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“Studies of the Physical Properties of
Hardened Portland Cement Paste”

by T.C. Powers and T.L. Brownyard

Foreword by H.).H. Brouwers

In their pioneering work, Powers and Brownyard were the first to systematically
investigate the reaction of cement and water and the formation of hydrated cement
paste. In the late 1940s, in a series of landmark papers, they presented a model
for the cement paste in which unreacted cement, free water (capillary porosity),
and the hydration product (which is porous in itself, that is, the gel porosity) were
distinguished. They introduced the concept of nonevaporable water (water retained
in P-dried state) and gel water (additional water retained upon saturation): their
specific volumes are lower than that of free water, causing chemical shrinkage and
creating capillary space. Careful execution of experiments resulted in the quantity
and specific volume of both nonevaporable water and gel water. Powers and
Brownyard were among the first who employed new theories and techniques such as
adsorption, B.E.T surface area, XRD, and calorimetry. Critical paste properties were
measured by extensive and carefully executed experiments, including the amount of
retained water and the chemical shrinkage associated with the hydration reaction.
These properties were further related to the content of the four most important
clinker phases, viz. alite, belite, aluminate, and ferrite. Additionally, the composition
of the cement paste was related to engineering properties such as compressive
strength, shrinkage, porosity, water permeability, and freezing/thawing resistance.
The impact of this standard work is paramount and their concepts and the results are
used in contemporary cement and concrete science (Taylor (1997), Neville (2000)).
Czernin (1959), Locher (1975), Hansen (1986), Jensen and Hansen (2001), Brouwers
(2004, 2005, 2007), and Livingston et al. (2007) presented more detailed discussions
on the authors’ work, validated and confirmed the key findings using contemporary
techniques, and also extended the approach to new research areas.

Both Powers and Brownyard performed their research at the Portland Cement
Association (PCA), at that time located in Chicago, Illinois. Information about the
life and work of Dr. Treval Clifford Powers can be collected, but Dr. Theodore Lucius
Brownyard seems somehow to have disappeared, no further records of him after
1948 can be found by this author.
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w Dr. Powers received a Bachelor of Arts degree from
\;5: T m Willamette University in 1925, majoring in chemistry. He
T worked for PCA from 1930 until his retirement in 1965.
. For the next 7 years, he taught, lectured, and consulted
{ internationally in the field of cementitious materials
" before moving to Arizona.

On the occasion of his retirement, a symposium
was sponsored by the Highway Research Board, to which
workers from all over the world contributed. In 1966, it
was published as the monumental Special Report No. 9o
by the Highway Research Board (1966).

Probably unknown to most people working

Dr. Treval Clifford Powers; in the field of cement and concrete is that after his
February 8, 1900, Palouse (Washington),  retirement, Dr. Powers studied “The Phenomenon
June 30, 1997, Green Valley (Arizona). of Inflation.” His unorthodox economic theory

resulted in the book Leakage: The Bleeding of the
American Economy (Benchmark, 1996), which has

been hailed as a pivotal work in the field of macroeconomics. Besides his research
on the structure of fresh and hardened cement paste, Dr. Powers is also known for
his mortar and concrete research on consistency, workability, rheology, durability,
unsoundness, shrinkage and swelling, abrasion resistance, sulfate resistance, frost
resistance etc. and is author of the book The Fresh Properties of Concrete (1968). Dr.
Powers won the ACI Wason Research Medal in 1933, 1940, and together with
Dr. Brownyard in 1948. He became an Honorary Member of ACl in 1961 and received
the ACI Arthur R. Anderson Award in 1976. He also received the Sanford E. Thompson
Award of the American Society for Testing and Materials (ASTM) in 1957.

Dr. Brownyard was born in Ensley Township, Newaygo County, Michigan, on
June 6, 1905. In 1930, he entered The Johns Hopkins University in Baltimore as
Francis P. Garvan Fellow at Large, and obtained his Doctor of Philosophy degree in
1934. His PhD thesis is entitled “The Retention of Water Vapor by Alumina,” and in
this work advanced techniques (P-drying, water-vapor adsorption) were employed
that were also used later in his work with Dr. Powers and reported in their paper
series. Dr. Brownyard joined the research group of Dr. Powers at the PCA in 1937,
where he stayed until 1943 when he was called up by the Navy as a Lieutenant
U.S. Naval Reserve. He served in the United States Naval Air Transportation Service
(Navigation) throughout the war years and remained with the Navy until at least May
1948. The results reported in their paper series from 1947-1948 therefore concern
their work done at the PCA many years before.

In what follows in this special volume, their entire series (9 Parts), is included.
The reader is warmly encouraged to read all these nine parts of this remarkable
landmark publication.
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SYNOPSIS

This paper deals mainly with data on water fixation in hardened port-
land cement paste, the properties of evaporable water, the density of
the solid substance, and the porosity of the paste as a whole. The
studies of the evaporable water include water-vapor-adsorption char-
acteristics and the thermodynamics of adsorption. The discussions in-
clude the following topics:

. Theoretical interpretation of adsorption data

. The specific surface of hardened portland cement paste
. Minimum porosity of hardened paste

Relative amounts of gel-water and capillary water

. The thermodynamics of adsorption

The energy of binding of water in hardened paste

. Swelling pressure
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’j&Re(lzleivgd7by the Institute July 8, 1946—scheduled for publication in seven installments; October 1946
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TManager of Basic Research, Portland Cement Assn. Research Laboratory, Chicago 10, Il
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8. Mechanism of shrinking and swelling
9. Capillary-flow and moisture diffusion
10. Estimation of absolute volume of solid phase in hardened paste
11. Specific volumes of evaporable and non-evaporable water
12. Computation of volume of solid phase in hardened paste
13. Limit of hydration of portland cement
14. Relation of physical characteristics of paste to compressive
strength
15. Permeability and absorptivity
16. Freezing of water in hardened portland cement paste

FOREWORD

This paper deals with the properties of hardened portland cement
paste. The purpose of the experimental work on which it is based was to
bring to light as much information as is possible by the methods of colloid
chemistry and physics. Owing to the war, the original program, which
included only a part of the field to be explored, was not completed. More-
over, the interpretation of the data is incomplete, partly because of the
inability of the authors to comprehend their meaning, and partly be-
cause of the need of data from experiments yet to be made.

Although the work is incomplete, it represents a considerable amount
of time and effort. Experimental work began in a small way in 1934
and continued until January 1943. Some additional work was done in
1945 during the preparation of this paper. The first three years was a
period of intermittent work in which little of permanent value was
accomplished beyond the development of apparatus and procedures.
This phase of the work presented many problems, some of which have
never been solved to our complete satisfaction.

The interpretation of the results of experiments also presented many
difficulties. During the course of our experiments, important new
developments in colloid science were coming to light through a series of
papers from other laboratories. It was necessary to study these papers
as they appeared and to seek their applications to our problems. The
result is that the theory on which much of our present interpretation is
based is one that did not exist when our work began and is one that is
still in the process of development. The reader may note that many of
the papers referred to in Part 3 were not published until 1940 or later.

The theory referred to is that of multimolecular adsorption by Bru-
nauer, Emmett, and Teller as first given in 1938 and as amplified in
the paper by Brunauer, Deming, Deming, and Teller in 1940. In justifi-
cation for the use of such a recent and unfinished development, we may
note in the first place that a remarkable number of papers by various
authors have appeared since 1940 strongly supporting the kind of use
that we have made of the theory, particularly the estimation of surface
area. In the second place, the basic conclusions reached through the
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use of the theory might have been reached from a strictly empirical
analysis of the data. However, it is difficult to imagine how a picture of
the hardened paste as detailed as the one presented in this paper could
have been drawn without adopting theoretically justified assumptions.

The paper is composed of nine parts. Part 1 contains a review of
previous work done in this field and discusses various experimental
methods. Part 2 elaborates on the principal method used in the present
study, namely, the measurement of water-fixation. It also presents the
empirical aspects of the data so that the reader may become familiar
with facts to be dealt with.

Part 3 presents the theories upon which an interpretation of the data
in Part 2 can be based. It gives also a partial analysis of most of the
experimental data given in Part 2 in the light of the adopted basis of
interpretation. Part 4 is a discussion of the thermodynamics of moisture-
content changes in hardened paste and the phenomena accompanying
those changes. It is thus an extension of the earlier discussion of theory.

In Part 5 data are presented pertaining to the volumes of different
phases in the paste. The interpretation of these data involves the use of
factors developed in the preceding parts of the paper. The final result
is a group of diagrams illustrating five different phases, the relative
proportions of each, and how those relative proportions change as
hydration progresses.

The relationship between the physical characteristics of the hard-
ened cement paste and compressive strength of mortars is discussed in
Part 6. A similar discussion of permeability and absorptivity is given
in Part 7.

A study of the freezing of water in hardened paste is presented in
Part 8. The conditions under which ice can exist in the paste are de-
scribed and empirical equations are given for the amounts of water that
are freezable under designated conditions.

The properties of portland cement paste as they appear in the light
of these studies are described in Part 9. This part amounts to a summary
of the outcome of the study, at its present incomplete stage, without
details of experimental procedures, or theoretical background.

As mentioned in the first paragraph, a particular point of view as
to the meaning of the data has been adopted. Specifically, we have
assumed, on the basis of evidence given in the paper, that the various
phenomena discussed are predominantly of physical rather than chemical
nature. The result of the study therefore constitutes a hypothesis, or
series of hypotheses, rather than a rigorous presentation of established
facts. Considering the present state of our knowledge, we believe this
policy to be more fruitful than one of trying to maintain a strictly un-
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biased view as to the meaning of the data. As written, the paper repre-
sents the thinking of one group of workers (influenced, of course, by
many others), and it implicitly invites independent investigations of the
same field by any who may have good reason to adopt a different point
of view. To this end, we have appended tabulations of the original
data.

Though we thus concede the possibility of other interpretations, we
nevertheless feel confident that a large part of the present interpre-
tation will withstand logical criticism. However, it seems very likely
that corrections and changes of emphasis will develop as experimental
work continues, and as further advances are made in fundamental colloid
science.

The paper is directed primarily toward all who are engaged in research
on portland cement and concrete. However, it may be of considerable
interest to many who seek only to understand concrete as they work
with it in the field. Studied in connection with earlier papers on the
characteristics of paste in the plastic state,* this paper affords-a com-
prehensive, though incomplete, picture of the physical nature of portland
ccement paste. It, therefore, pertains to any phase of concrete technology
that involves the physical properties of the cement paste. This means -
that the paper should find application to most phases of concrete
technology.

For the most part, the reader will find few items of data that bear
directly on specific questions or problems. Successful application of
this study to research or practical technology requires some degree of
comprehension of the work in its entirety. Consequently, it is not
likely that a single, casual reading will reveal much that is of value to
one not already familiar with the methods and background of this type
of investigation. :
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Part 1. A Review of Methods That Have Been Used for Studying the
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Starting as a suspension of cement particles in water, portland cement
paste becomes a solid as the result of chemical and physical reactions
between the constituents of the cement and water. A solidified paste of
typical characteristics is capable of giving up or absorbing a volume of
water equal to as much as 50 per cent of the apparent volume of the
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paste. These facts engender the idea that whatever the chemical con-
stitution of the new material produced by chemical reaction, the new
material is laid down in such a way as to enclose water-filled, inter-
connected spaces. That is, the hydration product appears to be not a
continuous, homogeneous solid, but rather it appears to be composed
of a large number of primary units bound together to form a porous
structure. It seems self-evident that the manner in which the primary
units are united, that is, the physical structure of the paste, is closely
related to the quality of the paste and is therefore something about
which we should be well informed.

_ Freyssinet®* discerned the need for knowledge of paste structure
and devised a hypothesis about the setting and hardening process and
about the structure of the hardened paste. Giertz-Hedstrom,® an active
contributor to this subject, has given an excellent review of publications
on this subject. This review, together with Bogue’s® earlier one of a
slightly different aspect of the subject, obviates the necessity of an ex-
tensive historical review at this time.

A program of studies of the properties of the hardened paste was
begun in this laboratory in 1934. It has consisted mainly of studies
of the fixation of water, but has also included measurements of the heat-
effects accompanying the regain of water by the previously dried paste,
measurements of the freezing of the water in the saturated paste, and
various other related matters.

This work has yielded a considerable amount of information on the
physical aspects of hardened paste. It contributes to the knowledge
of the chemical constitution of the hydration products only in a negative
way; that is, it shows that some of the current information on the con-
stitution of the hydration products must be incorrect. Later parts of
this paper will give an account of these studies.

METHODS FOR STUDYING THE PF'AY\E'IFCE?L PROPERTIES OF THE HARDENED

The question of structure can be broken down intg three parts: first,
the question as to the chemical constitution of the hydration products,
which includes the question of structure of the ultimate parts; second,
the question of the structure of the smallest primary aggregations of the
ultimate parts; third, the question of how the primary aggregations
are assembled and how they are held together. A review of some of the
work done by earlier investigators follows.

Microscopic examinations

The light-microscope. The effectiveness of the microscope as a means

of studying the structure of the hardened paste is limited because the

*See references end of Part 1.
1See also the review by Giertz-Hedstrdm (Ref. 3).
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units of the essential part of the structure are too small to be seen.
The results obtained by Brown and Carlson® are typical. They, like
others, observed that the hardened paste is predominantly ‘‘amor-
phous,” so far as the microscope can reveal. Embedded in this amor-
phous mass are the remnants of unhydrated clinker grains, crystals of
calcium hydroxide, and sometimes crystals of other compounds.

Kiihl® reported that thin sections of hardened cement paste showed

. a residue of undecomposed cement particles, separated by a
gray and only slightly differentiated mass which gives a feebly diffused
luminescence in polarized light. FEven under the highest magnification
individual particles cannot be distinguished in this material, which is
obviously almost entirely ultramicroscopic in structure.” However,
on examining the same specimens 20 years later he found that “. . . the
passage of years had resulted in fundamental changes. No longer (was
the material) uniform and only slightly differentiated under polarized
light as was the case a few months after their preparation. They now
showed a definitely increased (polarized-light) transmission and, most
noteworthy of all, their properties were markedly different according to
the percentages of water with which they had been gaged. The speci-
mens gaged with the greatest amount of water showed the greatest
changes while those mixed with the least water had undergone consid-
erably less modification.” The changes mentioned were such as to
suggest that the originally colloidal material had gradually changed
toward the microcrystalline state, the change being greater the higher
the original water content.

44

Useful information has been obtained by microscopic observations
of the hydration of cement in the presence of relatively large quantities
of water. But it is unlikely that the structure developed under these
conditions is the same as that developed in pastes; hence, conclusions
about the normal structure drawn from observations of this kind are
open to question.(® For example, Le Chatelier®™ observed that when a
large quantity of water was used, needlelike crystals of microscopic
dimensions soon developed. He concluded from this that similar,
though submicroscopie, crystals developed under all conditions.

Brownmiller® described the results of microscopic examinations of
hardened paste by means of reflected light. The method is a modifica-
tion of that described by Tavasci® and Insley® for studying the con-
stitution of clinker. In addition to the use of etchants to bring different
phases into contrast, Brownmiller treated the surface with a dye which
was taken up by the so-called amorphous material and the microcrystal-
line phases. Although Brownmiller’'s primary object was to develop
the experimental technique, some of his conclusions concerning the
nature of hardened paste and the hydration process are of considerable
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interest. He found that there was ‘. . . no microscopic evidence of
channeling of water into the interior of cement particles to selectively
hydrate any single major constituent. Hydration seems to proceed by
the gradual reduction in the size of the particles as a function of the
surface exposed.” This conclusion seemed to be based on the appear-
ance of the coarser particles that remained unhydrated after the first
day.

Brownmiller found that a Type ITI* cement having a specific surface of
2600 appeared to be almost completely hydrated after one day in a
sealed vial and six days in water. A Type I cement having a specific
surface of 1800 showed an unhydrated residue of about 15 per cent after
one day in a sealed vial and 28 days in water. The water-cement ratio
of the original paste was 0.4 by weight in both cases.

The only microcrystalline hydrate mentioned by Brownmiller was
caleium hydroxide. This was found as clusters of fine crystals em-
bedded in what Brownmiller called the hydrogel.

Brownmiller found that the etched surface of the 7-day-old paste
made of Type I cement showed ‘‘an extremely complicated but interest-
ing structure. A close examination . . . shows that the cement hydrogel
is not a formless mass but has an intricate structure.”

The electron microscope. Eitel™ used the electron microscope for
photographing the hydration products of some of the constituents of
portland cement. The article consulted gives almost no details concern-
ing the method of preparing the samples that were photographed. It
appears that the samples were taken from dilute suspensions of the
hydrated material. Presumably, samples of Ca(OH), were taken from
saturated or supersaturated “milk of lime” and hydration products of
(38 and (34 from saturated solutions of water in isobutyl alcohol. The
isobutyl alcohol was used to dilute the water and thus make possible a
relatively high concentration of the solid with respect to water and at
the same time a dilute suspension. Since the isobutyl alcohol was
saturated with water, the chemical activity of the water was unaffected
by the presence of the isobutyl alcohol. :

Several photographs of these preparations (magnifications ranging
from 7200 to 36000) were published. The Ca(OH), taken from milk of
lime as well as that formed from the hydrolysis of C3S appeared as
hemispheres ranging in size from about 0.1 to 0.5 micron. The calcium
silicate hydrate appeared as thin crystalline needles about one-half

*See A.S.T.M. Designation C150-44 where five types of portland cement are defined as follows:

Type I —For use in general concrete construction when the special properties specified for Types II,
III, IV, and V are not required.

Type II —For use in general concrete construction exposed to moderate sulfate action, or where moderate
heat of hydration is required.

Type IIT—For use when high early strength is required.

Type IV —For use when a low heat of hydration is required.

Type V —For use when high sulfate resistance is required.
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micron long. The CyA appeared mainly as rounded particles (‘“‘roses’)
about 0.1 micron in diameter. Referring to these and apparently to
other observations, Eitel concluded that although the hydration prod-
ucts of portland cement are predominantly colloidal, they appear crys-
talline—not amorphous—to the electron microscope.

Sliepcevich, Gildart, and Katz,? reported the results of attempts to
photograph the hydration products of portland cement and the major -
constituents hydrated separately. Most of the photographs published
were of samples prepared as follows: 0.5 to 0.75 g of portland cement or
a cement constituent was mixed with about 10 ce of purified water and
allowed to stand. At the desired age the specimen for photographing
was obtained by taking a drop of the supernatant liquid and allowing
it to evaporate on a collodion film previously prepared. The material
on this film was thus whatever dissolved or suspended material the drop
contained.

In some respects the results were like those found by Eitel. Photo-
graphs of calcium hydroxide appeared like those of Eitel but whereas
Eitel concluded that the particles were hemispheres, Sliepcevich, Gildart,
and Katz concluded that they were spheres. From each material the
latter investigators usually foynd material of several geometric forms.
Some of the material appeared amorphous and some crystalline. As
did Eitel, those investigators found the majority of crystals to be in the
colloidal size range.

The significance of these results is open to question until it is known
definitely just what relation the samples obtained in the manner de-
scribed have to the hydration products making up the mass of a hard-
ened cement paste.

X-ray examinations

The results of X-ray examinations were summarized by Giertz-
Hedstrom®® as follows: “X-ray examinations of hardened cement
have so far given little beyond a confirmation of what has been shown
by the microscope. The presence of clinker remains and ecrystallized
calcium hydroxide is thus confirmed by Brandenburger.®® The struc-
ture of the main mass, the ‘“cement gel,” is, however, such as to give,
at least for the present, no clear guidance in the X-ray diagrams. This
may be due to its lacking a crystalline structure or other regular fine
structure or to the crystals being so small or deformed (for example bent
needles) that no definite interferences are obtained.”

Bogue and Lerch®® mention the use of X-ray analysis in connection
with microscopic examination. The X-ray confirms the microscopic
indication that unaltered beta or gamma dicalcium silicate remained in
pastes after 2 years of curing. X-ray diffraction patterns from both
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hydrated tricalcium silicate and hydrated dicaleium silicate showed at
the end of 2 years no evidence of the development of a new crystalline
structure such as would be expected if the hydrates were to change from
the theoretically unstable gel state to the stable microcrystalline state.
As mentioned above, evidence of the beginning of such a change within a
period of 20 years was reported by Kiihl.

- Water fixation

Because direct observation fails to answer many questions concerning
the structure, properties, and behavior of hardened portland cement
paste, indirect methods of study have been used. The principal one
is that of studying the manner in which water is held in the hardened
paste.

Isotherms and isobars. The fixation of water by water-containing
solids is usually measured in terms of the amounts of water held at
various vapor pressures with temperature constant, or in terms of the
amounts held at various temperatures with pressure constant. The
curves obtained by the first method are called ¢sotherms. Those ob-
tained by the second method are called ¢sobars. Both of these methods
have been used in the study of hardened portland cement paste. The
nature of the hydration or dehydration curve depends on the manner in
which the water is combined and on.other factors to be discussed.

Binding of water in hydroxides. In metallic hydroxides, which repre-
sent one class of compounds that may be included among hydrates,
the elements of water are present as OH-groups that are strongly bound
by the metallic ions. This is usually recognized in writing the formulas
of metallic hydroxides; thus, calcium hydroxide is usually given the
formula Ca (OH), rather than CaO.H,0.

Water bound by covalent bonds. In many hydrates, the water molecule
retains its identity to a large degree, i.e., H50 is a unit in the structure.
An example is M¢Cl,.6H,0. In this hydrate the six molecules of water
are bound to the magnesium ion by covalent bonds and are arranged
around the magnesium ion in an octahedral grouping. To indicate this,
the formula should be written Mg(H;0)¢Cly, for this more nearly repre-
sents the structure.

Water bound by hydrogen bonds. There is another type of compound
in which the water molecule remains intact and is bound to the com-
pound by one or both of its hydrogen atoms. The molecules so held are
said to be bound by hydrogen bonds. CuSO4+5H .0 and NiS0.7H0 are
hydrates in which one of the water molecules is bound in this way.

* * £ % *

Water held in a compound by any of the types of bond described
above is properly regarded as being chemically bound. The removal of
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water from such hydrates necessarily gives rise to a new solid phase and
hence the isotherms and isobars of these hydrates should show well
marked steps in accordance with the phase rule. Fig. la gives, for
example, the relationship between water content and vapor pressure for
the hydrates of copper sulfate.

@) (®) © Fig. 1 — Univariant and bivariant
T " dehydration curves
l ' (a) Isothermal p-x curve for CuSO:.5H:0
] \z (b) Isobaric T-x curve for Cr2(SO4):.18H:0
z The first 15H20 come off along a unis
s - variant curve, the remaining 3H:O
a J] 5
s “. o )
0 25 50M» O 50 100 150°C © 15 150 225°C

N being zeolitic
Water Vapor Temperature Temperature

Mores

9

Water Centent

~J Cr(SO4)2.15H:0

(Curves and caption from Emeleus & Anderson)

O W > D

(c) Zeolitic dehydration of green
Pressure

Zeolitic waler. One type of microcrystalline hydrate, which com-
prises the zeolites and several basic salts and hydroxides of bivalent
metals, gives smooth isotherms or isobars. Fig. lec is an example of an
isobar from Cre(S04)3.15H,0. Water held in this type of compound is
called zeolitic water.

According to Emeleus and Anderson(® gzeolitic water is regarded
as being packed between the layers of the crystal or in the interstices of
the structure. A distinguishing characteristic of zeolitic water is that
it may be removed without giving rise to a new solid phase. Its removal
may, however, change the spacing between successive layers of the
crystal.

Water held in such a way as to exhibit the behavior described above is
sometimes referred to as being in a state of zeolitic solution or solid
solution, 17

Lattice water. Emeleus and Anderson®® distinguish a type of hydrate
in which there is water of crystallization ‘‘that ecannot be supposed to be
associated chemically with the principal constituents of the crystal
lattice.”” As an example, they cite potassium alum, KAI(SO,)..12H,0.
There is little question that six of the twelve molecules of water are
linked to the aluminum ion by covalent bonds. The remaining six mole-
cules are known to be arranged octahedrally around the potassium ion
but at such a large distance from it as to suggest to Emeleus and An-
derson that the interaction is very weak and hence that the water is not
chemically bound to the potassium ion. This perhaps represents a
borderline case between chemically bound water and zeolitic water,
which is supposed not to be chemically bound. The fact that exactly
six molecules of water are associated with the potassium ion is accounted
for by the geometry of the crystal lattice. The removal of these six
molecules of water presumably gives rise to a new crystalline phase,
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however, and hence the isobars and isotherms should be stepped. When
more information on this type of hydrate becomes available, perhaps
many of the examples cited will have to be placed in one of the classifica-
tions. listed above.

Adsorbed water. In addition to any water held by the chemical forces
mentioned above, a small amount per unit of surface is held by surface
forces. These forces, physical rather than chemical, are known collec-
tively as van der Waal’s forces.® If the specific surface of the solid
phase is small, the amount so held is usually undetectable. But if the
specific surface is very large, as it is for colloidal material, then physically
adsorbed water can be a large fraction of the total held under given con-
ditions; indeed, anhydrous solids such as quartz powder can hold rela-
tively large amounts of water by surface adsorption if the powder is
extremely fine. Zeolitic water can be regarded as adsorbed water, the
“surfaces’”’ in this case being certain planes in the crystal, as described
above. The subject of adsorption will be treated much more fully in
later sections of this paper.

{nterpretation of isobars

Influence of surface adsorption. From what was said above it might
appear that by means of isobaric or isothermal dehydration data water
held in microerystalline hydrates could readily be distinguished from
that held as zeolite water, in solid solution, or by adsorption. It will be
developed below that such a distinction can be drawn under some
circumstances but not under others. The complication can best be
illustrated by describing the work of Hagiwara.® Theoretically, the
vapor pressure of the water in a very small crystal of a hydrate should
be greater than that of a larger crystal of the same substance at the
same temperature. Consequently, a mixture containing various sized
crystals should exhibit a range in vapor pressures according to the range
in particle size. Practically, the effect is not noticeable unless the
particle size range extends into the range of colloidal dimensions. Theo-
retically, very small natural crystals or very small fragments of large
crystals should behave similarly, though not necessarily identically.
Consequently, the results of experiments with preparations made by
pulverizing macrocrystals should be indicative of the general effects of
changing particle size and particle-size range.

Hagiwara pulverized crystalline hydrates and obtained the isobar
for each preparation. In one series of experiments, he used A%5,0;.3H,0
prepared by the method of Bonsdorff.®® The original crystals were of
microscopie size. The preparation was dried to constant weight in a
desiccator over concentrated H,S0, to establish the initial water content,
which was determined by igniting a portion of the material. Samples
thus dried were then heated in an electric oven at 100C for 30 minutes
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after which they were cooled in a desiceator and weighed. Finally, the
amount of residual water was found by ignition. This was repeated
on other samples at temperatures ranging from 90 to 220C as indicated
in Fig. 2. Heating at 170C and at higher temperatures was continued
until further heating caused no more change in the dry weight. The
total heating period at these higher temperatures was not less than 5
hours and at 210C was 20 hours.

Although the corners are somewhat rounded, there is a well defined
step in the isobar* at approximately 205C, where the water content
decreases from 3 molecules to one molecule. This is in good agreement
with the result obtained by Weiser and Milligan.®? The rounded
corner is the usual result in such experiments; very sharply defined
corners are the exception.

: 1
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*Although the curves in Fig. 2 and 3 are called isobars and the text indicates that isobaric conditions were
intended, it seems probable that isobaric conditions were not actually maintained. If the heating of the
sample was done in an oven in the presence of room air, the actual vapor pressure in the oven would vary
with the humidity of the room air and would be different at different temperatures. However, over the
temperature range used in_the experiment the variations in pressure were probably small. At any rate
it is not likely that had strictly isobaric conditions been maintained the outcome would have been signifi-
cantly different.



282 Powers and Brownyard

Hagiwara then ground a portion of the dried preparation in an agate
mortar for 134 hours, using fine quartz powder as a grinding aid, thus
greatly reducing the particle size. The experiments were repeated with
this finely ground material with the results shown in Fig. 3, where the
results shown in Fig. 2 are reproduced for comparison. A comparison
of the curves in Fig. 3 shows three significant effects of reducing the
size of the crystals:

(1) All semblance of a step is absent in the curve for the finely ground
sample.

(2) The initial water content of the finely ground material is higher
by 0.25 mole than that of the unground material. This additional water
must have come from the atmosphere during the grinding. (The initial
water content is that of the sample after it is dried to constant weight
in a desiccator over cone. H,S0,.)

(3) The water is lost from the finely ground sample at a much lower
temperature than from the unground material.

Hagiwara made a similar series of experiments with Fe,0;. H,0 with the
results shown in Fig. 4. The curve for the unground macrocrystalline
material shows a well defined step. The curve for “Grind A,” the
shorter period of grinding, still shows a step though the corners are
somewhat more rounded than for the unground hydrate and the step
occurs at a lower temperature. When the grinding was more pro-
longed, “Grind B,” the step disappeared and the initial water content
increased to 1.54 molecules. Grinding had little effect on the tempera-
ture at which the final water content was reached.

It appears from Hagiwara’s results that a hydrate in which the water
is bound by chemical bonds may still yield a smooth isobar if the sample
is made up of a mixture of particles of various sizes, the smallest particles
being very small. This has a significant bearing on the interpretation
of isobars in general. When a solid that has water for one of its con-

2.0
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stituents yields a stepped isobar, it can usually* be concluded that the
solid is a well crystallized hydrate. When, however, the isobar is a
smooth curve without steps, it may represent a sample of the hydrate
comprising particles of various sizes or it may represent a material in
which the water is not bound by chemical bonds in the usual sense of
this term. It appears also that a lack of steps in an isobar is not sufficient
evidence that the hydrate has a zeolitic structure, for neither of the
hydrates with which Hagiwara experimented was of that nature.

The other effect of fine grinding, namely, the increase in the initial
water content brought about by grinding, is fully as significant as the
one just mentioned. It must be assumed that the water in excess of
that required by the formula is held by forces of a kind different from
those that hold the hydrate water. The effect is clearly a surface effect,
for the initial water content is much higher after the longer period of
grinding than after the shorter period. (Compare “Grind B” with
“Grind A” in Fig. 4.) It seems reasonable to suppose that this excess
water is held by adsorption forces, i.e., forces which reside in the sur-
face of the erystal and which came into prominence after the specific
surface of the hydrate had been greatly increased by grinding. '

This aspect of the effect of fine grinding is further emphasized by the
results of experiments made by Kelley, Jenny, and Brown.®? These
authors studied the effect of grinding on the isobars of clay minerals.
See Fig. 5. The isobar for the 100-mesh sample shows a well marked
step near 500C and thus gives unmistakable evidence that the mineral
is a microcrystalline hydrate. Comparing this with the isobar for the
finely ground pyrophyllite, we see that the isobars are very nearly

—_—
*But not always. See remarks below on silicia gel.
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identical above 400C. Each exhibits a well marked step; the steps
occur at very nearly the same temperature; however, the height of the
step is slightly less for the finely ground sample. Below 250C, the
finely ground sample shows a larger water content than the 100-mesh
sample. That is, just as with the materials Hagiwara used, after grind-
ing there is initially a large amount of water in the finely ground sample
in excess of the hydrate water represented by the nearly vertical portion
of the isobar. This additional water must have been acquired from the
atmosphere during grinding and must be held by some mechanism
other than that which holds the hydrate water. It seems most unlikely
that the excess water is zeolitic water, since fine grinding could hardly
increase the total interplanar area of zeolite erystals.

Interpretation of isotherms

Isotherms of hydrates. The usual behavior of a hydrate when the
water-vapor pressure around it is varied at constant temperature is
illustrated in Fig. 6. This isotherm shows well defined steps with the
corners slightly rounded, as indicated by the dotted lines. What the
effect of pulverizing such material on the shape of the isotherm might
be is not known directly from experiment, for apparently no experiments
of this kind have been published. Presumably, 'a sufficient amount of
grinding would produce a smooth isotherm, by virtue of the change in
particle size and particle-size range. It might also be presumed that in a
saturated condition the minute erystals would retain more water than
corresponds to the highest hydrate. These presumptions follow from
considerations given above in connection with the isobars.
. Isotherms of gels. The appearance of a well defined step in the isotherm
of a solid is not always positive proof of the existence of a hydrate of
definite chemical composition. Fig. 7 illustrates this point.2® As the
arrow indicates, the isotherm was obtained by progressively lowering
the water vapor pressure. Just below a pressure of 4 mm Hg, the iso-
therm becomes very steep, a fact which might be taken to indicate the
existence of hydrates having the formulas Si0,.114H,0 and Si0..H,0.
Fig. 8 shows the same isotherm as well as that obtained by progressively
increasing the vapor pressure, the ‘““rehydration isotherm’ as it is some-
times called. Note that the latter gives no evidence of a hydrate. Weiser,
Milligan, and Holmes investigated this matter fully by preparing silica
gel from the same materials at various temperatures ranging from 0 to
100C and from other materials at various temperatures and under
various conditions. Not all preparations exhibited the vertical section
in the dehydration isotherm. Gels prepared at low temperatures ex-
hibited a step at a higher water content than gels prepared at a high
temperature. The samples prepared at 100C and aged at this tem-
perature for a few hours, and hence under conditions favoring crystal
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growth, gave no evidence of a step. No evidence of a step appeared
in the rehydration isotherm of any preparation. No preparation gave
evidence of crystallinity when examined by the electron diffraction
method. These authors concluded that the step that occurs in the
dehydration isotherm of some of the preparations is not evidence of the
existence of a hydrate but is rather the result of a peculiarity of the
physical structure of these gels. It follows from this conclusion that the
structure of the gels prepared at low temperatures differs from that of
the gels prepared at high temperatures, and there is evidence that this
change in structure accompanying the increase in temperature of prep-
aration is progressive.

Fig. 8 illustrates also the phenomenon called ‘‘sorption hysteresis.”
This will be discussed in another part of this paper.

* ok % ok %

The foregoing review shows that the interpretation of isobars and
isotherms is not always a simple matter. Particularly, when the iso-
therm is smooth throughout, alternative interpretations must be con-
sidered carefully in the light of other pertinent information.

Woater content vs. temperature curves (isobars) from
hardened portland cement paste

Review of published data. In this laboratory Wilson and Martin®®
obtained a group of isobars from hardened portland cement paste. The
hardened paste was ground to pass the 28-mesh sieve and then was dried
to constant weight at a constant temperature in a stream of air main-
tained at a low, constant water vapor pressure by bubbling the air
through concentrated sulfuric acid.* The dry sample was then ignited
at 1000C and the loss on ignition was taken as the water retained at the
temperature of drying. Various drying temperatures were used, ranging
from 50 to about 600C.f The resulting isobars are given in Fig. 9. Lea
and Jones®® obtained the isobars shown in Fig. 10. These authors
plotted the loss in water rather than the amount retained.

In general those curves are not like those obtained from crystalline
hydrates having definite amounts of water of crystallization. The nearly
vertical rise in the curves between 400 and 450C, seen clearly in the
curves of Lea and Jones, is attributed to the decomposition of Ca(OH),.

Krauss and Jorns®® obtained isobars for the hardened paste at a
constant vapor pressure of 7 mm Hg by using the instrument shown in
Fig. 11. The sample is placed in A, which can be detached from the
rest of the apparatus and which serves as a weighing bottle in following
the changes in weight of the sample. With A in place as shown, the
mwas freed of CO: by suitable means to prevent carbonation.

1The procedure used does not maintain strictly isobaric conditions, for the pressure would vary with
temperature. However, the pressure is so small under all conditions that variations can usually be neglected.
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Fig. 11 — Krauss & Jorns' Apparatus

system is evacuated, thus removing water vapor as well as air. Periodi-
cally, the removal of water is interrupted by closing the stopcock and
the water vapor pressure is observed. If the equilibrium pressure ex-
ceeds 7 mm Hyg, the value chosen by Krauss and Jorns, the stopcock
is opened and more water is removed by pumping. This process is re-
peated until at room temperature the equilibrium vapor pressure of the
sample is less than 7 mm Hg. The temperature of the sample is then
slowly raised until the pressure is exactly 7 mm. The loss of water to
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this point is determined by weighing A. Beyond this point, water is
removed in small amounts by evacuation and after each decrement the
temperature of the sample is raised until the pressure is exactly 7 mm
Hg. Thus, the isobar is obtained. The results obtained by Krauss and
Jorns are given in Fig. 12, 13, and 14.

Fig. 12 represents a sample described as tricalcium silicate (CsS)*
mixed with enough water to correspond with the formula 3Ca0.S70,.-
2H,0. The mixture was cured in saturated air 24 hours before the
measurements were started. There is a suggestion of a step in the isobar

*Throughout this discussion the compositions of portland cements will be described in terms of the com=

ound composition computed by the methods of L. A. Dahl, Ruck Products v. 32 (23) p. 50, (1929) and R.H.
%ogue, Ind. Eng. Chem. (Anal. Ed.) v. 1 (4) p. 192, (1929) or PCAF Paper No. 21 (1929).

The following
abbreviations will be used. .
C3S = 3Ca0.810: C3A = 3Ca0.AL0;
CeS = 2Ca0.870: CAF = 4Ca0.Al0s.Fex04

On this basis the composition is computed on the assumption that the iron and alumina compunds are
CiAF and.C3A. Swayze, Am. J. Sci. v. 244, pp. 1-30, 65-94, (1946) has recently shown that the iron oxide
occurs in a phase having the general formula CsA:F (3-z) (in which z may vary from 0 to 2) which includes
CiAF as a special case. After it becomes possible to make allowance for this finding, discussions in later
parts of this paper may need recasting in different terms. It seems unlikely, however, that any of the argu-
ments or deductions would be greatly altered.
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near 100C and a prominent step near 350C. The latter probably repre-
sents the decomposition of calcium hydroxide. A compound that might
be represented by the break at 100C is not identified. Owing to the
manner of its preparation (from a melt), the material thought to be
tricalcium silicate was probably a mixture of dicalcium silicate and
calcium hydroxide.

Fig. 13 represents a paste cured 28 days in moist air. There appear
to be numerous closely spaced steps in this isobar. Krauss and Jorns
believed that these steps were sufficiently distinct to indicate the presence
of several hydrates having definite chemical formulas.

Fig. 14 represents a paste that had been cured several hours in boiling
water* and then stored in the air of the laboratory for several years.
As can be seen, the isobar has several well defined steps.

Endell®? determined isobars for hardened paste, but he arbitrarily
limited the heating period at any one temperature to one hour. There is
evidence in his results that this was not always sufficient for the attain-
ment of equilibrium. The isobars he obtained do not exhibit any features
not exhibited by those reproduced in this paper. 4

Meyers®® published isobars for hardened pastes and for hydrated
samples of the pure compounds C;S, C.S, C34, C1/AF, and CaO hydrated
separately (Fig. 15). The samples were heated in a vacuum in which the
water vapor pressure was maintained at about 0.1 micron. Under these
conditions the dissociation temperature of calcium hydroxide was found
to be about 380-400F (193-204C). Neat hydrated cement heated under
the same conditions showed a step at about 430F; presumably the step
was due to the decomposition of calcium hydroxide. The conditions
described for the experiments were such as to suggest that the difference
between the dissociation temperature of the sample of Ca(OH); and that
of the Ca(OH), in the hydrated cement was probably due to a difference
in vapor pressure, the pressure being higher under the conditions that
prevailed when the hydrated cement was tested.

The isobars for hydrated CsS and C,S show steps near 400F that may
also be attributed to calcium hydroxide. The isobars for hydrate Cs;4
and C,AF show a large step near 240F.

Discussion of isobars. The data of Krauss and Jorns seem to indicate
that hydrated cement contains a series of hydrates besides Ca(OH),.
However, the other curves, including those published recently by Meyers,
indicate that the curves are smooth, except for one step in the neigh-
borhood of 400F that is apparently due to microcrystalline Ca(OH),.

Since the structure of the hardened paste is predominantly of sub-
microscopic texture, a smooth isobar is to be expected whether the

*The specimen was a part used in the German Standard Test for Soundness.
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hydration products are crystalline or not. As will be shown later, the
specific surface of the hydrated material is so high that if the structure
is of granular nature the granules must be of colloidal dimensions. If
the particles were all of exactly the same size and constitution, a step in
the isobar might be expected, despite the smallness of the particles.
Without any a priori reason for assuming such uniformity in particle
size, there is no basis for expecting anything but a smooth isobar except:
for the effect of calcium hydroxide already noted. '

In general the isobars do not tell much about the hydration products.
However, when the isobars are considered together with the information
obtained with the microscope and X-ray, they may be considered to
show that the hydration products are, for the most part, not in the
microcrystalline state.*

Meyers’ data on the four compounds C;S, C.S, C34, and C,AF hy-
drated separately are of special interest. Note that both of the alumina-
bearing compounds lost large amounts of water at about 250F. Since
these two compounds usually constitute 20 per cent or more of the
cement, a step on the curve for portland cement, or at least a sharp
increase in slope, should oceur at about 240F (116C) if those compounds
are present in the hydrated cement. The fact that no such indication
has been found can be taken as evidence that the hydration produets of
cement are not a simple mixture of the same hydration products that
form when the compounds are hydrated separately; at least, they differ
radically with respect to physical state, whether they do with respect

~ to constitution or not.
Water content vs. vapor pressure curves at
constant temperature (isotherms)

Jesser®® was apparently the first to study the relationship between
water content and vapor pressure for hardened paste at constant tem-
perature. He used the method of van Bemmelen,®V ie., he left the
specimens in a closed container over a solution of a salt or of H,S0, at
constant temperature, until they reached equilibrium with the vapor
pressure of the solution. Starting with the saturated condition, he
progressively subjected the samples to lower and lower humidities, fi-
nally drying them over concentrated H2SO,. He then subjected them
to progressivly higher humidities, finally storing them over a solution
having a relative vapor pressure of 0.98. After this he determined a
second drying curve. His results are given in Fig. 16.
mout this discussion a distinction will be made between the colloidal and microcrystalline states,
The term “‘colloid’’ refers to any material, crystalline or not, having a specific surface of a higher order than
particles visible with the light microscope. A colloidal material may exist as discrete partlcles or as gels,
the latter being regarded as aggregations of once discrete colloidal particles, The term “‘microcrystalline’’
refers to ordered aggregations of molecules, atoms, or ions, at least large enough to be seen with a light
microscope. The adjective ‘‘amorphous” is not used as the synonym of *‘colloidal” for such usage tends
to obscure the fact that colloidal particles may themselves be erystalline, that is, of ordered structure. The

possibility of erystalline colloids has long been recognized by colloid chemlsts The actual existence of such
colloids has been demonstrated by means of the electron microscope.2®
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Jesser used prisms about 114x114x4 in. made of neat paste having a
water-cement ratio of 0.25 by weight. On the average, he left each
prism at a given humidity about six weeks and assumed that this was
sufficient time for equilibrium to be attained. Experiments in this
laboratory, in which prisms of smaller cross section (1x1 in.) having a
higher water-cement ratio (and consequently, a higher drying rate) were
dried over dilute H2SOs by much the same procedure, showed that 6
weeks was insufficient for the attainment of constant weight. More-
over, in specimens as large as those used by Jesser, hydration of the
cement continues at an appreciable rate at the higher relative vapor
pressures, especially in specimens cured only three days. These facts
make the interpretation of his results difficult. The results are of in-
terest none the less because they were the first to indicate the similarity
between the behavior of the hardened paste and that of typically colloidal
substances such as silica gel. -

One striking fact in Jesser’s results is that the first drying curve is not
reversible. Work done in this laboratory confirms this.
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Fig. 17 — Diagram for apparatus used by Giertz-
Hedstrom for determining isotherms for hardened
cement paste
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Giertz-Hedstrom®2 published a number of isotherms for hardened
paste. His procedure can be explained with the aid of Fig. 17. A pump,
A, circulated air through a copper coil, B, a flow-meter, C, a wash bottle,
D, and the sample-holder, . The wash bottle, D, contained dilute
H,80, and was partly filled with glass beads. The manometer, G,
measured the pressure drop across D and F. The apparatus, except for
the pump, was kept at a constant temperature in an air thermostat. A
1-g sample of pulverized, saturated paste was placed in F, which was de-
tachable and served as a weighing bottle. Air was passed through the
sample until periodic weighing showed that it had reached constant
weight. When this point was reached, the H2SO;-solution first used in
D, which was made very dilute to give a high relative vapor pressure,
was replaced by a more concentrated solution and the sample was dried
to constant weight at the lower relative vapor pressure. This procedure
was repeated with progressively more concentrated H.SO,solutions, and
ended with concentrated H,S0, so that several points were obtained
along the isotherm. Giertz-Hedstrom’s results are given in Fig. 18.

Berchem®® has published isotherms for hardened cement and for
hardened specimens of three of the principal compounds of portland
cement. His method was essentially the method of Giertz-Hedstrom.
As shown in Fig. 19 he obtained no experimental points at vapor pressures
above p = 0.63 p,.

So far as the authors know, Jesser, Giertz-Hedstrom, and Berchem
are the only investigators who have published isotherms for hardened
portland cement pastes.*

Relationship between isotherms and isobars. In general, isotherms and
isobars give information about the fixation of different portions of the
water in the hardened paste. The isotherms give information about the
fixation of that part of the water that is evaporable at a constant tem-
perature, usually near room temperature; the isobars, on the other hand,
give information about the fixation of the water that is not evaporable
at room temperature. An exception is the work of Krauss and J6rns who,
instead of determining isobars at a very low water vapor pressure as is
commonly done, determined isobars at a vapor pressure of 7 mm Hg.
This corresponds to a relative vapor pressure of approximately 0.3 at
25C. Thus, the range of their isobars overlaps the lower part of the
isotherms given above as well as those determined in this laboratory.

Significance of isotherms. The isotherms, like the isobars, indicate
that the hydration products are predominantly colloidal. They can be
interpreted so as to give information about the volume and surface

*Gessner 3¢ has also studied the relationship between water content and relative vapor pressure of
cement pastes. However, instead of determining a complete isotherm for a single sample, a different
sample was used at each relative vapor pressure. Moreover, the procedure was such that the extent of
chemical reaction and the water-cement ratio were different for each. Thus, many variables areinvolved
and it is difficult to interpret the curves.
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area of the solid phase and other significant features of the properties
and behavior of hardened paste. The presentation of such data and their
interpretation are the main purpose of this paper.

Studies of water fixation by means of freezing tests

Studies of water fixation by means of freezing tests in various materials
such as soils and plants have been reported by several investigators.
Similar studies of hardened portland cement paste were reported by
Giertz-Hedstrom®® and by von Gronow®®, With respect to this method
Giertz-Hedstrom®” says: ‘“In all these tests the treatment is compar-
able with a reduction in water vapor pressure, that is to say, a form of
drying out but with the addition of a different complication for each
method.”*

In a later paper the work done in this laboratory on the freezing of
water in hardened portland cement pastes will be described.

SUMMARY OF PART 1

The material presented in Part 1 attempts to review the most signifi-
cant information obtained by other investigators on the physical prop-
erties of hardened portland cement paste. It describes the experimental
procedures and presents the test data of several important investigations.

*See also F. M. Lea, Cement and Cement Manufacture, v. 5, p. 395 (1932).
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From reported microseopic studies it can be concluded that hardened
cement paste is predominantly of submicroscopic texture. The only
microcrystalline hydrate consistently:reported is caleium hydroxide.
Brownmiller found this to occur in clusters of very small crystals in the
“cement gel.” Although the gel state is theoretically unstable, Bogue
and Lerch found no evidence of change toward the microcrystalline state
over a period of 2 years. However, Kiihl found evidence of such a change
in pastes about 20 years old.

X-ray analyses do no more than confirm results of the microscopic
method.

The relatively few reported observations made with the electron
microscope indicate that the hydration products of portland cement may
be colloidal but not amorphous. That is, they may be made up of
submicroscopic crystals. ‘

Several studies of physical properties of paste have been made by
studying the fixation of water in hardened portland cement paste. Such
studies are based on the fact that the characteristics of hydration or
dehydration curves depend on both the physical and chemical character-
istics of the materialsinvolved. Inhydroxides the water loses its chemical
identity and appears in the structure as OH-groups. In many compounds
it is bound molecularly by covalent bonds. In a third type of compound
some of the water is bound by hydrogen bonds. In all the types of bind-
ing just mentioned the amount of water combined can usually be repre-
sented in a definite chemical formula and when the particles are of
microscopic size or larger, such hydrates are stable through definite
ranges of temperature and pressure.

In bodies of the zeolite type the water molecules are believed to be
packed in the interstices of the solid structure and they are relatively
loosely bound to the solid.

Any solid is capable of holding a small amount of water or other
substance on its exposed surface by adsorption. The quantity held in
this manner can be large when the specific surface of the solid is very
high. '

The amount of zeolitic water or adsorbed water held by a solid de-
pends on the temperature and pressure of the water vapor surrounding
the solid and the amount varies continuously with changes in either
pressure or temperature. :

A graph of the relationship between water content and temperature
at constant vapor pressure is called an “isobar.” The shape of the
isobar of a hydrous solid depends on the specific surface of the solid and
upon the nature of the combination between the solid and the water.
Microcrystalline hydrates give stepped isobars having one or more steps.
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The same hydrates reduced to submicroscopic particles of various sizes
produce smooth isobars, showing more water in combination at the lower
temperatures and less water at the higher temperatures than does the
same material in the microcrystalline state. The isobar for zeolitic or
for adsorbed water is a smooth curve under all conditions.

A graph of the relationship between water content and water vapor
pressure at constant temperature is called an “‘isotherm.” For micro-
crystalline hydrates the isotherm, like the isobar, is stepped. The
material retains more water at low vapor pressures and less at high vapor
pressures than does the same material in the microcrystalline state.
This conclusion is based partly on experimental data and partly on
jnference from the isobaric relationships.

Under certain conditions isotherms from silica gel show a step similar
to that of a microcrystalline hydrate. The resemblance is superficial,
however, as other information shows that no definite hydrate exists
over any given pressure range.

Isobars from portland cement paste have been obtained by several
investigators. The findings of different investigators vary in some de-
tails. In general they show that the isobar is a smooth curve except for
one step that is attributed to the decomposition of calcium hydroxide.

Isobars from the four principal compounds of portland cement, hy-
drated separately, show that the hydrates of Cs8 and CyS resemble that
from portland cement, whereas the hydrates of C3;4 and C,AF show
mainly the characteristics of microcrystalline hydrates, a step occurring
at about 240F when vapor pressure is about 0.1 micron. The fact that
Meyers found no step on the isobars for portland cement at 240F is
evidence that the hydrates of C34 and C.AF that oceur in portland
cement are not the same, at least with respect to physical state, as those
which form when these compounds are hydrated separately.

Isotherms from portland cement pastes have been obtained by a few
investigators. The isotherms give information about the fixation of that
part of the water that is evaporable at a constant temperature, usually
near room temperature, whereas the isobars give the information about
the fixation of that part of the water that is not evaporable at room
temperature. The isotherms that have been obtained agree with the
isobars in indicating that the water in hardened paste is not held as it is
in microcrystalline compounds. Instead, the manner of binding is
similar to that between water and silica gel.

Some studies of water fixation by a freezing-out procedure have been
reported. The method is fundamentally similar to the drying-out pro-
cedure and the results obtained have about the same significance.
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The data on the isothermal relationship between water content and
vapor pressure obtained before the present investigation are too few to
throw much light on the question of paste structure. Several of the
earlier investigations were conducted under what are now known to be
faulty test conditions.
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INTRODUCTION

In the preceding part of this paper some of the methods of studying
hydrated portland cement paste were reviewed and the principal results
obtained by previous investigators were presented. In this part of the
paper the studies of water fixation carried out in this laboratory will be
described. *

As shown in the first section, water fixation has claimed the interest of
several investigators. The reason for such interest is not hard to find.
Some of the water associated with hardened cement paste is obviously
a constituent of the new solids produced by chemical reactions. If

-all such water is driven from the paste, the cohesion of the paste is de-
stroyed. Another part of the water, amounting in saturated paste to as
much as 50 percent of the volume of the paste, or even more, is free to
leave the hardened paste without destroying the cementing value of the
material. It does, however, have important effects on the hardened
paste: the paste shrinks as water is lost and swells as it is gained; the
strength and hardness of the hardened paste vary with its degree of
saturation; some of this water is freezable and is thus a source of dis-
ruptive pressures that tend to disintegrate concrete exposed to weather.
Furthermore, the amount of water that is free to come and go in response
to changes in ambient conditions is an index to the degree of porosity of

+The characteristics of the cements mentioned in this part may be found in the Appendix to Part 2.
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the hardened paste. The porosity is obviously an important property
of the material related directly to its quality.

One incentive for studying the fixation of water in hardened paste
was the possibility that suitable measurements of the manner in which the
water is associated with the solids would provide the means of estimating
the nature and size of the pores in the paste. It was hoped that such
knowledge would simplify the problem of relating the chemical and
physical characteristics of the cement to its quality. This hope arose
rather directly from the hypothesis of Freyssinet®* which had a major
influence on our choice of experimental procedure. The chosen procedure
was intended to yield information on the porosity and pore-size distribu-
tion of the hardened paste and other information that might bear on the
questions of volume change, durability, plastic flow, ete.

