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Abstract:

The primary purpose of this study was to investigate the effect of prestress upon the durability of
concrete. Small pretensioned concrete slabs, at stress levels of zero, 500, and 1200 psi., were fabricated
from non-air-entrained concrete made with Type II cement. Half of these slabs were steam cured; the
remaining slabs, were cured in a moist, room temperature environment. These slabs were subjected to a
freeze-thaw environment, half with water ponded on their top surfaces and the remaining specimens
with a GaCl2 solution in contact with their top surfaces. At frequent intervals the natural frequencies of
transverse flexural vibration, weights, and lengths of the slabs were measured. Evaluations of the
degree of surface scaling were also made.

Duplicates of these slabs were fabricated for an additional study to determine the effects of prestress,
curing procedure, and type of solution upon the permeability, or absorption characteristics of concrete.

Tall glass standpipes were sealed to the surfaces of these slabs and filled with water or CaCl2 solution.
Absorption rates were determined by periodically measuring the quantities of liquid necessary to
maintain a constant level in the standpipes.

From statistical and qualitative interpretations of the data from these studies it was concluded that
prestressing slightly improves the durability of concrete. It was also concluded that steam cured
concretes are less durable, more susceptible to scaling damage, and possibly more permeable than
concretes cured in a moist, room temperature environment.

The extremely deleterious surface effects of salt solutions upon concrete, in a freeze-thaw environment,
were also observed; although the slabs ponded with CaGI2 solution exhibited only slightly greater
durability losses than slabs ponded with water.

The only important conclusion drawn from the permeability study was that concrete absorbs CaCl2
solution at a rate which does not differ significantly from that at which it absorbs water.
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ABSTRACT

The primary purpose of this study was te investigate the effect. of
prestress -upon the durability of concrete. Small pretensioned concrete
slabs, at stress levels of zero, 500, and 1200 psi., were fabricated from
non-air-entrained concrete made with Type II cement, Half of these slabs °
were steam cured; the remaining slabs. were cured in a moist, room tempera-
ture environment. These slabs were subjected to a freeze-thaw environment ,
half with water ponded on their top surfaces and the remaining specimens
with a CaCly; solution in contact with their tep surfaces. At frequent
intervals the natural frequencies of transverse flexural vibration,
weights, and lengths of the slabs were measured. Evaluations of the
degree of surface scaling were also made.

Duplicates of these slabs were fabricated for an additiomal study
to determine the effects of prestress, .curing procedure, and type of solu-
tion upon the permeability, or absorption characteristics of concrete,
Tall glass standpipes were sealed to the surfaces of these slabs and
filled with water or CaClg solution. Absorption rates were determined
by periodically measuring the quantities of liquid necessary to maintain
a constant level in the standpipes.

From statistical and qualitative 1nterpretatlons of the data from
these studies it was concluded that prestressing slightly improves the
durability of concrete. It was also concluded that steam cured concretes
are less durable, more susceptible to scaling damage, and possibly more |
permeable than concretes cured in a moist, room temperature environment.
The extremely deleterious surface effects of salt solutions upon conecrete,
in a freeze-~thaw environment, were also observed; although the slabs
ponded with CaCl, solution exhibited only slightly greater durability
losses than slabs ponded with water. .

The only important conclusion drawn from the permeability study was
that concrete absorbs CaCly solution at a rate which does not differ
significantly from that at which it absorbs water.




CHAPTER I

INTRODUCTION

Concrete durability

The iﬁportance and versatility of portland cement concrete as a con-
struction material is well recognized. The annual world-wide consumption
of concrete is exceeded in quantity by.féw other materials; Yetg‘despite'
its wide usage, it is one of the least understood materials at our dis-
posal. It has been only in the past few decades that a concentrated
scientific study of this material has been attempted, and the time for
reasonably acéurate pfediction of the behavibr'of concrete in all struc-
tural and environmental situations is still in the future.

Perhaps the most serious disadvantage of concrete is-its lagk of
durability in many common environments. As with all materials, ﬁheré
are certain environments which are deleteriou% to the appearanée and
structural utility of concrete. Nearly everyone is aware of the damage
that results when rock salt is used to remove ice from the surface of
concrete. Also evident is the severe damage to concrete coastal struc-
tures caﬁsed by salt corrosion and alternate wetting and drying between
the tide lines. These are just two of the many-exémp;es of conditions
which cause uﬁsigﬁtly, dangerous, and costly damage to portland cement
soncrete,

Of particular interest is the progressive deterioration that occurs
when éoncrete is subjected to repeated cycles of freezing-and thawing in

the presence of de-icing salts. The exact mechanism of this type of
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destruction is not completely understood, but it is generally conceived to
be a physical mecﬁanism. - | |

Concrete is a relatively porous mass, with part of its porosity ‘
attributable to capillary channels, or voids. These channels, if contin-
uous, readily allow the penetration of water inio the concrete mass. When
frozen, this interior water expands, thereby exérting pressure on the
capillary walls. If these pressures afé sufficiently greaﬂ, cracking of
the concrete will occur. The newly formed cracks -allow further penetra-
tion of water into the éonérete'mass after thawing, and further freezing.
and thawing causes the damage to continue until‘the concrete is so- weak-
ened as to result in the loosening of sizeahble pieces of.the'maferial.

- If the penetrating moisture is salt-laden, then additional pressures

might be created by the growth of salt crystals.in the voids.

Concrete protection

Perhaps the most effective means for improving the durability of con-
crete iq‘a fréeze-thaw environment is ajr-entrainment. Air-entrained
concrete contains innumerable minute air bubbles uniformly distributed -
throughout the cément paste. Entrainment of air can be effected by |
additions interéround with‘thg'portland cement during manufacture or with
admixtures added during thé mixing of the concr;te. The entrained air
reduces the destructive effects of freeze-thaw action by providing readily
accessible chamberé-into which the liquid under pressure may escape, and
thereby alleviates the pressure on the capillary walls caused by the. ice

and saltzgrystal expansions.
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Generally high strength concrete will be more durable than low
strength concrete. This can be rationalized by considering the relation-
ship between strength and the W}C (water/cement) ratio of concrete, which
has been fairly well established to be that stréngth is inversely propor-
tional to the W/C ratio, if all other factors remain unchanged. Since a
reduction in the W/C ratio will produce a less poréus concrete, hence a
concrete which is probably less permeable, the general strength-durability
relationship seems reasonable.

Certain admixtures such as silicone-water solutions tend to improve
the dﬁrability of concrete in freeze-thaw environments. Here the effect
is similar to most water-reducing admixtures, in that the desired work-
ability of the conérete can generally be achieved with a‘reduced W/C ratio.
It is also noteworthy that air-entrainment usually improves the work-
ability of concrete, thereby allowing a reduction in the Ww/c ratio.

Surface treatments, such as certain resins and bituminous tar
products, will often serve to proteét concrete from the destructive
effects of freeze;thaw action. These are primarily barriers to prevent
ingress of liquids and do not cause basic structural alterations of the
conerete,

All of these practices result in concrete which is more durable.

The improved durability would seem to lend.support to the concept that
freeze;tha% destruction results from expansion due to ice aﬁd salt-crystai
formation in the pores, since the reduced permegbiiity resulting from

these practices would decrease the effects of such a physical mechanism.




Purpose of study

Although the .aforementioned practicés, accempanied by stricter field
inspection of concrete mixing and placement, have helped to lengthen the
maintenance-free life of many concrete highway étructures, the lack of
durability of concrete still remains a serious weakness, . The tremendous
annual cost for repair of frost Qamage‘fo éur highway systems, as well‘
as the discomfort to motorists, is sufficient cause for concentrated
efforts to find better ways for pre#enting its occurrence.

That freeze-thaw destruction in the presence of de—icing salt solu-
tions is primarily a mechanical rather than chemical action is supported
by the methods employed for reducing its effects. It would appear.that
any practice which would reduce the permeability of'ccncrete would improve
its‘ﬁuraﬁility; Alterﬁatively, any method which would incregse the ten-
sile strength, or expénsion resistance,,bf concrete should also improve
itg durability.

Considering the behavior of concrete under compressive loading, and
' more importantly the creep of concrete under sustained load, we may hypo-
thesize that prestressing might reduce the permeability of concrete by
redﬁcing the average capillary cross-sectional area through distertion,
and .thereby increase its durability. In additien, the uni-directional
restraint against destructive expansioﬁ, or increased effective tensile
strength,.should also help to improve the durability of prestressed
coycrete.

Therefere, the primary purpose of this study is to determine the

effect of prestressing on the durability of portland cement concrete.
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Rature of investigation

Small pretensioned slabs were fabricated using 6arefully controlled,
non-air-entrained concrete. Airfentrainment waé intentionally omitted in
an attempt to accelerate the destructive effects of freegze-thaw action.
The ievels'of prestress chosen were zero, 500, and 1200 p.s.i.

In order to simulate actual field conditions, mortar dikes were
attached around the peripheries'of the top surfaces of the slabs to retain
ponded solutions. These slabs were also used to study the effect, if any,
of prestress on the scaling resistance of concrete,

The measured parameters for the durability study were the natural
frequency of transverse vibration, weight, and length changes. lFor the
scaling resistance study, the weight of material ldosened from the top
surface was the measured index.

Duplicate slabs were cast to determine £he effect of prestress on
the permeability of comncrete. These slabs had standpipes sealed to their
‘top surfaces to provide a means‘for the determination of fate of fluid
ingress under ; two-foot pressure head. |

Since steam curing is the predominant practice.in most prestressing
operations,Ahaif of the slabs were steam cured to study this effect on

the durability, permeability, énd scaling resistance of prestressed and

non-stressed concrete.,




CHAPTER IT

REVIEW OF LITERATURE

The hydration of portland cement

The chemical and physical transformations which occur when water and
portland cement are combined are highly complex and not fully understood.
However, basic scientific investigations in.this area, with the aid of such
refined techniques as X-ray‘diffraction analysis and electron microscopy,
have greatly aided the understanding and explanation of the many complex
phenomena existing in the hydration process, A thorough review and discgs-
éion of the work which.has been éccomplished in this area is beyﬁnd the
scope of this paper; however, a brief discussion of the hydration pfoceés,
as it is understood at present, seems necessary in order to Bettef under-
stand the porous structure of the hydrated product.

Four compounds are generally regarded to be the main‘constituenté of
portland cement. These compounds, or phases, are identified in Table I,
along with their compound compositions, accepted abbreviations, and average
weight percentages as calculated by the Bogue¥ ﬁethod for a typical Tyﬁe I,

or standard, cement (1).%¥

~

¥ A method devised by R. H. Bogue, circa 1930, by which the amounts of the
compounds- in a cement can be calculated if the elements are known from a
quantitative chemical analysis.

¥#% Underlined numbers in parentheses refer to references listed in the sec-.
tion LITERATURE GITED, beginning on page 213,
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TABLE I

MAJOR CONSTITUENTS OF PORTLAND CEMENT

Compound ‘ Wéight'

Phase composition Abbreviation | content
| Trica}cium silicate - 3Ca0°5i05 ' - . C38 - 1 L8 %

Dicaloium silicate 2020510, [ 27 %
Tricalcium aluminate 3Ca0-A1504 CA | 12 ¢
Tetracalcium aluminoferrite‘ 4Ca0-Aly03 -Fep0q CLAF - 82

In addition to these major phases, there exist other compounds in
portland cement, such as MgO, TiO,, Mny03, K0, and Nézo, which amount to
only a few per cent of the weiéh%lof the ceﬁent. CaSOh, in the form of
gypsum,‘is also added to the cement during manﬁfacture, primarily for the
purpose of preventing "flash setting!" of the éement.

The manufacturiné processes whefeby theée compounds are produced and
combined in the desired‘proportiqns, are'described~by many authors (1, 2,
5, 14) and will not be further discussed in this paper.

The word "compound! is usually reserved for pure substances which
have definite formulas. Since the four constituents listed in Table I
usually contain‘relatively large quantities of dissolved impurities, their
composition formulas are not quite correct, so most researchers prefer to
call them phases., The relative amounté of these phases are dependent upon
the proportioning of thé raw materials fr&m which the cement is manufac-
tured, and portland cements have been classified into basic different .

types depending upon the relative amounts of these major phases and of
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the other minor compounds in the cement.
When water in the correct proportiohs is mixed with portland cement,
a plastic cohesive mass is formed composed of agqueous solution; a littie
powdered gypsum, and particles of cement which lie in the size range
between 1/2 micron and 75 microns.(g)m These par%icles immediately begin
to be.transformed by reaction with‘the water fo form new compounds

approximately as shown in Figure 1 (4).

2(3Ca0°5i0,) + 6Hy0 — 3Ca0°25105°3Hy0 + 3Ca(0H),
(CBS) . (water) (tobermorite gel) (calcium hydroxide)

2(2Ca0°510,) + 4Hp0 —— 3Ca0°25105°3H0 + Ca(OH)y-
(cy8) (water) (tobermorite gel) (calcium hydroxide)

" 4,Ca0+A1305°Fep03 + LOH50 + Ca(OH), — 6Ca0°A1l,04 *Fe,04 ©12H50
3 2 2 -L2Y3 273 <
(CLAF) (water) (calcium (calcium aluminoferrite
hydroxide) hydrate)

3Ca0:A1,0q + 12H,0 + Ca(OH), —> 3Ca0°Aly03°Ca(0H),12H,0
2V3 2 2 : 3 /2 2
(C3A) (water) (calcium (tricalcium aluminate hydrate)
hydroxide)

BCaO°A120 + 10HZ0 + CaSOh°2H 0 —%V'BCaO°A1203°CaSO °12H20
(CBA) (water) (gypsum (calcium monosulfoaluminate)

Fig. 1. Portland cement hydration reactions (L)

It should be understood that the reactions described in Figure 1 are
probably not stoichiomgtric equations, but serve only as a guide to visu-
alize the transformations that occur in the hydration process. These
reéction$ will be discussed briefly before proceeding to a discussion of

the physical characteristics of their combined mass. .
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The reaction of tricalcium aluminate with water and calcium hydroxide
is quite violent, and leads to a high heat production and rapid stiffening
of the cement paste, which is called flash set. .if unchecked, this reac-
tion is very undesirable, In order to retard thié reaction, gypsum is
usually interground with thé cemept clinker during manufacture, and when
water is added to the cement, the C3A and gypsum combine to form insoluble
calcium m.onosulfc;aluminatéo It has been theorized that the calcium mono-
sulfoaluminate forms a coatiné over the exposed C3A particles, and thus
hinders the rapid hydration of the C3A.

The tetracalcium aluminoferrite is a relatively unimportant phase in
portland cement. It is the .iron bearing phase which‘imparts the character-
istic gray color to portland cement, and in its' absence the cement will be
white. However, both C3A and[ChAF are useful in the manufacture of port-
land cement, since they act as a flux and therefore reduce the clinker
burning temperature, facilitating the combination of lime and silica (5).
It should be noted that CAAF also may react with gypsum to form calcium.
sulfoferrite, which may accélerate the hydration of the two silicate
phases. (One can appreciate.the reasons for careful control of the gypsum
content in portland cementb'since it can behave as an accelerator as well
as a retarder,) ‘

The two silicate phaseé, C35 and C3S, arelthe'mbst importapﬁ constit-
uents of portland cemeﬁt, and the behavior of these two phases alene is
reported to be similar to that of portlan@_cemeﬁt (5). Together they con-
stitute about 75 per cent of portland cement, by weight.. It is generally

accepted that these two compounds form the same products when combined with
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water, these being crystalline calcium hydroxide and a calcium silicate
hydrate known as tobermorite gel; 80 called becausevits composition and
crystal structure resemble that of the natural mineral tobermorite. In
a fully hydrated cement, tobermorite gel constitutes about 50 per cent,
by weight, and is the most important cementitious material in the cement.
About 25 per cent, by weight, of a fully hydrated cement is composed of
calcium hydroxide.

The térm cement gel" has been used in describing that part of
hydrated cement which is responsible for "internal surface" and porosity
(). Powers (6) has given a figure of 650 m.z/meB, or 250 moz/gm,, for
the specific surface of the ﬁoﬁermorite, and approximately 87 angstroms
as the size of the gel particle, expressed as the diametér of an equiv-
alent sphere. This diameter corresponds to about 15 "diameters" of a
calcium silicate molecule. Vélues for specific surface and gél—particle
size have been obtained from adsorption énd porosity measurements. Thus
the sizes of the hydrated particles are so small that hardened pasteé are
colloidal systems, and the'term Vgel" depicts a fihély divided, cohesive
mass. | -

It is known that in the hydration pfoéess; there is a doubling of
the vélume of solids without a significant change in the paste volume.

- The hydrated cement -is bonded to the unhydrated cement grains, but the

mechanism whereby the structure growth takes place is not certain. There
are several possible explanations compatible with observed heat gain
periods, X-ray diffraction evidence, differential volume measurements,

and absorbed water computations. Perhaps the hydration product forms
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an enclosure, or shell, around each cement grain, and the dissolviné
interior silicates'permeate outward through the layer of hydrate to pre-
cipitate on the exterior surface. Alternatively the shells may grow from
the interior by continued rééction'between the remaining unhydrated grain
and water which peretrates the surrounding enclosure, the shells ceasing
to expand at peints of contact with other shells and subseqnently dig-
torting into available voids where there are no growth restrictions.
Otherwise, the process may be one in which the silicates go into solution,
and are precipitated throughout the entire paste mass whep the sélutioﬁ
becomes saturated.

Regardless of the eiact mechanism of formation, the terms “colloidal
system'" amd "gel" appear to be guite accurate in describing the cementi-
tious hydration product. The bonding forces responsible for cementing
action probably are due to’physical‘attraction, ar van der Waals' forces,
between thelindividual gel particleé, and between the gel parficles and
the aggregate surfages. In addition, there may be chemical bonding, or
cross-linking, between thé gel surfaces., It may be noted that calcium
hydroxide exerts a stronger attractive forée per.unii‘area than does the
tobermorite gel; but the specific surface area of the most finely divided
calcium hydroxide is oniy about one~tenth that of tobermorite gel (4),
and thus the calcium hydroxide is a/less important cementing material
than is the tobermorite gel.

Finally, we arrive at a consideration of the paste structure as a
whole, and patterns into which the\hydrated particles become oriented.

One very simplé model (3) of the paste cross-section may be thought of as
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the classical bubble model, wiéh,each bubblewrepresenting é gel particle.
The bubbles, or spheres, are very closely packed, and the interstitial
voids represent the paste voids whichvaré called gel pores. In addiﬁion,
there are large channels, or capillary voids in hardened paste, and these
may be visualized in cross-section by considering that several of the
bubbles in a few randomly scattered, irregularly shaped areas have burst,
Considering tﬁat the specific surface of the péste proper may be about |
650 m.2/bm°3, this means that the gel particles, represented by the
bubble spheres,- would éverage about‘?@K in diameter (5, 6). Hbﬁever, the
gel particles are by ﬁo means spherical;'rather they“are ﬁostly fibrops
and platy, so the bubble modei is of little more than academic interest.

The electron microscope has been thé chief tool for.observing the
hydration structures, and some works conﬁain many fine illustrations of
these structures (7, 8, 9). The results of such electron optical studies
have been interpreted (g)’to show that the gel particles tend to form in
the following shapes:'l.)\clusters of rod~like fibers, 2,).rolls, or
tubes, made up of very thin sheets only a few molecules tﬁick, and 3.)
nearly flat, but more generally crumpled sheets -- again, very thin. The
sketches in Figﬁre 2, on page 25, better illustrate these three forma-
tions. The gel fibers, rolls, gnd sheets, along with-the microscepic
calcium hydfoxide.crystals, apparently form an intricate network contain<

ing other amorphous materials and void spaces,

The permeability of concrete

As mentioned previously, the fresh cement paste is a fluid mass of
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agueous solution, cement grains, and some éntrapped air bubbles introduced
in the mixing process. When fully hydrated, the hydration products occupy
a volume which is greatef than that of the original solid volume by a
factor of about 2,1 (10). In'actuality, a portland cement never really
becomes fully hydratéd,’but-there is still approximately a deubling of -
solid volume undér normal hydratien circumstances. Thus as the hydration
process continues, that volume of the paste eccupied.by water is gradually
reduced as the hydration products are formed. When the hyd}ation is essen~
tially complete, there usually will remain water-filled voids which have
not been‘filled with hydration products. These voids are terméd fcapil~
lary voids" and are the primary reason for‘the permeability character-

" istics of .concrete,

_ Ideally, one would desire an end product of the highest possible
density, with no capillary voids. This is pessigle,'proviﬁing the hydra-
tion is continued to completion, and the W/C ratio is not in excess of
about-O.BS, by weight (5, 10). However, in normal concreting practice,
the W/C ratio is seldom, if ever, as low as 0.4, and is usually greater
than 0.5. Thus, under most circumstances, there remain capillary voids
in the matrix of cured, in-service concrete.

