conerete incneases frost resistance, it js not.uhiversa11y agreed
upon as to by wh{ch mechanism this.protection occurs.(45)
| 6ne popular theory out-forwerd by T.C. Powers in his early
papers,(34) ppétulates that daring freezing,. water;. in eoids
even smaller than those caused by air entrainment, ‘is able’ to
mignate a small distance through the cement paste to an -air void
~and thus re]ieve.the hydraulic pressureldue.to the‘%neezing of
water ¥n the capillary voids, that,.wene'there no'air yoids,
would buiio up until frosf damage occurred. 'While some sfi]l
hold this theory, Powers himself now discards it. |
Powers and Helmuth in 7later reseerch,(BS) found. that
water moves ;owards,'not anay, fnom freezing sites during the
freezing of‘cement peste. With this in mind, they deve]oped a
hypothes1s involving osmotic pressure. The water 'in cement paste

s a weak a]ka11 solution. As freezing occurs .in .the cement

paéte, ice cnystals form in the larger cap111ar1es, thereby'

_1ncrea51ng the aTka11 content of the unfrozen water. The sucesss

of the air bubb]es in this compet1t1on depends on the distance .

the nearest air bubb]e is to the unfrozén water.
Litvan; -a noted concrete researcher, presented anotﬁér
theor& as to the mechanism ~of frost action in concrete.
He felt that the water absorbed on the surface and ‘contained in

the pores, in instances where it cannot freeze, becomes

N22)



supercooled during the freezing'*ot the cement paste. ~ This

~

. supercooled liquid wou]d have a greater vapour pressure than the

N .

hulk ice in the regions where the water could freeze, therefore,

. there would be a migration: of the supercooled 11qu1d to the

reg1ons where it could also freeze. Damage occurs where this.

'm1grat1on is restra1ned by too much water, lack of time available

or 1ack,6¥ entrained air bubbles -resulting in a. long_migration

path. In situ freezing.(semi-amorphous so1id)“resu1ts in great:&A

stresses.

It is to be noted that-while these theories differ in some

_respect each bases the protection of air entra1nment in terms of

shorten1ng the flow paths of water through the concrete paste.

Hence, the benef1ts of air entrainment do not dertve directly

from total air content of concrete, but rather from the size and

spac1ng of the air bubb]es in the system. Each void can protect
- a small volume around ita {See Figure 2.C1) Theoretica11y, this
1imit is the distance the waterNCan migrate through‘the cement
paste during freezing. Forzconcrete to be fo11y protected, those
areas enclosed by a dotted line should over1ap. Powers derived a

—-—

parameter, "spacing factor (L)' which is based on the average

distance‘any point in the cement paste is from the -nearest air

void. Generally; every point should be no more than 75 microns

-

from ar air void.
Durability is related to the spacing of the air bubbles in

the concrete. (See Figure . 2.02). For a given air content,
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FIGURE 2.C1 SPACING FACTOR
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durability increases as the spacing of the air bubbles decreases.

However, Mie]enz(27)

was not able to find a.igenéra]
correlation'between durability and spacing whjch was‘cé1cu1qfed
basgd»on measurementﬂdf voids 10 michns in diameter or greater.
Each air entraining agent produced a different relationship

(22). hypothesis wa§

between the fwo parameters.  Litvan's
that durability is related directly to air voids with diaméters
in the 0.1 to 2 micron range, which ére not measured in'ahy air
- void parameter evaluation of hardened'concrete. Since djfférent
air entraining agénts cause differeht re]ationshiﬁs betwéen the
amount and size distribution of pores w%th diameters in the 0‘1
to 2 micron range and amount and size d1str1but1on of pores wWith
diameters - in the 10 to 1,000 m1cro; range, 'the 1nd1rect
relationship between durab111ty and. spacing based on voids with
~diameters 1n_thg 10 to 1,000 micron range would be diffeﬁent for
each air entraining agent. -
Anotﬁer“parameter éf spacing and sfze of air bu5b1és ‘fs
"specific surface" (0<): which. is -simply the ratio of total
surface of air bubb]es to the volume of concrete in which the air

bubbles are located.- (Common un1ts are square millimeters perﬁ'r

cub1c millimeter and. square inches. per cubic 1nch )

\-,3
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* CHAPTER 3.
<

MEASUREMENT OF 'AIR CONTENT OF CONCRETE

3.A General .

Shortly after the beneficial effects ' ;j\kir content “in

concrete were dlscovered ﬂt became apparent that the degree of -

beneflt var1ed with the' percentage of air- present in . the

concrete. It was a]so ‘rea1ized that the quantity ‘of air

entrainéd was due to" many different influences: so that air

entraining cements could not-be re]1ed on to g1ve.cons1stent air
contents based s1mp1y on amounts used. Therefore, 1t became
necessary to somehow test the concrete for afr‘content-to ensure

that sufficient, but. not too 1arge an -amount of air. was present.

J C. Pearson( ) did much early w0rk in deve]op1ng a

test for air content by wh1ch the volume of air is measured

,e

d1rect1y by remov1ng it from the concrete. Ih1s work formed the

basis on which. the A.S.T.M. issued their “Tentative Method of
Test' for Air Content {Volumetric) of ‘Freshly Mi xed ZConcrete
(c173-42T)" in 2942. (%) 1y 1044, the A.S.T.M. adapted the
“Standard Method of Test for Yjeld of Concrete'(ci§§;39)ﬂ to

calculate the air ‘content of concrete and -retitled it as

“Standard Method of Test for Neight’per Cubic Foot, Yield and Air

Content (Gravimetric) of .Concrete (C138;44)",(48) '
e <

13
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Hhi]e these‘ two tests 'became standards, researchers. were |
cont1nua1]y 1ook1ng for ways to make test1ng for air content more

4

exact and more conven1ent. ~The Indiana Method, (28) the.

24) are all

Ro111ng Method and the mod1f1ed Rolling - Method(
variations of the'Vo1umetr1c test. procedure. The Chace "vest
pocket” ‘air content tester is a variation of the Voiumetric test
procedure which measures the air content of a th1mb1efu1 of
mortar and wh11e jt only yields a rough est1mate of the air‘
content of concrete, it“is_very_convenient._ |
Anv indirect method‘ of measuring the .volume of air in a
concrete sample by the-chenge in volume nhen a known prassure is ”
‘ appiied was first propesed by W.H. Klein and~develooed by Klein
and Stanton wa1ker.(16) | _ R “ s
A1l of the above tests are performed in conJunct1on w1th
fresh concrete samples. wh11e the amount of air present in fresh
concrete is general]y very c]ose to what “is found in the _same

concrete after p]ac1ng and hardening, thIS is not aIways true.

It is possible, for’ example, to over vibrate the concrete to the

~extent that -a §ign1f1cant amount of the entrained air is .lost.

Therefore, it’ is desirable to test for air content in hardened
concrete samples. "In a test based on”the same principle as the

s Pressore Test, a'hardened cancrete sample is immersed in water at

- atmospheric pressure 'so as “to be brought tofan equijibriom

moisture contént,; then placed ‘in water in fgh'pressure air
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meter and subjected to approximate]y SOOO.psi. The quantity of

water forced into the specimen under the applied pressure .is'

measured and Boy1e s Law is app11ed to est1mate the or1gina1 air

content. Th1s test was -or1g1na11y proposed by L1ndsay,(lg) .

and  was descrlbed ,in  detail by R.P. Vellines and T.

Ason.(42)

. The” High Pressure Air Meter - 1ike fresh concrete"test

procedures yields only total air content of concrete;Lthe sum of

. the entrapped air and entrained air. As discussed in Chapter 2,

oo e .

the eQrability of concrete:is .related to the air bubble siie_and

‘spacing. Durability dis being related empirically to total air .

content on the basis ot.past experience with the air entraining
agent used and the‘assumpt1on that for a given tota] air content

the amount of entrapped air and the size dxstr1but1on of the»
entrapped air bubbles will be -the same for‘each mix. However,
this assumption is. not always va11d as there are many factors:
affect1ng air bubb1e size and spacing -such as a1r entra1n1ng
agent, organic contam1nat1on, handling and_aplac1ng ‘of tﬁe
concrete, -mixer efficiency Land ‘ aggregate prooortioning.
Therefore two mixes of s1m11ar total a1r content might have very
d1fferent bubble s1ze and spac1ng character15t1cs -and therefore,

- -

a very different durdbility. A test ‘that d1rect1y y1e1ds vo1d

~ data such as air bubble size and spacing would g1ve‘the most -

re]iab]e-indicgtion of durabi]ity.
* Air void data can'be obtained from a microscopic analysis of

a - finely ground plane concrete surface, The first work in

£
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.this area was"T done kby G.J. Verbéck(4l) who applied a
prdcédure used by W.J. Sollas(ao) in 1889 to determine the
‘composition of granites. Verbeck prepared plane concrete saﬁples
using polishing technidues similar to those-used in petfographic
eva]ua%ions._ With .a caﬁéra 1ucida attachmént on a nﬁcrosqopé,
he was able to.draw and, using a planimeter, to ﬁmasure air
_voids.and;aggregate 1ﬁ é‘specified éneé_dn each sample. ' With
that:information and By counting the nuhbef of air void§ in the

- [y

specified area; the air conteﬁt,-theﬁéverage vpid area and void '
conceptrafioq can.bg calculated fér the observed area. _

A technique pfesenféd in 1898 by A, Rosiwal 3} for
determining the mineral -coﬁpésition of rocks was‘.adapted fo
measuring_air‘voids in concrete. Rosiwal showed that the ratﬁo'
of the volumgaqf a constituent of a solid to the volume bf the
solid is tﬁe same as‘the ratic of thg sum of the chord intercepts
of‘ the vcoﬁstituent,- measured along a ‘random line 'through ‘the
solid, tp a .total length of the random .1ine. *Rexford(37)
used the "Rosiwal" traverse ‘dn a Wentworth Intergrator which
.'a11owed about a 1"x 1" specimen to mea;ure the pergenfage of air
‘1nv£he'cement paste and to calculate the percentage.of air in the
concrete. L.S Brown :an{ C.U. Pierson(3) built an apparatus
to ailow a‘large §ca1é Iinéar traverse, for example, a 6“X10“
plane surface éamp]e, and to measure the air content :of the
concrete sample directly. _Spgcific surface can be ca]cuTated‘

from the traverse results. Power's spacing factor (L) can also
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be calculated if the paste content of the sample is known. F.

Chayes(6 7)

descr1bed a procedure similar to thgt of 'a
I1near traverse where the sample surface fis samp1ed at
equ{djstant peints 'a1ong a . random '11ne and it is ‘noted what -
constituent of the so]id.is encountered at each point. Applying
this method to determining ajr content of a concrete surface, it

‘can be' shown that.phe ratio of points that occur over an air veid
to the total number of points will be fhe same as the ratio of
total chord intercepts to total traverse, that is the result of
the linear traverse method. |

The popularity of the Rosiwal or Linear Traverse’n{s due
majn]y to.the lack of better methodsi‘ The procedure is time
consuming,” tedious - and results have been shown to “differ .

!signifiéant1y from operator to operater for a given

(2,252} o, o many of the drawbacks relate in fact to

samp]e
the necessity of a human operator, the poss1b111ty of rep]ac1ng
the operator with a computer employing image analysis wou]d make
the new procedure very attractive._ Pre]jminary work in this area
was done by S. Chatterji and H. Gudmundsson. (%) They

demonstrated good correlation between concrete  air contont
evaluated by accepted methods apd’ that by 'Hmage ana]jsis.
However, the methbd was still somewhat ménual as an operator was
requ1red to focus and adJust 1mage ana1y51s equ1pment “as the

sample was analyzed.

It is the purpose af this study to. further automate the
. B
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image analysis procedure te, 1in effect .make the ana1y51s of the
sample a "hands off procedure"

The details of the most Wider accepted methods of
determining éir content of concrete are presented in the'
fo]]ow1ng sections because the quaiity of the results obta1ned
with this new image analysis method-wil] be compared with_ those
found by résearchers using some of the present standard methods.

Mercury intrusion porosimétry fs a’reIative]y new tebhnique_
of evaluating hardene& mortar ?Specimens for 'afr void size

distributions., G.G. Litvan(21) found evidence, us1ng “the
' proceduré, that air voids w1th d1ameters ranging from 0.3 to 2
-micrbns play an _important role in improved frost dagage
resistance. He suggests a test based on measurement of the aif
void content in the 0.3 to 2 micron pore diameter range could be
deve]nped and used to assess frost damage res1stance. An
appropriate samp]ing procedure would pave to be devised to assure

representativeness in . concrete.
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3.8 Gravimetric Methods

The gravimetric method is. outlined in A.SJT.M.I standard
test method C138-81.(48) This method was first proposed' as a
tentat1ve procedure in 1938. However, it was not unt11 1944 that
the measurement of air content was forma]ly recogn1zed as- be1ng
possible using the gravimetric procedure.

To determine air content, the sum of the aEso1ute volumes of
the 1ngred1ents in a known volume of concrete is ca1culated and
subtracted from the known volume,

The procedure requires a balance accurate to within_0.3% of
. the test Tload at any point within the range of Use, generally
sensitive to about 0.0l pound, a tamping rod, a strike off plate,
. an 1nterna1 vibrator and a measure' nh1ch is a cylindrical
‘container-bf ninimum capacity of 0.2 cubic feet for an aggregate
size'of one inch.

Briefly, the container is filled with concrete, in three
Tayers rodded twenty-five times each for measures smaller than
0.4 cubic feet, a slump greater than three %nches .or in two
layers each in three locations for slumps less than,three inches.
Care fis taken to release all entnapped air and in the case of
vibration, to not overvibrate, potentia11y losing entrained air,
The container is then struck off so as to make it level and
obta1n a smooth finished surface.- The contalner is then weighed
ensuring the exterior is c]eer‘df excess EOncfete.

The air content is'ca]celated as-. |

A=[(T-W)/T]x100
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mix proportions, and especially the water-cement ratio.
.o I3 .
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OR ‘
A=[(Y-V)/Y]x100
whefe:

(A = air content (percentage of voids) in the concrete-

T = theoretical weight of concrete computed as an airfree
4 basis (1b/ft3)

W= unit weight of concrete (1b/ft3)

V = total absolute volume of the component 1ngred1ents in

the batch (ft3)

The theoretical weight per cubic. foot is usually determined in

‘the Tlaboratory and assumed‘to be the same for all batches of

identical components and proportions. It is ca1cu1ated‘by
T=W1/V | |

where:

Wl = total weight of all materials batched

The abso?ute .vqume of each ingredient in cubic feet ig
equal to the quotient of the weight of that 1ngred1ent divided by
the product - of its spec1f1c gravity times ‘62.4. For aggregate'
components, the- bulk. specific grav1ty and we1ght are based on the
saturated surface dry condition. - The specific gravity of cgment
is determined by A.S.T.M. method. Accuracy depends primarf1y on

accurate determination of specific gravities of the materialé,and :
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The advan{ages of .this method are that ‘the equipment is
siﬁp]e and inexpensive, the measurements required afe .also
required_for batch purposes-in any case, and the ca]cd1ation$ are
;imp1e.

There are several disadvantages. The‘sma11 vériations in
the specific gravity of aggregates can result in large errors in
the computed air content. The: moisture ‘content of aggregate
needs to be determined for each test. It is not possible to. test
ready mixed ‘concrete.  The early shrinkage of cement-water
mixture introduces undetefmined error. It is necessary for the
volume fo be exact -{for  the 0.5ft3 cOntainef the volume
should be known to within 0.001 cubic feef where fhe measure of.
unit weight is reproducible to 0.3 pounds per "cubic foot for +
acéuracy of 0.2%) and therefofe, strike off will often introduce
an unaccebtab1e errorﬁ the fequiréd scale (sensitive to about
0.01: pounds) s difficult to  transport and maintain in the

field.
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3.C Volumetric Method

The AS.T.M, or1g1na]1y published the “Standard Test Method
for Air Content of Freshly Mixed Concrete by the Volumetric
Method“ “in 1942 as Cl73—42;(49) The method resulted
primarily from - the' work of J.C. .Pearsonﬂsz). 'In.‘his

original method, a cylindrical pycnometer with the approximate
size of four litres was filled w1th a concrete of known un1t
weight and we1ghed The volume of the samplo was then calculated
and. by subtract1on, the volume of water required to fill the
pycnometer was-arrived at.” A portion of this water was added and
tne pycnometer was agitated.in order to free the air held in the
'concrete. A larger §b1ume of water was necessary to fill the
pydnometer,than was'first calculated due to a.1oss of air and the
additional volume necessary’ was the volume of afr entrained in.
the concrete. The original method proved too eumbersome-beeause
of the accurate neignings.involved and. the test was-modifaed to
become a direct volunetric procedure and this is the standard
today. |
The apparatus for"the testv consists of a .bottom bowl of
about 0.1 cubic foot capacity and a top section of. volume at
‘1east 1.2 times-thaf of the base, equipped with a fiexible gasket
and an attachment method to allow top and bottom sect1ons to be
' Joined with a watert1ght seal. The top must have a transparent
neck graduated in increments of 0.5% or less from 0% at the top
to 9% or more, of the volume at the oowl. (See Figure 3.Cl) ..The

~upper end of the neck hds a threaded cap with a gasket to allow
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a watertightlseal A]so required for the method is a funne1 of
.vshape such that ‘it can be inserted in the neck with the spout )
just above the concrete Tevel in the bottom bowl so that water
ean be added without‘disturbiqg the concrete, a tamping rod, a
strike off bar, a measuring cup of capacity 1.03 + 0.4% of the
“volume of the hottom.bowT, a syringe of capacity or larger than
the measuring cup, and a supply of isnpropy] ‘alcohol (7% by
volume).