Porosity. To speak, as above, of the porosity of hardened paste is
likely to be misleading unless the term is properly qualified. The word
“porosity’”’ can be interpreted differently according to past experience
or to the chosen criterion as to what constitutes porosity. Certainly,
the term is misleading here if it calls to mind such materials as felt or
sponge.

Whether or not a material is considered to be porous depends in part
on the means employed for detecting its porosity. If a material were
judged by its perviousness alone, the decision would rest primarily on the
choice of medium used for testing its perviousness. For example, vul-
canized rubber would be found impervious, and hence, non-porous, if
tested with mercury, but if tested with hydrogen it would be found highly
porous. The perviousness of hardened cement paste to water and other
fluids is direct evidence of the porosity of the paste.

Regardless of the size of the pore, a substance near enough to the
boundary of the pore is attracted toward the boundary by one or more
types of force known collectively as forces of adsorption. These forces
are sufficiently intense to compress a fluid that comes within their range.
If the fluid is a vapor, the degree of compression may be very great;
the vapor may be liquefied or solidified; if the fluid is already a liquid, it
may undergo further densification on making cortact with the solid
surface. Since the range of the forces causing such effects is very small—
a few hundredths or thousandths of a micron—only a negligible part of
the enclosed space in pores of microscopic or macroscopic dimensions is
within the range of surface forces. However, when the pores are of the
same order of magnitude as the range of surface-forces, it follows that a
large portion, or all, of the enclosed space is within the range of surface
forces. For this reason, substances containing a large volume of sub-

*See references, end of Part 2.
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microscopic pores exhibit properties and behavior not noticeable in
ordinary porous bodies. For example, porous bodies of submicroscopic
(colloidal) texture shrink and swell markedly on changing the liquid
content of the pores, the magnitude of the effect being controlled by
the intensity of attraction between the solid and the liquid. Moreover,
changes in liquid content alter such properties as strength, elasticity,
heat content, and other properties that in non-colloidal solids are vir-
tually constant at a given temperature. Some of these effects will be
the subject of discussion farther on.

CLASSIFICATION OF WATER IN HARDENED PASTE

The present discussion aims to elucidate those features of a hardened
paste that are revealed by the relative proportions of the total water
content that fall in three different categories, as follows:

(1) Water of constitution.

As used here, this term refers to water of crystallization or
water otherwise chemically combined; it refers to water that is a
part of the solid matter in a hardened paste.

(2) Water bound by surface-forces—adsorbed water.
(8) Capillary water.

This is that water which occupies space beyond the range of
the surface-forces of the solid phase. |

The above classification is of little practical use, for as yet no way has
been devised for actually separating the total water content into such
divisions. On drying, water of categoryv (2) and of category (3) are lost
simultaneously. Furthermore, not all the water in these two categories
can be removed without removing also some of the water of constitution
(category (1) ). Nevertheless, since evaporation or condensation is the
most feasible means of manipulating it, the total water must be studied
first with respect to the relative volatilities exhibited by different portions
of it. From such data, means of estimating the amounts of water in the
three categories given above have been developed, as will be shown.

The water in a saturated, hardened paste is classified in this paper
according to its volatility as follows: The water that is retained by
a sample of cement paste after it has been dried at 23 C to constant
weight in an evacuated desicecator over the system Mg(ClO4)2.2H0 +
Mg(ClO4)s.4H,0 as a desiccant* is regarded, in this discussion, as “‘fixed’’ or
“combined”” water. To avoid any unintentional commitments as to the
state of combination of this part of the water, it is called non-evaporable
water. The rest of the water in a saturated specimen is called the evapor-

*The material is purchased as ‘‘Dehydrite”—Mg(ClOgd2 The two molecules of water are added at the
time of use. See Drying of Samples.
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able water. The non-evaporable water probably includes most of the
water of constitution, but not all of it, for at least one of the hydrates,
calcium sulfoaluminate, is partially decomposed when the evaporable
water is removed. On the other hand, it is not certain that all the non-
evaporable water is water of constitution, for it is possible that some of
it can be removed (by slightly raising the temperature) without decom-
posing any compound present. (See Part 1, Isobars from Portland
Cement Paste.) In this connection, a reading of Lea’s paper “Water in
Set Cement’’ is recommended.?

MATERIALS AND EXPERIMENTAL PROCEDURES

The materials used for these studies were hardened neat cement pastes,
pastes of cement and pulverized silica, or cement-sand mortars made
with a wide variety of commercial and laboratory-prepared cements.
The experimental procedures differed somewhat from time to time and
with the type of specimen employed. The general features of the pro-
cedures will be described here, and certain other details will be given at
appropriate points in other sections of this paper. A detailed description
of the materials and methods of the various projects will be found in the
Appendix to Part 2.

PREPARATION OF SPECIMENS

Neat cement cylinders

(Series 254-K4B and 254-MRB). Neat cement specimens were pre-
pared, usually at a water-cement ratio of 0.5 by weight, by molding the
mixed paste in cylindrical wax-impreghated paper molds 7g¢-in. by 6-in.
long. In some investigations cylindrical molds of other types were used.
The molds were stoppered and laid in water horizontally as soon as they
were filled, and the stoppers were removed after about 24 hours so that
the curing water might have ready access to the cement paste.

In mixing the pastes, 200 g of cement was mixed with the desired
amount of water in a kitchen-type mixer. The mixer was operated at
top speed for two minutes and then the paste was allowed to rest for
three minutes, and finally mixed again for two minutes. This procedure
was followed to avoid the effects of certain types of premature stiffening,
whether or not the cements showed any such tendency.

Mortar specimens

The majority of the mortar specimens were made from the mixes
shown in Table 1.

As indicated in the Table 1, the aggregate consisted of standard
Ottawa sand (20-30 mesh) and pulverized silica, the latter being of about
the same specific surface as the cement. The quantity of silica was
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TABLE 1—MIXES FOR MORTAR SPECIMENS
(Series 254-8-9-10-11)

Proportion by weight Batch quantities in grams
Mix Cement | Pulverized | Standard | Cement | Pulverized | Standard
silica sand silica sand
1.00 — 1.64 1400 — 2300
B 1.00 0.33 2.30 1000 330 2300
C 1.00 0.71 3.65 750 530 2300

such as to give all the mixes about the same total (absolute) volume of
cement -+ silica 4 water.

The water-cement ratios were adjusted to give a 114-2-in. slump
(6-inch cone) and varied through a small range with the different cements
used. The values (after bleeding) were about 0.33, 0.45, and 0.58 for
mixes A, B, and C, respectively.

The batches were mixed in a small power-driven, open-tub mixer.
Each bateh was first mixed 30 seconds dry and then for 2 minutes after
the water was added. Two operators working simultaneously then made
duplicate slump tests and returned the slump samples to the mixing tub.
After remixing the material for 30 seconds, 2x2-in. cubes and 2x2x914-in.
prisms were cast in watertight, three-gang molds which had been
previously weighed.

Measurements were made from which the air contents and the loss of
water due to bleeding could be computed. This procedure was as follows:
Before each cube mold was filled, its outside surface was carefully cleaned
and, after filling, the mold and contents were weighed. Then the mold
was placed in saturated air. After two hours, water that had accumu-
lated at the top through settlement was carefully removed with absorbent
paper and the mold again was weighed. The molds were then im-
mersed in water at 70 F where they remained for at least 12 hours. They
were then removed from the water, dried with paper and again weighed.
Following this the specimens were removed from the molds, weighed in
air surface-dry, and then in water so as to obtain the weight and volume
of the material. The cubes were then stored in a fresh supply of water
at 70 F where they remained until test or until they were 28 days old.
Those that were scheduled for tests beyond 28 days were then stored in the
fog room at 70 F. '

During the water storage the water was changed periodically to prevent
the building up of high alkali concentration.

At the scheduled time of test the cubes were again weighed in the
surface-dry condition and under water. Those that had had a period of
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storage in moist air were placed in water one day before the scheduled
test date to allow them to absorb water if they could.

The data obtained in this manner made it possible to ascertain the
average amount of original unhydrated cement, silica, sand, water, and
air in each group of companion hardened specimens.

The prisms were treated in the same way as the cubes except that the
measurements of settlement (bleeding) were not made.

Truncated cones

In one of the earlier investigations (Series 254-7) mortar specimens
were cast in watertight, truncated cones of 4-in. base, 2-in. top diameter,
and 6-in. height. Measurements similar to those made on the cubes
were made on these cones before and after removing the molds. = This
gave accurate data on the settlement and the final proportions of the
ingredients of the mixtures.

TESTING OF MORTAR SPECIMENS

At the scheduled test ages, which usually ranged from 7 days to 6
months, two cubes of a kind were tested for compressive strength.
Throughout these procedures the cubes were carefully kept wet and,
after being tested, cubes of a kind were placed immediately in airtight
containers.

PREPARATION OF SAMPLES FOR STUDIES
OF HARDENED PASTE

Mortar specimens

The tested mortar cubes in airtight containers, mentioned above, were
taken from the containers as soon after the strength test as possible and
passed quickly through a small jaw crusher. The crushed material was
immediately transferred to a nest of sieves (No. 4-8-14-28-35-100-150)
already cl/eaned, assembled, and sealed at the joints with wide rubber
bands. The sieves were shaken on a sieving machine for 5 or 10 minutes
and then, to prevent losses of water by evaporation, the nest of sieves
was opened in the moist room and the material caught between the 35-
and 100-mesh or, in some series, between the 48- and 100-mesh sieves,
was transferred to a screw-top sample bottle. This material, which
consisted of granules of hardened cement paste or hardened paste and
pulverized silica, was used for the studies to be described.

Neat cement cylinders and mortar cones

The neat cement cylinders and mortar cones were weighed in air and in
water by procedures somewhat like that described for the mortar cubes.
Then, since no physical tests were made on these specimens, they were
immediately passed through the jaw crusher and a granular sample was
obtained by the procedure described above. In some of the earliest tests
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the erushing was done with mortar and pestle, but this procedure per-
mitted too much drying and carbonation of the material.

Neat cement slabs

For the most recent project of this study (Series 254-18) the test
samples were very thin, neat-cement slabs. These were prepared from
cylinders by sawing off slices and then grinding the slices on a glass plate
with carborundum dust and water. By this method the slabs were
reduced to an average thickness of about 0.3 mm. When saturated,
they were translucent. .

DRYING OF SAMPLES

The granular samples described above, in quantities not exceeding
15 g, were placed in wide-mouthed weighing bottles and stored in
vacuum desiccators with anhydrous magnesium perchlorate (Dehydrite).
(The desiccators were exhausted with a Cenco Hyvac pump.) When an
excess of the anhydrous desiccant was used, the effective drying agent
was a mixture of Mg(ClOy), and Mg(ClOg):.2H,0. With the thought of
avoiding the dehydration of the calcium hydroxide, we used a quantity
of anhydrous magnesium perchlorate in each desiccator such that when
the original compound had combined with all the water given up by the
samples the desiccant had become a mixture of Mg(Cl0O,),.2H,0 and
Mg(Cl0,),.4H,0; that is, this was the mixture that determined the final
water vapor pressure in the desiccator. (Although this was the inten-
tion, there is some evidence in the data that the desired result was not
always realized. In some cases the final desiccant was probably the
mixture Mg(ClOy), + Mg(Cl0,):.2H,0. Some of these cases are mentioned
in later discussions, but it was impossible to identify all cases with
certainty.)

In some of the earlier projects other desiccants were used, namely,
P05, Hy80,, and CaO. In some the drying was done in desiccators con-
taining air instead of in vacuum desiccators. ITowever, most of the data
reported here were obtained by the procedure described above.

Reproducibility of results

To test the reproducibility of results obtained by the drying procedure
used for the greater part of this investigation, four sets of samples,
each comprising 11 companion portions, were prepared from a single neat
paste specimen 314 months old. The results are given in Table 2.

The differences among the figures in any one column indicate the
degree of variation among the samples in a given desiccator. The figures
for the average loss for the different sets indicate the variations, if any,
between conditions in different desiccators. The average losses for sets
A and B are slightly higher than for sets C and D. Sets A and B were
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TABLE 2—REPRODUCIBILITY OF DRYING LOSSES

Cement: Laboratory blend of 4 commercial brands, Lot 13495
Nominal w/c = 0.50 by wt.
Curing: 314 months in water

Loss of water—%, by wt.
Sample
No. A B C D

1 19.81 20.14 19.75 19.87

2 20.06 20.01 19.84 19.80

3 19.93 20.10 19.85 19.96

4 19.99 20.13 19.66 19.89

5 20.06 20.10 19.67 19.82

6 20.09 20.07 19.86 19.84

7 19.98 20.04 19.93 19,87

8 - 20.00 20.09 19.63 19.87

9 20.13 20.03 19.84 19.84

10 20.00 20.04 19.74 19.79

11 19.72 20.20 19.58 19.90
Average 19.98 20.09 19.76 19.86

dried immediately after they were prepared. Sets C and D were stored
in screw-top sample bottles for about one week before they were dried.
It seems, therefore, that the smaller loss from sets C and D was probably
due to the additional hydration of these two sets during the one-week
walting period.

DETERMINATION OF NON-EVAPORABLE WATER

One-gram portions of the samples dried as described above were heated
at about 1000 C for about 15 minutes. The samples were cooled and
weighed and then given a 5-minute reheat to check the completeness of
ignition. The amount of loss minus the ignition loss of the original
cement is called the non-evaporable water content of the sample.

The computation involves the assumption that the weight of the non-
evaporable water is exactly equal to the increase in ignition loss. . Such
an assumption introduces some error. In the first place the original
cement was not pre-dried as were the hydrated samples before determin-
ing loss on ignition. Hence, the ignition loss as reported for the original
cement might be slightly above the value correct for this computation.
A second, more serious, source of error arises from ignoring the increase
in the amount of combined carbon dioxide. Although precautions against
exposure of the granular samples of hardened paste to carbon dioxide
were taken, some carbonation did occur. Tests made on 15 different
samples showed that in 60 percent of the cases carbonation amounted to
less than 0.5 percent of the weight of the original cement. However,
carbonation as high as 1.9 percent was found. When carbonation has
occurred, the loss on ignition of the carbonated sample will be greater
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than the non-evaporable water content before carbonation occurred.
The increase is about 0.59 times the weight of CO, combined. For
example, if the loss on ignition is 0.2 g per g of cement greater than the
original loss on ignition, and if the CO; content has increased by 0.005
g per g of cement, the non-evaporable water would be 0.2 minus the
quantity (0.005x 0.59) = 0.197. Thus, in this example, the assumption
that the increase in loss on ignition is equal to the non-evaporable water
results in an error of about 1.5 percent. At earlier stages of hydration,
when the loss on ignition is smaller, the relative error would be consider-
ably greater for the same amount of carbonation.

Since the necessary data are available on only a few of the samples
and since also there is some question as to the accuracy of the figures
for amount of carbonation, no attempt to correct loss on ignition for CO,
was made in preparing the data for this report. Variations in the amount
of carbonation among the various samples undoubtedly contributes to
the random variations that will be noted.

Degree of desiccation of dried samples

The degree of desiccation obtained by the drying procedure described
above is indicated by the data given in Table 3, which gives also the
results obtained with other desiccants. For brevity, only one of the two
components of the desiccating mixture is given. The samples tested
were neat cement pastes (original w/c (by wt.) = 0.5), that had been
cured 1 year in water. Each paste was made with a different cement,
the group representing a wide range in chemical composition.

It will be noted that with any given desiccant, the percentages of non-
evaporable water for the different pastes differ over a considerable
range. However, it is significant that all the results obtained with one
desiccant bear a virtually constant ratio to the results obtained with
another. This is shown in Table 4, where the results are expressed as

TABLE 3
(Data from Series 254-K4B)
Water retained at equilibrium with the desiccant
indicated, % by wt. of cement in specimen
Paste P,0s Mg(Cl0): | Mg(Cl0..2H:0 H,80,
No. : conc.
48 18.3 21.4 22.8 22.3
58 17.4 20.6 22.0 22.7
7Q 21.4 25.4 26.6 27.1
7P 21.1 25.2 26.5 27.1
78 20.6 24.6 25.9 26.5
118 17.6 20.9 22.2 22.5
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TABLE 4
Amount of water retained relative to that
retained by Mg(Cl04)s.2H:0
Paste
No. P05 Mg(ClOs): Mg(Cl0,):.2H,0 Hy80,, cone.
48 0.80 0.94 1.00 0.98*
58 0.79 0.94 1.00 1.03
7Q 0.80 0.95 1.00 1.02
7P 0.80 0.95 1.00 1.02
7S 0.79 0.95 1.00 1.02
118 0.79 0.94 1.00 1.02

*This value iz probably in error—too low. In another group of tests, the ratio for cone. H280: was found
to be 1.08. Possibly the sulfuric acid used in this second group had a slightly higher water vapor pressure
than the acid represented in the table.

ratios to the quantity retained over a mixture of magnesium perchlorate
dihydrate and magnesium perchlorate tetrahydrate.

The published information on the actual water vapor pressures main-
tained by these desiccants is not entirely satisfactory. The values given
in Table 5, below, are the most reliable that can be found. Note that
these values are upper limits; the actual water vapor pressures may be
much lower.

TABLE 5
Residual water at 25 C
Drying Mg. per Relative vapor
agent liter pressure, Reference
p/p.*

P05 <2.5 x10® <1x 108 1)
Mg(ClO4)2(anhyd.) <3 x 103 <130 x 10 3)

H,804 <3 x 103 <130 x 10 @)

Ca0 <3 x 103 <130 x 10 3)

*p = existing waber Vvapor pressure. ps = water vapor pressure over a plane surface of pure water—the
“saturation pressure” at a given temperature.
(1) Morley, J. Am. Chem. Soc. v. 26, p. 1171 (1904).

(2) Morley, Am. J. Sct. v. 30, p

141 (1885).

(3) Bower, Bureau Stds. J. Rmea,rch v. 12, p. 246 (1934).

The data for CaO are open to question.

Evidence to be presented

in Part 4 indicates that the equilibrium relative vapor pressure of water
over Ca0-may be much less than the value given.

The data for P,0s and H.SO, are the result of very painstaking

measurements and are probably close to the correct ones.

The results

in Table 4 bear this out. The amount of water retained by pastes dried
over Py0j is less than that retained over any other desiccant; that re-
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tained over HsS80,, conc., is more. With respect to Mg(ClO,)s(anhyd.),
the water vapor pressure maintained by this desiccant is certainly far
less than the upper limit given in Table 5. The data in Table 4, together
with the data given on page 286, indicate that the relative vapor pres-
sure is well below 24 x 10-%, the vapor pressure of water at dry ice
temperature (-78 C) relative to “saturation pressure” at 25 C.

Data on the vapor pressure over Mg(ClO4)2.2H,0 are not available
in the literature. However, the data on page 286, indicate that it is
about 24 millionths of the “saturation pressure.”

A method of drying more commonly used than the isothermal pro-
cedures just discussed is that of oven-drying at a temperature at or
slightly above the normal boiling point of water. To compare the degree
of desiceation obtained from such oven-drying with that obtained iso-
thermally over Mg(Cl0Oy4):.2H 0+ Mg(ClO4)2.4H 0, four samples that had
previously been dried by the latter procedure were placed in an oven
at 105 C and allowed to come to constant weight. The results are
shown in Table 6.*

TABLE 6
Loss in weight in oven—9, of non-
evaporable water content as
No. found by isothermal drying over
of Mg(Cl0,)2.2H-0 +

Sample Mg(ClO4)2.4H0

16213 10

16214 11

16198 10

15669 13

Stability of hydrates

The figures given in the foregoing paragraphs indicate the ‘‘degree
of dryness” produced by the method adopted for this investigation in
terms of the amount of water retained by the paste and the relative
vapor pressure of this residual water, called non-evaporable water. An
attempt will now be made to indicate the amount of water retained by
the hydrated compounds of portland cement when dried by this pro-
cedure.

The microscope reveals that both microcrystalline and colloidal ma-
terials occur in hardened paste, the colloidal material appearing as an
amorphous mass enclosing microcrystalline Ca(OH), and unhydrated
residues of the original cement grains. Any such microcrystalline hy-

*In this test no attempt was made to control the water vapor pressure in the oven. This is the incorrect
procedure that has frequently been used in studies of this kind.
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drate will remain unaltered during the process of drying if its dissocia-
tion pressure is lower than the vapor pressure maintained by the drying
agent. If the dissociation pressure of the hydrate is higher than the vapor
pressure maintained by the drying agent, dehydration is possible but
not certain; only direct trial will tell whether it will occur under the con-
ditions of the experiment. Under suitable experimental conditions, the
hydrate will lose one or more gram-molecular weights of water per mole
of hydrate without appreciable change in vapor pressure, the amount
lost being determined by the nature of the hydrate.

As was shown in Part 1, the water content of colloidal hydrates bears
no small-whole-number, molar ratio to the anhydrous material (except
perhaps by chance) and none of it can be removed without a corre-
sponding change in the equilibrium water vapor pressure. That is, the
water content of a colloidal hydrate varies continuously with changes
in ambient conditions. The colloidal material in hardened cement pastes
predominates over non-colloidal constituents to such a degree that the
dehydration process shows only the characteristics associated with
colloidal material and therefore the dehydration curves do not indicate
directly the extent to which the microcrystalline material becomes
decomposed. '

The extent to which the hydrates of the major compounds of portland
cement are dehydrated under the drying conditions described can be
estimated from the data given in Table 7. The data pertain to products
obtained by hydrating the compounds separately. The first eight lines
of data show the amounts of water retained by C3S (under the drying
conditions described) after various periods of hydration. They show
that the amount is greater the longer the period of hydration. However,
a maximum would be expected, though it is not clearly indicated by
these data.

As brought out in Part 1, the figures given in Table 7 should be ve-
garded as single points on smooth isobars and therefore have no unique
significance. Had the temperature of drying been higher, the amount of
water retained at any given age would have been less, and vice versa.
On the other hand, if the hydration products were microcrystalline hy-
drates, each hydrate would probably be stable over a considerable
temperature range, with pressure constant, or over a pressure range with
temperature constant. '

The alumina-bearing compounds that occur in portland cement
clinker, when. hydrated separately, produce microcrystalline hydrates
having definite amounts of water. of crystallization. A list of several
compounds is given in Table 8, together with information as to their
stability in the presence of Mg(Cl0,)..2H,0, Ca0, or Py0;.
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TABLE T7—FIXED WATER IN HYDRATED C.S AND C;S AS REPORTED
BY SEVERAL INVESTIGATORS

“Fixed water” at age indicated,
Nominal grams per gram of
Com- w/e original anhydrous material
pound by
wt. 3 days 7 days | 28 days 6 mo. 1 year 3 years
8¢ 0.35 0.103 — 0.146 0.150 0.190 —
CuS® 0.40 0.198 — — — 0.213 —
C,S¢ 0.78 — — — — — 0.31
C38¢ 0.33 — 0.103 0.143 0.207 — —
¢ 0.45 — 0.102 0.147 0.224 — —
« 0.60 — 0.104 0.150 0.238 — —
“ 1.00 — 0.110 0.161 0.254 —_ —
C.8" 0.30 0.013 — 0.034 0.108 0.122 —
CS? 0.40 0.019 — 0.043 — 0.138 —
CaS¢ 0.33 — — — — — 0.09
Cy8¢ 0.33 — 0.020 0.036 0.134 — —
¢ 0.45 — 0.020 0.032 0.142 — —
“ 0.60 — 0.016 0.025 0.120 — —
“ 1.00 — 0.017 0.026 0.130 — —

a — R. H. Bogue and Wm. Lerch, PCAF Paper, No. 27.
The specimens were cuxed in vmls w1th excess water present. Material ground to pass 100 mesh, 90
percent to pass 200, “Fixed water” is the loss on heating at 1000 C, from samples pulverized and
dried in an oven at 105 C with no control of the water vapor pressure in the oven.

b — R. H. Bogue, Effects of ’hase Composition on the Volume Stability of Portland Cement, PCAF (1940)
(mimeographed)
The specimens were cured in v1als with no extra water. The material was “‘ground to approx1mately
2200 em?/gm.” ‘“‘Fixed water’’ as in a.

¢ — This laboratory
The specimens were molded and cured in extraction-thimbles surrounded with water. The silicates
were each ground to give 85 percent passing the No. 200 sieve, but the trisilicate was nevertheless
the ﬁn((;,l p/psit equlhbrmm was about 0.5 x 10-8, The amount of water was determined-by heating at

1000
d — F. P. Lasseter, Chemical Reactions in the Setting of Portland Cement—Dissertation, Columbia

University, 1939.
The specimens were cured in vials \nth extra water present. Samples of -100 mesh material were dried
3 hr. at 105 C in “dry COz-free air.

The first compound listed, the high-sulfate form of calcium sulfoalu-
minate, may occur in hardened paste to the extent that gypsum is
present for its formation (assuming an excess of C;4). The data indicate
that all but 9 of the 32 molecules of water of crystallization may be lost.
In an average cement containing 1.7 percent SO, all of which reacted
to form the calcium sulfoaluminate, the amount of hydrated sulfoalu-
minate per gram of cement would be about 0.09 g. About 0.03 g of
this would be lost on drying. '

The second item in Table 8 refers to the low sulfate form of calcium
sulfoaluminate, a compound which probably does not form under the
conditions prevailing in the hardening of the pastes used here. If it
did occur, the data indicate that 2 of the 12 molecules of water of crys-
tallization might be lost on drying over Mg(Cl0,)..2H 0.

The hexahydrate of €34 evidently would not be dehydrated by
Mg(Cl0,)..2H,0. The 12-hydrate of C34 is reduced to about the 8-
hydrate on drying over Mg(Cl04)2.2H,0. C4A.12H,0 is not dehydrated
by the conditions used for this study.
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TABLE 8
Number of molecules of water retained
in the presence of the desiccant indicated
Compound
Mg(ClO4)2.211,0 Ca0O P,0s
C34.3CaS04+.32H,0 9(2) 8() 7.5(cd)
C34.CaS0.12H,0 10(7) — 8 (v9)
C3A.6H,0 (cubic) — 6(%) —
C34.12H,0 (hex) — i 8() —
C.A.12H,0 — — 12¢)

a — This laboratory.

b — Jones: Symposium on the Chemistry of Cements (Stockholm, 1938), p. 237.

¢ — Forsen: Zement v. 14, pp. 1130, 1255 (1930); v. 22, pp. 73, 87, 100 (1933).

d — Mylius: Acta Acad. Aboensis v. 7, p. 3 (1933); see b.

e — Thorvaldson, Grace & Vigfusson: Can. J. Res. v. 1, p. 201 (1929).

f — Assarsson: Symposium on the Chemistry of Cements (Stockholm, 1938), p. 213.

It thus appears that of the various microcrystalline hydrates that
can be formed from the constituents of portland cement only the calcium
sulfoaluminate would be decomposed to an appreciable extent; it would
lose 72 percent of its water of crystallization. After a long period of
hydration, the water held by the hydration products of C38 and CaS
amounts to 20 to 30 percent and 10 to 14 percent of the weight of the
original material, respectively.

Before this subject is closed it should be said that the occurrence of
the microcrystalline hydrates of C3;4 in hardened paste, particulary C;A4 .-
6H,0, is very doubtful. Several observations indicate this. One is the
fact that drying-shrinkage is greater for cements of high C3;4 content.
This cannot be explained on the basis that €34 combines with water to
form the hexahydrate C34.6H0, since that crystal does not lose water
under the conditions of ordinary shrinkage tests.

DETERMINATION OF TOTAL EVAPORABLE WATER

The water that a sample is capable of holding in addition to the non-
evaporable water is called the evaporable water, as defined before. The
procedure for determining the evaporable water content of granulated
samples is as follows: About 5 grams of the sample to be saturated is
placed in a 50-ml Erlenmeyer flask fitted with a special stopper that
permits either the introduction of water from a burette or a stream of
dried air free from CO,. At the start, water is slowly dropped onto the
sample from the burette until the sample, upon being shaken, gathers
into a lump and elings to the flask. Dry air is then passed over the
sample while it is vigorously shaken by hand. After 2 minutes of this
treatment, the flow of air is stopped and the shaking of the flask is
continued. If the sample persists in gathering into a lump, the drying
is continued for 2 more minutes. This procedure is continued until the
particles just fail to cling to each other and to the flask. The total water
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TABLE 9—DATA ON TOTAL WATER CONTENT OF SATURATED SAMPLES
Series 254-MRB

Total water at test, w:/c
Age
Cement at Wo Granules Wa
No. test, — Original -—
days c specimen | SSD 1 SSD 2 SSDO c

1 2 3 4 5 6 7 8
14900 126 0.45 0.526 0.508 0.515 0.527 0.227
14901 126 0.39 0.498 0.491 0.493 0.503 0,223
14902 133 0.39 0.515 0.501 0.495 0.511 0.227
14903 133 0.42 0.527 0.511 0.516 0.526 0.227
14904 162 0.42 0.489 0.490 0.481 0.499 0.228
14905 162 0.41 0.493 0.490 0.482 0.502 0.230
14906 173 0.48 0.551 0.550 0.541 0.567 0.236
14907 173 © 0.41 0.464 0.461 0.458 0.474 0.219
14908 200 0.39 0.487, 0.479 0.475 0.492 0.225
14909 200 0.48 0.562 0.548 0.546 0.572 0.226
14910 204 0.46 0.521 0.513 0.510 0.535 0.228
14911 204 0.46 0.536 0.526 0.521 0.546 0.229
14912 212 0.49 0.551 0.547 0.541 0.568 0.225
14913 212 0.41 0.478 0.477 0.476 0.493 0.221
14914 222 0.42 0.495 0.487 0.499 — 0.225
14915 222 0.44 0.518 0.520 0.517 0.530 0.224
Average 0.513 0.506 0.504 0.523 0.226

SSD = Saturated, surface-dry

SSDt = Granulated sample (100-48 mesh) dried in vacuo over (MgCl0O4)2.2H20 and then resaturated in
the presence of air

SSD2 = Granulated sample dried in the same way as SSDI, and resaturated in a vacuum.

SSDO = Granulated sample of original, undried material brought to the SSD condition by adding water in
the presence of air

wa/c = Non-evaporable water, g per g of cement.

wo/c = Original water-cement ratio by wt., cor rected for bleeding

wtfc = Total water-cement ratio at time of test

held by the sample in this condition, minus the non-evaporable water,
is the total evaporable water as defined above.

Data from 40 such determinations showed that the average difference
in the values obtained in duplicate determinations by a given operator
was 0.36 percent of the dry weight. In three cases out of 40, the difference
in values was more than 1 percent. Other experiments showed that the
results obtained by two operators working independently did not differ
more than did duplicate determinations made by a given operator.

The procedure just described permits water to enter previously dried
granules from all sides simultaneously. Since the dried grains are known
to contain a considerable amount of adsorbed air, the question arises
as to how completely the air is displaced by the water. To answer this
question, some dried samples were evacuated, so as to remove most of
the adsorbed air, and then the water for saturation was introduced in the
absence of air. Compamon samples were treated in the presence of air in
the usual manner.



Materials Landmark Papers 317

TABLE 10—DATA ON TOTAL WATER CONTENT OF SATURATED SAMPLES
Series 254-K4B

Total water at test, wi/c
Age
Ref. at W, Granules Wn
No. test, - Original —
days ¢ specimen SSD S8SDO c
1 2 3 4 5 6 7
1-8 180 0.470 0.556 0.543 0.557 0.223
1-P 180 0.473 0.577 0.559 0.576 0.233
1-Q *180 0.425 0.521 0.502 0.515 0.229
1
4-S 144 0.463 0.522 0.510 0.525 0.179
4-P 138 0.460 0.548 0.512 0.535 0.177
4-Q 138 0.450 0.518 0.495 0.515 0.177
5-S 150 0.427 0.502 0.498 0.510 0.165
5-P 146 0.453 0,542 0.509 0.519 0.159
5-Q 150 0.456 0.533 0.514 0.527 0.165
6-S 196 0.471 0.529 0,508 0.530 0.215
6-Q 191 0.447 0.532 0.512 0.536 0.222
7-P 164 0.473 0.570 0.556 0.575 0.240
7-Q 171 0.480 0.548 0.549 0.564 0.239
11-P 164 0.445 0.521 0.516 0.532 0.186
11-Q 172 0.440 0.515 0.509 0.516 0.190
15-S 202 0.485 0.558 0.536 0.561 0,217
15-Q 202 0.445 0.555 0.529 0.544 - 0.220
16-P 223 0.464 0.540 0.525 0.541 0.226
16-Q 223 - 0.456 0.516 0.502 0.520 0.225
20-3 170 0.472 0.549 0.543 0.554 0.231
20-P 167 0.462 0.551 0.542 0.555 0.233
20-Q 176 0.436 0.520 0.508 0.519 0.226
Average 0.455 0.537 0.520 0.540 0.208

88D = Saturated, surface-dry.

S8SDO = Granulated sample of original, undried material brought to the 88D condition by adding water.in
the presence of air

wn/¢c = Non-evaporable water, g per g of cement

wo/c = Original water-cement ratio by wt., corrected for bleeding

we/c = Total water-cement ratio at time of test

Results are given in columns 5 and 6 of Table 9. (Table 9 gives also
other data confirming those in Table 10. The averages 0.506 and 0.504
for the ordinary and vacuum procedures, respectively, show that the
air has no appreciable influence on the results.

DISCUSSION OF GRANULAR SAMPLES

Since most of the experiments to be described were made with granular
samples of the original specimens, it is necessary to consider the extent
to which the granules differ from the original material.
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Neat cement—effect of granulation on porosity -

Table 10 gives water content data for a group of neat cement specimens
and the granular samples prepared from them. The original specimens
were 1x7-in. neat cement cylinders that had been stored under water
for the periods shown in column 2. During the curing period, they
gained in weight, the average gain being 0.082 gram per gram of cement
(0.537-0.455).

From each specimen one granular sample (100-48 mesh) was prepared
and then saturated by adding excess water to the granules. The excess
was evaporated until the saturated surface-dry condition was reached.
The results are given in column 6. A comparison of columns 4 and 6 will
show that if the difference shown is significant, we may conclude that
the saturated granules held slightly more water than the original speci-
men did at time of test. This indication is somewhat more definite in
Table 9. Compare columns 4 and 7. This proves that in specimens of
this kind the small granules have very nearly the same porosity as the
original specimen, and it indicates that even though the original speci-
mens were stored continuously under water, they did not remain fully
saturated. This indication was supported by the dry appearance of the
freshly crushed cylinders.

Neat cement—effect of drying on porosity of granules

Other samples of each specimen were dried over Mg(Cl0,),.2H,0 and
then brought to the saturated surface-dry condition. The results, given
in column 5 of Table 9, should be compared with those in column 6.
Also in Table 9 compare columns 5 and 6 with column 7. The average
water content of the dried and resaturated granules is about 96 percent
of that of the saturated granule that had not been dried.

This shows that the drying of the granules produced a permanent
shrinkage that reduced the porosity of the granules below that of the
paste in the original specimen. In samples of this kind (moderately low
w/c, well cured) the effect is small. In specimens of higher w/c¢ and
lesser degree of hydration, the effect should be larger.

Mortar specimens—effect of granulation on porosity of paste

The mortar specimens used in these studies were made with non-
absorptive, quartz sand. Consequently, all water originally in the
specimen (after bleeding) as well as that absorbed during curing is held
in the paste, and data showing differences between the total water con-
tents of the original specimens and that of the granular samples represent
differences in the degree of saturation, or in the porosity, of the hardened
paste, just as they do with neat specimens.

Data of this kind were obtained from mortar cubes for specimens
of different ages and different water-cement ratios. Typical results are
givenin Fig. 2-1, A and B.
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The cement represented in A is a slow hardening type; that in B is
normal.

In each diagram the circled dots represent the total water content of
the original specimen; the crosses, the total water content of the dried-
and-resaturated granules; and the triangles, the granules that were
saturated without preliminary drying.

It is apparent that for specimens cured 28 days or more, the relation-
ships are about as were found for the neat pastes described above. How-
ever, at earlier ages, especially for the slow hardening cement, the
granules show less porosity than the pastes of the original specimens,
the difference being greater, the higher the original water-cement ratio.

These results seem to indicate that during the early stages of hydra-
tion the paste contains voids nearly as large as the granules of the samples
and that as hydration proceeds, these larger voids disappear.

On the whole, these results show that the porosity of a granular sample
is about the same as that of the pastes in the original specimen except for
specimens having pastes of very high porosity. A granular sample that
has been dried has a smaller total pore volume than the original paste.
From other data it is known that this effect, in well cured specimens,
diminishes with decrease in the original water-cement ratio and probably
becomes negligible at about w,/¢c = 0.3 by weight.

METHODS OF STUDYING THE EVAPORABLE WATER

As shown by the earlier work reviewed in Part 1, when a specimen
of hardened paste at room temperature is exposed to water vapor or to
air containing water vapor, its water content spontaneously changes
until equilibrium between the water held in the specimen and the out-
side water vapor is established. The establishment of equilibrium in-
volves a change in moisture content of the sample, for the nature of the
hardened paste is such that at a given temperature the relationship be-
tween vapor pressure of the water in the hardened specimen and the
water content is represented by a smooth curve. Moreover, the nature
of the paste is such that a specimen can remain saturated only when it
is in contact with saturated water vapor or with liquid water.

Much of the work to be reported here consisted in determining the
relationships between the evaporable water content and the vapor
pressure for various samples of hardened cement paste. The taking up
of moisture from the atmosphere will be referred to as adsorption, and
the reverse will be called desorption, even though other processes might
be involved. The plotted results will be called adsorption and desorption
isotherms, respectively. When speaking of both processes collectively
or of the processes in general without specifying the direction of moisture
change, the term sorption will be used.
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THE APPARATUS FOR SORPTION MEASUREMENTS
Two types of apparatus were used for sorption measurements. In
one the samples were exposed to water vapor only and in the other the
samples were exposed to CO.free air containing controlled amounts of
water vapor. The first is referred to as the high-vacuum apparatus and
the second as the air-stream apparatus.

High-vacuum apparatus

The high-vacuum apparatus used for these studies is illustrated
schematically in Fig. 2-2. As shown, two samples may be kept under
test simultaneously. The samples may be either small granules or thin
wafers. If granules, they are contained in small buckets made of plat-
inum foil which are suspended on helical springs made of quartz in the
two chambers marked C. If the samples are wafers, they are suspended
from the springs by platinum hooks.

After the air has been pumped out, water vapor of known pressure
is admitted to chamber C. The pressure of the vapor is indicated di-
rectly by the oil in manoieter D. The arrangement is such that during
the adsorption process the sample is never subjected to a higher vapor
pressure than that with which it will finally be in equilibrium. This
is an important feature of the method, for experience has shown that if
the ambient vapor pressure is allowed to change as the samples approach
equilibrium, the equilibrium-weight is different from what it would
have been had the vapor pressure been maintained constant. This is
- due to the phenomenon of hysteresis, discussed later on.

The changes in weight of the sample are observed by measuring the
changes in length of the quartz springs by means of a cathetometer.
The spring-cathetometer combination has a sensitivity of about 0.2 mg.
With a live load of about 400 mg this gives adequate accuracy.

The water vapor pressure is generated by the water (or ice) in bulb A
or bulb B. Bulb B is used for the lowest pressure of the range employed
which is that of water at the temperature of dry ice wetted with alcohol,
-78 C. Forall higher vapor pressures cock 2 is closed and 1 is open, thus
utilizing bulb A. The temperature of the water (or ice) in A is con-
trolled by a cryostat, which is maintained at any desired temperature
down to -25 C within about == 0.05 C.

For the highest pressure used, a small amount of water is distilled
from A into the bottom of C and stopcock 1 is then closed. By main-
taining the temperature of the tube outside the 25 C air-bath above 25 C,
the water vapor pressure in C is, theoretically, maintained at 23.756 mm
of Hg, the saturation pressure of water at 25 C. Accurate measurements
at this vapor pressure, or at any vapor pressure above about 95 percent
of the saturation pressure, cannot be obtained by this method because of
condensation on the springs.
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Fig. 2-2—High vacuum sorption apparatus

Fig. 2-3—General view of apparatus

Between cocks 3 and 4 a Pirani-type vacuum gage is attached so as

- to indicate the pressure on the “‘zero’” side of the manometer. This is to

make certain that the readings on the manometer are not vitiated by slow
leaks on the zero side.

To check against leaks on the other “pressure” side of stopcock 3,
the temperature of the bath surrounding A is measured by means of an
eight-junction thermocouple and a type-K potentiometer. The vapor
pressure of the ice or water in bulb A can then be ascertained from
handbook data. Any discrepancies between the pressure shown at D
and the pressurc indicated by the temperature at A that are greater
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than the inaccuracy of measurement would be indicative of pressure
from gas other than water vapor.

A general view of the apparatus is given in Fig. 2-3. The cabinet
in the foreground contains the controlled bath for bulb A. The large
cabinet in the middle background is the 25 C air-bath. This eabinet is
the same as that used for the air-stream apparatus to be described below.
It can be used for both methods simultaneously, although that has not
heen done as yet.

The cabinet in the foreground is the cryostat. It contains a cylindrical
vessel of about 10-gallon capacity filled with aleohol. This is cooled by
the refrigeration unit mounted under the cabinet. A one-gallon container
is mounted, submerged to its upper rim, in this alecohol bath. The con-
tainer is a double-walled glass vessel with air between the walls. It
contains the alecohol in which bulb A, Fig. 2-2, is immersed. By means
of an electrical heater and thermoregulator, the temperature of this one-
gallon bath is maintained at whatever level is desired. The thermoregu-
lator is a laboratory-made, toluene-mercury type. It operates through
an electronic switch and Mercoid relay.

The air in the large cabinet is kept in rapid circulation by means of
two electric fans and two air-driven windshield fans. The cabinet is
cooled by continuously circulating cold alcohol through a copper coil
inside the cabinet. The circulated alcohol is cooled by means of another
coil dipping into the outer alcohol bath of the eryostat deseribed in the
foregoing paragraph.* The cabinet is heated by an electric heater (ahout
200 watts). The input to the electric heater is controlled by a laboratory-
made, toluene-mercury thermoregulator that operates through an elec-
tronic switch and Mercoid relay. The sensitivity of the regulator is
about 0.005 C. The variation in temperature at any given point does
not exceed 0.01 C, and the average temperatures at different points do
not differ more than 0.02 C.

Air-stream apparatus

The air-stream apparatus is built in and around the large cabinet just
described. It was designed to deliver 11 streams of air simultaneously,
each stream having a different water content and hence different water
vapor pressure. The following description pertaining to one of the air
streams is applicable also to the rest.

The air to be conditioned is taken from the compressed air supply
of the laboratory. The air pressure is reduced to 3 lb. per sq. in. by
means of two diaphragm-type pressure-reduction valves connected in
series. The low-pressure air is then delivered to a train of one-gallon
bottles such as is illustrated in the lower part of Fig. 2-4. The first bottle

*This arrangement is used at present. For most of the period covered by this paper cold tap water from
the building supply was used, but this often failed its purpose during the summer.



324 Powers and Brownyard

Fig. 2-4—Schematic diagram of one of
the air conditioning trains for adsorption
tests
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T
contains water, and the next two sodium hydroxide solutions. The
water bottle at the head of the train prevents the formation of sodium
carbonate in the inlet tube of the caustic-soda bottles. Next in line is
an empty bottle for safety and this is followed by a bottle of concen-
trated sulfuric acid (specific gravity 1.84) to dry the air. The dry air is
then delivered to a tower of Ascarite to remove any traces of carbon
dioxide that might have escaped the caustic-soda solutions. The air
stream then passes through a 3-gallon bottle containing dilute sulfuric
acid. The output of this bottle is divided into two streams, one of which
is shown in Fig. 2-4. The strength of the acid in the large bottle just
mentioned is so regulated that it gives the air passing through it a water
content somewhat below that desired for either of the two streams taken
from the bottle. This slightly-too-dry air then is piped into the constant
temperature cabinet where it circulates, first through a length of copper
tubing to permit the temperature to reach 25 C and then through two
towers of sulfuric acid connected in series as shown in the upper part of
TFig. 2-4. The second stream taken from the bottle is led similarly to
another pair of acid-towers, regulated to give a different vapor pressure.
The strength of the acid in the towers is carefully regulated to have
exactly the vapor pressure desired in.the outgoing stream of air. To
insure equilibrium between the stream of air and the acid the air is
dispersed as fine bubbles by means of porous plugs fastened to the ends
of the inlet tubes. (These porous plugs were made in the laboratory by
sintering granulated glass in a crucible.) To remove entrained droplets
of acid, each tower is equipped with a glass-wool filter as shown.

The outgoing stream of air is led through rubber connections to an
Erlenmeyer flask containing the sample under test. As the air passes
the dry granules, they absorb some of the water vapor. This continues
until the vapor pressure of the water in the sample becomes equal to
that of the water vapor in the air stream.
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Two samples are run simultaneously by connecting sample-flasks
in tandem as shown. The outgoing stream of air from the second flask
bubbles through a mineral oil contained in a 6-0z. bottle and then escapes
to the interior of the cabinet. The mineral-oil trap prevents back-
diffusion of moisture and carbon dioxide from the air in the cabinet to
the sample.

Eleven such pairs of sample-bottles in the cabinet make.it possible to
obtain simultaneously 11 points on the adsorption curves for each of
two materials.

Because the air delivered to the acid towers inside the cabinet is in
each case slightly drier than the output from the towers, the level of
the acid in the towers gradually subsides during the continuous flow of
the air streams. About once a month it is necessary to replenish the
towers by adding distilled water. This is done by means of glass tubes
(not shown in sketch) leading from the stoppers in the tops of the acid
towers through the top of the cabinet. Similarly, the acid in the large
bottles outside (under) the cabinet and the caustic-soda solutions are
renewed about once a month.

During the development period, the water content of each air stream
was measured by passing a measured volume of the air through weigh-
ing tubes filled with P;0;. The relative vapor pressure of each stream
was then computed from the law for perfect gases. A number of such
measurements showed that the water vapor pressure in the air streams
differed from that which could be computed from the strength of the
-acid by less than 0.025 mm of mercury or a difference in p/p.* of less than
0.001. When this was learned, the air streams were considered always
to be at equilibrium with the acids in the towers.

The sample flasks were removed from the cabinet once daily and
weighed on a chemical balance, care being taken to minimize the ex-
posure of the granules. A typical record of the results of such weighings
is shown in Fig. 2-5. This diagram shows that for those samples exposed
to water vapor of relatively low pressure the weights reached a maximum
and thereafter declined. At vapor pressures of 0.8 p, or higher the weight
either remained constant after one or two days or else continued to in-
crease steadily, though very slightly, with time, this tendency being more
pronounced the higher the vapor pressure. The increase in weight just
mentioned is believed to be due to hydration of fresh surfaces of clinker
residues exposed on crushing the original sample.

The behavior of the specimens exposed to the drier atmospheres is not
understood. The phenomenon was not observed when using the high-
vacuum apparatus. From this it may be inferred that the presence of air

*p = vapor pressure of air steam
ps = saturation vapor pressure of water
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may have something to do with the result. However, as will be shown
later, the major aspects of the results obtained in the presence of air
are essentially the same as those obtained in the absence of air.

Inasmuch as the decrease in weight shown by the lower curves in
Fig. 2-5 continued for as long as two weeks, it was decided to use-maxi-
mum rather than final weights. There was some question as to whether
the final weight was any more significant than the maximum weight;
also, since the decline from the maximum represented but a small per-
centage of the total gain, it did not seem justifiable to retard the experi-
mental work to the extent necessary to get final weights.

Reproducibility of results

The reproducibility of the data obtained in the manner just described
is illustrated in Table 11. These are results from two sets of samples
made from the same specimen, each set being tested independently.
The corresponding figures are in very good agreement except at the two
highest pressures. Such differences were commonly observed and were
probably due to different degrees of proximity to equilibrium.

Comparisons such as those that are given in Table 11 were made at
other times during the course of these experiments, with similar results.
Nevertheless, there is reason to believe that in some groups of tests the
variability was considerably greater than would be expected from such
data as those presented above. Possibly such variations are due not so

"much to variations in the adsorption measurements themselves as to
variations in auxiliary tests as when the samples contained pulverized
silica and therefore required a chemical analysis for the estimation of
cement content. The discrepancies that will be noted among the various
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TABLE 11—REPRODUCIBILITY OF THE ISOTHERMS
Cement: 16189
Initial w/e: 0.50
Curing: 6 weeks in water

Total water-content of sample

Relative vapor indicated, % by weight of cement
pressure
p/Ds A B
0.0 (non-evap. H.0) 15.47 15.42
0.08 17.98 18.03
0.16 18.87 18.94
0.32 20.10 20.28
0.39 20.82 20.98
0.46 21.44 21.65
0.53 22.02 22.09
0.60 22.82 22.90
0.70 24 82 24.76
0.81 27.52 27.53
0.88 30.43 29.69
0.96 35.31 34.60

data yet to be presented are often such as would result from errors in the
determination of the cement content of the sample. The data obtained
from samples of neat cement were less erratie.

Use of ordinary desiccators

In some auxiliary work, neither the air-stream nor high-vacuum
apparatus was used. Instead, samples were placed in ordinary air-filled
desiceators in the presence of a suitable desiceating agent. The samples
were weighed from time to time until the results indicated equilibrium
to have been reached.

Theoretically, the results obtained in this way should, in most respects,
be the same as those obtained by the methods already described. Actu-
ally, the results from the samples dried in desiceators did not agree very
well with the results obtained by the other two methods. The cause of
the diserepaney is not known. It was observed, however, that the rate
of absorption in an air-filled desiccator is very much less than that in
vacuum or air stream. This suggests the possibility that the exposure of
samples was terminated too soon, that is, that they did not approach
equilibrium as closely in the air-filled desiccators as they did when
tested by either of the other two methods. Another possibility is that,
owing to the longer exposure and to the continued presence of air, samples
tested in desiccators might have become carbonated sufficiently to in-
fluence the final results. At any rate this method is not recommended.

RESULTS OF THE SORPTION MEASUREMENTS—EMPIRICAL ASPECTS
) OF THE DATA

General features

Fig. 2-6 and Tables 12 to 17 record a run made with the high-vacuum
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apparatus illustrated in Fig. 2-2. In this case the sample was a very
thin wafer of hardened neat cement paste described in Table 12, w,/c =
0.5 by weight. In its initial, saturated state it weighed 380.5 mg, as
indicated by the uppermost point in Fig. 2-6. After the sample was in-
stalled, the air was pumped out of the apparatus. The initial pumping
period was made brief to avoid overdrying the sample. The object
was to remove the air from the chamber without removing water from
the sample, if possible. To maintain the water vapor pressure as high
as possible during the pumping a small amount of water was introduced
into the sample chamber before the pumping began. The desired result
was not obtained; the pump removed the water vapor so rapidly that
nearly half the evaporable water in the sample was removed during only
6 minutes of pumping.

As soon as the initial pumping was finished, the sample was subjected
to a vapor pressure of 0.94 p,. Owing to the losses suffered during the
initial pumping, the sample gained in weight at this pressure until it
reached equilibrium at a weight of 374.4 mg. Then the pressure was
lowered step by step and the rest of the points appearing on the desorp-
tion curve were obtained. At the final weight, 309.8 mg, the sample
was at equilibrium with the vapor pressure of the ice at -78 C, the tem-
perature of dry ice.

As soon as the evaporable water had been removed, the vacuum pumps
were operated for many hours so as to remove as much air from the

system as possible. Then the vapor pressure was increased stepwise,
thus establishing the adsorption curve shown.

As shown in Fig. 2-6, the adsorption and desorption curves coincided
only at pressures below 0.1 p,. (As a matter of fact, it is not certain
that the curves coincided over this range, but it seems probable that they
did so.) Studies of other materials® show that in the range of pressures
where the curves form a loop, innumerable curves within the loop can
be produced under suitable experimental conditions. If the process of
adsorption or desorption is reversed at any point short of the horizontal
extremes of the loop, the part of the curve that had previously been gen-
erated will not be retraced but instead the points will cut across the
loop. If at any stage of adsorption in this range the process is reversed,
the resulting downward curve will cross over from the adsorption to the
desorption curve. If the desorption curve is reversed, then a new rising
curve will cross over toward the adsorption curve, but instead of joining
the adsorption curve the new curve will rise more or less parallel to the
adsorption curve, the loop being closed only at the saturation point.
Thus, it is possible to obtain points representing thermodynamic equilib-
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rium* between the evaporable water in the sample and the ambient
water vapor anywhere between the desorption and adsorption curves.

*Chemists tend to question whether or not these should be called equilibrium points. They feel that, like
points representing chemical equilibrium, a given pomt should be attainable from either side.