The perogity of the gel proper is about 28 per cent, but the mean
ndiameter" of these gel pores is in the range of only lEK to 25; (5, 11).
The mobility of water in such small spaces would be quité uniike that of
free water, so the coﬁtribution of the gel pores to the concrete perme-
ability is negllglble. Powers (12) has given a value of 7 x 10 Rt cm. /sec.

as the approximate penmeablllty of the gel pores, He explalns that this
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is only about one-twentieth to one-hundredth of the permeability of the
paste as a whole. Therefore, the permeability of concrete is generally
considered té be controlled by the capillary porosity of the cement paste.
The volume of capillary voids may be as low as zero per cent or as high
as 4O per cenf of the paste volume (5), depending primarily on thé W/C
ratio, and the degree of hydration,m )

The capillary pores form a randomly distributed system throughout
the paste, and though they vary in shape of cross-section, their "diameter"
has been estimsted to be in the range of 0.0005 to 0,00005 inch (11).
This/system may or may not-be continuous, again depending upon the W/C
ratio and degrée of hydration. In a fresh paste, the water system is
continuous throughout the mass, but as hydration proceeds‘the system
becomes segmented and gradually constricted. If the W/C ratio is low
enough, and the degree of maturity sufficientl& large, the capillary
channels méy become completely "plugged" or segmented by the gel products.
Estimates for the time required-fer the.capillary channels to chome,dis~
continuous and segmented into capillary cavities, for various water/cement
ratios, have been made for an ordinary Type I cement under standard lab-
oratofy conditions (10). These‘estimatés are given in Table II.

The pgrmeabiliﬁy of aﬁy’cement paste will deerease with ﬁéturity,
but if the W/C ratio is too.large, discontinuity of capillary pores may
never be achieved. As will be discussed 1ater,4the degree of continuity
or discontinuity of the capillary.peres in cement paste is an important

factor in the durability of concrete.
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TABLE II

CURING TIME REQUIRED FOR CAPTILIARY DISGONTINUITY (10)

W/C ratio _ Time

by weight ) required
0.40 3 days
0.45 7 days
0.50 14 days
0.60 6 months
0.70 1 year

> 0.70 impossible

It should be mentioned that the porosity of concrete is not due
entirely to the matrix, or paste, since the aggregate is also porous.
In fact, the aggregate in a concrete may often be even more permeable
than the paste. waever; since each aggregate particle is coated éntirely
ﬁith a layer of paste, the permeability of the concrete is usually con-

sidered to be dependent upon the characteristics of the paste alone.

Concrete deterioration

Causative factors
The various organic and inorganic compounds which can cause destruc-
tion of concrete by chemical attack of thé cement paste are tpo numerous
for complete discussion. The effects of chemical agents on portland |
cement are not of immediate .interest, except in cases where the destruc-
tive effects aré magnified due to penetration into the concrete throuéh

the paste capillaries. More extensive discussions of chemical attack on

_concrete appear in references 2, 13, and li. Usually, the chemicals to

which concrete may be exposed can be anticipated, which is fortunate since
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conerete is quite eésily destroyed by so many, particularly in industrial
situations.

of thelmore common forxms of_chémical attéck, only the effects of
leaching, sulfate solutions, sea water, alkali-aégregate reaction, and
natural sliéhtly acidic waters will be considered in this.discussion,
since the permeability of concrete can be an impertant factor in reducing
or amplifying these effects, It .is realized that no concrete can resist
the attack of many chemicals, ﬁafticulariy'strbng acias, sincé such chemi~
cals destroy the paste by compound breakdown and separation; so the densi-
"ty and permeability of the concrete are of no comsequence under such
conditions.

Leaching of compounds out of cement paste occurs when water percolates
through cracks, through pom&ly compacted concrete, or alohg poorly made
Jjoints. Usually, it is thé readily Soluble caleium hydroxide whieh'is
- dissolved and removed by the water. Ordinarily the most harmful aspect
of such a procesé is that it mars the appearance of exposed concrete sur-
faces by depositing white calcipm carbonate, and sometimes galcium sulfate.
However, the same process conceivably can occur in reasonably *good"
concrete by water migration through;the capillaries, with resulting
channel enlargement. |

Certain ground waters are essentially sulfate solutions, and these
sulfates cause destructive expansion of concrete by reacting~with calcium

hydroxide and with the tricaleium aluminate hydrate. The reaction products

are gypsum and calcium sulfoaluminate, which have dohsiderably greater

volume than the original compounds, Of course, such reactions would occur
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at any exposed concrete surfaces, but the destructive effects would be
considerably more serious in the event of deep penetration of the concrete

by the sulfates,

‘Sea water contains other salts as well as éulfates, The sulfates
attack the cement cgmpounds as described above; however, failure arising
from attack by sea ﬁater is not preceded by the large expansions noted in
attack of sulfate-bearing ground waters. This is presumed to be because
gypsum and calcium sulfoaluminate are much more soluble in chloride solu~
tions (14), and thus the sea water leaches out these products before
expansion OCcﬁrs to any degree. However, salt solgtions penetrate and
rise in concrete structures by cafillary action, and drying at er near
the tide line causes crystallization to take place. This crystallization
causes expansive pressures which are.deleterious to concrete, and will be

discussed more thoroughly in a later section.

The active silica compounds of certain aggregates will react with the
alkalis, notably Naz0 and K50, in cement to form an alkali;silicaﬁe gel.
This results in destructive expansion in the regions of the aggregate sur-
faces, This gel is of the "unlimited swelling" type (6), and when it
absorbs water, significant pressures are developed. This reaction does
not occur in dry concrete (1li), and since a continuous supply of water
inereases its destructive éffécts it is apparent that the permeability of
the concrete is an impoftant factor in this type of attack.

Naturally occurring aqidic waters are obviously harmful to concrete;
however, most such waters are only very slightly acidic, and the damage

is not so serious as might be expected. There are indications that such
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waters may corrode the surface mortar of the concrete, and fhen the action
stops or at least subsides (13). This may be because the reaction products
tend to block the pores,‘préveﬁting further ingress and attack. However,
the dissolved paste may'be carried away by4moving water, leaving addi-
tional exposed surface on which the acid can act. A highly permeable
concrete would undoubtedly be more rapidly destroyed by this type of
attack, since.more cement surface area would be exposed to the aggressive
solution.

One other type of attack which might be considered to be in the
realm of chemical deterioration of concrete would be that of corrosion
of reinforcing steel in the concrete. Usually portland cement concrete
provides good protection of embedded reinforcing steel against corrosion.
This profective value may be ascribed to its high alkalinity and rela-
tively high electrical resistivity in atmospheric exposure (13). However
if cracks should develop, or if the capillary permeability of the concrete
is too large, the“ingress of moisture and air can cause stéel corrosion,
resulting in destructive expansion dﬁe to the increase in volume of the
"steel oxidation products., In addition, the absorption of salts which
might exist in the penetrating moi;ture.can lead to anodic and cathodic-
areas in the concrete., The resulting electrolytic action can cause an
accunulation of corrosioh products on the steel, with a consequent rupture
of the adjacent concrete, as well as a reduction of the steel cross-~
sectional area. Of course, cracks which extend to considerable depths
into the concrete can be caused by many factors, not the least of which

is the destruction promoted by an initial high capillary permeability.
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It is also pertiﬁént.to noete that, in the absence of cracks, a highly
permeable concrete will be able to contain more water than will a more
dense ma,teriél° This greater water content means that the electrical
resistivity of the concrete will be reduced,lwhich can result in gal-
vanic corrosion of the reinforcement.

Thus, we can observe many forms of concrete deterioration which we

. might classify as being the result of chemical attack on concrete, All

of these are, to a degree, affeeted bj the penmeaﬁility of the concrete,
the intensity of attack generally being increasingly dependent upon the
permeability.

In thelreaim of physical, or mechanical destruction of concreté, we
may cerbainly consider excessive loading, impact, and sufface wear or
abrasion. However, these are directly controllable by the uéers and can
be accounted for during the design of the structure. These cenditions
will not be considered further in this paper. '

One tjpe of mechanical deterioration which is exceedingly important
and difficult to control, however, is that of frost action agaiust con-
crete, As saturabed concrete is frozen, the water in the capillary pores
freezes and expansion takes place. If the stresses developed by tﬁis
expansion eéceed the tensile strengtﬁ of the concrete, damage will oceur
resulting in cracking and spalling. This type of déstruction, as well
as that eccurring as a result of de-iéing salts on the concréte, will be

discussed later.
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Protective measures

A few of the ways in which concrete can be damaged have been dis-
cussed, and nOW'consideratién will be given to some measures which can be
taken to prevent,.or at least ﬁinder, these destructive mechanisms., One
obvious- protective measure against all of these destructive causes is
complete enclosure of the concrete in an impenetrable shield. Surface
treatments with bituminous or rubbér products, resins, and other agents
have- been employedhéuccessfully, and such treatments are probably the
only effective means for protecting concrete which may be exposed to
harsh chemicals, such:as strong acids. However, complete surface sealing
can be expensive and often impossible where concrete is cast-in situ.

'The resisfance of concreté to the attack of slightly acidic solutions
can be improved by allowing the concrete to dry in air before exposure
(5). The Ca(OH)ZIin the cement reacts with 6O, in the air to form a
surface film éf"GaCOB, which blocks the surf;ce pores and reduces the
permeability. Air drying is wusually practicable only with pre-cast
concrete members. For cast-in-place strﬁctures it is best to exercise
carefui control of the concrete mixing and placement so that a high
quality, low permeability concrete will result,

Where the concrete is to be exposed to sulfate-bearing waters,
it is possible to reduce the damaéﬁtheffects by using a cement’ which is
low in CgA content, thus providing less reactant., Also, replacement of
some of the cement by pozzolanic materials is helpful, since these combine
with, and effectively fix or stabilize, some of the free, or readily solu-

ble Ca(OH)2° However, the permeability of the concrete is a mégt impor-
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tant determinant of the serigusqess of.sulfate attack, and the greater the
permeaﬁility the more vulnerable will be the concrete,

At this poiﬁi, it might be ﬁoted that steam curing of concrete is.
beneficial in that it increases the resistance to sulfate attack, and
practically eliminates leaching and efflorescence (_2_)° More will be said
about steam curing in a later section. o

In general, tﬁe best protection for conc§ete against sea water attack
is to assure that the conerete is of low permeability and hlgh density°
Also, it is important that the reinforcement in coastal structures be
covered by sufficient depth of concrete to prevent feady access of the
corrosive liqﬁids to the steel.

Control of.the destructive effects of’alkali-aggregatg reactivity is
generally achieved by limiting the alkali content of the cement, and/or
by rejecting those types of aggregate which are potentially reactive with
the alkalies in cement. Also, the ad§ition of finely ground siliceeus,v
or pozzolanic materials to the concrete can reduce the expansien by
reacting initially with the alkalie;, thereby reducing the guantity of
alkaline materials available for reaction with the larger aggrégate,
particles after hardening. As has been noted, however, imperméability is
a highly important criterion’for the resistance df.concrete to this type

of deterioration.

Leaching is entirely dependent upon the permeability of the concrete;
and in the absence of cracks and poor compaction, the seriousness of this
type of damage is primarily dependent on the capillary characteristics of

the concrete., Thus, good construction practigés and mixX proportions are
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imperative for prevention of this phenomenon.

Therefore, the importance of low permeability of concrete can not be .
too strongly emphasized as a factor for‘improvement of durability under
most common natural conditions. The use of surface treatments and coat-
ipgs, as well as other procedures‘which effectively plug the capillary -
pores, has already been indicated as being practical. Also, the impor-
tance of good compaction énd the lowest possible W/C ratio cénsistent
with adequate workability has been.em.phasizéd° Certain water-reducing
admixtures are marketed which allow the reduction of water content in
concrete without reducing the workability. Any such admixtures which
allow a reduction in the W/C ratio are beneficial to the durability of
doncrete, providing no adverse reactions or shrinking and swelling‘char-

acteristics are induced by the use of such materials.,

For resistance to frost action on concréte, again low permeability
is the most important single factor, in that it affects the degree of
concrete saturation. In addition, the degree of aggregate saturation is
important (15), since a highly saturated aggregate particle will expand
upon freezing, and tend~£o destroy the,surfounding matrix., In general,

dry aggregate will result in a more frost resistant concrete.

Perhaps the mpst effective means for improving the freeze-thaw
durability of portland cement concrete is air-entrainment. There are
many compounds, notably natural resins, tallows, and sulfonated soaps or
oils, which will cause Billions of minute bubbles to be distributed
throughout the concrete mass when added to the fresh concrete during the

mixing process. Other materials intefground with the cement clinker
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during manufacture will accomplish the same effect. In addition, gas~
forming. agents, such as aluminum ér zinc powder; and ﬁjdrogen'peroxide,
can also cause‘nearly the same effecﬁo.

The primary reason for the ﬁeneficial effect of air-entrainment is
that the water under pressure in the capillary voids is afforded a much
shorter path to other voids which can accammodate the excess moisture.

This factor will be elaborated in the followiﬁg section. An additional
important benefit of air-entrainment is that of allowing a reduction in
the W/C ratio. The tiny bubbleé retain their sphericity, effectively
replacing some of the f;ne sand particles, and £hereby reduciﬁg the water ‘
. demand. They are also rather like a lubricant between the seolid particles
of the fresh concrete, a;lowiné thé particles to glide past each other
more readily, thus causing an inCreé$e in workability. The reduced W/C
ratio, as has already been indicated, causes a reduced permeability‘in

the mature paste.

Of course, any surface treatmerifs or ceatings which effeét a reduction
in the permeability df‘concrete will generally improve its frost resistance.

Thus, the effect of permea%ilitﬁ on the ability of concrgte to resist
many ordinary destruction mechanisms is quite pronouﬁced, Usually, any .

" material or precedure whereby the ingress of moisture can be hindered or
prevented will result in'a concrete better able to withstand many types

of chemical and/or physical attack.
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Freegze-thaw and related modes of destruction

A few statements have been made concerning froé£ action upen con-
crete., As the concrete is frozen, moisture in the void§ will begin to
freeze and expand. Ffeezing will occur first at the exposed concrete
surface, and then proceed slowly inward. Thus ice formed in the pores at
the surface will 5lock the pores, and the fate at which the water will
be displaced by the advancing ice will depend upon the rate of freezing
and the degree of saturation. The hydraﬁlic pressure develeped will
depend upon the length and size of the capillary channel and the permea-
bility of the paste between the capillary and another void that can
accommodate the excess water (16). The pressures developed can bé quite
large, since water undergoes é vélumé increase of about 9 pef cent when
frozen. | |

Freezing of the water in the gel pores is quite unlikely under most
natural circumstances, since these pores are so.small that the formation
of ice nuclei would prebably not occur abové about -78°C (17). However,
movement of water in and out of the gel pores has been'théorized as an
important factor in the damaging effects of shrinking and swelling of the
cement paste (4). In light of the observed physical forms of the hydrated -
gel products, this movement might occur as shown in the sketches of
Figiure 2 (4). ‘

From entropy considerations, Powers (17) has suggested that, with a
fall in the temperature of the capillary &atér and ice, the gel water
acquires an energy potential enabling it to move into the capillary pores

containing ice. Thus the ice can grow and cause further expansion,
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Fig. 2. Moisture migration in the gel pores (4).
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Upon thaﬁing, the mgisture could be readsorbed by the gel surfaces°

Some of the expansion which occurs during freeéing is non:recoverable
after thawing, owing to paste disruption, Upon refreezing, further expan-
sion occurs, and thus the effect is cumuiativeo

Disruptive expansion may also'occur because of osmotic pr;ssures.

As "pure" water is frozen out of the otherwise impure water iq the capil-
iaries, there occur local inqreases in solute concentrétion?. The cement
paste can be considered as a membrane, and water will tend to flow towards
the zone of freezing in order to lower'fhe solute concentration, Osmofic
preséure; resulting from such flow can be quite high; and-in addition,

the supply of water provides opportunity for the ice crystals to grow (2).‘
This seurce of pressure can be particularly important where de-icing salts
are dissolved in the pore water,

Ice will form in the larger cavities or pores first, that is, in the
pores where the water is least affected by adsorptive forcés (18). 1Ice
crystals existing in these larger pores will draw water molecuieé from
the surrounding gel by a diffusion process (18) and from other water with
which they are in contact but which eannét ﬁuciéate at the ambient temper-
ature because of smalier enclosure size (19). Hansen (19) has demonstrated

that such ice erystals can exert considefabie.pfessurehas‘they grow,

An analogous situatioﬁ exists when de-icing salt solutions are con-
tained in the capillaries, in that the salt crystals will nucleate and
begin to grow in the larger pores. They will then take up solute ions
from the solution with wﬁich they aré,in contact, but which cannot nucleate

at the ambient temperatnre because of the size of the container (;2).
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Thus the increased severity of frost damage te concrete in the pres-.
ence of de-icing salts can be ascribed-te the osmotic pressure effect and
the salt-crysfal growth concept. |

The chemical effect which salt solutions have on concrete has not
been completely evaluated. It is believed by some researchers (20) that
the salts in the water, whilé not reacting with the component eleménts

of the cement, cause the cement compounds to become more séluble due to

'the increased ionic strength of the solution. This has the effect of

intensifying and accelerating the development of the corrosion process.

As has been mentioned, reduction of the concreté permeability either
by reducing the W/C ratio, or by complete or partial blocking of sﬁrface
pores with surface treatments and coatings can be very effective in
improviﬁg the frost resistance of the concrete, Of more interest is the
effect of air-entrainment on the frost resistance of concrete.

Not only does the hydraulic pressure developed by expansion due to
ice formation depend upon the permeability of the paste between the capil-
lary void and another wvoid which can accommodate the excess water, but
also upon the "escape distance®, or thickness of the paste threough which
the water must travel to reach'the,empty void., The uwniferm distribution
of minute; closely spaced air bubbles caused by éir-entraining agents
accomplishes a reduction in the avefage escape distance, and consequently
causes reduced hyaraulic pressure build-ups. These bubbles, per se, have
little effect upon the concrete permeability, since they are unconnected
and afford no additional chamnels for moistﬁfe migration, However, when

advantage is taken of the fact that air-entraimment generaliy causes a
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more workable mix, the permeability will actually be reduced because of
the allowed redqction in the water/cement ratio; Perhaps the only major

disadvantage of air-entrainment is a>slight reduction in the concrete
strength, but this reduction is usually negligible, and can be accounted
for in the mix design. |

Most materials undergo a contraction, or volume dedrease as their

temperature is lowered. Such is also the case with the materials in con-
crete; but owing to the expansion of freezing water and growing ice crys-
tals, a freezing, unprotected concrete will undergo a volume increase, or
expansion. Air-entrained concrete, however, will continue‘to contract as
its temperature drops below the freezing point of water, This is partly
due to thgrmal contraction of the concrete solids and to relief of hydrau-~
lic pressures by the air voids,. In addition, Nerenst (l§) has drawn
attention to the fact that water 6n the walls of the air voids may freeze
Qn a microscopic scalé and, because of the entreopy effect previoﬁsly
described, will cause water to be drawn from the gel pore; into the air

voids., This would cause additional contraction of the concrete mass due

to the resultant shrinking of the gel.

The essential point to be made in this discussion is that the permea-
bility of concrete is an exceedingly important factor in the susceptibility
‘of the concrete to damage from freezing and thawing, Although air-entrain-
ment is a most effective means for reduciné the,hafmful effec£s of ice-and
salt-crystal formation, it does not eliminate these fgrmations. It would
appear.that any other method or treatment which would prevent the ingréss

of water and salt solutions would be a more direct and permanent protective
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measure., Altefnatively, any procedure which might effectivel& increase'
the tensile strength of concfete should also improve the durability of
conerete, sinee the damage which occufs due to internal pressure increase
is usually a result of such pressures having exceeded the tensile strength
of the materiaio |

The obvious solution is, as was mentioned, to block the cement pores
with surface coatings, or other surface treatments. However, the type and
location of some structures, particularly cast-in-place units, often
prohibi%s such treatments. In addition, the usage of some structures, such
as hiéhway pavement slabs, reduces the effeectiveness and life of surface
treatments because o£ abrasive wear., It is from the two considerations of
reduced permeabiiity and increased tenéile strength that prestressing
might be considered as yet another alternative solution to ﬁhe durability
problem.

Before proceeding to the follewing discussion, which will be related
to prestressing and its effect on concrete, a few statements condérning
steam curing and its effect on the frost resistance of conerete seem per-
tinent, Since steam curing is such a wiaely used practice, mainly with

precast and prestressed products, it is important to know what effects
such curing might have on the durability of concrete. Neville (5) states

that high pressure steam curing improves the resistance of concrete to.

‘ freezing and ﬁhawing as well as to sulfate aitack; In addition, such
curing results in high early strength, reduced efflofescence, and reduqéd
drying shrinkage and moisture movement. In fact, the only major disad~

vantages of high pressure steam curing are reduced bond strength with
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reinforcement, and more brittle concrete. Troxell and Davis (2) agree
with these statements., However, the effects of atmospheric pressure steam
curing'on the frost resistance of concrete are not so decidedlyAclear.
Higginson (21) has reported that steam curing increases the permeability
of concrete; and that steam curing up to 48 hours reduces the resistance
of concrete to freezing and thawing. He also indicates that supplemental
fog curing eof initially steam cured coﬁcrete tends to lower the permea~
bility and improve the frost resistance. However, Rieb (22) could detect
ne significant difference in the durabilit& of steam‘curéd and moist cured,
prestressed beams in his studies. It could be that, since his beams were
cast from air-entrained concrete, tﬁe change in durability may have been
obscured., Other authors make no mention of the effect of atmospheric

steam curing on the frost resistance of concrete (1, 2, 5).