' The method basically involves filling the bottom'bow1'with
concrete in three layers, each: ro]]ed twenty five times and
etriking of f the excess. The “top sect1on is ‘then added to the
bottom ensur1ng a water t1ght seaT.‘ Using the funnel suff1c1ent
water is added to the apparatus, Care should be taken not to
disturb the concrete until the top sectdon is almost filled.: %he
funne] is removed and a small amount of water is added to bring
the Tevel of water 1n the transparent neck up to the zero mark
The watert1ght cap is then screwed on and the entire apparatus is
agitated, ro111ng and rock1ng it to mix the water 1into the
'concrete and free the entra1ned a1r. Theh‘the-ahparatUS is set
upr1ght and the level of water in the neck is noted. This is
repeated until further agitation‘does_not result in a drop of the
water Tevel in the neck. The cap is then removed anstutffcient

~

isopropy] alcohdl in one cup 1ncrements, is added “to dissipate
. .

the foam on -the surface of the water. = The f1u1d level -in the

neck is then read directly.
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The‘eir content of the concrete is calculated as the value
read on - the 'graduated transparent neck plus the amountr“of
1sopropy1 alcohol anded, since each cup of isoﬁropy] alcohol was
1.03 + 04% of the original concrete volume and after m1x1ng the

‘water and 1sopropy1 alcohol, each cupfu] will d1sp1ace 1% of the
volume, 7

The - precision of this method 1is not yet officially
estab]ished by the A. S‘T M. It " has 'been reported that
reproducibility depends mainly on the degree of reproduc1b1]1ty
of concrete in the conta1ner.

Advantages'ef the'method are that tne eduinment is simple
and"inexpensive.and_that the method is independent of variations
in nropefty and nroportions of fhe ingredients in the concrete.

D1sadvantages of the method are that the method requires
substantial time to comp]ete ‘and uncerta1nty ex15ts as to how

completely air remova] can be achieved.
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3.D Pressure Method ' . | ;//

The- pressure method, deS1gnated C231 81, (5 ) by;/‘the B
A.S.T.M. is a practical s1mp1e applicaticn of Boyle's Law. where ;
temperature is constant the product of pressure on a gas and its _
volume is constant. By tak1ng a. known quant1ty of concrete and
subJecttng it to a known pressure, the air content, which s the
| only compre551b1e component w111 decrease in vo]ume. The amount
the vo1ume decreases ts d1reot1y relatad to the total air
+ content.

There are two main types of. air meters ut11121ng th1s
re1at1onsh1p to determine air content. A.S.T.M. des1gnates these
as type A and type B. goth types use a cy]indricai measuring
bow]I having a capacity of at Tleast 0.2ft3 with a f]ange-
provided to allow a pressure tlght connection to the cover. The
cover.is contoured to prov1de an a1r space above the-surface of
- the concrete when placed in the measur1ng bowl. Both measuring

bowT and cover1ng assembly have to be suff1c1ent1y rigid to Timit -
ekpans1on of 1nterna1 volume under pressure to 0.1% of the a1r
content as shown on the ca11brated scale.

" Ina type A meter, (See Figure 3.01) ‘the top is fttted w1th
a transparent neck w1th a pressure input and meter at the top S0
that the water can be placed ta a‘given height aboue the concrete -
‘sample and a Known pressure appiied'above the water. The volume

of air in the concrete decreases with a comparab]e drop of the .

water level in the transparent neck wh1ch is ca11brated to show



air content of the given concrete volume.
A type B nmter,'(Sée Figure 3.D2) meesures air by a1Iowtng
"a known volume of air at a known pressure in the sealed air

chamber to. be cross connected with a given known volume of

.l

concrete to he tested. A pressure gauge measures the pressurel
. drop due to. the pressur1zat1on of any air existing in the
concrete. The more air in the concrete, the greater.the pressure '
“drop wi]f b and therefore the pressure gauge can be calihrated

- in(terms'ofvthe‘eir content of the-éoncrete sample.
- For both’types of meters, the p]ecement of the concrete is
_ the same. The' measuring bowf is filled withjthree layers, each
rodded twenty—five-tfmes or optiona11y where concrete slump is
not'ouer three:inthes; in twoj1ayers, each vibrated by three
insertions.of a vibrator'spaced-over the cross section. ‘The
measurfng bowl is struck off flat and the cover is wetted Aﬁd
attached ensur1ng a c1ean pressure t1ght seal between the cover
and the bowl. .Mater is added to f111~the concave space between;l
the cover and the struck off concrete up to the mark near the top
of the neck in an A type meter.- Thefnmasur1ng bowl is then
tepped to ‘release any air bubbles entrapped above the conorete
samp1e.‘ For type B meters, the g1ven pressure and air volume is
app11ed and the a1r content 1s read~ directly. For an A type .
meter, the given pressure s app11ed the va]ue of the water

Ievel noted and the pressure released back to atmospher1c and the

va1ue of the water 1eve1 noted aga1nst. The air content is
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the ‘difference between these two-values.

This method has the advantage of ut111z1ng very durab]e
AN

equ1pment wh1ch is we]T su1ted to the field env1ronment The

test is eaey to, perform requ1r1ng m1n1ma1 operator tra1n1ng(‘

Ca11bratron of the equ1pment 1s. easy,_ qu1ck .and 1nexpenswve' .

reqdfr1ng “only, water ‘in add1t1on ‘. thea equ1pment . A
d1sadvantagE(to the procedure is that it measures the air content‘

*
concrete rather than the finished hardened concrete
= —2

'Nh11e there is usua]]y good correIat1on ‘between the air contents

‘of the two, there can be dlscrepanc1es due to such things as

overv1bnat1on of thé@%oncrete which great]y reduces air content

A.S.T.M. has not yet\;}f1c1al1y estab11shed the prec1s1on of th1s
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3.E Linear Traverse  (Rosiwal) Method

This procedure  designated A.S.T.M. C457~80(51),
"Standard Practice for Mtcroscobica] Determination of Air Void
Content and Parameters of the Air Vo1d System in Hardened
Concrete" was or1g1na11y publ1shed in 1960. There are two
methods described in the procedure, the linear traverse or
Rosiwal method (based on work done by L.S. Brown' end ;C.V.

P1erson(3) and the Mod1f1ed P01nt Count method (based en

. work by F. Chayes)(ﬁ). The Tinear traverse method is the

more popular of ‘the two and w:;]- be brief]y detailed 1in this
sectton. | | . - '

" The procedure requfres the'hardened concrete sample to have
a surface prepared using standard petrographtc procedures, " The

m1n1mum area of finished surface requ1red -for a given aggregate

s1ze is given in Table 3.E1, The- p]ane of the surface should -be

‘perpend1cu1ar to 'thd layers in which the concrete was placed.

The apparatus requ1red for the_11near.traverse must have a

stage which moves . in two - perpendicular directions under” a

binocuTar microscope of at.least 40x magnification;(provided wWith

a crosshair) The binocular mieroscope‘ajlows the operator to

perceive depth d1fferent1at1ng the voids from the plane. surface

’ 'they I1e in. There shou]d be two mechan1sms for® mov1ng the stage

in one d1rect1on, w1th a separate measurement of d1stance moved

for each mechan1sm. A,means for measurement of d1stance moved in

. the perpend1cu1ar d1rect1on must a]so be “provided. Measurement

. of these d1stances shou]d be accurate to at ]east three m1crons.

A
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The distance of travel in both directions should be sufficient to
~allow the required area to be traversed. A counter for te11ying
the number of voids intersected should be prov1ded
‘The prepared hardened concrete sample is p]aced w1th the
plane polished surface up on the stage of the 11near traverse
apparatus. The prepared surface of the sample is made plane to
the surface of the stage ( using a Tevel and four pieces of
mode111ng clay under the four corners of the sample). A Tight
source is placed so that the beam of 11ght strikes the sample
surface at a very Tow ang]e so as to shadow the Teading- edges of
the air wvoid (to aid in 1dent1f1cat1on) Beg1nn1ng in the upper
right hand corper of the sample, the m1croscope 1s focused on the
samp1e surface with the crossha1r c1ear1y v1s1b1e. A1l counters
are set to zero. The stoge is moved s]ow]y past the microscope,
the first counter measuring the distance being traversed. Nhe# :

the crosshair reaches the edge of an air/void the tally counter

s advanced one to start the count’ of /the number of air votds

j‘traversed the other mechan1sm of mov1ng the stage is employed

unt1] the crosshair reaches the far edge of the air vo1d the
second counter measuring the d1stance traversed across the air
void (or chord Tength). At that po1nt, the stage is aga1n moved
hby the f1rst mechanTSm until the next ‘air- vo1d is encountered.
Therefore, the erst‘ counter measures the total distance of «
non-air voidﬂtreVersed‘ the second counter measures - the total -

‘distance of air void traversed (or the sum of all- chords across_
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the air_voids) and the tally counter measdresrthe.tetal number of
air voids intercepted.

The traverse continues unt11 the far edge of the prepared
surface is encountered. The first traverse length is calculated
(first counter plus second counter) and the nuhber of treverses
across the samples is ca]cuIeted‘by divjding the total tra;erse
required (as shewn in Table 3fE2) by the first traverse length.
The. length of the prepared surface perpendicu]ar to the direction
of traverse is divided by the number of traverses required to get
the perpendicular distance -between traverses. .The stage'is then
moved the d1stance perpendxcu]ar to the direction of the traverse
us1ng the perpend1eu1ar mechan1sm. The graverse ‘is  then
continued in the epposite direction es before. f"When all the
B traverses have been pérformed, the va1ues appearing on the two
d1stance counters and the tally counter are tabu]ated .

The f1na1 resu]ts of the test can then be calculated. . The

air content is calculated as

A=gl
T

where: : ’ »

A = air content (proportional ‘volume of air voids in

~—

. | .o +

. concrete expressed as .volume percent of_ the hardened
concrete)

£1.= the sum of all chord intercepts of the air voids (value

of second counter) (inches) o .
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T = total Tength traversed (value of first counter plus

L -

value of second counter) ) (inches)

The avergge chord intercept can be_ca1tu1ated as

where:

The

The

T=51

N

;
average chord intercepf of the air voids (inches)
total number of air voids intersected dur1ng tota1
traverse (value of ta]]y counter)

'spec1f1c surface can be calculated as:

X =4

].;.

-

specific surface (surface area of air vo1ds in hardened
concrete) (in. /1n )

spacing factor can be calculated if the paste COntent of

the concrete is known:

-ar

where:

—I

(]

o

L= pT  (if % is Tess than 4.33)

Z00N

L =3101.4 (P + 1}% - 11 (if P is greater than 4.33)
& A . K .

spacing factor (meximum distance ofoény point in the
cement paste from the edge of the air void) (inches)

paste content (volume percentage of concrete)
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The lingar traverse method ié most bftéq used to calculate

"the air content‘ of hardened concrete due to Tack of better
alterpatives. - It has‘ been demopstrated thét' there will be a

variance in résu]ts from ope}étor‘ to dgerator (2,25a) and the

- procedure is expens%ve .as it is tedious work 'rEquiring an
‘experienced opgrator four to eight hpurs' to. complete 100" of

traverse.



- Nominal or
- Observed Maxi-
mum Size of
- Aggregate in
the Concrete,

"Total Area to be Traversed for -
' Determmatlon of @ or L2, min
in.? (cm?) Based on Dlrect
Measurement of:

Total Air . - Paste-Air

in. (mrp) ~‘Content, A° Ratio, p/A

6 (1_50) 250 (1613) - - 100 (645).
3(75) 65 (419) 30 (194)
1% (37.5) 24 (155) 1597
1.25) 12 (77). - 12(77)
% (19.0) A N SRy I
W (12.5) 10 (65) .10 (65)
% (9.5) 9 (58) . 9(58)
Y6 (4.8) 7 (45)’ 7(45)

2 See’ Scction 2 for the mtcrprctauon of symbols

-7 ‘ployed

~® The indicated values rel'er to reasonably homogcnc-
- ous, well-compacted concrete. The microscopical measure-

ment should be made on proportionately larger area of sec-
tions il the concrete is markcdly heterogeneous in distribu-
tion of aggregate or large air voids. If more than one fin-

ished surface is taken from a'single portion of the concrete,

the finished surfaces shall be separated by a distance
greater than one half ofthe nominal or observcd maximum

size of aggregale

Table 3.E1  MINIMUM AREA OF FINISHED SURFACE FOR MICROSCOPICAL
' MEASUREMENT (FROM ASTH C457-71 (51))
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Nominal or Observed
Maximum Size of
Aggregate in the
Concrete, in. (mm)

Length of Traverse for -
Determination of 4, -
a, ot L, min, in. (mm)?

6 (150) -

160 (4064)

3 (75) 20 (3048)
1% (37.5) 1100 (2540)
1 (25.0) 95 (2413)
% (19.0) » 90 (2286)
15 (12.5) 80 (2032)
% (9.5) 75 (1905)
 ¥e(4.8) 55 (13973‘_

® The limits of uncertainty of results obtamcd for air-
void content depend upon' the length of traverse and lhc
air-void contént of the concrete. Based on experience, the,
recommended minimum length of lraverse shown in this -
- table should produce limits of uncertainty such that up to 3
percent air-void content the standard deviation is not
greater than 0.5 percent, which at 3 percent air-void con-
tent corresponds to a coefficient of variation of 17 percent,
- For traverse lengths greater than 557n. (1397 mm) and air-
- void contents greater than 3 percent the coeffjcient of vari-
ation is correspondingly reduced. The data obtained can be
analyzed by statistical methods to dctermme the limits of
-_unccrtamty to bc appllcd

Table 3.E2 " MINIMUM LENGTH OF TRAVERSE FOR THE LINEAR TRAVERSE
. ~ METHOD (FROM ASTM C457-71 (51))
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CHAPTER 4

L

“IMAGE ANALYSIS

" 4.A General T o ‘ .

Image ana]ys1s is on]y one aspect of the relatively new
technology of image processing. An image is converted 1nto an
electronic ferm that caa be.manjpu1ated, generally, in one of two
ways. The tmage may be enhanced- by the pracessing, with the
improved -image beind the final resu]t; An example of this is the
' pictures recejved 'from“sate11ites and spacecraft which afe
computer enhaiiced to yield better c]ar1ty or co]our effects "are

added to aid human -evaluation of the image. More commonly, the
. 1mage is. analyzed with. 1nformat1on such as feature 1dent1f1cat1on
and measurement be1ng der1ved

Mest of the or1g1na1 image ‘analysis equ1pment was hardw1red
whlch made analysis not veny f]ex1b1e. Ing\TPdern approach to
1mage analysis is software control S0 that an operator can be"
very flexible-in ta1lor1ng the actual anaIyS1s of the part1cu1ar
image dea]t with in order to y1e1d opt1mum test parameters.

With the 1ncreas1ng 1nterest' in applications of image
analysis, severa] f1rms ﬁOW'-take fmage aha1ysis fequipment.,
Imanco, Bausch and Lomb, -and . Lietz _market -an - 1mag; ana]ys1s,
. system based on .a :cqqyentiona]’ fixed rapid scann1ng of .

television camera, which Timits the f]ekibi]ity,of the operatoﬁ.

-

38



-39
_ T.r‘aco; ~Northern_"_Inc.' énd 'Lemont Scjentiﬁ'c' offer vér'y‘
flexible systems whﬁch' utilize an image dissector = camera
controlled by compﬁter- and softﬁare' .orient'ed' controls, which
'a1-10w',soph1'st1',.cated image analysis on }ine without 'expe.nsive‘
data collection rl'equ_ir'erd by off Tine analysis. | |
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4.8 Theory

The'first stép in image éna]ysié is to convert tﬁeliﬁage
into an e1éétroﬁiC form to be aﬁé]yzed. A strndard te{gvision
camera does.this by scanning across the image and convert%ng the .
optical image into }n equivalent elecfrjca1 signal image on the
bésis.of gréy scale of tﬁe optical image'correspanding‘to:‘the
level of the electrical signal. Each scan line -(raster 11né)-'
~g1ves a cross sect1on of grey levels in th; 1mage at that point.
A g1ven number of raster 11nes descr1bes the 1mage comp]ete]y.