However, the requirement that a state of equilibrium must be approachable from either side with the
same Tesult does not properly apply to all physical equilibria. See for example the ‘“ink bottle theory” of
sorption hysteresis (Brunauer, p. 398). This theory shows that different amounts of water could be in
equilibrium with the same vapor pressure. This is not to say that the conditions pictured in developing
the ink bottle theory actually exist in hardened paste. It merely refutes the idea that equilibrium between
water content and vapor pressure requires that only one water content can be associated with a given vapor

regsure,
v A paper by W. O. Smith (Sorption in an Ideal Soil, Soil Sci. v. 41, p. 209, (19386) ) is especially pertinent.
He showed by geometrical analysis that in an ussemblage of spheres holdmg water by capillary condensa-
tion, different amounts of water can be in thermodynamic equilibrium with the same vapor pressure,
Such equilibrium is reversible in the sense that the same surface curvature should be established at a given
vapor pressure, regardless of the direction of approach. See Part 3, Capillary Condensation.
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TABLE 12—FIRST DESORPTION CURVE FOR SLAB PREPARED FROM
CEMENT 13495
High-vacuum apparatus
Age 7 years, 116 days
Original w/c = 0.50 by wt.

Evaporable water
in the sample
P/Ps Wt. of
(ps=23.756 sample, mg Fraction
mm of Hg) mg of dry wt.
of sample (=w)
1.000 380.5 70.7 . 2485
? 346.8 (a) 37.0 -1194
0.942 374.4 64.6 . 2085
0.780 369.3 59.5 L1921
0.663 - 363.1 53.3 L1720
0.509 . 355.8 46.0 . 1485
0.351 346.1 36.3 L1139
0.250 336.5 26.7 .0862
0.193 333.4 23.6 .0762
0.099 328.0 18.2 .0587
0.000 309.8 00.0 .0000

(a) Weight after 6 minutes of pumping—vapor pressure unknown.

TABLE 13—FIRST ADSORPTION DATA FOR SLAB PREPARED FROM
CEMENT 13495

High-vacuum apparatus

Evaporable water
in the sample
D/Ps Wt. of
(ps=23.756 sample, mg Fraction
mm of Hg) mg of dry wt.
of sample (=w)
0.000 309.8 00.0 .0000
0.064 326.7 16.9 .0545
0.155 329.8 20.0 .0646
0.193 330.7 20.9 .0675
0.249 332.1 22.3 .0720
0.350 335.1 25.3 L0817
0.446 338.0 28.2 .0910
0.598 343.0 33.2 L1072
0.745 351.0 41.2 .1330
0.855 356.6 46.8 L1511
0.959 366.4 56.6 L1827
0.995 369.6 59.8 .1930
1.000 67.0 (est.) .2162 (est.)
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TABLE 14—SECOND DESORPTION CURVE FOR SLAB PREPARED FROM
CEMENT 13495

'High—vacuum apparatus

-KEvaporable water
in the sample
p/pu Wt. of
(p:=23.756 sample, mg Fraction
mm of Hg) mg of dry wt.
of sample (=w)
0.995 369.6 50.0 . 1565
0.848 364.1 44.5 .1392
0.594 350.7 31.1 .0973
0.397 344.0 24 .4 .0763
0.82* 364.3 44.7 .1399
0.314 340.5 20.9 .0654
0.194 336.7 17.1 .0535
0.128 334.2 14.6 .0457
0.078 331.7 12.1 .0379
0.004 323.4 3.8 .0119
0.000 319.6 0.0 .0000

*Temperature controls failed and caused unintentional rise in pressure.

TABLE 15—SECOND ADSORPTION CURVE FORSLAB PREPARED FROM
CEMENT 13495

High-vacuum apparatus

Evaporable water
in the sample
D/Pa Wt. of
(ps=23.756 sample, mg Fraction
mm of Hg) mg of dry wt.
of sample (=w)
0.000 319.6 0.0 .0000
0.042 330.4 10.8 .0338
0.112 333.2 13.6 .0426
0.220 335.7 16.1 .0504
0.364 339.0 19.4 .0607
0.450 340.7 21.1 .0660
0.596 344.7 25.1 .0785
0.806 351.4 31.8 .0995
1.00 (?) 366.8 47.2 .1477
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TABLE 16—THIRD DESORPTION OF SLAB PREPARED FROM CEMENT 13495

High-vacuum apparatus.

Evaporable water
in the sample
p/ps Wt. of
(ps =23.756 sample, mg Fraction
mm of Hg) mg of dry wt.
of sample (=w)
1.00 () 366.8 45.8 . 1427
0.807 360.8 39.8 . 1240
0.624 352.0 31.0 .0966
0.467 348.0 27.0 .0841
0.370 345.3 24.3 .Q757
0.202 340.9 19.9 .0620
0.052 335.3 14.3 .0445
0.043 334.2 13.2 .0411
0.000 321.0 00.0 .0000

TABLE 17—THIRD PARTIAL ADSORPTION AND PARTIAL DESORPTION DATA
FROM SLAB PREPARED FROM CEMENT 13495

High-vacuum apparatus

Evaporable water
in the sample
/s Wt. of
(ps =23.756 sample, mg Fraction
mm of Hg) mg of dry wt.
of sample (=w)
0.000 321.0 0.0 . 0000
0.052 332.3 11.3 .0352
0.094 333.2 12.2 .0380
0.178 335.4 14 .4 .0448
0.321 338.7 17.7 .0552
0.4056 340.1 19.1 L0595
0.326 339.2 18.2 .0567
0.146 336.5 15.5 .0483
0.049 333.6 12.6 .0392

The lack of reversibility as described above is shown by materials of
various kinds.

Although the phenomenon has not been investigated extensively here,
there is little reason to doubt that portland cement pastes all show
essentially the behavior described above. This matter of hysteresis is
significant and should be kept in mind in connection with the theoretical
discussion that follows later in this paper. It is a principal reason for
believing that ordinary laws of chemical reaction cannot be applied to
the reactions involving the gain or loss of evaporable water.
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Besides the effects common to many materials, portland cement paste
exhibits certain irreversible phenomena not found among some other
types of materials. This is shown in Fig. 2-613, where the second de-
sorption-and-adsorption curves of the sample are given.

A break in the second desorption curve at p = 0.395 p, will be noted.
After equilibvium at this pressure had been established, the cryostat
was set to produce a lower pressure, but during the night the tempera-
ture controls failed, the pressure rose to p = 0.82 p, and the sample-
weight increased, giving the point indicated by the eross. (This point
probably does not represent an equilibrium value, but is close to it.)
When proper operation of the cryostat was restored, the point at p =
0.315 p, was obtained.

The light-line curves in Fig. 2-6B are those of Fig. 2-GA, shown for
comparison. The marked difference between the first and second cyeles
is believed to be due to two factors: One is the irreversible shrinkage
(described in Part 1) that reduces the capacity of the sample for evapor-
able water. The other is the additional hydration of the cement in the
sample that occurs while the sample is subjected to vapor pressures
above about 0.8 p,. Although these samples had heen stored in water for
several years they seem to have contained unhydrated clinker that was
exposed when the thin wafers were prepared.

No explanation for one feature of the irreversibility has been found.
Note that on the first desorption the minimum weight reached was
309.8 mg. On the second desorption the minimum weight was 319.6 mg.
Continued hydration has the effect of increasing the minimum weight,
but the increase shown here is much too great to be accounted for in this
way. It is possible that the observed minimum weight for the first
desorption was in error by several milligrams. However, the original
data offer no clue as to the nature or cause of the error, if there was one.

Fig. 2-6C shows the third desorption and a partial third adsorption
curve. The third desorption curve differs from both the first and second
desorption curves, but the third adsorption is practically the same as the
second adsorption. In fact, when the results are expressed as percentage
of the minimum weight, the second and third adsorption curves are
identical. Tests on other samples show that after the first cycle of drying
and wetting the adsorption curves are reproducible. But the indications
of a limited amount of data are that the desorption curves are greatly
influenced by small variations in experimental conditions and are diffi-
cult to reproduce exactly.

On the third desorption, Fig. 2-6C, after the weight corresponding
to 0.4 p, had been established, the pressure was intentionally lowered
stepwise with the result indicated by the graph. This illustrates what
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was said above about the irreversibility of this process in the range of
pressures where the curves form a loop. Note that the points cut across
the loop and join the desorption curve. This behavior is similar in char-
acter to-that obtained with other materials®, It should be noted, how-
ever, that the vapor pressure at which the loop closes is much lower
than that observed with other materials. Moreover, the loop closes at a
much lower pressure than would be predicted from Cohan’s hypothesis®.

The size and shape of the hysteresis loop, and the course of the curve
when the process is reversed within the limits of the loop, are probably
characteristic of the physical structure of the hardened paste®®. At
any rate the whole phenomenon cannot be understood until these loops
can be adequately interpreted. However, practically all the measure-
ments reported in this paper were of adsorption only. Therefore, the
interpretation of the adsorption curve is the only part of the problem
that can be considered here.

Along with the measurements described above, measurements were
made on the sample described in Table 18. This sample was prepared
from a neat-cement cylinder that had been molded under high pressure
with w/c only 0.12 by weight.

The results are given in Tables 18 to 23 and in Fig. 2-7, all three
cycles being shown on the same graph. The features pointed out in
Fig. 2-6 can be seen here also, and others besides. Note that the effect
of the reversal in pressure that occurred during the second desorption
was somewhat different from that on the other specimen. Notealsothatthe
lower parts of the second and third desorption cycles are identical. The
indication is that with a specimen as dense as this, the paste becomes
“stabilized” after the first drying so that desorption as well as adsorption
curves are reproducible, provided that the specimen is always saturated
at the start. The differences among the desorption curves in the upper
range are believed to be due to slight differences in the degree of satura-
tion at the beginning of the desorption part of the cycle.

Comparison of the results obtained with high-vacuum and ait-stream apparatus

Fig. 2-8 and Tables 24 and 25 give adsorption data for two granu-
lated pastes, the data being obtained first with the air-stream apparatus
and then, about three years later, with the high-vacuum apparatus.
The granules had been sealed in glass ampoules during the three-year
interval. The later tests were made on samples from the same lot of
granules as the earlier ones, but not on the same samples as used in the
first test. Thus, the curves obtained by each method were first-adsorp-
tion curves. '

The granules had originally been dried by the regular procedure used in
connection with the air-stream method, that is, over Dehydrite in a
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TABLE 18—FIRST DESORPTION CURVE ON SLAB PREPARED FROM
CEMENT 14675

High-vacuum apparatus
Age 4 years 29 days
Original w/c = 0.12 by weight
Molded under 24,000 1b/in? pressure

Evaporable water

n sample
Tp/ps (= x) | Wt. of
(ps = 23.756 | sample, Fraction of
mm of Hg) mg mg dry wt. of
paste {(=w)
1.000 664.4 47.8 0.0775 Initial wt. sat’d
? 647.9 31.3 0.0508 Wt. after 6 min. pumping
1.000 742.8 | 126.2 0.2046 Droplets condensed on sample
0.942 656 .4 39.8 0.0645
0.780 653.3 36.7 0.0595
0.663 652.0 35.4 0.0574 -
0.509 649.7 33.1 0.0537
0.351 647.4 30.8 0.0500
0.250 643.4 26.8 0.0435
0.193 641.5 24.9 0.0404
0.099 638.1 21.5 0.0349
0.000 616.6 00.0 0.0000

TABLE 19—FIRST ADSORPTION CURVE ON SLAB PREPARED FROM
CEMENT 14675

High-vacuum apparatus

Evaporable water
in sample
p/ps (= ) Wt. of
(p: = 23.756 sample, mg Fraction of
mm of Hg) mg dry wt. of
' paste (= w)
0.000 616.6 00.0 0.0000
0.064 627.6 . 11,0 0.0178
0.155 . 629.9 13.3 0.0216
0.193 630.2 13.6 0.0221
0.249 631.5 14.9 0.0242
0.350 632.7 16.1 0.0261
0.446 634.0 17.4 0.0282
0.598 638.7 22.1 0.0358
0.745 642.5 25.9 0.0420
0.855 645.8 29.2 0.0474
0.959 653.8 37.2 0.0603
1.000 664.4* 47.8 0.0775

*Qriginal weight.
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TABLE 20—SECOND DESORPTION CURVE ON SLAB PREPARED FROM

CEMENT 14675

High-vacuum apparatus

Evaporable water
in sample

p/ps (= ) Wt. of

(ps = 23.756 sample, mg Fraction of

mm of Hg) mg dry wt. of

paste (= w)

1.000 (a) 685.1 68.5 0.1111
0.957 656.4 39.8 0.0645
0.848 653.8 37.2 0.0603
0.59%4 648.7 32.1 0.0521
0.397 646.4 20.8 0.0483
0.82 (b) 650.7 34.1 0.0553
0.314 642 .2 25.6 0.0415
0.194 639.4 22.8 0.0370
0.128 637.6 21.0 0.0341
0.078 635.8 19.2 0.0311
0.004 622.0 5.4 0.0088
0.000 616.6 0.0 0.0000

(a) Water visible on sample. )
(b) Temperature controls failed and caused pressure to rise.

TABLE 21—SECOND ADSORPTION CURVE FOR SLAB PREPARED FROM
CEMENT 14675

High-vacuum apparatus

Evaporable water
n sample
p/ps (= ) Wt. of
(ps = 23.756 sample, mg Fraction of
mm of Hg) mg - dry wt. of
paste (= w)
0.000 616.6 0 0
0.042 626.1 9.5 0.0154
0.112 629.4 12.8 0.0208
0.220 631.0 14.4 0.0234
0.364 633.0 16.4 0.0266
0.450 634.5 17.9 0.0290
0.596 638.7 22.1 0.0358
0.806 644 .3 27.7 0.0449
1.000 662 (est) 45.4 (est) 0.0736 (est)
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TABLE 22—THIRD DESORPTION CURVE FOR SLAB PREPARED FROM
CEMENT 14675

ITigh-vacuum apparatus

Evaporable water
in sample

p/ps (= 2) Wt. of

(p. = 23.756 sample, mg Fraction of

mm of Hg) mg dry wt. of

paste (= w)

0.807 655.3 38.7 0.0628
0.624 647.9 31.3 0.0508
0.467 645.1 28.5 0.0462
0.370 643.3 26.7 0.0433
0.202 639.2 22.6 0.0367
0.052 634.8 18.2 0.0295
0.043 632.5 15.9 0.0258
0.000 616.6 00.0 0.0000

TABLE 23—THIRD PARTIAL ADSORPTION AND PARTIAL DESORPTION
CURVES FOR SLAB PREPARED FROM CEMENT 14675

High-vacuum method

Evaporable water
in sample
p/ps (= ) Wt. of
(ps = 23.756 sample, mg Fraction of
mm of Hg) mg dry wt. of
paste (= w)
0.00 616.6 0 0
0.052 627.6 11.0 0.0178
0.094 628.9 12.3 0.0199
0.178 631.1 14.5 0.0235
0.321 633.3 16.7 0.0271
0.405 634.2 17.6 0.0285
0.326 633.8 17.2 0.0279
0.146 631.6 15.0 0.0243
0.049 628.7 12.1 0.0196
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Fig. 2-T—Sorption isotherms for neat cement slab made from cement 14675
Data from Tables 18 to 23

vacuum desiccator. In the high-vacuum procedure these granules were
exposed to the vapor pressure generated by ice at the temperature of dry
ice, the lowest pressure used. After the final exposure to this low pressure
in the high-vacuum apparatus, the samples were ignited. The final
weights compared with those obtained after the carlier tests are given
below:

Sample No.

9-15A-6M K4B-1Q
Loss on ignition as dried

originally (g/g)................. 0.1428 0.1927
Loss on ignition as dried in
high-vacuum apparatus (g/g).... 0.1506 0.1922

Note that the water content of K4B-1Q was the same (within the
limits of probable error) under both drying conditions and that there-
fore the sample as received from the sealed ampoule was not changed
by the exposure to the lowest vapor pressure used in the high-vacuum
apparatus. As mentioned in connection with Table 5, above, this pro-
vides data for estimating the vapor pressure of the desiccant used in
earlier tests. The vapor pressure over ice at dry ice temperature (-78 C)
is given as 0.56 microns of mercury.® The pressure relative to the
saturation pressure at 25 C is therefore about 24 x 10,

The data for the other sample, 9-15A-6M, indicate that the two
drying conditions were not exactly alike, the amount of water removed in
the original drying being somewhat greater than that removed in the
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Fig. 2-9 (right)—Adsorption isotherms showing effect of curing (air-stream apparatus)

TABLE 24—FIRST ADSORPTION CURVE FOR GRANULAR SAMPLE 9-15A-6M

High-vacuum method

Evaporable water

Wt. of in the sample
D/Ds sample,
= 1) mg mg Fraction of dry wt.
of sample (=w)

0.00 431.3 0.0 .0000
0.055 441.1 9.8 .0227
0.073 442.0 10.7 .0249
0.104 443.6 12.3 L0284
0.193 446.3 15.0 .0347
0.244 448 .5 17.2 .0400
0.349 450.9 19.6 .0455
0.472 454.7 23.4 .0542
0.738 463.1 31.8 .0738
1.000 .1250*

*Obgerved value 0.1569, but known to be too high because of condensation in sample and spring.
0.1250 is based on the estimated water content of the sample in the saturated state.
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TABLE 25—ADSORPTION CURVE FOR GRANULAR SAMPLE K4B-1Q

High-vacuum method

Evaporable water
Wt. of in the sample
/s : sample,
(= z) mg mg Fraction of dry wt.
. of sample (= w)
0.00 542.2 0.0 .0000
0.055 562.2 20.0 .0369
0.073 563.7 21.5 .0395
0.104 566.3 24.1 .0442
0.193 571.4 29.2 .054)
0.244 574.0 31.8 .0587
0.349 579.4 37.2 .0686
0.472 586.6 44 .4 .0819
0.738 608.9 66.7 .1230
1.000 .2295*

*QOriginal water content after drying and resaturating.

high-vacuum apparatus. This would indicate that the vapor pressure
over the magnesium perchlorate hydrate is somewhat less than that
over ice at -78 C. However, there is some reason to believe, as pointed
out before, that the drying agent in the original tests was sometimes
inadvertently Mg(ClOs). + Mg(Cl04)2.2H50 instead of Mg(Cl0,4)..2H,0
+ Mg(ClOy)s.4H,0. This could be one of those instances.

In regard to the course of the curves over the lower range of vapor
pressures, we will show later that theoretically the presence of air should
reduce the amount of adsorption in the manner shown by the plotted
data for K4B-1Q. That is, the two series of points for this sample differ
only as they theoretically should. It will be seen later that in other
important respects the two series of points have the same significance
and that the two methods give essentially the same result.

The two series of points for sample 9-15A-6M fall practically on the
same line. Theoretically, the crosses should drop below the circles
in the low-pressure range. The fact that they do not can be accounted
for by the data given above showing that the sample used in the original
tests (air-stream method) was dried to a lower water content than the
sample used in the later tests (high-vacuum method). It will be seen
later that the drier the sample the higher the ‘‘knee’ of the adsorption
curve. It therefore seems that by chance alone the effect of the differ-
ence in initial water content exactly offset the effect of the presence of
air.

These data indicate that adsorption in the presence of air is essen-

tially the same as that in the absence of air when the small effect of the
air itself is taken into account. This is important, for it shows that the
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interpretations worked out by other investigators for adsorption from
a pure gas phase can be applied with modifications to the adsorption
of water vapor from a mixture of air and water vapor.

It should be noted that practically all the data given in this paper
were obtained by the air-stream method. Unless otherwise stated, it 7s
correct to assume that all adsorption data were obtained by the air-stream
method.

Effect of extent of hydration on the position of the adsorption curve

Fig. 2-9 gives a group of adsorption curves for a given kind of paste
at different stages of hydration. The paste was obtained from mortar
prisms that had been cured continuously in water for periods ranging
from 7 days to one vear. The results shown are typical except that they
represent a Type 1V, rather than a Type I, cement. Since the plots of
water Contents are expressed in terms of the weight of the original
cement in the sample, the ordinates at p/p, = 0 give the amounts of
non-evaporable water and those at p/p: = 1% give the total water con-
tents at saturation. The curves illustrate the following general con-
clusions that are applicable to all samples tested, regardless of original
water-cement ratio, age, or type of cement.

(1) The total water held at saturation (p/p,=1) increases as the
length of the curing period increases.

(2) The non-evaporable water content also increases.

(3) The amount of water held at any intermediate vapor pressure in-
creases with the length of the curing period.

(4) The evaporable water content, which is the difference between the
total and the non-evaporable water, decreases as the length of the curing
period increases.

The changes that take place during the period of curing are illustrated
in another way in Fig. 2-10. This, like Fig. 2-9, represents a group of
samples that were similar except for the extent of hydration at the time
of test; they were prepared from mortar cubes all made from the same
mix. Here the bottom curve represents the non-evaporable water and
the top the total water content. The intermediate curves represent the
water content after the originally dry samples had reached equilibrium
with the relative vapor pressures indicated on the curves.

Note that all curves originate at (0,0) except the upper one. This
one begins at a point representing the original water-cement ratio (cor-
rected for bleeding). That is, zero age represents the time before any
hydration takes place. At that time all the water in the sample will

*The topmost point has been plotted at »/ps = 1 despite the fact that consideration of the effect of
dissolved alkalies shows that it should be plotted at a lower p/p.. This point is discussed further in connec-
tion with the effect of dissolved alkalies in Part 3
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have a relative vapor pressure of 1.0* and not any of it would be held
if exposed to an atmosphere having any lesser water vapor pressure. At
any time after hydration begins, only a part of the water can be lost in
an atmosphere having an appreciable vapor pressure.

The rise of the top curve is due to absorption of water by the specimen
from the curing tank. The points represent dried-and-resaturated
granules and therefore are probably slightly below the level representing
the capacity of the paste before drying, as explained before.

The rise of the bottom curve indicates the progress of hydration and,
as will be shown later, is proportional to the increase in volume of the
solid phase of the paste. The heights of the next three curves above
the bottom curve (p/p, = 0.09;0.19; and 0.36) are believed to depend on
the total surface area of the solid phase and hence to depend primarily on
the quantity of gel present. It will be shown later that the positions of
these lower curves are independent of the total porosity of the sample.
Although this particular plotting does not make it apparent, it is a
fact that the position of the points representing pressures greater than
about 0.475 p, depend on the total porosity of the sample as well as on
the extent of hydration. The basis for these interpretations and the uses
made of the information are subjects treated in later parts of this paper.

Fig. 2-11 gives some of the same data that appear in Fig. 2-9 in terms
of a unit weight of dry paste rather than weight of original cement as
before. It therefore shows the evaporable water only. Note that as
the length of the period of wet curing increases, the total evaporable
water decreases and the amount held at low vapor pressures increases.
Since the total evaporable water may be taken as a measure of the total
porosity of the hardened paste, this graph shows that the amount of
water held at vapor pressures near the saturation pressure depends on the
porosity of the sample. On the other hand, the amounts of water held at
low pressures appear here to vary inversely with the porosity. However,
it will be proved that the amount held at low pressure does not depend on
porosity.

Influence of original water-cement ratio (w./c) on the shape of the adsorption curve

Fig. 2-12 to 2-15 present adsorption curves for samples having dif-
ferent water-cement ratios but the same degree of hydration as measured
by the non-evaporable water content. The points for these curves were
obtained by interpolations on plots such as that shown in Fig. 2-10.
The four figures represent three different cements, two different degrees
of hydration, and three (in one case, four) different water-cement ratios.
Considered together, they show that differences in age and original water-
cement ratio have no influence on the shape of the lower part of the ad-

*Again neglecting the effect of dissolved alkalies.
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Fig. 2-14 (left)—Adsorption isotherms for samples of different w,/c but equal non-evapor-

able water

Fig. 2-15 (right}—Adsorption isotherms for samples of different wo/c but equal
non-evaporable water

sorption curves apart from the effect on the level of the starting point:
at a given degree of hydration the same curve holds for all ages and
water ratios. In other words, the amount of water taken up in the
lower third of the range of vapor pressures depends only on the extent
of hydration and hence only on the increase in quantity of hydration-
product in the sample. On the other hand, the total amount of evapor-
able water depends upon the porosity of the solid phase which at a given
degree of hydration depends upon the original water-cement ratio.

The data just considered show that the lower third of the adsorption
curve has the same shape for different ages and different porosities of
samples made from the same cement. Fig. 2-16 and 2-17 are presented
to show that the lower third of the curves have the same shape not only
for these conditions but also for different cement compositions. These
plots are like those of Fig. 2-12 to 2-15 except that the scale of ordinates
is the ratio of the amount of water taken up at a given pressure to the
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ratio to the amount adsorbed at p/p. = 0.36
Different degrees of hydration

Fig. 2-17 (right}—Adsorption isotherms for which the amount adsorbed is expressed as a
ratio to the amount adsorbed at p/p. = 0.36
Different cements and different degrees of hydration

amount taken up at a pressure of 0.36 p,. The coincidence in the lower
range of pressures proves that the lower part of the curves can he repre-
sented by the same form of mathematical expression.
Empirical relationship between the amount of adsorption at low pressures
and the non-evaporable water content

Fig. 2-18 shows typical relationships between the amount of water held
at low vapor pressure and the non-evaporable water content for samples
prepared from two different cements. Symbols of different shape for
the same cement designate different original water-cement ratios, and
different points of the same shape represent a mix of given water ratio at
different stages of hydration.

Although these data were among the first obtained in this investiga-
tion and as a consequence show the influence of imperfect laboratory
technique, they illustrate adequately the fact that with any given cement
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Fig. 2-18—Relationship between amount of water held at
low pressure and the non-evaporable water content for two
different cements

the adsorption at low vapor pressure (any pressure below about 0.4 p,)
is directly proportional to the extent of hydration as measured by the
non-evaporable water content. A study of this relationship will be
presented in another part of this paper.

General results from various cements

The results of some of the adsorption tests and measurements of non-
evaporable water are shown in graphical form for various cements* in
Fig. 2-19 to 2-23. In Fig. 2-19, for example, the total evaporable water
is represented by the height of the column above the horizontal reference
line and the non-evaporable water by the length of the column extending
downward. The proportions of evaporable water held between various
relative vapor pressures are shown by the relative lengths of the blocks
making up the column. As will be shown later, the length of the first block
above the zero line (up fo line 0.35) is approximately proportional to the
surface area of the cement gel. By assuming that the surface area is
proportional to the amount of cement gel, the length of this block may
also be taken to indicate the relative amount of cement gel in the sample.

The effect of differences in water-cement ratio for specimens of the
same age is shown in Fig. 2-19 and 2-20. The effect of prolonging the
period of curing for specimens of the same initial water-cement ratio
can best be seen by reference to Fig. 2-21, 2-22, and 2-23. In reading
these diagrams it is helpful to remember that at zero age there would be

*For characteristics of the cements, see Appendix to Part 2.
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no non-evaporable water and henece no column extending downward
and the column for evaporable water would have a height equal to the
original water-cement ratio, corrected for bleeding. Therefore, the dif-
ference between the height of the evaporable water column and the
original water ratio indicates the degree of reduction in porosity brought
about by the curing. _
Some of the irregularities shown in these diagrams are believed to be
due to imperfections in experimental technique. It seems probable
that a given group of diagrams representing regular changes in w,/¢ or
in age should show a regular pattern of change. In most of the interpre-
tations built up in later parts of this paper, these irregularities are ignored.

EFFECT OF STEAM CURING

One test only of steam-cured material was made. The result was so
significant, however, that it will be given here. The procedure was as
follows: a paste of normal consistency was made, composed of 1 part
eement 15756, 0.71 part pulverized silica (Lot 15918), and 0.43 part water,
by weight. This was made into two prisms 1x1x11l4 in. The prisms
were cured over night in the molds and then were steamed at 420 F
in an autoclave for about 6 hours, after which they were immersed in
water over night. The bars were then crushed and a 48-80 mesh sample
taken for adsorption tests.

Two-inch cubes were made from the same cement-silica mixture,
but with slightly higher water-cement ratio—0.50 instead of 0.43. These
were cured continuously under water for 28 days. They were then
crushed, granular samples were taken, and adsorption characteristics
were determined in the usual way.

The results of these tests are given in Table 26 and Fig. 2-24. They
show that curing at high temperature radically alters the adsorption
characteristics. Note particularly that about 90 percent of all the
evaporable water was taken up at pressures above 0.8 p,. The sig-
nificance of this will be discussed more fully in the succeeding parts of
the paper.

SUMMARY OF PART 2

The water in saturated hardened cement paste is classified as evapor-
able and non-evaporable. This classification is based on the amount of
water retained by a specimen dried in a vacuum desiceator at 23 C over
the system Mg(Cl0y)2.2H0 + Mg(Cl0,);.4H,0. The poresin a hardened
paste are defined as those spaces occupied by evaporable water.

This part of the paper deals with measurements of non-evaporable
water and the adsorption isotherms of the evaporable water in various
samples of hardened cement paste.
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TABLE 26—EFFECT OF STEAM CURING
Cement, 15756

Relative 73 F for Autoclaved
vapor 28d at 420 F
pressure w,/c = .478 w,/c = .43
(wn)* (.1537) (.1615)
0.08 .0220 .0015
0.16 .0329 .0017
0.24 .0390 .0028
0.32 .0478 .0025
0.36 .0530 .0026
0.53 .0689 .0038
0.70 .0969 .0052
0.81 . 1283 .0081
0.85 ., 1408 .0090
0.88 .1623 .0131
0.96 .2230 .0300
1.00 4367 . 3009

*w, = non-evaporable water.

A general description of materials and experimental apparatus and
procedures is given, with reference to the Appendix to Part 2 for more
complete information. Data are presented on the stability of the hy-
drates of the constituents of portland cement, in the presence of dif-
ferent desiccating agents. Indications are that of the microcrystalline
hydrates that might occur in hardened cement paste, only the calcium
sulfoaluminate would be decomposed to an appreciable extent by the
desiccant used in these studies. '

The experiments were for the most part made on granular samples
prepared from the original cylinders or cubes. Data are presented indi-
cating that the granular samples were representative of the original
pastes, except for pastes of comparatively high porosity.
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The empirical aspects of the experimental results are deseribed and
discussed. Adsorption and desorption curves from the same sample pre-
sent a so-called hysteresis loop similar to those found for other materials.
In addition, the curves show some features of irreversibility not com-
monly found among other materials. Most of the study pertains to
adsorption isotherms only.

Adsorption of water vapor from humidified streams of air (air-stream
apparatus) was found to be the same as adsorption from water vapor
alone (high-vacuum apparatus), except at pressures below about 0.3 p,,
where the adsorption in the absence of air was expected to be greater
than that in the presence of air. The curves obtained by the two methods
are believed to have the same significance.

Graphs are presented from which the following conclusions are drawn:

(1) The total water held at saturation (p/p.= 1.0) increases as the
length of the curing period inereases.

(2) The non-evaporable water content also increases.

(3) The amount of water held at any intermediate vapor pressure
increases with the length of the curing period.

(4) The evaporable water content, which is the difference between
the total and the non-evaporable water, decreases as the length of the
curing period increases.

Curves are presented showing that differences in age and original
water-cement ratio have no influence on the shape of the lower part of the
adsorption curves. On the other hand, the position of the upper part of
the curve and the total amount of evaporable water in a saturated
specimen depend on both age and original water-cement ratio. These
conclusions apply to all cements.

For a given cement the amount of evaporable water held at any pressure
up to about 0.4 p, is directly proportional to the non-evaporable water
content. The proportionality constant is different for cements of different
type.

An adsorption curve for cement paste cured for six hours in the auto-
clave at 420 F is compared with the curve obtained from a similar paste
cured at'73 F for 28 days. Results show that curing at high temperature
and pressure produces adsorption characteristics radically different from
those observed in specimens cured in the ordinary way.
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DESCRIPTIONS OF MATERIALS AND TABULATIONS OF ORIGINAL DATA

Information is given in this appendix concerning the materials used in each series and
concerning the preparation of test specimens and samples. This information supple-
ments that given in the text.

Also given are tabulations of the original data. The authors regard such a full pre-
sentation desirable because of the uniqueness of the data and because of the speculative
nature of the interpretation offered in the text. That is, alternative interpretations may
ocour to other investigators in this field and we consider that they should have access
to the original material.

Characteristics of cements

The cements used in any given series can be readily identified in Table A-1. Their
chemical and physical properties are tabulated in order of lot numbers in Tables A-2
and A-3.

Description of specimens made in series 254-265
Mortar Specimens: Truncated cones: Base 4 in.; top 114 in.; altitude 6 in.
Cement: Lot 14502 (see Tables A-2 and A-3 for characteristics).
Aggregate: A mixture of Elgin sand and Ottawa silica graded as follows:

Weight, per cent of size indicated

Ottawa Silica Elgin Sand
200~ 100- 48— 28— 14— 8-
100 48 28 14 8 4

2.4 4.9 23.6 20.9 \ 16.3 22.9
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TABLE A-1—SERIES INDEX TO CEMENTS

Series Cement Nos.

254-265 14502

254-MRB | 14898-39AQ 14899-40PC 14900-418C 14901-42AQ 1490243PC 14903-443C
14904-45AQ 14905-46PC 14906-475C 1490748AQ 14908-49PC 14909-50SC
14910-52AQ 14911-51PC 14912-535C 14913-54AQ 14914-55PC 14915-56SC

254-K4B | 13721-18 13722-1P 13723-1Q 1373048 13731-4P 13732-4Q
13733-58 13734-5P 13735-5Q 13736-68 13737-6P 13738-6Q
13740-7P 13741-7Q 13752-11P 13753-11Q 13763-158 13764-15P
13765-15Q 13766-168 13767-16P 13768-16Q 13778-208 13779-20P
13780-20Q)

254-7 14675

254-8 14930J 15007J 15008J 15011J 15012J 15013JF
15014J

254-9 14930F 15007J 15011J 15013J 15365

254-11 15495 15497 15669 15754 15756 15758
15761 15763 16198 16213 16214

254~13 15367 15498 15623 15670 15699 15921%*
15923* 15924 * 15925% 15926%* 15927%* 15929*
15930%* 15932% 15933% 15934% 15935%

254-16 15754 15756 15758 15761 15763 16186
16189

254-18 13495 14675 15365 13723-1Q

*All cements marked * were ground in the laboratory. The rest were ground in commercial plants.

Mizes: Specimens represented the following mortar mixes, by weight: 1:0 (neat);
1:13%4; 1:1, 1:2, 1:3, 1:5, 1:7.

Mizing: Iach bateh was mixed 30 sec. dry and 2 min. wet in a small power-driven,
open-tub mixer,

Molding: Cones were cast in watertight molds of known capacity, the mortar being
puddled with a light tamper.

Measurements: The weight of the filled calibrated mold was measured to 1 g immedi-
ately after filling, and again after 20-24 hr. in the fog-room. On stripping, the specimens
were weighed in air and in water.

Curing: In molds in the fog-room for the first 20-24 hr.; in the fog-room thereafter.
Temperature: 70 F.

Drying: The granular samples were dried in air-filled desiceators over concentrated
sulfuric acid.

Composition of spectmens: See Table A-4.
Analysis of granular samples: See Table A-5.
Adsorption dala:  See Table A-6.
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TABLE A-3—DENSITY, SPECIFIC VOLUME,

Density and Specific Volume,
as Computed from
Displacement,

in Specific

Lot Surface
No. Kerosene Water cm?/g

A.S.T. M.
Density Sp. Vol. Density Sp. Vol.
g/cm3 cmd/g g/cm3 cms/g

13495 o 3.161 0.316 1868
13721 3.130 (.320 1645
13722 3.110 0.322 1745
13723 3.109 0.322 1535
13730 1735
13731 1800
13732 1705
13733 : 1790
13734 1715
13735 1665
13736 3.163 0,316 1685
13737 3.152 0.317 1815
13738 3.139 0.319 1715
13740 1655
13741 1655
13752 1740
13753 1610
13763 3.165 0.316 1780
13764 3.143 0.318 1630
13765 3.104 0.322 1800
13766 1845
13767 1735
13768 1745
13778 3.145 0.318 1705
13779 3.135 0.319 1730
13780 3.128 0.320 1695

14502 3.145 0.318 1820%*
14560 3.154 0.317 3.184 0.314 1085
14560 3.150 0.318 3.170 0.316 1540
14560 3.155 0.317 3.192 0.314 2045
14560 3.156 0.317 3.206 0.312 2550
14675 3.143 0.318 1865
14898 3;140 0.318 1620
14899 1610
14900 1620
14901 3.150 0.318 3.197 0.313 1640
14902 1590
14903 3.167 0.316 3.225 0.310 1630
14904 1580
14905 1610
14906 1620
14907 1660
14908 1630

a. All those cements marked a were ground in the laboratory. The rest were
ground in commercial plants.

b. This includes +325 material.

¢. Densities of these cements were not determined. The values given are for
cements of similar fineness made from the same clinker, but no allowance
was made for differences in gypsum content.

* 1560 ecm?/g by the permeability method.
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AND SPECIFIC SURFACE OF CEMENTS

Density and Specific Volume,

as

Computed from

Displacement Specific Surface,
in em?/g
Lot
No. Kerosene Water
Density Sp. Vol. Density Sp. Vol. Per-
g/cm? cm3/g g/em3 cmd/g A.8.T.M. | meability
Method
14909 1630
14910 3.165 0.316 3.207 0.312 1610
14911 1620
14912 3.181 0.314 3.228 0.310 1640
14913 1640
14914 3.144 0.318 1610
14915 1650
14930J 3.218 0.311 3.290 0.304 2045
15007J 3.189 0.314 3.260 0.307 2015
150087 3.201 0.312 3.239 0.309 1825
15011J 3.204 0.312 3.263 0.306 1835
15012J 3.191 0.314 1740
15013J 3.162 0.316 3.247 0.308 1810
15014 3.174 0.315 2010
15365 3.135 0.319 3.187 0.314 1640 3120
15495 3.101 0.322 3.136 0.319 1440 2780
15497 3.109 0.322 3.178 0.315 2500 5150
15669 3.215 0.311 3.257 0.307 2290 3810
15754 3.135 0.319 3.174 0.315 1800 3420
15756 3.174 0.315 3.209 0.312 1800 3060
15758 3.107 0.322 3.158 0.317 1800 3570
15761 3.155 0.317 3.210 0.312 1800 2950
15783 3.215 0.311 3.252 0.308 1800 2760
15921 a 3.135 ¢ 0.319 3.190 ¢ 0.314 1820 2870
15922 a “ . “ “ 1890 3350
15923 a o “ “ “ 2070 4850
15924 a 3.107 ¢ 0.322 3.16 ¢ 0.316 1815 2930
15925 a ¢ e “ “ 1870 3360
15926 a ‘o ‘ " o 2020 4580
15927 a 3.176 ¢ 0.315 3.22 ¢ 0.310 1800 2860
15929 a " “ ‘ ‘ 2080 4770
15930 a 3.215 ¢ 0.311 3.25¢ 0.308 1795 2630
15932 a e “ “ ' 2050 4280
15933 a 3.155 ¢ 0.317 3.21¢ 0.312 1820 2960
15934 a * ‘o “ “ 1855 3480
15935 a ' * o o 2080 4480
16186 3.135 0.319 3.188 0.314 1702 b 3200
16189 3.174 0.315 3.214 0.312 1849 b 3200
16198 3.215 0.311 3.254 0.308 2014 b 3200
16213 3.135 0.319 3.179 0.315 1263 2430
16214 3.135 0.319 3.184 0.314 1528 2920

361
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TABLE A-4—UNIT ABSOLUTE VOLUME COMPOSITION OF THE MORTARS
USED IN SERIES 254-265

Re Unit Absolute Volume Composition Water-Cement Ratio

ef.

No. Cement Sand Water Air Volume Wt. Gal/Sk.
Basis Basis

323 0.5601 — 0.4169 0.0192 0.744 0.236 2.66

506 0.4046 0.2438 0.3331 0.0189 0.823 0.262 2.95

509 0.3195 0.3850 0.2826 0.0129 0.884 0.268 3.17

512 0.2221 0.5353 0.2264 0.0162 1.019 0.323 3.65

515 0.1666 0.6022 0.2075 0.0237 1.245 0.395 4.46

518 0.1062 0.6399 0.2250 0.0289 2.118 0.670 7.59

521 0.0787 0.6638 0.2216 0.0359 2.816 0.893 10.09

TABLE A-5—ANALYSES OF GRANULAR SAMPLES USED FOR ADSORPTION
AND NON-EVAPORABLE WATER MEASUREMENTS IN SERIES 254-265

Cement Non-Evap. ‘ Sand
Cont. Cement Non- Water, Content
Sol. Cont. Ignition CO:(1) Evap. %, cement | (by

Ref. 810, SO; Loss, Loss Water(2) content i difference)
No. Meth, Meth. A 7 A

9%, dry % dry dry dry dry Sol. 8SO0; ¢ Sol. SO;

weight weight [ weight weight weight 8i0a Meth, 1+ 8iO2 | Meth.
323 85.6(3) — 14.42 0.67 13.7 16 — i 0.7 —
506 66 70 17.50 4.99 12.5 19 18 121,01 17.8
509 57 62 19.01 7.38 11.4 20 18 1 23.1 1| 26.3
512 47 52 20.45 9.91 10.5 22 20 ‘ 42.4 | 37.0
515 41 47 22.63 - 11.88 10.8 26 23 ‘ 48.0 | 42.5
518 39 42 21.92 12.40 4.5 24 23 1 51.8 | 48.6
521 34 36 21.26 13.22 8.0 23 22 1 87.7 | 55.5

(1) CO2comes chiefly from calcareous sand (Elgin).
(2) Nou-evaporable water obtained by correcting loss on ignition for COs-loss.
(3) Ignited weight taken as cement content.since this is a neat paste.

TABLE A-6—ADSORPTION DATA FOR SERIES 254-265
Age: 110 days

Total Water Retained at Relative Vapor Pressure
Indicated, g/g dry weight
D/Ps

/ Ref. Ref. Ref. Ref. Ref. Ref. Ref.

323 506 509 512 515 518 521

Wn .137 .125 .114 .105 .108 .095 .080
. 0.11 .1474 L1384 1237 L1121 L1141 .1008 .0836
0.20 .1552 .1448 .1310 .1183 L1199 . 1060 .0884
0.36 .1649 L1544 . 1396 L1254 L1274 L1128 .0945
0.50 L1752 L1626 .1472 .1331 .1353 .1206 .1009
0.61 .1811 .1683 .1526 .1382 .1400 .1264 .1052
0.75 .1947 .1800 .1634 . 1491 .1532 .1443 .1224
0.80 .1962 L1826 . 1649 .1510 .1558 .1453 L1252
0.826 .2013 1862 1703 L1569 .1636 .1560 .1327
0.888 .2085 L1941 L1776 .1629 L1731 L1651 L1431
0.93 2201 L2022 . 1868 L1730 . 1850 L1865 L1592
0.98 2225 .2053 .1887 L1767 .1888 L1991 L1718

SSD .250 .220 .210 .197 .227 .267 .259

wa = non-evaporable water, p/ps = about 24x10-5,
8SSD = Water content of granular sample, saturated, surface-dry for sample that had been dried and
resaturated.

Description of specimens made in series 254-MRB

Neat Specimens: . Cylinders, 1x7 in.

Cements: See Tables A-1 to A-3.

Burning Conditions: Lot Nos. 14910, 14911, 14912: hard burned; Lot Nos. 14913,
14914, 14915; soft-burned; others: normal plant burning. Changes in burning condition
were brought about by changing length of burning zone.
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Cooling Condition: The symbol PC signifies cooling by regular plant method; SC
signifies slow cooling by storage in an insulated box where temperatures at or above red-
heat were maintained for about 24 hours; AQ signifies cooling to temperatures below
dull-red within 10 seconds by use of an air-blast.

Grinding: In the laboratory mill with enough added gypsum for 1.8 percent total
80s.

Mizing: The cement was placed with water in a kitchen-type mixer and mixed for
2 minutes, allowed to rest for 1 minute, and then mixed for 1 minute. w/c = 0.5 by
weight at mixing. -

Casting: The pastes were poured into 1x7-in. waxed-paper cylinders.

Curing: In the molds under water. Molds stored horizontally.

Drying: The granular samples were dried in a vacuum desiccator over Mg(ClO,),.-
2H 20. )

Adsorption Daia: See Table A-7.

TABLE A-T—ADSORPTION DATA FOR SERIES 254-MRB

Water-cement ratio corrected for bleeding

Total Water Retained at Relative Vapor Pressure Indicated,
g/e cement

D/ps 14808~ 14809- 14900- 14901- 14902- 14903~ 14904~ 14905- 14906~
2

1AQ 1PC 18C 2AQ rC 28C 3AQ 3rC 38C
we fe = Wole = we /e = welt = | wofc= WolC = wo /¢ = Wwo /€ = We fc =

382 .388 A4 .391 .393 424 425 411 476

Age 120d | Age 120d | Age 126d | Age 126d | Age 133d | Age 133d | Age 162d | Age 162d | Age 173d
wn 2171 .2225 .2274 .2228 2273 2271 .2284 .2299 .2355
.088 L2615 .2614 2684 .2629 .2665 .2664 .2723 .2757 L2794
.20 2737 .2781 .2848 .2755 .2825 .2823 .2891 .2024 .2966
.355 .2977 .3034 23111 L2992 .3002 L3091 .3143 .3184 L3271
.51 3179 .3209 .3245 .3116 .3285 3277 .3333 . 3393 L2510
.61 .3298 .3355 .3534 .3332 .3422 . 3448 . 3485 .3529 .3702
.69 .3461 .3511 .3656 . 3437 .3578 . 3602 .3578 .3631 .3831
.75 .3610 .3666 . 3852 . 3649 .3743 .3797 .3749 .3811 .4048
.80 .3675 .3724 L3018 .3700 .3807 L3842 .3824 .3879 .4107
.84 .3782 .3813 .4000 .3803 .3883 .3926 .3941 .3982 4217
.89 .3971 . 3983 4100 .3908 .3981 .3996 .4168 4176 .4438
.96 .4318 .4225 L4459 4491 4475 .4401 4553 .4469 .4737
SSD .4604 4581 .5082 4911 .5013 L5108 .4897 .4898 .5496
88DO — — 5267 .5031 L5108 .5261 .4993 .5021 .5673
Total Water Retained at Relative Vapor Pressure Indicated,
g/ cement

P/Ds 14907- 14908~ 14909~ 14910- 14911- 14912- 14913- 14914~ 14915-

4AQ 4PC 48C 5AQ 5PC 53C 6AQ 6PC 6SC
wo/c = wo/ec = wolc = wofc = wofc= wofc = Wwofc = wofc = wofe =

.406 .394 483 460 464 .489 A10 .423 437

Age 173d | Age 200d | Age 200d | Age 204d | Age 204d | Age 212d | Age 212d | Age 222d | Age 222d

wa .2191 L2250 L2255 . 2282 .2294 .2252 . 2206 .2253 .2240
.088 .2605 .2673 .2669 L2704 .2723 .2703 .2665 .2675 .2667
.20 2789 .2853 .2846 .2865 .2940 .2883 .2839 . 2847 .2830
.355 .3037 .3108 .3119 L3142 .3166 .3167 .3075 .3101 .3097
.51 .3231 .3327 .3346 .3365 .3383 .3416 .3275 .3293 .3299
.61 .3354 .3463 .3496 .3470 .3496 .3558 .3389 .3443 L3441
.69 .3459 .3573 .3639 .3533 .3671 .3698 L3514 .3537 . 3562
.75 . 3629 .3764 .3871 .3793 .3832 L3907 .3678 .8736 .3759
.80 .3683 .3835 .3948 3844 .3905 . 3956 .3704 L3771 .3787
.84 .3766 .3920 .4061 .3952 .4017 .4048 .3771 .3847 . 3869
.89 .4027 .4136 .4333 .4280 .4365 .4300 .4061 4137 .4149
.96 .4279 .4394 .4659 .4708 .4801 4547 .4314 .4347 .4327
88D .4606 L4771 L5477 L5131 . 5259 .5473 .4767 .4870 .5203
SSDO L4741 .4922 L5725 L5348 . 5458 L5675 .4932 — . 5296

Key: 88D = Water content of granular sample, saturated, surface-dry for sample that had been dried
and resaturated.
8SDO = Water content of granular sample that was brought to saturated condition without pre-
liminary drying.
AQ = Air quenched.
PC = Plant cooled.
SC = Slow cooled.
wr = Non-evaporable water; p/ps = about 24x10-6,
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Description of specimens made in series 254-K4B

Neat Specimens: Cylinders, 1x714 in.

Cements: See Tables A-1 to A-3.

Cooling: Symbol P signifies regular plant cooling; S signifies slow cooling after re-
heating clinker; Q signifies quick cooling after reheating clinker.

Grinding: . In the laboratory mill with enough added gypsum for 1.8 percent total
80s.

Mixing: The cement was placed with water in a kitchen-type mixer and mixed for
2 minutes, allowed to rest for 2 minutes, and then mixed for 2 minutes. w/c = 0.5 by
weight at mixing.

Casting: The pastes were poured into 1x714-in. eylindrical molds.

Curing: In the molds stored horizontally under water for 20-24 hrs.; under water
thereafter. Temperature: 70 I%.

Drying: The granular samples (48-100 mesh) were dried in a vacuum desiccator over
Mg(Cl0O4),.2H,0.

Adsorption Dala: See Table A-8.

Description of specimens made in series 254-7

Mortar Specimens: Truncated cones: base, 4 in.; top, 2 in.; altitude, 6 in.
Cement: Lot 14675. See Tables A-2 and A-3 for characteristics.
Batches: The batches were made up as follows:

Weights, gms. per batch
Mix

Ref. by Ottawa Silica Cow Bay Sand Cement Water,
No. Wt. g ml

200~ 100~ 48— 28— 14— 8-

100 48 28 14 8 4
7-1 1-0 — — — — — — 4000 1010
-2 1-24 36 73 125 579 301 386 3000 830
7-3 1-1 54 110 187 868 453 578 2250 675
74 1-2 77 157 266 1234 644 822 1600 570
7-5 1-3 86 177 299 1389 724 925 1200 545
7-6 14 90 184 311 1447 654 1064 938 590
77 1-5 90 184 311 1447 654 1064 750 570

Mizing: Each batch was mixed 30 sec. dry and 2 min. wet, in a small power-driven,
open-tub mixer. .

Molding: From each batch 3 watertight molds of known capacity were filled. The
mortar was puddled with a light tamper.

Measurements: The weight of the filled calibrated mold was measured to 1 g im-
mediately after filling, and again after 20-24 hr. in the fog-room. On stripping, the
weights of the specimen in air and in water were obtained.

Curing: In molds in the fog-room for the first 20-24 hr.; under water thereafter.
Temperature: 70 F. Some of the molds were not stripped until the specimens were
48 hr, old, but the specimens were nevertheless immersed after the first 24 hr.

Drying: The granular samples were dried in a vacuum desiccator over Mg(ClO,)..-
2H,0.,

Cement-Silica Specimens: Cylinders cast in test tubes (7§ x 6 in.)

Cement: Lot 14675. See Tables A-2 and A-3 for characteristics.

Silica: Lot 13239. 95 percent passing No. 200-mesh sieve.
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Proportions:
Proportions by Wt. Nominal w/c
Ref
No. Cement Silica Water ¢/8i02 wt. gal/sk
c 802 w
1 0.736 0 0.264 100/0 0.36 4.06
2 0.590 0.148 0.262 80/20 0.444 5.00
3 0.483 0.260 0.257 65/35 0.530 5.97
4 0.411 0.336 0.253 55/45 0.618 6.96
5 0.376 0.376 0.248 50/50 0.660 7.43
Mizing: Cement and silica were premixed by tumbling them together in a large glass

bottle. The dry material was placed with water in a kitchen-type mixer; and mixed for
2 minutes, allowed to rest for 3 minutes, and then mixed for 2 minutes.

Casting: The pastes were poured into 74 x 6 in. test tubes which had previously
been calibrated by filling them with water from a burette.

Curing: The level-full test tubes were stored under water until the third day after
casting, at which time the glass molds were broken off and the specimens were reim-
mersed in water where they remained until tested.

Drying: The granular samples were dried in a vacuum desiccator over 3/g(Cl0s)s.-
2H,0.

Test Results: All test results are given in Part 5.

Description of specimens made in series 254-8
Mortar Spectmens: Cubes, 2 in,

Cements: See Tables A-1 to A-3.
Pulverized Silica: About same fineness, volume basis, as cement.
Proportions:

Relative Proportions

: w/e

Mix Cement Pulverized Std. Ottawa v

Silica Sand weight

(approx.)

A 1 0 1.64 0.33
B 1 0.330 2.30 0.46
C 1 0.707 3.07 0.61
Mizing: Each batch was mixed 30 sec. dry and 2 min. wet, in a small power-driven,

open-tub mixer before making slump test.
mixed additional 30 sec. before casting.

Slump-sample returned to tub and batch

Slump Test: Made in duplicate on 6-in. cone. Water adjusted to give 114-2-in.
slump. _
Molding: From each batch 3 cubes were cast in previously weighed, 3-gang, steel

molds.