The rheology of portland cement concrete

The mechanics of frost damage, and the factors which promote such
damage, namely high permeability and low tensile strength, invite curiosity
about the effects which prestress might have upon the durability of con- .
erete, Concrete is & material which creeps, or'undergéeé increasing strain,
when subjected to sustained stress, The creep characteristics of concrete
are primarily dependent upon the behavior of the cement paste. The aggre-
gate's contribution to creep is usually negligible, except that aggregate
has been shown to restrain creep (23). If the mechanism of creep were
such that a net decrease in void éroés-séction resulted, then the ingress

.\

of moisture should be retarded.
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Althoughlthe exact mechanism of creep is not fuliy known, it is
generally agreed that the gel response is the primary influencing factor.
Glucklich and Ishai (24) state that only two theories are considered
capable of explaining cfeep and phenomena relating to cfeep. These are
the viscous theory and the seepage theory. The viscdus theory states that
the cement gél is a highly viscous liquid which‘flows under external load-
ing. The seepage theory relies on the f;ct that cement gel is a hygro-
écopic éolid, and that creep is due to water migration iﬁ.the pores as a
result of pressure differeﬁces caused by external ,'anding° Or, stated
another way, that creep is the deformation of a solid, rather than a vis-
cous liquid, which is being damped by strong viécous resistance of
absorbed water, | |

From tests on torsion specimens with low sand content, Glucklich (g&)
has shown that creep is -almost nen-existent in mortar deprived of nearly
all of its evaporable water. These tests gawve supﬁort to the seepage
theory and contradicted the viécous theory, since they showed\that cfeep
is conditional on the presence of evaporable water, and not an inherent
property of the -gel itself,

It is reasenable to assume that the viscous theory has some applica-
.bility, however, since all solids tend to underge some molecular réarrange—
ment when subjected to sufficiently high stress; though perhapsithg termi-
nology "highly viscous liquid" is inappropriate for describing the gell
proper. ‘

There are many factorsg which affect creep in concrete, that will not

be introduced into this discussion. However, because of its pertinence to
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this thesis, a few comments about steam curing are in order. A recent
study at Montana State College (25) has shown that steam curiné reduces
creep, with longer durations ofAstéam curing resulting in greater reduc-
tions in creep. This is in ggreement with the stress/étrength;creep
relationship, in that steam curing hastens matumrity, hence strength. From
this standpoint, any durability characteristics which are affécted‘by
creep would probably be less easily influenced in steam cured concrete
than in normal atmospheric moist-cured concrete.

This author has been unable to locate any information which might
verify a relationship betﬁeeﬁ creep and permeability. However, Neville (5)
calls attention to the relationship between creep and cbncrete strength,
suggesting that creep, like strength, is dependent upon fhe relative amount
of unfilled gel spa.céo A low gel/space ratio () is reSponsiEle for both
a relatively l;w strength and a higher creep. "Cértainly, a iow gel/space
ratio means higher porosity, and undoubtedly higher permea.bility° It
would seem logical, in light of the facf that the cement gel contains both
pore and surface adsorbed'water, that the pessibility exists for relative

movement between gel particles, as well as for volume decrease due to
fluid migration. Such relative movement would be enhanced by moisture
between the partieles; and the removal of this moisture, as in the case of
Glucklich's torsien tests (24), would surely hinder creep under this
premise, Should particle ﬁov;mept occur, it-would probably be in the direc-
tion of least resistance, that is, into available pore space. If such

were the case, permeability might be reduced.
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Thus, under the premise that creep méy reduce pore size, prestressing
would seem to be a possibility for reducing the permeablllty and improving
the durability of concrete. An additional, and perhaps more significant
effect of compressive prestress, is the resulting’ increase in the effective’
tensile strenggh of the cencrete. This factor should have a decided bene-
fidial effect on the frost resistgnée of concrete,rsihce the hydraulic
pore pressure build-up would apparently have to be greater in order to
rupture the material.

It is possikle, however, that the lateral expansion of a prestressed
concrete wember, due to the Poisson effect, would enhance the ingress of
moisture. This expansion may even promote and add to that caumsed by the
freezing pore water, and thereby detract from the benefits of festraint

against expansion in the perpendicular direction.

Other prestressed concrete durability studies

Three investigations (22, 26, 34) of the effect of prestress on
durability hawve been rev1ewed the results of which are apparently con-
flicting. Rieb (22) has reported that stress levels, varying by incre-
ments of 500 psi. from zero stress up to 2000 psi, had no effect on the

freeze-thaw durability of pretensionéd concrete. Nor could he differen-
tiaté any effects introduced by varying thé type of cement and method of
curing. However, Rieb cast his specimens from concrete which was air-
entrained to a level of about 4 per cent. This degree of air-entrainment
may have been sufficient to se protect the éoncrete that any effects of

prestress level might have been obscured.
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Similarly, Klieger (3L4) was unable to detect any significant influence
of a compressive préstress of 350 —.AOO psi. on the resistance to freezing
and thawing of either air-entrained or non-air-entrained concretes,
Gutzwiller and Musleh (26) were able to show a definite.increése in
freeze-thaw durability oficéncfete bea@s which were post;tensioned to
2000 psi., but they did not investigate the effect of wvarious levels of
‘prestress. ‘These investigators also used air-entrained concrete, but the
air content was less than 3 per cent., It is pertinent that some of the '
stressed beams in this study were releaéed'for testing, while the rest
remained stressed during the tests, The results showed that the perma-
nently stressed beams were significanfly more durable than the intermit-~
tently stressed:released‘beamsg and in mést cases, the latter were more
durable than ron<stressed beams of the same mix. This would indicate that
prestressing does produgg a greater effectiye internal rupture strength;
although, given enough freéze-thaW’cycles, even this ingreased tensile
strength can be éxceeded@' This may be a result of cumulative pressure
build-up caused by.rapid cyéling, or it may be a fatigue phenbm.en'ono
| None of these studies was designed to evaluate the effect of prestress
on the permeabiiity and scaling resiétance of concrete. Thus, ip order to
study the effect of prestress on these two factors, and to attempt to

resolve the apparent conflict between the above men#iened studies, the

following investigation was propesed,




GHAPTER III

* LABORATORY INVESTIGATION

Modes of investigation

. Two levels of stress othgr than zeré stress were chosen to investigate
the effect of pfestress on the permeability, durability, and scaling re-
sistance of concrete. The stresses selected were zefo, 500, and 1200 psi.,
the maximum being dictated by the allowable strand loéd, specimen dimen-
sions, and loss incurred by the method used for prestressing. The choice
for the intermediate stress level, SOO.psi,, was arbiti'ary°

The following modes of investigation were followed for both steam
cured and moist-roem cured specimens:
(a) freeze;thaw cycling with approximately one-fourth inch depth
of,water‘pdnded on the tob‘sﬁrface of the specimen,
(b) freeze-thaw cycling with approximately one-fourtﬁ inch depth
of calcium chloride solution ponded on the top surface of the
speéimén, with a chloride ion concentration of approximately
20,000 ppm.,
(e) twoffoot head.of water distributed over a circular area of
the top surface of the speéimen, the diameter of the circle
being approximately B;B/L inches, and |
(d) two-foot head of CaCl, solution (chloride ion concentration
of approximately 20,000 épm.) distributed as in (¢) above,
The specimens of (a) and (b) were checked pefiodically for their natural

frequencies of tranéverse,flexural'vibfation5 weight and length changes,
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and degree of surface damaée, or scéling. Thg rates of fluid.penetration*
. into thé,sbecimens of (¢) and (d) wéré measured by periodically recording
" the voluﬁe of fluid neceésé:y to maifitain 4 two-foot head on each specimen
“surface.

There were four replicates for each treatment. Thus for each of the
four investigational modes, there were four specimens for each stress
level and each curiné procedure; or a total of ninety-six specimens were

~ required for the entire study.

_Description of specimens

The specimens uéed may more aptly bé called slabs; and will hereafter
be reférred to as such. The nominal concrete dimensions of theée slabs .
were: length = 10-1/2 incﬁes, width = 4-1/2 inches, and depth = 2 inches.
However, the over;all lengths of the slabs differed, depending upon the
stress level. This was due to the necessity for end-bearing plates on the
stressed slabs. Figure 3 1is a photograph of three of these slabs, one at
each stress level. Note that the slab on the left, which is non-stressed,
has no bearing plates, The centerlslab is prestressed to 500 psi., and
has 1/2 inch thick end—béaring plates, while the 1200 psi. slab on the

right has 3/4 inch thick end-bearing plates.

* The terms '"permeability" and "permeability study", which are-used for

. describing this test procedure throughout this report, are perhaps
inappropriate. Herein they are used in reference to a testing procedure
which should probably be called a "moisture absorption" study, since the
specimens were not saturated as in.an ordinary permeability test., How-
ever, the author prefers "permeability"” because the penetrating fluid
was confined to a single flow direction, and was slightly forced by a
relatively constant pressure head.
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Fig. 3. Pretensioned slabs. (from
left: zero, 500, and 1200 psi.)

Prestressing operation

Figure 4 is a photograph of the equipment necessary for the preten-
sioning operation; the items shown are described in Table III. The
utilization of these items is presented in the photographs of Figure 5,
and reference to the identification letters of Figure 4 and Table III
will be made in the following discussion to assist the reader in under-

standing these procedures.




Fig. 4.

Pretensioning equipment.

-8 g_
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TABLE III

IDENTIFICATION OF ITEMS IN FIGURE 4

|
Identification ‘
letter Ttem i Description
A zero and 500 psi. | 334" length of 7 [9.8; 7"x2"x3" end plates,
casting bed { with 7/16" dia. center holes, welded to ends
| of channel.
B 1200 psi. cast- 333" length of 7[ 9.8 reinforced with 1"xl"x}®
ing bed | angles welded to flanges; 7"x2"x1l" end plates,
| with 7/16" dia. center holes, welded to ends
i of channel.
c slab side forms 334" lengths of 2"x3/8" steel bar.
D short "seating Two 12-3/L" lengths of 24"x23"x}" angles spaced

yoke"

long "seating
yoke"

loading "yoke"

end-bearing
chuck-plate

combinations

hollow bolt
and nut

3/8" prestressing
strand chucks

wrenches

3/8" prestressing
strand chucks

clips for holding
side forms, C

strain-gage
indicator

load cell switch-
ing box

load cells

prestressing jack

hydraulic pump

3/8" prestressing
strand

5" apart; 5"x3"xl" steel bar, with 7/16" wide
center notch, welded to one end of angles;
angles braced near free end.

Same as D, except that angles are 29" long.

Two 6"x2"x1" steel bars spaced 6" c¢. to c.;
7"x2"x1" steel bar, with 7/16" dia. center
hole, welded to one end of the 6" bars.

3/8" prestressing strand chucks welded to cen-
ters of 44"x2"xA" steel plates for 500 pei.

: slabs, and to LA"x2"x3/4" steel plates for
1200 psi. slabs; 7/16" dia. holes drilled
through plates, concentric with chuck axes.

| Special truck-wheel nuts (manufactured by
| Budd Wheel Mfg. Co.); 7/16" hole bored
through each "bolt" section.

Chucks identical to those used for G (made
in England, manufacturer unknown).

One open-end wrench to fit "bolt" section
of H, and one pipe-wrench to fit "nut"
section of H.

| 3/8" strand chucks, No. B610, Supreme
| Products Corp., Chicago 16, Illinois.

9" lengths of 1/8"x1" steel strap bent to
form 54" wide, spring-like clips.

Type N, SR-4 strain gage indicator, Baldwin-
Lima~Hamilton Corp., Waltham, Mass.

Simple 4-wire, 2-channel switching unit, made
with two 2-wire, 2—channel switches.

Refer to Appendix A.
Gifford-Udall Prestressing Jack, U.S.A.

Model P76 "Porto-Power" hydraulic hand pump,
Blackhawk Mfg. Co., Milwaukee, Wis,

Supplied by Colorado Fuel and Iron Corp.,
Denver, Colorado.
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Figure 5 describes, with photographs, the procedures followed for
pretensioning the strands. Each casting bed was prepared for casting
two slabs of equal stress,

The shortness of the slabs made it impossible to rely upon the
concrete~to-steel bond strength for stress transfer. Thus it was decided
to mount end-bearing plates, backed up by strand chucks, on the pre-
stressing strand in the casting beds. These steel plates also served as
part of the slab mold. In order to prevent as much prestress loss as
possible, the chuck '"body", or barrel, was welded to the plate, concentric
with the strand hole in the center of the plate. Further, to prevent any
losses due to slippage of the chuck "jaws'", or grips, on the strand and in
the barrel, the chucks were pre-seated on the strand prior to pretension-
ing the strand. Figure 5a shows the arrangement of the strand (T) and
chuck-plate combinations (G) before seating, and Figure 5b illustrates
how seating was accomplished. Note that the hydraulic jacking unit (R)
is located at the "left" end of the casting bed in Figure 5b. With the
jack in this position, the seatings of the chuck-plate combinations at
the extreme right and second from the left are effected.

In turn, each "seating yoke" (D,E) was inserted between the appropri-
ate bearing plate and the "left" end-plate of the casting bed. In
Figure 5b the long "seating yoke" (E) is shown being used to seat the
chuck-plate combination (G) at the far right. Each yoke was capable of

transmitting the ultimate load capacity of the prestressing strand. All
chucks were seated with a load of 14,500 pounds, which exceeded the design

load for the slabs, thus reasonably assuring no losses due to slippage.




b. Seating of end-bearing plate.

Fig. 5. Pretensioning operations.
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The load cell shown between the jack and the end plate of the casting
.bed, in Figure 5b indicated when the correct seating load was attained,

The jack was of the type that siezes a strand chuck (I) idenfical to
those.mounfed with the end-bearing plates, but located én the strand
exterior to the casting bed. Following>the seating of the two chuck-
plate combinations in_Figure Eé, the Jjack was removed and the strand was
severed about six inchés from the end piate of the casting bed with an
oxy-acetylene torch. This allowed rgmcval of the load cell, andisubseqnent
placement of another cﬁﬁck (K) on the strand for final pretensioning.

The Jack was then moved to the opéosite; or "right"” end of the.cast- -
ing bed. Figure 5c shows the arrangement for seating of theAremaining
two chuck-plate coﬁbinations, and final pretensioning of the stran&. Nofe
that the jacﬁ'and load cell, in Figure 59,‘d6 not bear direétly on the
end plate of phe‘casting bed, as"they did in Figure 5b, Rathef, the load
is transmitted to tﬁe casting bed by another &oke (F), bridging a hollow
bolt and nut (H) and a larger chuck (K) mounted 1oééély on the strand.

With the jack located as in Figﬁfé 5¢, the remaining two chuck-plate
combinations (extreme left and seéond from right) were seated. Care was
taken to space ihe slab énd;bearing plates'(G)'oﬁ‘thé strand so fhat, |
after seating, the clear distance between piaies was about 10-1/2 inches.
‘After seating each of the four chuck-plate .combinations, the strand
remained unétresse& except for probable local stresses near the seated -
chucks, Thé steps for final tensioning of the entire strand will now be
described., This discussion will bellimited to 1200 psi. slab casting beds,

and Table IV, on page 45, will summarize the pretensioning operation for.
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both the 500 and 1200 psi. slab casting beds.

A chuck (X), similar to that mounted loosely on thé strand in
Figure 5¢, was assembled and placed on the short length of strand extend-
ing out of the "left" end of the casting bed, and mounted in contact with
the end plate of the casting bed. The strand was then loaded to 14,000
;ounds with the jack, the load beiné indicated by the load cell., With
hfthe load held at 14,000 pounds, the other chuck (K) was assembled within
the loading "yoke" (F) and placed snuggly agains£ the hollow bolt and
nut combination (H), which in turn was pushed into contact with the end
plate of the casting bed. With the nut held fixed against the chuck with
one wrench, the bolt was turned with another wrench so that a force was
exerted between the end plate of the casting bed and the chuck. The
arrangement for this operation is shown in Figure 5d. The bolt was turned
until the load indicated by the load cell was decreased by 2000 pounds,
that is, decreased to a load of 12,000 pounds. This seating operation
with the nut and bolt combination (H) assured a relatively constant slip-
bage of the "right" end chucks (K)”fér all casting beds which were for
1200 psi. slabs. The jack was éhén released, causing a seating of the
chuck (K) with a load which was determined experimentally to be about
12,000 pounds. Next, the strand was reloaded to 14,000 pounds, followed
by a second seating with the bolt and nut (H) until the load indicated by
the load cell dropped to 12,500 pounds. Tﬁé”jack was then released, leav-
ing a load in the strand of appreximately'lB,BOO pounds, It should be
nqted that this procedure was developed by numerous trials with the aid

of two load cells, one located as in Figure 5d and the other leocated

N




c. Continued seating from opposite end.

d. Loading and seating of exterior chuck.

Fig. 5. Pretensioning operations, continued.
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between the chuck (K) and end plate at the "left!" end of the casting bed.
Table IV summarizes these strand loading procedures, as well as these

followed for léading the 500 psi.'slab casting beds, In fhis géble, the

"Load in load cell! refers to the load measured by the éell located in

the position shown in Figure BQ; The "Load in strand" is that load deter-

mined.experimentaliy by previous trialé"with another load cell located

between the chuck (K) and end plate at the opposite end of the casting

bed.
TABLE IV
SUMMARY OF STRANb’LOADING PROCEDURES
For 500 p.s.i. | PFor 1200 p.s.i.
casting beds .casting beds
Load in Iead in Load in Lbad in
- load cell strand load cell .. strand
Step | Operatien (Ibs.) (Ibs.) (Lbs.) (Ibs.)
1 Jack 6,100 6,100 14,000 | 14,000
2 | Tighten bolt :
and nut 5,100 6,700 * 50| 12,000 ‘| 15,000 T 100
3 |Release jack 0 5,000 £ 200 0 | 12,000 t 300
4 Re-jack 6,100 6,100 14,000 | 14,000
5 Re-tighten ‘
bolt and nut | 5,300 5,900 £ 50 | 12,500 | 15,000 50
6 |Release jack | 0 5,700 200 0 | 13,500 £ 200

It should be mentioned that the strand loads immediately after step 6
in Table IV were somewhat higher tham those given in the table. However,

some slight "settling", or slippage, and perhaps some steel creep occurred
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for a short . period after the final release of the 3ack._ Therefore, the
strand loads given in the table after step 6 represent the loads after
the system had sﬁabilized; usually these loads were obtained about one-
half hour after the final release of the jack.

Note that the loads, 5,700 pounds and 13,500 peunds, result in -somé-
what higher than thé‘desired stfesséq, 500 and 1200 psi., respéctively, '
when divided by the slab cross-sectional area of nine square incheslo
Howefer, based upon expected values for.perceﬁtage of prestress loss
given by Lin (27), a loss of about 20 per cent was anticipated., Thus,
the expected finél‘loads in the stressed slabs were 4,560 and 10,800 pouﬁds,
respectively,

After steplé in Table IV, the Jack was removed and the strand was
severed with the oxy-écetyléne.torch,'adjacent’to fhe chuck (K) at the
tright" end of the casting bed. The stressed casting bed, shortly after
the strand had been severed, is sﬁown in Figure 5e. Two long steel
Sars (C) were then placed in the casting bed to serve as the side forms
.for the slabs, These were held in place adjacent to the slab end-bearing
plates by.three nelips" (L), as illustrated in Figure 5f.

Figure 6a is\a photééfaph of the casting'béd after the'pretensioning
operation had been entifely completed. Figure 6b is a photograph of three

casting beds prior to casting, one for-eéch of the three stress levels,

The casting bed at the extreme left. is for nen-stressed slabs and, there-
fore, has no ;hucks attached to the end-bearing plates, These plates are.
held in place merely by the force of the small steel clipé which héld the

form sides against the plates. The strands in the non-stressed casting
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f. Side forms inserted and clipped into position.

Fig. 5. Pretensioning operations, continued.
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a. Casting bed prepared in Figure 5.

b. Casting beds ready for casting. (from
left: for zero, 500, and 1200 psi. slabs)

Fig. 6. Pretensioned casting beds.
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beds were nominally loaded with fhe nut and bolt arrangement (H) merely to
remove thé natural_strand curvature which results from being éuﬁplied on
a "spool", The casting bed in the center is for 500 psi. slabs, and that
on the right is for 1200 psi. slabs. Note that the higher stressed cast-
ing bed on the right is stiffened with small steel angles welded to the
channel flangés° Note also that the end-bearing plates in the higher
| stfessed casting bed are of 3/L inch thick steel, while those in the cen-
ter, or 500 psi,, casting bed are of 1/2 inch thick steel.
The interior surfaces of the channel section webs served as the
floors of the slab molds. All steel mold surfaces, except for the end-
bearing plates, were coated with a thin oil film before casting to facili-

tate removal of the slabs after curing.