-Th1s is an ana]ogue s1gna]. o , - -

It 1is pqss1ble to take this anaTogUé's{g;aI and sample it at
IgiVenpinterﬂélé (usually at the spacing of the raster‘]ihes) to-
yield a_vmatrix of pirture points (i%, ‘the grey 1evé1 is now
,sampiéd at the matrix‘poinfs-of the'imagé),

‘Each“ picture poinﬁ grey .level is 'thén_: considéred-
representative of the small ‘squére'_area o%. which it is -the
centre. In this way; a black and qhite image can be'thought Of—g
as a matrix of smail sduarés, gach of a.varying-grey'ieve1. The
more sma]] squares the 1mage 15 d1v1ded up into, the greater the

“resolution of the Image.

There are genera]ly two d1fferent ways to proceed w1th the
1mage ana1ysrs. It 1s-poss1b1e to "digitize" the,matr1x*of small
squares by 1ett1ng each grey level be'a number from 0 (white) fd‘
255 (b]ack) depend1ng on the 11ght 1nten51ty of the sma]] square

(wh1ch in turn is the level of the ana]ogue s1gna1) ‘In th1s

way, the entire image 15'descr1bed’d1g1ta1ly. This information
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can then be stored in a computer memory and the ent1re 1mage can

_be man1pu1ated by the’ operator. L1m1tat1ons of this approach lie

in the Iarge amount of data storage required to get an image of

good reso]ut1on tota]]y deschbed However, w1th the data in

storage, very‘sophisticated manipu1ationcis possibTe. (Examples
‘aref grey level histogram' équa]i;ation, _thresholding, image
addition and subtraction, gradient, low pass, high.pass and band
pass fiTtering:) h | o

A more- common . method of image- ana]ys1s uses  an ana]ogue

'comparator to test the s1gna1 at each picture point for a
thresho]d level and then b1nary codes the resu]ts (1e. 0 for on
‘feature 1 for off feature). Th1s requires that the features of

“the 1mage that you are. ana]y21ng are of a suff1c1ent1y different

: grey 1eve] from the background of the 1mage. In this way, a new

1mage is der1ved, & b1nary 1mage wh1ch 1s composed of feature and
non feature areas. These b1nary images are frequently dJsplayed
1n{\h1ack versus wh1te and offer 2 str1k1ng v1sua1 effect of
‘ hav1ng 1so1ated the features that are to be ana]yzed Th1s
" binary data occup1es much Tess . computer memory. - However,
poss1b1e manipulation of th1s data is rather restricted since  so

much 1nformat1on has been Tost. There is sufficient information

* to analyze the featUres,‘ usua]]y‘ for géometrica]’ data (ie.

feature shape, d1menszon, number) f" _ ' o
Even 1ess computer memory is required if, instead of stor1ng
-the b1nary Tmage in its enttrety, the image is ana]yzed d1rect1y

and only the requ1red feature 1nformat1on reta1ned

'



Many image'ana1ysds systems uSe te]ev?sibh'Camera Imaging

where the . 1mage -is” focused b the opt1cs “onto a s111con target‘

(V1decon) (See F1gure 4, Bl) This target is d1scharged by

the 1mpact ‘of e]ectrons. The video signaT is arr1ved at by.

mon1tor1ng the d1scharge process of the target. The charge on -

the target 1ncreases w1th t1me (See F1gure 4,B2a), so- that for

TeIev1s1on Camera Imag1ng, sweep speed ‘cannot *be made var1ab1e..v

o The pract1ca1 max1mum»reso]ut1on is 512 x 512" p1xe1s.
~An image d1ssector camera tube (See F1gure 4,83) has no

storage capac1ty on the target (5ee F1gure 4 BZb) and therefore,

1ower sweep -Speeds can be used In the 1mage dissector tube""

camera .the image to be ana1yzed is progected en.the face p1ate‘

, 0f -the ‘tube. In the tube, 1tse1f, a quant1ty of photoe]ectrons
proportzonai to the 11ght input is em1tted and acce1erated toward
the back p]ane by an e1ectrostat1c f1e1d. An e1ectromagnetic
f1e1d ‘used. to focus the ‘e?ectroh image (toeverted from
or1gtna1 1ight 1mage) on the back plade.  An externa]ly
contro11ed (usya]]y by computer) e]ectromagnet1c def]ect1on f1e1d

'scans acrdss a. smaT] aperture ]ocated in the m1dd1e of the back
A

;_//Elghe' hPhotOE1ectrons wh1ch pass through the apeﬁiure exc1te an,_
'_ electron mu1t1p11er, thus generat1ng & 'video s1gnaJ. The ‘

~-reso1ut10n 1s based on- the size of - the aperture since the

' aperture is essent1a11y equ1va1ent to the spot size w1th wh1ch

the 1mage is scanned. As the size of the aperture decreases,-the

signal - to noise -ratio vdecreases and possible resolution

dncreases.

42'



. . ) , . "'4...'.
N L
T SYNC
- g GENERATOR
' S : . HORIZONTAL] « .
c T g .1 A L
I . VERTICAL
.o "+ IMAGE INTENSIFIER Y |DEFLECTIONIY
o " PHOTOCATHODE l" pRIVES ||
T [ PHOSPHOR " ciyena Tuse '
_FIBER OPTIC ~~ PHOTOCATHODE
| SCENE PATES S amgeT | |
A7\ )
= febioog s =lit
Ao T -
1N L
T [THiGH HGH ||’
. |- IVOLTAGE | | : IVOLYAGE » VIDEO
. ' ‘ POWER POWER [T ]AMPLIFIER
\ ) oL / SUPPLY SUPPLY
o . - ) - ¥ I
e L]
| w t
) TV _DISPLAY
FIGURE 4.B1 - IELEVISIONHCAMERA TUBE
43
%

-\'- !



charge

o o B bright pixel

grey pixel'

- (a)‘TeIevision.Caméra Tube - _ .

chaﬁge B

bright pixel

“grey- pixel -

* (b) Image Dissector Tube

'FIGURE 4.B2 = CHARGE VS. TIME:FOR'A) TELEVISION CAMERA- TUBE
o - B) IMAGE DISSECTOR TUBE'

Y

time

time



. ; '
. .
&
: Focua Call Deflection - Deflectabla Electron Image
) Coilsa : : .
. . i \
_ . Photocathqde - | '
i
[:
]
" ]
. Image . - . T “_;v - N
: . Electron N
: o . : - Multiplier’ Atode

o

. FIGURE 4.B3 IMAGE DISSECTOR CAMERA TUBE




46

An -image dissectbk cémefa tube can _be contro11éd by a -

computer which allows absolute freedom in beam posxt1on, and the-

ab111ty to dwell at any 1ocat1on of the 1mage. Therefore zt is
‘p0551b1e to search for features at one point dens1ty and’ ana]yze
features at a greater point dens1ty, so that a full scan- of the
“entire 1magg.-at the greater point  density required for image

.analysis is not necessary.
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4.C Lemont Scientific Hardware

The Lemont Scieﬁtific 'B—10 Image Ana]ys1s System is a
computer based system which ut1]1zes either an 1mage deSector
tube (wh1eh receives an image through a direct macro optic-system
or ihrough»a-]fght ‘microscope) or a Scanning E]ectron:Microscobe
(S. E.M. )-: {m order to perform phjsica] and/or chemical

‘ character1zat1on of m1croscop1c features. (See Figure 4.C1) |
For this study, only the central unit (See Figure - 4. C2)
'(computer, d1g1ta1 scan; generator,’ threshold éaelector, image
se]ector) -the 11ne mon1tor, . | Image D1ssector Camera (See
F1gure 4 C3), the direct macro opt1c 5ystem, the automat1c stage
h control, the CRT, the h1gh speed pr1nter and the dual f]Oppy disk
*:;Q;Etorage unit are required.

) The computer conta1ned in the system is lan Interdata 6/16
with 64 kilobytes of main memory. S1nce the Lemont _Image"
Analysis is 1erge1y .software based, the comeuter contre]s many
functions usually run by épecial purpose hardware. . Tﬁe camera
used is an Image D{ssector Camera ‘QIDI. . It - offers .electronic

-magnification:of 1x: 2X or 4X.  A shading .correction is provided.
‘.-Variante in backgroﬁmd 11ght1ng level can be corrected
e]ectron1ca11y e1ther vertically ‘or horizontally.(See F1gure 4 c4).
- The AnaTogue Comparaton prov1des a m1dth, level and gain for the
incoming signal. With the thresho]d estab11shed 1ncreas1ng or

decreas1ng the Tevel def1nes the grey Tevel of the threshold The

"gain allows the signal to be stretched to allow better_settihg of
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FIGURE 4.C2 CENTRAL UNIT (COMPUTER, DIGITAL SCAN GENERATOR
© . THRESHOLD SELECTOR, IMAGE SELECTOR, BUAL FLOPPY
'DISK STORAGE UNIT) . ‘
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FIGURE 4.C3 JIMAGE DISSECTOR CAMERA, DIRECT MACRD OPTIC SYSTEM
: AUTOMATIC STAGE CONTROL CRT
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$
the threshold. A sWitch'aITowsrinversion ef the signal (allows - .
on feature to be higher or lower grey level than thresho]d A
Low Pass f11ter is provided to improve the signal to noise rat1o-
by averaging the signal oaver user def1ned 1nterva1s. The nqise
Cis averaged out of the s1gnal This has the effect of slightly
reducing the sharpness _of the boundaries‘bof features;‘ (See
Figure 4;05)1 The Inge Selector a]ioﬁs chofce of Image (from
S;E.ﬁ. Light Mieroscepe or Auxi]iafy System) An inversion switch

‘15 also .provided.



threshold -

Tine monitor

threshold

Tine monitor.

b) low pass filter used

. FIGURE 4.C5 EFFECT OF LOW PASS FILTER
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4.D Lemont SC1ent1f1c Software

4, Dl Lineal Analysis

The ‘Cross Section Chord. Length 'Ana1ysic‘ (Vereion- P-OZE)

‘ proéram yielkds a quantitative anaiysis of features w1th1n a .

~ solid.  This program makes the aSSumpt1on that the cross

sectional area of the analyzed jmage is representative’ of the
solid. S o o

The program performs an analysis of an image by traversing.a

user def1ned number of - 1ines across the 1mage and samp11nglthe

grey sca]e of the 1mage at user def1ned 1nterva1s a]ong each‘

line. Each "pixe1" or “p1cture po1nt unit® is cons1dered to have

- the w1dth :0f spacing between 1nd1v1dua1 picture po1nts and is

~

centered on the 1nd1v1dua1 plcture point. (See Figure 4. Dl) An

"on picture point unit" would be a p1cture po1nt un1t where the
1nd1v1dua1 picture point at the dentre has a grey 1eve1 above the
‘threshold settln the ana]ogue comparator and is therefore "on
feature”. (See Figure 4.D2).‘The chord length of‘a feature would
be the number of "on picture point units" found consecutively. o

| The . 1nput parameter for this program are points/]ine,.
11nes/frame, sweep speed “scan 0pt1on and "magnification. Thei
po1nts/11ne 1nput ‘has a ]arge effect on the results of the
program. " A maximum of 4096 po1nts/11ne can be samp]ed 'However,

the maximum chord length’ a]lowed is 512 picture po1nt untts. If

an overs1zed chord is encountered (chord length) 512 on p01nt

un1ts) the operator 'is warned by the program and must either >

reduce the magnification or reduce thé number of points/line.

-
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FIGURE 4.1 LINEAL ANALYSIS TRAVERSE
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‘e - : _ .
In the -case 2of 'image analysis;:oﬁpﬁﬁﬁﬁ;IFes of. widely varying eike
' ‘_{raqges _(ie.e‘image' ana]ysis of air voids _1 ‘hardened .concrete.
samples where entrained air v01ds range -from 10 mtcrons _to 1200
//"m1crons) is best to use a max1mum number of 512 points/line
o S50 that where- a’ feature» comp]ete]y fills the frame,' an overs1zed-
' will not : be encountered .because fname edge ta frame
_fon plcture p01nts"  The greater the number 'ofA
po1nts/frame, the s1ower_ tha’ anaTyets‘ rune. ‘The number_MOf
:,‘ po1nts/11ne shou1d not be- so small. as  to ]ump the chord lengths
o ' of two.: adJacent featuresahnto a. smng]e chord 1ength _(See Figure
4, D3) ﬂ‘A‘ 1arge number of po1nts/11ne w1]1 ‘a1so increaSe “the
j-accuracy.'ofh the - chord ]ength recorded for Ta feature;. - The
| intervaf- between picture"points shou]d .be ‘sufficientlv emalj .to‘>
B detec} the smai]est feature of 1nterest - The- po1nt to po1nt
- spac1ng for a gaven magn1f1cat1on and nuﬁBer of p01nts/11ne “can
be found 1n F1gure 4,D3. | ' '
The number of lines/frame TS .user def1nab]e.i The'program wi]t
| :;~‘,' not aliow: 1 11ne/frame. Up to 4096 lines per frame are- aT]owed."

‘ 1nterest not eff1c1ent u$e of program type. : Features‘ pf

wide1y varying 51zeﬂ dtstort the number of features ca]cuTat1on

-

sirte it. 1s 11ke1y a traverse ]1ne w111 encounter the same feature

'more than once. The opt1mum woqu be to have on!y one traverse 11ne'

7,encounter ‘any given feature._ Suff1c1ent 11nes sh0u1d be scanned S0

\ 3

'Hav1ng more than one- 11ne pass through the sma]]est feature of S

.‘g
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that the total iine is scanned for’ all frames is sufficient‘to
“yield the required accuracy- for the'anaIysis of the material of

the sample.'

-+

Sweep speed is the rate at wh1ch the 11ne 15 scanned (amount
of t1me that the beam remains at . an "off" or "on" point before
~ moving to the next point). A slower sweep speed shoutd achieve a
' more accurate measurement while 1ncreas1ng the t1me of ana]ysqs.
1f the 10w pass f11ter is used, the sweep ‘speed must *be slower
than the f11ter.

The scan »option chosen- defines, the 1ocationr of frames
ana1yzed nn the sample SHrface; Three options are avaifab1e as
discussed “in Sect10n 4.03, the tpta} coverage, Z Pattern and
'spaced frame pattern. .

The magn1f1cat1on entered should be. der1ved by test1ng a

~ known feature u51ng the optic system and the 1X, 2X or 4X

o e]ectron1c magnification that wpu]d.be used,for_the analysis (it

‘was‘ found experimenta]]y, that'.the‘ magnification fpr‘ a given
optical lens system with the e1ectron1c magn1f1cat1on at '4X does
not equa] exactly 4 t1mes the magn1f1cat1on for the same opt1ca1
‘Tens system w1th the electronic magn1f1cat1on at 1%).

The resu1ts of the L1nea1 Ana1y51s program are calcu]ated as

“below:

\_/-'j
“'Pp *= number of "on" point counts - "= "on* point.count

no. of "on" points.& no. of “off" points . total count

e,
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where:

Pp = point fraction of a phase

v Ppo= L1 = Aa= Wy  (dué to the relationship assumed) ///QL

where:

L1 = 1ine fraction
Aa = area frattion
;-,Vv“= volume fraction (% of picture points actually within

the volume of a feature, taken over the toﬂaT vd]ume

searched)
Vvi = Pp x 100% -

1Q§5)(um[gpint) ‘ -
- (Magnification){number of points/line)

o
T

. C = point to point spacing (fhe real distance between
adjacent\horizont§1 picture peints on the specimen
A

for the 10cm x 10cm CRT screen, and the required =

parameters in um

|
0

“on" point count - , {um)
(Total number of chords) x c :

where:

A -

T = average chord length -(mean length of chords (intercepts)
for all frames) - :

N= number of chords ' (Um-l) o
‘ “on” points and "offf points) xC: <

-

o



where:

NL =

n

where:

-Sp

where:

Sp-
Sv =
o
wherei

Sy =

solid (V1)

>Sv

where:

Sv

TPTS

where:

TPTS
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number of features (number of chords per unit

“length) S .
1= Vv P
T {um ) T

edge to edge mean free path (average ‘edge to edge
spacing between features)

1 '
-N-L—" (um)

ave;age cehtre to centre spacing of the_features

N

(w<y - o . ?;
surface to volume ratio (surface area to unit volume

ratio for features randomly intersperéed within the

surface’ to volume ratio - (used in boundary applications

where, feature edges touch (VV =1)

»

=-no. of points x . no. of lines = x

0. of frames -
o Tine frame ““no_ of fra esl

~

= total number of picture points L .
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TLEN = TPTS x C -
. where: , o ‘ : ‘ :
TLEN-= total test Tine (sum of lengths of 1ine§ crossing the

sample for all the frames.;'
'“A chord length distribution histogram is évaj]ableﬂfor prinil
outt' It displays ﬁhe number*‘of ‘éhbpds found for each class,
class 11mit§ deﬁerminéd-pyfchord.1engtbs encountered. 'Typical

program output can be seen in Appendix A.