Measurements: The weight of the filled molds was measured to 1 g immediately
after filling, and again 2-214 hr. later after carefully removing any accumulated water
with a suitable absorbent. The molds were dried and weighed again just prior to strip-
ping. After stripping, the cubes were weighed in air and in water.

Curing: In molds in the fog-room for the first 20-24 hr.; then under water for 27
days; thereafter in the fog-room.

Drying: The granular samples were dried in a vacuum desiccator over Mg(ClO,),.-
2H,0. .

Composition of Specimens: The composition of the hardened cubes, derived from the
measurements mentioned above, are given in Table A-9.
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TABLE A-9—UNIT ABSOLUTE VOLUME COMPOSITION OF THE MORTARS
USED IN SERIES 254-8

Unit Absolute Volume Composition Cement
Cement Ref. at End of the 2nd Hour w/e at Content
No. No. 2 hours of Paste
Cement Water Air Silica
14930J 8-1 .2375 .2431 .035 4843 311 .494
8-2 .1692 .2466 .032 .5521 443 .407
8-3 L1271 .2492 .029 .5953 .595 .338
15007J 8-28 .2363 .2649 .021 4776 344 471
8-29 .1698 .2567 .025 .5491 .464 .398
8-30 .1288 .2500 024 .5978 .595 .340
15008J 8-32 .1647 2477 .055 .5322 462 .399
8-33 L1251 .2405 .055 .5796 .590 .342
15011J 8-40 .2407 .2508 .022 .4870 .319 .490
8-41 L1730 .2494 .018 .5598 442 .410
842 L1298 .2522 L0153 .6029 .595 .340
15012 8-44 .1606 .2419 .77 .5207 .461 .399
845 L1202 .2472 .068 .5636 .624 .329
15013 846 L2345 .2532 .040 4721 .332 .481
8-47 .1713 .2520 025 .5516 .453 .405
8-48 .1260 .2455 046 .5825 .599 .339
15014 8-50 .1566 .2595 .079 .5045 .510 .376
8-51 L1201 .2511 074 .5548 .644 .324
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Adsorption Data: See Table A-10,

TABLE A-10—ADSORPTION DATA FOR SERIES 254-8

Water-cement ratio corrected for bleeding

Total Water Retained at Relative Vapor Pressure Indicated,
g/g cement
14930J- | 14930J- | 14930J- | 13007J- | 15007J- | 15007J- | 15008J- | 15008J- | 15011J-
/e 8-1 8-2 8-3 8-28 8-29 8-30 8-32 8-33 8-40
Wo/c = wofc = Wofc = Wofec = | wofc = wefc = | wofc = wofc = | wefe =
311 443 .5 344 464 .595 462 .590 .319
Age 447d | Age 362d | Age 362d | Age 479d | Age 440d | Age 479d | Age 463d | Age 463d | Age 478d
Wn .1808 .2006 .2101 1980 .2169 .2323 2105 .2208 .1843
.09 199 —_— 2616 2370 .2578 .2760 2472 .2604 .2210
.20 2360 .2641 2765 .2538 2759 .2939 2641 2798 .2375
.3 2566 2889 .3048 2765 2097 .3183 2863 3022 .2565
.47 2681 3042 3224 .2018 .3191 3367 3024 .3237 .2699
.61 2798 .3205 .3444 .3100 L3411 3574 .3221 . 3480 .2836
.69 2888 .3346 3624 3179 .3591 3752 1 3690 .2912
75 2994 3495 3842 3249 .3739 3972 3471 3828 .2979
81 L3057 .3626 3975 3350 3832 4126 3673 4084 3080
84 3132 3732 4082 3401 .3919 4208 3789 4278 .3107
89 3290 4024 4674 3489 .4221 4831 3933 4461 3218
96 3479 4234 4909 3762 .4477 5266 .4442 5206 .3460
SSD .3934 .5314 .6852 .4248 . 5267 L6711 .5383 .6763 .2892
SSDO 4132 L5431 7060 .6228 . 5600 7178 —_ —_
Total Water Retained at Relative Vapor Pressure Indicated,
g/g cement
15011J- | 15011J- | 15012J- 15012J- | 15013J- | 15013J- | 15013J- } 15014J- | 15014J-
841 8-42 8-44 8-45 8-46 847 8-48 8-50 8-51
p/ps | Wolc = wofc = wofc = |wofc = Wofc = welc = wo/c = wofc = | woefc =
442 .595 .461 .624 .332 453 599 510 644
Age 368d | Age 368d | Age 464d | Age 464d | Age 339d | Age 333d | Age 333d | Age 487d | Age 487d
wn .2102 .2218 .2109 .2227 L2185 .2407 .2527 .2472 .2527
.09 .2503 .2640 .2519 .2657 L2567 .2829 .2932 . 2885 .2061
.20 .2667 2817 L2694 L2835 2737 .2991 .3103 .3079 L3152
.36 .2921 .3073 .2022 .3080 .2934 .3252 .3348 .3373 .3439
.47 .3149 .3329 .3137 .3315 .3076 .3446 .3546 .3587 .3685
.61 .3345 .3548 .3336 .3586 .3163 .3643 .3793 .3834 .3951
.69 .3463 .3745 .3504 .3761 .3333 |, .3746 .3942 . 4050 .4205
.75 .35681 .3931 .3613 .3892 .3424 .3931 .4148 .4199 L4422
.81 .3657 .4003 L3794 .4145 .3468 .4002 .4281 .4359 .4627
.84 .3828 .4232 .3906 .4320 .3014 .4089 .4387 .4436 .4732
.89 .4131 .4659 .4066 .4546 .3673 .4375 .4820 .4656 .5065
.96 .4338 .4975 .4608 .5295 .3826 .4619 . 5203 .5116 .5701
SSD . 5246 .6426 .5738 .6978 4245 . 5587 . 6886 .6355 .7769
SSDo .5306 6756 — — .4461 — — — _

Key: SSD = Water content of granular sample, saturated, surface-dry for sample that had been dried
and resaturated.
SSDO = Water content of granular sample that was brought to saturated condition without pre-
liminary drying.
wn = Non-evaporable water; p/ps = about 24x10-¢,

Description of specimens made in series 254-9
Mortar Specimens: Cubes, 2-in.; Prism, 2x2x914 in.
Cemenis: See Tables A-1 to A-3.

Pulverized Stlica: Lot 15282. Specific surface, volume basis, about the same as that
of cement.

Baiches: The batches were made up as follows:

Weights, gms. per batch
Nominal
Mix Cement Pulverized Std, Ottawa Water w/e by
Silica Sand (approx.) Weight
A 1900 —_— 3100 620 0.326
B 1350 450 3100 610 0.452
C 1000 730 3100 600 0.600
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Mizing: As in Series 254-8.

Slump Test:

steel molds.

Measurements:
and in water at 28 days.

Curing: As in Series 254-8,
Drying: As in Series 254-8.

As in Series 254-8,
Molding: From each batch 12 cubes and 1 prism were cast in previously: weighed

Cubes:

Test results for series 254-9

Composition of Hardened Specimens:

as in Series 254-8. Prism:

ened cubes, derived as in Series 254-8, is given in Table A-11.

the prism was weighed in air

The composition of the mortars in the hard-

TABLE A-11—UNIT ABSOLUTE VOLUME COMPOSITION OF THE
MORTARS USED IN SERIES 254-9

Unit Absolute Volume Composition at
the End of the 2nd Hour w/e at
Cement Ref. Mix - 2 hrs. 4
No. No. Cement Water Air Silica (wt. basis) ’
14930J 9-1 A .2401 2437 .0308 .4863 .309
9-2 B L1718 2397 .0284 .5610 424
9-3 C .1268 2380 L0292 6072 .573
150077 9-4 A .2402 2474 .0312 4821 .316
9-5 B L1721 2422 . 0289 .5568 .433
9-6 C L1292 2434 L0211 .6062 570
15011J 9-7 A .2415 2493 .0245 4852 .316
9-8 B .1727 2445 .0240 .5593 .432
9-9 C .1288 2394 L0251 .6073 .582
15013J 9-10 A .2407 2538 .0248 .4813 .324
9-11 B L1709 2457 .0341 .5604 .443
9-12 C .1260 2500 .0337 L5912 .611
15365 9-13 A .2366 2462 .0439 .4752 .319
9-14 B L1711 2453 .0313 .5536 .439
9-15 C L1295 2388 L0224 .6101 687
9-15A Neat .5316 4220 .0487 — .244

Adsorption Daia:

See Tables A-12 to A-27.
Chemical Analyses of Dried Granular Samples:

See Table A-28.

Compressive Strength: Cubes were tested in compression, two at each age. See

Tables 6-2 to 6-6, Part 6 for results.
pared from the broken cubes.

Modulus of Elasticily:

Samples for adsorption measurements were pre-

The modulus of elasticity was determined from sonic measure-
ments on the prism. See Table A-29 for results.
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TABLE A-12—ADSORPTION DATA FOR REF. 254-9-1, CEMENT 14930)

w/e (by wt.): Original 0.316; after bleeding 0.309

wn = non-evaporable water; p/ps = about 24x10-¢

wt = total water . i

(we = evaporable water can be obtained from the relationship ws = w: — wx)

Total Water, w:, Retained at Relative Vapor Pressure
and Age Indicated, g/g cement
P/Ds
/ 7 days 14 days 28 days 56 days 90 days 180 days 365 days
Wn .0804 0994 L1071 L1292 . 1497 .1620 L1704
.088 .0957 L1183 — —_— _— _— —_
.089% —_— —_— .1327 .1598 L1812 .2000 _
.090 — _— — — — — . 2080
.20 .1018 .1273 L1421 L1725 .1963 .2160 L2232
.355 . 1097 . 1407 —_— —_ — — —_
.36 —_— _— L1557 .1893 .2155 .2335 .2422
.47 — — . 1680 .2024 L2271 L2482 2547
.51 .1185 .1473 —_— —_— — — —_—
.61 L1247 .1533 .1738 .2109 .2338 .2598 .2654
.69 L1341 .1661 .1898 .2240 .2477 .2678 .2743
.75 . 1477 .1763 .2007 .2323 .2558 L2754 .2800
.80 L1547 .1879 L1905 .2347 .2608 L2811 —_—
.81 — —_ — — — — .2904
.84 .1599 .1925 .2136 .2521 L2715 .2915 .2963
.89 .1863 .2201 .2408 . 2697 L2851 .3054 .3012
.96 .2152 L2421 .2623 .2074 .3105 .3184 .3282 |
S8SD .3258 .3324 .3493 .3473 .3522 .3576 .3627
SSDO 3457 .3520 .3516 . 3605 . 3667 .3703 _—
Key: SSD = Water content of granular sample in saturated, surface-dry condition for sample that had

been dried and resaturated.
SSDO = Water content of granular sample that was brought to saturated condition without
preliminary drying.

TABLE A-13—ADSORPTION DATA FOR REF. 254-9-2, CEMENT 14930]

w/e (by wt.): Original 0.441; after bleeding 0.424

wn = non-evaporable water; p/ps = about 24x10-8

w = total water

(wa = evaporable water can be obtained from the relationship we = w: — wn)

Total Water, w:, Retained at Relative Vapor Pressure
and Age Indicated, g/g cement
D/Ds
7 days 14 days 28 days 56 days 90 days 180 days 365 days
wn .0798 .1029 L1165 .1352 L1735 .1853 .1953
.088 .0957 .1227 -— —_ — —_— _
.089 —_ —_— L1444 .1697 .2093 .2268 —
.090 — —_— — — — — .2396
.20 .1020 .1315 .1542 .1889 .2254 .2473 .2569
.355 L1075 . 1487 — — —_— — _—
.36 —_ —_ .1700 .2089 .2485 .2693 L2791
.47 — L1819 2194 .2643 L2873 .2987
.51 .1160 L1511 _— _ —_— — —_
.61 L1214 .1551 .1892 .2388 L2751 .3075 .3154
.69 .1335 L1722 .2076 L2516 .2939 .3184 .3286
.75 1446 L1797 .2142 . 2666 .3065 .3295 .3358
.80 1517 .1928 .2051 L2671 .3133 3347 —
.81 - — —_— —_ — — — .3507
.84 L1573 L1976 L2359 L2055 L3240 .3520 .3614
.89 L1879 2426 .2784 3238 .3496 L3720 .3735
.96 .2189 .2693 .3103 .3684 .3797 .3894 L4114
SSD .3981 .4426 .4769 .4738 4879 .4852 .5109
SSDO . 3995 .4626 .4936 .4864 .5017 L5024 —_—
Key SSD = Water content of granular sample in saturated, surface-dry condition for sample that had

been dried and resaturated.
8SDO = Water content of granular sample that was brought to saturated condition without pre-
liminary drying, :
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TABLE A-14—ADSORPTION DATA FOR REF. 254-9-3, CEMENT 14930)

w/c (by wt.): Original 0.600; after bleeding 0.573

wa = non-evaporable water; p/ps = about 24x10-8

we = total water

(we = evaporable water can be obtained from the relationship we = wi — wn)

Total Water, w:, Retained at Relative Vapor Pressure
2/Ds and Age Indicated, g/g cement
7 days 14 days 28 days 56 days 90 days 180 days 365 days

Wn .0822 .0896 L1214 .1638 .1850 .2008 .2142
.089 .1022 L1118 .1521 .1979 .2238 .2422 L2625
.20 .1054 .1180 .1635 .2130 .2409 .2601 . .2842
.36 L1125 L1289 .1814 .2343 .2637 L2841 .3125
.47 L1192 L1337 .1848 .2484 .2814 .3032 .3327
.61 L1271 . 1464 .2086 .2634 .3068 .3251 .3508
.69 L1385 L1626 L2173 .2882 .3207 .3308 .3700
.75 L1411 L1712 L2371 .3043 .3372 .3573 .3838
.80 .1553 L1721 .2354 .3182 .3470 _.3700 —_—
.81 — — — — T— .4012
.84 .1673 .2026 L2713 . 3380 3647 .3835 4176

89 1955 2318 3099 3761 4114 .4261 4450
.96 .2297 .2807 . 3642 4385 L4485 .4515 .5062
SSD .4822 . 4509 L5044 .6344 6303 . 5640 L6971
SSDO 4732 .4851 .6021 .6579 L6562 .6028 —_—

Key: SSD = Water content of granular sample in saturated, surface-dry condition for sample that had

been dried and resaturated.
SSDO = Water content of granular sample that was brought to saturated condition without pre-
liminary drying.

TABLE A-15—ADSORPTION DATA FOR REF. 254-9-4, CEMENT 15007)

w/e (by wt.): Original 0.338; after bleeding 0.316

wn = non-evaporable water; p/ps = about 24x10-8

‘w: = total water :

(we = evaporable water can be obtained from the relationship we = we — wn)

Total Water, w, Retained at Relative Vapor Pressure
»/Ds and Age Indicated, g/g cement
7 days 14 days 28 days 56 days 90 days 180 days

Wn .1259 .1404 .1538 .1681 L1729 .1835
.089 L1503 . 1687 .1824 .2147 .2105 —_—
.09 —_— — — — — L2170
.20 L1612 .1816 .1950 .2167 L2234 L2311
.36 L1759 L1982 L2126 .2353 L2419 L2513
.47 .1848 L2111 .2270 .2496 .2574 .2672
.61 .1949 .2243 .2449 .2651 L2752 .2814
.69 .2082 .2378 . 25687 2752 L2821 .2907
.75 .2185 .2440 .2657 .2810 .2891 .2962
.80 L2215 —_— L2715 . 2856 .2941 —_
.81 — - — — — .3026
.84 .2319 .2584 .2781 . 3004 .3030 3092
.89 .2520 .2810 .2979 .3077 .3146 .3235
.96 L2856 .2921 .3131 .3269 .3276 .3378
SSD .3541 .3643 . 3654 L3794 L3712 L3773
SSDo L3716 — . 3747 .3853 — .3921

Key: SSD = Water content of granular sample in saturated, surface-dry condition for sample that had
been dried and resaturated.
SSDO = Water content of granular sample that was brought to saturated condition without pre-
liminary drying.
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TABLE A-16—ADSORPTION DATA FOR REF. 254-9-5, CEMENT 15007)
w/c (by wt.): Original 0.467; after bleeding 0.433

w» = non-evaporable water; p/ps = about 24x10-6

we = total water . .

(we = evaporable water can be obtained from the relationship we = w: — wn)

Total Water, w:, Retained at Relative Vapor Pressure
p/Da and Age Indicated, g/g cement
7 days 14 days 28 days 56 days 90 days 180 days

Wa .1334 . 1498 L1714 .1847 .1924 .2018
.089 .1585 .1801 L2026 .2336 .2341 —_—
.09 — — — —_ —_— .2396
.20 .1698 L1942 .2169 .2399 .2500 L2555
.36 .1843 .2128 .2357 .2593 2714 .2778
.47 .1972 .2243 .2522 .2751 . .2917 L2979
.61 .2085 L2415 .2763 .2975 .3158 .3152
.69 .2232 .2570 .2906 .3128 . 3284 .3313
75 .2312 L2657 .3020 .3249 .3394 L3411
.80 .2364 —_ .3132 .3302 . 3460 —_—
.81 —_— — — — — .3520
.84 .2517 L2867 L3191 .3527 .3607 . 3614
.89 2774 L3158 .3432 .3713 .3802 . 3994
.06 .3157 3254 .3695 .3899 .3980 4111
SSD L4667 .4764 .4913 . 5002 5092 .5502
SSDO . 5000 .4971 .5106 .5156 . 5605

Key: SS8D = Water content of granular sample in saturated, surface-dry condition for sample that had
been dried and resaturated.

Water content of granular sample that was brought to saturated condition without pre-
liminary drying.

g
|}
3
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TABLE A-17—ADSORPTION DATA FOR REF. 254-9-6, CEMENT 15007}

w/c (by wt.): Original 0.610; after bleeding 0.570

wn = non-evaporable water; p/ps = about 24x10-8

w: = total water

(we = evaporable water can be obtained from the relationship we = wi¢ — wn)

Total Water, we, Retained at Relative Vapor Pressure
»/Ds and Age Indicated, g/g cement
7 days 14 days 28 days 56 days 90 days 180 days

Wa . 1560 .1634 . 1839 .2035 .2049 L2132
.089 - .1824 .1921 L2191 —_— —_— —_—

.09 — —_ — .2398 .2428 —

.20 L1918 .2066 L2341 .2561 .2603 L2758
.36 .2078 .2210 .2536 .2781 .2811 . 3006
.47 .2209 .2342 .2668 .2975 .3038 .3218
.61 .2423 .2523 .2043 .3240 .3266 .3460
.69 .2545 .2694 .3136 .3405 . 3407 .3589
.75 .2705 .2864 .3297 .3524 .3578 .3810
.80 .2816 .2870 .3347 .3585 —

.81 — — —_— — .3656 .3918
.84 .2998 .3140 .3634 .3836 .3818 .4151
.89 .3240 .3409 .3921 .4132 .4155 .4430
.96 3597 3774 .4244 .4456 .4413 .4780
S8D .5084 .5300 .5845 . 5900 .6019 .6676
SSDO .5630 .5846 .6219 6347 .6186 —_

Key: SSD = Water content of granular sample in saturated, surface-dry condition for sample that had

been dried and resaturated.
8SDO = Water content of granular sample that was brought to saturated condition without pre-
liminary drying.
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TABLE A-18—ADSORPTION DATA FOR REF. 254-9-7, CEMENT 15011)

w/c (by wt.): Original 0.353; after bleeding 0.318
wr = non-evaporable water, p/ps = about 24x10-8
we = total water

I

(we evaporable water can be obtained from the relationship we = w: — wa)
Total Water, w:, Retained at Relative Vapor Pressure
D/De and Age Indicated, g/g cement
7 days 14 days 28 days 56 days 90 days 180 days 365 days

Wn L1137 .1333 .1430 L1557 .1643 .1705 L1760

.089 L1415 L1584 .1785 .1892 L1961 .2039 —_—
.09 —_— — —_— — —_ —_ L2111
.20 . 1484 .1686 L1953 .2035 . 2098 L2191 .2276
© .36 L1617 .1838 L2069 L2211 .2268 .2359 .2468
47 .1703 ..1860 .2193 .2295 .2410 .2509 2573
.61 .1808 .2038 .2312 .2401 ,2531 .2632 . 2685
.69 L1935 .2197 .2448 .2535 .2622 .2716 2764
75 .1942 L2289 .2534 .2827 L2704 L2817 .2861

.80 L2112 .2319 .2548 .2684 .2746 L2873 —_
.81 — — — —_— ——— .2931
.84 .2209 .2535 .2738 L2767 L2812 .2951 .3002
.89 .2480 .2787 .2955 L2905 .3015 L3125 .3109
.96 .2697 .3059 .3186 .3140 .3138 .3216 .3341
88D .3487 .3575 .3619 L3591 .3617 . 3646 .3721

SSDO .3587 .3710 . 3696 .3713 .3685 3794 —_

Key: SSD = Water content of granular sample in saturated, surface-dry condition for sample that had
been dried and resaturated.
S8DO = Water content of granular sample that was brought te saturated condition without pre-
liminary drying.

TABLE A-19—ADSORPTION DATA FOR REF. 254-9-8, CEMENT 15011

w/e (by wt.): Original 0.459; after bleeding 0.432

wr = non-evaporable water; p/pe = about 24x10-8

we = total water

(we = evaporable water can be obtained from the relationship we = w: — wa)

Total Water, w:, Retained at Relative Vapor Pressure
D/ and Age Indicated, g/g cement
7 days 14 days 28 days 56 days 90 days 180 days

Wn .1228 .1527 L1654 L1781 L1913 . 1986
.089 L1514 .1824 .2054 .2154 .2278 —
.09 —_— — —_— _— — .2359
.20 .1618 .1940 L2116 . 2269 . 2444 .2521
.36 L1762 .2064 .2300 .2464 .2647 .2751
47 .1828 . 2205 .2444 .2656 L2798 .2956
.61 . 2005 -2357 L2562 .2858 .3023 .3126
.69 2140 .2470 L2764 .3000 .3165 .3250
.75 2254 .2634 . 2890 L3119 .3289 .3364
.80 —_— L2718 . .2993 .3226 . 3380 —

81 — — — _— .3437
.84 L2517 L2875 .3108 .3313 .3591 .3587
.89 .2829 L3249 3251 .3618 ,3816 . 3827
.96 .3310 .3579 L3778 .3864 .4055 .4108
8SD .4661 .4932 .4843 .4922 .4952 .4975
S8DO —_ .5155 .5045 .5073 .5165 L5119

Key: 88D = Water content of granular sample in saturated, surface-dry condition for sample that had
been dried and resaturated.

Water content of granular sample that was brought to saturated condition without pre-
liminary drying.
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TABLE A-20—ADSORPTION DATA FOR REF. 9-9, CEMENT 15011}

w/c (by wt.): Original 0.610; after bleeding 0.582
wn = non-evaporable water; p/ps = about 24x10-8

wt = total water

(we = evaporable water can be obtained from the relationship ws = w: — wn)

Total Water, w, Retained at Relative Vapor Pressure

»/Pa and Age Indicated, g/g cement
7 days 14 days 28 days 56 days 90 days 180 days

wWn L1314 L1567 L1756 .1953 .2046 .2136
.089 L1573 L1871 .2176 .2332 .2427 —_—

.09 —_— —_ —_ —_ —_ 2523
.20 .1603 L1994 L2231 .2484 .2600 .2693
.36 .1804 .2132 .2418 .2688 L2831 .2914
.47 .1901 L2244 L2562 L2897 L2077 3139
.61 .2037 .2385 .2695 .3121 .3212 3364
.69 L2160 .2529 L2048 .3294 3408 3526
.75 .2290 L2679 .3065 .3413 3566 3684
.80 —_ L2804 .3179 .3590 3692 —_

.81 —_— — —_— — —_ .3756
.84 L2574 .2099 . 3344 .3684 3939 .3990
.89 .2946 L3381 .3527 .4134 .4291 .4344
.96 .3453 .3931 .4233 .4469 .4588 4670
SSD .5576 .5258 .5793 .6471 .6212 . 5800
S8DO —_— L5657 .6146 L6726 .6306 L6156

Key: SSD = Water content of granular sample in saturated, surface-dry condition for sample that had
been dried and resaturated. :
S8SDO = Water content of granular sample that was brought to saturated condition without pre-

liminary drying.

TABLE A-21—ADSORPTION DATA FOR REF. 9-10, CEMENT 15013)

w/c (by wt.): Original 0.326; after bleeding 0.324
wn = non-evaporable water; p/ps = about 24x10-8

wi = total water
(ws = evaporable water can be obtained from the relationship we = w: — wa)
Total Water, w:, Retained at Relative Vapor Pressure
»/Ds and Age Indicated, g/g cement
7 days 14 days 28 days 56 days 90 days 180 days
Wn .1488 .1639 21711 .1802 1913 L1877
.089 .1748 .1909 .2028 .2147 — —_—
.09 —_ —_— — — .2260 .2299
.20 1859 .2042 .2161 2277 2409 .2426
.36 2001 .2186 .2324 .2452 2586 .2615
.47 2110 .2304 2472 .2602 .2760 .2763
.61 2287 .2465 .2634 L2790 .2912 .2907
.69 2386 L2604 L2761 .2899 .3015 .2917
.75 2509 .2705 .2843 .2952 3100 .3058
.80 2541 .2680 2857 .2979 —_— —
.81 —_ —_— — _— .3135 .3103
.84 2653 .2863 .3004 L3104 .3212 .3151
.89 2729 L2097 L3114 .3218 .3342 .3307
.96 3019 3110 .3228 .3335 L3417 .3418
SSD 3745 3831 .3781 . 3852 .3873 .3784
SSDO 3745 3831 3914 .3995 .4018 —
Key: 88D = Water content of granular sample in saturated, surface-dry condition for sample that had
been dried and resaturated.
SSDO = Water content of granular sample that was brought to saturated condition without pre-

liminary drying.
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TABLE A-22—ADSORPTION DATA FOR REF. 9-11, CEMENT 15013)

w/c (by wt.): Original 0.459; after bleeding 0.443

wn = non-evaporable water; p/ps = about 24x10-8
wt = total water
(we = evaporable water can be obtained from the relationship we = w: — wn)’

Total Water, w:, Retained at Relative Vapor Pressure
»/Da and Age Indicated, g/g cement
7 days 14 days 28 days 56 days 90 days 180 days

wn 1556 .1828 L1770 .2085 2152 .2356
.089 1830 .2143 .2131 —_ —_— —_—

.09 —_— _ — . 2460 .2530 .2761
.20 .1932 2269 L2272 .2604 2695 2933
.36 .2079 2434 .2455 .2843 2940 3179
47 2190 L2572 .2626 .3017 3124 3372
.61 2369 .2814 L2822 L3212 .3306 3572
.69 2447 .2011 .2085 .3363 .3426 3660
.75 2578 . 3026 .3129 .3518 .3535 3797
.80 2614 3051 —_— _— —_ —

.81 — — — .3557 .3649 .3908
.84 .2788 .3228 .3316 . 3600 .3763 .3958
.89 2991 . 3481 . 3690 .3927 .4034 4127
.96 3247 .3698 .3933 .4115 .4265 4547
SSD 4435 .4831 .5248 .5298 . 5643 .5705
8SSDO 4793 5137 .5419 —_ _ —_—

Key: 88D = Water content of granular sample in saturated, surface-dry condition for sample that hap

been dried and resaturated.
8SDO = Water content of granular sample that was brought to saturated condition without pre-
liminary drying.

TABLE A-23—ADSORPTION DATA FOR REF. 9-12, CEMENT 15013}

w/c (by wt.): Original 0.635; after bleeding 0.611
wn = non-evaporable water; p/ps = about 24x10-6

w: = total water
{(we = evaporable water can be obtained from the relationship we = w: — wn)
Total Water, we, Retained at Relative Vapor Pressure
p/Pa and Age Indicated, g/g cement
7 days 14 days 28 days 56 days 90 days 180 days
wn 1583 .1828 .2028 .2208 2357 2447
.089 1841 L2129 .2368 —_ —_— —_
.09 — -— — 2582 2778 .2856
.20 .1941 .2238 .2502 2737 2937 3029
.36 .2063 .2395 . 2663 .2971 3173 3272
.47 2176 .2532 .2850 3151 3372 3460
.61 .2345 2747 .3075 3396 .35679 .3690
.69 .2432 .2848 .3232 3578 .3747 .3841
75 2584 .3003 .3395 3731 3946 3983
.80 —_— .3034 _— —_— _ _—
.81 — —_— — 3796 .4029 .4166
.84 L2792 .3229 .3576 .3974 .4191 .4221
.89 .3018 .3607 . 3995 .4296 .4557 4468
.96 .3244 .3763 .4244 4563 4930 5102
SSD .5148 5497 L5798 6136 7162 6707
SSDO 5743 6200 .6438 — —_ —_
Key SSD = Water content of granular sample in saturated, surface-dry condition for sample that had
been dried and resaturated. . .
SSDO = Water content of granular sample that was brought to saturated condition without pre-~

liminary drying.
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TABLE A-24—ADSORPTION DATA FOR REF. 9-13, CEMENT 15365

w/c (by wt.): Original 0.326; after bleeding 0.319
wn = non-evaporable water; p/ps = about 24x10-6
w; = total water

(ws = evaporable water can be obtained from the relationship we = w: — wn)
Total Water, we, Retained at Relative Vapor Pressure
P/Ds and Age Indicated, g/g cement
7 days 14 days 28 days 56 days 90 days 180 days
wn 1326 1515 1488 L1786 1789 1813
.09 1596 1803 1803 2133 2133 .2168
.20 1681 1903 .1933 2275 2269 .2311
.36 1809 2043 2106 .2461 2460 .2495
.47 L1925 L2181 . 2242 2574 .2591 .2608
.61 .2052 .2313 .2414 2725 2734 .2740
.69 2134 .2434 .2489 2796 .2824 2870
.75 2244 2541 L2571 2808 .2926 .2922
.81 .2319 2625 2649 .2962 2973 .2992
.84 .2301 2688 .2783 .3017 . 3026 3078
.89 L2662 2007 .2938 3190 .3184 .3173
.96 2906 .3123 . 3036 .3367 .3341 .3344
SSD 3570 .3669 .3639 3847 3702 .3791
8SDO — .3842 —_ —_— —_— —
Key: SSD = Water content of granular sample in saturated, surface-dry condition for sample that had

been dried and resaturated. . .
SSDO = Water content of granular sample that was brought to saturated condition without pre-
lminary drying.

TABLE A-25—ADSORPTION DATA FOR REF. 254-9-14, CEMENT 15365
w/c (by wt.): Original 0.459; after bleeding 0.439

wn = non-evaporable water; v/ps = about 24x10-6

we = total water

(we = evaporable water can be obtained from the relationship we = we — wa)

Total Water, w:, Retained at Relative Vapor Pressure
p/Pe and Age Indicated, g/g cement
7 days 14 days 28 days 56 days 90 days 180 days

Wn 1394 L1711 .1841 2105 2150 L2224
.09 1665 .2031 .2230 .2502 L2571 .2651
.20 1758 L2142 2377 .2655 .2730 .2819
.36 1893 L2315 L2599 . 2889 2962 .3088
.47 2009 .2470 2757 .3062 .3165 .3250
.61 2138 .2619 L2961 .3257 . 3346 . 3460
.69 2237 L2767 3102 .3366 .3512 . 3626
.75 .2343 L2894 3256 .3518 . 3638 3699
.81 .2419 3008 3322 L3621 3717 3830
.84 2512 3104 3476 .3681 L3791 .3925
.89 2828 .3399 3761 . 3968 .4044 .4094
.96 3008 .3646 3966 4188 .4288 4429
S8D 4182 4724 5034 5133 5113 5344
SSDO —_— L4877 —_ —_— — —

Key: 8SSD = Water content of granular sample in saturated, surface-dry condition for sample that had

SSDO = Water content of granular sample that was brought to saturated condition without pre-

been dried and resaturated.

liminary drying.
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TABLE A-26—ADSORPTION DATA FOR REF. 254-9-15, CEMENT 15365

w/c (by wt.): Original 0.610; after bleeding 0.587

wn = non-evaporable water; p/pa = about 24x10-6

we = total water

(we = evaporable watel can be obtained from the relationship we = wi — w»)

Total Water, w:, Retained at Relative Vapor Pressure
D/Ds and Age Indicated, g/g cement
7 days 14 days 28 days 56 days 90 days 180 days

wa .1530 .1855 L2102 .2213 .2296 . 2546
.09 L1820 .2194 . 2495 .2653 . .2741 .2967
.20 .1922 .2321 . 2646 .2820 L2018 .3139
.36 .2063 .2496 L2872 .3032 .3176 .34086
.47 .2162 .2636 .3030 . 3249 .3357 . 3609
.61 . 2298 .2819 .3262 . 3484 L3611 .3821
.69 .2395 .2037 . 3382 .3641 .3783 .4056
.75 L2531 . .3108 .3541 .3767 .3910 4175
.81 .2578 .3139 .3637 .3898 .4074 4347
.84 .2716 .3306 .3773 —_ L4177 .4456
.89 .3060 .3706 .4197 .4228 .4461 .4681
.96 .3489 .4139 .4587 .4809 . 5104 .5318
SSD .5157 . 5804 L6272 .6400 6614 .6637
88SDO L5707 6031 —_— —_— —_ —_—

Key: S8D = Water content of granular sample in saturated, surface-dry condition for sample that had
been dried and resaturated.
SSDO = Water content of granular sample that was brought to satwrated condmon without pre-
liminary drying.

TABLE A-27—ADSORPTION DATA FOR REF. 254-9-15A, CEMENT 15365

w/c (by wt.): Original 0.246; after bleeding 0.244

wa = non-evaporable water; p/p. = about 24x10-8

we = total waer

(we = evaporable water can be obtained from the relationship we = w; — wa)

Total Water, w:, Retained at Relative Vapor Pressure
and Age Indicated, g/g cement
p/ps
270 days
7 days 14 days 28 days 56 days 90 days 180 days " =
Wn L1152 L1259 .1358 .1396 .1452 .1554 .1691 L1722
.081 —_— —_ — — —_— L1910 .1918
.09 .1380 .1501 L1611 .1684 L1741 .1856 —_— —_
.161 —_— - — — —_ — .2000 .1999
.20 .1463 L1591 L1709 L1785 L1837 L1956 —_ —_
.238 _— —_ — —_— _— - .2053 .2063
.322 — — — _— — _— L2111 L2116
.36 .1572 L1713 .1830 .1901 .1967 .2090 .2159 .2152
.47 .1658 L1811 .1933 .2002 .2061 L2177 —_— —
53 . — — — — — — .2275 2277
.61 L1763 .1918 .2034 .2123 .2182 .2266 — —
.69 L1846 .1993 L2116 L2211 .2240 .2355 — _—
.70 — — — — — .2397 .2402
.75 .1988 .2133 L2217 2256 .2306 .2399 —_ _—
.81 2021 . 2146 L2259 .2324 .2389 . 2459 .2509 .2504
.84 .2116 .2254 .2305 — .2412 .2489 — —_—
.85 —_— — —_— — — — .2582 .2588
.88 — — — _— — — .2634 .2619
.89 .2317 .2414 .2487 . 2426 .2509 .2536 —_ _—
.96 .2508 2599 .2613 2504 .2698 L2724 L2775 L2771
SSD . 3064 .2048 .3028 . 2060 .2969 .2836 .2006 .3024
.SSDO L3128 . 3076 _— —_— —_— —_ —_— —_—
Key: 88D = Water content of granular sample in saturated, surface-dry condition for sample that

had been dried and resaturated.
SSDO = Water content of granular sample that was brought to saturated condition without pre-
liminary drying.
A and B refer to separate rounds.
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MEASUREMENTS IN SERIES 254-9
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TABLE A-29—YOUNG'S MODULUS OF MORTARS USED IN SERIES 254-9

Young's Modulus at Age Indicated*
Cement w/c at millions of 1b/in?
No. 2 hrs.
(wt. basis) 7 days 14 days 28 days 56 days 90 days 180 days
14930J .309 4.47 4.08 5.45 5.50 5.75 6.00
.424 3.67 4.30 4.85 5.14 5.36 5.66
.573 2.57 3.34 4.13 4.71 4.87 5.20
15007J .316 5.18 5.35 5.58 5.54 5.48 5.73
.433 4.65 4,85 5.08 5.14 5.35 5.32
.570 4.23 4.50 4.92 5.03 5.08 (a)
15011T .316 5.10. 5.45 5.62 5.76 5.88 6.00
.432 4.55 4.85 5.20 5.30 5.42 5.48
.582 4.13 4,48 4.83 4.89 5.00 5.00
150137 .324 5.05 5.17 5.30 5.40 5.47 5.65
443 4.37 4.68 4.85 (a) (a) (a)
.611 3.78 3.97 4.36 4.45 4.50 4.65
15365 .319 5.30 5.42 5.58 5.78 5.78 —
.439 4.64 5.27 5.03 5.18 5.40 —
.587 4.40 4 .81 4.96 5.03 5.03 —

*Values are for a single prism.
(a) Prism broken.

TABLE A-30—UNIT ABSOLUTE VOLUME COMPOSITION OF THE
MORTARS USED IN SERIES 254-11

Unit Absolute Volume Composition
Cement Ref. (See at 2 hours w/e at
No. No. page 317) 2 hours,
Cement Silica Air ‘Water (wt. basis)
15758 11-1 A 2395 .4660 .0437 .2526 .334
11-2 B L1721 .5398 .0382 . 2506 .460
15756 11-3 A .2443 .4828 .0233 .2551 .318
114 B .1781 . 5604 .0087 L2525 .446
15763 11-5 A .2434 4827 .0237 .2508 .324
11-6 B L1741 . 55662 .0245 .2458 .437
15761 11-7 A Note 1 — — — .334
11-8 B — — — — .468
15754 11-9 A .2409 .4746 0315 . 2540 .328
11-10 B L1727 L5484 .0271 . 2526 .449
16213 11-11 B 1775 .5592 .0135 .2497 .443
16214 11-12 B L1766 . 5580 L0131 .2522 .448
16198 11-13 B L1745 L5621 .0121 .2512 .443
15669 11-14 B L1725 .5579 L0157 .2538 .451
15495 11-15 B L1764 .5488 .0302 .2445 .442
15497 11-16 B L1731 .5453 .0266 L2549 .464

Note 1: The specimens with Cement 15761, expanded in the molds and hence it was impossible to obtain
satisfactory data for calculating the composition.
See p. 333 for description of specimens.
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TABLE A-31—ANALYSES OF GRANULAR SAMPLES USED FOR ADSORPTION
AND NON-EVAPORABLE WATER MEASUREMENTS IN SERIES 254-11

Cement-, Silica-, and Non-Evaporable Water-
Content of 35-100-Mesh Samples
at Age Indicated, g/g dry weight
Cement | w/c at
No. 2 hrs. 28 days 90 days
(wt. basis) -
Cement Silica Non-Evap. Cement Silica Non-Evap.
Water Water
15758 .334 783 .084 .134 773 .079 .148
460 .598 .284 117 .607 .258 .135
15756 .318 788 115 .097 776 .108 .116
.446 .616 .302 .082 .617 .279 .104
15763 .324 .834 .089 077 .788 L 107 .105
.437 .647 .288 .065 .169 289 .092
15761 .334 .802 .068 .130 .798 059 144
.468 .630 .253 117 611 .260 .130
15754 .328 767 .102 .131 760 .091 .148
.449 .891 .293 .116 .588 277 .135
16213 .443 .5834 . 3082 .1084
16214 .448 .5864 .3130 .1006
16198 443 .6160 .3165 L0675
15669 451 L6287 .2976 ,0736
15495 (1) 442 .5422 .3873 .0705
15497 (1) .464 .5560 .3424 .1016

(1) Age 6 days. i
See p. 333 for description of specimens.

TABLE A-32—FLEXURAL STRENGTH AND YOUNG'S MODULUS OF ELASTICITY
OF MORTARS MADE WITH SPECIAL CEMENTS FOR THE BASIC-RESEARCH
PROGRAM—SERIES 254-11

Flexural Strength at Age Young’s Modulus at Age
Cement w/c at Indicated Indicated
No. 2(hrs. 1b/in? millions of 1b/in?
wt.
basis) 28 days 90 days 28 days 90 days
15758 .334 1395 1275 6.0 6.1
.460 1090 970 5.5 5.4
15756 .318 1170 1295 5.8 6.4
.446 915 1010 5.1 5.6
15763 .324 1035 1345 5.4 6.0
.437 765 1115 4.7 5.5
15761 .334 1145 980 5.6 5.7
.468 1015 790 5.2 5.3
15754 .328 1275 1210 6.0 6.5
.449 1035 945 5.4 5.7

Flexural strength is the average of results for two prisms.

Young's modulus was calculated from the resonanee frequency of vibration found by the electrodynamic
method. The values for 28 days are the average of results for 12 prisms; those at 90 days, the average for 2
prisms.

See p. 333 for description of specimens.
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TABLE A-34—UNIT ABSOLUTE VOLUME COMPOSITION OF THE
MORTARS USED IN SERIES 254-13

Unit Absolute Volume Composition
Clinker Ref. - at 2 hours wéc at
No. No. 2 hours
Cement Silica Air Water (wt. basis)
15367%* 13-1 .2853 2444 .0201 .4506 .494
13-2 .2870 . 2458 .0147 .4528 .493
13-3 .2909 .2492 .0045 .4553 .489
13-4 .2879 , 2466 .0133 .4523 .491
15367%* 13-1B .2828 L2422 .0362 .4400 .486
13-2B L2828 .2422 .0297 .4458 .488
13-3B L2822 .2417 .0358 .4414 .488
134B .2849 .2441 .0240 .4476 .492
15623 13-5 .2931 . 2529 .0053 .4489 .470
13-6 .2919 L2519 .0058 .4504 .474
13-7 .2920 L2520 .0063 .4497 .473
13-8 .2898 .2501 .0073 .4528 .480
15699 13-9 .2827 . 2436 .0204 . 4537 .498 -
. 13-10 .2824 .2433 .0219 .4530 .499
13-11 .2816 . 2427 .0232 4529 .499
13-12 .2796 .2410 .0297 .4503 .498
15498 13-13 . 2888 .2444 . 0200 .4472 .488
13-14 .909 . 2462 .0154 .4480 .487
13-15 .2905 .2458 .0114 .4524 .493
13-16 .2909 . 2462 L0124 .4509 .491

*First round of measurements.
**Second round of measurements.

TABLE A-35—ANALYSES OF THE GRANULAR SAMPLES USED FOR ADSORP-
TION AND NON-EVAPORABLE WATER MEASUREMENTS IN SERIES 254-13

Composition of 35-100-Mesh
Clinker Ref. Wt. % w/c at Samples, g/g dry weight
No. No. 8Os 2 hrs.
(wt. basis) Cement Silica Water
15367% 13-1 1.5 0.493 .518 .370 .111
13-2 1.9 0.493 .519 .371 .110
13-3 2.4 0.489 .620 .372 .108
134 3.5 0.491 .524 .374 .102
15367 ** 13-1B 1.5 0.486 519 .371 110
13-2B 1.9 0.488 518 .370 112
13-3B 2.4 0.488 518 .370 112
13-4B 3.5 0.492 521 .372 106
15623 13-5 1.5 0.470 536 .383 081
13-6 2.0 0.474 536 .383 081
13-7 2.5 0.473 536 .383 081
13-8 3.5 (0.480 538 .384 078
15699 13-9 1.5 0.498 523 .373 104
13-10 2.0 0.499 524 .374 102
13-11 2.5 0,499 525 .374 101
13-12 3.5 0.498 527 .376 097
15498 13-13 1.5 0.488 521 .371 108
13-14 2.0 0,487 523 .373 104
13-15 2.5 0.403 523 .372 105
13-16 3.5 0.491 525 .375 100

*Tirst round of measurements.
*#¥8econd round of measurements.
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Description of specimens made in series 254-11

Mortar Specimens: Cubes, 2 in.

Cements: See Tables A-1 to A-3.

Pulverized Silica: Lot 15918, Specific surface (Wagner), 6000 cm?/cm3.

Baiches: Same as Mixes A and B of Series 254-9. .

Mizxing: Fach batch was mixed 30 sec. dry, 114 min. wet, allowed to rest 3 min.,
and then mixed 2 min. more in a small, power-driven, open-tub mixer. Batches re-
mixed 30 sec. after slump test.

Slump Test: As in Series 254-8.

Molding: As for cubes in Series 254-9, except 15 per batch.

Measurements: As in Series 254-8.

Drying: As in Series 254-8.

Composition of Hardened Specimens: Computed as in Series 254-8. See Table A-30.

Chemical Analyses of Dried Granular Samples: See Table A-31. Determinations
by same procedure as in Series 254-9.

Compressive Strength: See Table 6-1, Part 6. )

Flezural Sirength and Modulus of Elasticity: From prisms made from same ma-
terials in same proportions as in Series 200. See Table A-32.

Adsorption Data: See Table A-33.

Description of specimens made in series 254-13

Spectmens: 2-in. cubes made of cement-silica pastes.

Cemenis: See Tables A-1 to A-3. Cements were prepared in the laboratory mill from
plant-made clinkers. Three grinds of each clinker were made, one with no added
gypsum, one with enough added gypsum to give a total SO; content of about 2.4 per-
cent, and one with enough to give about 5 percent SO;. Blends were made to give
cements having 1.5, 2.0, 2.5, and 3.5 percent SO; and specific surface area (Wagner) of
1800 cm?/g.

Pulverized Silica: Lot 15918. Specific surface area (Wagner), 6000 ecm?2/cm?,

Weight Proportions: Cement: pulverized silica: water = 1,0 : 0.714 : 0.5.

Meizing: Each batch was mixed with a kitchen-type mixer 2 min., allowed to rest 3
min,, and then mixed 2 min. more. Mixing water was cooled before use to give batch
temperature of 73 = 2 F after mixing.

Molding: Three cubes were molded from each batch.

Measurements: As in Series 254-8.

Curing: In water at 73 F. Curing water replaced with fresh water after first 24 hr.,
twice weekly thereafter.

Drying: As in Series 254-8.

Composttion of Hardened Specimens: See Table A-34.

Analyses of Granular Samples: See Table A-35.

Compressive Strengths: See Table 6-7, Part 6.

Adsorption Daia: See Table A-36.

Series 254-16

The specimens of this series were prepared for the heat of adsorption studies described
in Part 4.

Cements: The cements used were 16186 and 16189, which were prepared from two
of the groups of cements described in Series 254-11. No. 16186 was a blend of two ce-
ments prepared from clinker 15367, the blend having a specific surface area of 3200
c¢m?/g by the permeability method. No. 16189 had the same specific surface area, being
a blend of cements prepared from clinker 15623. The clinkers were of Type I and Type
II compositions, respectively.
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388 Powers and Brownyard

Specimens: The specimens were 114x3-in. neat cement cylinders, nominal w/c =
0.50 by weight. The pastes were mixed with a kitchen-type mixer, following the 2-3-2
schedule deseribed for earlier series. The specimens were cured continuously in water
until they were used.

Results of Experiments: Experimental procedures and the results are given in Part 4
of the text.

Series 254-18

This series comprises several experiments using the high-vacuum adsorption appara-
tus.

Cements: The cements used were 13495, 13723-1Q, 14675, and 15365. These are
cements of about average Type I composition.

Specimens: The original specimens were neat-cement pastes. As explained in the
text, the samples made with cements 15365 and 13723-1Q were granules prepared
previously for Series 254-9 (Ref. 15A, age 180 days) and 254-K4B (Ref. 1Q), respectively.
The original specimens from which granular samples were taken were 2-in. cubes.

The specimen made with cement 13495 was a slab, cast on edge, about 0.25 cm thick
and 10 cm square. The paste was mixed with a kitchen-type mixer, 2 min. mixing, 3
min. rest, followed by 2 more min. of mixing, w/e = 0.5 by weight. The mold was
stored under water immediately after casting. When the paste was 1 day old, the
square was cut into 1x10x0.25 em slabs and these were stored in sealed bottles contain-
ing water-saturated cotton. After 7 years and 116 days of such storage, one of the
1x10x0.25 slabs was ground on a plate-glass surface with water and powdered emery
until the thickness was reduced to an average of about 0.3 mm. This thin slab was used
for adsorption measurements.

The specimen made with cement 14675 was a cylinder about 3 em in diameter by 4 em
high. The original water-cement ratio was 0.12 by weight. The cement was mixed
with the water by kneading with a stilf spatula on a steel plate. The moist mix was then
loosely packed into a steel mold. By means of a close-fitting plunger and hydraulic
press, the sample was compacted. The applied pressure was 24,000 lb/in2, which was
just enough to bring water to the surface of the specimen. A cross-section of the speci-
men at time of test was free of visible voids.

The cylinder was removed from the mold immediately after casting and then cured
continuously under water in a covered can. It was 4 years 29 days old when used for
these experiments.

The sample for adsorption measurements was obtained by sawing out a thin slab
parallel to the vertical axis of the cylinder and grinding it to a thickness of about 0.3
mm as described above. The sample used actually comprised two such slabs, each about
1.2 x 3.8 x 0.03 cm.

Test Results. All the experimental data are given in the text.
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The adsorption isotherms obtained from hardened cement paste are
identical in several respects with those obtained from other materials
that are very different in chemical and physical properties. For example
when glass spheres®* or oxide-coated cathodes of radio tubes® are ex-
posed to nitrogen vapor (at the temperature of liquid air), or when a plane
mercury surface is exposed to CCl, vapor (11 C),™® the adsorption curves
obtained: are of the same type as those for water vapor on cement paste.
Also, the same type of curve-is obtained when crystalline solids such as
titanic oxide, stannic oxide, zinc oxide or pulverized quartz are exposed
to water vapor at room temperature®. Moreover, curves of the same
type may be obtained with different vapors on the same solid®,

The similarities just mentioned exist not only among materials that
are not porous, that is, materials on which adsorption is confined to
the visible surfaces, but also among many porous solids having negligible
superficial surface areas. With suitable vapors the following materials,
some porous, some not, all give the same type of isotherm: building
stone®; cotton ®; asbestos fibre®; wood®®; wood pulp®?; carbon
black®; titania gel, ferric oxide gel, rice grains¥; cellophane%; bone-
char@®; cellulose*9; silica gel *”; proteins®; s0ils*¥; wool 29,

It appears therefore that the curves found for portland cement paste
are not characteristic of the particular substances composing the paste
but represent some factor common to many dissimilar substances. We
will see in what follows that this common factor is probably nothing other
than a solid surface that has an attraction for the adsorbed substance.

B.E.T. THEORY

Various theories have been advanced to explain the taking up of
gases and vapors by solid materials®. Among the most recent, and at
present the most useful, is the theory of Brunauer, Emmett and Teller,
21, 22 known as the multimolecular-adsorption theory, or the B.E.T.
theory for brevity. It is beyond the scope of this paper to discuss the
B.E.T. theory in full; reference should be made to Brunauer’s book(®
or to the original papers for an adequate treatment. However, it is
necessary to review here the main features of the theory.

The theory rests on a concept advanced eatrlier by Langmuir. The
taking up of a gas by a solid is considered to be the result of a physical
attraction between the molecules of the gas and the surface molecules of
the solid.t This field of force is believed to arise from three different

*See references end of Part 3. o .
tChemical reaction with the solid is not excluded by the theory but it will not be considered here.
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causes, or to be made up of three different forces that are known collec-
tively as van der Waal's forces. Hence, the process under discussion 1s
called van der Waal’s adsorption. These forces are of a lesser order of
intensity than those involved in most chemical reactions, but they
may be effective over greater distances.

A solid surface exposed to a continuous bombardment of gas molecules
catches and holds some of the gas molecules, at least momentarily. More-
over, when the gas is also a vapor such as water, the molecules caught on
the surface are in a condensed state and may be considered as a separate
phase. Hence, when they are adsorbed, the molecules must give up
their latent heat of vaporization. Besides this, adsorption usually is
accompanied by a further evolution of heat which may be said to repre-
" sent the energy of interaction between the solid and the condensed sub-

stance; this is called the net heat of adsorption.

Some of the adsorbed molecules acquire enough kinetic energy to
escape from the force field of the solid surface. The over-all result is a
continuous interchange between the surface region and the interior of
“the vapor phase, but the average molecular concentration at the solid
surface remains higher than that of the interior of the vapor phase by
virtue of the surface attraction.

The derivation of the mathematical statement of the theory starts
with the assumption that the rate of condensation is directly proportional
to the frequency of impact between the solid and the vapor molecules,
which frequency is proportional to the vapor pressure when temperature
is constant. The rate of evaporation is expressed as a function of the
amount of energy a condensed molecule must acquire to escape from a.
particular situation in the condensed phase. In the derivation of the-
mathematical expressions that have found use, only two situations of a
molecule in the condensed phase are recognized: (1) a molecule may
be condensed on bare surface; (2) a molecule may be condensed on a
layer of previously condensed molecules. It is assumed that a molecule
in the second situation can escape when it acquires energy exactly equal
to its heat of vaporization; a molecule in the first situation must acquire
a different (usually greater) amount of energy to escape. In other
words, the net heat of adsorption is assumed to be zero for all molecules
not in the first layer.*

The theory requires that at any given vapor pressure the amount
adsorbed is directly proportional to the surface area of the solid.