Concrete materials

A1l slabs were fabripated from concrete made with Type IT cement, the
supplier, and oxide and phase aqalyses of which appear in Appendix B.
Perﬁinent information about the coarse and fine aggregate appeafs in

Appendix C.

Concrete mix information

The concrete mix was designed by the method prescribed by the
Portland Cement Association (28), on the basis of Type I cement, for a
28~day compressive strengthléf &OO@ psi. The desired slump was two

inches, and no air-entraining admixtures were used since it was desirable '

to reduce the frost resistance of the concrete as much as possible, and

yet retain concrete quality commensurate with good field practice. This
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mix, for 3/4 inch maximum sized aggregate, called for a sand content of
about 42 per cent of the total aggregate weight.

Since control of the concrete mixes was most important, it was
decided to oven dry all‘aggrega£e, separate it into standard sieve sizes,
and then recombine for mixing. Thus, based upon the value of 42 per cent
for the sand content, composite gradation 1imit curves for the combined
coarse and fine aggregate were plotted according to Afs,TOM° Designation:
C 33-54T, Tentative Specifications for Concrete Aggregatés (28). These
limits are shown in Figure 44, in Appendix D, along with the gradation
curve for recombination of the aggregate deécribed in Appendix C.

Subsequent trial mixes resulted in slight medifications of the
original mix design, and the final mix is described in Appendix D. Note
that the material quantities are‘given for a two-cubic foot mix, since
this was the actual volume mixed for each batch.

All aggregate was dried for 24 hours at 110° C in a small laboratory
oven*, and then separated into_the,sieve sizes indicated in Appendix Db,
Sepafation was accomplished with a large sieve shakeri* which is“pictureal
in Figure 7. The various sizes of aggregate were theﬁ‘stored in large, |
covered, cardboard containers, and protected from moisture.

All mixing was done in a large laboratory mixeri¢, pictured in

%  Laboratory Oven, 1200 watts, American Instrument Co.
3% Gilson Testing Screen, Gilson Screen Gémpany, Malinta, Ohio,

¥ Lancaster Counter Current Batch Mixer, Type SKG, Posey Iron Works,
... Inc., Lancaster, Pennsylvania.
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Figure 8, which has a recommended capacity of about 1-1/2 cubic feet.
However, trial mixing showed that two-cubic foot mixes were not excessive.
It was desired to obtain one slgb for each combination of treatments from
each concrete batch, so that the ninety-six requifed slabs could be madé
with four concrete batches. A minimum volume of two cubic feet was .
required for 24 slabs plus enough excess concrete for air conbtent tests
or for fabrication of four small cylinders for compressive tests. Larger
batches would have been desirable, since removal of enough material for
compressi&e test cylinders prohibitéd a measurement of the air content by
a pressure method, It was even necessary to return to the mixer all con-
crete used for slump-and unit weight determinations--an inadvisable
practice at best.

Therefore, compressive test cylinders were drawn from only half of
the batches, while air content determinations by the pressure method were
made on the remaining batches., In addition, air content measurements were
made on all batches with an AE-55 Air Indicator¥*., This methed is not con-
sidered to be as reliable as the préssﬁre methoé, aithough Newlon .(29) has
reported that the average air content, as determined by the AE;SE Air
Indicator, will be within 1/2 percentage point of air as compared with the
pressure method., He also found that the AE-55 Air Indicator tended to
give readings which were too high for mortar of low.air content, and
vice versa. Results from cylinder compression tests and air content tests

are given in Appendix D.

-

* AE-55 Air Indicator, Model GT-158, Soiltest, Inc., Chicago 39, Illinois.
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Gilson test

ing screen.

Fig. 8.

Lancaster

mixer and

jncidental apparatus.
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The procedure followed for mixing each concrete batch was as’
follows: - |
1.) The . appropriate weights of each size of aggregate plus the
prescribed weight of cement were added‘to the mixer tub and
dry-mixed for one minute,
2.) The proper guantity of.water was added to the miXer,.and
mixing was continued for two minutes.
3.) Mix1ng was stopped and a slump test was performed aceording
to A.S. T M. Designation ¢ 143-52,
4.) The slump material was returned to the mixer, and the concrete
was remixed for an-additional 10 seconds.
5,) Mixing was égain stobped to perform the unit weight and air
. content tests, The unit weight was obtained by filling the
1/k cubic foot container which was part of the pressure method
air meter® used in this study. Filling of this container was
in accord;nee witﬁ the instructiéns for molding concrete
compression specimens, as contained in A.S.T.M. Designations
C31-49 and C192-54. o
Following the unit weight determination, the air content
was measurgd either with the AE~55 Air Indicator, or with both
the AE—55 Air.Indicator and the preésuré ﬁétér, depepding upon

. whether eompreésive test cylinders were to be made. For those

# Techkote White Air Meter, Capacity: 0.25 cu. ft., Presstite Division,
. American-Marietta Co., El Segundo, Galifornia.
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batches from which test cylinders were to'be obtained, the

~material for the unit weight test was returned to the mixer,

. and the air content was determined by averaging the results

6.)

from two tests made with the AE-55 Air Indicator. (See
reference 29 for a description of the tést proceduré.) For
those batches from which no cylinderé were to be secured,
the above procgdgre for determining the air content was also
followed, In addition, a ae£ermination of the air content
was made by the pressure method on the material used for the
unit weight determination, according to the manufacturer's

directions. This material was then discarded, since the test

‘method necessitated an addition of water to the test sample.

The concrete wﬁs then mixed for an additional 10 seconds,

prior to casting of the slabs,

Pertinent information from each batch appears in Appendix D, includ-

ing results of compressive tests on the cylinders. The.air meters and

other incidental apparatué Just described appear in Figure 8, along with

the concrete mixer. .

Fabricatlon of glabs

", Casting was initiated immediately after .the final step of the mix-

ing operatlon° The fabrlcatlon of each pair of slabs was accomplished by

the following procedure: -

1.) The casting bed was secured to the surface of a specially

constructed vibration table, shown in Figure 9.
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Fig. 9. Vibration table with casting bed
in place.

2.) Each mold was slightly overfilled with concrete, and the
concrete was gently maneuvered into the corners of the mold,
and beneath the strand, with a large steel trowel.

3.) The casting bed was then vibrated for seven seconds, and the
excess concrete was "struck off" with the trowel. The

frequency of vibration was approximately 4200 c.p.m.
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ho)ﬂThe casting bed was re-vibrated for three seconds, in order
fo better the compaction and to close surface voids resulting
from removal of the excess material in step 3.

.50) Following vibration, the surface of each slab was finished by
making three passes, with slight circular motion; with a damp-
surfacéd wooden float, 1-1/4 inch in ﬁidﬁh,

6.) The casting bed was'then released from the vibration table,
.‘and set aside in the laboratory.
7,)_After casting each pair of slabs, the remaining concréte was
remixed for five seconds, in an attempt to retain workability

and homogeneity.

The above éteps were followed for -each of the twelve casting beds.
For those batches from which cylinders were obtained, the procedural cycle
was interrupted after half the slabs had been cast (i.e., after the sixth
casting bed had been filled) in order to cast four éompressive test
cylinders, The methods forﬂmaking, curing, and testing of these cylinders
are given with the test data in Appendix D. It should aléo be mentioned
that the concrete mixer tub remained coyeféd at all times during the cast-
ing procedure, except for removal of concrete. This was done in order
to prevent as much variation, due to moisture evaﬁoratien less, as was
possible,

Casting began about one-half hour after the addi#ion of water to the
- mixer. About one hour was required to cast all 24 slabs, and approximately

20 additional minutes were required for those batches from which test
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cylinders were cast. Thus, an inherent variation was realized due to the
length of time :required for testing of the fresh concrete properties and
for casting. . |
As was mentioned, one slab for each combination of treatments was
cast from each concrete batch. The treatments assigned.to each slab from

each batch are summarized in the.following diagram, with the slabs numbered.

(DURABILITY AND SCALING STUDIES) (PERMEABILITY STUDY)

;..;..ﬁiiiiiii--.;ihiﬁik

@IIIIII@ I@IIIIE

Legend
zero, 500, 1200: stress levels
N: normal, or moist-room cured
S: steam cured
W: water ponded, or in standpipes
C: CaCl, solution ponded, or in standpipes

Fig. 10. Diagram of slab treatments for each concrete batch.

To remove the inherent variability due to the lengthy mixing and cast-
ing time, an attempt to randemize the rank in time of casiing, for each
pair of slabs, was made. Table V gives the time of casting, in minutes
after addition of water to the mixer, for each pair of slabs from each

batch. Thus, for example, slabs 1 and 2 fram batch number 21 were cast
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only one~half hour after mixing began, while the duplicate slabs, 1 and 2,

from batch number 24 were cast about 1-1/2 hours after mixing was started.

Hopefully this arbitrary scheduling reduced or eliminated the effect of

varylng fresh concrete age, at time of casting, upon the results of this

study.,
TABLE V
CASTING SCHEDULES
Time after Slab numbers
. mj_;;j_ng - —
(minutes) Batch 21 | Batch 22 Batch 23 Batch 24
.0 add water add water add water add water
30 1, 2 23, 24 - 21, 22 9, 10
35 15, 16 9, 10 11, 12 7, 8
40 17, 18 1, 2 5, 6 19, 20
L5 5, 6 19, 20 17, 18 13, 14
50 11, 12 13, 14 15, .16 35 4
55 21, 22 3, &4 1, 2 21, 22
60 3, 4 cast cylinders 23, 24 cast cylinders
65 13, 14 " " 9, 16 1 "
70 19, 20 1 :n 7’ 2} - i}
| 75 7, 8 21, 22 19, 20 11, 12
80 23, 24 11, 12 13, 14 5, 6
85 9, 10 5y 6 3 & 17, 18
90 17, 18 15, 16,
95 i5; 16 1, 2
100 7; 8: 23, 2

After all slabs had been ¢ast, a shallow, circular impfessien was
made in the éufface mortar of those slabs assigned fo'the éermegbility
study ‘see Figure 10, page 57), using one of the "bottomless™" ﬁilk bottles
which served as standpipes,. ihis was.done so that bonding of the stand-

pipes after curing could be aécomplished more easily and accurately,
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Curing of slabs

" Normal curing

The casﬁing beds containing those slabs which were.te be nermally
cured,'as identified in Figure 10, we?e placed into a moist;room shortl#
after casting had been coin.pleted° High relative humidity was maintained
in this room by a nearly uniform,wafer mist supplied by spray nozzles in
the ceiling. The temperature of the water emitted by these nozzles was
controlled by a thermostatic control valve, and control of the water épraj
temperature was the only means for regulating the room temperature. The
desired curing temperature was 70°F; however, the water temperature con-
trol was inadequape and the room insufficiently insulated from tﬁe
remainder of the laboratory. Consequently the rather marked léboratony
temperature fluctuations, over eéch 2l hour period, caused considerable
temperature fluctuations in the moist-room. Temperature records, obtained
while the.nofmally cured slabs from each batch were in the moist-roem,
showed that the temperature varied between the appfoximate limits of
60°F and 90°F, It is assumed, however, that all normally cured slabs
were subjected te similar curing environments., .

A1l normally cured slabs remained in the moist-room until the age of
lhhdays° The moist-room cure was interrupted at the age of seven days,
at which time all casting beds were removed from the moist;room’fer stress
transfer and mold disassembly;' Also, shortly after stress transfer,
mortar dikes were placed on the surfaces of those slabs which were aséigned-
“to the durabilit& and scaling studies, These interruptions in moist-room

cure were quite brief.
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Following the li-day moist-room cure, these slabs were placed in the

laborafory to dry at room temperature for 14 days.

Steam curing

Approximately five hours after the initiation of mixing; the casting
beds containing slabs which were to be steam cured were placed in the
steam chambers, an& steaming commenced. The rate of steam flow into the
chambers was manuwally controlled such that the chamber temperature
increased at a rate of about 40°F per iaoure Thus, approximately two hours._
were required for the chambers #6 reach the desired curing'temperature of
150°F.. The temperature was maintained at approximately 150°F for-a period
of about lé;i/é hours, following which the sfeam flow was again manually

controlled in order te reduce the chamber temperature back down to the.

iaboratory temperatupe at a rate of. about -4 0°F per hour.

The sfeam chambers, pictured in Figure lla, were fabricated from
identical 55-gallon capacity steel "drums," The steam entered each cham-
ber through small holes in the- wall of a pipe'whieh was logatedralong the
bottom of the chamber (see Figure 11b). These holes, Spacéd ét three-inch
intervals along the pipe leﬁgth, were—dirécted alternately at angles of |
approximately T30° to the vertical. This provided for a relatively uni-
form steam distribution within the chémber, and prevented the steam from
striking directly on the casting beds above. To provide for a nearly uni-
form flow distribution along-the length of the‘pipe, the hole diameters
increased by small increments, frpm 1/16 inch to 1/8 inch, from the fronmt

to the back ends of the chamber. A drain, open to the atmbsphere,




Fig. 11.

b.

wh e

Steam chamber operation.

Steam chambers and their operation.
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was located at the back end of each chamber. The chambers sloped slightly
towards the back to promote draiﬁage of the condensate,

Separate'valves regulated the'flow‘into each chamber, and these were
adjusted so that the emvironments in the two chambers were identical
throughout the curiﬁg period. These individual vélves Were necessary
because only one chamber temperéture control device was available. Before
reaching these regulating walves, the steam passed through}a single'
electromagnetic control valve® which was activated by the mercury control
switch®¥* shown on the top of £h¢ steam chamber on the right in Figure 1la.
Thié sﬁitch was set to maintain the chamber temperature between the |
approximate limits of lh5°Fhand 155°F, —The chambers were not insulated,

‘so ordinarily the rate of.heat escabé waé rapid enough to cause the mag-
netic valve to open at intervals of about 10 minutes. The injection time
was usually about two minutés. Thus, the air in the chamber remained
moisture saturated throughout the curing period.

Following -steam curing, the casting beds were transferred to the
moist-room. The remainder of the 28-day curing period, for these slabs,

was exactly as for the normally cured slabs.

To summarize, these slabs were cured according to the following
seguence: 1l.) an average air-dry set of about 4 hours, 2.) approximately
18 hours in the steam chambers, 3.) 13 days in the moist-foom, and

L,) air-drying for 14 days in the iaboratoryo

% Mercoid Magnetic Valwve, Type K15-3, The Mercoid Corp., Chicago, Ii1,

3 Mercoid Temperature Control, Type DA-36 Range: 100 - 200°F, The
Mercoid Corp., Ch:.cago°
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Stress transfer

At the age of seven days, each casting bed was removed from the
moist-room for stress transfer. The operation merelj enﬁailed severing of
the strand with the oxy-acetylene torch, first between the two slabs, and
then at the ends of the élabs between the chuck-plate combinations and
the end platesicf the casting bed.

The length of each slab was carefully measured before and after the
cutting operation, aé an additional assurance that the desired stress -
levels had been effected. The average decreases in.slab lengths after
cutting were 0.00225 inch and 0.00735 inch for all 500 psi. and‘l200 psi.
slabs, respectively. Thus, there was reasonable assurance that the method
for.pretehsioning was successful. These length changes cerresﬁgnded quite
" elesely to the observed strains at 500 and 1200 psi. in a test of one
cylinder frqm'batch number 23, |

After the strands were cut;, and the molds disassembled, the slabs
were returned to the meist-room. Mold disassembly also inciuded removal
of the end-bearing plates from the non-stressed slabs, sipee their only
purpose was te retain the fresh concrete during the casting operation.

In all, each slab was out of the moist-room for only about 15 minutes for

the operations of stress transfer and form removal.

Application of mortar dikes

Usually within 24 hours after stress transfer, each.of those slabs
assigned to the durability and scaling resistance study was again removed

from the meist-room for attachment of a mortar dike to the periphery of
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its top surface. These mortar dikes were made with the aid of the forms
shown in Figure 12, The sides of these forms were bevelled to facili-
tate their removal after the space between them had been filled with

mortar.,

Fig. 12. Mortar dike forms, and slab
with attached mortar dike.

The interior form was fabricated from a piece of 3/4 inch thick
wood, and covered with polyethylene tape to prevent its sticking to the
mortar. The outer form was made from 3/4 inch by 1/8 inch steel strap.
Before forming each dike, the outer steel form was coated with a film
of light oil. When assembled, these forms enabled casting of a mortar
dike which was 3/4 inch in height, and uniformly varying in width from
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1/2 inch at its base to about 5/16 inch at its top.

The slabs were prepared, and the mortar dikes were applied, according

to the following procedure:

1.)

2.)

3.)

he)

Using a small steel chisel and stiff, steel, wire-wheel;Brush
attached to a portable electric drill, the laitance was removed
from the 1/2 inch wide peribhery of the top surface of each slab,
After roughening, the slabs were washed fhoroughly under running
water, so that all dust and other loose particles were removea.
Excess water was removed from the surface, and a thin layer of .
neat cement paste was applied to the damp concrete periphery.

The paste was applied with a spatula, and worked into thé.surface
voids. |

The forms for the mortar dike were then assembled in placé on top
of the slab and the dike formed. The mortar was placed, in small
quantities, into the narrow space between the forms, and care-
fully worked into place with the edge of a small steel trowel so
as to £fill all voids. After the space was slightly overfilled,
the mortar was lightly 'tamped” with the end of a piece of

1/8 inch by 1 inch steel strap. Care was taken, when working)
the mortar, to prevent bleeding and segregationL The excess mor-
tar was then V"struck off", and the surface smoothed with the trowel.
Finally, the forms were removed. The inner, or wooden, form was
removed firét. By carefully’slidiﬁg the trowel between the’mortar
and the edge of the inner form at'one_location only, an air pas-

sage was formed to prevent suction. The form could then be lifted .
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6arefully, accompanied by light tapping of the form with the edge
of the trowel. The outer steel form was then removed by carefully
lifting at one eﬁd, while 1lightly tapping the form with the edge
of the trowel., .

The neat cement paste was prepared by blending 250 grams ef Type II

cement, 90 ml, of water, and 5 ml. of full-strengbth air-entraining agent*

in a tall glass container, This mixture was then "whipped" for two minutes

with a small, high-speed mixér° The resulting paste contained about

5 per cent air,

The mortar mix was prepared as follows:

1.) 500 grams of well-graded sand, passing a standard #8 sieve, and
250 grams of Type II cement were dry mixed by handwin a stainless
steel mixing bowl until well blended.

'2,) 110 ml. of water, with 7 ml. of full-strength air-entraining agent,
were slowly added and mixed with the cement and sand; and the
entire mass was vigorously mixed by hand for two minutes.

The resulting fresh mortar had an'air c&ntent of 16 to 20 per cent,
as determined with the AE-55 Air Indicator. The mortar was stiff enough
to remain practically undisturbed.during removal of the dike forms. The
lmethod for making the mortar dikes proved to be guite sucecessful, though'
time éonsuming,, |

The mertar mix just described provided sufficient material for two

dikes, so two slabs were removed from the moist-room and prepared simul-—

¥ Protex AEA,
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taneously for each mortar dike application. Each pair of slabs was
out of the moist-room for a period of about 45 minutes for this opera-
tion, and returned to the moist-room immediately after the dikes had
been formed. The curing schedule allowed for a 6 to 7-day moist-room

cure of the mortar dikes.

Preparation of permeability study slabs

At the age of 26 days (i.e., after air-drying for 12 days), the
"standpipes" were attached to those slabs assigned to the permeability
study. Figure 13 shows one of these slabs completely prepared for the

study.

Fig. 13. Slab prepared for
permeability study.
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Note that the bottom pprtion of the standpipe is merely a standard,
circular glass milk bottle, the bottom of which has béen removed with a
diamond saw, The upper part of the standpipe consists of a length of
12 mm. glass tubing set iﬁto a hollow rubber stopper. Note also that the
glass tubing is marked at the elevation of two feet above the upper slab
surface., ’

The procedure for bonding the bottomless milk boftles to the slabs
was quite simple.. The surface laitance was removed from the previously .
marked and slightly depressed cirecle with a stiff wire-wheel brush
attached to a portable electric drill. After this porous surface layer
had been loosened, the area was cleaned with a soft, narrow brush. Next,
this narrow annular region was treated with a surface conditioner#, as was
the bottom edge of fhe milk bettle. Finaily, the bepding aéent%% wﬁs
placed on the prepared annular surfacé, and the milk bottle éaréfully
placed in the fresh sealant. A slight twisting motion was.used to seat
the bottle into the bonding materiai, and the excess material squeezed
out from beneath the bottle was worked against the bottle with a narrow
spatula to ferm a smooth fillet. About.2h hours were required for this
sealant to cure and form a stroné, water-tight joint.