Fe
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4.D2 Diameter Analysis

Version V4.1 of the- Lemont Diameter Analysis was used_aslif
runs faster,than tﬁe aIternativé pﬁogram fgr Diameter Analysis,
Version V6.1, which is a version V4.1 modified for particles of
. width to 1en§fﬁ‘ ratios of - less tﬁan 0.33. Since the voids
| analyzed .in this study are usually approximaie]y .spherica1, g
Version V4.1 iglsuffjcient. e

o Ine the‘ Diameter Analysis program, a dual picture point
density is used to geparate ﬁhé anaTysis jﬁto a "éearch“ mode and
antfanalysié“ ﬁode.‘ Thé image_isvscanned-(signa1‘1eve1 sampled)
at ﬁser sét {ﬁterva]s .(off p01Qt ’dehsity) énd at eacﬁ samp1§
point, the éigna1 jevg] (grey‘scaie) is c@mpared to the threshold
value set in the ﬁna1ogue comparator to d@;ermine"ﬁhethe} the
point is ‘on feafure or off feature. If off feature, the scan
continues. If on.¥eature‘the interval béfwegn samp]e_points is
decredsed (to a user set on point dénsffy)'in order to‘gét‘a high
s on featuré resolution. (see Figure 4.D5) The ﬁrogram_locates the
centre of the‘féature (afong thé_11ne of scan) byrbackgtepping to.
the boundanQ and then forﬁardstebping to the far bdﬁﬁdary ‘and
t-f{ndiﬁg the middie of that horizontal diameter. Then a second
horizontal is done at the'centrehof‘thé vertjcéT diameter. Us%ﬁg
the centfe- of the sécénd} horiiontaj, a chéék of features
previous]y-analyzed is carried out to enéure that.the feature has -

been encountered for the first time (large features may be

"found" many times depending on the off point density). If the
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feature has  been enalyzed' the prooram reverts to off point
density. and continues the search for particles at the boundary of
the feature on‘the origindl scan-11ne. If the feature 1s new,

the program/conttructs a set of 4 or 8 d1ameters (depend1ng on

user input) from the centre of the second hor1zonta]. The

o
progran1 then does a th1rd hor1zonta1 from the centre of ‘the

maximum diameter. Using the centre of the third hor120nta1, thez
program again checks to see if the feature has been encountered
before. If. it has the program revetts to search mode. If not,
a second set ‘of diameters is constructed from the centre of third
. hor1zonta1. The intersection of each diagonal with the feature_
boundary 1s Jo1ned by chords to the adJacent 1ntersect1onsiand_

the' sum’” ‘of " the "areas of the resu1t1ng tr1angTes is the

approximate area of the feature. Eight d1agona15‘resu1t in a
closer approximation of the actual ared. The feature parameters . -
(maximum and minimum!axis,vaspect ratios) are ca1cu1ated. The

h

program compares the feature parameters against d1scr1m1nators

and if it passes, particle count‘is incremented. and the feature'u_

parameters are class1f1ed for d1str1but1on plots. —

The bas1c 1nput requzrements for th1s program are off po1nt
dens1ty, on po1nt dens1ty, 3weep speed, magn1f1cat1on and guard
ring size. The off -point density shou]d be set high enough to be

-sure that at 1east one p1cture point will fa]] on the sma]]est
“f ‘feature of interest. Recommended on point den31ty would resu1tﬁ

-1n 5 to 10 on points across the m1n1mum ax1s of the smaT]est



: feature of interest. Sweep speed must . be slow‘enough‘tO'yield
des1red accuracy and has to be s]ower than the Tow pass fTIter if

'used. Magn1f1cat1on used shou]d be appropr1ate to the smal]est

' ,feature being analyzed. Guard r1ng size shou]d be one tenth the

frame s1ze (guard ring e11m1nates features 1y1ng on]y part1a11y.

on screen from analysis).

- e gyt

Output for th1s program is number of particles ana?yzed
»m1n1mum dTameter found maximum d1ameter found, total 1ength of
test  line scanned, the. mean and -standard deviation' of
partic]es)frame, the mean. and standard deviation of ‘the average;-
‘ part1c1e d1ameter, the mean and standard deviation of the aspect
ratio (m1n1mum/max1mum d1ameter for a given part1c1e) and volume
percentage df particles and the surface/vo]ume ratio. Histogram
d1str1but1ons ;\are‘ available - for . average d1ameterr and
minimum/maximum d1ameter. Typ1ca1 pr1ntout for this program can.

be found in Append1x B.
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- 4.D3 Software Modification Required

Both Lemont Software programs (the D1ameter Ana1y515 and the
"L1nea1 Ana1y515) requ1red mod1f1cat1on for use in theg eva]uat1on a
of ajr content, .
Both programs aliow two'options for automattc stage control.
Analysis of a g1ven area of samp]e can be done by dividing the
entire area into frames or by ana]yz1ng a Z _pattern of frames.;
over the area. (See F1gure 4.06) . Unfortunate1y, neither of these
opt1ons is des1rab1e because to'anﬁﬂyze the ent1re samp?e is t1me ; .:_
' -consum1ng and concrete 1s not suff1c1ent1y homogeneous to allow a . .
leattern (ie. a piece of-aggregate could 11e along diagona]) . .
The prob]em was so]ved by programm1ng a th1rd option where a l'”ta
checkerboard" of frames ana!yzed wou]d be poss1b4e, w1th the
interval between frames be1ng usér. set. in. both™ X and A
. directions. (See F1gure 4, D7) l
" The optical 1ens system used to’ supply an 1mage to the 1mage

dissector camera a110ws many p0551b1e actua] magn1f1cat1ons.

- These were checked exper1ment1y to two dec1ma1 p]aces us1ng a

test samp]e with a prec1se1y measured reamed hole. Both programs
a]]owed on]y a who]e number magn1f1cat1on to be entered 1nto the '
calculations. Th1s was m0d1f1ed to a11ow two place dec1ma]
magnifications to be used in ‘the ca]culat1ons. ‘

The automat1c stage contro] automat1ca11y returned the stage
to an 1n1t1a1 pos1t1on pr1or to ana1ys1s. ThTs caused the samp]e
to move comp]etely out: of v1ew HECESSTtat1ng re]ocat10n of samp]e

prior to analysis. Th1s procedure was a1so t1me consum1ng. The |
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OSSIBLE—FRAME PATTERNS

-
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4 E Use and Contro] of Lemont Sc1ent1f1c Hardware
v [‘ '

A qua11ty 1mage is requ1red for good 1mage ana]ysss resu]ts. -
) To ensure a qua11ty image, care shou]d be taken to: opt1mize three

Jmportant parameters, wh1ch are focus, I1gﬁt 1eve1 and thresho]d ¥

i — .

:‘1eve1

®

Focuss1ng 1s accomp]tshed by f1rst estab]esh1ng a rough

focus of - an image by mov1ng the camera 1ens to a. d1stance from',ﬁ g

the samp]e surface appropr1ate to the Tens. The 1mage 15 a]]owed

to .be scanned in the XY mon1tor unt11 the scan 11ne crosses a ’

,?1arge feature. That scan line is he?d by sw1tch1ng the Scan_

. W
:Generator to Ho?d By observ1ng the ana]ogue s1gna1 d1sb1ayed on

the Line MonItor, it; is possible to focus the camera to an

0pt1mum cg d1t10n. (See F1gure 4, El) The -small knob on top of .

the image d1ssector camera is used to fine focus the camera unt11
the boundar1es of the- void are showh- to be as d1st1nct as
| poss1b1e (most,abrupt change in grey Tevel), |

u 0pt1mum‘ﬂight Tevel is‘thatijust.below a level which causes
lsaturatfon; ofy the sigha]" 'This results ‘1n; best poss1b1e
contrast. Saturat1on occurs when the camera can no 10nger detect
any 1ncrease in llght 1eve1' 0n the ba31s of 256 grey . 1eve1s, 1f

two areas of wh1te are on]y a few -grey’ 1evels apart, 1ncreas1ng

the: 11ght level is on]y product1ve unt11 the grey ]eveI for one

-,

'area becomes 0. -—Further 1ncrease of I1ght Wevel w111 resuIt in

the, grey Tevel “of the second area becom1ng 0 e11m1nat1ng any

contrast between the ‘areas. (SeeJF1gure 4,E2).
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Threshold 1eve1 shou]d be set. to d1fferent1ate between the
grey 1eve1 of the features to be ana]yzed and the background In
the case of_b]ack ‘péres on a‘wh1te background, the threshold
shou1d.be set just above the level of the noise, but not 'so high

as to lose the smaller voids. (See Figure 4;E3);"'

[&]

e
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CHAPTER 5 B

 EXPERIMENTAL PROGRAM . )

5.A General _' . . o . -
The obJect of the exper1ment was to use an image anaTys1s

apparatus to rep1ace the human operators in a procedure 51m11ar

‘to the standard ‘linear traverse (Ros1wa1) ‘method of determ1n1ng

"a1r -void content and the parameters of the a1r vo1d system in

hardened concrete as deta11ed in the A:S.T.M. standard 6457 80.

L]
It was dec1ded to-employ an Tmage analysis apparatus manufactured

by Lemont Sc1ent1f1c of State Co]Tege, Pennsy]van1a. Three

. b

-batches of concrete of var1ous air contents were prepared and

tested for air content by the pressure method (A.S. T.M. C231 81)

and the Tinear traverse method (C457-80) as these are the most

‘w1de1y used methods 1n the 1ndustry, and therefore, are a goad

reference with which to: compare the resu]ts of the new procedure.

A standard procedure for usang the 1mage ana1ys1s equ1pment to

[

‘ ;determ1ne a1r content was .carefully deve]oped Th1s procedure
"t_' was used to measure the air: contenesof spec1mens from each of the
;cthree concretes and the. resu]ts -compared with those for the'

' pressure and the standard 11near traverse methods of air content

measurement.

3



5. B Sample PreparatIOn

5 Bl Casting 1/
A standard concrete mix was designed having a water-cement
ratio of 0.49 and\\\a. maximum - size - aggregate . of 374,

The design strength of the mix was 4500 psi. (with no air

'

entraining agent added). (See Table 5. B1 for exact” mix l

_proportions). .Six separate batches of concrete were prepared

The first ‘three batches ware used to: est1mate the amount of air f

entrained by the air entraining agent, Darex, for the des1gn mix.
Darex is an. alkaTi sa]t of a su]phonated organ1c co;pound Batch
No. 4 was prepared w1th 19 m]. of Darex added to the water ( to
y1e!d an estimated 9% air content) Batch No. 5 was prepared
with 10 m]. of Darex (to y1e1d approx1mate]y 6% air. content) and

Batch - No. 6 was prepared with ‘6 ml. of Darex (to y1e1d

. approximately 3% air content)

; - Each batch was suff1c1ent to a]]ow two pressure tests for'

air content of fresh concrete to be performed, one s]ump test to

be performed and one cycIinder cast

A slump test was performed on.to each batch and Batches 4 5 :

‘and 6 had- sTumps rang1ng from 4" to 6*.°

A standard 6"_d1ameter by 12" high cy]inder was cast for

each batch 'of concrete.. in 'aCCOrdance with A,S.T.M. C192- 76

' These cy11nders ‘were str1pped\after twenty four hours and water
‘cured for tWenty EIth days. “Lach cy}1nder was then cut 1ntob'

e1ght 6" % 4“ X 1" samp]es us1ng a d1amond bladed b]ock saw, the? _

)'~‘>o,'

-

e
ot
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L

COMPONENT

% BY WEIGHT -

'PORTLAND CEMENT

wEIGEI/(LB)

79

CosE L] 15.4%
WATER - _ 124 | T4
| FINE AGGREGATE . | 494 30.2%
COARSE AGGREGATE : -
(3/4" MAXIMUM) 764 47.0%
1624 1 veon
*.  TABLE 5.BI  PROPORTIONS OF MIX COMPONENTS )



P

o

.80

o

6" x. 4" surface to be ﬁmshed bemg perpend1cu1ar to the.
.ﬁmshed surface and across the 1ayers in which the fresh
. concrete Was deposited (See Fig. 5.B1). Samp]es from the first

‘ three batches were reta1ned for use in developmg the pohshmg'

and maskmg procedures. -Samples from Batches 4, 5 and 6 were

retained for use in the expemrnent once opt1mum pohshmg and

- B aN
masking procedures were developed ' : :

L
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5 BZ Po11sh1ng IR A

Each samp]e was poﬁ1shed on a twe]ve 1nch rotat1ng grooved‘u

_ cast 1ron whee], us1ng a free gr1t system. (See F1gure 5 B2).

#80 coarse gn1t 1s used to remove cutt1ng marks from the samp1e

f“face and then success1ve pol1sh1ng steps fol]owed us1ng #220

- #320 and #600 gr1ts. It was or1g1na11y attempted to- use a system

_of grit coated papers of s1m11ar gr1t s1zes, gTued to smooth the:

cast iron whee1 - This" system was d1scarded due to the greater‘

speed of free gr1t po]1sh1ng (wh1ch 1s f1fteen m1nutes for - one 3

- samp]e) the expense of prepar1ng one sampTe at a t1me s1ncef

4 'A.

d1scs are nonreuseab]e after bexng removed and the r1gld1ty of '

‘ibe1ng unaB]e to’ repeat a p011sh1ng at a coarser gr1t once ‘

-p011sh1ng at the next gr1t s1ze beg1ns. (See F1gure 5. 83) A'

_cause those pores to be e11m1nated from the pore count1ng andﬁ-"

' prob]em 1nherent in u51ng the free gr1t system to po11sh concrete | -

possess1ng air vo1ds is ‘the accumu]at1on of A gr1t “muck" in the:
sample pones. Th1s causes problems during po]1sh1ng since. whenr
po]1sh1ng at ftner grades of gr1t acoarse gr1t Teft Jin tZe porest'
from prev1ous poI1sh1ng can”fa1] out and - sc atch the surface,'

necess1tat1ng repoT1sh1n

remain f111ed through _he_‘pol1sh1ng, a. cond1ton that m1ght~

}s1z1ng process.‘ Attempts to c]ean Ehe “muck" out of the pores

-

WTth strong Jets of water, brush1ng with a f1ne brush blast1ng

the surface w1th compressed air and a'"water p1k" used to cIean jh'

: o
crev1ces between teeth were unsuccessﬁu]. 'Fortunately, it was

gﬁn e

coarser gr1t. As we11,‘some pores‘.i



FIGURE 5.B2:: .
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Coy .‘_ . o ¢

found that by suspend1ng a sample for ‘5 minutes in an u]trason1c L

c]ean1ng unit - f111ed with' warm water, the grit ,muck“ wds :
adequately removed from the pores. (See’ F1gure 5 B4)
A f1na1 polishing on a sheet of plate glass using a slurry

of water and #1000 s111con carbide .grit (see F1gure 5.85) and a

final c]ean1ng in the ultrasonic cleaning un1t concluded the :

polishing of the samp]es. .

KN



e .

3. . | :
FIGURE 6.8 ULTRASONIC CLEANING UNIT
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FIGURE 5.85  FINAL'POLISH #1000 GRIT ON PLATE GLASS -
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- - 5.B3Masking o
': » Since“image analySis. is. based on recognition of gqiven .
features‘differentiated by grey scale, it fis necessary to-giveq
the‘pbres a grej level adeqUateXy‘d{fferent:frcm any'greyt1eve1.
‘ found in the matrlx around the pores. By 'shining. a 1dghtc0n the

p011shed surface at an ob11que ang]e (See Figure 5.86). the pores/
7

7

‘ appear b]ack due to shadow1ng. " However, ‘there are many shades ,of
b]ack aggregate visible in the concrete matrix of comparable- grey

1eve1 to the pores, mak1ng it 1mposs1b1e for the 1mage/ana1ys1s

»

system to d1fferent1ate between the pores and the ~darker

r._aggregate. mBecause of this, the matrikfmusf be'treated so as to
- eliminate any b1ack. 'This "masking".may'be done 1n a variety of

ways. The Danish researchers, referred to ear11er masked thear
2 samp]es by btacking the sample surface with 1nk,, heat1ng the

surface and p1ac1ng a half vase}1ne and half zinc oxide (whité

paint base)_ into -the nores, scrap1ng the excess off W1th a’
straight edge. A f1na1 dustIng wwth gypsunl y1e1ded a - black &
matrtx with white pores. It was fe]t by\th1s researcher that
th1s was a cumbersome method and as well, some number of sma]]er
. : pores cou]d perhaps be filled with\b]ack ‘ink. An alternat1ve
| method therefore. apﬁeared 'desirab]e. It; was decidedn to try,
rh’fmasking the.surface of the test sample -with a]uminum, utilizing
vacuum depos1t1on methods. This would yield an a]uminum-coldured
surface, fa1r1y whlte, with pores darkened By ob11que 11ght1ng.