A logical extension of the assumptions made in the derivation is
that at the saturation pressure there is no limit to the number of layers
that might be condensed on an open surface.
mr Emmett, and Teller have published an equation representing the assumption that the net
heat of adsorption from the second layer also differs from zero. This equation includes also the assumption

that the packing of molecules is different in the first from that in the succeeding layers. This equation does
not appear to have found use (See Ref. 21, p. 313).
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The most widely used mathematical statement of the theory is the
following expression:

wo_ Clp/ps) A)
Vaw (1—p/p) (1= p/p.+ Clp/py) 77

in which .
w = quantity of vapor adsorbed at vapor pressure p
Vm = quantity of adsorbate required for a complete condensed

layer on the solid, the layer being 1 molecule deep
p = existing vapor pressure
ps = pressure of saturated vapor
C is a constant related to the heat of adsorption as follows:
G- QL

C =ke BT

where

k is a constant assumed to be 1.0 in computations.

@1 = normal heat of condensation of the vapor per mole of vapor
€ = total heat of adsorption per mole of vapor

(L — Q1) = net heat of adsorption per mole of vapor

R = the gas constant

T = absolute temperature

e = base of natural logarithms

Owing to the assumptions made in the derivation, eq. (A) would
be expected to hold only for adsorption on exterior surfaces. It could
hardly be expected to hold for surfaces on the interior of a porous solid
where unlimited adsorption would obviously be impossible. Brunauer,
Emmett, and Teller recognized this and introduced another constant
n which was intended to be the maximum number of layers adsorbed.
The resulting four-constant equation does not fit any known data from a
porous adsorbent over the whole pressure range. However, Pickett®
discovered a way to improve the derivation of the B.E.T. four-constant
equation and supplied a better expression. This equation has the same
four constants as the original. It fits many adsorption curves over about
90 percent of pressure range. In some cases it conforms to the extremes,
but in the middle range the theoretical curve is above the experimental.
There are also many curves that this equation does not fit in the high-
pressure range. One reason for this will be explained in connection with
the theory of capillary condensation, discussed below.

In general, the four-constant equations did not prove to be very
useful in this study; hence, they are not given here. However, the three-
constant eq. (A) can be used to represent the low-pressure part of the
curve precisely. Of the three constants, ps is the same for all curves
and C is the same for most of them. Consequently, in most cases ad-
sorption characteristics can be represented by V,, alone.
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THE THEORY OF CAPILLARY CONDENSATION

Condensation of vapor in a porous cement paste seems to be most
adequately explained by a combination of a theory based on the energy
available at the solid surface, such as the B.E.T. theory discussed above,
and a theory based on energy available at the surface of a liquid, the
capillary-condensation theory.

The capillary-condensation theory rests on the fact that the surface
of a liquid is the seat of available energy. The molecules at the surface
of a liquid not being completely surrounded by other molecules of like
kind are under an inwardly directed intermolecular force. When a given
body of water is changed in shape so as to increase its surface area, work
must be done against the forces tending to draw the molecules out of the
surface. Consequently, when left to itself, a small body of liquid tends
to become spherical, since that is the form giving a minimum of surface.

This phenomenon has an effect on the vapor pressure of the liquid.
How this comes about can be seen by considering the behavior of water
in a small glass cylinder, as shown in Fig. 3-1. The solid curve at the top
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Fig. 3-1

represents the meniscus of the water surface. Owing to the surface
tension, which strives to straighten the meniscus, that is, to reduce its
curvature and thus reduce the surface area, the water in the vessel is
under tension. Consequently, the vapor pressure of the water in the
tube will be less than normal for the existing temperature. The greater
the curvature of the meniscus, the greater the tension in the water and
hence the lower the vapor pressure. The relationship between surface-
curvature and vapor pressure was worked out by Lord Kelvin. It may,
be written

20M
In p/ps = — (1
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where

vapor pressure over plane surface at temperature 7, the
saturated vapor pressure

= the existing vapor pressure over a concave surface

= surface tension of liquid

density of liquid

molecular weight of liquid

the gas constant

absolute temperature

= radius of curvature of the circular meniscus

Under the conditions pictured in Fig. 3-1 the greatest curvature that
the liquid can have is limited by the radius of the container. When
the liquid surface has this curvature, the liquid can be in equilibrium
with only one vapor pressure, p, corresponding to the radius of curvature
7, as given in eq. (1). If the pressure of the vapor is kept below p, all
the liquid in the vessel will evaporate. If the pressure is maintained
above p, some vapor will condense, increasing the amount of water in the
vessel. But under the conditions pictured, condensation would lessen the
curvature of the liquid as indicated by the dotted line and there would be
a corresponding rise in the equilibrium vapor pressure. If the vapor
pressure is kept equal to the saturation pressure, that is, the maximum
possible over a plane surface at the existing temperature, condensation
will proceed until the tube fills and the surface curvature disappears
(r= o).

The minimum relative vapor pressure at which the liquid in the
vessel can retain its meniscus depends on the maximum possible curvature
of the meniscus. This in turn depends on the bore of the cylinder.
Table 3-1 gives an idea of the curvature required to produce a given
effect on vapor pressure.

The main point to note in Table 3-1 is that the surface must have
a high degree of curvature to produce an appreciable effect on the vapor
pressure of the liquid. For example, if the radius of curvature is 0.1
micron, the vapor pressure is 99 percent of the normal value, p.. A
radius of curvature of 0.0015 micron would reduce the pressure to 50
percent of p,. The figures given should not be taken too literally; they
are undoubtedly in error through the low-pressure range, for the equation
takes no account of the fact that the physical properties of the liquid
are affected by capillary and adsorption forces. The table serves only to
indicate what the order of magnitude of the curvatures must be when
capillary condensation occurs.

An “adsorption curve’ of almost any shape could easily be accounted
for by the capillary condensation theory. The simplest approach is to
imagine first that the voids in a porous solid are cylindrical pores of

=
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TABLE 3-1—RELATIONSHIP BETWEEN AQUEOUS
RELATIVE VAPOR PRESSURE AND RADIUS OF CURVATURE

Calculated from Kelvin’s Equation—Temperature = 25 C

Relative vapor Radius of curvature
pressure, p/ps of meniscus
cm microns

0.10 4.6 x 10-8 .0005
0.20 6.6 x 10-8 .0007
0.30 8.8 x 10-8 .0009
0.40 11.5 x 10-8 .0012
0.50 15.2 x 10-8 .0015
0.60 20.8 x 10-8 .0021
0.70 29.5 x 10-8 .0030
0.80 47.2 x 10-8 .0047
0.90 100.0 x 10-8 .0100
0.95 204.0 x 10-8 .0204
0.98 532.0 x 10-8 0532
0.99 1052.0 x 10-8 .1052
1.00 ® ®

various sizes and that when a cylinder is partly filled, the radius of
curvature of the liquid meniscus equals the radius of the cylinder. At a
given pressure p, all eylinders smaller than the corresponding r (see
eq. 1) would become or remain full and all larger than r would become
or remain empty. The shape of the curve would therefore depend on the
range of sizes present and the total capacity of each size.

This simple analogy led Freyssinet % and others before him to con-
sider an adsorption curve to be a means of ascertaining pore-size distribu-
tion in systems of submicroscopic pores. However, a naturally formed
porous solid so constituted is hardly conceivable. It is much more likely
that the pore spaces resemble those in an aggregation of particles. The
shapes of the particles may be spherical, fibrous, or between these ex-
tremes. Capillary condensation could occur in the interstices in the
manner illustrated in Fig. 3-2. At the point of contact between two
spheres there is a space of wedge-shaped cross section. Condensation
in this space would form a circular lens around the point of contact and
the liquid would present a curved surface. Similarly, where two prismatic
bodies make contact, water condensed in the region of contact would
present a curved surface, somewhat as shown.

In the circumstances pictured, the water surface would have two
curvatures. Hence, in this case Kelvin’s equation would take the general

form
M (1 1
In R (— : —) ............................ 2
p/P 2T\, + - _ (2)

where
r; and 7, are the principal radii of curvature.
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For the conditions shown in Fig. 3-2 one of the 7’s would be negative.

Since the structure of paste is probably granular, fibrous, or perhaps
plate-like, it is evident that Ielvin’s equation provides no simple way
of computing the size of the pores; it only gives the effective curvature
of the water surface. It can, however, explain the condensation of vapor
in a porous solid, and we will see evidence in the data indicating that a
part of what is here called adsorbed water in cement pastes is taken up
by capillary condensation.

COMBINING THE B.E.T. AND CAPILLARY
CONDENSATION THEORIES

When adsorption of a vapor occurs in" a porous solid of granular or
fibrous structure, the liquid surfaces are certain not to be plane. They
will be concave, at least in some regions. Therefore, the free surface
energy of the solid and the free surface energy of the condensed liquid
must both be causes of condensation.*

Brunauer, Emmett, and Teller tried to take this factor into account
by adding a fifth constant representing the release of the surface energy of
the liquid when two adsorbed layers merge®®,  This five-constant
equation is very unwieldy and it embodies the assumption questioned by
Pickett®®, Also, it rests on the oversimplifying assumption that ad-
sorption is occurring only between plane parallel surfaces.

By the B.E.T. theory, vapor would be expected to condense uniformly
over all the available surface. But in a porous body, the surface tension

Fig. 3-2

*See Part 4
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of the liquid must influence the distribution of the condensed water,
whether it is primarily responsible for the condensation or not. Thus,
in Fig. 3-2, B.E.T. adsorption could lead only to a uniform layer of con-
densate around each sphere, but surface tension would require the liquid
to collect as shown, for the condition pictured is the most stable one
possible under the circumstances. This follows at once from the fact
that if the liquid shown in the lens were spread evenly over the two
spheres, the total surface area of the liquid would be increased and the
work done would be equal to the product of the increase in area and the
surface tension of the liquid.

If, as assumed in the B.E.T. equation, only the molecules in the
first layer lose more than their heat of condensation, then all but the
first layer should tend to collect in the lens. However, Harkins and
Jura® have shown that the adsorption forces probably affect more than
the first layer. Therefore, the net heat of adsorption probably represents
the heat from several layers. This being true we can expect the adsorbed
layer to vary in average thickness with the curvature of the liquid
meniscus, the greater the curvature the greater the tendency for ad-
sorbed molecules to collect in the lens.

On account of the effect of liquid surface tension the relationship
between water content and vapor pressure depends on the characteristies
of the pore system. Since the characteristics of the pore system are not
predictable from any adsorption theory, it follows that no general equa-
tion can be expected to apply to all porous bodies over the whole pressure
range. Since, however, no appreciable capillary condensation is to be
expected below about 0.4p,, general theories may be expected to apply
in this low range of vapor pressures.

As will be seen, little quantitative use is made of these theories, except
the B. E. T. eq. (A) applied to the range p = 0.05 p, to 0.40 p,. How-
ever, many features of the interpretations given rest on the theories
described above. That is, it was possible to use the theories qualita-
tively even where the mathematical expressions intended as expressions of
the theoretical concepts were found to be inadequate.

Effect of soluble salts on adsorption curves

The foregoing discussion is based on the assumption that the adsorbed
liquid is pure water. However, in hardened portland cement paste the
water will contain dissolved salts, principally Ca(OH )., NaOH and KOH .*
At any given water content the observed reduction in vapor pressure is
due not only to the capillary and surface effects described above, but
also to the dissolved salts. The magnitude of the effect of the dissolved
salts can be estimated from the vapor-pressure isotherms of the salt

*Because of its low solubility, Ca(QH): can be ignored.
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solutions and the amount of dissolved alkali in the sample of hardened
paste.

Vapor-pressure data @® for aqueous solutions of NaOH and KOH are
given in Fig. 3-3. The lowering of vapor pressure due to the alkalies can
be determined from these curves, for any given concentration of the
alkalies. :

The amount of dissolved alkali in hardened paste probably varies
considerably among the different samples. Sample No. 254-11-2 is con-
sidered to be_representative of the average. The original mortar was
prepared from cement 15758 (w,/¢ = 0.46) and was cured 28 days in
water. The cement originally contained 0.3 percent Na,0O and 0.4 per-
cent K,0 which, in g/g of cement, corresponds to 0.0019 and 0.0024
of NaOH and KOH, respectively. An unknown portion of these alkalies
undoubtedly remained in the unhydrated cement and can be considered
insoluble for the present purpose. Some of the soluble alkali was
leached from the sample during the 28-day period of water curing. There
is also reason to believe that some of it was adsorbed by the solid phase
and thus effectively kept from the solution. Hence, the sample as tested
must have contained considerably less than 0.004 g of soluble alkali
(total of NaOH and KOH) per g of cement. The adsorption isotherm
from this sample is given in Fig. 3-4, upper curve. This curve pre-
sumably represents the combined effect of surface adsorption, capillary
condensation, and dissolved alkali. The lower curve in Fig. 3-4 shows
the amount of water that could have been held by 0.004 g of sodium
hydroxide at any given relative vapor pressure above about 0.07 p,,
the vapor pressure of a saturated solution of sodium hydroxide at 25 C.
(See Fig. 3-3.) Since the actual amount of alkali must have been less
than 0.004 g, the amount of water that could have been held by the
alkali alone would be represented somewhere below the curve as drawn,

It thus becomes apparent that at pressures below about 0.8 p, only
a very small part of the total water taken up by this cement paste could
be accounted for by the dissolved alkalies. In the range of higher
pressures, the possible effect of the alkali is greater. As p/p, approaches
1.0, the amount of water that could be held by the alkali approaches
infinity. Since, however, the topmost point of the curve is established
by saturating the granular sample with liquid water, its position is
determined by the capacity of the sample and the assumption that, at
saturation, p/p, = 1.0. In this case the capacity of the sample was 0.33
g of water per gram of original cement. With 0.004 g of alkali in 0.33 g of
evaporable water the relative vapor pressure would be slightly below 1.0.

Since the effect of the alkali is small, no correction for its effect has
been attempted; the topmost point is always plotted at p/p, = 1.0, and
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all other points are treated as if their positions were determined by
surface adsorption and capillary condensation only.

Differences in the amount of soluble alkali among various samples,
within the range that might reasonably be expected, probably have little
effect on the lower part of the curve, the part that is used in the analyses
presented below. However, such differences probably produce consider-
able effects on the shapes of the upper parts of the curves and hence
contribute to the difficulty of interpreting the upper parts.

To minimize the effect of dissolved alkali, most of the specimens were
stored in water for the first 28 days of their curing period to leach some
of the alkali from the specimens. Longer periods of water storage were
avoided because of undesirable leaching of Ca(OH),.

APPLICATION OF THE B.E.T. EQUATION (A)
Method of evaluating C and V,,

The constants C and V,, were evaluated in the manner recommended
by Brunauer, Emmett, and Teller. Eq. (A), written in the form

1 z 1 C -1
L_ul—x_m_i_ V,.C

z, (r=p/ps)

shows that a plot of experimental values for 1 |
wl —x

against z should
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-1 ;

give a straight line. The slope of the line will be and the inter-

cept on the y-axis will be 1/V,C. The application of this method to
data from cement pastes is illustrated in Fig. 3-5 and in Tables 3-2
and 3-3. Two of the four diagrams represent data obtained by the air-
stream method, and the others represent data obtained by the high-
vacuum method.

TABLE 3-2—TYPICAL DATA FOR COMPUTING V,, AND C
Data obtained by air-stream method

w
p/ps g/g of T 1 =
(= 2a) dry paste l-z w 1-z
Ref, 254-11-11—Cement 16213
0.081 0.0189 0.088 4.65
0.161 0.0253 0.192 7.60
0.238 0.0298 0.312 10.45
0.322 0.0362 0.475 13.1
0.360 0.0395 0.562 14.2
0.530 0.0503 1.128 22.4
Ref. 254-9-15A-180—Cement 15365
0.09 0.0267 0.099 3.79
0.20 0.0348 0.250 7.18
0.36 0.0464 0.562 12.1
0.47 0.0539 0.887 16.5
Ref. 254-9-15A-270A—Cement 15365

0.081 0.0187 0.0873 4.68
0.161 0.0264 0.192 7.27
0.238 0.0310 0.312 10.0
0.322 0.0359 0.475 13.2
0.360 0.0400 0.563 4.1
0.530 0.0500 1.127 22.6

C and V,, can be computed conveniently from the intercept on the

z-axis and from the ordinate at z = 0.5. Thus, when —11 T = 0,
. wl —z
C=1 —%; and whenz = 0.5, V,, = 1+C w. In Fig. 3-5A we see that
@
when 11 T = 0,z = —0.053 and when 2 =05, 1/w = 19.3.
w —
Therefore,
C=14 - 198 and v, = LT 198 1 g027
53 2 X 19.8 19.3
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Fig. 3-5—Typical plots of the kind used for evaluating C and V.,
Data from Tables 3-2 & 3.3,

The nomenclature used here is the same as that used by Brunauer
et al. except that they used V for the volume of gas adsorbed, whereas
here w is used for weight adsorbed. w is expressed either in grams per
gram of dry hardened paste (evaporable water removed) or as grams per
gram of original cement. Having become accustomed to thinking of V,,
as a factor proportional to surface area, we have somewhat illogically
retained this symbol, but express it in grams instead of cc.
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TABLE 3-3—TYPICAL DATA FOR COMPUTING V,, AND C
Data obtained by high-vacuum method

w
P/Ps g/g of 2 1 =z
(= =) dry paste 1-2 w 1-z
Ref. 254-18-9-15A-180—Cement 15365
0.055 0.0227 0.0598 2.63
0.073 0.0249 0.0790 3.17
0.104 0.0284 0.117 4.13
0.193 0.0347 0.240 6.91
0.244 0.0400 0.322 8.06
0.349 0.0455 0.534 11.7
0.472 0.0542 0.885 16.3
Refl. 254-K4B-1Q—Cement 13723
0.055 0.0369 0.0598 1.62
0.073 0.0397 0.0790 1.99
0.104 0.0435 0.117 2.69
0.193 0.0540 0.240 4.40
0.244 0.0587 0.322 5.49
0.349 0.0686 0.534 7.78
0.472 0.0819 0.885 10.8
Ref. 254-18—Cement 14675

0.064 0.05652 0.0684 1.24
0.155 0.0646 0.1835 2.84
0.193 0.0675 0.2395 3.55
0.249 0.0720 0.3310 4.60
0.350 0.0817 0.5380 6.58
0.446 0.0910 0.8040 8.84

THE RELATIONSHIP BETWEEN V,, AND NON- EVAPORABLE WATER (w»)
FOR SAMPLES CURED AT 70-75 F

The quantity V,, is considered to be proportional to the internal surface
area of the sample. Since the specific surface of microcrystalline material
is negligible compared with that of colloidal material, V,, is also con-
sidered to be proportional to the amount of colloidal material in the
sample. The quantity w, represents the amount of non-evaporable
water in both colloidal and non-colloidal material. Therefore, if a given
cement produces the same kind of hydration products at all stages of its
hydration, the ratio V,/w, should be constant for any given cement
under fixed curing conditions. 1lowever, the ratio of colloidal to non-
colloidal hydration products should be expected to differ among cements
of different chemical composition. Hence, the ratio V,/w, should be
different for different cements.
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V.. and w, are plotted for several different cements and different
mixes and ages, in Fig. 3-6 and 3-7. The points in most of the diagrams
show a considerable amount of scatter. Some of this is due to random
experimental vagaries and some of it is apparently due to variations in
drying conditions discussed earlier.

In view of the fact that the variations show no consistent influence
of the original water-cement ratio or of the age of the sample, the rela-
tionships indicate that for any given cement the ratio V,/w, is inde-
pendent of age or water-cement ratio.

If the points fell on a straight line through the origin, that would '
indicate that the ratio of colloidal to non-colloidal products is precisely
the same at all stages of hydration. The data are not sufficiently con-
cordant to indicate definitely whether this is so or not. There is some
reason to believe that the reactions during the first few hours cannot
produce exactly the same products as those that occur later. Partic-
ularly, the gypsum is usually depleted within the first 24 hours and thus
the reactions involving gypsum eannot occur at later periods.

If caleium sulfoaluminate as produced in paste is non-colloidal, the
ratio of colloidal to non-colloidal material should be lower during the
first 24 hours than it is at any later time. The effect on the graph would
be that of causing the proportionality line that holds for the later agesto
cut the w,-axis to the right of the origin. As said before, the plotted
data do not indicate definitely where the intercept should be. They do
indicate, however, that if the intercept is to the right of the origin, it
is nevertheless near the origin, as indeed it should be in view of the
relatively small amount of calcium sulfoaluminate that is formed. To
simplify the handling of the data, we have assumed that the line passes
through the origin and thus have considered the ratio of colloidal to non-
colloidal material to be the same at all ages for a given cement.

Fig. 3-6 represents the data from Series 254-8 and 254-9. It represents
5 different commercial cements that had been used in experimental high-
ways. The data on this series are the least concordant of all obtained in
the investigation.

Fig. 3-7 represents cements prepared from 5 other commercial clinkers.
Different plant grinds of each clinker were blended to give each cement a
specific surface of 1800 sq. em. per g (Wagner).

The ratios determined for the cements in each of these two groups
were averaged. The results are shown in Table 3-4.

The figures in the third column give the mean values and those in
the fourth give the probable error of the mean. Those in the last column
give the probable error of a single test value and thus reflect the degree
of scatter of the data.
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TABLE 3-4—MEAN VALUES OF V,./w,. FOR
TWO GROUPS OF CEMENTS

ASTM Mean value Probable error | Probable error
Cement classifi- of of mean of single value
No. cation* Vu/wn
‘Series 254-9

14930J v .304 .00392 .0176
15007J II .272 .00216 .0089
15011J II .272 .00242 .0102
15013J I .244 .00259 .0107
15365 I .254 .00239 .0115

Series 254-11

15498 111 .248 .00131 .003
15623 1I 271 .00405 .008
15670 v 295 .00411 .010
15367 I .258 .00244 .006
15699 1 .262 .00203 .004

*ASTM designation C-150-40T. The classification here is based only on the computed quantities of the
four major compounds. Tie surface area requirements are not met in all cases.

To evaluate the effect of composition, the assumption was made that
the form of the relationship would be

Voo _ A% €a8) + BT CuS) + C(% CA) + D(G CLAF)

The values of the cocfficients were determined first from 200 items of data
representing about 50 different cements. Then, owing to the fact that 100
of these items represented only 5 cements (Series 254-9), a second analysis
was made excluding the data from Series 254-9. The results of the two
analyses were as follows:*

For 200 items of data:

Bq 3): Vo = [ 00208(%CiS) +00326(%CaS)+ 00251(%Cad)
4, T L =.00006 00004 00016
+ .00549(%C4AF):|

-+ .00030

For 100 items of data:

Bq (1) Vo o [ 00230(%CaS) + .00320(%CaS) + .00817(%,Csd)
A, T L=.00012 + 00006 +.00016

+ .00368(%C4AF):|

+.00046

The two equations give similar coefficients for CoS and C3S but con-
siderably different coefficients for C;A and C,AF. However, applied to
the same cements, the computed results are not far different, except for

*See footnote, Part 1, page 121.
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certain compositions. This is shown by the data given in Table 3-5.
Here the observed mean values of V,./w, for the cements appearing in
Tig. 3-6 and 3-7 are compared with values computed from composition.
It appears that the value of V,/w, can be computed from composition
with fairly satisfactory accuracy by means of either equation. However,
eq. (4) probably gives the more correct evaluation of the effect of varia-
tions in composition, since individual cements appear in the analysis
with approximately equal weights.

The influence of composition as given by eq. (4) is illustrated in Table
3-6.

The results given in the last column of the table show that the in-
fluence of composition on this ratio is not very large. The variation
occurs mainly among those cements whose compositions differ from the
average chiefly in C3S, CiAF or both.

TABLE 3-5—~COMPARISON OF OBSERVED AND
COMPUTED VALUES OF V,,/w,

. ¥V m/wy computed from
) ; compound composition
Cement, ASTM Mean V., /1 -

No. type ' observed Eq. (3) Eq. (4)
15013J 1 0.244=0.003 0.253 0.256
15365 I - 0.254=0.002 0.255 0.260
15367* I i 0.258=0.002 0.253 0.258
15699 1 1 0.262=0.002 0.254 0.255
Average . 0.254 0.254 0.256
15007 11 | 0.272=0.002 0.269 0.264
15011J 11 - 0.272=0.002 0.263 0.257
15623* 11 . 0.271=0.004 0.284 0.272
Average 1 0.272 0.272 0.264
14930J Iv 0.304=0.004 0.298 0.286
15670* 1V " 0.295=0.004 0.284 0.281
Average ! 0.300 ©0.291 0.284
15498* 11T 1 0.248=0.001 0.243 0.249

*This item represents all cenmients made from this elinker.

The theoretical significance of the coefficients of eq. (3) or (4) found
by the method described is not certain, mainly because of the lack of
definite knowledge concerning the chemical composition of the hydration
products. The data support arguments given elsewhere to the effect
that the hydration products of the alumina-bearing compounds are not
microerystalline as they are when these compounds are hydrated alone
in an abundance of water; instead, the coefficients for C3A and C.AF,
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TABLE 3-6—INFLUENCE OF CHEMICAL COMPOSITION ON V,,/aw,

Computed compound composition Computed
percent by wt.

Type of Imopa (4

composition S | s | A | CAF | @, T4 @
Type I Normal (34 45 29 9.7 7.5 0.255
High €34 45 28 14.0 5.0 0.256
Type IT High iron 41 29 5.4 14.8 0.259
High silica 40 41 6.4 9.7 0.279
Type III Normal C34 59 13 10.4 7.6 " 0.238
ITigh CsA 59 13 14.0 5.0 0.240
Type IV 1ligh iron 25 8 1 6.2 13.8 0.282
High silica 33 54 J 2.3 5.8 0.277

taken literally, indicate that, per gram of compound, these compounds
contribute to the total surface area of the hydration products, that is, to
Vmy, as much as or more than do the two silicates, which are known to
produce colloidal hydrates. In any event, the analysis shows that how-
ever the ALO; and Fe,0; enter into combination in the hydration prod-
ucts, they must appear in solids having a high specific surface.

The coefficient of €3S is less than that of C»S. This result is com-
patible with the data of Bogue and Lerch®® showing that both compounds
produce a colloidal hydrous silicate, but only C3;S produces micro-
crystalline Ca(OIT),. The indications are that Ca(OH), does not de-
compose under the drying conditions of these experiments. Hence, the
occurrence of Ca(OH), contributes to w, but contributes very little to
Ve

THE SPECIFIC SURFACE OF HARDENED PASTE

Computation of surface area

From the derivation of the B.E.T. equation it follows that the surface
area of the adsorbent should be equal to the product of the number of
adsorbed molecules in the first layer and the area covered by a single
molecule. Hence, when V,, is expressed in grams per gram of adsorbent
(dry paste),

V.N

S:al
M

where
S = the surface area of the adsorbent, sq. em. per g
a; = the surface area covered by a single adsorbed molecule
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N = 6.06 x 10%%, the number of molecules in a gram-molecular wt.
(Avagadro’s number)*

M = molecular weight of the adsorbed gas.

The value of a; has been estimated in several ways. Livingston®o
found a value for water of 10.6 x 10-% sq. em. per molecule. Gans,
Brooks, and Boyd® used the same figure. Emmett®) gave a formula for
computing a; from the molecular weight and density of the condensed
vapor which gives nearly the same result if the normal density of water
is used. As will be shown, values for molecular area obtained in this way
when introduced into eq. (5) actually give surface areas S that are in
close agreement with the results obtained by other procedures. Hence,
for water we may write,

g — 10.6 X 10°% X 6.06 X 10® V,,
18
= (857 X 109V, sq. CML PET & v i e e (6)

Verification of surface areas as computed from V,,

Gaudin and Bowdish® used pyrex-glass spheres calibrated by micro-
scope measurements. Low temperature adsorption of nitrogen gave
almost exactly the same specific surface as that computed from the mean
size of the spheres. Harkins and Jura®® developed a method of measuring
surface area by first covering particles with a complete film of adsorbed
water and then measuring the heat evolved when the particles were
immersed in water. The results obtained by this method were com-
pared with those from the B.E.T. method for 60 different solids. For
58 of the 60 solids the areas by the Harkins and Jura method differed
from those obtained by the B.E.T. method by no more than 9 percent.
Emmett 5 31,33 presented an extensive array of data showing that where-
ever particle size can be checked directly, as with the electron miecro-
scope, the results of the B.E.T. method look reasonable, to say the least.
Because of such evidence as this, the B.E.T. method has been put to
use by many investigators during the past few years.

The examples cited above were chosen from experiments made on
solids that are non-porous. It is believed that V,, also gives the internal
surface area of porous solids, provided that the molecules of the adsorbate
are small enough to penetrate the pores and reach all parts of the surface.
The fact that V,, is evaluated from data in the low pressure range only,
and hence where capillary condensation in the pores is not a factor,
supports this belief. With respect to cement paste, the pores are con-
sidered to be the spaces vacated by evaporable water when the sample is
dried. Thedrying may be accompanied by irreversible shrinkage so that the

*6.023 x 102 is now the accepted value for Avagadro’s number. This did not come to our attention until

all the computations were completed. Since other factors are uncertain, it did not seem worth while to
make the slight corrections indicated.
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dried sample may not faithfully represent the original paste. The extent
of the irreversible alteration is not known but it is considered to be small.
Evidence of this is found in the fact that the total pore space, as measured
by the total evaporable water, is not greatly altered by the drying;
in fact the data indicate that it is increased. (See Table 9, Part 2.)
Hence, V, is considered to give the internal surface area of the solid
phase in the dried samples. If drying affects the measured surface area,
it would probably be in the direction of making it smaller.

In the remainder of this discussion it is assumed that V,, as determined
in this investigation is proportional to the surface area of the solid phase.
It will be seen that this assumption leads to highly significant results.
Thus the assumption seems justifiable.

Results from hardened paste

The magnitudes of the surface areas and the rates at which surface
develops during hydration as computed from eq. (6) are indicated by
Table 3-7.

The figures pertain to the whole solid phase; that is, they are based
on the combined weights of the hydration products and residue of
original clinker. Therefore, the specific surface of the hydration products
is higher than the highest figure given except any that might represent
completely hydrated cement.

Specific surface in terms of w,

Sinece V,, = kw,, the specific surface of a paste can be computed if w,
is known, and if k£ for the particular cement is known. That is,

S s 100k )
c c
S 5T x 0%k e U ®)
Wn
Also
S _357x10%k w, _ 357 x10°k w,/c )
pripny T Cdage

Eq. (7) gives the surface area per unit of original cement, and eq. (9)
gives it per unit of dry paste.

For the types of cement given in Table 3-6 the surface area per unit
weight of non-evaporable water is as given in Table 3-8.

The non-evaporable water content may lie anywhere between zero
and about 0.25 g per g of cement. Hence, according to these equations
the specific surface may lie between zero and about 2.1 to 2.5 million
sq. cm. per g of 01'igiua_l cement.
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TABLE 3-7T—TYPICAL FIGURES FOR SPECIFIC
SURFACE OF HARDENED PASTE

Specific surface of paste for cements
indicated; w./c = 0.45 (approx.)

Period 14930J 15761 15365 15013J
of CsS 239, C:S 45, CsS 459, C3S 409,
hydra- C:A 6% C:4 109, C34 13% C34 149,
tion,
days Millions of sq. em. per g of:
cement, dry cement dry cement, dry cement, dry
paste paste paste paste
7 0.76 0.71 — — 1.21 1.06 1.32 1.13
14 1.02 0.92 — — 1.55 1.32 | 1.50 '1.28
28 1.33 1.19 1.75 1.48 1.94 1.64 1.71 1.46
56 1.75 1.54 — — 1.96 1.62 1.89 1.57
90 1.89 1.62 1.96 1.62 2.02 1.66 2.04 1.67
180 2.10 1.78 — — 2.14 1.75 2.07 1.69
365 2.10 1.76 — — — — — —_

- TABLE 3-8—SPECIFIC SURFACE OF
HARDENED PASTE IN TERMS OF NON-EVAPORABLE WATER CONTENT

Type of
cement Va/w. (= k) S/wn
Type I Normal C:4 0.261 9.3 x 108
High C;4 0.256 9.2 x 10¢
Type II High iron 0.259 9.3 x 108
High silica 0.279 10.0 x 108
Type 1II Normal C;A4 0.238 8.6 x 10°
Type IV High iron 0.282 10.1 x 108
High silica 0.277 9.9 x 10

Of course it cannot be literally true that S = 0 when w, = 0, since
the initial surface area is that of the original cement. As measured
by adsorption, the specific surface of unhydrated cement is much higher
than that measured by methods previously used. Using a cement having
a specific surface of 1890 sq. cm. per g (Wagner), Emmett and DeWittG9
found a surface area of 10,800 sq. cm. per g by the nitrogen-adsorption
method. By the air-permeability method, this cement would show
about 3500 sq. cm. per g, which is probably close to the true macroscopic
surface area. The difference between the macroscopic surface area and
that as measured by adsorption might be due to microscopic, or sub-
microscopic, cracks in the clinker grains. Surfaces of such cracks would
be measured by the adsorption method, but not by the other. Since such
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cracks have not been commonly reported, it seems more likely that the
difference is due to a slight coating of hydration products on the grain
surfaces. As shown above, an average cement shows about 9.3 x 10° sq.
cm. per g of non-evaporable water. Hence, to account for the 7400
sq. em. difference between the two results, it is only necessary to assume
that the cement had hydrated to the extent of

7400
9.3 x 10

or 0.08 percent of the weight of the cement. Such a small amount of
hydration could easily occur during the normal handling of a sample
during humid weather.

Whether the true surface area .of the cement is of the order of 3000
or 10,000, it is clear that the initial surface area is negligible compared
with that which finally develops.

= 800 x 10" g of non-evaporable water per g of cement,

THE SPECIFIC SURFACE OF STEAM-CURED PASTE

The effects of high-temperature steam-curing on the adsorption char-
acteristics of cement paste were shown in Part 2, p. 300. In terms of the
B.E.T. theory, the effects are as follows:

Ref. 14-4 Ref. 14-6
Normal Steam
curing curing
C 15.4 20
Vo, g/g of cement 0.037 0.0020
Vm, g/g dry paste 0.032 0.0018
Sp. surface, sq. em. per g of cement,
millions 1.32 0.071
Sp. surface, sq. em. per g of dry paste,
millions 1.15 0.062
Vo /100 0.241 0.012
w,, g/g of cement 0.1537 0.1615

The figures for V,, and specific surface of the steam-cured specimen
are probably not very accurate because of the extreme smallness of the
amounts of water taken up in the low-pressure range. The order of
magnitude relative to the normally cured material is probably correct,
however. The result indicates that all but about 5 percent of the colloidal
material was converted to the microcrystalline state by high-temperature
steam curing.
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w/V, CURVES

The samples of hardened paste used in these studies contained unde-
termined quantities of unhydrated material. Consequently, the weight
of the adsorbent material could not be ascertained directly, a circumstance
that increases the difficulty of interpreting the adsorption data. The
problem was simplified by expressing the amount of adsorption, w, in
terms of the surface area of the solid phase. Since the surface area is
proportional to V., the ratio w/V,, could be used without computing the
surface area. :

Typical w/V.,. curves are shown in Fig. 3-8. The uppermost curve
represents the paste In a mortar specimen having w/c = 0.587, cured six
months; the middle curve represents the paste from a richer mortar
specimen of the same age, w/c = 0.439. The lowest curve represents
the data given in the first group of Table 3-9. These data include water-
cement ratios ranging from 0.12* to 0.32 by weight. The table shows
that after long periods of curing and for w/c within this range, w/V.
is virtually the same for all samples at all vapor pressures. (In the
lower range of pressures, w/V,, is always the same for all samples except
for the effect of differences in C.t) The triangular points plotted in
Fig. 3-8 represent the average values from this group.

7 T lt T T T l T T T T

o Ref 9-14,% = .587 by wt

6b—-x 4 915, %< 439 W/c - 0.439
a See Table 29 and texf Ref 9-1
T Cement 15365
Cured Wet /80 days
[ — .
/ Age 7 days -~
. 6

4 , 28 doys {\
YN ///)7 5

3 A AU 180 days
/ . :
| T ny

2 / Y/
| ’
/i
/ 3 4
) 4 g

i 1 1 1 I
o 1 2z 3 4 5 6 7 B 9 10 /
o/

Fig. 3-8 (above)—Effect of original w/c

on w/V, curves

Fig. 3-9 (right—Effect of wet-curing o 1 2 3 4 5 6 1 8 9 10
on w/V,, curves P/P

*This very dry paste was molded by means of a press.
1S8ee discussion in Part 4: ‘‘Significance of C of the B.IE.T. Equation.”
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In Fig. 3-9 the effect of prolonging the period of wet-curing on a given
paste is shown together with the lowest curve of Fig. 3-8 for comparison.

Minimum porosity and the cement-gel isotherm

Considering Fig. 3-8 and 3-9 together we may conclude that the
densest paste possible contains a pore-volume equal to the volume of the
quantity of adsorbed water represented by about 4V .

The shape of the lowest curve in Fig. 3-8 also seems to represent a
limit that is approached as the pastes are made denser. Hence, for
brevity we will call the lower curve of Fig. 3-8 the cement-gel tsotherm
or just gel-curve, when the meaning is clear. The part of the total
evaporable water equal to 4V, will be called gel-water.

When a paste is such that at saturation it contains a quantity  of
evaporable water equal to 4V, we may infer that all the originally
water-filled space- has become filled with porous hydration products.
Thus, in such a paste the space outside the unhydrated clinker residue
has only the porosity of the cement-gel itself.

When a paste is such that at saturation it contains a quantity of water
exceeding 4V, the excess over 4V, is believed to occupy residual space
outside the cement-gel. Water occupying this space is called capillary
water in this discussion. It should be understood that this distinction
between capillary water and gel-water is arbitrary, for some of the gel-
water may be taken up by capillary condensation and is thus not different
from the rest of the capillary water so far as the mechanism of adsorption
is concerned. The distinetion is justified by the fact that, in a saturated
paste, the quantity of gel-water always bears the same ratio to the
amount of gel, whereas the water called capillary water can be present
in any amount according to the porosity of the paste as a whole.

Fig. 3-8 and 3-9, which are typical of all other w/V,, curves obtained,
show that among various samples any increase in pressure up to about
0.45 p, is always accompanied by approximately the same increment of
adsorption, regardless of differences in porosity.* From this we may
infer that the capillaries (the spaces outside the gel) do not begin to
fill at pressures below about 0.45 p,. At higher pressures, however,
a given increment in pressure will be accompanied by an increment of
adsorption that is larger the greater the porosity of the sample. This
may be taken as direct evidence of capillary condensation. The amount
of water held by capillary condensation at any given pressure is repre-
sented by the vertical distance of the point in question above the gel-
curve.

These ideas can be represented by a model such as is illustrated in
Fig. 3-10. In A the shaded areas represent cross sections of spherical

*Such differences as there may be are due to differences in C of eq. (A), as is explained in Part 4.



416 Powers and Brownyard

Fig. 3-10

bodies of cement gel with non-colloidal particles (microcrystalline hy-
drates and unreacted cement) embedded in them. Between the bodies
is interstitial space containing capillary-condensed water, here pictured
as lenses around the sphere-to-sphere contacts. The water content of the
system is assumed to be below saturation, as indicated by the curvature
of the lenses. At saturation, the interstitial space would be filled with
capillary water, making the total water content equal to 4V,, plus the
volume of capillary water.

Thus, if we consider the system pictured in Fig. 3-10A to be the sample
represented by the upper curve of Tig. 3-8, at equilibrium with the
pressure p = 0.8 p,, the water content of the spheres (the gel-water)
would be 2.44 V,, the capillary water would be 0.56 V,, making a total
of 3.00 V,.. At saturation the gel-water would be 4V,, and the capillary
water 2.83 V., making a total of 6.83 V,,.

Fig. 3-10B represents a paste at the same stage of hydration as that
represented in 3-10A but with a lower original w/c. Here the spheres of
gel have merged into one body, eliminating all capillary water. The
lowest w/ V., curve in Fig. 3-8, the cement-gel isotherm, would correspond
to this case.

Estimation of pore- and particle-size :

With data obtained from specimens containing no capillary space (as
defined above) we can estimate the order of size of the elements of the
solid phase and of its characteristic pores. Pore-size can be estimated
from the hydraulic radius

. . volume of pores
Hydraulic radius = m = I

area of pore-walls
Pore volume is the space occupied by evaporable water and, in a
paste without capillary space, this is equal to the volume of the gel
water, i.e., the volume of 4V,,. The area of the pore-walls is given by
eq. (6).
S =357x108V,,
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Hence,
4V,

m= ———-
35.7 x 10V,

where
v, = specific volume of the gel-water.
Tt will be shown later than the specific volume of the gel-water is about
0.90. Hence,
4 x0.90
m = —_—
35.7 x 10¢
or approximately 10A.*

= 10.01 x 10"® cm

The average size of a pore in the gel having a given hydraulic radius
can be estimated by assuming that the cross section of the pore resembles
a rectangular slit. Let b, h, and L be the width, thickness, and length,
respectively, of the slit. Then

m — hbL _ hb
(2h + 2b)L.  2(h 4 b)

Solutions of this equation for various values of h and b are given below:
h=5 ; m=1/4b
-h=2b ;o m=1/3b
h = 4b ; om = 4/10b
h =10 ; m=10/22b
h = 1006 ; m = 100/202 b

Thus, as h/b is made larger, m approaches 14 b as a limit. This means
that the width of the pores is at least twice and at most four times the
hydraulic radius. Since m was given as about 10A, it follows that the
average pore is from 20 to 40A across, probably closer to 40A than to
20A if the particles are other than spherical. -

The order of size of the colloidal particles cannot be computed directly
because there is no way to correct for the volume of non-colloidal material,
i.e., microcrystalline hydrates and unhydrated clinker. However, it is
of interest to estimate the size without such correction since the volume
of non-colloidal hydrates is relatively small and data are available for
samples containing very little unhydrated clinker. The estimate is made
by finding the size of spheres in an aggregation of spheres that would
have the same total volume and surface area as dry hardened paste. The
size of sphere is given by the relationship

3

r = —
S/

*A = ‘&ngstrom unit = 10-8 em
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where
r = radius of sphere in cm
S’ = surface area in sq. cm per cu. cm
8 = d,S
where
d, = density of dry paste, g per cu. em
and S = surface area of dry paste, sq. em per g.

For a typical paste cured at least 6 mo.,
d, = 2.44 g per cu. cm,
S = 1.8 x 10° sq. em. per g
3
r= - .
244 x 1.8 x 10°
say 70A.

This indicates that if the solid phase were an assemblage of equal
spheres, each sphere would have a diameter of about 140A. The units
of colloid material are probably smaller than this, but not very much
smaller since most of the hydration produet is colloidal and since there
was probably little unhydrated material in the specimen on which this
estimate is based.

= 68 x 108 cm,

These figures give a picture of a material made up of solid units averag-
ing about 140A in diameter, with interstices averaging say 20 to 40A
across. This should, of course, be taken only as an indication of the
order of size of the elements of the fine structure. It indicates, for
example, the necessary resolving power of a microscope capable of dif-
ferentiating these features of hardened paste.

* * * * *

It is hardly necessary to add that the authors hold no belief that the
gel develops as spheres or that the pores are rectangular slits of uniform
cross section. . Those assumptions were made only for convenience of
illustration and computation. The bodies -of hardened gel could be in
the form of submicroscopic plates, filaments, prisms, or of no regular
form at all. However, as developed above, the evidence points to the
conclusion that the gel is a solid having a characteristic porosity.

Data on relative amounts of gel-water and capillary water

The relative amounts of gel-water and capillary water in saturated
samples at various stages of hydration are shown in Fig. 3-11 and 3-12,
for the materials of Series 254-9. The shaded portion of each column
represents gel-water and the open portion capillary water. These charts
bring out again the fact that for specimens of sufficiently low water-
cement ratio, prolonged curing eliminates all capillary water.
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In several instances there is an indication that the ratio of capillary
to gel-water increases after a minimum is reached. Whether this is
real or the result of experimental vagaries cannot be told without further
experiment. If it is real, it might be due to the leaching of soluble ma-
terial from the paste during the curing period. Such leaching would be
expected to increase the porosity of the paste. It might also be due to a
coarsening of the gel-texture by the formation of microcrystals at the
expense of colloids. If so, the change is of considerable significance.
Present data warrant no conclusions on this point.

There is a rather definite indication that the gel is able to fill but a
limited amount of space, regardless of the length of the curing period.
This is brought out in Fig. 3-13, where w,/V,. (w, = evaporable water)
at saturation is plotted against w/c for all specimens cured 180 days or
longer. This shows again that the minimum possible evaporable water
content is about 4V, and further that all samples having original water-
cement ratios greater than about 0.32 by weight will contain some
capillary water. The empirical relationship illustrated can be repre-
sented approximately by the equation

;f"_" = 12.2 (w/c — 0.32)] w/c = 0.32

m
where
w, is the capillary-water content of specimens cured 6 months or more.

SUMMARY OF PART 3

Adsorption isotherms for water on hardened portland cement pastes
show the same characteristics as those for vapors on many different
organic and inorganic materials.

The process of adsorption and the conditions for equilibrium are ex-
plained in terms of the Brunauer-Emmett-Teller (B.E.T.) theory and
the capillary condensation theory.

The B.E.T. eq. (A) is used for representing data over the range p =
0.05 ps to 0.45 p;. The equation is
w cx

ﬁz(l—x)(l~x—cm)

where
w = weight of evaporable water held at equilibrium with pressure p,
V. = quantity of water required for a complete condensed layer on
the solid, the layer being 1 molecule deep on the average,
C = a constant related to the heat of adsorption,
x = p/ps where p, = saturation pressure and p the existing pressure.
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Fig. 3-13—Empirical relationship between total evaporable water per
vnit Vo, and original water-cement ratio for samples cured 180 days
or longer

V.. and C can be readily evaluated from experimental data and p,
is a constant depending on temperature. C is about the same for all
pastes. Ilence differences in adsorption characteristics are indicated by
differences in V..

The non-evaporable water content, w,, is regarded as proportional
to the total amount of hydration products. Since V., is porportional to
surface area and since practically all the surface is that of the colloids,
V. is considered to be proportional to the colloidal material (gel) only.

The ratio V,./w, is considered to be a constant for any given cement.
It is influenced by compound composition about as follows:

Vo 0.00230 (9C58) + 0.00320 (%C,8) + 0.00317 (FCs4) +

Wn
0.00368 (9,C.AF)

Among the different types of cement V,./w, varies from about 0.24 to
0.28.

The above equation implies that the hydrate of each compound is
colloidal or at least that all compounds occur as constituents of a com-
plex colloidal hydrate.

The specific surface of hardened paste can be computed from the
relationship S = 35.7 x 10% V,.. It increases with the period of curing
and reaches about 2 million sq. em per g of original cement.
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The specific surface of the hardened paste is related to w, as follows:

L 35.7 x 105 &,

wn
where k is a constant for a given cement. Among the different types
of cements, S/w, ranges from about 8.6 x 10¢ to 10 x 105

None of the relationships given above apply to paste cured at high
temperature. Under steam pressure a sample cured 6 hours at 420 F
showed only 0.07 x 105 sq. cm. of surface per g of cement, as compared
with 1.3 x 108 for a paste cured 28 days, or about 2.0 x 10% for long curing,
at room temperature.

When adsorption data are expressed in terms of w/V, and p/p,, the
result is an isotherm based on the relative amount of gel. . Such curves
are virtually identical for all cement pastes over the pressure range p =
0.05 ps to 0.45 p,.

For pastes in which the total evaporable water content is about 4V,
the curves are identical for the whole pressure range.

For pastes having capacity for evaporable water exceeding 4V, the
excess is taken up over the pressure range p = 0.45 p; to p = p..

The evaporable-water capacity is smaller the lower the original water-
cement ratio and the longer the period of curing, but it cannot be re-
duced below about 4V,,. ‘

Evaporable water in excess of 4V, is believed to occupy interstitial
space not filled by gel or other hydration products. The water in this
space is called capillary water. The rest of the evaporable water is held
within the characteristic voids of the gel and is called gel-water even
though some of it might have been taken up by capillary condensation.

When the total evaporable-water capacity = 4V, the specimen con-
tains no space for capillary water.

From the surface area of the solid phase, and its characteristic porosity,
the average pore in the densest possible hardened paste is estimated to
be from 20 to 40A across.

From the volume of the solid phase and its surface area, the order
of particle size, expressed as sphere diameter, is estimated at 140A.

Data on the relative amounts of gel-water and capillary water in
various samples are given graphically.
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This discussion pertains to the energy changes that take place when
water is adsorbed by hardened cement paste. The relationship of these
changes to such physical effects as shrinking and swelling, capillary
flow, and moisture diffusion will be considered briefly. Comparisons
are made of the energy of binding of evaporable and non-evaporable
water. Analysis of the energy changes into the two main forms of energy
and consideration of the relative amounts of each are of interest in con-
nection with the question of the extent to which water is modified when
it is adsorbed on the solid.

. THE HEAT OF ADSORPTION

As pointed out in Part 3, the adsorption of a vapor by a solid can be
likened to the process of condensation both with respect to the kineties
of the process and the nature of the forces involved. Therefore, it might
be expected that the heat liberated when the vapor is adsorbed would
be comparable to the heat of liquefaction of the vapor. When the
comparison is made, it is usually found that the heat of adsorption
exceeds the heat of liquefaction. In the adsorption of water vapor on
hardened cement paste, the heat of adsorption for the first increments
of water added exceeds the heat of liquefaction by about 65 percent of
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the latter. This excess can be attributed, directly or indirectly, to
interaction of the adsorbed molecules with the surface of the solid.

THE NET HEAT OF ADSORPTION
Definitions

The excess of the heat of adsorption over the heat of liquefaction is
called the net heat of adsorption. If @ represents the heat of adsorption
and Q; the heat of liquefaction, then @,, the net heat of adsorption, is
defined by,

Q. =Q — Q..o (€))]
The definition just given amounts to regarding the adsorption of
the vapor as a two-step process, as follows:
(1) Vapor at the saturation pressure, p,, condenses to liquid, thereby
liberating the heat of liquefaction, Q..

(2) The liquid water is then adsorbed, liberating the net heat of
adsorption, Q.. In this step, the water comes to equilibrium
with vapor at a lower pressure, p.

As pointed out before (Part 3), the free surface energy of the solid
and the free surface energy of the condensed liquid must both be causes
of adsorption in a porous solid such as hardened paste. Hence, the net
heat of adsorption must have its origin in at least two sources. At low
vapor pressures, the net heat of adsorption has its origin in the inter-
action of the adsorbed molecules with the solid surface. When the
pressure is increased above 0.45 p,, where capillary condensation becomes
a factor, the surface of the water film formed at lower pressures diminishes
and becomes zero, or nearly zero, at saturation. The destruction of the
water surface is accompanied by the liberation of the heat of water-
surface formation. Thus, the net heat of adsorption is the sum of two
terms, the net heat of surface adsorption and the net healt of capillary
condensation. That is,

where
Q. = net heat of adsorption,
@, = net heat of surface adsorption, and
. = net heat of capillary condensation.

Evaluation of total net heat of capillary condensation

The total amount of heat arising from the destruction of water surface,
i.e., the total net heat of capillary condensation, when the paste goes
from the dry to the saturated condition can be evaluated by means of
the following considerations.

It may be assumed that the maximum extent of water surface is the
area of the solid surface. It would seem, however, that this maximum
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could not exist at any vapor pressure. At low vapor pressure, the film
would be incomplete, even when V.. g. are present, because of the chance
distribution of molecules among the layers deseribed in the B.E.T.
theory. At higher pressure, the water film would be partly destroyed
by capillary condensation. At saturation the water surface would dis-
appear completely except for a negligible area about equal to the super-
ficial area of the granules composing the sample. Nevertheless, each
unit of solid surface was covered by a water film at some stage prior to
the elimination of the film surface, and the total net heat of capillary
condensation should be the same as if the formation of the water surface
and its disappearance occurred consecutively.

In accordance with the assumption just stated, the total net heat
of capillary condensation, Q.., is
Qe = She 5o 3)
where S = internal surface area of paste, sq. cm., and
h. = heat of water-surface formation, cal per sq. em.
According to Harkins and Jura,® A, = 118.5 ergs per sq. em. at 25 C, or
118.5 X 2.39 X 10-* = 2.83 X 10-° cal per sq. em. Also by eq. (6) of
Part 3,
S = 35.7 X 108 V,, sq. cm.
Therefore,
Qer = 2.83 X 10° X 35.7 X 108 X Vi
= 101V, say IOOV,,, calo.ooo (4)

Evaluation of total net heat of surface adsorphon
The total amount of heat arising from the 1nteraet10n of the adsorbed
molecules with the solid surface, i.e., the total net heat of surface ad-
‘sorption is given by
Qe = Shs  4uer i e e (5)
where Q,: = total net heat of surface adsorption, cal per g. of paste,
S internal surface area of paste, sq. em. per g, of paste, and
he total net heat of surface adsorption, cal. per em. of paste.