At the age of 27 days, or after the bonding agent had cured for

2L hours, the remaining slab surfaces, except for the bottem surface and

* Surface Gonditioner A (for use with Dow Corning 780 Building Sealant),
Dow Cerning Corp., Midland, Michigan.,

#¥% Dow Corning 780 Building Sealant, Dow Corning Corp.
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the circular region within the milk bottle, were treated with three coats
of a commercial plastic varnish*. The varnish coats were brushed on quite
liberally, in order to form a camplétely water tight surface. This was
done tq prevent surface evaporation losses, since previous tests with un-
coated slabs showed that the surface regiéns exterior to the bottles
became dampened.after'about 24 hours under a two-foot head of water.
These varnish coats, applied at intervals of four hours, were allowed

to dry overnight.

Environmental conditioning

Durability and scaling studies

At.the age of 28 days, all slabs from a single batch were placed into
their respeective test environments. Those slabs assigned to the durability
and scaling resistance studies were placed into the freezing unit, shown
in Figure 14, with approﬁﬁxwtely 170 ml. of water or CaCl, solution ponded
on their surfaces. Thereafter, cycling consisted of.removing the slabs
from the freezer in fhe morﬁing and placing them on a wooden rack, shown
to the right of the freezer in Figure‘lh, for thawing--then returning them
to the freezer in the evening. Generally, thawing required about eight

' hours, while the remaining sixteen hours of each day were used for freez-

ing.
The freezer was equipped with fans at each of the four shelf levels,

and the shelves contained the tubing through which the ecoolant was eircu-

#* Flecto Varathane Liquid Plastic, The Flécto Company, Inc., Berkeley,
California. ' '
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lated. Twelve slabs were stacked pyramidically on each shelf, as can
be seen in Figure 14. The bottom row of slabs on each shelf rested on
narrow wooden slats and not directly on the shelves., The slabs were

not assigned specific positions in the freezer, but rather were placed
randomly into the freezer for each cycle. This was done to guard
against any variations which might be caused by regions of differing
temperatures within the freezing compartment. The freezer was defrosted

approximately once each month in order to retain its efficiency.

Fig. 14. Freezer and thawing racks.




71~

The freezer temperature was maintained at approximately ;5°F, and
thawipg occurred at ambient room temperature, which.was in the fegidn
of 70°F,

At intervals of ten freeze-thaw cycles, the slabs were flushed off
and tested, an&,then-reponded with fresh water or salt solution and
returned to the freezer. Periodically some slabs would develop leaks
between the concrete éurface and mortar dike. When this occurred, all
slabs with the same ponded solution from that batch were removed from
eycling, and their mortar dikes were replaced, To cure the new mortar
-dikes, the slabs were placed into the mcist-room'for a period of seven
days, and then returned to the cycling'.proceduré° (These interruptions
in freeze~thaw cycling produced rather marked changéé in the concrete

properties which will be discussed more thoroughly in Chapter Iv.

Permeability study

These slabs were supported on wooden racks, as shown in Figure 15.
At the age of 28 days, after the varnish coats had dried, the milk bottles
were filled with water or CaCly solution. These fluids were at room
temperature, and essentially de-aerated aftér haviné set in large con-
tainers open to the atmosphere for about two days. After filling the
bottleg, the hollow rubber stoppers with inserted glass tubes were placed
tightly into the bottle openings, and then filled to the two-foot level |
with a pipette. At thé same time, normal milk bottles with stoppers and
glass tubes attached were filled to the same elévation. These "control"

standpipes, which can be seen in Figure 15, were necessary in order to
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account for evaporation losses from the fluid surfaces.
Since these were comparative studies, the room temperature and
humidity were not recorded. Nor were there any means for controlling

these factors.

Fig. 15. Permeability study slabs.

Tests and measurements

Durability and scaling studies

At intervals of approximately ten freeze-thaw cycles these slabs
were tested. Testing consisted of length, weight, and natural frequency
of transverse flexural vibration measurements, plus an evaluation of the

degree of surface scaling.
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After thawing, and before testing, each slab was flushed under running
water and then allowed to surface dry. Each slab which was ponded with
salt solution was flushed over a #200 mesh sieve so that practically all
the loosened surface material couid be cellécted@v This collécted surface
"scale" was then transferred to a paper towel, and placed in an oven to
dry for 24 hours at 110°C. The dry weight of this material was used as
an evaluation of the degree 6f scaling of each slab, This procedure was
not used for those s;abs which were ponded with water, since the degree
of scaling on these slabs was almos£ negligible.,

Leng¢¢;measuremen£s were made with a large machinist's micrometer
which measured io‘within 0.001: inch, The measurements were made‘between
the end surfaces of each slab, along the central axis. For the stressed
slabs,. these surfaces were on the steel end-bearing plates; and for the
non-stressedlslabs, these surfaces were on the concrete. Thus, because
of slight rusting of the steel, and because of the inherent rough nature
of the concrete end éurfaces of the non-stressed slabs, these measure-
ments cannot be considered very relia;bie° The inﬁent of these measurements,
however, was merely to detect ény sizeable length changes which miéht be
caused by large concrete gxpansions, All léngth changes were attributed
to the concrete only, under the assumption that the steel end-bearing
plates underwent no change.

The surface dry weight, of each slab was determined to within 0,01
pound. The weight changes of each slab consisted of (1.) an increase due
to moisture absorption, and (2.) a decrease caused by scé.ling° Thus, by

knowing the scaling weight léss; the weight of absorbed moisture could be
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de%ermined°

The natural fregquency of transverse flexural vibfation was measured
with a Sonometer* system. The Sonometer consists of a cabinet which
houses the drivef and pickub amplifiers and the oscillator, a driver, and
a pickup., A cathode ray oscilloscope®* was also an important part of the
system. This system, shown in Figure-iég, has a frequency range of 20 -
20,000 éycles per second, accuréte to at least 2 per cent according to the
manufacturer,

. The slabé were supported at their quérter-points for testing. The
supports,vshown also in Figure l6a, were triangular prisms cut from pine
wood and covered ﬁith foém rubber., These supports were néiled to a
heavy wooden base,'which in turn waslsupported on a mat of ‘'herse hair."
Other support systems of metal and non-~covered wood were tried without

success,

The slabs were driven ai gne‘end, and the pickup was placed in thg
center of the top surface to follow the response of the sl;b, Figure 16b
shows this orientation. It should be noted that the pickup was a modifi-
cation of that supplied bj the manufacturer, in that the supplied pickup

cartridge had been replaced with a different model¥:¢,

# Electro Sonometer, Model CT-360, Electro Products Laboratories, Inc.,
Chicago 40, Illinois.

%% Type 164 Oscillograph, Allen B, DuMont Laboratories, Inco, Passaic,
New Jersey. . .

¥ Astatic 12-U, L-12-U, Astatic Corporatién, Conneault, Ohio.




a'

Sonometer system
and slab supports.

Fig.

16.

Sonometer system.

b.

Orientation of slab
for frequency testing.

_gL_.
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With the slab properly supported and resﬁing firmly against the
driver, the power to the driver amplifier waslraised ts about one-third
its cépécity, and the gain of the pickup amplifier was raised to about
one-half maximum. The frequency of the oscillator was then varied until
the Lissajous pattern on the oscilloscepe indicated that the driver fre-
quency was very near the fundamental frequency of the slab. Then the
fundamental frequency was mcré accurately determined by varying the
oscillator, or driver frequency until a maximum response was indicated
on the resonance indicétoro The resonance indicator is the milliammeter
attached to the Sonometer cabinet as shown in Figure 1éa.

This method of test, commonly called the éonic Method, is a widely
accepted non-destructive method for the testing of concrete guality. A

thorough discussion of the mathematical theories and concepts frem which

this method has evolved will not be presented here. However, a brief

discussion of its applicability seems pertinent.

Desirable in any concrete durability testing program is the deter-
minagtion of strength and soundness changes in each concréte specimen, Of
coﬁrse, the only true determination of concrete strength arises from
tests of the type which destroy the specimen. However, the general rela-
tionship that the modulus of elasticity of concfete increases approxi-
mately with the square root of strength (5) enables a non;Aestructive
determination of concrete quality. Thus; for any single concrete speci—
men-a variation'in the eiastic modulﬁs would give an indicatien of the
variation in the éoncrete strength.

The dynamic modulus of elasticity is related to the natural frequency
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of vibration of the specimeﬁ by the formula E = CWhZ, where E is the
dynamic modulus, W is the weight, and n is the natural frequency. € is
a factor which depends upon the shape and size of the specimen, the mode
of vibration, and Poisson's ratio. If the value for Poisson's ratio were
known exactly, then an exact wvalue fér Young's mod#lus could be deter-
mined, For cémparison studies such as @his, A.S:T.M. specifications allow
the assumption that C and W remain constant throuéhouﬁ the duration of
exposure. The relative modulus of elasticity is defined by the equation,
Pe = (n%/hg) x 100, where P, is the relative dynamic modulus, expressed
as a percentage, n, and no’are thé natural frequencies in cycles per
second after '"¢" freeze~thaw cycles and at zero freeze-thaw cyclss,
réspectively°

| Ordinérily in a studylof this type a durability factor is computed
by the formula DF = PGN/M, where P, is as defined'above, N is the number
of cycles at which P, reaches the specified minimum value for discontin-
uing the test or the number of cycles at which exposure is to be termin-
ated, whichever is smallest, and M is the predetermined nuﬁber of cycles
at which exposure is to cease. However, in this study no values for M
or a minimum b, were chosen; The comparison afforded by the relative

modulus, Py, is sufficient for'the purpose herein.

Permeability study

The very simple procedure for this study consisted of merely refil-
ling each standpipe to the two-foot elevation mark at intervals of ten

days. The amount of fluid added was measured to within 0.1 ml. with a
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pipette. Also, the bottom of each slab was carefully examined, at the
time of refilling, to determine if and when penetration through the two- -
inch depth eccurred.,
Approximately ever& 20 days the amount of moisture lost by evapora-~
tien from thevclosed-bottom standpipes was measured and recorded, These

values were used to correct the penetration measurements for evaporation

losses,




CHAPTER IV

HESULTS OF INVESTIGATION

Explanatory comments

To assist the reader in interpreting the results of this investiga-
tion, a summary of the treatments studied is preéented in the following

‘

table. Hereafter, the presentation and discussion of the effects of

TABLE VI

SUMMARY AND DESCRIPTION'OF’TREATMENTS

; Treatment Descriptions
Treatment Stress Ponded or .
Number Study (psi.) Cure |standpipe solutions

1 Durability 0 Normal Water
2 S . 0 | Normal CaCly
3 n ) Steam Water
4 n 0 Steam CaClp
9 n . 500 Normal Water -
10 " 500 | Normal . CaCl2
1l " 500 Stean Water
2 - " 500 Steam | CaCly
17 , " 1200 Normal- Water
18 " 1200 | Normsl CaClp
19 n 1200 Steam Water
20 " 1200 | Steam CaCls
5 Permability 0 Normal Water
6 " \ 0 | Normal Gatly
7 n O Steam | Water
8 " 0 Steam CaClyp
13 " 500 Normal Water
14 " 500 Normal | - CaClp
15 : " 500 Steam Water
16 . -n 500 Steam CaCly
21 ‘ n 1200 Normal Water
22 n 1200 | Normal Catl,
23 n 1208 | Steam WateT
2L n | 1200 Steam CaCl,
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these tréatments will be referenced to the treatment numbers assigned in
Table VI, Note that the treatment numbers assigned in Table VI coincide
with the numbers assigned to the corresponding slabs of eadh concrete
batch, as diagramed in Figure iO, page 57.
| The investigation was separateg into three main studies: 1.) dura-

~

bility, 2.) scaling resistance, and 3.) permeability. However, the scal-

! N

ing resistance study involved only those slabs assigned fo{treatments 2,
4, 10, 12, 18, and 20 (all stresses, both cures, ponded CaCl, solution).
Since these treatments were also investigated in the énrability study, the
separation of the durability and scaling study.will be noted only when
presenting or discussing the results of the latter. (The terms "scaling
study® and "scaling resistance study" are identical iﬁ meaning in this

thesis.,)

Durability and scaling study

Results of the tests and measurements performed on the slabs were
transferred to data processing cards. Typical data obtained from the
tests are given in Table VII, for slab 25A10*°

Note the repetition of.data collection ét 20, 50, and 80 cycles.,

As indicated by the remarks, the second set of measurements recorded at

each of these times was actually obtained seven days after the first set,

% This code number refers to slab number 10 of batch number 23. The
letter "A" is merely an identification label used during casting and
curing to assign the slab to the durability and scaling study.
Likewise, the letter "C" appears in the identificatien labels of -
those slabs assigned to the permeablllty study. The reader may ignore
these letters.
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2

during which time the slab was stored in the moist-room to allow for

curing of the new mortar dike.

Thus the slab was subjected to no addi-

tional freeze-thaw cycles during this seven-day period.‘

TABLE VII

TYPICAL DURABILITY AND SCALING STUDY DATA,
OBTAINED FROM SLAB NUMBER 23A10

. Scaling
No. of - Natural weight
F/T Length Weight | frequency loss
cycles (in.) (Ibs.) (eps.) (gms.) Remarks
0 11.697 12.64 2810 _—
5 11.697 12.80 2820 6.1
11 11.697 12.88 2850 13.4
20 11.697 12.78 2830 38.0
20 11.698 12.75 2890 -— New dike
30 11.697 12.77 2890 3.5
40 11.697 12.78 2880 6.7
50 11.698 12.78 2880 8.6
50 11,699 ' 12.80 29,0 e -New dike
60 11.700 12.77 2900 12.8 ,
70 11.702 12,77 2910 12.1
80 11.702 12.73 2890 6.7
80 11.703 12,74 2960 | m——— New dike
90 11.703 12.72 29,0 ‘3.9 -,
100 11.703 12.76 2950 3.6
110 11.703 12.69 2960 5.1
120 11.704 12.71 2950 4.8
130 11.705 12.70 2950 6.0

The unfortunate consequence of the aforementioned choice of mortar
dikes, for.retaining pon&ed solutions, was the ﬁarked cﬁahge in ‘the con~
crefe slab properties observéd after each of these seven-day curing |

. periods. Iﬁ particulér, the almost consistent increase in natural fre-
To deter-

quency of transverse flexural vibration was quite disturbing.

mine if the natural frequency increases were due to supposed added rigidity
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caused by the new mortar dikes,"héaling" of the concrete slabs caused by
the seven-day moisf-rodm storage, or a combination of these two factors,
the following study was performed.

Slabs numbered 2, 4, 10, 12, 18, and 20 from batches 23 and 24 were
removed from the freeze-thaw cycling sequence after 50 and 4O cycles,
respectively. The mortar dikes were removed from,; and replaced on, “the
slabs of batch éh; but the mortar dikes on the slébs of batchv23 remained,
und_isturbed° All slabs were subsequently placed in the moist-room for
seven days, after which they were tested. The resultant percentage

increases in natural frequency of transverse flexural vibration are pre-

sented in Table VIITI.

TABLE VIII

NATURAL FREQUENCY INCREASES DUE TO MORTAR
DIKE REPLACEMENTS AND MOIST-ROOM CURING

Slab Batch 23 . Batch 24
numbers (dikes undisturbed) (dikes replaced)
2. - 2.54 % 1.8 %

L L .52 2.94
10 2.08 2.08
12 2.81 2.8,
18 | 1.12 - 2.95
20 | 1.86 3.52

Ave, 2,49 % | 2.69 %

Although the avérage frequency increase was slightly greater for
bateh 24, it was concluded that the frequency increases due to mortar
dike replacements werenct a result of added rigidity caused by the new

dikes. Rather, it appears that the dominating cause for the increases
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was the "healing", or repairing effect of the moist-room environment
upon the.frost—damaged concrete., This effect, although intefesting,
introduced an unfortunate source of variation which had not been antici- )
pated.. In addi@ion to reducing the over-all desired rapid rate of
deterioratién, these cycling interruptions appeared to increase the
durability of the slabs, in that the rate of deterioration after each
periodic ﬁoist-room‘curing period was generally lower than just prior
to the curing period.

" The necessity for these mortar dige replacements did not occur at
the same number of cycles for each batch; however, the total nﬁmber of
Qike replacements was nearly the same for each batch. Therefore, because
all slabs with ponded CaCl, solution received néarly the same number of
new dikes, énd since no adjustment of the natﬁral frequéncies could be
justified, it was decided to ignore these abrupt frequency changes.

Comparisons of effects of any of the treatments 2, 4, 10, 12, 18, or _
20 (all ponded with CaCly solution) with any or all of the others in this .
group should remain valid even thoﬁgh these abrupt frequency changes have
been ignored. However, the vaiidity of comparisons:of the effects of any
or all of 'these treatmenfs with those of treatments 1, 3, 9, 11, 17, and
lé (all ponded with water) may be questionable, since slabs subjected to
these latter treatments required no mortar dike ?eplacements, with the
exception of the slabs-of batch 22, which had their dikes replaced at
40 cycles, . | ' ¢

At least one other investigator (30) has reported the necessity for

mortar dike repairs in this type of study, but he did not report any
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natural frequency changes due to these repairs; nor did he describe the
method of repair,

In addition to the frequency increases caused by mortar dike replace-
ments, weight and length changes of the slabs were also observed. Because
of the crude method for measuring the lepgths of the slabs, the increased
tendency of the end-bearing plates to rust in the moist;room‘environment,
and the minor iﬁportance of the slab lengths to this study; no attempt
was made to adjust the length measurements. However, the recorded weights
were adjusted under tﬁe assumption. that any weight changes observed were
due to differences between the weights of the new and old mortar dikes.
This assumption is not eﬁtirely valid, since slight weight increases due
to méisture absorption were observed; though usually‘theée increaseé were
negligible, These weight adjustments were maae only‘fof comparisons of
the effects of vérious treétments upén the weight changes of the concrete
slabs. (The actual unadjusted weights were used for relative dynamic
modulus of elasticity calculatioﬁs, as will be. discussed on page 85.)

The occurreﬁces of mortar dike replacements.are,shpwn in the graphs
of Figures 45 - 56-in Appendix E, by the abrupt discontinuities iﬁdicated
with vertical dashed lines.

It méy be recalled, from Chapter III, that A.S,T.M. specifica@ions
alléw the aésumption that C and W (weiéﬁt) remain essentially constant
throughout the duration of the frééze—thaw cyciing period, thereby per-
mitting the use of the eqﬁation, P, = (néz/hoz) x 100, for determining
the relative dynamic modulus of élasﬁicity, However, because of the

relatively large weight changes observed for individual slabs and, more
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importantly, the signifiéant differences between weight changes of slabs
of treatments 1, 3, 9, 11, 17, and 19 (water ponded) and those of slabs of
treatments 2,'4, 10, 12, 18, and 20 (pénded with CaCly solution), it was
decided'to‘palculate the relative dyﬁamic moduli of elasticity according

to the equation

chcz

ollo

where W, is the actual unadjusted weight of the slab at n, cycles.
Accordingly, a Fortran computer program was written which instructed
the computer*® to read the data, such as that in Table VII, and compute the
relative dynamic moduli, adjusted weight changes, length changes, and cumu-
lative scaling weight losses, in pounds. The scaling welght losses were
converted from gr#ms to pounds to facilitate comparisons of the total
weight changes with the surface scaling weight losses. (Such comparisons
ﬁill not be made in this report, but could be analyzed to determine the
effects of the various treatments upon the wéight changes due‘to absorp-

tion of the ponded solutions.) These results were punched on cards by the

computer, and listed for subséquent plotting. As an example, the values

computed from.-the data of Table VII, for slab 23A10, are presented in
Table IX, h
Graphs of these results for each slab assigned to the durability and

scaling study appear in Figures 45 - 86 in Appendix E. It should be noted

¥ International Business Machines, Inc., Model 1620TF computer, Montana
State College Computing Center.

¥
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that each of these figures contains the results for four replicates

assigned to a specific treatment. Thus, for example, Figure 45 shows

the relationship between relative‘dﬁnamic modulus of elasticitj and

number of freeze-thaw cycles for each of slabs 21A1, 22A1, 23A1, and

24A1. DNote also that these slabs are the replicates éssigned to treat-

ment number 1 in Table VI.

TABLE IX

COMPUTED RESULTS FéR SIAB 23A10

S Relative Adjusted Cumulative
No. of dynamic weight Length scaling
"F/T modulus change change loss
cycles (%) (Lbs.) (in.) (1bs.) Comment
0 100.00 ©.00 0.000 0.00
5 99.84 0.16 0.000 0.0L1 \
11 102.61 0.24 0.000 0,04
20 100.39 0.1k 0.000 0.12
20 104 .45 0.14 0,001 0.12 New dike
30 104.61 0.16 0.000 0.13
LO 103.97 0.17 0.000 0.14
‘50 | 103.97 0.17 0,001 0.16 :
50. | 108.52 0.17 0.002 0.16 New dike
60 | 105.34 0.14 0.003 0.19 |
70 106.07 0.14 0.005 0.22
80 104.28 0.10 0.005 0.23
80 109.48 0.10 . 0.006 0.23 New dike
90 107.84 .08 0.006. 0.24
100 108,40 0.06 0.006 0.25
110 109.65 0665 0.006 0.26
120 108.49 0.07 0.007 0.27
130 | 108.40 0.06 0.008 0.28

No distinct relationship between durability, nor scaling resistance, .
and number of freeze-thaw cycles was desired in this study. Rather, a

comparison of the effects of various treatments, after any given number of

LI S "
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freeze-thaw cycles, updn'the'characteristics of the concrete slabs was
intended. Thérefore, the‘stétistical method chosen for making these com~
parisons was Duncan's new multiple-range test (31). This fest is designedl
to test for the significance of differences between any number of mean
values, under the assumption of homogeneity of variances (i.e., equai
variances regardless of‘treatmenﬁ).