(See F1gure 5.8B7 for contrast between masked and unmasked samp]e)
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The ‘aluminum waslapp]ied to'thEISamp]e surface with a vacuum.
deposition apparatus manufacture& by Balzers. (See Figure 5.88);

" The procedure :for coating samp]es' is fa1r1y ‘straightj-
forward Air is admitted to the be!l jar-(stored at vacuum) ta
'atmospher1c pressure and the be]l jar 1is ra1sed e1ectr1ca11y The

sample 15 placed on a ring c]amp, -(See Flgure 5 B9} and the

surf ce is to be coated downwards pos1t1oned above a tungsten
cr c1b1e.‘ “The crucible, held between two electrodes, is charged
‘-w1th‘severa1 small p1eces of 99.9% pure aluminum. . A check 'is
..performed.to ensure the seal 1s,abs01ute1y clean and therbe11 jar
1 is»]owered.'_Primary'vacuum is obtained by the-use of a rougﬁ
pump. A diffusion pump'further evacuates the‘be11tjar‘dowa toff
‘about 10°% torr. A large current is passed through. the
'e1ectr0des vapbrizing tae aluminum which is .deposited on the .
-sample in a uniform thin film. . Film thickness is mon{tored,by
measuriag the chapge. in- resonance ,in au quartz . crystal. that.

. . R NS
receives the same film thickness as the sample.

A probﬂem encountered in-early attempts to coat‘samp1es~was
thev1ength of time requtred‘for “pump-cpwn" the bell jar to an
atceptab1e vacuum. This was sopewhere on the order of two days '

'due to the outgass1ng of" the concrete sample. However, 0vern1ght
drying in a desiccating oyen was found to e1iminate this
prcblem a110wind “pump down“‘times of less than one hour.i The .
;anretgfsampTe shau]d-be dried at no higher than 105 degrees

‘ cent%grade sincg’ greater temperatures® cause the aggregate to

-,
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_FIGURE 5.88

VACUUM DEPOSITION APPARATUS'
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"break out“ of the cement matr1x due to.d1fferent1a1 expans1ons
1eav1ng a bad]y cracked and unusable sample.

Other metals such as z1nc were used as f11ms to try to
determ1ne which would give the whitest coat1ng. _ A}um1num was
found to be the best , _

0r1g1no]1y, ~a thin fi]ﬁ of 300A was applied to‘the‘surface.')
However, when a fi*ed_paper 1ight‘shie1d on-confact‘with the,
sample -surface which;moves_doring the image analysis was added to.
the testing apparatus, this thin film soon wore thboughsvvit was"
attempted to put a clear thin hard coating ooltop of théla1ominum
by vacuum depositing pure silica onto the sample. Unforﬁunote]j,
thisaresulted in a colourful-diffraction pattern rather than a
cléar coating. IncreaSIng the thtckness of the a]um1num f11m to
ZUBOA* whicﬁ is st111 a very th1n f11m, was. found to g1ve

sat1sfactory abrasion res1stance.

It wag also discovered that for optimum test procedures; the
: o .

-

oblique lightﬁng system was not adegiiate o b]acken'fhe porés.

Therefore the pores were filled with a b]ack‘pigment Whioh‘was

‘rubbed gently. into.'the pores with. a fingertip. (See Figure

5. BlO) Excess p1gment was removed with & so]vent mo1stened 1int-

free c}oth (See Figure 5. Bll) This procedure aTso bTackened
the supface somewhat, but the contrast (the difference between
the grey levels of the pores and that of the surface) . was <

1ncreased (See Figure 5.B12),
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FIGURE 5.810 APPLYING: PIGMENT

Sy
Y



. »
5

FIGURE 5.311 REMOVING EXCESS PIGMENT ..
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5.C Pressure Test : ' 7

The pressure test. for determ1n1ng air content of fresh

"concrete Was performed utilizing a Techkote White Air Meter (Type

B Apparatus having a capac1ty of 0.25 cubic foot) Ser1a1 No.s'

2478, manufactured by‘the,Techkote Co {See Figure 5.C1}. 'The

_apparatus was calibrated using water in accordance with the

. manufacturer's 1nstruct1ons and was found to be in perfect °

working order. Sufficient concrete was taken from each batch of -

v

concrete to perform the test twice. The procedure (C231-81) was

conducted as outlined in Section 3.D. The tests were. carried. out
before- casting the cylinders  as varying reeults would Thave

- necessitated a third test. This was not necessary as the results

were comparab]e. The results were averaged to arrive at a value
for compar1son with other test methods. Results are tabulated.in

Table 5.C1.
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MIX WO. TEST NO. 1 ~TEST M. 2 AVERAGE -
L % Air Content | % Air“ Content | % Air Content . -
' 93 | s g
5 6.1 6.0 6.1
6 2.9 2.9 2.9

TABLE 5.C1 RESULTS OF PRESSURE TEST
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5.D Linear Traverse of Hardened Samples

As 3/4‘l aggregate was used in; the mix, ASTM C457

Ry

. requ1res at 1east 11 square 1nches of prepared’ surface to . be

/
‘traversed and a minimum total traverse of 90“ S1nce the samples

used 1n this exper1ment had a prepared pTane surface of about

r

/ eox o 3 /2" ‘1tj' was determ1ned to perform

'twenty traverses of about 5" spaced .15" apart which resulted in

a tota] traverse Tength of 90" to 100“ A

The equ1pment used to perform the traverse was-constructed
by the Centra] Research Shop at the Un1ver51ty of Windsor, 1in
accordance with ASTW‘C457 spec1f1cat1ons. (See Figure 5.D1)

The procedure (C457—71) was conducted as outlined in- Section
3.E on one sample from each of Batch-# 4,5 and 6. The llnear
traverse was performed twice on. ﬁach samp]e and the results
averaged. These resu]ts are tabu1ated in Table 5.D1.

. The 11near traverse apparatus used was found to be quite

d1ff1cu1t to use accurate]y due to several 1nherent design

def1c1encies. Possible modifications wou]d be the elimination of

the p1ay in the binocular microscope mount positive damp1ng of

'the stage travel to -eliminate run on, and revision of the -

binocular m1croscope:10catfon to eliminate having to lean over
the apparatus duringjuse and eqimination of stage travel while
operating the clutch to shiff from on feature traverse to off

feature traverse, <

oy



SAnSLE © IST TRAVERSE | 2ND TRAVERSE AVERAGE -
A(%) 7.93 ' 8.55 8.2
T(um) 120,05 * . 115.38 |, "117.72
+ o (mm-1) 33.33° . 34,69 34.00
L (mm) 0.15 0.13 0.14
A(%) 5.17 _ 5.61 5.4
1(um) 108.84 100,59 104.72

5 . | A )
(mm-~1) 36.74 * 39.77 38.26
T {mm )- 0.15° 0.14 -0.14
A(%) 2.61 2.37 P
: 1 (um) 124.30 115.65 119.98
° *X(mm-1) 32,18 34.59 v*\' . 33.38
L {mm) | 0.24 0.23 .. 0.23

TABLE 5.D1

RESULTS OF LINEAR TRAVERfE
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5.E ‘DEVe]oﬁment of'Image Analysis Procedure .

~ 5.E1 Preiiminary.work'

. The 'ability of ‘the 'Lemont "Scientific ' image analysis
‘ “equ1pment to determine’ a1r content of hardened concrete - was
estab]tshed 1n pre11m1nary work done by the author (243) .The
samples used for thlS work were cast po]1shed and alum1n1zed as
n‘: descr1bed 1n Sect1ons 54, SB and 5C The samp]es to be ana]yzed
were p1aced upon the computer dr1ven stage and made p1ane to the -
stage surface (ut111z1ng a ca11pher m1crometer and a sma]l amount
of mode111ng clay under each of the samp1e four corners) (See
F1gure 5 El)  Care. must be taken 1n this step .since w1th the
magn1f1cat1ons and’ the 1ens used depth of fTETd is .very small
/and the sample may’ become out of focus “dye ‘td the movement of the
|samp]e during ana]ys1s. The pores of the " samp]e ‘Were made to
(appear black by sh1n1ng 1ight from a s1ngle 150w reflector type
bulb - at a very Tow ang]e of 1nc1dence to the samp]e surface S0 as.
to cast “the pores 1nto shadow. (The 1etter1ng Was removed from-
the face of the bu]b to prov1de ‘as- un1form a 11ght as possible).
'Suff1c1ent contrast was ach1eved between the shadowed pores and'
the br1ght1y 11t a]um1n12ed surface. (See_ anure 5.87) Th1s'
simple- set up (See Figure 5. E2) required the use'of the shadowing
"correct1on to ba]ance the background 11ght level- dcross the
‘sample (due to. the s1ng1e 1lght source). A 50 mm Canon Tens was
used in conJunct1on w1th an adapter r1ng with an e1ectron1cT
'magn1f1cat1on factor of 4X to yield a magn1f1cat1on of 12 2% ash

‘measured by using a test sample of knOWn d1menSIons. A
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FIGURE 5.2 " PRELIMINARY SET UP
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magnification of 12X was used because at that time the program
~ would on]y accept whole numbers for magnification. The program
.'used for the ana]ys1s was the D1ameter AnaIys15 Verswn V4.1,
Input parameters were an off point density of 500 x 512 and a
point dens1t_y aof 500 x 500 Off po1nt density was set much |
higher than recommended to determine the particle - size
‘ d1str1but1on y1e1ded in a more compIete search. Sweep speed was
‘set to ZOO}JS/pmnt. Guard ring was not use‘d. . Sixteen frames.
,‘were analyzed. far each sample w1th option two (Z Pattern) used‘ :
for computer stage contro] ' It was necessary to stop the
analysis before each frame and’ readjust the hghtmg 'Ievel
thresho]d contro] and shad1ng correctmn for optimum analysis of
that part1c1uar frame. T1me of ana1y515 was approximately 40
| minutes per samp]e.- Resu'its obtamed wereﬁomparab]e to those
obtained from pressure - and hnear traverse procedures. _
Insufﬁ;cient work was done 'to ‘_ determme reproduc1b111ty,"
efficiency of ana1y51s and test procedure was ‘still extremely
cumbersome since a skﬂ]ed operator was requ1red to intervene -
'.regu]ar]y in the procedure. _ 7 7

The necessity for intervention before every analysis was due
:ta the f]uctuatmn of lighting Tevels because of- the movement of
the samp]e by the computer controlled stage. As the ‘sample’
moved the ]1ght Ievel across the area of ana]ys1s changed due to
rchangmg ref]ect1v1t1es of the areas surroundmg the area of _
‘ana]ys1s. (See F1gure 5. E3) Correct shadmg, level and thresho]di"

adjustments for one frame may place the . background level far



light

R A B

a) start gé/analysis

b) after movement

.

FIGURE 5.E3 EFFECT OF SAMPLE MOVEMENT OF LIGHT LEVELS
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above threshold on all or part of another frame, invalidating the .
analysis. ‘
It was the purpose of this study to mod1fy the procedure s0

as to allow a "hands of f" ana]ySTS.
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5.E2 Magnification of Lighting

It was first attempted to use a second 1dent1ca1 light
- source to ehmmate variation in hghtmg Tevel, It was hoped
',that wht]e the sample moved the amount of 1ntens1ty ‘lost from one
" source would be - 1ncreased7from the’ second source. The
arrangement Was not ent1re1y sat1sfactory as there was- still

”var1atton in the background 11ght level ‘of "the frames as the

stage moved. Four srnaHer h1gh 1ntens1ty 1amps were used to try

to get the light sources closer tao the po1nt of ana1ys1s and

) prov1de a un1form background 11ght 1eve1. It was found that an

.‘AC hght source contributed a s'hght cychcal variation in

11ght cutput which affected the ana]ysas. (See F1gure 5. E4)‘

' :Prev1ous]y, th1s shght var1at1on was neg11g1b1e since each f‘rame

was bemg opt1m1zed However it did cause prob1ems from frame to-

frame, once 11ght levels were already var_y1ng.- Four‘ small D.C.
high 1ntens1ty 11ght sources were then used. . Th1s y'le]ded an

1mprovement but there was stﬂ] too much var1at1on in background"

Tight - ]eve1 Four 1arge 1500 reﬂector type bulbs were then used -

in conjunction with. mﬂky plastic diffusers to place a 1arg'e
,amount of d1ffuse 11ght at 'Ehe point of ana]ys1s 50 that the
amount of var1at1on due to reﬂect1v1ty of surrounding surface
would  be neg]191b1e. The four 1arge bu]bs‘ contributed

insufficient hght to accomphsh this and the geometr‘y "of the.

set—-up d1d not aﬂow the 1ights to be moved closer. Therefore,'

" four fresne] lens (of the type used in overhead projectors) were

l
r
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line monitor

(a)"Ana1ysjs.of White Paper Sheet using D.C. light source

2
threshold
'// B line monitor

'f(b) Analysis of White Papéﬁ-Sheet-usipg A.C. Tight source
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| FIGURE 5.E4 BACKGROUND LIGHT LEVEL FOR A.C. &D.C. LIgHT SOURCE
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o112
adﬂed to the lighting arrangement to “funnél" more Iight into the
area of ana]ysisf This,Qwas‘ ﬁlso not successful, Since
ref1ectivffy~,seemed to be the prdb]em, it " was ‘attempted to
‘ completely darken the experimental set up and illuminate the
“sma11 area of analysis With a red faser 1ight_éuitab1y'dispersed
with a,se}ﬁes of lenses. The backgrdund lighting level szemed to
be fairly constant, but the amount of Jight stp1ied was
1nsuff1cient.for contrast Between pore and non pore areas, the
image dissector camera usedrby'Lemont is not as.sensitive to red
light and there was much d1ff1cu1ty in keep1ng the laser focussed
proper]y._ Mod1f1cat1on of 11ght1ng parameters was therefore not

the solution.
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: 5.E3 Use of Photagraphy in the Procedure

Since the 11ght1ng for. the sample was requ1red to be at a
10w angle of incidence with the sample surface (to adequately

shadow the. pores), arrangement of ]1ght1ng was -severely limited.

‘Using a h1gh contrast film {Kodak Contrast Process Ortho) and a -

4n by 6" negat1ve size, a photograph (8" by 10") was made of the

sample surface, correct]y'111uminated A thin piece of steel,

machined exact]y 1. cm square was p?aced on the sample ‘surface (at " -

,the edge) in order to control magn1f1cat1on. This phatograph

could then be 11ghted at any 1nc1dent ang]e without affecting the

darkness of the pores. (See Figure 5,E5) However, there stil]

: was' & problem with ref]ected light causing variance in the

background 11ght Tevel.

Since the photograph negattve was approx1mate]y 1:1 in

.‘ scale, an attempt was made to back]1ght the negative on a Tight

table (wh1ch prov:ded diffuse IIght) mounted on the computer

dr1ven stage. ' ~Because .the 11ght Mas _transm1tted thr0ugh the

image rather than reflected off it, it was hoped reflectivity -

would be Tess of a problem, since the background ‘ﬁaht could be

~ increased easily, However, movement of the stage did resu?t in a

var1at1on in the background 1ight 1eve]s.

o3



FIGURE 5.E5 ANALYSIS OF PHOTOGRAPH OF SAMPLE SURFACE .
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5.4 Coverage of All Reflecting Surface

S1nce the ma1n problem seemed to be with reflected Tight, an
attempt was made to cover all ref]ect1ng surfaces.- The set up
area was draped with b]ack ve]vet.j The mdin problem reflecting
areas were the port1ons of the computer controlled stage. A

temp?ate was des1gned to cover the ent1re area except for a 1"

) diameter port hole through which the ana]ys1s could be conducted.

(See Figure 5. E6) A black soft Paper screen was used since the
aluminum surface of the sample s both thin and soft, easj]y

abraded. The on]y ref]ect1ve surface therefore, was the 1"

d1ameter portion of the samp]e revea1ed by the port hole, 'fven. ‘

though the samp]e was ab]e to move under the cover, the
reflective surface shOWn never changed 1ocat1on or size. ‘The
result of this was that once the T1ght Tevel was balanced for the
first frame the ent1re analysis could be conducted with the same
values for, 1eéé1 threshold and shading. _

Unfortunately, due to the high level of Jlight 1nten51ty
reouired for the analysis, w1th the resultant h1gh heat output of

the four 150N5ref1ectors the paper mask caught f1re. A new

cover was fabr1cated out of heat. res1stant pheno11c board This

‘caver had to be held off the surface of the samp]e since the

plast1c wou]d have abraded the a]um1num coat1ng The pheno]ic.
board warped due to the heat to the extent that 1t was unusab1e.