Hence,

I

il

Qo = 357 X 108 Vahe oo e (6)
If it can be assumed that h; is the same for all pastes, and this is a reason-
able assumption that will be used, then

Qst :
2 m GOnSt. = K. i e e 7
v con » ¢l

m .

The total net heat of adsorption

The total net heat of adsorption will be the sum of the total net heat of
surface adsorptionn and the total net heat of capillary condensation.
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Thus,

Qo = Qut A Qete oo (8)
EVm + 100V, = ( + 100)V.,

* * * * * ® ¥

l

At low vapor pressures, only the net heat of surface adsorption ap-
pears. At higher pressures the net heat of capillary condensation also
appears. There is at present no basis for evaluating either term at any
stage short of saturation.

* ok ok ok ok ok %k

Net heat of adsorption and heat of wetting

When adsorption is considered to be the two-step process mentioned
above, step (2) immediately suggests a comparison of the net heat of
adsorption with the heat of wetting,

Distinction must be made between the heat evolved when a solid
surface is immersed in a body of liquid and the heat evolved when the
surface is wetted by causing a film to spread over the surface. The heat
of immersion exceeds the heat of spreading-wetting by the heat of
formation of water surface.

The total net heat of adsorption, Q. must be very nearly if not
actually, equal to the heat of immersion of the hardened paste. This
follows because the water surface at saturation is virtually zero, as
pointed out above. This means that if a sample of hardened paste is
brought to saturation by adsorption of vapor no measurable amount
of heat will be evolved if it is immersed in water.

The net heat of surface adsorption is comparable to the heat of spread-
ing-wetting. If the thickness of the film is not a factor, i.e., if the inter-
action of the adsorbed molecules with the solid surface affects only the
first layer of molecules adsorbed, the net heat of surface adsorption is
strictly eomparable to the heat of spreading-wetting, except for the
possible effect of narrow crevices. (In cement gel, some water may be
held in crevices so narrow that a water surface cannot form.) If the
thickness of the film is a factor, the net heat of surface adsorption differs
from the heat of spreading-wetting but the amount of the difference
cannot be evaluated. However, the total net heat of surface adsorption
should be equal to the heat of spreading-wetting of what may be called
a complete film, i.e., a film so thick that the effect of interaction at the
solid surface is no longer evident.

MEASUREMENT OF NET HEAT OF ADSORPTION
Materials and procedure
The net heat of adsorption was measured, using two different hardened
pastes. From each paste twelve granular samples were prepared by
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first removing the evaporable water and then exposing the samples to
different humidified air streams according to the method already de-
seribed (Part 2).

When the samples had reached equilibrium, each was sealed in a
separate glass ampoule, each of the twelve samples from a given paste
being at equilibrium with a different vapor pressure. Such samples
were prepared in triplicate. .

The adsorption isotherms are shown in Fig. 4-1. The total water
contents are plotted in order to show also the non-evaporable water
contents. The values for p/p, = 1.0, which ordinarily represent the
water contents at saturation, were not measured for these samples; the
points shown for this pressure represent the water contents before the
samples were dried the first time.

w/Vam curves are given in Fig. 4-2, The broken line is the curve for
cement-gel, as discussed in Part 3. Both pastes evidently contained
space for capillary water.

The heat of adsorption was measured by the same heat-of-solution
procedure that is used for measuring the heat of hydration of cement.*
The procedure is first to dissolve the dry paste, measuring the heat

*Federal Specification SSC-158a-Sec. 31,
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evolved, and then to dissolve a similar sample of paste containing ad-
sorbed water. The indicated reactions are

Paste + acid-solution 4+ nHs0 — solution of paste

Heat evolved = @, cal per g of dry paste........... 9)
Paste + nH,0 — Paste.nH 0
Heat evolved = @, cal per g of dry paste.......... (10)
Paste.nH 0 + acid-solution — solution of paste
Heat evolved = @Q, cal per g of dry paste.......... (11)
where
Paste = dried paste

@}, = heat of solution of dry paste .

@, = heat of solution of paste containing » grams of
evaporable water

. = net heat of adsorption.

By Hess’s law,
Qo= Qo — Qp oo 12)

This process, in effect, transfers the adsorbed water from the sample to
the sclution. Hence, the heat of vaporization does not appear and, on the
assumption that the heat of solution of the adsorbed water in the acid is
zero, the method may be regarded as giving the net heat of adsorption
directly.*

The heat-of-solution method was adopted mainly because at the time
the project was planned the heat-of-solution calorimeter was already
set up. The results obtained are not altogether satisfactory, for in
several cases the variation in the observed net heat of adsorption among
companion samples was as great as or greater than the difference in heat
content due to differences in adsorbed-water content. This results in
some uncertainty as to whether certain observed differences are sig-
nificant or not.

1t should be noted that eq. (12) does not take into account the fact
that @, and @, may represent the heats of solution of samples con-
taining different amounts of adsorbed air. This inaccuracy must be
accepted, for we have no knowledge of the change in adsorbed air con-
tent, or of its heat of desorption. However, the inaccuracy is probably
small, owing to the relative smallness of the amount of air adsorbed at
room temperature under a pressure of 1 atmosphere.

Experimental results

The experimental results are recorded in Tables 4-1 and 4-2. In Fig.
4-3 the net heats of adsorption are plotted against the equilibrium vapor
pressures of the respective samples of each of the two cement pastes.
They are plotted in this way to facilitate estimating the total net heats

*The small heat effect of charging n moles of water vapor from pressure ps to p is considered negligible.
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TABLE 4-1—ADSORPTION AND HEAT OF ADSORPTION DATA FOR
PASTE MADE WITH CEMENT 16186

Ref. 16-01A, B, and C. V. = 0.0502 g/g ignited wt.,
average of A, B, and C. Heat of solution of orig. cement =623 cal/gignited wt. Age at test—27 to 29 days-

Original w/c = 0.50 (not corrected for bleeding).

Net heat of
Total Water adsorption
water, Evap. adsorbed Heat of ay
Sample g/g of: water g/e of: solution cal/g of:
No. p/pe - gla - w/Vm | cal/g - Qo
dry ign. ign. dry ign. ign. wt| dry ign. Vm
paste wt. wt. paste wt. paste | wt.
A-12.2a .1688 | .2031 ] 0 537.5 0 0
B-24.2a L1702 | 2051 [¢] 0 539.0 0 0
Ct L1696 | 2042 1] 0 538.0 0 1]
Avg. 0 L1695% ,2041% O 0 0 0 538.2 0 ] —_
A-11A L2010 | 2418 .0322 0387 525.4 9,6 | 12.2
B-23a L2014 | 2427 L0312 | .0376 527.1 9.5 11.8
Avg. .081 | .2012 | .2422 | 0381 { .0317 | .0381 | 0.76 526.2 9.6 | 12. 239
A-7a .2092 | .2517 0404 | .0486 523.2 1 11.4 | 14.3
B-19a v .2081 | .2520 .0389 | .0469 525.2 | 11.0 | 13.8
Avg. -161 | ,2092 | .2518 | .0477 | .0396 | .0478 | 0.95 524,21 11.2 | 14.0 279
A-On L2258 | 2717 0570 | .0686 520.6 | 13.3 | 16.9
B-21a L2264 | 2716 0552 | .0665 521.3 | 13.8 | 17.6
Avg. 322 | 2256 | .2716 | .0675 | .0561 | .0676 | 1.37 | 521.0 | 13.5 | 17.2 | 342
A-10a 2336 2810 .0648 1 .0779 520.0 | 13.7 | 17.5
B-22a 2334 2813 0632 | .0762 518.9 [ 15.7 | 20.1
C-10g 2352 2832 .0656 { .0790 518.9 | 15.0 | 19.2
Avg. .39 .2340 2818 | 0777 | .0645 | .0777 | 1.55 [ 519.3 | 14.7 | 18.9 376
A-8a .2399 | .2886 L0711 | 0855 519.5 | 14.0 | 18.0
B-20a, L2397 1 .2889 .0695 | .0838 520.8 1 14,1 | 18.2
C-8g .2428 | .2924 .0732 | .0882 519.3 | 14.5 | 18.8
Aveg. .46 .2408 2900 | 0859 { .0713 | .0858 | 1.71 519.9 | 14.2 | 18.3 364
A-la .2483 | .2087 0795 | .0956 519.1 | 14.2 | 18.4
B-13a 2473 | .2980 L0771 | .0929 520.1 | 14.6 | 18.9
C-1g 2496 | .3005 .0800 0963 516.9 | 16.3 | 21.2
Aveg. .53 2484 2991 | ,0950 0789 0949 | 1.89 518.7 1 15.0 | 19.5 388
A-5a 2550 | .3068 0862 | .1037 517.5 | 15.3 | 20.0
B-17a .2541 | .3062 L0839 | .1011 519.1 | 15.2 | 19.9
Avg. .60 .2546 | .3065 | .1024 | .0850 1024 | 2.04 518.3 1 15.3 | 20.0 398
A-4a L2726 | .3280 .1038 | 1249 517.9 | 14.8 | 19.6
B-16a L2714 § 3271 L1012 1220 516.5 | 17.0 | 22.5
C-4g L2740 3300 1044 1258 515.7 | 16.8 | 22.3
Avg. 70 L2727 | ,3284 | 1243 | -1031 1242 | 2.48 516.7 | 16.2 | 21.5 428
A-2a .2054 3554 1266 1523 515.6 | 16.2 | 21.9
B-14a 2938 3541 1236 1490 516.6 | 16.56 | 22.4
Avg. .81 .2046 3548 | 1507 1251 1506 | 3.00 516.1 | 16.4 | 22.2 442
A-3a L3175 | .3820 L1487 | 1789 513.9 | 17.1 | 23.7
B-15a .3121 | .3761 L1419 § 1710 515.0 | 17.5 | 24,0
Avg, .88 .3148 | .3790 | .1749 1453 | .1750 | 3.48 | 514.4 | 17.3 | 23.8 | 474
A-Ba .3477 4183 1789 | .2152 510.0 | 19.4 | 27.5
B-18a .3431 4135 1729 | .2084 514.3 | 17.5 1 24.7
C-6g .3522 4241 1826 | .2199 509.8 | 19.8 | 28.2
Ave. .96 3477 4186 { .2145 1781 | .2145 { 4.28 511.4 | 18.9 26.8 534
A .3997
Bt .4002
C .3976
Avg. 1.0 .3992 | 481 277 —_ 277 5.5 509.5¢1 — 28.7 572%

*Non-evaporable water. {Estimated graphically from ignition loss; no dry sample available.

IEstimated
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TABLE 4-2—ADSORPTION AND HEAT OF ADSORPTION DATA FOR
PASTE MADE WITH CEMENT 16189

Original w/c = 0.5 (not corrected for bleeding). Ref. 16-02A, B, and C. V= = 0.0355 g/g ignited wt.,
average of A, B, and C. Heat of solution of orig. cement = 606 cal /g ignited wt. Age at/test—12 to 44 days.

Net heat of
Total Water adsorption
water, Evap. adsorbed, Heat of| ar
Sample g/g of: water, g/g of: solution| eal/g of: Q
No. D/Ds - g/e - w/Vm |, cal/g - =2
dry ign, ign. dry ign. ign. wt.| dry ign. Vm
paste wt. wt. paste wt. paste | wi.
A-24.2g L1375 1594 0 0 542.2 4] 0
B-12.2¢ .1340 1547 0 0 546.2 0 1]
Ct .1336 1542 0 0 546.6 0 0
Avg. 0 L1350% ,1561% O 0 0 0 545.0 Q 0 —
A-23g .1602 1847 L0227 0253 536.1 5.1 6.1
B-11c L1557 1798 0217 | .0251 539.1 5.9 7.0
C-23c 1562 | .1803 .0226 | .0261 540.6 5.1 6.0
Avg., .081 | 1574 | .1816 | .0255 } .0223 0255 | 0.72 538.6 5.4 6.4 180
A-19g .1682 | 1950 .0294 | .0356 534.8( 6.3 7.5
B-7¢ . 1634 1887 0305 0340 534.6 9.7 1 11.5
C-19¢ .1641 | ,1894 L0307 | .0348 537.0 8.1 9.6
Avg, .161 | .1652 1910 | .0349 | .0302 | .0348 | 0.98 535.5 8.0 9.5 268
B.ge L1741 | .2010 .0401 | .0463 534.0 ( 10.2 | 12,2
C-21¢ L1757 2028 .0421 | .0486 535.4 9.0 ) 11.1
Avg. .322 | L1749 | .2019 | .0458 | .0411 0474 | 1.34 534.7 9.6 | 11. 327
B-10¢ L1803 | .2082 0463 0535 532.9 | 10.9 | 13.1
C-22¢ L1818 | .2098 .0482 0556 534.1 | 10.3 | 12.5
Avg, .39 L1810 2090 | .0539 0472 0546 | 1.54 533.5 | 10.6 360
A-20g 21905 | .2209 0530 | .0615 529.2 | 10.6 | 13.0
B-8c L1857 | .2144 ) .0517 0597 533.2 | 10.7 | 13.0
C-20¢ L1876 | .2165 0540 0623 532.6 | 11.4 | 13.9
Ave. .46 1879 2173 | .0612 0529 | .0612 | 1.72 531.7 | 10.9 | 13.3 375
A-13g 1943 | .2253 0568 | .0859 528.7 | 11.0 | 13.5
-1c 21907 | L2202 0567 0655 532.2 | 11.4 | 14.0
C-13¢ .1914 | .2209 .0578 | .0667 533.6 | 10.6 | 13.0
Avg. .53 .1921 | .2221 | .0660 | .0571 | .0660 | 1.86 | 531.5| 11.0 | 13.5 | 380
A-17g L2011 | ,2331 0636 | .0737 527.7 | 11.8 | 14.
B-5¢ L1976 1 .2282 .0836 0735 —_— —_ ——
C-17e ‘ L1984 | .2290 L0648 | ,0748 532.4 | 11.6 | 14.2
Avg. .60 1990 | .2301 | .0740 0640 0740 | 2.08 530.0 | 11.7 | 14.4 406
A-16g L2153 | .2496 L0778 | .0902 526.6 | 12.5 | 15.6
B-de L2149 | .2482 L0809 | .0935 529.0 | 13.7 | 17.1
C-16¢ L2145 | .2476 .0810 0934 530.7 | 12.7 | 15.8
Ave. .70 2149 2485 1 .0924 | .0799 0924 | 2.60 528.8 | 13.0 | 16.2 456
B-2¢ .2383 | .2752 .1043 1205 528.2 | 14.0 | 17.9
C-14c .2385 2753 L1049 | .1211 528.8 | 14.0 | 17.8
Avg. .81 2384 2752 | 1191 1046 1208 | 3.40 528.5 | 14.0 | 17.8 501
B-3¢ L2835 | .3043 1295 | .1496 526.7 | 14.9 | 19.4 |
C-15¢ 2572 | .2969 1246 | .1447 (537.8)| 14.4 | 18.7
Avg, .88 2604 3006 | .1445 1270 1472 | 4.15 526.7 | 14.6 | 19.0 535
A-18¢ . 3062 3550 L1697 | 1966 (518.9)1(17.2) | (23.3)
B-6¢ 3058 3531 L1718 | L1984 526.8 | 14.3 | 19.4
C-18¢ .3003 3466 L1669 | (1924 523.3 | 14.7 | 19.8
Avg, .96 .3041 3516 | .1965 1695 1958 | 5.50 525.0 | 14.5 | 19.6 352
A .3991 | .4627
Bt .3872 | .4489
C .3894 § .4515
Ave. 1.0 .3919 | .4544 | .2083 — .208 8.65 —— — 20.3t1 5721

*Non-evaporable water. tEstimated graphically from ignition loss;

nodry sample available. }Estimated
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of adsorption for the saturated samples, which were not measured.
The terminus of the lower curve was estimated to be at 20.3 cal per g of
ignited weight. Then, in accordance with eq. (8) the total net heat of
adsorption was assumed to be proportional to ¥V, and the terminus of

the upper curve estimated on this basis. That is,

(Qudr _ (Qu):
(Vw1 (Vim)s
From the data given in Fig. 4-3 and from the estimated value of (Q.o):
we have the following:
(Qor): = 20.3 cal per g ign. wt.
(Vwm)1 = 0.0355 g per g ign. wt.
(V)2 = 0.0502 g per g ign. wt.

Hence,

(Qur)1/ (V)1 = 20.3/0.0355 = 572 cal per g

and -
(Qur)s = 572 X 0.0502 = 28.7 cal per g

Reference to the upper curve of Fig. 4-3 will show that this estimate
results in a reasonable terminus for that curve.

According to the discussion leading up to eq. (8) the amount of heat
evolved by adsorption at a given pressure should be proportional, or
nearly so, to the amount of surface covered at that pressure. According
to the B.E.T. theory, the fraction of the total surface that is covered
at a given relative vapor pressure is the same for all adsorbents having
the same value for the constant C. This could be strictly true only
in the absence of capillary condensation, unless the various adsorbents
had pores of exactly the same size and shape. Thus, at least for the low
pressure range, we could predict from theory that the relationship be-
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tween Q./ V. and p/p. should be the same for both samples, at least up to
p = 0.45 p,.

The relationship found between Q./V.. and p/p, for the two cement
pastes is shown in Fig. 4-4. If plotted separately the two series of
points would be judged to describe different curves. However, in view
of the possibility of considerable experimental error, it is doubtful
whether the differences are significant, at least in the lower range of
pressures. At any rate, differences in the lower range cannot be accounted
for on the basis of current theory. In the upper range the separation
of the curves might be due to a difference in size and shape of the pores
and hence to a difference in the rate of change of water surface with
change in pressure. The curves as drawn indicate that only those pores,
or those parts of the pores, that fill at pressures above 0,6 p; differ in
size and shape.

Comparison of net heat of adsorption of water by cement paste with that of water on
other solids

The total net heat of adsorption, Qa., was estimated above to be 572 V.

—S——, the heat per unit of surface = 5z
35.7 X 10° 35.7 X 10°

= 16 X 107® cal per sq. em. of solid surface or 16 X 10-% X 4.18 X 107 =
670 ergs per sq. cm. of solid surface. Harkins and Boyd® measured the
heats of immersion in liquid water of several different solids. The results
were as follows:

BaS0O, 490 ergs per sq. cm. of solid surface

Since Vo, =

T70, 520
St 580
Si0. 600
Zr0y 600
Sn0, 680

ZrS8:0s 850

Graphite 265
It is evident that the total net heat of adsorption for water in
hardened cement paste is about the same as the heat of immersion of
various non-porous minerals. As brought out before, the heat of im-
mersion per sq. cm. of surface of these minerals should be about equal
to their total net heats of adsorption per unit of surface if they were

porous adsorbents.

Comparison of heat of hydration with net heat of adsorption

In another project, W. C. Hansen* measured the non-evaporable water
contents and the heats of hydration on a group of 27 commercial cements
comprising all types. The samples were neat pastes, w/c = 0.40 by

*Formerly of PCA laboratory. At present, Manager, Research Laboratories, Universal Atlas Cement Co.
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weight (not corrected for bleeding). They were cured in sealed vials at
70 T for periods ranging from 7 days to 1 year. The heat of hydration at
each age was determined by the same heat-of-solution method described
above. The non-evaporable water content was determined by the
method already described. (Part 2)

The results are shown in Fig. 4-5. This graph indicates that the
heat of hydration is directly proportional to the non-evaporable water
content, and that the proportionality constants for the different cements
differ, but do not differ widely.

Fig. 4-6 and 4-7 bring out the relationship between heat of hydration
and heat of adsorption for the two samples used for the present study.
In each diagram the point plotted for zero water content represents the
heat of solution of the original cement. All the other points represent
the hardened paste after 27 days of wet curing. In Fig. 4-6, for example,
we see that the heat of solution of the original cement was 623 cal per
g and that after hydration the heat of solution was 509.5 cal per g.t
The difference, 113.5 cal, is the heat of hydration. When the evaporable
water was removed before determining the heat of solution of the hy-

1This particular point was not obtained directly but was estimated from Fig. 4-1 in the manner already
described. The same is true of the lowest point in Fig. 4-7.
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drated cement, the heat of solution was 538.2 cal per g. The differ-
ence between 538.2 and 509.5, or 28.7 cal per g ignited weight, is the
total net heat of adsorption, §... The other points on the curve repre-
sent samples containing intermediate amounts of evaporable water.

The heat of hydration per g of non-evaporable water is about 555 cal
for 16186 and 520 cal for 16189, which values agree fairly well with the
data given in Fig. 4-5. These values are computed from the slopes of
the lines marked A in Fig. 4-6 and 4-7.

The heat of reaction of the non-evaporable water alone is 416 cal per
g of non-evaporable water for 16186 and 390 cal per g for 16189. These
figures (based on lines B) indicate that the heat of reaction of the non-
evaporable water is different for cements of different chemical com-
position.

From these results we may picture the heat of hydration as devel-
oping in the following way:

(1) Chemical reactions between the cement and water in the fresh
paste produce new solid phases in which the non-evaporable
water is an integral part. These reactions release a definite
amount of heat for each unit of water combined, but the
amount is different for cements of different chemical com-
position. {(¥or cement 16186 the amount is 416 cal per g of
non-evaporable water, or 416 X 0.204 = 84.8 cal per g of
cement.) ] )

(2) As the new solid phases (the reaction products) form, they
adsorb water and the net heat of adsorption is released.
This, according to the above estimates, is 572V, cal per g
for all cements, and is equal to the heat of immersion of the
dried paste. (For the paste made from cement 16186 this
amounts to 572 X 0.0502 = 28.7 cal per g of cement.)

(3) The total heat of hydration is the sum of the heat of combina-
tion of the non-evaporable water and the net heat of adsorp-
tion (84.8 -+ 28.7 = 113.5 cal per g for 16186).

The amount of heat that adsorption generally contributes to the
total heat of hydration can be estimated from the data given above. Let
Q. = heat of reaction of the non-evaporable water, cal per g.
Then
Q,. = ]Clw,,, B
where
k, = a constant for a given cement. Also, as assumed before,
Qu = 572 V., cal per g .
Since .
Wy = kz Vm, y
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where
k. = a constant for a given cement (see Part 3),

Qu _512Va _ 572
or Qa: 572
Ql + Qat k’LkZ + 572

The data for the two cements discussed above are:

Cement, Qut
No. by kz Qr -+ an

16186 416 4.07 0.25

16189 392 4.39 0.24

This shows that for the cements cited the total net heat of adsorption
of the evaporable water is about 14 of the total heat of hydration.

The results from these two cements suggest that the ratio of the
heat of adsorption to the heat of combination of the non-evaporable
water i8 a constant, or nearly so. However, the close similarity in this
case is evidently fortuitous. @, is the heat of combination of the water
that is a part of the solid phase and Q.. depends on the surface area of
the solid phase. Hence, only @, is appreciably influenced by chemical
composition and the two quantities therefore should not always bear
the same ratio to each other. However, for most portland cements
cured under the same conditions, the ratios probably do not differ
widely from those found for these two cements.

THE FREE-ENERGY AND ENTROPY CHANGES bF ADSORPTION
Underlying concepts
It will be shown that the net heat of adsorption represents a change in
the internal energy of the system in which the reaction takes place.
As expressed by Glasstone,® the internal energy content of a substance
“1s made up of the translational kinetic energy of the moving molecules
. of the energies of rotation and vibration within the mole-
cule, of the internal potential energy determined by the arrangements of
the atoms and electrons and other forms of energy involved in the
structure of matter. ¥From the standpoint of thermodynamics, however,
it is not necessary to know anything about the structure of the atom or
molecule, and so it is sufficient to divide the internal energy into two
parts only: these are (a) the kinetic energy of translation or, in brief, the
kinetic energy, and (b) all other forms of energy.” For the present pur-
pose this statement can be amplified by adding that it is not necessary
to distinguish energy resident at the surface of a phase from energy
within the phase. It can all be regarded as internal energy.



440 Powers and Brownyard

Although the principles of thermodynamics can be applied without
knowledge of the mechanism of the change from the initial to final condi-
tions, it seems helpful to picture what is believed to occur.

In the introduction to this section, adsorption was likened to the
wetting of a solid by immersion in a liquid or by the spreading of a liquid
film. Although in the following discussion this analogy is not explicitly
used, the treatment is not in conflict with the concept set forth earlier.
In the earlier discussion, emphasis was placed on the change from the
completely dry to the completely water-covered or saturated state. Inthe
following discussion attention is centered on changes from one inter-
mediate state to another.

As indicated in Part 3, a field of force exists over the surface of the
solid matter of the hardened paste. When molecules, in this case water
molecules, enter this force field, they are attracted to the surface. In the
direction normal to the surface the force field of the surface supplements
the normal cohesive forces between water molecules. The result is
that the proportion of molecules having enough energy to escape from
the adsorbed liquid during a given time interval is less than normal
for the existing temperature. The vapor pressure is correspondingly
below that of free water at the same temperature.

The mean specific volume of adsorbed water is less than that of free
water (see Part 5). The adsorbed water thus appears to be in com-
pression. This observation has led to the belief that adsorbed water
is in the same state as would be produced by an external compressive
force of sufficient magnitude to reduce the specific volume of free water
to that of adsorbed water. This conclusion was reached by Lamb and
Coolidge™® from their experiments showing that for the adsorption of the
vapors of eleven different liquids, the net heats of adsorption were
roughly proportional to the compressibilities of the respective liquids.
However, for several reasons this is regarded as an oversimplified inter-
pretation of the data. We may note in the first place that increasing
the external pressure on a liquid densifies it and rasses its vapor pressure.
Although adsorption densifies the liquid, it decreases the vapor pressure.
In the second place we may note (as will appear later) that the change
in entropy caused by applying an external force is very much smaller
than that caused by adsorption, unless the applied force causes a change
of state. An external pressure produces a uniform compression through-
out the liquid. The force of adsorption acts, like gravitation, on the
water molecules individually and the effect therefore must vary with the
distance from the surface, or from the centers of greatest attraction,
according to the gradients in intensity of the force-field.

It seems reasonable to regard the net heat of adsorption as repre-
senting the result of changes in the internal structure of thé water
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(changes in the association and orientation of the molecules) and in the
potential energy of the water molecules eaused by the mutual attraction
between the water molecules and the surface. The surface of the solid
probably remains structurally unchanged.

Internal energy

A system in a given state is regarded as possessing a definite quantity
of internal energy. The system may undergo a gain or a loss of internal
energy by a gain or a loss of energy in the form of heat, by doing me-
chanical work, or by having mechanical work done on it. In thermo-
dynamies, heat gained by the system and work done by the system are
conventionally regarded as positive quantities.

According to the first law of thermodynamics the increase in internal
energy is equal to the difference between the energy gained as heat and
the energy lost by the system if it does mechanical work on its sur-
roundings during the process. That is,

where
AU = increase in internal energy,
) = heat gained, and
w = work done by the system.
When the external pressure is constant, the work term is proportional to
the increase in volume, That is,

W= PAv,. . . e (14)
in which
P = the constant external pressure, and
Av = the increase in volume of the system.

It is conventional to subtract the initial value from the final to obtain
the increment. For example, AU = U, — U; and Av = v, — v,
The increment is called an increase whether in any given case it is posi-
tive or not. In the case of adsorption the final energy content and the
final volume are less than the corresponding initial values. Hence, it
is advantageous to write in terms of decreases, that is, in terms of
—AU, — Av, ete. This is done in the rest of this discussion.

Enthalpy, free energy, and unavailable energy

For reactions at constant pressure it is customary to let

—AH = — AU — PAv ..o (15)

— AH is usually called the decrease in heat content, but, as will be seen,
it is generally not that and is preferably called the decrease in enthalpy.(®

The decrease in enthalpy accompanying an isothermal adsorption
represents a decrease in two general classes of energy, namely, free
energy and unavailable energy. That is,
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—AH = — AG—-TAS,........... R ¢ 1))
where
— AG = decrease in free energy,
— AS = decrease in entropy, and
T absolute temperature.

The term — TAS represents the decrease in unavailable energy for
an isothermal reaction. It is that part of the total energy decrease
which, at constant temperature, cannot be converted into external work.
If released, it can appear only as heat. Therefore, the unavailable
energy can be regarded as stored heat.* In the freezing of water, it is the
latent heat of freezing. Without reference to underlying concepts,
entropy, S, can be regarded simply as a capacity factor giving the
quantity of stored heat in calories per degree of temperature above
absolute zero. Hence, T'S is the quantity of stored heat, and TAS a
change in stored heat, in calories or in whatever energy unit is adopted.

The decrease in free energy, —AG, that accompanies an isothermal
reaction at constant pressure is that part of the enthalpy-decrease that
might be converted into external work. It is that which promotes all
spontaneous processes at constant temperature and pressure. In this
case it is the energy that promotes hydration, adsorption, swelling,
capillary flow, and moisture diffusion. Such processes always take place
in such a way as to tend to equalize initial differences in free energy.
Thus adsorption occurs when the free energy of the free water or free
vapor is greater than the free energy of the adsorbed or capillary con-
densed water. Moisture diffusion occurs when adsorbed or capillary-
condensed water in adjacent regions is at different free-energy levels.
The free energy per mole of a given substance is known also as its chemical
potential, or thermodynamic potential.

For the conditions of most of these experiments (adsorption in small
granules of paste at constant temperature and atmospheric pressure) the
decrease in free energy may be assumed to appear entirely as heat. But
if work 1s done by the process, as for example against forces tending to
restrain swelling, the free energy expended for such work will not appear
as heat.}

*This concept is developed at length in an office memorandum by H. H. Steinour. (Special Report No. 1,
Series 330, 1945).

+Very recent developments in this subject indicate that adsorption in a comparatively rigid solid such as
hardened paste should not be considered to be occurring under a constant external pressure of 1 atmosphere.
Since, in a rigid body, swelling or shrinkage may give rise to elastic forces that act on the adsorbed layer,
the pressure on the layer is a function of the degree of swelling of the paste, and hence of p/ps as shown in
the section below on Swelling Pressure. Such a variation in external pressure was dealt with by A.B.D.
Cassie. See *Adsorption of Water by Wool,"" Trans. Faraday Soc. v. 41, p. 458 (1945) and earlier papers by
Barkas in the same journal. i L

Cassie assumed that the swelling of dry wool fiber produced tension in the filaments of the fiber and com-
pression in the adsorbed water. This assumption may not apply to cement paste. The gel is formed in the
fully swollen-state and the elastic bonds that hold the mass together should therefore be considered free of
stress in that state, rather than in the dry state as assumed by Cassie. However, since the same reasoning
may be applied to the growth of woo! fiber, Cassie’s results seem to indicate that the reasoning is incorrect.
In view of these uncertainties and the recent date of Cassie’s paper, the authors have adopted the usual
procedures and assumptions for the present paper. A more exact analysis will not be attempted until more
experimental data are available,

Il
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We may note in passing that Av of eq. (15) is in the present case the
small contraction accompanying adsorption from the liquid state. It
amounts, on the average, to about 0.13 cc per cc of water adsorbed.
Hence, for an external pressure of 1 atmosphere, 10° dynes per sq. c¢m.,

w = 0.13 X 10° ergs.
or 0.13 X 10% X 2.39 X 10-8 = .003 cal. per g. of water adsorbed, Thus
it 1s seen that the work term of eq. (15) is negligible and hence the net heat
of adsorption represents the change in internal energy of the system.

Relationship between net heat of adsorption and decreases
in internal energy, enthalpy, free energy, and entropy

Since by eq. (13), (14), and (15) —AH = — @, it follows from eq. (16)
that:
~— Q@ = = (AG+TAS), .............. (17
— AG = — (Q—TAS),................. (18)
- Q@ -4A6)
— A8 = % — .
T , (19).

— AG can be computed from the vapor pressure, as will be shown below,
and AS can be estimated from the measured value of — @ and the cor-
responding value of — AG.

Relationship between change in vapor pressure and change in free energy

As said before, adsorption can occur only when water in the free state
has a higher vapor pressure than it has after it is adsorbed. When water
in the free state is adsorbed, the change in its free energy is equal to the
corresponding change in the free energy of its vapor. Hence, the change
in free energy when water changes from one equilibrium condition to
another can be calculated from the corresponding change in the free
energy of the water vapor.

The relationship between change in free energy and change in vapor
pressure may be written

where v and p are the volume and pressure, respectively, of 1 mole of
vapor at temperature T. Hence, if p; is the initial equilibrium vapor
pressure of the free water and p. the pressure after adsorption, the
change in free energy is, for such a finite change,

D
AG = fzvdp.' ........................... (21)
P1
Assuming that the vapor behaves as an ideal gas, we have
v = R—T ............................... (22)

P
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Thus,

or

AG = R7T In py/p, (cal per mole of water)............. (24)
« This is the change in free energy when 1 mole of free water, or water
vapor, at vapor pressure p; is adsorbed by a paste under conditions such
that the pressure after adsorption is ps. The decrease in free energy
when the initial vapor pressure is the saturation pressure, p,, and the
final pressure is a smaller pressure, p, is given—in calories. per g of water
taken up—by the following equation:

where M = the molecular weight of the adsorbate.
For our experiments,

M = 18.02 (molecular weight of water)

R = 1.986 cal per deg. per mole

T = 298 K.
Using these values and letting in p/p, = 2.303 logis p/ps, we obtain
—~ AG = - 75.6 logwo p/p. cal per g of water............... (26)

It is to be noted that the solid phase is not directly represented in this
equation for reduction in free energy (eq. 26). It is indirectly repre-
sented by the difference between p and p,. Since temperature is con-
stant and since eondensed water is present, p can be smaller than p,
only through the action of a solute or some agency external to the water.
The nature of this agency is immaterial so far as the thermodynamic
relationships are concerned.

Estimation of decrease in entropy from experimental results
From eq. (19) it is seen that the decrease in entropy can be obtained

.from the difference between — AG and — Q. In the present case, — @ =
Q. the net heat of adsorption in eal per g of adsorbent, an integral
quantity.* But the decrease in free energy, — AG, is given by eq. (26)
as the calories lost per gram of water adsorbed when 1 gram of water
having vapor pressure p, is added to a large quantity of paste having
vapor pressure p, the quantity of paste being so large that the added
gram of water does not change the vapor pressure. In other words,
— AG is a differential. 1t is therefore necessary to obtain the differential
net heat of adsorption in cal per g of adsorbed water. This can be done
by differentiating the empirical Q. vs. w relationship.

*#Note that the tabulated values of Qq, the heat lost, are given as positive quantities. Thisis customary in

recording adsorption data. Hence, the recorded values must be multiplied by — 1 before being used in
the thermodynamic equations in place of Q.
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The @, vs. w relationship found in these experiments is similar to
those found by Katz® and others for various materials. Katz found
that these curves could be represented by empirical equations of the
form

Aw
§ D T e 27
=z T (27)
where @. = net heat of adsorption, cal per g of solid,
w = vapor adsorbed, g per g of solid, and
A and B = constants for a given system.
Differentiation gives
Qs _ AB (28)

dw (B + w)?

The constants 4 and B of eq. (27) and (28) can be obtained by using
the following form of eq. (27):
w_ B w

Q. A 4

This shows that if experimental values of w/@Q, are plotted against w, a
straight line should result, from which the constants can be evaluated.
The data for the two pastes used in this study are given in Table 4-3.

The corresponding values of w/V,, and w/Q, up to p = 0.81 p, are
plotted in Fig. 4-8. The points for 16186 lie close to a straight line.
Those for 16189 appear more erratic, but between w/V, = 1 and w/V..
= 2 they seem to follow the same line as the other points. At any rate,

TABLE 4-3—DATA FOR EVALUATING CONSTANTS
OF NET HEAT OF ADSORPTION EQUATION

Cement 16186 Cement 16189

Q. W w Q. w w

p/ps Vo Ve . Q. Va Vo Qo
cal/g g/cal cal/g g/cal
X 10% X 102

0.0 0 0 0 0

0.081 239 0.76 3.18 180 0.72 4.0
0.161 279 0.95 3.40 268 0.98 3.66
0.322 342 1.37 4.00 327 1.34 4.10
0.39 376 1.55 4.12 360 1.54 4.28
0.46 364 1.71 4.70 375 1.72 4.59
0.53 388 1.89 4.88 380 1.86 4.90
0.60 398 2.04 5.13 406 2.08 5.12
0.70 428 2.48 5.80 456 2.60 5.70
0.81 442 3.00 6.79 501 3.40 6.80
0.88 474 3.48 7.34 535 4.15 7.76
0.96 534 4.28 8.02 552 5.50 9.95
1.00 572 5.50 9.6 572 8.65 15.10
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7

Fig. 4-8-~Plot for evaluating constants of
net heat of adsorption equation.
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no distinction between the two pastes seems justifiable on the basis of

these data alone.

The constants for the line as drawn are

;hlﬁ | by

B

A

0.0020 ; = 500;

0.00162 ; A = 655V, ;

Hence, for these experimental data,

and

131V, ; AB = 858V,
Qo _ O55w/Vw (29)
Vo 131 4+ w/Va
4
aQa _ 88 (30)

dw (131 + w/V.)?

Solutions of eq. (26) and (30) are given in Table 4-4 and in Fig. 4-9.

* These data show, for example, that if 1 g of water were added to a very
large quantity of paste having a water content corresponding to p = 0.2
p., the quantity of paste being so large that the addition of 1 g would not
change the vapor pressure, the total heat evolved would be 154 cal per g
of water. Of this total, 53 cal per g would be due to the change in free
energy. The curves and.tabulated data based on the equations represent
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the original data rather closely between p = 0.05 p, and p = 0.5 p; at
least for 16186. For lower pressures, the trend of the d@Q./dw curve is
uncertain. This will be discussed more fully below.

Table 4-5 gives solutions of eq. (19) and thus gives the change in un-
available energy and entropy for the same data as Table 4-4. These
data show that for the pressure range p = 0.05 p, to p = 0.5 p,, from 60
to 70 percent of the heat-loss represents unavailable energy. For adsorp-
tion of water on cellulose over the same pressure range, Babbitt® found
the change in unavailable energy to be 44 to 60 percent of the total.
This may be taken to indicate that when water is adsorbed by cement
paste, it undergoes a similar but somewhat greater change than it does
when it is adsorbed by cellulose.

Significance of change of entropy

The decrease in entropy is shown in the last column of Table 4-5.
That these are relatively large changes in entropy may be judged by
«comparing them with the change in entropy of water in the various
physieal and chemical processes given below:

(1) For water at 25 C an increase in pressure from 50 atm. to 400 atm.
causes a decrease in entropy of 0.0023 cal per g per deg.®

(2) The transition of water to ice at 0 C is accompanied by an entropy
decrease of 0.29 cal per g per deg.®
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TABLE 4-4—COMPUTATION OF DIFFERENTIAL NET HEAT .
OF ADSORPTION dQ./dw AND FREE ENERGY A G

4Q.

858

T = m ; — AG = — 75.6 logip/p.
p/Ps w/Va*  |131 + w/Va| (1314 dQ. — AG
w/Vm)? dw
>0 — — — 500 —
.06 0.57 1.86 3.46 248 98
.10 0.76 2.07 4.28 200 76
.15 0.92 2.23 4.97 172 62
.20 1.05 2.36 5.57 154 53
.30 1.30 2.61 6.81 126 40
.40 1.52 2.83 8.01 107 30
.50 1.75 3.06 9.36 92 23
*Values taken from curve in Fig. 4-2.
TABLE 4-5—COMPUTATION OF DECREASE IN UNAVAILABLE
ENERGY, — TAS AND DECREASE IN ENTROPY, — AS
— 7a8 = e 4 aq
dw
T =208 K

@1 — A8
p/ps 'U)/Vm * dw — AG —-TAS cal/g

cal/g cal/g cal/g deg

>0 -— 500 — — —

.05 0.57 248 98 150 0.50
.10 0.76 200 76 124 0.42
.15 0.92 172 62 110 0.37
.20 1.05 154 53 101 0.34
.30 1.30 126 40 86 0.29
.40 1.52 107 30 77 0.26
.50 1.75 92 23 69 0.23

*Values taken from curve in Fig. 4-2. ‘TAS from eq. (19).

(8) At 25 C, a pressure of about 9000 atm. will change liquid water to a
solid of density 1.35 (specific volume 0.74) known as ice VL
change in phase is accampanied by a decrease in entropy of 0.26 cal per

g per deg.(®

(4) The entropy change of a system comprising CaSO, and H.0 when
the CaS0, acquires two molecules of water of hydration can be computed

as follows:(1®

Compound Entropy, S, at 25 C

CaSOy4. ... i 25.5

2H-0. . e 33.5
Total............... 59.0 cal/deg

CaSO0,2H0. ... ............... ... 46.4

= 12.6 cal/deg

This
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If this decrease in entropy of the system is ascribed wholly to the
water, as is done in the calculations for adsorption, —AS in cal per g of
water is

12.6 0.35 cal per g per deg

2X18

(5) For the system NaSO, and H0 reacting to form Na.S0,.10H,0,
the change in entropy of the system expressed in terms of the water is,
when computed as above, also — 0.35 cal per g per deg.(?

(6) For the system Ca(Q and H;0, reacting to form Ca(OH),, the change
in entropy, computed and expressed as above, is — 0.49 cal per g per. deg.
(10a) %

A comparison of these figures with those in the last column of Table
4-5 shows that the data have the following indications with respect to
the change of state of the water adsorbed in the low-pressure range
indicated by the decrease in entropy:

(1) The change in entropy is far greater than could be produced by
pressures lower than the pressure required for solidification of water at
25 C.

(2) The change in entropy is fully as great as that corresponding to the
transition from normal liquid to ice VI, or to water of crystallization.

(3) The change in entropy for the water taken up at very low pressure,
p = 0.05 p;,, may be as great as the change accompanying the change
from normal water to hydroxyl groups chemically combined in Ca(OH),.

The third conclusion is less valid than the other two. As will be
brought out below, there is reason to question whether eq. (27) and (28),
on which Table 4-5 is based, are of the correct form for the low pressure
range, about p = 0.05 p, and below. If it is not, the estimated — AS
may be considerably in error in the direction of being too large. Evidence
can be found to show that —AS reaches a maximum in absolute value
below p = 0.05p,. At very low relative vapor pressures, the absolute
value of AS may be about the same as that estimated for p/p, = 0.50.
This would indicate that the estimated decrease in entropy is the re-
sultant of several factors and that the full significance of the entropy
decrease cannot be seen until these factors are known in detail.

*In Part 2, in connection with Table 5, it was pomted out that the equilibrium relative vapor pressure of
water over Ca0 may be much less than that given in the table. The evidence for this statement is found in
the values for change in entropy and enthalpy for the system CaO-H:0. (The enthalpy change is 847
cal/g of water. The equilibrium relative vapor pressure may be calculated by reversing the steps in the
procedure for calculating the entropy change of adsorption. The result is p/ps = 5.6 x 10-%. This is to
be compared with 1.3 x 10-* given in Table 5, Part 2. Although the calculated value may be somewhat
in error, the error is not likely to be ar eat enough to account for a million-fold difference. The experi-
mental value is open to more question.” It is derived from measurements of the relative efficiency of desic-
cants. The conditions were such as to warrant the conclusion that the value of p/p, eannot exceed that
given; the true value can be much less.

No evidence has been obtained in this laboratory that any of the desiccants listed in Table 5, Part 2
actually removed water from Ca(OH).. If the calculated value is accepted as heing of the right order of
magnitude, then the dehydration of Ca(QH): by these desiccants would not be ex pected.
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In general, the data indicate that some of the adsorbed water under-
goes a pronounced modification, but the nature of the modification
cannot be deduced from the data alone. In Part 3, reasons were given
for considering the adsorption process to be a physical one—van der
Waal’'s adsorption. These data are generally compatible with that
view, although the estimated —AS values in the low pressure range
appear to be rather larger than might be expected. Thus, the possi-
bility of some of the water being taken up by a chemical process is not
precluded by these data.

THE ENERGY OF BINDING OF WATER IN HARDENED PASTE

The heat of adsorption is a measure of the energy that must be sup-
plied to enable adsorbed water molecules to -break away from the force
field of the adsorbent and become vapor. Similarly, the net heat of
adsorption (dQ./dw) is a measure of the energy required to restore
adsorbed water to the normal liquid state. That is, the net heat of
adsorption is a measure of the energy of binding between the evaporable
water and the solid phase. In the same way, the heat of reaction of the
non-evaporable water is a measure of the energy of its binding.

In this connection the value of d@,/dw when evaporable water =
zero is of special interest. According to eq. (27), this value is equal to
A/B. For the data of Fig. 4-9, 4/B = 500 cal per g. Steinberger(t)
remarked that when the vapor pressure is near zero, the surface is so
sparsely populated with adsorbed molecules that the molecules can be
regarded as having no effect on each other, and therefore the net heat of
adsorption at the limit where, in this case, w/V ., approaches zero is a
measure ‘of the binding energy of the evaporable water molecules in the
gel. In this case it has the further significance that it should also be a
measure of the energy of binding of the least firmly bound part of the non-
evaporable water. 'This will become evident when it is remembered that
in Part 2, Tables 3 and 4, it was shown that the water content of the
sample dried over Mg(ClO4)q. 2H 20 is a point on a smooth curve relating
water content to vapor pressure. If the chosen drying agent had been
P:20;, the non-evaporable water contents would have been 80 percent of
the present values, and the evaporable water contents would have been
correspondingly higher. For example, in Fig. 4-6, the non-evaporable
water content would have been 0.163 instead of 0.204. If the heat of
reaction of the increment of water (0.204 — 0.163) is the same as the
average for all the non-evaporable water, the heat of solution of the dry
sample would have been 555 cal per g, represented by the point of inter-

“section of line B and the ordinate at w = 0.163. If the heat of reaction
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of this increment is less than the average, the heat of solution would fall
below line B.*

Similarly, had a desiceant of higher vapor pressure been used, the non-
evaporable water content would have been higher and the heat of solu-
tion of the dried sample lower, the point falling somewhere on the curve
now representing evaporable water. The average heat of reaction of the
non-evaporable water would have appeared lower.

It is thus clear that the mazimum net heat of adsorption cannot be
greater than the minimum heat of reaction of the non-evaporable water.
Since the minimum heat of reaction of the non-evaporable water cannot
be greater than the average for all the non-evaporable water, the maxi-
mum net heat of adsorption cannot exceed the average heat of reaction
of the non-evaporable water and is probably less.

This is rather positive evidence that eq. (28) cannot represent the
data all the way to w = 0. Hence, the value 500 cal per g for w = 0
obtained from eq. (30) cannot be accepted; it is too high.t This conclusion
is represented by the curved dotted lines in Fig, 4-8. The line termina-~
ting at w/Q, = 2.40 X 10-% g per cal corresponds to the average heat of
reaction of the non-evaporable water in sample 16186, 416 cal per g.
It is therefore the lowest possible terminus for the line representing that
sample. The other point, at 2.55 X 10-% g per cal, is the lowest possible
terminus for sample 16189. It corresponds to the average heat of re-
action, 392 cal per g of non-evaporable water.

As discussed in Part 2, one microcrystalline hydrate known to occur
in hardened paste is Ca{OH)2. The heat of formation of this compound
from CaO and H0 is about 15,260 eal per mole.(*®» Expressed on the
basis of the water, as for the net heat of adsorption or the heat of re-
action of non-evaporable water, this amounts to about 847 cal per g of
water. This figure is to be compared with the 392 and 416 cal per g
of water found as the heat of reaction of the non-evaporable water for
the two paste samples. It is thus apparent that a considerable portion
of the non-evaporable water in hardened paste has much less energy of
binding than the part that is in Ca(OH).. From the relationship pointed
out above it follows also that the most firmly bound adsorbed water is
loosely bound as eompared with that in Ca(OH)..

The total net heat of adsorption has already been shown to be about
572V, cal per g of sample. The average for the gel water alone is
therefore about 572V, + 4V, = 143 cal per g of gel water. We can
now observe that the maximum net heat of adsorption is of the order of
400 cal per g (392 cal per g of water for one paste and 416 cal per g for the

*It could not fall very far below line B, however, since the curve would still have to pass through the
point at w = 0.204 in line with the smooth eurve. It is estimated that the lowest point in Fig. 4-6 that
would meet this requirement would be at about 550 cal per g and w = 0.16!

'ETk;lg conclusion may be true also with respect to the use made ofeq. (28) by Katz, Steinberger, Babbitt,
and others,
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other). How much of the adsorbed water has this relatively higher
energy of binding cannot be told from these data. However, an estimate
can be made of the average binding energy of the first layer with the aid
of Fig. 4-10. This is a plot of Q4/V.m vs. w/V ., for both sets of data up
to about w/V, = 3. This shows that the average net heat of adsorption
of the first layer is about 300 cal per g of water for 16186 and about
270 cal per g for 16189, This estimate embodies the assuription that
all the water taken on in the low pressure range is held in the first layer,
that is, that the layers form consecutively as the pressure is raised.
This is probably not true. According to the B.E.T. theory, when w/V,,
= 1.0, p = about 0.2 p, and about 85 percent of the water would be in
the first layer at this pressure. The rest would be in higher layers. Such
a correction, very doubtful as to aceuracy, would indicate an average
net heat of adsorption of about 320 to 350 cal per g of water in the first
layer.

Data published by Harkins and Jura®™® are instructive in this respect.
These authors found, by direct calorimetric measurement, the net
heat of -adsorption of water on anatase (titanium dioxide) to be as
follows:

Average for:

Istlayer......... ... ... .. .. ... 364 cal per g of water
2nd layer. ........ ...l 76
3rdlayer....... ... ... ... 25
dthlayer.................. .. ... 4.4
Bthlayer....................... 2.2 ()
Allabove 5..................... 1.7 (2)

Total...... .. ... .. ... ... ... ... 473 cal per g of water

Since these quantities were computed from experimental data on the
assumption that the layers formed consecutively, the average per layer
is directly comparable with the figures obtained from Fig. 4-10 without
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correction for the overlapping of layer-formation. Thus, 364 cal per g
for the first layer adsorbed on anatase is comparable with 270 to 300
for the first layer on dried paste. At least a part of the difference is due
to the presence of air in our experiments, for the adsorption on anatase
occurred in a high-vacuum system. The general indication is that the
first layer of water on cement paste is bound with about the same energy
as the first layer on anatase.

A comparison of the average heats for successive layers is not feasible
because the shapes of our curves are undoubtedly influenced by capillary
condensation and the presence of air.

NET HEAT OF ADSORPTION AND C OF THE B.E.T. EQ. (A)

As previously indicated, the constant C of the B.E.T. eq. A is related
to the heat of adsorption as follows,
Q@ — QL
C = ke ET

where
&1 = heat of adsorption for the first layer, cal per mole,
Q. = heat of liquefaction, cal per mole
R = gas constant = 1.986 cal per mole per deg
T = absolute temperature
k = constant

Brunauer et al. assumed that constant k does not differ significantly from
unity, and, hence, that :
Ql - QL = 2.303 RT logm C

This assumption no longer appears valid in the light of the derivation of
the equation by statistical-mechanical methods recently reported by
Cassie.®¥  On the contrary, it appears that k is of the order 0.02 or less.
It follows that (@1 — QL) calculated on the assumption that k is unity
must be too low. However, in some cases, k might approach unity so that
(@ — Q) calculated on this assumption would approach the experi-
mental values.

The experimental data obtained by the air-stream method show that,
for cement pastes, about 90 percent of the values of C lie between 17 and
23. For the particular samples used in the ealorimeter tests, C = 22.
On the assumption that k is unity, C = 22 corresponds to 102 cal per g.
This is to be compared with 472 cal per g found experimentally. That
is, the value of k appears to be far less than unity.

Similar results were obtained in the adsorption of water on non-
porous adsorbents by Harkins and Boyd, as shown by the following
data:(t9
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Qﬂ Qa
Kind of (B.E.T.) (Observed)
solid cal/g cal/g
Ti0, (anatase) 133 445
S10, (quartz) 139 511
BaSO, 178 416

Here also & must be much less than unity to account for the results.

The analysis made by Cassie clarifies somewhat the significance of
C, making it appear as a factor which expresses the distribution of
molecules between the first and higher layers and placing less emphasis
upon its relationship to the heat of adsorption. At the same time, it
clarifies the significance of constant V,. So long as k was assumed to be
unity, the discrepancies between calculated and experimental net heat

+ of adsorption raised doubts about the aceeptance of V,, on theoretical
grounds. Now it appears that this doubt can be dissolved to a con-
siderable extent, though not completely. In any case, it may be noted
that the acceptance of V,, as a measure of surface area, discussed in Part
3, rests mainly on the outcome of empirical tests, rather than on literal
acceptance of the assumptions used in the derivation of the B.E.T.
equation:

SWELLING PRESSURE

Limited-swelling gels

When some kinds of gel are placed in contact with a suitable liquid,
they imbibe liquid and swell until they have become molecular or colloidal
solutions. This is called unlimited swelling. The same gels with another
type of liquid may imbibe only a limited amount and show correspond-
ingly limited swelling. Such observations suggest that the tendency to
swell on contact with a liquid is a manifestation of a tendency of the
material to dissolve or at least to peptize to the colloidal-solution state.
When swelling is of the limited type, the tendency of the liquid to pene-
trate and disperse the solid is evidently opposed by cohesive forces that
bind the mass together.