Despite the careful comtrol exercised throughout the progress of -
thié study, the inherent variability between the characteristics of répli—
cate slabs, particularly between non-stressed feplicates, was appreciable.
This is most evident in the graphs of Figures 45 - 52. Therefore, appli-
cation of the Duncan test without regard to magnitude of variances was
deemed incorrect. To test for homogeneity of variances, Bartlett's
test (31) was applied. |

It will be recalled that the primary purpose of fhis;investigation
was to determine the effect of prestress upon the durability of concrete.
In addition; comparisons of the effects of steém curing aﬁd normal curing,
and of the effects of ponded water and CaCl, solution upon durability were
desired. Also intended were comparisons of the effects of prestress and
of the types of curing upen the scaling resistance of conérete. Realizing
that the Bartlett test would probably show non-homogeniety of variances
in some of the treatment comparisons, it was decided to make nine compar-
isons of various trpabment combinations to assure the valid application
of Buncah's test. These tréaiment 6omparisons are described in Table X.
(The treatment comparison identification letters, A and C, should not be

confused with the letters "A" and "C" appearing in-the slab labels.)
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TABLE X

TREATMENT COMPARISONS CHOSEN FOR
DURABILITY AND.SCALING STUDY

‘ Comparison Treatments Comparison
identification compared description
A 1, 2, 3, 4, 9, 10, A1l treatments
11, 12, 17, 18,
19, 20
B 1,3, 9, 11, A1l stresses, both
17,-19 . cures, ponded water
C 2, b, 10, 12, A1l stresses, both cures,
18, 20 ponded CaCl, solution
D 1, 9, 17 All stresses, normal
L cure, ponded water
E 2, 10, 18 All stresses, normal cure,
ponded CaClz solutiod
F 3, 11, 19 All stresses, steam
cure, ponded water
G 4, 12, 20 A1l stresses, steam cure,
poended CaCl, solution
H 1, 2, 9, 10, A1l stresses,.nOrmal cure,
17, 18 both ponded solutioris
I 3, 4,.11, 12, A11 stresses, steam cure,
19, 20 both ponded solutiens

For Bartlett's test, the 1 per cent significance level was chosen for

declaration of homogepeity'or non—homogeneiﬁy of varianéés; while the

5 per cent level was chosen for decisions regarding the éignificance or

non-significance of differences between treatment mean values in the

DPuncan test.

Fortran computer programs were written which. instructed the computer
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to read the results for each slab, such as those listed in Table IX. The
computer stored these values and then performed the nine treatment comr'
parisons described iﬁ Table X at intervals of 10 freeze-thaw cycles for
the relative modulus values, énd at intervals of 20 cycles, beginning at
10 cycles, for the adjusted weight change, 1engtﬁ change, and cumulative
’scaling loss values,

It will be noted, from the results presented in Appendix E, that data
were net obtained at some of the freeze-thaw cycles at which these
sta;istical tests were applied. For these instances, the computer program
was designed to supply these missing values by linear interpolation
between adjacent values. This procedure, though questionable, was déemed
reasonable in light of the usually gradual changes observed in the meas-
ured slab characteristics with increasing number of.freeze-thaw‘cycles,

Also, slabs 22A4 and 24A4 became so severely'damaged after.70 freeze-
thaw cycles that their mortar dikes could not be replaced. This necessi-
tated their removal from the cycling and testing program. To include
these slabs in the statistical tests, it was decided to assign their final
values of relative dynamic moduli, adjusted weight changes,'length
changes, and cumulative scaling losses to.the remaining cycles at which
statistical tests were desired. This decision was undoubtedly the mbst
conservative possible, but no other method fo; assigning these non-exist-
ent values could bé reasonably justified. The omission of these replicates
after 70 cycles would have made the statistical tests difficult at best,

and would seriously have distorted the average effects of treatment 4.
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An example of the .output obtained from the computer for these programs
is glven in Figure 17 for treatment comparison I of the adjusted weight

change values at 70 freeze-thaw cycles.

Mean adjusted Standard

Treatment weight change Variance deviation
number (Ibs.) . (Lbs.?) (Lbs.)
3 0.260 " Q.00% 0.09
L -0.085 0.00 . 0,08
11 0.230 ©0.00 0.04
12 -0.035 0.00 0,07
19 0,222 0,00 0.05
20 ’ -0,147 - 0.00 0,08

Bartlett test for homogeneity of variance:

computed corrected tabﬁlated tabulated
2 2 XA X3
X X5 *(0.05) A(0.01)
1.78 1.58 11.1 . 15:1

Duncan multiple~range test:

P S3E(e,05) L3R (0,05)
2 2.97 0.111
3 3,12 ' 0,117
L 3.21 0,120
5 3.27 , 0,122
6 3,32 0,124

Fig. 17. Example of Bartlett and
Duncan test results.

* Since the computer was instructed to truncate these values after two
. decimal places, these values are misleading.
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In Figure 17, ><2 (chi-squared) is the test statistic used in the
Bartlett test for determining whetﬁer the variances are homogeneous or
non—homogeneouso')g2 is defined as the sum of squares of independent,
normally distributed variables with zero means‘and wiit variances. The
distribution oij? depends on the number ofiindependent deviates, that .
is, on the degrees of freedom. Thus, there is ajx? distribution for each
number of degrees of freedom, where the mmber of degrees of freedom is
one less than the number of samples., Tables of these'>fzdistributions
appear in many texts relating to statistics.: Homogeneity or nen-homo-
geneity of variance is declared on the basis of comparisons of computed
:X?values with these tabulated values, at the chosen éignificance 1evels;

For the Duncan test, P refers to the nuﬁber of ranked means across
which a comparison is being made; andl§SR is an abbreviation for
ﬁsignificant studentized range". S8R values are tabulated in many
statistics texts for various numbers of degrees oflfreedom, at both the
5 per cent and 1 per qent protection levels. Presumébly they are com~
puted for means of sample characteris??cs which are normélly distributed
with unit vérianceso The LSR (least significant range) values are obtained
by ﬁultiﬁlying the SSR values by the "poolgd” estimate of wvariance for
all treatments.

The procedures and eguations for these tests, ineluding those for
finding the “computede?", "corrected)(?", and "pooled" estimate of vari-
ance, are standard and may be found in most statistics texts; howgver,
they will not ﬁe presented in this discussion for the sake of brevity.

(See reference 31 for a complete description of these tests.)
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The interpretation of the output of Figure 17 would be as presented

in the following discussion:

Since the value of'><2 is less than the dppropriate tabulated
values of'xz_a’o both the 5 per cent and 1 per cent level's s the
hypothesis that the variances are homogeneous is accepted. If'><2
had been greater than 11.1 but less than 15.1, this hypothesis
would also have been accepted. However, had')(2 exceeded or
equalled 15.1, the value of the "corrected"'><2 would have been
similarly tested. Acceptance orVrejectidn of the hypothesis of
homégeneous variances would then have been decided'aécofding to the
tests of the "corrected"'><2 valué.

Since the variances have been declared homegeneous the Duncan

test may be applied. To facilitate the test, the mean values are

ranked.
Treatment - Mean adjusted
number weight change
20 -O . lL!«7
Ll, . N -Oo 085
12 _O 0‘03 5
19 0.222
11 . 0,230
3 © 0.260

Differences between mean values are then computed, and compared
with the appropriate LSR (least significant range) values. These com-
parisons are presented on the following pége; the treatment numbers

are underlined, and in parentheses, indicating the means being compared.
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Treatment mean difference calculations:

(3 ~20): 0.260 - (=0.147) = 0.407 > 0.124 ¢
(3 -"4): 0,260 - (-0.085) = 0.345 ;0.122 %
(3 -12): 0.260 - (-0.035) = 0.295 > 0.120 **
(3-19): 0.260 - 0.222 =0.038 {0.117 n.s.

Comparison of the mean values for treatments 3 and 11 is unnecessary,
since the mean values for treaﬁmentstB and 19 are declared insignifi-
cantly different.

Conclusions thus far would be that the average adjusted weight
increases of slabs subjected to tréeatment 3 (non-stressed, steam cured,
water ponded) are greater than those of slébs sub jected to treatments
20, 4, and 12 (all stresses, steam cured, ponded with Cacl, solutian),
but not different from those of slabs subjected to treatments 19 and
11 (1200 psi. and 500 psi., resp., steam cured, water ponded), at the
5 per cent protection level, after 70 freeze-thaw cycles. h

- To continue:

(11 - 20): 0.230 - (-0.147) = 0.377 > 0.122 %
(1L - "4): 0.230 - (-0.085) = 0,315 > 0.120 #¥
(I - 12): 0.230 - (-0.035) = 0.265 » 0,117 #%
(11 - 19): declared insignificantly different above

(19 ~ 20): 0.222 ~ (-0.147) = 0.369 > 0,120 ¥x
(19 - 4): 0.222 ~ (-0.085) = 0,307 > 0,117 ¢
(19 ~ 12): 0.222 - (~0.035) = 0.257 > 0,111 ¥
(12 - 20): ~0.0835 - (-0.147) = 0.112 < 0.117 n;s.

Similarly, the comparison of the mean values for treatments 4 and 20
is unnecessary.

The symbols used are in keeping with common statistical notatien,
in that "n.s.”, "#9", and %", designate test statistics which are non-

significant, significant aﬁvthe 1 per cent protection level, and signif-
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icant at the 5 per cent protection level, respectively.
fo summarize the results of this example, it is declared that

the éverage mean adjusted weight increases of slabs subje;ted to

treatments 3, 11, and 19 (all stresses, steam cured, water ponded)

are greater than those of slabs subjected to treatments 4; 12, and
"20 (all stresses, steam cured, ponded with CaCly solution), but not

different from each other at the 5 per ceént protection level, after

70 freeze-thaw cycles; Nor are the average mean adjusted weight

losses of slabs subjected to treatments 4, 12, and 20 different

from each other after 70 freeze-thaw cycles,

The accepted method for presenting the results .of the example above

would be as follows,

20 L 12 19 11 3

ﬁhere the treatment identification numbers are arranged from left to
right in order of ascending treatment mean values. Lines are then’drawn
beneath those treatment numbers which have mean valués that are declared
insignificantly different at the chosen protection level,

The method for presenting the statistical test results for this
study is patterned after the method given above. In this case, however,
the treatment mean values are plotted as functions‘of the number of
freezeathgw‘cycles, and lines have been drawn through those'mean values
which were declared insignificantly different at the appropriate numbers

of freeze-thaw cycles where the Bartlett and Duncan tests were performed.
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These results for the durability and scaling study are presented in
Figures 18 - 29, The method of presentation serves'arduél purpose, in
that 1.) the results of the Duncan multiple-range tests are condensed
for ready interpretation, and 2.) a qualitative interpretation of the
relative directions and magnitﬁdes of changes induced by the variéus
treatments can readily be made.

As expected, the Bartlett tests did indeed show non-homogeneity of
variances for many of the treatment mean comparisons. This would indi-
cate 1.) poor laboratory control of the mixing, casﬁing,~aﬁd curing
procedures, 2.) insufficient number of replications, 3.) non-reproducible
testing procedﬁres, or 4.) a combinatioé of these factors., Nevertheless,
the Duncan tests were performed and are reported in Figures 18 - 29 for
every treatment comparison at each preselected number of freeze-thaw
cycles. This was done to assist the reader in making qualitative inter-
pretations of the information. Those Duncan tests which would be con-
sidered valid, accofding to the Bartlett tests, may be recognized by
referring to Tables XI - XIV. In these tables, fhe symbols '"n.s." and’
nEt indicate acceptanée of'the ﬁypothesis that varignces are homogeneous.
The symbol "¥3%" means non-homogeneity of varianceé and strictly, there-
fore,'an invéiid application of Duncan's test.

In an attempt to reduce the.number of invalid applications of the
Buncaﬁ test to comparisons of the mean relative dynamic moduli, an arcsin
. transformation of their coded values was made before applying the Bartlett
and Duncan tests. The coded values were obtained by subtracting 20 pef

cent from each value, and then dividing by 100, to assure that all values

L,
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would be in the range: O to 1.0, These diminished valﬁes were further
modified by extracting their square roots. Thus, the transformation

S

used was

arcéin _EE_:LEEZ_ .
100 '
i

This trigonometric transformation is recommended (31) for percentage
values which lie witﬁin the range of values. observed iﬁ tﬁis study, in
order to stabilize the variances. Accordingly, the Bartlett test results
presented in Table XI and the Buncan test results brésented in Figures 18
through 26 were perférmed on the transformed values. However, the plotted
mean valués are in the original scale,

Because of the greater relative importance of the dynamic modulus of
elasticity as an index of detericration in any freeze-thaw durability
study, all of the treatment comparisons described in Table X for the mean
relative dynamic moduli are presented. For comparisons of meaﬁ ad justed
weight changes, the conclusions to be drawn frem treatment comparisons
B threugh I are not different from those related by comparison A. There-
fore, only Figure 27 is presented to summarize the results of the average
adjusted weight change comparisons. The same reasoning applies to compar-
isons of the mean length changes, the resuits of which appear in
Figure 23.

For the average scaliqg weight loss comparisons, only treatment
comparisons C, E, and G are apprepriate, since data for this study were

not obtained frem slabs assigned to treatments 1, 3, 9, 11, 17, and 19,
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that is, from slabs which were ponded with water. Further, the conclu-

sions to be drawn from comparisons E and G are not differemt from those

to be drawn from comparison C for the scaling resistance study; nor can

they be more clearly illustrated than in Figure 29, so enly this figure

is presented,

The reader may experience some difficulty in interpreting Figures 18

through 38. Although it is true that a graph should be entirely self-

explanatory, the method of presentation chesen for these figures prohib-

ited any further verbal elaboration in the figureé, The author wishes to

apologize to the reader for the inconvenience of having to refer to

Tables VI and X for interpreting the treatment numbers and comparisén

identifiéation letters; and he offers the following comments in the hope

that the treatment numbers will become less confusing,

1.)

2.)

3.)

Treatment numbers 1 - 8 refer to non-stressed slabs, numbers 9 - 16
refer to 500 psi. slabs, and numbers 17 - 24 denote 1200 psi. slabs.-
These three number sets are further subdivided to indicate whether
tﬁe slabs are part of the durability and scaiing study or part of
the permeability'study. Thus, numbers 1 - 4, 9 - 12, and 17 - 20
indicate slabs in the dﬁrability and scaling stﬁdy, while numbers

5 -8, 13 - 16, and 21 - 2L refer to slabé in the permeability
study. (Note that Figures 18 - 29 contain informatioF only from
the durability and scaling study, while Figures 30 - 38 contain
information only from the peﬁmeability study.)

The first two numbers of each of thesg fpuf—ﬁumber subsets refer

e

to slabs which were normally cured, Whiielthe second two numbers
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refer to steam cured slabs. For example, numbers 1 and 2, 5 and 64,
and 17 and 18 refer to normally cured slabs; and numbers 3 and &,
.7 and 8; and 19 and 20 denote steam cu?ed slabs,
L.) A1l odd numbers denote slabs which were ponded with water, or con-
téined water in their standpipes. All even-numbered slabs had

CaCl, solution ponded on their surfaces, or contained in their

standpipes.

In all of Figures 18 - 38 the treatment, for which each mean relation-
ship is ploﬁted, is identified only by its number., The treatment compar-
isons are named in the figﬁre titles. (Tables Vi and X; on pages 79 and 88,
resp., fully deseribe the treatments and treatment comparisons.)

The following 16 pages, pages 99 - 114, contain the Bartlett and
' Duncan test results for data from the durability and scaliﬁg study onLy.‘

’ Discussion of the permeability study results begins on page 115, following

which Table XV and Figures 30 - 38 are presented.
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TABLE XI

TRANSFORMED RELATIVE DYNAMIC MODULI

NI?}TOI' » ) Compariéon

cycles A B C D E F G H I
10 ¢ | n,s, " N.S, | NeS. | N.S, | N.S. | N.5, | ¥
20 ¥ ln.s, e Ne8, | NeSo | DeBo % | n.s, | ¢
30 ¥ in.s.| ** | n.s.|n.s.|n.s. * | n.s. *
40 ¥ | n.s. %‘fﬁ | N.$. | N.8, | NS, | NaSo | NeS. | ¥
50 ¥t in.s.,| ¥ | n,s.|n.s. ¥* ¥ | n.g, | ¥¥
60 i #* #* | n.s. | n.s. * | n.s. | n.s, | *%
70 iy iy 35 3¢ ﬁu‘g' n.s. 3¢ ¥* n.s. 3¢
80 *"* o """‘ n.s, n.s, | % % | n.s, | %
90 et | e ok | nes, fn.s. | ¥ 3 n.s, | ¥
100 e | o *- H.g. | n.s. | o * | nes. | ¢
110 ¢ ¥ *_ | h.8, [ Nn.8, | ¥ | N.S, | n.s, | ¢
120 -1.8\; % n,éo n.s. n.,_so ¥ | NeS. | NS, 'X-Y
130 s % | n.8. n.s. | d.s. % | n.s. | n.s. 3




Relative dynamic modulus, per cent

Fig. 18. Results of Duncan tests of mean transformed relative dynamic moduli
for treatment gomparison A. (Refer to discussion, pages 97 & 98.)
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Relative dynamic modulus, per cent

Fig. 19. Results of Duncan tests of mean transformed relative dynamic moduli

for treatment comparison B. (Refer to discussion, pages 97 & 98.)
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Relative dynamic modulus, per cent

Fig. 20.

for treatment comparison C.

Results of Duncan tests of mean transformed relative dynamic moduli
(Refer to discussion, pages 97 & 98.)
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Fig. 21. Results of Duncan tests of mean transformed relative dynamic moduli
for treatment comparison D. (Refer to discussion, pages 97 & 98.)
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Fig. 22. Results of Duncan tests of mean transformed relative dynamic moduli
for treatment comparison E. (Refer to discussion, pages 97 & 98.)
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Fig. 23. Results of Duncan tests of mean transformed relative dynamic moduli
for treatment comparison F. (Refer to discussion, pages 97 & 98.)

-G0T-

llO l | | | T
) S e, = _——119
e --—‘”—#'“-f—‘;*«l'—f e Sl g ]
g —;’Jr_ i
100=— e =
\\
\\
90 -
»
~
\\
80 by
N
\\
e
70
60
0 20 L0 60 80 100 120

Number of freeze-thaw cycles




Fig. 24. Results of Duncan tests of mean transformed relative dynamic moduli

for treatment comparison G. (Refer to discussion, pages 97 & 98.)
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Fig. 25. Results of Duncan tests of mean transformed relative dynamic moduli
for treatment comparison H. (Refer to discussion, pages 97 & 98.)
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for treatment comparison I.

Results of Duncan tests of mean transformed relative dynamic moduli

(Refer to discussion, pages 97 & 98.)
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TABLE XII

RESULTS OF BARTLETT TESTS OF
ADJUSTED WEIGHT CHANGES

No. of

F/T Comparison

cycles A B{ G D E|"F G H I
10 n.s. | n.s.| n.s. [ n;s. | n.s. | n.s. | n.s. | n,s. | n,s.
30 n.s, n;‘s.\ n,.s. n.s. noSo' n.s. nQ‘SO‘ N,S. n.s.
50 n.s. [ n.s. | n.s. [ n.s. { n.s. | n.s. | n.s. | n.s. | n.s.
70 n.s. | n.s. | n.s. |n.s. | n,s. | n;s. | n.s. | n.s. | n.s.
90 n.s. | n.s. | n.s. | n.s. | n.s, | n,s. | n.5..| n.s, | n.s.
110 n.s. |n.s., {n.s, |n.s.|n.s. |n.s. {n,s, | n.s. | n,s.
130 n.s. {n.s. {n,s, {n.,8.,{n.s. |{n.s. jn,s. | n.s, | n.s.




Fig. 27. Results of Duncan tests of mean adjusted weight changes for
treatment comparison A. (Refer to discussion, pages 97 & 98.)
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TABLE XIII

RESULTS OF BARTLETT TESTS
OF LENGTH CHANGES

No. of i .

F/T Comparison

cycles A B C - D E F| G H I
10 n.s. | n.s.. n.s. | n.s. | n.s. | n.s. | n.s. | n.s. | n.s.
30 | ®* |n,s,| ¢ |n.s,|n.s.|n.s.| ¥ |n,s. |
50 | ¢ |n.s.| ® |n.s.|n.s.|n.s.| ¥ | n.s. | e
"o | W ® | s ¥ tnes. ] % | ¢ | s | o
90 e # | ® |n.s. * |n.s. | ¢ | w¢ | o

} |

110 it e ¢ ¥* % * *3% ¢ %

130 T T R # | e * P T




Fig. 28. Results of Duncan tests of mean length changes for treatment
comparison A. (Refer to discussion, pages 97 & 98.)
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TABLE XTIV

"RESULTS OF BARTLETT TESTS OF
SCALING WEIGHT LOSSES

N;)TOf Comparison

cycles G E G
10 n.s. n.s. N.S.
30 n.s. n.s, n.é.
50 n.s. .S, n.s.
70 n.s. n.Ss, n.s,
90 n.s. n.s, n.s.
110 n.s, n.s. n.s,
130 n.s. N.8. N.S.