A, .single h1gh 1ntens1ty quartz Tlight source (120V BOUH) was

j'adopted to prov1de 111um1nat1on for the procedure. TThe

" background Tight Tevel was ba]anced_e]ectronica11y. ‘Nhthout the



»

. FIGURE 5.E6 SYSTEM FOR COVERAGE OF REFLECTING SURFACES
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htgh heat levels of the four 150W reflector’ bu1bs the paper .

screen cou]d be used. After be1ng ana]yzed severaI t1mes, theh;

a]um1num surface of the sample began to wear th1n, s0 the mask]ng‘
procedure was rev1sed to apply 3000A rather than ‘500A of a]um1num

to the samp1e surface.
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. 5.ES Pigmentation of Pores-

- The 300W bu]b did ‘not supply as much light. 1ntens1ty as the
four 150W bulbs. Th1s resu1ted in a decrease in the contrast
'between the pores and the background level, _so that the signal to
_‘no1se ratio became a problem. An attempt was ‘made ‘to darken the
‘pores with varlous mater1a1s (carbon b]ack b]ack pigment}- and it
was found that the b1ack p1gment worked best. (See.Sect1on 5.B3
for procedure) Th1s great]y 1ncreased the signa] to noise ratio,
"a11ewin§ unaiaeﬂ ana]&sis'offan entire eample.‘ (See F¥qure 5.E6

“for effect ofhpidhentatioqg
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5.F Elﬂgl;Exper1menta] Image Analysis Procedure |
ﬂ The samp]es were cast polished masked and pigmented as
descr1bed in Sect1ons 5.A1 2 and 3 (BOOOA of a]uminum was used to
“mask Samp]es)  The experimental set up was described in
Preceding sect1ons. (See' Figure 5.E8). The. Program used for
Ana]ys1s was L1nea1 Ana]ys1s. While. Lineal Ana]yS15 does not
provide as exten51ve 1nformat1on as D1ameter AnaIys1s V4 1. it
". runs mUCh faster ‘than the D1ameter Analysis.’ The progrem
l"; pPOV1dES Air Content by volume and - suff1c1ent 1nformat1on to -
‘calcu1ate spec1f1c surface and Power S Spac1ng Factor (assum1ng
Paste content is known) The D1ameter Analysis has a prob]em
w1th the variation in pore d1ameter of two orders of magnitude -
(10 to 1000 microns) 51nce off point density suff1c1ent to detect
- .most 10 ‘micron pores will: encounter larger ‘voids - thousands of
' t1mes mak1ng the program very slow runntng Many vo1ds will 11e
on the boundary of a g1ven frame d1stort1ng the analysis.
Input parameters used were 512 p01ntyl1ne 10 11nes/trame

2

A W1th 100 frames’ ana]yzed. Each frame was 12 mm (3.46mm  x i

3. 45mm) S1nce there were 512 po1nts/11ne epactng between-
‘§po1nts was 6. 766 microns.. The smallest p0551b1e chord to be
encountered wou]d therefore be 6.766 microns. Sweep speed was 16
‘PS/Dt- Stage control chosen was 0pt1on 3 (Spaced Stage Contro]_
IScan Pattern) : Magn1f1cat10n used Was 26X ' A Nikon F4, 105mm
| Macrolehs was used on the Image D1ssector Camera. The ‘sample _
. from Batch No. 5 Was ana]yzed 30 times. Samples from Batches No.

4 & 6 could only: be anaIyzed 15 times because of degradat1on of

the aluminum f11m. Time of analysis was 10 minutes. -
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An'eitendéd analysis of the samp?e from Batch No.5 was done

to determ1ne 1f results wou1d vary from those ‘found in the
ana]ys1s used. A total test line of 177.2 meters was used as
compared to . a tota] .test line of 3.462¢ meters used for the

regu]ar ana1y51s. A1l other parameters rema1ned the same. Time

of- ana1y51s was 90 minutes.



FIGURE: 5.E8 FINAL EXPERIMENTAL SET UP
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CHAPTER 6

¢ RESULTS

6.A ExperimentaT‘Resu]ts: | o
. Air Content (%' Volume), Auerage 6hord tength Spec1f1c B
'Surfate and Spac1ng Factor for the th1rty separate eva]uat1ons of'
: the prepared concrete samp]e from Batch No. .5 may be found 1n: r
‘Table 6.Al. Resu]ts of the f1fteen eva]uat1ons of the prepared :
_concrete samp]e from Batch No. . 4 may be found in Tab]e 6. A2 and'
the results from the fifteen evaTuat1ons of the prepared concrete
sample from Batch - No. & may -be fdund in Table 6 A3 A 7
=-Resu1t§ are based on a test line 3.462 meters Tong for each
samp]e. An~ average of 4208 voids .were encountered for the samp]e
»trom -Batch No. 4. During the analysis oT the sample from Batch
Ne. 5, an average of 2937 vo1ds were encountered. The. samp]e:
'from Batch No. 6 had an- average. of 1582 voids encountered r1ng.

.

ana1y51s.

An extended ana]ys1s of the sample from Batch 5 y1e ded an

air content of 6.193%,° average-chord‘1ength ofr72;66 microns,

specific surface of 55.06 mmz/mmB"and "a spacing factor’

of 0. 95mm. Results are based on 151057 chords d1scovered aTong a -

o

test line 177 meters 1ong.

e
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Evaluation % Air Av.-Chord ‘Specific Spac1ng
© No.~ - ~Content! Length Surfage Factor
_ ’ (um) (mm) {rm).
1) 5.907 | 72;59 5510 | 0.10
" 2) 6.191.| _ 74.36 3.9 | 0.10
3). 6.032 72,99 54.80 0.10
#) 6,272 |). 72.08 55,49 0,09
5) 5.969 || 73.5] 5441 0.10
- 6) 6176 |* 71.36 56.05 0.09
) 6.219 | 73.54. | . 54,39 0.10
'8) 5755 | 73.10 54,72 0.10.
9) 5. 856 ?2515 55.43 £ 0.09
10y 5.888 | 71.95 . 55.59 . 0.09
11) 5.955 | 72.05 .52 | 0.09°
12) 6.310' |  70.30 56.90 | 1 \ 0,09
13) 6.358 | 70.03 | s57.12 £ 0,09
14) 6.315 | 72.03 55,53 0.09
15) 6.389 { 71.25 56.14 +0.09
STABLE 6.AL  RESULTS AIR CONTENT EVALUATION BY IMAGE ANALYSIS

BATCH N0, 5

TV
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- N 3
aQ
_ Evaluation | % Air -AQ.Chohd " Specific Spacing
- No. | Content Length | Surfac Factor
: (um) - {mm)” (mm)
16) 6.320 ,| 70.71 56.57 - 0.09°
T 6.377 | 70.33 56.87 . 0.09
ﬁiS) | 6.271 169,53 57.53 s .09
19) 5.963 | 72.89 F*—q/f$;4.88 ' 0.0
o0y 5.911 72.65 55.06 0.10
- 21) 5,938 71.30 56.10 0.09,
) | s | 723 55.30. 0.09
. “‘23)_ 6.135 | 73.51 54.41 0.10
| 1z | 72 55,16 0.10
o) 6.140 70.82 56.43 . £ 0.09
C26) | so78 | tkie | ss.as 0,09
27y | ow9se | 73 | 56,04 - 0.09
28) " | 5.950 | 71.39 56.03" 10,09
v29) | s | 7wz | osesz <l .09
¥y | eaes CLm 56,01 0.09
.5-'"'
. ’ )
TABLE ‘6.A1 - RESULTS AIR"CONTENT EVALUATION'BY IMAGE ANALYSIS
.. .- BATCH NO. 5‘(ant1nued)‘ h .

A3
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Evaluation| % Air ~ Av. Chord Specific Spacing
No. Content | Length | Surfacg Factor
o © (um) . (mm) (mm)
- | w0.gs | 93.20 42.92 .09
2) 10.66 | * 86.25 46.38 .07
3) 10.55 | '88.58 | .5.16 .08
4) - | 1137 86.25 46.38 .07
© o5 10.62 | ss.60 | as.i5 | .08 ,
6) - | 10.05 | 90.04 84,42 .08 |
)| 10.52 8485 | 4714 | .o
8) | 1119 85.93 46.55 ',ozj"
9) | 11.47 86.08 46.47 .07
“10) .10.54 | 85,77 46.64 .08
1) | .75 82.§z. 4s4 .08
12)  9.89 83.64 47.82 | .08
13) 10.53 | 89.93 44,48 | i 08
C1) | 10.60 | 8633 46.33 | .08
15) | . 9.47 80.00 50,00 |- VH.osl_'
Py -:’ | n
TABLE 6.42 - RESULTS AIR CONTENT EVALUATION BY IMAGE ANALYSIS
BATCH NO. 4 - ,

, 125' R
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' Eva1uatf§n % Air, Av.Chord Specific Spacing
No.: Content | Length Surface - Factor
wn) | )| ()
1) 4.22 86.75 | - 46.11 14
2) 417 | -82.13 48.70 A3
- 3) 3,43 83.36 47.98 .13
1), -3.94 | 87.29 45.82 14
5) . 3,67 | es.a2 46,83 .14
6) . 4.06 87.45 4574 14
7) 4.23 85.51 | . 46.78 14
8) 4,04 | 8648 45.25
9) 3.87 82.12 18,71
10) 4.27 91.88 43,54
1) 182 . 87.25‘ 45.83 - .
12)‘ . 3.64. 83.99 47.62. 14
13) 3.63 81.17 | 49.28 13
114) 822 | 94,63 42.27 .15
15)s . 1.154 | 93.52 U’-l 46.28 .15
TABLE 6.A3 © RESULTS AIR CONTENT EVALUATION 8Y IMAGE' ANALYSIS
N BATCH NO. 6 S ; )
® '127.
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6.B Statistical Analysis of Results
A mean (?) and standard deviation(s) of the test parameters -
(air content‘ average chord 1ength, specific surface, and spacing

factor) Were caTcu]ated for the ser1es of "analyses done on . each

. sample. (See Table 6.B1).

3 The 'image ana?ysis procedure evaluated a1r content (% .
voiume) to be 10. 48% + 1.14% for the samp]e from Batch No.4,
6.10% + U 36% for the samp]e from Batch No. 5, and 3. 96% + 0.53%
for the samp]e from Batch No. 6, with a 95% conf1dence 1eve1 in
all cases. The analysis of a samp]e was not done us1ng the ‘exact
same 100 frames for each analysis in the’ ser1es. However, the

frames: were arranged in a uniformly spaced pattern over the

'samp1e surface S0 that ‘a given frame wou]d have been ]ocated 1n‘
‘the same general area for each anaTys1s (i.e. if a frame was -

“euper1mposed over a- piece of aggregate on the f1rst ana]ysxs, it

would have 11ke1y been over that p1ece of aggregate for the

'foI]ow1ng analysis). There was. some movement of the 1ocat1on_of

the frames on the sample shrface_from‘ana]&sis to analysis as
evidenced by the varying hﬁﬁggﬁ'of Chords coiiected The effect
of this movement on air content wou]d ‘be 1ncreased as the air
content of the paste port1on of the concrete 1ncreases s1nce

movement of a frame off aggregate onto paste woqu resu]t in

1ncreas1ng1y more chords. be1ng eva]uated._ Th1s effect cou]d be

d1m1n1shed by us1ng mdre frames in an ana1y51s of concrete w1th

h1gh a,r content. The slightly greater var1abi]ity‘of'resu1ts



FE
. | Batch Air - Av. Chord | Sbecific . épaci'ng :
Number Content * | Length (mm) | Surface(mm)-1 -:Factor {mm)
' N ) - ";‘“,.'-_,I" l, ’
X s | X S X S L. X ] -s

4 | 1049 0.58 | 8669 4.08| 46.29 1.74| 0.08] 0.0044

.

5 6.19 0.18(.71.91 1.15{ 55.64 0.89.| 0.09 | 0.0017

6.-|73.98 0.27| 85.87 2.77| 46.28 2.12| 0.14 | 0.0068

s
" TABLE 6.B1  STATISTICAL ANALYSIS OF RESULTS
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for the sampTe_from Batch Noifﬁ couId possibly be due to. the
. greater scarcity‘hf voidsrin the paste:portion.of the concrete.
Again,‘ more framee analyzed would decrease the variahi]ity‘ of
re5u1ts. Use of th1s procedure te evaIuate concrete of average
air content {( 7%) wou]d 11ke]y y1e]d resu1ts with an accuracy of -
+.5% w1th a conf1dence 1eve1 of 95%. ' |

Specific  surface ,_(mm /mm ) . Was determtned by the
- image analyais procedure 'tdmhbe 46,29 mn~t + 3.41 for the -
sample” from Batch. No. 4, 55.64 mm ! + 1 76 for the sampTe
from Batch No. 5, and 46. 28'imn'1‘ + 4 16 for the sample Wfrom
Batch No. 6, with a 95% confidence level in all cases. Variation
'of results was seen to 1ncrease for ]ower and h1gher than averageff
totaI air contents.‘ For ana]ys1s -of . samp]es with a 1ow or h1gh
air content, more frames should be used. . |

Spac1ng factor (mm) was eva]uated by the 1mage analysis

procedure to be 0. 08 mm + 0.009 for the sampIe from Batch No. 4,

>

0.09 mm + 0.003 for the .sample from Batch - No. 5, and 0.14 mm +

'0 013, for the sampTe from Batch No 6 ‘w1th1n a 95% conf1dence

1eve1 1n al] cases.‘ Spac1ng factor for the sampIe from Batch #4. o

Was caIcu]ated us1ng the alternate formuTa s1nce p/a<4.,33.

The ‘sample from Batch No. 5 had an average chord Tengthc
(71 91 m1crons) whtch was less* than those found for the samples
from Batch No. 4 and Batch No. 6 (85 87 m1crons and 86. 60 .
m1crons, respectlve1y) Since the same air entra1n1ng agent was

'used in a]] cases, it was expected that there wouId be a s1m11ar
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d1str1but1on of pore s1zes, resulting in a common average ‘chord
]ength ‘found durxng ana1ys1s. It was noted that the sample from
Batch No.. 5 had Tless entrapped air expdSed‘ on the .surface -
ana]yzed'than‘the‘othen two samp1es,rpoesfb1y due to a’e1ight1y

greater vibration’whi]e casting the‘cylinder. ‘This would account‘

for both the 1ower dverage chord length encountered dur1ng the E

anaiysfgﬁfof the samp1e from "Batch No. 5 and the decreased

var1at1on ofuresults for air content and vo1d parameters since

_entrapped air wou]d tend to dlStOPt results shouId a frame be

“_super1mposed on the boundary of an entrapped air pore and be

moved s11ght1y from ana]ys1s-to-ana1ys1s.. A comparison of chord

1ength d1str1but1ons for the three samp]es show that far fewer,

chords larger than 316 microns were encountered dur1ng the

¥

analysis of the sample from Batch No .. 5 than,for the other twof

samp1es. (See Appendix C).

The results of the extended ana1y51s ‘for the samp]e from

- Batch No.‘5 were not s1gn1f1cant1y d1fferent from those found

-

' from the standard ana1ys1s used in this study.

id
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6 C Compar1son of Resu]ts w1th Ltnear Traverse and Pressure Test

The. resu]ts of- the.‘ Image Ana]ys1s Procedure, wh11e
comparab]e to those g1ven by the Pressure Method are genera]]y
"higher. (See Table 6.C1), Th1s IS 11ke1y due to 1arge water .
fﬁ]1edlvoids-in'the p1ast1c;c0ncrete which would be 1mmeasureah1el
by the Pressure: Method. These votds‘:oudd appear as :entrapped
&ir voids" in the. hardened concrete and would be'measured by?thefi
Image . Ana]ysie Procedureo ‘The hardened- concrete sample from
rBatch No. 5 did not dtsplay many of these "entrapped ° a1r vo1ds"o
This is consistent with the close’ agreement for the two test
‘methods in the'case of the samp]e.from Batch No.5.