Portland cement gel in water belongs to the limited-swelling class.
Like other gels of its class, it is not able to swell beyond the dimensions
established at the time of its formation. However, it will shrink on
loss of evaporable water and swell when evaporable water is regained.
As mentioned elsewhere (see Part 2) it undergoes a permanent shrinkage
on first drying; that is, only a part of the initial shrinkage is reversible.

When the tendency of a swelling body to expand is resisted, the body
may be able to exert great force. For.example, dry wooden wedges
driven into rock seams will split the rock when the wedges are allowed
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to take up water, a method of quarrying used by the ancient Egyptians. (9

It is thus understood that swelling is a movement of the solid units
of the gel that can be prevented only by suitable application of force.
The magnitude of the force required to prevent swelling, the so-called
swelling pressure, can be ascertained from a consideration of the free-
energy changes that occur when a swelling body takes up a liquid at a
given constant temperature.

Idealized cement gel

In the following derivation it will be assumed, contrary to fact, that
the solid particles of the cement gel are not interconnected. Also, the
possible effects of any non-gel constituents will be ignored. It will be
assumed that these disconnected gel-elements are colloidal particles
and that they are packed together in such a way that all interstitial
space 18 filled with adsorbed water. Thus we assume that we are dealing
with a highly concentrated colloidal solution. These assumptions make
it possible to ascertain the conditions governing the movements of
adsorbed water in an actual paste, without the modifying effects of
elastic forces in the solid phase. Also, it eliminates the complication
introduced by the presence of capillary space. This will be dealt with
later.

The thermodynamics of the swelling of such an idealized gel can
be treated as if the gel were a true solution. The swelling pressure is
related to vapor pressure in the same way that osmotic pressure is related
to vapor pressure. The following treatment follows Glasstone’s treatment
of osmotic pressure.*® (See also references (7) and (11)).

Derivation of equation for swelling force
Imagine a vessel containing the idealized gel, its water content such

as to give a vapor pressure less than that of pure water at the same tem-
perature. If pure water were placed in contact with this gel, the gel
would imbibe water and swell until the vapor pressure of the water
within the gel became equal to the vapor pressure of pure water. If the
external pressure on the gel (which acts alike on both the solid and the
liquid phases) were increased sufficiently, the vapor pressure of the
water in the gel could thereby be made equal to that of free water at the
same temperature. Under this higher external pressure, the gel would be
unable to imbibe water and swell. The increase in pressure required to
prevent swelling when a dry or partially dry gel has access to free water
is, as said above, defined as the swelling pressure.
Let P, = existing external pressure,

P = external pressure on the gel when it is in equilibrium with free

water under external pressure P,,
P — P, = AP = swelling pressure,
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G, = free energy of pure water at external pressure P,, and
G = free energy of adsorbed water at external pressure P,.

The increase in external pressure required to equalize the free energies
of the adsorbed and free water is given by the following expression

P (3@
G. = G+ fps (67’)7’ dP . (31)

For a system such as this the change in free energy with pressure
at constant temperature can be shown to be equal to the rate of change in
volume of the system with change in water content—on the molar basis,

the “partial molal volume” of the adsorbed water, V. That is,

A T
(A—I;)T =V (32)

P —
G =G+ fPVdP. ................. ....(33)

Hence,

The increase in free energy of the adsorbed water that takes place
when the external pressure is increased can be expressed in terms of the
corresponding changes in vapor pressure. If

G = free energy of adsorbed water under initial external pressure, P,
and @, = free energy of adsorbed water under external pressure P,
then G, — G = AG = increase in free energy when external pressure is
raised from P, to P. The respective free-energies are related to vapor
pressures as follows:
G=G +RTInp/p, ... . (34)
and
Go=G. + Rl Inp/p:, -, (35)
where
G, = free energy of free water in a chosen reference state, and
p, = vapor pressure of free water in the chosen reference state.
Hence,
G, — G@=AG =RTInp/p . ...cv v, (36)
and, by eq. (33)

P
f VAP = — RTINDP/Ps v woveeeeeannnns (37)
P,

An exact solution of eq. (37) for swelling pressure would require knowl-
edge of the relationship between the specific volume of the adsorbed
water and change in external pressure. This relationship is unknown;in a
real paste containing capillary water as well as gel water it must be rather
complicated. Although the water is densified by adsorption forces in a.
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partially dried sample containing capillary water, it is also subjected
to capillary forces that tend to extend it. Without knowledge of the
relationship, it is necessary to assume V to be independent of pressure
and hence a constant. On this assumption, integrating eq. 37 gives

P — P, = AP = —]%—l mp/pe v oo L (38)

In terms of ordinary logarithms and specific volume, V becomes M vy
and the swelling pressure becomes

AP = —@2.303 logyp/pPse oo PP (39)
va

Solutions of eq. 39 are given in Table 4-6. The value of specific
volume of adsorbed water used in these computations is 0.87, the mean
specific volume of the gel water. (See Part 5). This value is no doubt
too low for swelling at high vapor pressures and too high at low pressures,
but it should be preferable to the specific volume of free water, ordinarily
used for this computation.

TABLE 4-6—COMPUTED POTENTIAL SWELLING PRESSURE

T
AP = — %2.303 logiop/p.; T = 298K; M = 18.02; vy = 0.87; R = 82.07 ¢c, atm
per deg per mole; AP = — 3593 logiop/p.atimospheres or AP = — 52,810 {ogiyp/ps psi
Swelling pressure, AP
P/Ps -
atmospheres psi
1.00 0 0
0.95 80 1178
0.90 165 2419
0.80 348 5118
0.70 557 8181 -
0.60 797 11710
0.50 1081 15900
0.40 1430 21010
0.30 1879 27620

Computed values such as those given in Table 4-6 have never been
satisfactorily tested experimentally, owing to experimental difficulties.
For an idealized gel, there is little reason to question the results, except
for the error introduced by assuming the specific volume of the adsorbed
water to remain constant. At least, they are in line with general ob-
servations as to the enormous forces that swelling bodies are able to
develop when the tendency to swell is restrained.

It should be understood that the pressures indicated cannot exist
unless the movement of swelling is prevented; the so-called swelling
pressure is really the potential pressure. Also, the potential pressures
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given correspond only to a condition wherein a specimen at initial vapor
pressure p is exposed to liquid water or to vapor of pressure p.. If the
specimen is exposed to vapor having a pressure p’ such that p’ is greater
than p but smaller than p,, the potential swelling pressure may be com-
puted from the pressure ratio p/p’.

Relation of idealized behavior to that of cement paste or concrete

A hardened cement paste or concrete differs from the idealized gel
discussed above. The gel in the paste is not composed of discrete particles
but is apparently a coherent, porous mass held together by solid-to-
solid bonds. Moreover, it contains microcrystals and aggregate particles
that resist the shrinkage of the gel. Consequently, swelling (or shrink-
age) in concrete is partially opposed by the elastic forces developed
throughout the mass according to the relationship

AP, =a AV , ... ... (40)
where
a = the coeflicient of compressibility,
AP, = change in elastic force, and
AV = change in over-all volume of conecrete.

Thus, a change in volume induced by the swelling or shrinking of the gel
may be partially opposed by a force that is, presumably, proportional to
the change in volume.

However, swelling pressure, as defined above, should be very nearly
the same for concrete as for the idealized gel, for if the swelling is pre-
vented, AV of eq. (40) is zero and the increase in external pressure required
to prevent swelling is only that required by eq. (39). However, the re-
quired increase in external pressure per unit gross area of concrete may
be less than AP of eq. (39) if the adsorbed water is effective over less than
100 percent of the cross-sectional area of the concrete. In other words,
the maximum externally manifested swelling pressure could be less than
the theoretical, but not greater.

MECHANISM OF SHRINKING AND SWELLING

Volume change as a liquid-adsorption phenomenon

When volume change is regarded as a swelling phenomenon, as was
done in deriving eq. (39), the force is considered to arise from attraction
between the liquid and the solid surface. In regions where the solid
surfaces are separated slightly, the solid-to-solid attraction tends to
draw the solid surfaces together, and at the same time the solid-to-
liquid attraction tends to draw the water in between the surfaces. If
the water is exposed, its tendency to evaporate or its surface tension,
or both, give rise to an opposing force that tends to draw the water
out of the adsorbed layer. Thus, the adsorbed water in the gel is the
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subject of competing forces, and when these opposing forces are in equilib-
rium the rate of volume change is zero.

From this conception of the mechanism of shrinking and swelling
it would appear that the over-all volume change of the paste should be
proportional to the change in spacing of the solid bodies that are held
apart by adsorbed water. This spacing should decrease as adsorbed
water is withdrawn and increase as adsorbed water is added. Since the
first layer is much more strongly held than the higher layers, the volume
change should be of the order of magnitude that could be accounted for
by changing the spacing of the particles by only 2 molecular diameters,
about 5 or 6 Angstrom units, per particle,

To see whether this is within the bounds of possibility, we may con-
sider the data on the particle-size of the solid phase. Imagine the
solid matter to be made up of equal spheres having a specific surface
equal to that of the hardened paste. The spheres are in some character-
istic array that encloses voids equal to the observed pore-volume in the
paste. The addition of an adsorbed layer of water will be regarded as
equivalent to increasing the sphere radii and hence their center-to-center
spacing. The corresponding change in over-all volume is related to the
change in radius by the well known relationship for small changes,

AV 3Ar

v mulCRLRE LR R R R R TR ERERREE (41)
where
V' = over-all volume,
AV = change in over-all volume,
r = sphere-radius, and

Ar = change in sphere radius.

When hardened paste is dried to equilibrium with a very low vapor
pressure, virtually all the adsorbed water is removed. Hence, the
possible change in volume may be ecomputed from the thickness of the
adsorbed layer and the particle-size of the solid phase. The thickness of
the adsorbed layer may be conservatively estimated at one water-molecule
diameter, or about 2.7A. The equivalent sphere radius of the paste
particles is estimated at 70A (see Part 3). Hence,

AV 3 X27

V 70
That is, a change in particle spacing corresponding to the addition or
loss of one molecular layer per particle would, under the assumptions
given, result in an over-all volume change of 16 percent.

Shrinkage measurements on thin, neat-cement slabs, w,/c = 0.5
by weight, showed a linear shortening of 0.7 percent when all the evapor-
able water was removed. This corresponds to a volume-shrinkage of

= 0.16
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about 2 percent, or about one-eighth the amount theoretically possible.

Thus, it-appears that the loss or gain of the first adsorbed layer could
more than account for the observed amount of volume change. The
smallness of the observed volume change, relative to the calculated,
could be explained as being due to the restraining effect of non-shrinking
bodies embedded in the gel, and elastic forces developed at points where
the gel particles are joined by solid-to-solid bonds.

However, the figures should not be taken too literally. If the particles
composing the mass are not of equal size and shape, the above com-
putation does not apply exactly. However, unless the simplifying
assumption leads to as much as an eight-fold error, which seems un-
likely, the conclusion that swelling could be due to changes in adsorbed
water content is well within the limit of possibility.

* ok k%

It should be observed particularly that by the theory outlined above
the change in volume is not considered to be the result of forces acting
on the solid phase. Instead, the change is assumed to be the result of
an unbalance of the forces acting on the adsorbed water, and the con-
sequent changes toward establishing an equilibrium between those
forces.

Volume change as a capillary phenomenon

The shrinkage and swelling of rigid porous bodies that undergo volume
changes much smaller than the corresponding changes in water content
are regarded by some as capillary phenomena. Plummer and Dore, (17
for example, describe shrinkage of some soils as the result of tension in
the capillary water. The reaction of this tension produces compressive
stress in the solid phase and thus causes a reduction in volume or length.
The force of capillary tension is given by the following equation®,

F = a(~1 + 1) e (42)

T Te
where F' = force of capillary tension,
o = surface tension of water, and
r1 and re = principal radii of curvature of the menisei.

The curvature of the water surface is determined by the size and shape
of the pores in the solid. Apparently the pores are such that as the
water content of the body diminishes, the eurvature (concavity) of the
water surface increases (the radius decreases) and thus the shrinkage
force increases.

Swelling on increase in water content can be accounted for by this
theory only by assuming that shrinkage produces elastic strains and
thus, when the shrinkage force is released, elastic recovery causes ex-
pansion.
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When conerete undergoes shrinkage for the first time, it is unable to
regain its original dimensions when it becomes resaturated. This can
be accounted for in terms of the capillary theory by assuming that the
stresses of shrinkage cause plastic flow in the solid phase. Hence, the
permanent shrinkage, that is, the irreversible part of the initial shrinkage,
can be regarded as permanent set.

According to the capillary-tension theory, any porous body containing
small liquid-filled capillaries should contraet as the water is removed
until the evaporable water content and vapor pressure pass the limit
below which a meniscus cannot exist. When this limit is passed, the
body should expand. In concrete, this limit might be found at the
water content corresponding to p =0.45 p,; it certainly would be found
at some pressure greater than p = 0.00. However, concrete and, as
Plummer and Dore™® point out, fine-grained soils shrink and swell
with changes in moisture content even when the moisture content is too
low for the existence of a meniscus. In concrete at least, shrinkage is
at a maximum when the evaporable water content is zero.* It is thus
apparent that the capillary theory alone will not suffice.

The relationship between tension in the capillary water and volume
change of cement paste can be clarified with the aid of Fig. 4-11. Here,
as in Part 3, the paste is represented by a model composed of spheres.
Each sphere represents gel substance together with its associated voids
(gel water) and non-gel solids. The interstices between the spheres
represent capillary spaces outside the gel.t

Lach sphere of Fig. 4-11 is supposed to contain gel water and be in a
state of swelling determined by its water content. The water content

Fig. 4-11.

. *Shrinkage probably increases further with loss of some of the non-evaporable water on heating in dry
air.  No data are available, however.
11t must be emphasized that the authors do not know the shapes of the solid bodies composing hard-
ened paste (except for small amounts of microscopic material) or how they are linked together. The
model is offered only because the conditions pictured thereby are such as to give the same adsorption
characteristies as hardened cement paste.
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in turn is determined by the existing vapor pressure. The capillary
water is represented as lenses around points of contact or near-contact
between the spheres. The volume of water in each lens is determined
by the curvature and position of the spheres and the curvature of the
water-surfaces. The latter is determined by the existing vapor pressure
according to the relationship

1 1 RT
— 4+ = - Mp/Ppey oo (43)
™ To ]MU;O’

where
r1 and ¢ = principal radii of water-surface curvature,
o = surface tension of the water,

and the other symbols have the same significance as before. Eq. (43) is
the Kelvin equation discussed in Part 3.

For finite values of l + —1 the eapillary water is in tension, the tensile
It 2

force F being

F=a(l+’—1)=—£—lnp/ps. ............... (44)
Ty Ta M 2

Comparison of this with the swelling-pressure equation (eq. 39)
shows, as must needs be, that for equilibrium with & given vapor pressure
p, capillary tension equals potential swelling pressure. That is, potential
swelling force is the result of the tendency of water to enter the gel and
capillary tension opposes that tendency; at equilibrium the two forces
balance.*

Fig. 4-11 is drawn so as to depict a condition in which the gel is only
partly covered with capillary-condensed water. In those areas not
covered, the tendency of the water molecules to enter the gel is opposed
by their tendency to evaporate. This has the same effect as tension
arising from a meniscus.

It has been remarked before that the classification of gel water and
capillary water adopted in this discussion is somewhat arbitrary. Some
of the gel water may occupy space beyond the force-field of the solid
material and may therefore be properly classed as capillary water.
Nevertheless, even if a less arbitrary definition of capillary water were
adopted, the concepts developed above would seem to apply: The
spheres in Fig. 4-11 would represent the gel-substance together with
whatever part of the total water-fillable space is predominantly in-

*Strictly speaking, the free energies of the adsorbed water and capillary water are equal at equilibrium,
rather than the intensity of forces. That is, at equilibrium.
APy = Fry . (Eq. (39) and (44))
Since v for the adsorbed water is not the same as that for capillary water, AP and F cannot be exactly equal.
The discussion In the text, though perhaps not rigorously correct, leads to easily visualized concepts that
should not be misleading,.
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fluenced by van der Waal forces. The interstices would represent the
rest of the water-fillable space in the paste.

Relationship between change in volume and change in water content

According to the concepts set forth above, swelling and shrinking
should depend on the amount of adsorbed water in the gel. That is,
presumably,

AV = 22
Vo

where k& is a proportionality constant connecting change in over-all
volume, AV, with change in the amount of adsorbed water, Aw,, per unit
surface of the gel, as represented by V... In the range of vapor pressures
where capillary condensation takes place (p>0.45 p,), any change in
adsorbed-water content would be accompanied by a change in capillary
water content, Aw,, so that Aw, the change in total water content =
Aw, + Aw,.. Hence,

AV =

k

1t follows from this that the change in over-all volume will be related
to the total change in water content differently in different samples
according to the ratios of adsorbed water to capillary water in the re-
spective samples. We should expect, therefore, that the greater the
ratio Aw,/Aw,, the smaller the average AV/Aw, for a specimen con-
taining a given amount of gel.

A wholly satisfactory experimental check of this deduction cannot
be offered at this time because available volume-change data pertain to
shrinkage accompanying desorption whereas data leading to the evalua-
tion of V., and w, are derived from adsorption measurements. How-
ever, shrinkage data bear out eq. (46) in a general way. The best avail-
able example of this is given in Fig. 4-12, representing a part of a study
of shrinkage by Pickett.(*¥ It was found that the course of shrinkage
during the drying of a concrete prism could be represented by an equa-
tion analogous to the heat-flow equation. If shrinkage were directly
proportional to the concomitant water-loss, the same equation should
apply also to water-loss. Pickett found, however, that the water-loss-
vs.-time curve could not be represented by a single equation of the
heat-flow type. But, by assuming that two classes of water are lost
simultaneously during drying, the loss of water in each class following
its own law, he could represent the experimental results with two equa-
tions of the heat-flow type. This is shown in Fig. 4-12. Pickett called
the water that seemed to be unrelated to shrinkage W, and the rest
Wy The relative proportions W, and W, assumed for the computations
were arrived at by trial. In the figure the “a’’ water is represented

(Aw, — Aw) . oo (46)
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by the computed curve marked #,. The “b” water is represented by
the computed curve marked W, which also represents shrinkage when
appropriate ordinate scales are used. The sum of the ordinates of
these two curves gives the curve marked W, + W,. The crosses repre-
sent the observed total water-losses and the circles the observed shrinkage.

Thus Pickett’s experimental data support the deduction expressed
in eq. (45) and (46) that volume change is directly proportional to a part
of the total water-loss. It remains for future experiments to prove or
disprove the deduction that the part responsible for volume change is
the adsorbed water. It is of interest in this connection that in Fig.
4-12 the ““b” water constitutes 80 percent of the total lost at 50 percent
relative humidity. The highness of this proportion suggests that shrink-
age is proportional to the loss of gel water rather than to the loss from
the first adsorbed layer only. This indicates that w, of eq. (45) includes
about the first four layers of adsorbed water.

CAPILLARY FLOW AND MOISTURE DIFFUSION

In connection with this discussion of the thermodynamics of adsorp-
tion, about all that need be said about capillary flow and moisture
diffusion is that these phenomena take place as a result of inequalities
in free energy. Under isothermal conditions, capillary water will move
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if the effective radius of curvature (see eq. (42)) is not the same on all
exposed surfaces of a continuous body of capillary water. In Fig. 4-11
it is apparent that the addition of water, by condensation or otherwise,
to the outer concave water-surfaces, would decrease the curvature of
those surfaces. Water would therefore flow inward until the inner
water-surfaces would have acquired the same curvature as the outer.

Where capillary water is absent, adsorbed water will move along any
continuous surface if a gradient in the free energy of the adsorbed water
exists. If an inequality in free energy exists between water on discon-
nected areas, the transfer of water will occur by distillation through the
vapor phase. If surface migration and distillation are both physically
possible, both will occur simultaneously. However, in an extremely
fine-pored substance such as the gel in hardened paste, most of the
transfer is believed to be effected through surface migration.

Inequalities in free energy .

Inequalities in free energy under isothermal conditions arise from
inequalities in moisture content, as shown indirectly by the water-
content-vs.-vapor-pressure isotherms shown in Part 2. Hardened cement
paste is of such nature that a change in moisture content of a given
region in the paste, however slight the change may be, changes the free
energy of the water in that region.*

Inequalities in free energy under isothermal conditions may also
arise from deformations of the solid phase. In Fig. 4-11 we can see that
if the spacing of any pair of spheres were changed, the surface curvature
of the water lens would likewise change. This would require a redistri-
bution of moisture to restore equality in free energy of the capillary
water throughout the system. Also, a change in external pressure acting
on the adsorbed water would change the free energy of the adsorbed
water, as indicated by eq. (32) and (33).

Thus inequalities in stress and strain produce inequalities in the free
energies of both the adsorbed water and capillary water and thereby
induce redistributions of moisture within the mass. This, as has been
pointed out by Lynam,?® Carlson,?» and others, is an important
factor in the gradual yielding of conecrete under sustained stress known
as creep or plastic flow. The changes in moisture distribution cause
localized shrinkings and swellings with consequent changes in the de-
formation of the body as a whole.

EFFECT OF TEMPERATURE CHANGES
The experimental part of these studies has not included measure-
ments of the effect of temperature changes. However, some of these

*If, however, the extérnal pressure on the adsorbed water changes at the same time, the relationship
between water content and vapor pressure will not be the same as when external pressure remains constant.
See later discussion.
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effects can be deduced qualitatively with the aid of the theories and
prineiples introduced above.

Effect on swelling
It was shown in eq. (44) that at equilibrium the capillary tension equals

the potential swelling pressure. That is,
AP - 6[1_{—,_1} _ _ kT

a1 T

Since an increase in temperature causes an expansion of the adsorbed
water, the surface eurvature of the water in the lenses must decrease.
Moreover, the surface tension of water decreases with increase in tem-
perature. Hence, the capillary tension must decrease with increase in
temperature, provided the water content remains constant. This in
turn would mean that an increase in temperature would cause expansion
owing to swelling, in addition to the thermal expansion. However, if
the specimen is initially saturated, no change in swelling pressure can
oceur because for this condition capillary tenston is zero, or insignifi-
cantly small. Obviously, if the specimen contains no evaporable water,
no swelling due to moisture can occur when the temperature is increased.

Evidence of this may be found in data published by Meyers.®*) The
coefficients of thermal expansion of neat cement and concrete prisms
were measured at various degrees of saturation, with results as shown
in Table 4-7.

'TABLE 4-7—MEYERS' DATA ON THERMAL EXPANSION
FOR SATURATED AND PARTLY SATURATED SPECIMENS

__(Temperature range 70 to 120 "

Thermal coefficient
Type in millionths
of for condition indicated
material
Sealed storage After soaking
for 9 mo. for 1 week
Normal portland cement 10.3 5.7
Concrete (flint aggregate) 8.1 4.9
Cement-sand mortar 1:1 9.2 6.3
High-C,S cement 11.4 5.6

Note that the sealed specimens® show much greater expansion than
the same specimens after soaking. According to the foregoing discussion,
the figures in the last column represent the true thermal coefficient
of the solid phase, whereas those in the first column represent the com-
bined effect of thermal expansion and swelling caused by the decrease in
swelling pressure.

#The specimens were stored in copper-foil jackets with soldered seamns, Iven though sealed they could
not remain fully saturated,
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It was stated above that if all the evaporable water is removed, a rise
in temperature would not cause swelling. This too is confirmed by
Meyers’ data, as shown in Table 4-8. These data show that driving
out all the evaporable water (or most of it) reduced the thermal co-
efficient of a specimen below that of the same specimen in the partially
saturated state. Comparison of Tables 4-7 and 4-8 indicates that the
thermal coeflicient for the “bone-dry”’ and saturated states are about
equal.

TABLE 4.8—MEYERS' DATA ON THERMAL EXPANSION—
EFFECT OF EXTREME DESICCATION

(Temperature range 70 to 120 F)

| Thermal coefficient

Type i in millionths
of ‘ for condition indicated
material i—
Before Dried 1 week
drying | at 100 C
High early strength cement ‘ 9.1 6.0
White cement ! 10.4 6.5
Normal portland cement i 8.0 6.0
Concrete (limestone aggregate) | 4.1 2.1

Meyers found that the introduction of a liquid that does not cause
swelling, kerosene, did not change the thermal coefficient appreeiably.®

Effect on diffusion

If temperature gradients are established in a concrete mass, water
must move in the direction of descending temperatures. This follows
from rather simple considerations. An increase in temperature in any
region of the mass must be accompanied by an increase in the water
vapor pressure in that region in accordance with the Clausius-Clapeyron
equation. Water then moves toward the regions of lower temperature
where the vapor pressure is lower.

The movement of water thus induced is accompanied by shrinkage in
the regions where the temperature is increased which tends to offset the
expansion due to swelling and thermal expansion. Conversely, in the
regions where the temperature is lowered, swelling tends to offset the
shrinkage and thermal contraction. However, these effects cannot be
evaluated quantitatively at present.

Combined effect of stress, strain, and temperature gradients
It can readily be seen that deformations of the solid phase and tem-
perature changes together or separately cause moisture movements in

*It should be observed that a single thermal coefficient cannot correctly be assigned to a given specimen
of concrete. The “coefficient” is a variable that changes with evaporable water content. The funetion
must be such that the coeflicient is a minimum for the bone-dry and saturated states and a maximum for
some intermediate evaporable water content. Meyers’ data indicate that the variation with change in
evaporable water content is far from insignificant.
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concrete. The separate effects may combine in different-ways so that
they may offset or augment each other at a given point in the mass.
During a period of heating, cooling, or changing external force, the
separate effects may combine in different ways at different times at the
same point. The over-all result is that in conerete subjected to changing
external forces or temperature or both, the evaporable water must be in a
continual state of ‘flux. If the ambient humidity also fluctuates, the
internal moisture movements are still further complicated. Possibly
these effects have an influence on the ability of concrete to withstand
weathering.
SUMMARY OF PART 4

(1) This part deals with energy changes of adsorption and with their
relationship to shrinking and swelling, capillary flow, and moisture
diffusion.

(2) The net heat of adsorption is the heat in excess of the normal
heat of condensation that is released when water vapor is adsorbed.
The total net heat of adsorption of hardened paste is app10x1mately
equal to the heat of immersion of the adsorbent.

(8) The net heat of surface adsorption is that part of net heat of ad-
sorption that has its origin in interaction of the adsorbed molecules
and the solid surface. It is related to the heat of spreading-wetting and
in cement paste is equal to about 472V .. *

(4) The net heat of capillary condensation is the total heat of water-
surface formation. It is about equal to the difference between the heat
of immersion and the heat of spreadmg—wettmg In cement paste it
is equal to about 100V ,, cal per g.

(56) The net heats of adsorption at 11 different initial water contents
were measured, using two different samples of hardened paste.

(8) The total net heat of adsorption was found to be about 572V,
cal per g or about 670 ergs per sq em of solid surface. This is about the
same ad the heat of immersion of various mineral oxides in water.

(7) Among portland cements of all types the total heat of hydra-
tion ranges from about 485 to 550 cal per g of non-evaporable water.
Data from two cements indicate that of this amount about three-fourths
is due to the heat of reaction of the non-evaporable water and the rest
18 due to the net heat of adsorption of the evaporable water.

(8) The total internal energy change of adsorption is equal to the
change in enthalpy minus a small “PAv»”” work term representing the con-
traction in volume under constant external pressure that accompanies
adsorption. The enthalpy change is thus essentially equal to the net heat

L ¥V, = weight of adsorbed water required to cover the surface of the solid phase with a monomolecular
ayer.
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of adsorption and is the sum of the free energy and unavailable energy
changes, i.e.,
Q. = AH = AG + TAS,
where
— Q, = net heat of adsorption,
AH = change in enthalpy,
AG = change in free energy,
AS = change in entropy,
T = absolute temperature,
TAS = change in unavailable energy.

(9) The free energy change of water that occurs when the water be-
comes adsorbed can be expressed in terms of vapor pressure change alone.
When the initial and final vapor pressures are p, and p, respectively,

— AG = — 75.6 logip/D..
where
p = existing vapor pressure
ps = saturation vapor pressure

(10) Unavailable energy is equal to the difference between the net

heat of adsorption and the corresponding free-energy term, i.e.,
TAS = Q. — AG.

(11) Entropy change, AS, is an indication of the extent to which
adsorption modifies the adsorbed water. The data show that for water
isothermally adsorbed at low vapor pressure the entropy change of
adsorption is of the same magnitude as that accompanying solidifica-
tion, or the combining of water in a salt as water of crystallization.

(12) The differential net heat of adsorption is the differential of the
Q.-vs.-w relationship. It is at a maximum for the first increment ad-
sorbed, and becomes zero with the last increment at p = p,.

(13) The maximum differential net heat of adsorption is about 400
cal per g of water. This is also the minimum heat of reaction of the
non-evaporable water. Expressed oh the same basis, the heat of com-
bination of water in Ca(OH), is 847 cal per g of water. This shows that
the maximum energy of binding for evaporable water and the minimum
for non-evaporable water is much less than that of the bond of water
(i.e., hydroxyl groups) to calcium.

(14) The average net heat of adsorption of the gel water appears to be
about 143 cal per g of gel water. The average for the first layer of ad-
sorbed water appears to be about 270 to 300 cal per g. These figures
are probably too low owing to the effect of adsorbed air.

(15) The logarithm of the constant C of the B.E.T. equation is theoreti-
cally proportional to the net heat of adsorption. Recent work has shown
that assumptions concerning the proportionality constant made by
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B.E.T. are invalid and that values of net heat of adsorption based on
this assumption are too low. '

(16) Cement gel belongs to the limited swelling class of gels.

(17) Swelling pressure is the increase in external pressure required to
prevent swelling. It can be estimated from the following relationship:

AP = — ‘f_T 2.303 logup/p. ,

1[?)/
where :
AP = swelling pressure, cxcess over normal external
pressure,

R = the universal gas constant,

M = molecular weight of adsorbate,

v, = specific volume of adsorbate.
This gives the pressure required to prevent the isothermal swelling of
a gel dried to vapor pressure p when it has access to frec water.

(18) The externally manifested swelling pressure of conerete would
probably be less than that calculated from the above equation.

(19) The order of magnitude of the total volume change of hardened
cement, paste can be accounted for on the assumption that the change
is due to the removal or addition of the first laver of adsorbed water
molecules.

(20) Total volume change cannot be regarded solely as a capillary
phenomenon, since expansion does not oceur when the evaporable water,
and hence meniscuses, disappear. When eapillary water is present,
capillary tension is equal to swelling pressure when the system is at
equilibrium. '

(21) Experimental data show that volume change is directly pro-
portional to a part of the total change in water content. This agrees
with 19, which implies that volume change is independent of the change
in capillary-water content. The data suggest that volume change may
be proportional to the change in gel-water content, rather than to the
change in the first layer only.

(22) Capillary flow or moisture diffusion or both oceur under isothermal
conditions when there are inequalities in the free energy of the evapor-
able water in different regions in the specimen. Inequalities in free
energy under isothermal conditions arise from inequalities in moisture
content, from deformations of the solid phase, and from inequalities in
external pressure on the adsorbed water. Resulting moisture movement
is an important factor in plastic flow,

(23) An increase in temperature causes a deerease in swelling pressure
of partially saturated pastes and thus causes an effect on volume change
in addition to the usual thermal expansion. FEvidence of this is found in
data obtained by Meyers.
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(24) Changes in external forces and changes in ambient temperature
and humidity keep the evaporable water of a partially saturated specimen
in a continual state of flux. This possibly influences durability.
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Appendix to Parts 3 and 4

This appendix gives tables of non-evaporable water, w,, water required for the first
monomolecular layer of adsorbed water, Vo, the ratio Va./w,, the B.E.T. constant C,
and the computed surface of the dry paste for all the series used in this discussion,

versus w,*

- 1
In estimating Vo, for some of the groups of data from plots of — 1
w

the same value of C could be used for all items in the group. In other groups the data
could be represented best by using different values of € for different items., In some in-
stances the points were too few and too scattered to establish the slope of the line. When
this was true, a value of C was estimated and the line was drawn in such a way as to
conform to the experimental points and the assumed value of C as closely as possible.

The samples of Series 254-265 were dried over concentrated Ha2S0O, instead of
Mg(Cl04)2.2H20. This accounts for the relatively low ratio of Va,/w, and low values
of € for this group.

*See Part 3,
TABLE 1—V,, C, COMPUTED SPECIFIC SURFACE
AND OTHER DATA FOR SERIES 254-265*
Cement 14502
wn, g per g of: Vo, g per g of: Sp. surface

Age — — of dry
Ref. at Original Dry Original Dry RAY c paste,
No. test, cement paste cement paste Wn cm?/g

dayst millions
323 110 . 160 .137 L024 .0210 .152 8.6 0.75
506 110 179 .158 .030 .0266 .168 11.7 0.95
509 110 183 L1867 .031 .0287 .172 8.5 1.19
512 110 .200 .182 .030 L0272 .150 7.8 0.97
515 110 .232 .208 037 0336 .160 5.2 1.20
518 110 .226 197 . 036 L0311 .158 5.7 1.11
521 110 L2119 .189 .037 L0324 .170 3.7 1.16

*Samples of this group were dried over concentrated HoSO4 instead of over Mg(Cl0¢)2.2H:0 as in the other
tests. tApproximate.

TABLE 2—V,, C, COMPUTED SPECIFIC SURFACE
AND OTHER DATA FOR SERIES 254-MRB

Age ‘wn, g/g of: Vs g/ of: Sp. surf.

Cement Net at — — v of dry
No. w/fe test, Original] Dry Original Dry _m ¢ paste,

days cement | paste | cement ! paste wn X cm?/g

millions

14898-1AQ .382 120 L2171 L1784 .057 047 .269 18 1.68
1489%-1PC .388 120 2225 .1820 L0866 .046 .263 18 1.64
14900-18C .446 126 2274 L1853 058 .047 254 18 1.68
14901-2AQ .301 126 .2228 L1822 .054 .044 .242 18 1.57
14902-2PC .393 133 2273 . 1852 .056 046 .238 i8 1.57
14903-28C .424 133 2271 L1851 058 .046 248 i8 1.64
14904-3AQ .425 162 ,2284 . 1859 061 .050 . 268 i8 1.79
14905-3PC 411 162 L2261 . 1868 .063 ,052 .278 18 1.86
14906-3SC .476 173 .2344 .1906 063 .051 .268 18 1.82
14907-4AQ .406 173 .2185 L1797 .060 .049 .273 18 1.75
14908-4PC .394 200 2249 . 1836 .060 049 267 18 1.75
14909-4SC 483 200 .2255 , 1840 .059 .048 .261 18 1.71
14910-5AQ .460 204 .2282 1858 .059 .048 .258 18 1.75
14911-5PC .464 204 2204 .1866 .060 .049 .262 18 1.71
14912-58C .489 212 .2252 .1838 .062 .051 276 18 1.82
- 14913-6AQ .410 212 .2206 .1807 .062 .031 .282 18 1.82
14914-8PC .423 222 . 2253 .1839 .060 049 . 266 18 1.75
14915-68C .437 222 . 2240 .1830 .060 .049 .268 18 1.75
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TABLE 3—V,,, C, COMPUTED SPECIFIC SURFACE
AND OTHER DATA FOR SERIES 254.-K4B

Age wr, g/g of: Vo, g/8 of; Sp. surf.
at Vo of dry
Cement Net test, Original | Dry |[Original| Dry e ¢ paste,
No. w/e days cement | paste | cement | paste cm?/g
millions
1372118 470 174 .2231 .1824 .0634 .0518 .284 18 1.85
13722-1P .473 180 .2332 L1891 .0618 L0501 .265 18 1.79
13723-1Q 425 180 .2290 .1863 0597 .0486 261 18 1.74
13730-48 .463 144 .1786 L1515 0486 0412 272 18 1.47
13731-4P .460 138 L1772 .1505 L0426 0362 .240 18 1.29
13732-4Q 450 138 1773 . 1506 0447 0380 .252 18 1.36
13733-55 427 | 10 | .1650 | L1416
13734-5P 453 146 .1589 L1371
13735-5Q .456 150 . 1650 L1416
13736-6S 471 196 - .2148 .1768 L0591 .0486 275 18 1. 7%
13737-6P — 191 2297 . 1868 L0637 L0518 277 18 1.85
13738-6Q .447 191 .2220 L1817 . 0559 .0457 .252 18 1.63
13740-7P 473 164 .2395 .1932 .0682 .0550 .285 18 1.96
13741-7Q 480 171 . 2390 .1929 .0617 .0498 .258 18 1.78
13752-11P 445 164 .1864 L1571 L0537 [7.0453 .288 18 1.62
13753-11Q .440 172 .1896 L1594 .0530 .0446 .280 i8 1.59
13763-158 .485 202 L2173 .1785 L0597 .0490 275 18 1.75
13764-15P — 196 L2109 L1742 .0545 .0450 .258 18 1.61
13765-15Q 445 - 202 .2201 . 1804 0553 0453 .251 18 1.62
13766-165 — 322 .2096 .1733 . 0594 .0491 . 283 18 1.75
13767-16P 464 223 . 2256 .1841 . 0640 L0522 .284 18 1.86
13768-16Q .456 223 L2250 .1837 .0623 .0509 .277 18 1.82
13778-208 472 170 .2308 L1875 L0611 .0496 .265 18 1.77
13779-20P .462 167 .2329 .1889 . 0565 .0458 .242 18 1.64
13780-20Q .436 176 . 2262 .1845 . 0569 L0464 .252 18 1.66
TABLE 4—V,,, C, COMPUTED SPECIFIC SURFACE
AND OTHER DATA FOR SERIES 254.8
Age wn, g/g of: Vo, g/g of: Sp. surf.
Ref. at Net - Vm C of dry
No. test, w/ie Original Dry |Original| Dry “wn paste,
days cement | paste | cement | paste cm?/g
millions
Cement 149307
254-8-1 447 .312 .1808 L1530 053 .045 .204 1.61
254-8-2 362 .443 .2008 L1671 .062 .052 .310 21.0 1.83
254-8-3 362 .592 L2101 .1736 066 .054 .313 1.94
Cement 15007J
254-8-28 479 .351 .1980 .1652 .063 .052 316 18.0% 1.86%
254-8-29 ! 440 .464 .2169 L1782 .058 048 ’ .268 17.0 1.76
254-8-30 479 595 .2323 .1885 .060 .049 .256 20.6 1.73
Cement 15011J
254-8-40 478 .319 .1843 .1556 051 .043 .276 1.54
254-8-41 368 ' 442 L2102 L1737 .058 I .048 l .276 ' 18.4 ] 1.73
254-8-42 368 . 596 .2218 .1815 .062 .051 .280 1.81
Cement 15013J
254-8-46 339 .333 .2185 L1793 .052 .043 .239 19.2 1.53
254-8-47 333 .454 .2407 .1040 .058 I .047 ] .242 17.6 1.67
254-8-48 333 . 599 L2527 .2017 .057 045 .224 17.6 - 1.83
*HEstimated; :lv- 1 :f_ . vs. z does not give straight line.
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TABLE 5—V,,, C, COMPUTED SPECIFIC SURFACE

AND OTHER DATA FOR SERIES 254.9

Age w, g8/g of: Vm, &/8 of: Sp. surf.
Ref. at V¥ of dry
No. test, Original Dry QOriginal | Dry o C paste,
days cement paste cement paste cm2/g
millions
Cement 14930J; w/c at 2 hr. 0.309
254-9-1 7 . 0804 L0744 021 .019 258 18 0.70
Mix A 14 0994 L0004 027 .024 274 18 0.88
28 .1071 L0967 .034 .031 .321 18 1,11
56 L1262 L1144 .043 038 .330 18 1.35
a0 . 1497 L1302 046 .040 304 18 1.41
180 . 1620 . 1400 .050 .043 .310 21 1.55
3635 L1704 1456 L0490 042 290 21 1.51
w/e at 2 hr, 0,424
254-9-2 7 L0798 L0739 .021 .268 18 0.71
Mix B 14 . 1029 L0933 028 276 18 0.92
28 L1165 L1044 037 .319 18 1.19
56 . 1352 L1191 .049 .363 22 1.54
95 1733 L1479 .053 .306 18 1.62
183 L1853 L1564 059 .319 21 1.78
365 1953 . 1634 059 .302 21 1.76
w/e at 2 hr, 0.573
254-9-3 7 0822 L0760 .022 020 .270 18 0.73
Mix C 14 0896 0822 028 ,026 .313 18 0.92
28 1214 . 1083 .043 .038 .351 18 1.36
56 1638 . 1407 049 .042 .298 18 1.50
90 . 1850 L1561 L0535 046 298 18 1.66
180 . 2008 L1672 .056 .047 279 18 1.66
365 2142 L1764 .069 057 .324 18 2.04
Cement 15007F; w/c at 2 hr. 0.318
7 L1259 L1118 .036 .032 .284 18 1.17 7
14 . 1404 L1231 .041 036 .295 18 1.30
28 .1538 .1332 .042 .036 276 16 1.31
56 . 1681 1439 L047 .040 .281 22 1,44
90 L1729 1474 .048 041 276 25 1.45
180 . 1835 1550 048 .041 265 16 1.46
w/c at 2 hr. 0.432
254-0-3 7 L1334 L1177 .036 .032 .270 18 1.14
Mix B 14 . 1498 L1303 042 037 .278 23 1.29
28 L1714 . 1463 .045 .038 285 18 1.39
56 . 1847 L1559 .049 L041 .266 68 1.48
a0 L1924 L1614 .056 .047 .290 20 1.67
180 2018 L1679 055 .046 271 16 1.63
w/e at 2 hr, 0.582
254-9-6 7 . 1360 . 1350 .037 .032 .235 18 1.13
Mix C 14 .1634 . 1405 042 .030 .258 20 1.29
28 1839 . 1553 050 .042 272 18 1.51
56 2035 . 1690 .053 .044 .259 18 1.57
90 2049 L1700 056 046 272 16 1.66
180 2132 L1757 . 060 .050 .283 20 1.78
Cement 15011J; w/c at 2 hr. 0.338
254-9-7 7 L1137 .1020 .033 .029 .288 25 1.05
Mix A 14 . 1333 L1176 .036 .032 268 16 1.13
28 .1430 1251 .045 .040 .317 22 1.42
36 L1557 1347 046 .040 . 296 22 1.43
a0 . 1643 L1411 .043 .037 .263 22 1.33
180 .1705 1457 045 .038 . 264 25 1.37
365 . 1760 1497 .048 L041 273 25 1.46
w/ec at 2 hr. 0.433
254-9-8 7 L1228 L1094 .037 .033 304 22 1,19
Aix B 14 L1527 01325 .038 .033 247 7 1.17
28 L1654 L1419 045 039 272 23 1.38
a6 L1781 L1512 .047 .040 . 266 23 1.44
90 L1913 . 1606 051 .043 267 23 1.53
180 . 1986 L1657 .056 .046 .280 16 1.66

*Caleulated before rounding Vi values to 2 significant figures.

(Concluded on p. 599)
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TABLE 5—CONCLUDED

Age wa, g/g of: Vi, g/g of: Sp. surf.
Ref. at VX of dry
No. test, Original Dry Original|{ Dry om C paste,
days cement paste cement paste cm?/g
millions
Cement 15011J; w/c at 2 hr. 0.570
254-9-9 7 .1314 .1161 .034 .030 .261 27 1.08
Mix C 14 L1567 .1355 .039 .034 .252 22 1.22
28 L1756 .1494 .047 .040 .268 18 1.43
56 .1953 .1634 L0564 045 274 17 1.60
90 .2046 .1668 056 046 272 16 1.65
180 .2136 .1760 L0587 .047 .266 16 1.67
Cement 15013J; w/c at 2 hr. 0,324
254-9-10 7 .1488 L1295 .036 .031 240 2 1.11
Mix A 14 L1639 .1408 039 L033 .236 20 1.19
28 L1711 L1461 .043 .036 .250 23 1.30
56 L1802 L1527 046 .039 .254 22 1.38
a0 .1913 .1606 047 .040 .248 22 1.42
180 L1877 L1580 0561 .043 272 29 1.54
w/ec at 2 hr, 0.443 )
254-9-11 7 L1556 .1346 037 032 .235 21 1.13
Mix B 14 .1828 L1545 042 036 .232 21 1.28
28 L1770 L1504 048 041 .271 21 1.46
56 .2085 L1725 053 L044 .254 18 1.57
90 2152 L1771 57 047 .263 13 1.67
180 .2356 L1907 .058 047 .248 16 1.69
w/e at 2 hr. 0.611
254-9-12 7 .1583 .1367 .033 029 .211 27 1.03
Mix C 14 1828 L1545 040 .034 .219 21 1.21
28 .2028 . 1686 046 .038 .226 21 1.36
36 .2208 . 1809 055 045 .250 i6 1.62
90 .2357 L1907 058 .047 .245 19 1.67
189 2447 . 1966 .059 047 .239 17 1.68
Cement 15365;.w/c at 2 hr. 0.322
254-3-13 7 .1326 L1171 .034 .030 .254 24 1.06
Mix A 14 .1515 .1316 .037 .032 .243 24 1.14
28 .1488 .1295 044 .038 .204 2( 1.36
N 56 L1786 L1515 047 .040 .264 22 1.43
00 L1789 L1818 048 .040 267 20 1.45
180 L1815 .1536 046 .039 256 25 1.40
w/e at 2 hr. 0.439
254-0-14 7 .1394 .1223 034 .030 .244 26 1.06
Mix B 14 L1711 . 1461 043 .037 . 25: 20 1.32
28 L1841 L1555 054 .046 .295 19 1.64
56 .2105 .1739 .055 .045 .261 19 1.62
90 L2150 1770 1 036 046 .263 20 1.66
180 .2224 .1819 060 .049 .269 19 1.75
w/c at 2 hr. 0.587
254-9-15 7 11530 .1327 .037 .032 .242 25 1.15
Mix C 14 .18556 L1565 045 .038 L241 22 1.35
28 2102 1737 .055 .045 261 19 1.62
56 2213 1812 L057 047 259 22 1.68
90 2206 1867 .062 .051 271 19 1.81
180 2546 2029 060 .048 233 19 1,70
w/fe at 2 hr, 0.244
254-9-15A 7 L1152 .1033 .028 025 244 33 0.90
Neat 14 L1259 L1118 .030 027 .242 33 0.96
Cement 28 .1358 L1186 032 028 .232 33 .99
5G .1396 L1225 .034 .028 .240 33 1.05
90 . 1452 L1268 034 030 . 236 33 1.07
180 L1554 L1345 .035 .031 .230 33 1.09
Isotherm A 270 1691 L1446 .032 .028 .193 19 0.99
Isotherm B 270 L1722 L1469 031 L0268 178 16 0.94

*Caleulated before rounding V. values to 2 significant figures.
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TABLE 6—V,., C, COMPUTED SPECIFIC SURFACE
AND OTHER DATA FOR SERIES 254-11

wn, g/g of: Vo, g/2 of: Sp. surf.
Cement Ref. w/e V* of dry
No. No. at Original Dry | Original Dry o C paste,
254~ 2 hr. cement paste cement paste cm?/g
millions
Age at test 28 days
15758 11-1 .334 L1707 . 1458 .043 .037 .252 18 1.31
o 11-2 .460 L1962 .1640 .050 .042 .254 18 1.49
15756 11-3 .318 .1229 .1094 .034 .031 .281 18 1.10
o 114 .446 L1325 .1170 .035 .031 267 18 1.11
15763 : 11-5 .324 .0922 .0844 .028 .026 .307 18 0.92
' 11-6 .437 .1013 .0920 .031 .028 .305 18 1.00
15761 11-7 .334 .1621 .1395 .041 .035 .251 18 1.25
' 11-8 .468 .1852 .1563 049 042 .266 18 1.48-
15754 11-9 .328 .1703 .1455 .044 .037 .256 18 1.33
N 11-10 449 .1967 L1644 .050 .042 256 18 1.50
16213 11-11 .443 L1720 .1468 .047 .040 .273 18 1.43
16214 11-12 448 , 1854 .1564 .048 .040 258 18 1.44
16198 11-13 .444 .1098 .0989 .032 .029 . 296 18 1.05
15669 11-14 .452 .1084 .0978 .028 .025 .262 21 0.92
Age at test 90 days
15758 11-1 334 L1912 . 1605 047 .039 .245 21 1.41
t 11-2 .460 .2227 .1821 .054 .044 .244 18 1.59
15756 11-3 .318 . 1492 . 1298 .043 .037 .287 21 1.33
. 11-4 .446 .1684 L1441 .045 .038 .267 18 1.37
15763 11-5 .324 .1335 .1178 .041 .036 .304 18 1.28
” 11-6 .437 | .1487 .1205 .045 .039 .303 18 1.40
15761 11-7 .334 L1798 L1524 .048 .040 .264 18 1.44
a 11-8 .468 L2120 .1749 .055 .045 .259 18 1.62
15754 11-9 .328 L1951 . 1632 .047 .039 241 18 1.41
" 11-10 .449 .2301 L1871 .0568 .047 250 18 1.67
Age at test 6 days
15495A l 11-15 442 I .1300 ‘ .1150 .032 ‘ .029 .249 ] 19 ‘ 1.02
15497 11-16 .464 .1825 L1543 .044 037 240 18 1.32

*Caleulated before rounding Vm values to 2 significant figures.
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TABLE 7—V.,, C, COMPUTED SPECIFIC SURFACE
AND OTHER DATA FOR SERIES 254-13

80, wn, £/g of: Vo, g/g of: Sp. surf.
Ref. w/c content Vm* of dry
0. at of Original Dry | Original Dry wn C paste,
254 2 hr, cement, | cement | paste | cement | paste em!/g
. | pereent millions
Cements made from clinker 15367
13-1 .493 1.5 .2147 L1768 .059 .049 275 15.4 1.74
13-2 .493 1.9 L2108 L1741 .0566 .046 265 17.7 1.65
13-3 480 2.4 .2083 L1724 .054 .044 257 17.7 1.59
13-4 491 3.5 1038 .1623 048 041 \250 | 21.0 1.45
13-183 .486 1.5 L2115 .1746 .058 .048 .276 16.5 1.72
13-2B .488 1.9 L2158 L1775 .058 .048 .268 18,0 - 1.70
13-3B .488 2.4 L2181 L1770 0585 045 254 21.0 1.60
13-4B .492 3.5 .2035 L1691 .050 .041 .245 23.3 1.48
Cements made from clinker 15623
13-5 470 1.5 .1518 L1317 038 .033 .248 7.7 1.17
13-6 474 2.0 . 1509 L1311 .038 .033 253 15.4 1.19
13-7 473 2.5 . 1515 1316 038 .033 252 13.5 1,19
13-8 .480 3.5 1444 L1262 .038 .03¢ .265 13.5 1.20
Cements made from elinker 15699
13- 9 498 1.5 L1992 .16681 .083 044 .268 16.5 1,59
13-10 .499 2.0 .1937 .1623 .052 .044 .268 17.7 1.55
13-11 .499 2.5 L1917 . 1609 .049 .041 .258 17.7 1.48
13-12 .498 3.5 L1839 .1553 . 046 039 251 17.7 1.39
Cements made from clinker 15498
13-13 488 1.5 2082 .1723 L0563 044 256 21.0 1.57
13-14 487 2.0 1092 . 1661 .050 042 252 21.0 1,49
13-15 493 2.5 2004 .1669 .049 041 244 21.0 1.46
13-16 491 3.5 1895 L1593 .047 040 250 21.0 1.42
Cements made from clinker 15670
13-17 476 1.5 .1108 .0997 .031 .028 282 18.0 1.01
13-18 479 2.0 L1182 L1057 .034 .030 287 18.0 1.08
13-19 483 2.5 .1842 L1555 042 .036 .231 18.0 1.28
13-20 486 3.5 .2087 17277 .050 .042 .241 18.0 1.49
*Calculated before rounding Vm values to 2 significant figures,
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TABLE 8—V,,, C, COMPUTED SPECIFIC SURFACE

AND OTHER DATA FOR SERIES 254-16

Age wn, g/€ of: Vi, g£/g of: Sp. surf.