Scaling weight loss, pound

Fig. 29.

Results of Duncan tests of mean scaling weight losses for

treatment comparison C.

(Refer to discussion, pages 97 & 98.)
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Permeability study

It will be recalled that the data obtained in this étudy were the
perioaic water quantities, in ml., added to maintain two-foot heads of
water or CaCl, solution upon the slab surfaces. Also recorded were the
evapofatién losses, in ml,, from similar standpipes located near the-:
permeability slabs, These data were processed in a manner similar to
that for the durability and scaling study. The computer was instr?cted
to calculate the cumulative moisture addiﬁions, correct thém for'efapo—
ration losses, and punch on data cards the net cumulative absorptions.
These net absorpfibns are presented in Figures 87 - 98, in Appendix F,
for the individual slabs. | ,

The variation in total absorptions among replidéteé, as evidenéed in
the figures of Appendix F, made it apbarent thaf absorbtionvrates after
a chosen number of days would bé the most apprepriate index for comparing -
the effects of the last twelve treatments of Table VI, on page 79. How-
ever, to assure that no effects woﬁld be overlooked 5y ignoring the total
absorption values, Bartlett's and Duncan's tests were applied to the data
of Appendix F at intervals of 40 déys, (Tt will be noted that only three
replicates were studied for treatments 5, 6, 7, 14, and 22. This was due
. to the fact that the sfandpipes of slabs 23(C5 and %307 de%eloped leaks

shprtly‘after their tests were begun, while slabs 24C6, 24C1L, an& 2hﬁ22
-}were reserved for another study not reported in this thesis.)

The results of the Bartlett tests are reported iﬁ Table XV to enable

\the reader to det;rmine which of the subsequent Duncan tests are strictly

valid. In Table XV, the primed identification letters for the treatment
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comparisons cofrespond to the unprimed letters oflTable X. This should.
not confuse the reader, since the twelve treatments of this study are
identical with those of the durability and scaling study except for the -
environments to which the slabs were subjected after completion of the
28-day curing periods. By priming the comparison identification letters
and adding 4 to each of the treatment numbers of Table X, the comparisons
to be made in this study are fully described.

Pigures 30 - 38 show the results of the Duncan tests performed in
this study. .(The‘linear portions of these graphs and those of Appendix F,
aftef 40 days, are plots of the equations determined by linear regression
analyses (31) of the data obtained after hO‘dayse)

Because of the apparent linearity of ﬁhe absorption rates after
approximately 40 days, it was decided that a test for the homogeneity of
within~-treatment régression coefficients (31) would be most appropriate
for analyzing the effects of the various treatments upon the abserption
characteristics of the slabs. However, before applying such a test it
was necessary to determine if the within-replicates regression coeffi-
cients were homogeneous. Unfortunately, the replicate regression coeffi-
cients wefe declared noﬁ-hamogeneous for every treatment except treatments
13 and 15. The differences between replicaté regression coefficients for
the other ten tregtments were declared so highly significant that it was
decided to make no treatment comparisons based upon absorﬁtion‘rates.

(It was observed, however, that .the average absorption rate for slabs sub-

jected to treatment 15 was over twice that for slabs subjecied,to treatment

13, These treatments were identical except that slabs subjected to treat-




ment 15 were steam cured, whereas slabs subjected to treatment 13 were

eured in the moist-reom. This observatiozi will be discussed further in

Chapterv V.)

Because they were meaningless m this study, the regression coeffi-
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clents will not be tabulated. Their values may readily be obtained,

however, from Figures 30 - 38 and Figures 87 - 98.

TABLE XV

RESULTS -OF BARTLETT TESTS
OF NET 'ABSORPTIONS

No: of - Comparison ‘

days A'l Bl e D | B F | e | 8] T
L0 #¢ | n,s. * # |h.s.|n.s. |n.s. | * |n.s,
80 #* | n.s, * '35‘ % | n.s. ﬁ,s, | n.s,
120 # |n.8. | n.S. * ® | n,s, | n.s, | ¢ | n.s,
160 #* |n.s. | n.s. * % | n.s. |n.s. || n.s,
206 * ¥ In.s. *‘ ® n,,;, n.é. '?”k N.S,
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Fig. 30. Results of Dgncan tests of mean net absorptions for treatment
comparison A . (Refer to discussions, pages 97, 98, 115, & 116.)
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Fig. 31. Results of Duncan tests of mean net absorptions for treatment
comparison B . (Refer to discussions, pages 97, 98, 115, & 116.)
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Fig. 32,

Results of Dgncan tests of mean net absorptions for treatment
comparison C . (Refer to discussions, pages 97, 98, 115, & 116.)
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Net absorption, ml.

Fig. 33. Results of Dgncan tests of mean net absorptions for treatment
comparison D' . (Refer to discussions, pages 97, 98, 115, & 116.)
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Net absorption, ml.

Fig. 34. Results of Duncan tests of mean net absorptions for treatment
comparison E'. (Refer to discussions, pages 97, 98, 115, & 116.)
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Fig. 35.

Results of Duncan tests of mean net absorptions for treatment
comparison F . (Refer to discussions, pages 97, 98, 115, & 116.)
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Fig. 36.

Results of Duncan tests of mean net absorptions for treatment
comparison G . (Refer to discussions, pages 97, 98, 115, & 116.)

100t T
;
| |
80 | }
|
60 .
5 ' i *;l(;
; &=
{ I
|
40
st = i
/ T L e | |
20 = /#”””//”’ 1 ?
o | | |
| |
/ ' |
0 s t L
0 40 80 120 160 200 21,0 280

Number of days




Net absorption, ml.

Fig. 37. Results of Duncan tests of mean net absorptions for treatment
comparison H . (Refer to discussions, pages 97, 98, 115, & 116.)
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Fig. 38.

Results of D?ncan tests of mean net absorptions for treatment
comparison I . (Refer to discussions, pages 97, 98, 115, & 116.)
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CHAPTER V

CONCLUSIONS AND SUMMARY

Conclusions
To spare the reader excessive detail, only the most general conclu-
sions will be presented. Where particularly important points are dis-

cussed, reference to the graphs of Chapter IV will be made.

Effect of prestress upon dﬁrability

Considering the high degree of variability among replicates, no
definite conclusions regarding the effect of prestress upon durability
can be made base&'upcn_the statistical tests performed. A consideration
of the regions of Figures 20 and 25_whefe the Duncan tests are valid em-
phasizes this point.

The best treatment comparisons on which to base a conclusion regard-
ing the effect of prestress, and level of prestress, upon durabiiity would\
be D, E, F, and G (of the mean relativé dynamic/mgduli), Figures 21 - éh
show that durability is somewhat stress-dependent, though only from
Figure 21 éan such an inference validly be made from the statistical tests.

if mean adjusted weight‘chénges are used as a basis, as in.Figure 27,
the stress dependehcy of dufability is even ﬁore obscure. Nor can a valid
sfatistically supported conclusion be drawn from Figure 28,-where-length
changes are considered.

A qualitative interpretation of the results presented in Figures 18
through 26 leads to the conclusion that prestressed slabs are more durable

than non-stressed slabs. The effect of level of prestress, however, does
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not appear to be so clearly defined;'although in Figures 21 - 24, where
curing and selution effects are isolated, it appears that 1200 psi. slabs
may be slightly more durable than 500 psi. slabs. This is contradicted
in Figure 22, however. | .
The author feels that a continuation of these tests will tend to show
a dependency of durability upon level of prestress. It is doubtful, how-

ever, that this effect will be proven of practical siénificance.

Effects of steam and normal curing upon durability

It is unfertunate that treatment comparisons, with stress effects
isolated, were not made, as no valia.statistical inferences can be drawn
regarding the effects of steam curing compared with normal curing upon
the durability of concrete, However, after 100 freeze-thaw cycles,
Figure 18 shows that ﬁormally.cured slabs tend to be more durable than
steam cured slabs, This conélusion is based upon a comparison of the
mean relative dynamié moduli for slabs whose treatment$ were otherwise
identical-—for example, treatments 1 and 3, 2 and 4, etc. Only for the

comparison of treatments 9 and 1l is this conclusion contradicted.

It 1s also interesting to note the stress dependenqy of the differ-
ences between the mean relative dynamic moduli of steam cured and normally
cured slabs. Had less conservative data values been assigned for slabs
22A) and 24Al after 70 cycles, or had it not been necessary te discontinue
these slabs from the testing progfmm, this stress-dependency would
undoubtedly have been eveﬁ more apparent in the case of treatments 2, 4,

10, 12, 18, and 20 (all pended with CaCly solution).
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Length and adjusted weight change considerations are inconclusive

regarding the effect of typg of cure upoen concrete durability.

Effects of wa$ef and salt solution upon durability

Perhaps the most striking contrast noted throughout this study was
the difference between observable surface damage of slabs ponded with
CaCl, solution and that of slabs ponded with watér. So great was the
damage to slabs of treatments 2, 4, 10, 12, 18, and 20 (all po;aed with
CaCIz solution) that the mortar dikes had te be replaced periedically,
as will be recalled from Chapter IV; and in the case of slabs 22A4 and
24AL the damage was irréparable after 70 freeze-thaw cycles. Neverthe-
less, a comsideration of the mgan'relative‘dynamic moduli reveals &
relatively moderate.difference between the durability losses of slabs
ponded with salt solution and those of slabs ponded with water.

From the statistical tests reported in Figures 18, 25, and 26, none
of the differences between the mean relative dynaﬁic'meduli of slabs sub-
jected to otherwise similar treatments can be declared significant. How-
ever, except for a comparison of treatments 9 and 10, it can be seen in
Figure 18 that Ca012 solution is slightly more detrimental to concrete
durability, in a freege-thaw environment, than is water,

Figure 27 emphasizes the difference in seVefity between ponded water
and ponded CaCl, solution. These large differences in weight changes were
the primary reason for“using‘Equation (1), page 85, for determining the
relative dynamie moduli, If fhe assumbtion that weights remained constant

had been used, as permitted by A.S5.T.M., the differences noted in
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Figures 18, 25, and 26 would have been even less pronounced. This is ap~
parent since the increasing weigh%s (Wé) of slabs subjected tb treatments
1, 3, 9, 1i, 17, and 19 (all ponded with water) tend to increase their
relative dynamic moduli. The decreasing weights (W,) of slabs subjected
to treatments 2, 4, 10, 12, 18, and 20, after 10 freéze-thaw cycles éﬁd
particularly after approximately 70 cycles, tend to decrease théir rela~
tive dynamic moduli.

Therefore it is concluded that slabs ponded with water may be

" slightly more durable than slabs ponded with CaCl, solution (with chloride

ion concentration of approximately 20,000 ppm.), in a freeze-thaw environ-
ment. Further, it is concluded that the assumétion of constant weight
for calculating the relative dynamic moduli, in a comparative study such

as this, is highly questionable and probably incorrect.,

Effect of prestress upon scaling resistance

This effect, if existent, was not detected in this study.

Effects of steam and normal curing upon scaling resistance

A definite ﬁrend, though not statistically dgtectable, is noted in
Figure 29, Steam curing appeared to iﬁprove the initial scaling resist-
ance of the concéete slabé° However, this improvement was effective only
during the first 10 - 20 cycles, after which the scaling resistance of

steam cured concrete appeared to be lower than that of normally cured

concrete.
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Effects of water and salt solution‘upon scaling resistance

The scaling weight losses of slabs poﬁded with water were immeasur-
~ably small. After 130 freeze-thaw cycles the most severé surface scaling'
observed on any of these slabs was equivalent to that observed on the
slabs of treatments 2, 4, 10, 12, 18, and 20 at approximately 5 freeze-
thaw cycles. Indeed, some’of the slabs ponded with water have suffered
no sﬁrface damage.

Of course, it is concluded that the resistance of concrete to scaling
is vastly reduced when in contact with CaCl; solution, while its resis-

tancé remains relatively high when ponded with water.

Effect of prestress upon permeability

Consideration of the Duncan test results presented in Figures 30 -~
38, and particularly those of Figures 32 - 35, leads to the conclusion
that prestressing has no effect on the permeability of coﬁcrete, as
defined in this study, which can be detected by the method of investiga-
tion usedf And, aé will be recalled from Chapter IV, the tests for homo-=

geneity of regressien coefficients were inconclusive.

Effects of steam and normal curing upon permeability

Except for the comparisbn of treatments 14 and 16, Figures 31 and
32 show a tendency for steam cured slabs to be more permeable than nor-
mally cured slabs, although the differenqes are statistically significant
only for comparisons of treatments 13 and 15, and 21 and 23,

It will be recalled, from the discussion in Chapter IV, that the

replicate regression coefficients were found to be homogeneous for treat-
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ments 13 and 15 only. Also, the mean regression coefficient for)treatment
15 was nearly twice that for treatment 13. Therefore, despite the crude-
ness of this testing methed, it can be reasonably concluded that steam

cured slabs are moré permeable than normally cured slabs.

‘Effects of water and salt selutions upon permeability

A study of Figures 37 and 38 show only one treatment comparison upon
which a valid statistical inference can be made, that being the comparisonl
of treatments 15 and 16. Here the conclusion is that steam cured concrete
absorbs water more rapidly than it absorbs CaClp solution. However, this
cannot, be accepted as a general conclusion since in only one of the remain-
ing five possible treatment compariéons, 23 with 24, is this tendency
apparent. |

The meaﬁ net absdrptions of slabs subjected to treatments 5, 7, 13,
and 21 were less than those of slabs subjected to treatments 6, 8, 14, and
22, respectively. Although these differences were not statistiecally sig-
nificant, it must be concluded that concrete absorbs water at a no greater
rate than it absorbs CaClp solufion, at least not at a rate difference
which can be detected by this testing method.

Of course, no conclusion can be dréwn from the results of the tests

for homogeneity of regression coefficients.

Effect of permeability upon durability

Although the conclusion that steam cured slabs are more permeable
(i.e., absorb water and CaCl, solution at a greater rate) than normally
2

cured slabs, is rather weakly based, it would appear thaf permeability
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does affect durability. Since it was concluded that steam cured slabs
are slightly less durable than normally cured slabs, this is a confirma-
tion of the accepted fact that high bermeability adversely affécts the

durability of cencrete,

Durability versus scaling resistance

The conclusions that steam cured slabs are both less durable and less
resistant to scaling than normally cured slabs lead to an inference that
observable exterior deterioration is a fair index of the soundness of the
entire concrete mass, However, this cenjecture has no practical signifi-
~cance, since the visible surface damége after 130 freeze~thaw cycles

appeared no worse than at 50 cycles,

Summary

This investigation was a study of the effects of prestress, steém
curing and salt solution upen the durability and scaling resistance of
céncrete in a freege-thaw enviromment, and upon the permeability, or
absorptive capacity, of concrete under é constant static ‘head in an
ordinary laboratory environment. Smail pretensioned slabs were fabri- '
cated, with stresses of zeré, 500, and 1200 p.s.i. Equal numbers of
these slabs were steam cured and moist-room cured. In turq, half of
the slabs subjécted to each curing environment were placed in a freeze-
thaw environment, %ith mortar dikes attached to their screeded surfaces
for retaiﬁing continuously ponded solutions. Half of these solutions

were of CaCl, and water, with a chloride ion concentration of approxi-

mately 20,000 ppm., while the remaining slabs were ponded with tap water.
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The remaining slabs subjected to each éuring environment were placed
on racks in the laboratory, with tall glass sﬁandpipes sealed to their
surfaces., Half of thesé standpipes were filled'to, and maintained at, a
level of two feet above thg slab surfaces with the same CaCly; solution
as described above. The remaining standpipes were filled with tap water.

Tests were performed periodically on the freeze-thaw slabs to deter-
mine their natural transverse frequencies of vibration in flexure, weight
and length changes, and scaling weight 1osses{ The standpipes on the
permeability slabs were refilled periodically to the two-footllevel, and
the incremental fluid quantities added ﬁere recorded. These fluid addi-

tions were corrected for evaporation lesses.

BEquipment and procedures

Mest of the equipmént and prpcédures used for fabrication and testing
of the slabs were standard, and will not be déscribed further. Others
were somewhat unique and deserving of review.

The vibration table was manufactured by undergraduate students of
Mechanical Engineering, in the Mechanical Engineering Department machine

shoep at Montana State College. The vibrating table was mounted on several

very stiff springs attached arouhd its perimeter and to a steel frame.- An
eccentrically weighted wheel was mounted in bearings attached to the under- -
side of the table, and was belt-driven by a motor resting on the frame,

The compaction obtained was quite good in’any small'region of the table
surface, but did not appear to be uniform over the éntire surface. The

casting beds extended over the entire length of the table, as can be seen
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in Figure 9, and it appeared that those portions of the slabs near the
center received a somewhat better compactive effort than did the regions
near the ends-of the table. Therefore, precautions were taken to assure
that slabs assigned to replicate treatments were vibrated at alternate
ends of the table in an attempt.to randomize this possible source of
variation.

This non-unifermity may have been due to variations among the stiff-
nesses of the springs around the table perimeter and/br.insufficient |
flexural rigidity of the table. The table was a 7/16%<thick steel élate
sbiffened 1ongitpdina11y.by two 2%” x 13" x 1" steel angles welded to
its underside; and the "forcing" %ﬁeel was méunted directly in its center.
I£ is also possible that the caéting beds were not sufficiently rigid, so
that clémping them to the table only at their centers was i;.qadequateo

Tt would be advisable for individuals wishing to use this type of
system to pay particular attention to this nen-uniformity. Perhaps
the most impértant factor is to assure sufficient flexural stiffness-of
the table. Also, the use of two or more eccentrically weighted forcing
wheels, evenly distributed along the length of the table and driven by
a comﬁon shaft, might result in a significant improvement.

The steam chambers were very simply constructed and operated. Un-
doubtedly a single chamber would'have been more desirable, but the con-
venience, low cost, and availability of the 55-gallon, open-end drums
outweighed. this consideration. Also, the relativeiy rapid rate of heat
loss through the thin metal drum walls waé desirable in that the resulting‘

frequent heat demand provided fer the maintenance of a constant, high
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humidity. Of course, individual controls for each chamber ﬁeuld have been

more reliable, but again cost and availability were prohibitive.

The procedure used for freezing and thawing the slabs was effective,
but quite slow. The necessity for removing tgg glabs/from the freezer
for thawing, and then replacing them for freezing was very inconvenient,
primarily because the thawed slabs had fo be handled carefully to pfeveﬁt
spillage of the ponded solutions. Also, the constant handling, presented
the hazard of damage to the slabs and, more importantly, to the mortar
dikes.,

Mere opening of the freezer door and unplugging the freezer moter
for thawing would have been a considerable improvement in this procedure.
However, this was disallowed because of probable water damage to the
wooden freezer walls, Of course, the major disad&antage of this proce-
dure was the time required £o achieve each.cyc.le° Certainly, for amy
durability studies of long duration, an investment in a mpre rapid
freeze-thaw cycling ﬁnit is advisable.

The permeabiliﬂy study~might.have been more conclusive had a con-
trolled enﬁironment been available. The large temperature fluctﬁations
encountered in the laboratory, b&th déily_and seasonal, caused guite
large fluid level fluctuations. In an attempt to counteract these fluc-
tuations, liquid was added only at lo-day intervals and at approximately
the same time of day. Of course, this time of day was changed with the .
seasonal changes in order to,aséure that the fluid temperatures were |
appréximately the same at the time of every fluid addition. The "goodness

of fit" of the regression lines, with the plotted data of Figures 87 - 98,
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indicates failr control of this problem.

In the absence of these diffﬁculties, however,'it is doubtful that
this method would have been very definitive. The£efore, it is not recom-
mended to any researchers who might be interested in studying the perme-
ability or absorption characteristics of concrete., The use of a silicone
building sealant for obtaining a strong, water-tightlbond between the
glass standpipes and concrete surfaces may be of interest to researchefs
who wish to bond these or other seemingly incompatible materials. Also,
the use of readily available household.varnish was an effective method for
sealing the other surfaces of these slabs. _

Perhaps the most important devélopment in this investigation was the
method used for pretensioning the,small 8labs. There are many researchers
who have reported successful methods. for post-tehsionihg of small concrete
speciméns (22, 26, 33, 34). However, the problem of pretensioning short
slabs, such that the interaction between ihe strand and concrete is simi-
lar to that in a pretensioned structure, is apparently unique. The reli-
ability of the method described herein was reasonably established for this
study, but further sfudy of the state of stress in these slabs, particu-
larly over long time durations after the strands are released from the
casting beds, would be interesting and valuable.