The Linear Traverse Method yielded air’contents that.while
) correlating with..thpse‘ of the Image"Analysds Procedure, were

cohéiderab]y 1ower. -This“Can I1ke1y be attr1buted to the

‘relat1ve 1nexper1ence of the operator and the poor - des1gn of the -

L1near Traverse equipment used For al? samp]es the average‘
chord 1ength encountered was conSIderab1y higher for the Linear
--Traverse Method than'that for the Image Ana]ys1s Procedure (i.e.
for the samp]e from Batch No‘.4 the average chord length found"
by the Linear Traverse method was 120.0 microns compared with

86.6 m1crons found by the Image Ana]ys1s Procedure and 0.638
; ?vo1ds/nm1 were: encountered in the L1near Traverse wh11e 1.215
vo1ds/mm were encountered in the Image Ana]ys1s Procedure) This

‘1mp11es the operator missed many small voids dur1ng the LUinear



TABLE 6.C1- COMPARISON OF AIR CONTENT AS'TESTED BY PRESSURE
: METHOD, LINEAR TRAVERSE AND IMAGE ANALYSIS

v
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Batch Pressure. | . Linear = Image
Number |- ~ Method Traverse Analysis
: (%) (%) (%)
4 9.4 8.2 - 10,5 .
5 6.1 5.4 6.1
6 2.9 2.5 4.0
I
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Traverse: which, uere 1nc1uded in‘-the vresu1te of the 'Image
_Ana]jsfs, thereby 1ncreas1ng the size . of 'the' auerage chord-

encountered |

A compar1son of air vo1d parameters (See Table 6. C2) is
cons1stent with this possibility. The Spec1f1c Surface is, ‘1n
“every case, 1ower as ca]cu{ated frcm the resu]ts of. the L1nearl
Traverse than that ytered from the resu]ts of the Image Ana]ySTS
Procedure. Similarly, wh11e both procedures shcw the Spac1ng;
-Factcr to be suﬁficient (less. than 0. 2(33)) to ensure
Fprotectfqn uagainst. frost damage ([inear Traverse shows Batch.
'qu 6 te beJmargtna]}, the Spacing Factors were consistently_"
lower  when. calculated fromf data from' the Image Ana]ysis‘
Procedure. M1ss1ng smaT] voids in the L1near Traverse greatly

‘ affects the ca]culat1un of Spec1f1c Surface and Spac1ng Factor,



Spec1f1c §urface S Spac1ng Factor
(mm)”~ - (mm)

. — : ——

Batch Linear . Image Linear Image
Number [ Traverse Analysis |- Traverse Analysis

4 '34.00 46.29 - 0.14 | . 0.08
5 | 3826 |  ss.64 | 014 | o.09

-

‘ . ’ - . ' ! . . . . R ot

6 - |  33.38 46.28 | " 0,23 - 4,14

fe
-

TABLE 6. CZ COMPARISON OF AIR VOID PARAMETERS AS TESTED BY
. LINEAR TRAVERSE AND IMAGE ANALYSIS
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Y

5 D Compar1son Results to Those Obtained by Other ResearcherS’

Amsler- and Chamberltn(z) reported that between 5.
tra1ned operators perform1ng the L1near Traverse method on the
" same samples, there was a 51gn1f1cant d?fference 1n their measure
-_of air content. However, they conc]uded that a proper]y tra1nedu
0perator shou]d be ab]e to nmasure air content to w1th1n + é f:
i percentage points of the true value with a 95% conf1dence Tevel.
'In tests performed‘ in a ]aboratory,' they aTso attempted to
-correTate atr content as measured by the Pressure method and the
L1near Traverse method for & given batch of concrete. The
‘resuTts showed var1at1ons of as much as 29 (7% to 9%) in the
results as' measured by the L1near Traverse. method for 3 batches
of concrete that had all been measured as having an air content'
" of 7% by the Pressure Method. ' For nearly all cases the a1r
contents measured by L1near Traverse tended to be htgher than
those measured by the Pressure Method.- ‘This is consistent with
the results obtajned in thts study. _ - | .
| Mielenz and ;wolkodofF(ZSA) 'comparTng-)heSUTts for ‘three
loperators perform1ng Linear Traverse on. the same samp]es, found”
that rnd1v1dua1 resuTts var1ed as much as 9% from the average
resu]ts (for a 6% a1r ‘content, th1s wou]d be + 0.5%).. However
the average deviation found was only 2, 3%. i Since tests of
tra1ned operators seem to Tndtcate sxgn1f1cant operator to .-

operator variation for a1r content .as -measured by Linegr Traverse

~for 2 given sampTe, 1t ‘is possab]e .that var1atlons between
-
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resu]ts of ‘an Image Ana1y51s Procedure and -a tTnear ‘Traverse may:’
. ]1ke1y be attr1buted to vartat1on inherent 1n the Llnear Traverse
method ' S ‘ﬁL ‘

Mather 2 A) found that air contents of p]ast1c concrete
measured 1n the Iaboratory by the Pressure Method . and m1crometr1c‘
(by L1near Traverse) air contents of spec1mens from the same -

-

batch show agreement 1n some cases and’ d1sagreement 1n others.'

This might be due to the prob]em of 1arge water f1]1ed vo1ds in: :

the fresh concrete 1nd1cated in thIS study. - 7 »

_Chatter31‘ and' Gudmusson( )‘ foUnd that in Z aha]yses of

a2 given hardened concrete samp1e by an Image Analysis procedure

.(320 frames of lmm2 ana]yzed each t1me) the resu]ts showed
an air content of 7. 34% * 0.45% w1th a conf1dence 1eve1 of 97. 5%.
(would be 7 34% + 0. 39% w1th a conftdence 1eve1 of 95%) ThIS 15;'
comparable to the reproduc1b1]1ty found 1n th1s study for a‘

- comparab]e air content (1 e. 6.10% .+ 0. 35% w1th @ conf1dence .
hleve] -of 95%) Chatter31 and Gudmusson a]so Compared ‘the a1ru'

. contents and void parameters of a g1ven samp]e ‘as measured’ by

-the1r Image Ana]ys¢s with air contents and vozd parameters for‘

the same samp]e as measured by the L1near'Traverse Method The.~

 two ‘techniques. compared qu1te favourab]y, w1th the Ros1uaT#§?u1ng

-

‘ 511ghty h1gher values for air content Spec1f1c Surface and

',Spac1ng Factor. This .correlation» is 11ke1y due to a we]]
conducted L1near Traverse on good equ1pment. The -two researchers

also compared a1r contents of fresh concrete batches as measured



by the: Pressure Method. w1th air contents of hardened concrete
.samples from those batches as measured by their Image Ane}ys1s
-' Procedure.: They found'a correlation coeff1c1ent of 0 92 with a
l]1near regress1on equation of: B
| Y~.107X-014

where Y s the air content in the fresh concrete and: X that in
hardened concrete. This 1nd1cates sl1ght1y lower va]ues for air
. contents as measured by the Pressure method which.is at var1ance _
f_w1th th1s study and others. Poss1b1y, care was taken to ensure .

:Ano large water f11]ed vo1ds were present in the fresh concrete
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7 A Conc1u510ns

i.-

CHAPTER VII-

CONCLUSIONS AND RECOMMENDATIONS ~ S

The Image Ana]ys1s Procedure deve]oped 1n this study
-]

..

will yield Air Content and .vo1d_:parameters with a

reproﬂucibi]fty‘ comparable to other Image Analysis

: @rocedures (wh1ch requ1red manua] 1ntervent1on) and to. o

the.L1near Traverse method (wh1ch is subJect,to operator
error). .',g‘ ‘

The accuracy of the resu]ts g1ven by the Image Analysis

' Procedure is s1m11ar to that of other methods. - .Var1ance

‘between results of other methods and the Image Analysis

Procedure may be attr1butab1e to 1naccurac1es 1nherent

Tn the other methods. ) o .3

]
+ L

The Image Analysis Procedure used in. tH{;—etudy 1s a

very .quick test (10 m1nutes) wh11e prov1d1ng resuIts

-

comparab]e to those of the Linear Traverse method 1f.

-

‘ add1t1ona1 reproduc1b111ty ig requ1red is possible

to greatIy increase the area ana]yzed 1n the IMage

'iAna1y515 procedure W1thout a 1arge expend1ture of time

"I(j.e; doubling the amount of ana]ySIS.USed in this study

E SR -



- . amount of ana]ySTS done by L1near Traverse wou]d requ1re.‘-

" 140

in the' Image" Ana]ysis procedure woqu requ1re an

add1t10na1 10 m1nutes of mach1ne t1me whq]e doub11ng the T

Coan add1t1ona1 .8 hours of operator t1me)

-

The Image Analysis Procedure,. with no additional time

. required, provides - information about the _pore. size. -

E)

'detribUtioﬁ' “not avai]aBTei"fromr a standdrd L1near

e Traverse. This 1nformat1on cou1d be used to calculate 3

v"'durab111ty parameter comparab]e to Power s Spac1ng

LY .
Factnr but based. on]y on those vc1ds that are of a size

to be effect1ve in frost damage protect1on.
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7.8 Recommendations

1.

Recent work(ZI) seems to 1nchate that durab111tyf

- .of concrete is on]y emp1r1ca11y re]ated to air content

-‘ range of IG\to 1 UDO microns. It -seems durab111ty ‘may -

rl

2.

and ‘size dtstr1but1on of pores with d?ameters ‘in the

be direct]y” re]ated to the tota] voTume of and size

' d1str1but1on of vo1ds 1n the 0.1 micron, to 2 micron

‘range. If this is demonstrated, work‘shouid be done, to

determine if the Lemont Scientific Image Analysis

equ1pment W1th <an . appropr1ate 1ens . system and the

'VAD1ameter Ana]ysts software is capable of evaTuat1ng

these parameters using a procedure s1m11ar to the one

- emp1oyed 1n this study. Ifcnot a mercury 1ntrus1on

poros1meter shou]d be . acquared and work done to develop

a standard test to assess the frost damage res1stance of

hardened concrete by eva]uat1ng *the tota] ‘volume of and

s1ze dtstr1but10n of pores w1th d1ameters in the 0 1 to

2 micron range. ‘ A

Y

-If it .is demonstrated that pores w1th d1ameters of 0 1
to 2 microns are - responSTb1e for the frost damage3
'res1stance of concrete, it s p0551b1e that.'salt
crysta11z1ng in and f111tng these small voids’ mak1ng

them 1neffect1ve is the reason. that app]:cat1on of sa]t f
to concrete road surfaces somet1mes renders air content

_ 1neffect1ve in protect1Q§ the concrete againgt frost

e



" this- hypothes1s us1ng samples taken from concrete br1dge'

' .could be - averaged and compared W1th the resu]ts of the L

desired.
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» . T

damage. It would be 1nterest1ng to prove or dtsprove

decks that were constructed with suff1c1ent air content

but, because of regu]ar sa]t applications, suffered ..

frost damage._ LT
The Linear Traverse apparatus uséd Tn th15 study shou]d

be scrapped, as its des1gn prec1udes any poss1b1]1ty of

‘repaTr to an adequate 1eve] of . operat1on.

.
-

It would be of 1nterest to subm1t ex1st1ng hardened‘

concrete samp]es from th1s study to qua11f1ed

-1aborator1es for eva]uatIOn of air content and v01d

parameters by the L1near Traverse method These resu]ts‘

Image Ana]ys1s procedure. -'If  the ¢L1near TraverseM
equipment used is of the type that uses a m1croprocessor

to reta1n aTl chord 1engths encountered these could be-r

e

Procedure s1nce _the Lineal Ana1y51s program will retain
,and pr1nt out a11 chord 1engths encountered dur1ng

analysis, grouping them 1in s1ze c1ass1f1cat1ons 1f‘

-

-

»

qcompared w1th those found by. the Image Ana]ysms .
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5. MWork shoqu be done to determ1ne 1f use of a po]ar1zed
11ght source and spec1a1 f]]ter for the camera cou1d
';,ellmwnate the need. for the temp1ate used in th1s study‘ )

to so1ve prob]ems w1th ref]ected ]Tth : '.: : :



10,

-

. BIBLIDGRAPHY

Andrews, L.E., "Record ofiExberimental Air-Entrained Concrete.10 -
) - to 14 Years After Construction™, Highway.Research_Boath—‘
Bu]]etin g, 1953; Washington, D.C:-pp. 11-23.

Amsler, D. E., Eucker, A. J., €hamberlin, W.P., Techniques. for
"~ Measuring Air Void Characteristics .of Concrete,
Engineering Research and Development Bureau, Research
Report 11, January, 1973.. ... . ' :

‘Brown, L.'S., and.Pierson,-C.U., Linear Traverse Technique for

' " Measurement fo Air in Hardened Concrete, Journal, Am.
Concrete Inst., Oct., 1950, Proceedings, Vol. 47, p.117,
also discussion. . S ' ‘

Bruers, G. M., Reafrangéméﬁt of Bubble Sizes in Air-Entrained
" Cement Pastes Ddring Setting, Australian Journal of
_ AppTied Science, 13, No. 3, 222-22?, 1964, )

- Chatterji, S., and Gudmundssoh,-H., Characterization of Entrained

* . Air Bubble Systems in Concretes by means of an Image

Analyzing Microscope, Cement and Concrete Research, Vol.
rs pp. 423-4238, 1977, . -

American Mineralogist, AMMIA, Voi. 34, 1949, pp. I-11.

' Chayes), F., % Simple Point Counter for Thin Section Analysis",

Chayes, F., and Fairbain, H.W., “A Test of the Precision of Thin -
' Section Analysis by Point Counter™®, American Mineralogist,
WIA, VO]- 36, 1951, pp-704—71_2¢ '

Cobdonl N.A;,'Fféezing'and'Thawing'of Conbrete-Mechanisms'and
: Control, ACT and lowa State University Press, U.S.A.,
1968. " : . ” ‘ ‘ :

Gohza1e;, R;C,, and Wintz, P., “ngita] Image Pﬁ0ce551hgu, 
Addison-Wesley Publishing Company, Reading, Massachusetts,
_ 1977, . - _ -

Hélms;'S.B., Air Content and Unit Weight-Significénce of Tests and
| ‘Properties of Concrete and Concrete Making MateriaTs,
ASTH, April, 1966, pp. 309=3Z3, : :

144



11

13,

14y

15,7

16.

19.

- 20.

12,

L - 185

)
a

M.R., "A Computer Controlled Scanning Electron Microscope.
for Particle Size, Shape and Chencal Analysis”, A thesis
. submitted- for the Degree of Doctor of PhiTosophy, 1981, -

Hoover,

.

Pennsyivania'State'University._ o

Hoover, M.R., White, E.W., Lebjedzik, J.,Johnson, G.G., Automated

- Characterization of Particulates and Inclusions by .
Computer-Controlled SEM/Probe, LeMont Scientific, Bulletin'
19 Supplement,” - E ‘ S

Huang, T.S., Editor, "Picture Processing and Digital Fthéringﬂ,_b

Springer-Verlag, New York, 19756, =~ N

Kelly, J.F., Lee, R.J., and Lentz, S., “Automated Chagacterization

< . of Fine Particulates", Scanning ETectron Microscopy, 1980,
o pp. 311-322. C - . s -

Klteger, P., Air Entraining Admixtures, S{gnifiéante of Tests
- Properties of Concrete Making Materials, ASTM, April,
©. 1969, pp. 530-540. . . ‘ oL

Klein, N.H.,;and Walker, S., "A Method for Direct Measurement of
Entrained Air in Concrete”, Journal American Concrete
Institute, Vol. 17, No. 6, dJune 1946, IR

Lebiediik;»d., énd‘uhité, E.W., "Simple Methods for Automatic:
Quantitative Analysis of ‘SEM-and Probe Images™ Materials
Research Laboratory Pennsylvania State University. '

_Lee, R.d.-and Kelly, J.F., "Overview of SEM-Based Automated Image

- Analysis, S;anning E]ectron,Micrqscopy, 1980, PP.

. . . PR

Lindsay, J.D., “111inois Developes . a High Pressure Air Meter for

- Determining Air Content of Hardened Concrete’, o
Proceedings, Highway Research Board, Vol. 35, 1956, pp.
424-435, A : o -

Litvan, G.G., "Pore Structure and Frost Susceptibility of Building
' Materials”, Proceedings, RILEM/IUPAC International N
Symposium Pore Structure and Properties of Materials: -

Prague, September 1973,. N

w.)

and



A

21.
.22,
23,

24,

26,

27,

28.

29,

30.

146

Litvan,'G.G., LY Entrainment in the Pfesence~oF”Supeerasticizers"-7

Journal American Concrete Institute, July-August 1983/No. 4
- Proceedings V. 80, pp. 326, -, 7 T '

Litvan, G.G., "Frost Action in Cement Past", Materials and- "
Structures No. 34 (RILEMY, JuIy-August,‘1973,7pp. 3-7.

Lord, -G.W., and/w%11is, T.F., Calculation of Air Bubble Size _
‘Distributicn from ResuTts of a Rosiwal Traverse of Aerated

. TConcrete, ASTH BuTTetin, Wo. 177, 56-861, Oct. 1951,

Menzel, C.A., "Procedures for Determining the Air Content of Freshly

~ Mixed Concrete by the Rolling and Pressure Methods ™, ASTM
’ Prqcee%ings, Vol. 47, June 1947, pp. 833-860. - o

Mielenz, R.C., Wolkodoff, V.E. Backstrom, J.E., Flack H.L., “Origin,

- Evolution and Effects of the Air Void System in Concrete
Part 11 -Entrained . Ar in Unhardened'Concreteﬂ, Journal of:
the. American Concrete Institute, July, 1958,7V. 55 No. 1,
pp. 95-121, : o C .

Mielenz, R.C., "DiagnoéingfConcreterFailures", Stanton Walker
‘ lLecture Series on the Materials Sciences, lecture No. 2,
Presented University-of‘MaryIand, November 1964. T

Mielenz, R;C., Use -of Surface Active Agents in COncrété", A
o Proceedings, 5th Int. Symp. on Chemistry of Cement, (Tokyo,
-1968);.Cement'Association'of Japan, Tokyo, 1969, Vol jv%

“pp. 1-29,

Miésénhe]der, P.D.,."Indiana Method. for Measuring Entrained Air i .
Fresh Concrete™, A.S.T.M. Proceedings, Vol. 47, June 1947,
- Pp. B65-868. . . | .

Névi]]g,‘A.M., "Properties of Concrete", pb.'261-264, Pitman
Publishing, Tondon, 1977. o N

‘Powers, T.C., "Mixtures Containing Intentionally Entrained Air",

Journal of the PCA Research and DeveTopment Laboratories, 6, .
No: 3, 19-42, Sept., 1964, . . . : : .

v



3.
~32,

33,

35,

36,

37,

38

39.