No further discussion of the method will be presented here. Rather,
the reader is referred to Chapter IIT for a complete description of the
method, its advantages and disadvahfééeso |

The author feels that the method chosen for evaluating the degree of

scaling merits some discussion. Ordinarily in studies such as this, the
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degree of scaling is described by a number arbitrarily assigned on the
basis of the investigator's visual interpretation. Of course, the compari-
son of results from separate investigations is difficult gince no two
researchers can make identical qualitative interpretations, and usually
the numerical scales of interpretations are quite variable from report
to report. For example, Hussell's (30) scale rating of 5 would probably
correspond to the scale rating of 16 aésigned by.Grieb, Werner, and
Woolf (35). Likewise, the fresentatioﬁ.of a photographic¢ scaling des-
cription is usually unsatisfactofy after the'concretg surface has exposed
aggregate over its entire surface; since the two-dimensional view affords
1little interpretation of scaling depth. Photographs are valuakle, how-
ever, for describing the intial phases of surface deterioration.

Photographs were taken periodically in this study, but were not
presentéd in this report because of the reasons given above.

. Perhaps the most satisfactory method for describihg-sealing.damage
would be a measure of scaling de_ptha However, .only the average of many
depth measurements would be meaningful; since scaling depth is\éuite
variable shortly after scaling is initiated.

The method chosen for this study was a careful collection of the
loosened concrete surface material, followed by weighing of this material
after it had been oven-dried to a cohstant weight., Since the mortar
dikes were so highly air-entrained, they contributed nothing to the
weight.of material removed from'the top surfaces. The Bartlett ﬁests
for homogeneity of variance performed on these data; results of which

are given in Table XIV, are fair evidence.of the reproducibility of this
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procedure.

These scaling weight losses could be converted into an equivalent
deﬁth of scaling, but an accurate conversion might be-difficult since the
density of the surface laitance is undoubtedly different from that of the
concrete at greater depths. Therefore, the author feels that the méasure-
ment of scaling weight losses is preferable to other methods used for
making studies of this type.

Finglly, the.difficulties encountered as a result of choosing mortar
dikes for retaining the ponded solutions on the freeze-thaw slabs are foo
numerous for much further detailed discussion., Other materials and methods
were considered, such as epoxy resins, metal or wooden walls either bonded
or embedded, and depression of the slab sﬁrface after screeding. All were
rejected, perhaps too hastily, on the basis of cost, feasibility, or
other imagined-difficulties.

The leakages which developed occurred as a result of erosion of the
slab surface mortar from beneath the mortar dikes,'ahd not as a result of
any deterioration or cracking of the aikes per se, Therefore, it.seemed
probable fhat any type of dike, regardless of bonding material used,
would require replacement. However, in a recently reported study (36),
aluminum weirs fastened arouhd the perimeters of small concrete speciméns
with rooﬁrtemperature vulcanizing silicone rﬁbber were apparently satis-
factory for retaining 2 per cent NaCl solution in a freeze-thaw environ-
menf.

Therefore, methoeds other than the application of mortar dikes should

certainly be investigated before attempting this type of study.
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Conclusions

The results of this investigation are reasonably well summarized in

the graphs of Figures 18 -~ 38, and will not be discussed further. The

conclusions reached from both statistical and qualitative interpretations

of these reéults may be summariged as follows:

Factors éffecting durability.and scaling resistance "

These conclusions are based upon results obtained during 130 freeze-

thaw cycles of the small concrete slabs.

lﬂ

39

Prestressed concrete is more durable than non-stressed concrete,
in a freeze-thaw énvironment, although the durability improve-
ment is statistieallf significant only for concrete which is
normallyhcured and pomded with tap water.

Concretes prestressed to a level of 1200 péi, tend to be slightly
more durable than concretes prestressed to 500 psi. waever, the
stress-dependency of durability is nearly negligible,‘and ceftain—
ly statistically insignificant.

Steam cured concrete is 1éss durable than moist-reom cured con-
crete.

Concretes ponded with CaCly solution, with a chloride ion concen-
tration of 20,000 ppm,, are slightly less durable than concretes
ponded with tap water.

Scaling resistance of concrete is not stress-dependent.

Steam cured éoncrete seems to be initially more resistant to

scaling than does moist-room cured concrete. However, after
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10 to 20 freeze-thaw cycles, steam cﬁred concrete tends to be
less resistant to scaling than does moist-room cured concrete.
CaCly solution, in the concentration used in this study, is
extremely deleterious to.exposed concrete.in a freeze-thaw

environment, while tap water causes almost negligible scaling.

Factors affecting permeability

These conclusions are based upon results obtained during a 200-day

period.

However, because of the unsatisfactory nature of the testing

method used, these statements are made with reservations.

1.

Permeability is not influenced by prestressing -- at least

below the level of 1200 psi.

Steam cured concretes appear to be more permeable than meoist-

room cured concretes,

There is no tendency for concrete to absorb CaClz solution at

a rate different from that at which it absorbs water,

Additional conclusions

1.

Highly permeable concretes tend to be less durable than other-
wise similar, but less.permeable, concretes,

Concretes which exhibit extreme surface damage may be less
durable than otherwise similar concretes which appsar less

severely attacked.

Other observations and suggestions for future research

Many suggestions for improvements have already been made in the
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section "Equipment and procedures." However, it is doubtful that repeti-
tion of most of the work in this investigation can be justified.

The poorly controlled permeability study was pfactically inconclu-
sive, and a more‘sophisticated approach to this problem might be warran-
tea, For this type of study, a "true" permeability test should probablj
be applied, in which a measurable flow pattern would be estaﬁlished
through the specimeﬁ, and not merely,info it.‘ Such a specimen would
ideall& be circular iﬁ cross-section. The method for prestressing such
a specimen might be difficult, although‘a peripheral stress applied with
a circular ring might be p?acticable, ' \

Even though the permeability study was consiaered crude, the author
doubts that any‘improvement of concrete durability, resulting from pre-
stress, can be attributed to a permeability redﬁction, ‘It ﬁas observed
that surface cracking patterns were quite ;andom on non-%tressed slabs,
while these cracks were oriented in a direction decidedly parallel to
the strand on prespressed slabs. Additionally, length measurements,
though considered only slightly'reliable, indicated a general tendency
for slabs of lesser durability to exhibit greater length increases. For
these reasons, the author is reasonably sure that the durability improve-
ment realized from prestressing is primarily due to restraint against
destructive expans;ion° Further, the author doubts that the durability
benefits realized from higher levels of prestress would be significantly
greater than those realized from prestress levels commonly used in present-
day higﬁway construction, This opinien is based upon the results of this

and other investigations (gg; 26, 34), and upon visual examination of ‘the
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500 and 1200 psi. slabs in this study. H0wever; this opinion is given with
reservation; and may be altered upon coméletion of this investigation.

An incidental stﬁdy, not directly related to the problem of durabil-~
ity, might be made to investigate the time-dependent behavior of both
the concrete and strand in pretensioned concrete. The benefits of such
a definitive study to designers of pretensioned structures would cer-
tainly be significanto However, it would be advisable for researchers
wi%hing to use the pretensioning method described in this study te perfomm
additionél tests for determining the accuracy and reproducibility'of the
method.

Finally, the harshness of surface attack §bser§ed on slabs ponded
with CaCl, solutien, in é freeze-~thaw environment, raised doubts in the
auéhor's mind concerning the validity of the importance attached to the
"physical destruction mechanism" concept of saline destruction of concrete.,
Accordingly, samples of some ponded salt solutions were subjected to a
qualitative pH test¥ at frequent intervals, from zero to 10 days after
fresh ponding, The-pH values of the freshly ponded CaCl, solutions were
7, indicating neutrality. After 10 days? however, the pH value of these
solutions was nearly 10, the maximum_ranée of the indicator,‘denoting very
high basicity. Therefore, the importance of chemical attack of salt solu~
tions upon concrete, in a freeze-thaw environment, should not be disre-

garded, and is probably deserving of intensive study.

* Alkacid tester, range: pH 2 - 10, Fisher Scientific Corp.
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DESCRIPTION OF LOAD CELLS
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i

Load cells with and without protective shields,

a.
showing orientation of strain gages.
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MAT'L.: 1020 C.R. STEEL

b. Ioad cell dimensions.

Fig. 39. Load cell description.
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RES.: 119.2%.2 OHMS
GAGE FACTOR: 2.01t1 %

Fig. 40. Bridge arrangement for load cells (32).
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TABLE XVI

CEMENT CHEMICAL ANALYSIS

Per cent , Per cent

Oxide of total . Phase of total
510, 23.26 | C4S 46.3
A1203 3.97 C,S 31.0
Ca0 64,10 ChAF 13.1
803 1.75 .

ignition loss 1.09

Type of cement: Type II

Supplier: Ideal Cement Company
Trident, Montana

&
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Fig. 42. Coarse aggregate gradation.

Coarse Aggregate Properties

Unit weight = 105.3 p.c.f.

Bulk specific gravity (A.S.T.M. Des. El2) = 2,60

Bulk specific gravity (saturated surface-dry) = 2.635
Apparent specific gravity (A.S.T.M. Des. El2) = 2.695
Moisture content (saturated surface-dry), by weight = 1.354%

Supplier: Pioneer Ready Mix Co.
Bozeman, Montana

Cumulative per cent weight retained
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Fig. 43. Fine aggregate gradation.
Fine Aggregate Properties

Unit weight = 101.7 p.c.f.

Bulk specific gravity (A.S.T.M. Des. El2) = 2.572
Bulk specific gravity (saturated surface-dry) = 2
Apparent specific gravity (A.S.T.M. Des. El2) =2
Moisture content (saturated surface-dry), by weight
Organic impurities: negligible

Fineness modulus = 2.53

612
.682
= 1.585%

Supplier: Pioneer Ready Mix Co.
Bozeman, Montana
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CONCRETE BATCH INFORMATION
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for each concrete batch,

Cumulative per cent weight retained
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TABLE XVIT

MATERIAL QUANTITIES FOR EACH 2 CU. FT. BATCH

, Weight
Material Description (Lbs.)
Aggregate paséing 1" sieve, but retained on 3/4" sieve L.5
, " 3/}4_ 1 n 1 n n 3/8" 1 86.0
n 3 /811 n n .n n #h 1 35,1
1L #}4_ n 1 " n #lO n 23.0
n #lO ". o i " #-’4.0 n L'_é .1
1 #ho n n 1 .on #100 ] 23 .8
' passing #100 sieve 6.5
Cement | Type II 46,8
Water tap water @ approx. 68°F 23.32
TABLE XVIII -
INDIVIDUAL CONCRETE BATCH PROPERTIES
, | Air content (%)
Slump Unit weight Pressure AE-55 Air
Batch (in.) (pocof.) method Indicator
21 1-1/2 | . 147.9 2,0 3
22 13/h | 148.0 - 3
23 1-3/6 | w83 1.9 3
21{. 2 | K lll"? ° 7 3

Additional data common to each batch

Cement Factor = 6.73
Water/Cement (W/C) Ratio = 0.499 = 5.64 gal./sk.
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TABLE XIX
CONCRETE CYLINDER COMPRESSIVE TEST RESULTS
Age at Strength

Batch |Cylinder | Curing procedure test (days) (psi.)
22 T continuous moist—room 7 3760
2 18 hours steam cure, _
' -remainder in meist-room 7 4970
3 continuous moist-room 28 L9000

L 18 hours steam cure,
remainder in moist-room 28 6240
24 1 continuous moist-room 7 3385

2 18 hours steam cure, ;

' remainder in moist-room 7 4430
3 . continuous ﬁbistfroom T 28 LT4O

L 18 hours steam cur?,
remainder in moist~-room 28 6045

Additional compression test information

Nominal cylinder dimensions: Batch 22, 3—1/3" b d 6—2/3"

Casting procedure:

Capping procedure:

Testing procedure:

Batoh 2L, 3-3/k x 7-1/2"

A1l cylinder molds affixed to vibrating table,
overfilled in a single 1lift, and vibrated for
six seconds at approximately 4200 cpm.

All cylinders capped with sulfur capping com-—
pound one day before testing.

A1l cylinders loaded at 20,000 1lbs./min.
(approximately 35 psi./sec.) with a
Model MCA-300 Riehle Testing Machine,
American Machine and Metals, Inc.,
Riehle Testing Machines Division,

East Moline, Illinois.
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Fig. 45.

Relative dynamic moduli of elasticity versus number of freeze-thaw cycles
for non-stressed, normally cured, water ponded slabs.
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Fig. 46.

Relative dynamic moduli of elasticity versus number of freeze-thaw cycles
for non-stressed, normally cured, CaCl, solution ponded slabs.
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Fig. 47.

Relative dynamic moduli of elasticity versus number of freeze-thaw cycles
for non-stressed, steam cured, water ponded slabs.
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Fig. 48.

Relative dynamic moduli of elasticity versus number of freeze-thaw cycles

for non-stressed, steam cured, CaCl, solution ponded slabs.
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Fig. 49. Relative dynamic moduli of elasticity versus number of freeze-thaw cycles
for 500 psi., normally cured, water ponded slabs.
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Fig. 50. Relative dynamic moduli of elasticity versus number of freeze-thaw cycles
for 500 psi., normally cured, CaCl2 solution ponded slabs.
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Fig. 51. Relative dynamic moduli of elasticity versus number of freeze-thaw cycles

for 500 psi., steam cured, water ponded slabs.
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Fig. 52. Relative dynamic moduli of elasticity versus number of freeze-thaw cycles
for 500 psi., steam cured, CaCl2 solution ponded slabs.
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Fig. 53. Relative dynamic moduli of elasticity versus number of freeze-thaw cycles
for 1200 psi., normally cured, water ponded slabs.

=991~

CO—0O-23"A 17
(-] 422K 17

Nn—AN 23 A 17
o—eo 24 A 17

40 80

120 160

Number of freeze-thaw cycles

200 240 280




Relative dynamic modulus, per cent

120

80

60

40

20

Fig. 54. Relative dynamic moduli of elasticity versus number of freeze-thaw cycles
for 1200 psi., normally cured, CaCl2 solution ponded slabs.
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Relative dynamic moduli of elasticity versus number of freeze-thaw cycles

for 1200 psi., steam cured, water ponded slabs.
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Fig. 56.

Relative dynamic moduli of elasticity versus number of freeze-thaw cycles
for 1200 psi., steam cured, CaCl, solution ponded slabs.
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Fig. 57.

Ad justed weight changes versus number of freeze-thaw cycles

for non-stressed, normally cured, water ponded slabs.
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Fig. 58.

Ad justed weight changes versus number of freeze-thaw cycles

for non-stressed, normally cured, CaCl, solution ponded slabs.
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Fig. 59.

Ad justed weight changes versus number of freeze-thaw cycles
for non-stressed, steam cured, water ponded slabs.
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Fig.

60. Adjusted weight changes versus number of freeze-thaw cycles
for non-stressed, steam cured, 03012 solution ponded slabs.
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Fig. 61. Adjusted weight changes versus number of freeze-thaw cycles
for 500 psi., normally cured, water ponded slabs.
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Fig. 62.

Ad justed weight changes versus number of freeze-thaw cycles
for 500 psi., normally cured, CaCl2 solution ponded slabs,
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Fig. 63. Adjusted weight changes versus number of freeze-thaw cycles
for 500 psi., steam cured, water ponded slabs.

-9LT-

GO ZF- 11
EE=EE D20 A sl
N—A 23 A1l
*>—o 24 A 11

80

120 160 200 2L0 280

Number of freeze-thaw cycles




Ad justed weight change, pound

Fig. 64. Adjusted weight changes versus number of freeze-thaw cycles
for 500 psi., steam cured, CaCl, solution ponded slabs.
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Fig. 65. Adjusted weight changes versus number of freeze-thaw cycles
for 1200 psi., normally cured, water ponded slabs.
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Fig. 66. Adjusted weight changes versus number of freeze-thaw cycles
for 1200 psi., normally cured, CaCl2 solution ponded slabs.
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Adjusted weight changes versus number of freeze-thaw cycles
for 1200 psi., steam cured, water ponded slabs
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Fig. 68. Adjusted weight changes versus number of freeze-thaw cycles
for 1200 psi., steam cured, CaCl, solution ponded slabs.
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Fig. 69.

Length changes versus number of freeze-thaw cycles for
non-stressed, normally cured, water ponded slabs.
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Fig. 70.

Length changes versus number of freeze-thaw cycles for
non-stressed, normally cured, 03012 solution ponded slabs.
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Length changes versus number of freeze-thaw cycles for
non-stressed, steam cured, water ponded slabs.
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Fig. 72. Length changes versus number of freeze-thaw cycles for
non-stressed, steam cured, CaCl2 solution ponded slabs.
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Fig. 73. Length changes versus number of freeze-thaw cycles for
500 psi., normally cured, water ponded slabs.

Caib
L
<
(4]
5§ 2
- A
o o
s T
=)
(4}
=
E@ 0
9 |
=
QDI AND
gy | B0 22°49
LH—/AS23°A 9
e—e 24, A9
+ 0 L0 80 120 160 200 24,0 280
Number of freeze-thaw cycles




Fig. 74. Length changes versus number of freeze-thaw cycles for
500 psi., normally cured, CaCl2 solution ponded slabs.

OO0 =23'& 10
O0—0 @2 410
H—A 23 A 10
o—o0 24K 106

-L8T-

6 x 1072

L
<
Q

H 2
o
oT1]
8
o
(]
o

?? 0
3

-2

-l

80

120 160
Number of freeze-thaw cycles

200 2L0 280




Fig. 75. Length changes versus number of freeze-thaw cycles for
500 psi., steam cured, water ponded slabs.
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Fig. 76.

Length changes versus number of freeze-thaw cycles for
500 psi., steam cured, CaCl2 solution ponded slabs.
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Fig. 77. Length changes versus number of freeze-thaw cycles for
1200 psi., normally cured, water ponded slabs.
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Fig. 78. Length changes versus number of freeze-thaw cycles for
1200 psi., normally cured, CaCl, solution ponded slabs.
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Fig. 79.

Length changes versus number of freeze-thaw cycles for
1200 psi., steam cured, water ponded slabs.
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Fig. 80.

Length changes versus number of freeze-thaw cycles for
1200 psi., steam cured, CaCl2 solution ponded slabs,
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Scaling weight loss, pound

Fig. 8l. Scaling weight losses versus number of freeze-thaw cycles

for non-stressed, normally cured, Ca.Cl2 solution ponded slabs.

l.O

0.8

=10 <l k2
O-—{] 22 A 2
A Y 23 A2
& —e 24 A 2
0 40 80 120 160 200 240 280

Number of freeze-thaw cycles

W61~




Scaling weight loss, pound
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Fig. 82.

Scaling weight losses versus number of freeze-thaw cycles
for non-stressed, steam cured, CaCl2 solution ponded slabs.
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Scaling weight loss, pound

Fig. 83. Scaling weight losses versus number of freeze-thaw cycles
for 500 psi., normally cured, CaCl2 solution ponded slabs.
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Scaling weight losses versus number of freeze-thaw cycles
for 500 psi., steam cured, CaCl, solution ponded slabs.

Fig. 84.
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Scaling weight loss, pound
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Fig. 85.

Scaling weight losses versus number of freeze-thaw cycles

for 1200 psi., normally cured, CaCl2 solution ponded slabs.
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Scaling weight loss, pound

Fig. 86. Scaling weight losses versus number of freeze-thaw cycles

for 1200 psi., steam cured, CaCl, solution ponded slabs.
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APPENDIX F

PERMEABILITY STUDY DATA




Net absorption, ml.

Fig. 87. Net absorptions versus number of days for non-stressed,
normally cured slabs under two-foot head of water.
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Net absorption, ml.

Fig. 88. Net absorptions versus number of days for non-stressed,
normally cured slabs under two-foot head of CaLCl‘,2 solution.
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Net absorption, ml.
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Fig. 89. Net absorptions versus number of days for non-stressed,
steam cured slabs under two-foot head of water.
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Net absorption, ml.

Fig. 90. Net absorptions versus number of days for non-stressed,
steam cured slabs under two-foot head of CaCl2 solution.
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Net absorption, ml.

Fig. 91. Net absorptions versus number of days for 500 psi.,

normally cured slabs under two-foot head of water.
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Fig. 92. Net absorptions versus number of days for 500 psi.,
normally cured slabs under two-foot head of CaCl, solution.
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Net absorption, ml.

Fig. 93. Net absorptions versus number of days for 500 psi.,
steam cured slabs under two-foot head of water.
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Net absorption, ml.
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Fig. 9.

Net absorptions versus number of days for 500 psi.,
steam cured slabs under two-foot head of CaCl2 solution.
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Fig. 95. Net absorptions versus number of days for 1200 psi.,
normally cured slabs under two-foot head of water.
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Fig. 96. Net absorptions versus number of days for 1200 psi.,
normally cured slabs under two-foot head of CaCl, solution.
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Net absorption, ml.

Fig. 97. Net absorptions versus number of days for 1200 psi.,

steam cured slabs under two-foot head of water.
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Net absorption, ml.
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Fig. 98. Net absorptions versus number of days for 1200 psi.,

steam cured slabs under two-foot head of CaCl2 solution.
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