' 40.”

41,

e | . ) 7- . . 147

CharactéristfcsVOf'Air-Void System, Ibid,.6, No. 4, Jan., 1965.

_ Powers, T.C., "The Properties of Fresh Concrete”, Jahﬁ“ﬁ$TEy'& Sons

Inc. U.S.AC, 1968.'_

Powers, T.C., "The Air Réduirement of Fﬁdst4kesfstant Concrete",
"Proceedings, Highway Research Board V.79, 1949, pp. 184-211.

."'Powers, T.C., "Hydraulic Pressure in Concrete",'Pfoceedings\of

American Society of Civi]_Engineeﬁing, Vol. 81, 1955,

waérs, T.C., "ThebMechahismlof Frost Action in Concrete®, Stanton
Walker Lecture'Sqries on the Material Sciences, Lecture. No.
3, University of Maryland, November, 1965." - o '

Roberts, L.R., Scheiner P., "Air-Void System and Frost Resistance of
" Concrete Containing Superplasticizers™; A.C.1. pubTlication
SP 68-1T. o '

'Réxfdﬁd, E.P. Discussion of. a paper-by G.J. Verbeck "The Camera

Lucida. Method for Measuring Air Voids in Hardened Concrete",
Journal of the American Concrete Institute, VoT. 12, pp.
1040-1041. : ' : ;

‘Roseﬁféld, A., and Kale, A.C., "Digital Picture‘Proceésing";

Academic Press, New York,, 13976.

Rosiwal, A., "Ueber.Geomefriséhe‘Geéfeinana]ysis,~Ein Einfacher Weg

-Zur Ziffernmassigen Feststelling des Quantitatsverhaltnisses
der Mineral best and thejle Gemengter Gestéine"; Verh. d.
kk."geol. Reichsanst, Wetn, 1898,"pp. 1437 : .

Sollas, W.J., "Contributions to a Knowledge of the Granites of
‘ Leinster™, Read Nov. 30, 1889 Trans. RoyaT Irish Academy,
Dublin, pp. 427-512,. - :

Verbeck, G.J., "The Camera-Lucida Method for Measuring Air Voids in
Hardened Concrete”, Journal, Am. Concrete Inst., May, 1947}

~Proceedings, Vol. 43, P, 1025,-also discussion.




. 43,

a4,

45,

46,
47.

.48..

49.

50.

51,

‘ . 52i 

- 148

42, Ve]]fnes, R.P. and Ason, T., "A Method_fdr'Determining the Afh-

Content of Fresh and Hardened Concrete™, JournaI_American -
" TConcrete Institute, Proceedings, Vol. 45, No." 9, May 1949,

warrén, C., "Determination of Pbopéﬁtiés of Air.Voids in Concrete",
Highway Research Board, BulTetin 70, 1953, Washington, D.C., .
pp. 1-10. ' o S ‘ ,

 Watt, D.G., "Air-Entrainment in Concrete",-Ontario Hydro Résearcﬁ‘

_Div., 0ct., 1957,

WUerpeI, C.E.; "Fie]d Use of Cement‘Confainihg Vinsol Resin and N
Laboratory Studies of Concrete Containing.Air-Entraining '
Admixtures,™, ATr Entrainment in. Concrete, Book 2, March,

Reported by ACI Committee 201, "Guide to Durable Concrete", ACI. -

Journal, Title No. 74-53, Dec. 1977.

quﬁ]and Cemerft Assdciaffon;'"ﬂésign and CbntroT'of'Concrete
‘Mixtures, 10 ed., 1952, T L :

“Standard Test.Method for Unit Weight, Yield and Air Content -

(Gravimetric) of Concrete” (ASTM CI38-77}, 1978 Annuzl Book
" of ASTM Standards, Part 14,,Amer1can”$pciety‘for-Testing;and
Materia]s;ﬁPhiTadeIphia,_pp. 94-99, o ) ,'

- "Standard Test!Methdd for Air Cbntent of Freshly Mixed ConChete.By-“

the Volumetric Method™, (ASTM C173-78), 1978 Annual Book of
ASTM Standands,‘Part-14; American Society for Testing and
. Materials, Philadelphia, pp. 126-130. ‘ :

“Standard Test Method for Air Content of Freshly Mixed Concrete. By
the Pressure Method”, (ASTM C231-78), 1978 Annual Book of

- ASTM Standards, Part 14, American Society for Testing %nd
,‘Materials,'PhiTadelphia, pp. 157-165. - . S

“Standard Recommended Practice for Microscopical Determination of
"Air Void Content” and Parameters of the Air Void System in
- - Hardened Concrete™, (ASTM T457-71Y, 1978 Annual Bogk of ASTM
~ Standards Part 14, American’ Society for Testing and

' Materials, Phi]aqe]phia, pp.. 273-288,

‘Pearson, J.C., "The Pyconométer Method'for'Determining Entrained Air

in Concrete™, ASTM Proceedings, Vor. 47, June 1947
pPp. . 9 -9 .'. C M n . I '



149

244, Méyer, L.P. "Determination of Air Content in Hard
o Using Image Analysis™, Under
Engineerying, University of

ened Concrete
graduate_Major Report, Civil
Windsor, April, 1978.-

23A. . Mather, K., Discussion of "Measy
- Journal of American Concr
61-64, o . ’

ring Air in Hardened Concrete",
ete . Institute, September 1952, pp.

-

25A. Mielenz, R.C., Wolkdoff, V.E. Backstrom, J.E., Burrows, RoWey .
: “Origin, Evélution and Effects of the Air Void System in .-

Concrete Part 4 - The Air Void System in Job Concrete™,
Journal of the American Loncrete Tnstitute, Uctober 1958,
Vol.”55, No. 4, pp. 507-517, - R




.

Lo

APPENDIX A . -

TYPICAL PRINTOUT

O "LINEAL ANALYSIS®

{50 -



BRI t :f::+< IR
kg

oxx
*

BB EEF EE

...
=
%

%

T T TP T S TEY PP PTT :-E:mﬂ: ’

LT - [ PR
LEMONT SCIEMTIFIC IMABE AMALYSIS PROGRAM. PoBodE WELA-LION
CROSS-SECTION EHORD LENGTH AHALYSIS
SAMPLE ID: 4R%3 10aF 1BLSF 3 ' S, B,

WPE 3 "SPACED" STAGE COMTROL. SCAM FE TTERN FOR |46 % 16 FRAMES

LEHuTH CFSTRGE TRAYEL = 7. 89E &1 ¥ 7, 98E &1 pH i
TUTAL ARER T BE AMALYZED= 1. 28E @92 fim
RIUM FARAMETERS: CHORD DATA: . . FRAME CETA:

P Ed
T2 PTSALINE
18 LIMES-FRAME

2E, G

TOTAL 4 Z9E 9% AREA <SEMMD
CPRSCHORDS 0 ABR FRAMES

1 ARG,

CHORLSAFRAME ;

e rud

bt 82

45,
Td,

by
LLF

MERM
ey ':\T [‘.sE

=

{l

LIMEAL AMALYSIS RESULTS:

—
[y I

JEOURR LR E R G

FOTMT T8 POINT SFACIMNG

YOLUME, FRACT I0M

AYERAGE CHORD LEMGTH L

AVERFAGE CENTER TO CEMTER SPACIMG,

SURFACE TO %OLUME RATIO o

EDGE TO EDGE MEAM FREE FHTH

TOTAL TEST LIME
- TOTRL. MO PRINTS
L PHIHT’ Qe

HO. - FEATURES -

e

G

10

AU

(E{g] -
It

D S |

sl Ty

Ll in R

,ﬁmmﬁmﬁmmmm

LN

L

DA R R

%}

RN NS TNy )

ﬁ“fUH

(T}



Y

CSAMFLE I0:-4RT 408F de@ler & 0 TG mdemasda

';__*f__f—— CLASS

SHUED‘LEHuTHlDIJTRI%UTIDH Sy S R

COUWT
HE A&

-
—
H

= —f

-

L

LI
3.CEE @8 @ o
1. OOE ol 1. SRE
1l TEE Bl 4 2FE @2 4.
I A6E 84, 2 32E 2 5,
S.SRE @1, 4. TRE @2 48, '
1 G8E B2 & @5EVES A3 [
1. 7SE B2 5. 48E B 14, R — LT
ILAEE @2 -4, B1E o, [i#?*d+h++#h ‘
5. EBE BE A, 53 ZE, DAL sk ’
1. BEE @3 5 46E 1, 2EC - '
1. 7SE @3 2 GHE &, 450 -
E O16E B3 4. QBE &, B2C - k
N\ ' k
N
. , , , .
‘ * ‘
- ) :‘ )
‘ r e .
/o - ' ' |
i 3 ! -
- . ’
y -
- ! :
. .
: . .
=
4 .
._;h. -
- N - *
- g "Ta
- "- -
i .
. - ) -
- .ﬂ.‘ )
0 -:7 - » .
i . " *



'APPENDIX B - .

n

-

TYPICAL PRINTOUT

"DIAMETER -ANALYSIS™

Ay
..
”
.
.
. .
..‘
f i
- -
L .
.
.
153 .
.
. L3 \
. -

L



qfl{a\}jj

-LEMﬁhT é:IENTTFIr

SAMPLE IL: SAOY o,

ECTICH HHHL?S

U‘l
i

k-

CROS: s
- PARMS. FHP TFI; EUH
OFF- PT. DEHhIT =
- M PT, DEHJITw =.
- ZMWEEF SPEED =
',HHuNIFILHTIDH =.
SCALE FERCTOR. =

&

[T
!‘.;c-
-

A R
c -

1|
i Ul

| '-.‘l
]
[

AU o

SR Y I % O
ey ]
]

’P
o

. ’? }

ol
-t

e :
@

oG
i

&

.t

'PT

T I""IHI_:L:. | H!‘-II—IL_

lr3/7

o

L~

e

R 6_ -

-IZE?



SAMPLE-ID: SR04 - . ' L desers

DHTH L,DL[_ET‘TII'IN FDF‘ . 21 F‘HFTIL.L.Eb

-

HHV':DIHH = L7TT TS UM MIN DIAM = 15 @Be UM
;TOTHLwLEnPTH OF TEST LIHE S.47SE Bim

f:PHPTILLE FEHME;'j MERH= 1i.eee B STRME. DEY. =, = & 267

| PART CHEMICAL  AVERAGE OIAMETER CHIMAMAN . WOLUME  REL.

R Co. -7 . MERAM  SIGMA  MERM STomm . x

ALL TYFES =24 -1-:':-' A8z 8E B 43 o zes B 8623 1o
.— , ) g p .
t
P
B

CLMD UMY o o o

. - SURFACE.
TWPE MAME - e co-me ML WL

WOLUME
LR

B FEE245.



SAMPLE ID: SAO4 SR LZTE
. PR - "“ -
. FOR ALL TYPES" :
AYERAGE, DIAMETER (UMY DISTRIEBUTION !
CLASS - ©oLASS & 1 2 2 4 & I R
LIMIT - MO b ~ 1 — - H=———p £ -3 1G] 5 =

235, 95 2 B v I . T
45, B 1 345 C
D3, B 1z 2.3 [okn : -

T £ I AT 24 32 [ eokekinbaokkiksks

1k, @3 G1 LS. TEZ [ oksthohsobik

258, g9 4T ZE. S5 [ skeckeksoohskok . -

e N | B S R T = o VOO

5268, g8 22 AR G5 (L ket ;
1896, g 5 2oz F -
1e@9. Gy e o RE = I -
\ i . )

’ -
!
*
- .
I . »
. S -
] h . AT
- Ry -
. - »
A ' s



SAMPLE ID: SAGl 17247
- .FOR ALL TYPES x
MINASMAX DISMETER DISTRIBUTION i
- CLRSS CCLARES: g i g = 4 5 .
LIMIT MO X - & T R T—
B, a5E < 4. 11 [ g
9188 25 L 57 [ ofsokmser
BASE 22 .18 85 [ hstetiobesss
B 288 42 . 545 Lk,
B. 256 4% 2 53 N
- ©. Zoe 2 41
8.2358 - 5 2 74 |
B, 485 1 e 45
"|.d458 41 S o@Ez
8 508 - 4 1 53
.95 . 8 2 74
. SED S Zzs
AT T S B2 L ks
o, TEE ¥ OZ ZO. [k
B, TS& =4 SLOES [ okoreing
N= =il e I = SS [ opubishoho
B OSSE A5 ., S 25 [ ek
@rsam . 5 Lz T4 [w
2B 850 1 @ .45 €
COMMENTS |
v .q.‘ .

=

-’

w ..

w0

-
L

ol o
A



<
. APPENDIX C.
"COMPARISON OF ‘CHORD LENGTH
_DISTRIBUTIONS FOR SAMPLES FROM
" BATCHES N0.4, No. 5 AND. No. 6"
158

.1‘:5-:



Sl P P b 1

Do el T

0 S T 0 m E-

n M mmmel
1%

[

i B i B
DR RN

r1 e o

THORD

A
— -
[A]

3 R R P PP PP

P LT b
AR |

,.
|
=

T -
e R R B B U SV R B

Y

ISENENE

0

SRMPLE ID: )
- CHGRD‘LEMBTH-DI:TRIEuTIDH A BTG R

LIMIT

w?ﬁwwﬁﬁmwﬁﬁﬁ

EBE

BIEHE
TEE

Ak

CRE

CBIEE

TeE
15k
SHE
HRE
I l—'E

.1k

et
58
=k
el
Bl
@z
wz

YRR O Cul |

N%HPPH%&WNWF

51RO )

=
1a] 1]

SAMFLE ID:

PRPOWREOWR RO

—
(]

mRUPRRPDEROS

SRS
=1 ] e
[ R
m

] |i"i

=

E1E

XA
£ .
D R R S L B (A 48

[
mmmm
l:'_-:l IE.I

B -5

LI O TR D (Y

4T 1EOF 18L-F & ST memeas
LEMGTH GISTRIBUTION £UM. o 2 g :

_______ 50 1 2 = 4
SR e i ———i3 e i
. EE
R .—,-u
N
2, 47
R T
- Pt I g g
¥ = i
1U_4_[+??hih+ :
L LED BT stk

[N}

[@k&g

-
1

L R T o o M

.

Y Pl
v'muufsu _

CLHEE'-—é—-;—a AR 1 - -

COUNT

\E" B
42 B2

DA XA
[x)
D
i

o |

GR4 1BOF ABLAE. S SR L sdsEssds
CHORD LEMGTH DISTRIEUTION (UM, > IR T :

I
L
DOEDE 55D D -0

Lo

[y
[y,
m
3
kY

SN TR O (N % I G

PR

Ei6k EJ'
e § 1> R
DoE B

‘@Pwm.

A’ﬁ[{*?*
5L sk
_qﬁ[ﬂﬁﬂ*?*#ﬂﬁPPH*+*%#+*T?+*$W+W++144$

shieatisk 'h'l e
'h:l‘-l‘l' H B B e b Ty

’Fj[-l‘-l-:-l‘lrl-ﬂ«l"i--]d"! i’#’*+'~l'+"|-’+ Herhidrreda +‘+‘1‘4
L e 1*‘&:4‘%"}*}&4’1‘1’%-}1 derhivhint

T sppenperpiotbidegug

TED ek -

= N S - ] I

ki o s
=y SR |

t
b

= "
H B G- R e @
. EEL - ‘ ’

4[-4- +‘l-‘+-‘f‘3+‘+"'r 'I"*I’-g'l &1##1~#-+‘#*+‘+--I#*‘+#“+‘+'+ B b R bR i g B i

g4[$4+#““““

‘.4EE$mm$m$m*m$$m**$$$V

AL bttt ok .
GEL bbbkttt : O
R R T ' '

3L Heobokats

._d[: BB H ]

HEL



VITA AUCTORIS - -

3'1955 ' Leo P1eter Meyer was born on June 27 1955 in w1ndsor,
' Ontar1o. . .
13861 - In Septemberg 1961, he enroT1ed‘atnCentrel Public

'SchooI in Windsor and cbmp1eted Grades 1 thrbughzﬁ,'

1965 - “He comp]eted his e1ementary school education at D. M.
. Eagle Public School Jn St C]a1r Beach 0ntar10.,

1969 -~ In September, 1969, he enro]led at'Belle River District

- High School- in- Be]]e River, Ontario where he obta1ned
‘ his secondary ‘school educat1on. :
© 1974 In September, 1974, he entered First: year eng1neer1ng

| “'at the University of H1ndsor N1ndsor Ontario. -

1978 /In May, 1978 ,-he" gnaduated w1th a Bachelor of Applied

- Science degree in Civil-Engineering from the University
of Windsor. . In September, 1978, he enrolled at the
Un1vers1ty of Windsor in order to obtain the degree of
Master of App11ed Sc1ence in Civil Eng1neer1ng

160



	University of Windsor
	Scholarship at UWindsor
	1983

	Determination of air content of hardened concrete using image analysis.
	Leo P. H. Meyer
	Recommended Citation


	tmp.1363786207.pdf.Ono6M