Ref. at Vm* of dry

No. test, Original Dry Original | Dry on C paste,

days cement paste cement paste cm?/g

millions
Based on maximum weights attained during adsorption test
16-01A 27 .2031 .1688 .053 .044 .259 22 1.56
16-01B 27 .2051 L1702 .053 .044 .258 22 1.57
16-01C 29 2042 . 1696 .052 .043 .256 22 1.55
Aveg, L2041 . 1695 .033 .044 .258 22 1.56
16-02A 12 1594 .1375 .037 .032 .230 22 1.13
16-02B 44 1547 -1340 .035 .030 . 226 22 1.08
16-02C 44 1542 . 1336 .036 .031 .233 22 1,11
Aveg. 1561 L1350 .036 .031 .230 22 1.11
16-03A 56 1412 .1237 .036 .032 .255 22 1.12
16-038B 56 1416 .1240 .037 .032 .238 22 1.15
16-03C 63 1502 .1306 .039 .034 260 22 1.21
16-03D 63 1510 L1312 .039 .034 258 22 1.21
Avg. 1460 L1274 . .038 033 .258 22 1.17
Based on weights at time heat-of-solution
measurements were made

16-01A 27 .2031 . 1688 .051 042 .250 22 1.51
16-01B 27 .2051 .1702 .050 .041 .242 22 1.47
16-01C 29 .2042 . 1696 _ _ — e
Avg. .2041 L1695 .030 .042 .246 22 1.49
16-02A 42 .1594 .1375 .036 .031 .223 22 1.09
16-02B 44 .1547 . 1340 .035 .030 .224 22 1.08
16-02C 44 .1542 .1336 .636 .032 .235 22 1.12
Avg. L1561 . 1350 .036 .031 .227 22 1.10

*Caleulated before rounding V. values to 2 significant figures.
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CLASSIFICATION OF WATER IN SATURATED PASTE
ACCORDING TO MEAN SPECIFIC VOLUME

The total water content of a saturated sample of hardened paste has
already been classified according to its evaporability, 1.e., into evaporable
and non-evaporable water. We have seen also that the evaporable
water can be subdivided into gel water and eapillary water on the basis of
vapor pressure data. The following discussion will show that the same
conclusion can be reached on the basis of the mean specific volume of the
total water.

The non-evaporable water is regarded as an integral part of the
solid phase in hardened cement paste. In becoming a part of the solid
material some or all of it may have lost its identity as water. Never-
theless, the absolute volume of the solid phase can be considered as being
equal to the original volume of the cement plus the volume of the non-
evaporable water. If the absolute volume of the original cement, the
absolute volume of the whole solid phase, and the weight of the non-
evaporable water are known, a hypothetical specific volume can be
assigned to the non-evaporable water such as will account for the known
volume of the solid phase. This hypothetical specific volume is known
to be less than 1.0; that is, the non-evaporable water occupies less space
than an equal volume of free water. Moreover, the physically adsorbed
part of the evaporable water also has a specific volume less than 1.0.
Thus, in any given specimen the mean specific volume of the non-
evaporable and adsorbed water is less than 1.0.

On the other hand, any capillary water present will either be in a
state of tension or under no stress at all. If the specimen is not saturated,
so that the vapor pressure of the contained water is less than p, but more
than about 0.45 p,, capillary water will be present and under tension.
(The magnitude of the tension is theoretically equal to the potential
swelling pressure. See eq. (39), Part 4.) If the paste is saturated, so
that p = p,, the capillary water will be under no tension. Hence, when
capillary water is present, but the paste is not saturated, the specific
volume of the capillary water will be greater than 1.0, and if the specimen
is saturated, the specific volume will be 1.0, except for a slight effect of
the dissolved salts.
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Thus, we can divide the total water content of a saturated specimen
into two categories:

(1) Water that has a specific volume Jess than 1.0;

(2) Water that has a specific volume equal to 1.0.

The part of the total water in a saturated paste that has a mean
specific volume less than 1.0 will be called compressed water for want of
a better descriptive term. As applied to adsorbed water, the term is
‘appropriate, if used with the reservations discussed in Part 4. Applied
to non-evaporable water the term can hardly be taken literally. It does,
however, fit the fact that non-evaporable water occupies less space as a
part of the solid than it does when free.

The weight-composition of the total water in a sample of saturated
paste can be expressed as follows:

W = Wa T We ge oo e e e e e e e e e e (1)
where

wg is the weight of the compressed water, g and

w, is the weight of the capillary water, g.

The volume of the total water can be expressed as
W = Wava A Wasnssiauress SOain PUeEd LI T e DRy (2)
where v, is the mean specific volume of the compressed water, and
v, is the mean specific volume of the total water,
The specific volume of the capillary water is assumed to be 1.0.
Since w., = w, — wa, eq. (2) can be rewritten
Wl — 03) = WL — W) comssn sowms vawss e ans s (3)

Experimental values of the mean specific volume of the total water
content, »,, were obtained by direct measurement. If the weight of the
compressed water also could be measured, its mean density could be
obtained by means of eq. (3). However, this cannot be done directly.
It can be estimated by making certain assumptions, as will be shown
below.

Of the water; wq, that has a specific volume less than 1.0, a part is the
non-evaporable water and the rest is adsorbed water, specifically, water
within the range of the force-field of the solid phase. That is,

Wa = Wa S Wayoows iiwass B ailvetii MR WA G S S | (4)
where w, is the weight of non-evaporable water, g and
w, is the weight of adsorbed water, g. .
For samples made with a given cement we may safelv assume that
e T B (5)

where B’ is a constant for the particular cement. That is, it is assumed
that the amount of adsorbed water is proportional to the total amount
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of hydration products* which in turn is in proportion to the amount of
non-evaporable water. Hence,

W =W+ B wa= (L +BYwy,=Bw,......coicvuiv.. (6)
Substitution from eq. (6) into eq. (3) gives

2e=1=B1 =02 . @)
Wy

Eq. (7) shows that a plot of experimentally determined values of
v, versus the corresponding values for w,/w, should give a straight line
beginning at », = 1 when w,/w; = 0 and having a slope which would
equal the product of the decrease in mean specific volume of the com-
pressed water and the factor B, which is the ratio of the total amount of
compressed water to the non-evaporable water, eq. (6). Experimental
data are given in Tables 5-1 to 5-8.

The mean specific volumes of the total water, », were determined
as follows: Granular samples were dried to remove all the evaporable
water. A portion of each dried sample was analyzed for non-evaporable
water, portland cement, and pulverized silica, when present. Another
part of the dried sample was brought .to the saturated, surface-dry
condition by the method described under “Experimental Procedures”
(Part 1), and the amount required for saturation was noted. This
amount, added to the non-evaporable water, gave the total water con-
tent of the sample. The specific volume of the saturated sample was then
determined by a conventional pycnometer method, using water as the
displacement medium.

Examination of these tables will show how the mean specific volume
of the total water was computed. In Table 5-2, for example, columns
5, 6, and 7 give the weight-compositions of the saturated granularsamples.
Column 8 gives the measured density of the same granules.

Columns 9, 10, 11, and 12 give the weight-composition of 1 ce of
each saturated sample. The values were obtained by multiplying the
corresponding values in columns 5, 6, and 7 by the density of the satu-
rated sample.

The volumes of cement in 1 ce of each saturated sample appear in
column 13. These were obtained by multiplying the values in column 9
by the respective specific volumes of the original cements as measured
by displacement of kerosene.

The figures in column 14 are the differences between the total volumes
and the volumes of the cements as given in column 13. The difference
was taken to be the volume of water. This involved the assumption that
the air content was zero. For these particular neat cement specimens
the air contents of the original specimens were very low. In the mortar
specimens from which the samples represented in other tables were ob-

*Because Wa ~ Vm o wa for a given cement,
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tained, the air contents were considerable. However, it is believed that
the small granules taken for these measurements were smaller than most
of the air voids and therefore would contain little air, if any.

Column 15 was obtained by dividing the figures given in column 14
by corresponding figures in column 12,

Plots of v, vs. wa/w, for most of these data are given in Fig. 5-1 to 5-4.

Since », depends on the measured volume of the saturated, granular
samples, and the computed volume of the original cement and (when
present) pulverized silica, small inaccuracies in measurement have
rather large effects on v.. Moreover, any inaccuracies in the correspond-
ing figures for non-evaporable water, due either to errors or to inadvertent
departures from the standard drying condition discussed earlier, contrib-
ute to random scattering of the plotted points. Nevertheless, when all
the plots are considered together, they support the conclusion that the
total water content is made up of two components, one being free water
and the other being water having a mean specific volume less than 1.0.

This conclusion may not seem wholly convincing in view of the rather
wide scatter of points in some cases and the fewness of the points in
others. 1If so, one should consider that the main factor determining the
magnitude of w, is the length of the period of hydration. In the graphs
for Series 254-9, Fig. 5-3, the points represent ages ranging from 7 days
to 6 months or a year. In every case, the sample at zero age would have
to be represented by a point at w, = 0, », = 1.0, for at that time all
the water would obviously be free. Consequently, the only uncertainty is
whether the real relationship is a straight line beginning at », .= 1.0, or
a curve, beginning at that point. If the real relationship were a curve
bending upward from the line as now drawn, it would indicate that the
specific volume of the compressed water that is combined when w, is large
is greater than when w, is small. If the curve turned downward, the indi-
cation would be the opposite. In either case the indication would be that
the produects formed at one time would be different from those formed in
the same paste at another time.

There is some basis for believing that the products formed at first
are different from those formed later. During the first few hours the
reactions with gypsum are completed, as mentioned before. Also, the
products formed from the finest flour in the cement would differ from
those formed later because of the difference between the composition of
the flour and that of the coarser particles. However, the effects are
apparently not large. This was shown carlier when discussing the re-
lationship between V,, and w, (Part 3). All things considered, it seems
justifiable to assume that one straight line represents the data for any
given cement and accordingly that both B eq. (6) and v; eq. (7) are
constant for a given cement.
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Mean ratio of (1 - v4) to 1w, /w:

As stated before, the compressed part of the total water is considered
to be the sum of the non-evaporable water and the adsorbed water. The
degree of compression of the adsorbed water is probably the same for all
cements. This is indicated from data on the heat of adsorption already
‘considered. The degree of “compression’” of the non-evaporable water
might be different for different eements, however, since there are differ-
ences in the proportions of the various reaction products. For example,
the proportion of Ca(OH), should depend on the C3S content of the
clinker, and the amount of aluminate-hydrates should vary with the
C3;A content. With this in mind, the data were classified according to

)

C3A content, and for each class the values of (l;v

were averaged
W/ W,

separately. The results are shown in Table 5-9.

Application of methods of statistical analysis indicate that the largest
difference between the mean ratios of the group are not larger than could
be accounted for by chance variation alone. Nevertheless, some of the
variation must be due to differences in the chemical compositions of the
cements, as mentioned above.

On the whole, the data seem to support the presumption that
(1 = vo)/(wa/w,) varies with the composition of the cement but at the same
time they show the influence of cement composition to be small. Cer-
tainly the random variations are too great to warrant trying to evaluate
the effect of cement composition from these data. Accordingly, eq. (8)
below, representing the grand average, will be applied to all cements
alike in further treatments of the data:

v =1 — 0279 w/w, ... .. S SR SR e e R e (8)
According to Table 5-9, this equation will give », for an individual item
with a probable error of about 7 percent. The degree of agreement be-

tween the data and the equation is shown in Fig. 5-1 to 5-4. In each
diagram the line represents eq. (8).

TABLE 5-9—RATIO OF MEAN SPECIFIC VOLUME
OF TOTAL WATER TO w,/w:

Mean Probable Probable
Type of 1 — » error error Number
cement, w, /W0 of of single of
mean value - samples
Low C34 0.279 = 0028 = 0259 88
Med. C3A4 0.283 = .0024 = .0137 31
High Cs4 0.278 = 0015 =.0129 70
Grand avg. 0.279 = 0015 = 0200 189
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Lower limit of mean specific volume of total water

From eq. (8) it is apparent that the greater the weight-fraction of
non-evaporable water, w,/w, the smaller will be the mean specific
volume, »,. IHowever, there is an upper limit to w,/w, and hence a
lower limit to »,. This conclusion follows from the fact that the evapor-
able water content of a saturated paste cannot be less than about 4V,
(see Part 3). That is, the minimum amount of evaporable water is

w, = w, — w, = 4V, (min.) ,
or

Wy Wa
Since V,./w, = k, for a given cement,
Wy

=1+ 4k (mi.n.) ,
Wy
or
Wn = L (max.) .
Wy 1 4 4k

From the values for k, i.e., V./w,, for different types of cement given
in Table 3-6, Part 3, the limits of w,/w, and w,/w, were computed with
the results given in Table 5-10.

TABLE 5-10—LIMITS OF w,/w: AND w;/w,
FOR DIFFERENT TYPES OF CEMENT

Vo 20 Wy
Type of w, Wy we
Cement (=k)

Type I Normal C34 0.255 2.02 0.50
High C34 0.256 2.02 0.50
Type 11 High iron 0.259 2.04 0.49
High silica 0.279 2.12 0.47
Type III | Normal Cs4 0.238 1.99 0.50
High ¢34 0.240 1.96 0.51
Type IV High iron 0.282 2.13 0.47
High silica 0.277 2.11 0.47

From these results we may conclude that the non-evaporable water
cannot become more than about one-half the total water content of a saturated
paste.

From the data given in Table 5-10 and the empirical relationship
given in eq. (8), the mean of the specific volumes of the non-evaporable
water and gel water can be estimated. That is, when w,/w,is a maximum,
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wy/w, is between 0.47 and 0.51. For most cements w,/w, would be about
0.50. Hence, the lower limit of », is about

(») min. = 1 — (0.279 X 0.50) = 0.860.
Since these considerations pertain to pastes in which the total evaporable
water = 4V, hence, to pastes containing no space outside the gel, it
follows that 0.860 is the mean specific volume of the total water in a saturated
sample that contains no capillary water outside the gel.

Estimation of the bulk volume of the solid phase and volume of capillary water

With the mean of the specific volumes of the gel water and non-
evaporable water established, as given above, it is possible to compute
the bulk volume of the solid phase and the volume of capillary water at
any stage of hydration.

The bulk volume of the solid phase is here defined as the sum of the
absolute volumes of the solid material in the hardened paste and the
volume of the pores that are characteristic of the gel. In other words,
it is the sum of the volumes of the gel-substance, the pores characteristic
of the gel, other hydrates, and residues of unhydrated clinker. Or, for a
saturated paste, the bulk volume of the solid phase is the sum of the
volumes of the solids plus the volume of the gel water. It differs from
the over-all volume of the paste by the volume of the capillary water.

The volume-composition of a unit volume of paste can be expressed
in terms of its weight-composition as follows:

cv. + (wn + w)va +w. =1
where
¢ = weight of cement, g per cc of saturated paste,

w, = weight of non-evaporable water, g per cc of saturated paste,

w, = weight of gel water,* g per cc of saturated paste,

w, = weight or volume of capillary water, g per cc of saturated paste,

v, = specific volume of original cement, and
v = mean specifiec volume of (w, + w,) .
Let

Ve =1—w =cuv. + (w, + w,)va
where
Vs = bulk volume of solid phase.
Since w, = 4V, and V,, = kw, (see Part 3), w, = 4kw, .
Hence,
Ve=cv.+ w (1 +4kwa .. ... .. . (9)
This equation holds for Vi = 0 to Vp = 1.0.
mquahm\ g, the weight of the gel water, may be identical with wa, the weight of the adsorbed
water appearing in eq. (4). However, until this is proved it is necessary to assume that a saturated gel
may contain some water held by r-npnilm :ondens:ltlau that is, that gel water may comprise both adsorbed

water and capillary water. However, tlye term "eapillary water” as used in this discussion includes only
the water that is in excess of the gel water.
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For an average Type I cement, for which & = 0.255 (see Table 5-10)
and v, = 0.315, and for »; = 0.860 as given above, this reduces to

L RIE (10)
¢, ¢
The significance of this equation is illustrated in Fig. 5-5. This
diagram gives the bulk volume of the solid phase, or of capillary water,
per unit volume of paste at any stage of hydration for any paste. For
example, if a paste was originally 0.3 cement and 0.7 water by absolute
volume, by the time it had hydrated to an extent such that the non-
evaporable water is 0.2 g per g of original cement, the bulk volume of
the solid phase will be 0.63 and the volume of the capillary water will
be 0.37 ce per cc of paste. The other lines give the compositions at
lesser degrees of hydration. At w,/c = 0, a point on the line gives, of
course, the original water or cement content of the fresh paste, by
absolute volume. The increase in volume due to hydration is also
clearly seen in this diagram.

2 by wt) - 2 s i
P Fig. 5-5—Graphical illustration of eq. (10)
i AR wy,
Ve=11+ 5.5“';"' v,
4 &
@ 08 &
&y 25 Y
o3 =]
] 2a
"5 B%
9y 8 u
ot be O
551 1
gu g‘-‘
=" 2o
3 a2 >
4]
04 06 0B io?

0z . .
Velume of Cement per Unit Volume
of Paste (:cwv.)

It should be noted that for any given stage of hydration (given
w,/c) there is a certain cement content above which the paste can con-
tain no capillary water. For example, as shown in Fig. 5-5, when w,/¢c =
0.1, capillary-water content is zero when the absolute volume of the
original cement is 0.65 ce per ce of paste; or, when w,/c = 0.2, w. = 0
when the cement content of the paste is 0.48.

Conversely, for a given cement content there is a degree of hydration
at which capillary water disappears. This conclusion is restricted,
however, by the fact that for any given cement, w,/c cannot exceed a
certain limit, which is usually about 0.25. This topic will be considered
further after the following discussion of the absolute volume of the solid
phase in hardened paste.
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ESTIMATION OF THE ABSOLUTE VOLUME OF THE SOLID PHASE

The absolute volume of the solid phase in hardened paste is defined
here as the sum of the volumes of all the hydrated solids and the volume
of the unreacted cement. For a saturated paste it differs from the over-
all volume by the volume of the evaporable water and from the bulk
volume of the solid phase by the volume of the gel water. It cannot
be determined from the weight of the evaporable water because the mean
specific volume of the evaporable water varies with the porosity of the
paste and the extent of hydration of the cement. For that reason, at-
tempts to measure the specific volume of the solid phase were made.

Method of measuring volume of solid phase

In preliminary work, the volume of the solid phase was computed
from the displacement of the dried granules in water and in other liquids.
Owing to the effects of adsorption and to other factors which will be
discussed presently, it was necessary to adopt an inert gas as the dis-
placement medium and to develop special apparatus—a volumenometer
—for the purpose. This apparatus and its operation are deseribed
below.

The apparatus developed for measuring the volume of the solid phase
in a hardened paste is illustrated in Fig. 5-6. The volumenometer
proper is that part, shewn with surrounding water bath, which is lo-
cated between stopcocks, 1, 2, and 5. This comprises:.

(1) A sample bulb, S, which is joined to the rest of the apparatus
through a standard-taper, ground-glass joint, and which can be cut off
from communication with the rest of the system by means of stopcock
3.

(2) A mercury barometer, B, for measuring the pressure within the
volumenometer.

(3) A burette bulb, V, the free volume of which can be altered at
will by introducing or withdrawing mercury through stopcock 5, thus
altering the gas pressure within the volumenometer.

(4) A stopcock, 4, which enables the sample bulb to be evacuated
without evacuating the rest of the volumenometer.

Stopeock 2 connects with a line to the vacuum pump. Beyond stop-
cock 5 is a mercury reservoir . The pressure in the volumenometer
is maintained at somewhat less than atmospheriec so that mercury will
siphon into bulb ¥V when R is open to the air and stopcock 5 is open.
To withdraw mercury from V, the side-tube on R is connected to the
vacuum pump by means of rubber tube T and is evacuated before
stopcock 5 is opened.

Stopeock 1 connects the volumenometer to a helium reservoir H in
direet communication with a mercury manometer M, which gives the
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difference between atmospheric and helium pressures. Stopcock 6 con-
nects with the helium supply through two cold traps (not shown) filled
with activated charcoal for removing impurities.

Tests are made with the volumenometer to obtain the free volume
of the sample bulb S (up to cock 3) with and without a sample in place.
The absolute volume of the sample is then found by difference. Volumes
are measured by determining the volume of mercury that must be
admitted to bulb V in order to restore the helium pressure in the volume-
nometer after the cock to the evacuated sample bulb is opened.

At the start of a volume measurement the mercury is withdrawn
from bulb V until only the capillary remains filled. The flask R with
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its content of mercury is then removed, weighed, and replaced. Next, the
volumenometer inclusive of the sample bulb S is evacuated through cock
2 using a mercury diffusion pump backed by a Cenco-Hyvae pump. If
the volumenometer is already filled with pure helium beyond stopeock 4,
this cock can be left closed. After evacuation, stopcocks 2 and 3 are
closed and 4 is opened. Helium is then admitted through cock 1 until
the desired pressure, somewhat less than atmospheric, is obtained.
Readings are taken on the lower level of mercury in barometer B until
a steady, reliable value is obtained. A micrometer microscope reading
to 0.001 mm is used. After the reading has been obtained, a little
mercury is withdrawn to flask 2 to eliminate any air that may have
become trapped at the mouth of the siphon-tube when the flask was
replaced after the previous weighing. This elears the line for subsequent
manipulations.

Next, stopcock 3 is opened, admitting helium to the sample bulb,
and the pressure drops. The pressure is then restored by opening stop-
cock 5, thus allowing mereury to flow into bulb V. The mercury content
of V is adjusted until the reading taken on barometer B is the same as
before the helium was admitted to the sample bulb. The apparatus
is allowed to stand in this condition with further additions of mercury
when necessary, until it is obvious that the desired reading is being
maintained. Then the weight of flask R and its content of mercury
is found and subtracted from the previous weight. When the weight of
mereury given by this difference is multiplied by the specific volume of
mercury, the volume of the free space in the sample bulb is obtained.

When bulb S contains a paste sample, the times required for evacua-
tion and for helium contact are necessarily much longer than when the
volume of the empty bulb is measured. Experience with cement pastes
has indicated that overnight pumping out and one or more days of
contact with the helium are advisable.

Choice of displacement medium

The displacement medium was chosen on the basis of results of pre-
liminary tests given in Table 5-11.  The object in making these measure-
ments was to find a medium that would measure the space occupied
by the evaporable water, or its complement, the space occupied by
solids. The medium should be able to penetrate any region that can be
reached by water, without undergoing the volume change that water
does.

The upper half of the table 1epresents data obtained by pycnometer
measurements; the lower half represents results obtained with gases as
displacement media using an earlier form of the volumenometer de-
seribed above. These data were obtained when the methods were being
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TABLE 5-11
Volume of 1 g of dry sample for
samples mdicated: (cc)
Displacement-
fluid 20Q 18 39 40 41 42 62 | N.B.

Liquid displacement, fluids
Water 395 — | 32| — 389 | .391  — | .450
Acetone 408 | .404 | — — —= — 424 | —
Carbon tetrachloride — — — — — — | .465 | —
Toluene 429 | (444 | — — — —_ — -

Gaseous displacement fluids
Air — — | .327 | .362 | .336 | .338 | .312 | —
Hydrogen — — | .392 | .422 | .392 | .396 | — | .206
Helium 424 | 433 | — — — —_ — .420

N. B.—Silica-gel Lot 15106,

developed and may not be very accurate; however, they serve well
enough for the present purpose.

The wide differences among the results shown in Table 5-11 are due,
we presume, to such factors as differences in size of molecule and dif-
ferences in the interaction between the solid and the fluid. The size of
the molecules of the various gases is about the same as that of water,
or slightly smaller; but the organic liquids have molecules considerably
larger than the water molecule, as shown by the following data:

Kind of Molar Relative
liquid volume volume
Water 18 1.0
Acetone 73 4.0
Carbon tetrachloride 96 5.3
Toluene 106 5.9

Since the sizes of the molecules of the organic liquids ranged from four
to six times that of the water molecule, the gases were preferable so far
as this factor is concerned.

Among the gases, air and hydrogen proved to be unsatisfactory
because they were adsorbed by the solid material. In air, the apparent
specific volume of the hydrated cement appeared to be little or no higher
than that of the original cement. This obvious absurdity was probably
due mainly to the adsorption of oxygen. Hydrogen is adsorbed also; it
happened to give apparent displacements virtually the same as those
in water. These results with air and hydrogen left only the inert gases
as being able to meet the requirements with respect to molecule-size and
absence of interaction, for these gases have small molecules and besides
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are not adsorbed to a measurable degree at ordinary temperature and
pressure. Helium was chosen because it was readily available and had
been used by others for the purpose.®

It cannot be said that the displacement of a sample in helium is an
accurate basis for computing the space that had been occupied by
evaporable water. An inaccuracy would arise from the salts that appear
as solids in the dry paste but which are in solution in the saturated paste.
The error from this source is probably small. Another inaccuracy,
perhaps more serious, arises from the ability of water to swell the solid
and thus possibly to open up and enter regions that are inaccessible to
an inert gas. Whether or not helium is excluded from any regions
accessible to water is not known. The existence of such regions does not
necessarily imply an inaccuracy in the helium determination. That is,
if the loss of water from such a region causes a shrinkage equal to the
volume of water lost, the helium measurement would correctly indicate
the density of the solid phase and the space available to the water even
though the helium were not able to penctrate it. However, if the volume
change in such a region is not equal to the volume of water lost from
that region, the helium displacement will not accurately indicate the
space available to water. This is a question which must be left open for
the present. However, it might be noted that the possibility of a gel-
shrinkage equal to the amount of water removed from the gel is not as
remote as might at first be supposed. Although it is true that the
over-all volume-change is only about 1/40 of the volume of water re-
moved, there is evidence that the gel itself undergoes much greater
shrinkage than the specimen as a whole, the difference being due to
mechanical restraints.

Other sources of error are inherent in the apparatus itself. Although
the apparatus was constructed and manipulated with care, leakage
through the stopcocks seemed to occur oceasionally. Also, the readings
of the mercury level in the barometer with the micrometer microscope
were sometimes affected by changes in the shape of the meniscus in the
course of the manipulation of the apparatus.

EXPERIMENTAL RESULTS

Many measurements were made on samples of various descriptions,
but the original determinations were later found to be in error because
not enough time had been allowed for the helium to penetrate the fine
structure of the granules. As was found for carbon black by Rossman and
Smith,® the first period of rapid penetration is followed by a very long
period of slow penetration. Different pastes differed in the time re-
quired for the attainment of practical equilibrium. In one case 5 or 6
days of contact seemed to be necessary. The procedure finally adopted
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was to evacuate the sample for 1 or 2 days and\then to maintain contact
with the helium for 1, 2, or as many days as were necessary to establish
apparent equilibrium. Even under these circumstances it was difficult
to attain as good duplicability in repeat tests as was desired, partly
because the long time periods increased the effects of any slight leaks.
These sometimes developed at the stopcocks.

Test measurements had to be repeated several times to obtain values
for the specific volume of the non-evaporable water with an apparent
accuracy of about 4+ 0.01 cc per g. Only four different samples were
tested by the final technique, but the cements represented a considerable
range of compositions. The specific volumes of the dried pastes (about
6 months old) were all found to be close to 0.41 cc per g (density:
2.44 g per cc). TFrom the individual values the specific volume of the
non-evaporable water was computed as explained below.

Specific volume of non-evaporable water

The volume of the solid phase can be considered as being equal to the
sum of the volumes of original cement and the volume of the non-evap-
orable water. That is,

Vie = C0-Duls soissieni iae e Do et dimeie o (11)
where
Vs = volume of solid matter,
Un hypothetical specific volume of non-evaporable water, and the
other symbols have the same significance as before.

The specific volume of the non-evaporable water may have no literal
significance, since at least a part of the non-evaporable water probably
"loses its identity when it enters into chemical combination with the
cement constituents. Nonetheless, a figure can be obtained which
represents the increase in volume of solid phase per gram of water com-
bined with the cement and which is thus virtually the specific volume
of the water. BSince this specific volume does not vary widely among
cements of various compositions, general use can be made of it for
estimating the absolute volume of the solid phase from the non-evapor-
able water content. This makes available for this study a considerable
number of data from samples on which helium-displacement measure-
ments were not made.

The hypothetical specific volume of the non-evaporable water can

conveniently be computed from the following form of eq. (11):
b ETIEM i s sais weas S (12)
Wn

The values of v, found from the final, most reliable experiments
were as follows:
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Computed composition
Cement, Va
No. | CsS .S C3A CAF
13721-1P 44 .8 26.3 12.7 6.6 0.82
13738-6Q 56.4 17.6 10.5 9.2 0.83
13765-15Q) | 42.4 28.9 9.9 8.8 0.81
13779-20P 53.0 15.5 13.1 11.5 0.82

In the computations that follow », is taken as 0.82 for all cements,
on the basis of the results tabulated above.

Specific volume of gel water

With the data now at hand, the approximate specific volume of the
gel water can be estimated.
Let », = mean specific volume of gel water;

w, = weight of gel water;

Valn + VW, = VAW,
In a saturated sample, made of normal Type I cement, containing no
capillary space, '

w, = 0.50 w; ;

w, = 0.50 w, ;
v, = 0.860 ;and
v, = 0.82

Hence,
= 0.860 — 0.50 X 0.82
0.50

Computation of volume of solid phase from non-evaporable water

Eq. (11) ean be written

v, = 0.90, approximately.

Yoo b MRS e e ree (13)

Cu. v. €

This gives the ratio of the volume of the solid phase to the volume of the
original cement in terms of the non-evaporable water (g per g of cement)
and the ratio of the specific volume of the non-evaporable water to that
of original cement, »,/v.. TFor any given cement v,/v. is constant and
indeed the same value may be used for various cements without intro-
ducing much error. In the following computations v, is taken as 0.82 for
all cements, ». is the measured value when known and 0.317 when no

measured value is available. That is, the value is either L or gg—-—?—F
Ve . i

= 2.59.
Computations of solid-phase volumes are recorded in Tables 5-12

to 5-16. These data include results from five different cements and three
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TABLE 5-12—COMPUTATION OF VOLUME OF SOLID PHASE
Cement 14930 '

In = g%f = 2.64; €3S 23 percent; CoS 56 percent; C;4 6 percent; C4AF 10 percent;
Ve -
Specific surface = 2040 sq em per g; Computations based on eq. (12)
(1) () (3) (4) (5) (6) (M)
Ref. RTA
No. Age, W Vi ce. per :
Series w,/e days ¢ c v ce. of Ve
254-8 & 9 (g/g) paste
Mix A
9-1 .309 7 080 1.21 498 .60
4 53 14 .099 1.26 o .63
it £ 28 .107 1.28 .64
g - 56 L1129 1.34 .67
i . 90 150 1.40 .70
i 180 .162 1.43 - .71
i “ 365 170 1.45 £ 2
-1 311 447 (181 1.48 494 .73
Mix B
9-2 424 7 080 1.21 .418 .51
i & 14 103 1.27 & .53
# i 28 116 1.31 .55
- “ 56 135 1.36 .57
gy “ 90 174 1.46 .61
i ¢ 180 . 185 1.49 .62
% 5 365 L1095 1.52 o .63
82 443 362 .201 1.53 .407 .62
Mix C
9-3 .573 7 082 1.22 347 .42
i - 14 090 1.24 i .43
t =5 28 121 1.32 4 .46
i 2 56 . 164 1.43 £ .50
s i 90 185 1.49 .52
g H 180 .201 1.53 .53
# i 365 .214 1.56 i .54
8-3 .595 362 .210 1.55 .338 .52

different mixes and from six to eight different curing periods for each
_cement. The increases in solid volume diring the course of hydration
are shown for each of the cements in Fig. 5-7.*

These curves show that during the first month or so the average rate
of hydration of a given cement is greater the greater the original water-
cement ratio. After the first 3 months the rate is very low. Because
of this the data do not indicate very definitely the trends of the curves
at the later ages. Nevertheless, it is clear that even with the slow
hardening cements, hydration virtually ceases within a year.

*'or description of mixes see 8-254-8 & 9, Appendix to Part 2,
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TABLE 5-13—COMPUTATION OF VOLUME OF SOLID PHASE
Cement 15007J

% = % = 2.61; C38 48 percent; C»S 29 percent; CsA 7 percent; C4AF 10 percent;

Specifie surface = 2015 sq em per g; Computations based on eq. (12).

(1) (2) (3) (4) (5) (©) (7
Rel. . ¢ U
No. Age, W v, ce per
Series w./c days ¢ € v, ce of Ve
254-8 & 9 (g/g) paste
Mix A
v
9-4 : .316 7 126 1.33 493 .66
i s 14 140 1.36 o .67
i 28 .154 1.40 i .69
i 56 168 1.44 o .71
o 90 .173 1.45 i R
i - 180 184 1.48 B .73
8-28 .344 480 .198 1.52 471 i
Mix B
9-5 .433 7 .133 1.35 416 .56
& 4 14 150 1.39 i .58
i o 28 W71 1.45 " .60
i H 56 (185 1.48 o .62
o o 90 .192 1.50 “ .62
3 i 180 .202 1.53 K .64
8-29 464 440 217 1.57 .308 .62
Mix C
9-6 .B70 7 . 156 1.41 347 .49
o £ 14 163 1.42 o .49
. i 28 184 1.48 - .bl
- “ 56 .204 1.53 “ .53
4 L 90 .205 1.54 ‘ .53
L i 180 213 1.56 i .54
8-30 505 440 .232 1.61 .340 .55

Table 5-17 gives the volumes of the solid phase in pastes that had
apparently closely approached the maximum possible extent of hydra-
tion. The average results from each mix are plotted in Fig. 5-8. This
diagram is like Fig. 5-5 except that the solid volume rather than bulk
volume is shown. Fig. 5-9 represents a Type I cement cured 6 months.
The original specimens were truncated cones of 4-in. base diameter, 114-
in. top diameter, and 6-in. altitude. Some were made of sand-cement
mortar; others from cement and pulverized silica.* (See Table 5-18.)

These two diagrams show that as the cement approaches ultimate
hydration the volume of the solid phase per unit over-all volume of paste
is directly proportional to the original cement content of the paste for

*For complete description see Appendix to Part 2, Series 254-7.
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TABLE 5-14—COMPUTATION OF VOLUME OF SOLID PHASE
Cement 15011J
Un 3'%2 = 2.63; (S 45 percent; C2S 29 percent; C:Ad 7 percent; C4AF 10 percent;
Ve .
Specific surface = 1835 sq em per g; Computations based on eq. (12).

1) (2) (3) 4) (5) (6) (7)
Ref. o c .
No. Age, Wy V. cc per
Series Wefc days ¢ ¢ Ve ce of V.
254-8 & 9 _ (g/8) paste

Mix A

9-7 .316 7 114 1.30 .492 .64

. # 14 .133 1.35 4 .66

‘ 28 . 143 1.38 i .68

56 . 156 1.41 o .69

90 164 1.43 - .70

180 170 1.45 £ 71

H 5 365 176 1.46 o o]

840 .3149 478 184 1.48 490 .72
Mix B

9-8 .432 7 .123 1.32 .413 .54

i vt 14 .153 1.40 b .58

e 2t 28 . 165 1.43 o .59

i a 56 J1R7 1.47 & .61

90 191 1.50 £ 62

o o 180 .199 1.52 £ .63

8-41 .442 368 .210 1.55 410 .64
Mix C

9-9 .582 7 131 1.34 .350 .47

i 14 157 1.41 < .49

e i 28 176 1.46 i .51

‘ ‘ 56 .195 1.51 o .53

& 6 90 .205 1.54 " .54

# i 180 .214 1.56 o .95

842 .595 368 .222 1.58 .340 .54

those pastes in which the original cement content does not exceed about
45 percent of the over-all paste volume. For this lower range of cement
contents the position of the line OB corresponds to w,/c = 0.224;
hence, eq. (13) becomes

¥V, = 1.58cu._.]w R ——— P

For pastes having cement contents greater than 45 percent of the
over-all volume, the ultimate volume of the solid phase in the hardened
paste is not directly proportional to ¢ v.. Instead, the relationship, as
shown in Fig. 5-8, is

e LG T S e e v

Ve=05+05c0 ], <
Eq. (14) is represented in Fig. 5-8 by line OB; eq. (15), by BC.
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TABLE 5-15—COMPUTATION OF VOLUME OF SOLID PHASE
Cement 15013.J

. g—g?b = 2.60; C3sS 39 percent; CaS 29 percent; C34 14 percent; CyAF 7 percent;
Ve :
Specific surface = 1810 sq em per g; Computations based on eq. (12).
e @ 3) @) 5) (6) @ -
Ref. € Ve
No. Age, Wn_ Va ce per
Series w./c days ¢ € Ve ce of V.
254-8 & 9 (g/g) paste
Mix A
9-10 .324 T 149 1.39 .488 .68
£ () 14 164 1.43 £ .70
«“ ¥ 28 171 1.44 i .70
& i 56 180 1.47 £ .72
“* : 1 a0 191 1.50 £ .73
& il 180 . 188 1.49 #t .73
8-46 .332 339 .218 | 1.57 481 .75
Mix B
9-11 443 7 .156 1.41 .410 .58
o i 14 .183 1.48 £ .60
& H 28 AT77 1.46 5 .60
“ - 56 .208 1.54 & .63
¢ b 90 215 1.56 & .64
i - 180 .236 1.61 o .66
8-47 .453 333 241 1.63 405 .66
) Mix C
9-12 611 7 .158 1.41 .335 .47
! b " 14 (183 1.48 " .49
- o 28 .203 1.53 .51
£ g 56 .221 1.58 5 .53
1 90 .236 1.61 .54
< i 180 .245 1.64 b .bd
848 599 333 .253 1.66 .339 .56

Lines OD and DC in Fig. 5-8 represent the bulk volumes of the solid
phase (see Fig. 5-5) corresponding to the solid volumes represented
by OB and BC. Line OD corresponds to eq. (10) with w,/e = 0.224.
TFor a saturated paste vertical distances in the area above OD represent
capillary water; those in the area between ODC and OBC represent gel
water; those in the areca OBCO represent non-evaporable water,

In Part 3, data were presented showing that the evaporable water
cannot be less than 4V .. (V,, = weight of water in first adsorbed layer.)
It was shown that as a consequence of this the maximum weight ratio
of the non-evaporable to the total water would be between about 0.47
and 0.51, depending on the type of cement. For a Type I cement it
would be about 0.50. It is of interest to compare these weight ratios
with the volume ratio indicated by BC in Fig. 5-8. (The points along
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TABLE 5-16—COMPUTATION OF VOLUME OF SOLID PHASE
Cement 15365

;ﬂ' = g—%?_g = 2.57; C38 45 percent; CaS 28 percent; C34 13 percent; CiAF 7 percent;
Specific surface = 1640 sq em per g; Computations based on eq. (12).
(1) (2) (3) (4) (5) (6) (7)
Ref. . € v
No. Age, Wy Vs ce per
Series wo/c days ¢ ¢, ce of Ve
254-8 & 9 (g/g) paste
Neat cement
9-15A . 244 7 115 1.30 .558 .72
& i 14 126 1.32 " .74
" 28 136 1.35 o .75
i | = 56 .140 1.36 . 76
R | & 90 . 145 1.37 - 77
i | by 180 .155 1.40 £ 78
- Mix A
09-13 319 7 .133 1.34 .490 .66
o 3% 14 .152 1.39 i .68
e 28 149 1.38 - .68
“ 56 ATY 1.46 o .72
i - 90 179 1.46 v .72
5 ¥ 180 .182 1.47 $ .72
Mix BB
9-14 439 7 139 1.36 412 .56
“ 7 14 171 1.44 # .59
£ ! # 28 .184 1.47 £ .61
o | v 56 -.210 1.54 o .63
o | - 90 .215 1.55 o .64
£t | i 180 .222 1.67 ” .65
Mix C
9-15 587 7 .153 1.39 851 .49
4 14 . 186 1.48 1* .52
b £ 28 .210 1.54 .54
o o 56 221 1.57 .55
o | 90 .230 1.59 .56
kit 180 .255 1.66 .58
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this line represent cements of average Type I composition.) To make
this comparison it is necessary to convert the volume ratio represented
by BC to the corresponding weight ratio:

Wwatn = 0.5 ww, (Fig. 5-8)........ ... . . (16)
v =1 — 0.279 " (eq. (8) ).
wy

v, = 0.82 (assumed) ........ ... (17
Substitution of eq. (8) and (17) into eq. (16) gives

2 = 0.52.

w ¢

Thus, the maximum weight ratio of w, to w, as estimated from the
specific-volume measurements is higher than that estimated from the
adsorption measurements by 6 pereent of the smaller value. This
discrepancy is probably the result of applying eq. (8) for v, instead of
experimental values for the particular cements represented in Fig. 5-8,
using the approximate value 0.82 for v,, and using the estimated weight

I'-,n T T [ T | T T I'?n T 1 T L I T | T T
Wo/C =.582
160 = WofE T AT = 150 i € cliags -
Mix € " " T 57 2
150 ﬁ EIh - ; %"’"'57- - o
La0 y4 1 309 140 ,_.-e-:jl" S
. o V I
C 130 Cement 149307 4 130 Cement /50NT ]
@ C35 - 23% C;5 45%
E o5 -56n 28 5 29. .
120 21
3 CiA - 6u A 7.
Lok CadF-10 w d ek CoAF 10 A
i 2040 cmifg 1835 cm?¥
g o0 L I L L L i L 1,00/ L i N L L
o™
=
2 110 T —TT T 1.70 ey r 7 - T
Y ¥ Mix C FIITIE
o | it I lléfr 570 140] P =
4 C},_:j__,_.—-l—— -l
3 ol """,__,__--a,—r' — =137 . 5ol /"’"‘T-_-'T_‘ La24 4
/":v-‘"’.""'n:’ IS A
a 140 L] | 140
D_m n Cerment 15007 A L3o} Cement (50437 x
) T3S - 98% 5 J39%
U 170 €25 ~ 294 120 ;5 2%. o
g CyA* Tu CiA 14,
i CodF 10, 1 ok CahtF 7. J
31’ i 2015 cmifg 1810 €m g
O 0 gy P - L A A N S
= ’ : ’ ! S 0 15 20 25 30 35 40 45 S0 55 60 65
Period of Curing - weeks
he)
237
st I T e - - . . )
D g0 YofCt Bl SiMix € Fig. 5-T—Increase in volume of solid
] ;ﬁ e El S phase
b_ﬂ._, . A g
W et il 18 | Neat
E Vit 2087
3 Lag Cement /5365 A
o . 5 -95%
> 12 G5 “28n ||
C3A =/3a
Liof CoAF= Tu g
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100 L
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ratio based on an average ratio between V,, and w, that may be in error
by as much as 10 percent for a particular cement.

It may be concluded that Table 5-10 and line BC of Fig. 5-8 are sub-
stantially in agreement in showing that the maximum possible weight
ratio of non-evaporable water to total water is about 14.

Limit of hydration for pastes of high cement content

As already noted, line BC appears to be an upper limit to the amount
of hydration (in terms of w,) that can occur in pastes of high cement
content. The data at hand are not sufficient to prove whether this is an
absolute limit or whether, given sufficient time, the points will gradually
move higher. However, the fact that one of the points represents a
water-cured paste 4 years old gives strong support to the supposition
that the line as shown marks the upper limit. The significance of the
position of line BC and whether or not its slope remains the same may
not at first be apparent. Consider the following alternative possibilities.

(1) The process of filling the available space with hydration products
could be likened to filling a vessel with like-size spheres; at any given
stage in the filling the total void space in the vessel would represent the
unfilled space plus the pore space between the spheres; the void space

TABLE 5-18—COMPUTATION OF THE VOLUMES OF THE SOLID
PHASE IN SPECIMENS FROM SERIES 254-7

Cement 14675

Ve _qqptuton . va _ 082 _ 550
€ Ve % ¢ e 0.318
Ref. e (1 + 2.58 wn/fc)ere
No. 1w 1 4+ 258w jc) ce per =V,
254-7 er of vefee of paste
= paste
28d | Sbd | t mo. 28d ‘ Afid | 6 mo. 28d l S6d [ 6 mo.
il
Mortar specimens
7-1 1445 L1485 1626 1.37 1.38 1.42 554 il 7 rill
7-2 1585 1605 1763 1.41 1.41 1.46 534 .75 76 78
7-3 1665 1705 1817 1.43 1.44 1.47 515 .74 74 76
T4 1895 1870 2046 1.49 1.48 1.53 477 .7l 71 73
7-5 2045 L2115 2351 1.53 1.50 1.61 421 LG4 65 (it}
-6 2115 2275 2337 1.55 1.59 1.60 354 .55 a6 57
77 2155 2275 2303 1.56 1.59 1.59 306 .48 49 49
Cement-silica specimens
35d 63d 6 mo. | 35d 63d 6 mo. 35d 63d 6 mo.
7-18 1995 L2007 2160 1.52 1.52 1.56 472 A2 .72 .74
7-25 .2133 L2164 L2324 1.55 1.506 1.60 421 .65 66 67
7-38 L2240 L2270 2433 1.58 1.59 1.63 L3733 .a9 .59 61
T-48 2323 L2303 L2497 1.60 1.59 1.64 L340 .54 .04 )
7-58 .2351 L2304 L2456 1.61 1.59 1.63 . 326 .52 .52 .53
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Fig. 5-8 (left) —Relationship between volume of solid phase and original cement content
at virtually ultimate hydration
Data from Table 5-17

Fig. 5-9 (right}—Relationship between volume of solid phase and volume of original
cement

Data from Table 5-18
- See Appendix to Part 2 for description of eriginal specimens

within the vessel could not be reduced below the total volume of the
spaces between the spheres when the vessel is full of spheres.

(2) The process could be likened to that of filling a vessel with rela-
tively large spheres and then sifting in smaller spheres that could oecupy
the spaces between the larger spheres.

If the amount of non-evaporable water reached a point on the line
BC and then remained there regardless of the length of the period of
curing, thus indicating an unchanging ratio between evaporable and non-
evaporable water, the indication would be that the hydration products
have a characteristic minimum porosity that cannot be reduced. This
would indicate that the space becomes filled by a process analogous to
that deseribed in (1). If with continued hydration the slope of BC
should become smaller, this would show that the ratio of non-evaporable
to evaporable water gradually inereases and that the colloidal hydration
products become less porous as hydration proceeds. This would indieate
that the space becomes filled in the manner pictured in (2); that is, the
pores of the gel first formed would become partly filled by hydration
products formed at a later time. As pointed out above, the fact that
the specimen cured 4 years is represented by a point on BC of Fig. 5-8
is strong evidence that the porosity of the hydration products does not
decrease as hydration proceeds. Hence, hydration seems to be a process
of forming new products without changing the characteristics of products
already formed.
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This evidence that the hydration products have a characteristic
porosity is compatible with the theory of formation of the gels. When the
solid material precipitates from solution, the colloidal particles initially
formed by the aggregating molecules are drawn together by interparticle
forces having an intensity characteristic of the system. The gel is pic-
tured as a mass of colloidal particles drawn together in random arrange-
ment and held by the forces of floceulation and probably to some extent
by rudimentary, submicroscopic erystal growths. If the particles com-
posing the gel (the “micelles”) are larger than the normal spaces in the
gel, later deposition of new gel in such spaces would seem unlikely. (See
Part 3.)

Limit of hydration with capillary water continuously available

For mixes falling to the left of point B, the time required for the solid
phase in a given paste to attain a volume represented by a point on the
line OB is greater the greater the original cement content of the paste.
(It should be noted that time is not represented in Fig. 5-8 or 5-9.)
But apparently this line is reached eventually and it marks a limit to the
amount of hydration even though capillary water is present in the paste.
Such a result would be expected if the position of line OB corresponded to
complete hydration of all the cement. However, complete hydration
probably does not occur except in cements of unusually high specifie
surface.  Observations by Brownmiller® on pastes of w/e = 0.4 by
weight (¢ ». = 0.44 cc per ce of paste) indicate that all but the coarsest
particles of cement, probably those having diameters less than about 40
microns, become completely hydrated if water-cured long enough.
According to Brownmiller, a Type III cement of about 2600 specific
surface appeared to be about 99 percent hydrated at the seventh day.
A Type I cement, specific surface 1800, appeared about 85 percent
hydrated at the 28th day. In a section from concrete pavement 6 years
old, the cement (specific surface unknown but probably not over 1800)
in the part photographed appeared to be completely hydrated except
for one 75-micron particle.

Fig. 5-10 gives data obtained in this laboratory on the influence of
fineness on the extent of hydration as indicated by the non-evaporable
water content. These results indicate that the ultimate increase in solid
volume per ce. of original eement is smaller the coarser the cement. Thesa
indications that coarse particles of cement remain unhydrated for an
indefinite period even when free water is present show that the apparent
cessation of hydration is, for cements of ordinary fineness, not due to the
attainment of chemical equilibrium. Apparently, the gel around the
coarser cement grains becomes so dense that water cannot penetrate it.
Absolute stoppage of flow through the gel is hardly conceivable, however.
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It is more likely that water continues to penetrate to the cement but
does it so slowly that we are unable to detect the effect.

Estimation of volume of unreacted cement

The amount of unreacted cement in hardened paste can be expressed
as follows:

Ve Wno
SHE o . B T e e e e G SR (18)
cv. c V.
where
—* = volume of unreacted cement per unit volume of original
cv,

cement, and

n = ecc. of hydration produects per ce. of non-evaporable water.
As said before, we have no data on the amount of unreacted cement in the
specimens used in these studies. IHowever, from Brownmiller’'s observa-
tions, mentioned above, it seems reasonable to assume that at ultimate
hydration, about 90 percent of a Type I cement becomes hydrated.
Making this assumption, assuming that w,/e¢ = 0.24 at ultimate hydra-
tion, and letting v,/v. = 2.59, we obtain

0.1 = 1 — n(2.59 X 0.24).

Hence, n = 1.45.

With n thus estimated we may write
F i
Vie _ 1 —375wa/e. .o (19)
cv,

It should be understood that this relationship is only a rough estimate.
The value of n will depend on the fineness of the cement, the coarser
the cement, the smaller n. TFor example, if when w,/c = 0.24 the
cement is actually completely hydrated, n would equal about 1.6; if 80
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percent hydrated, about 1.3. The purpose of the computation is to
show the order of magnitude of n and to provide a basis for showing,
in the following section, how the correct data would be represented
graphiecally if we had them. -

Graphical summary of data on volumes of various phases in hardened cement paste

Iig. 5-11 gives a summary of the relationships brought out in the
preceding discussions.

It should be understood that the diagrams represent average values.
The slope of BC (eq. (15)) would vary slightly among pastes made with
different cements, according to differences in the ratios w,/w, for the
various cements. Likewise, the relationship between the slope of OB
(eq. (13)) and that of OD (eq. (9)) depends on V,./w.. The slope of OB
at ultimate hydration would be smaller the coarser the cement. More-
over, the slope of OF (eq. (18)) would depend on the fineness and other
characteristics of the cement.

With respect to eq. (18), it should be clear that this equation can
hold only up to the ordinate of point B. Beyond that point the locus
of the point representing unreacted cement must be the straight line EC.

At 0 percent hydration, only the diagonal line would appear, represent-
ing unreacted cement and capillary water. Af this stage, the capillaries
are the spaces between the original cement grains. The manner in which
the new phases develop as hydration proceeds may be seen by comparing
the four diagrams in consecutive order.

SOME PRACTICAL ASPECTS OF THE RESULTS

No attempt was made in this paper to discuss the implications of the
data and the relationships that have been presented. However, the
following fairly obvious matters may be pointed out:

(1) Pastes in which the original cement constitutes more than
45 percent of the over-all volume cannot become hydrated to the
same extent as pastes containing less cement. In terms of weight
ratio, this means that if w,/¢ is less than 0.40, ultimate hydration
will be restricted. Therefore, conclusions about the extent of
hydration of cement in ordinary concrete should not be drawn from
data obtained from standard test-pieces—w/c = about 0.25. (The
numerical limits mentioned above probably arve different for cements
of different specific surfaces; the coarser the cement the lower the
limiting w./e. For specific surfaces between 1600 and 2000, the
figures given are satisfactory.)

(2) The average rate of hydration is lower the lower w,/c. There-
fore, the age-strength relationship for ordinary concrete cannot be
the same as that for standard test pieces of low w,/c.



Materials Landmark Papers 519

25% of Ultimate Hydration 50% of Ultimate Hydration
Wo/fc (by wt) wolc (by wh) . 3
.B %.5 .4g3 frd A 454 3 2
T T
0 T T T o2 & ’.-
® e,
{
BF 12 |
@0

Capiltar : o Capiliar
DRilard:, s «© / woter”
208
6 $ o -

Unreacted %

Unreacted
2 / C'E'mey Cemy
0 // / //
0 S 4 B 8 1.0 0 o2 A & K- 1.0
Original Cement, Fraction of Over-all Paste Volume (= c\vg)
Wn/c=0.06 w,-./c = 0.12
75% of Utimate Hydration 100% of Ultimate Hydration
Wy fe (l'.\g3 wt) wy/le (by wt)
B8 55 4 . 2 B 654 3 2
Lo o o e b e
10 - & C

©

AT

Gel Water )\,

capillary Capillary V' Non-Evap.

water

Volume of Part Indicated — Fraction of Over-all Paste -Volume

\\
‘ater Wal"e!' \\\
& ‘é?ﬁ:’;?“’/
- 4
° ‘ Orrg};‘wat Cerr{;m, Friction ok Over-all Daste: Woluma {» C‘f"c) . 0

y =

Fig. 5-11—Relationship between volumes of various phases in saturated hardened paste
and original cement content at ultimate hydration

(3) The substance that gives concrete its strength and hard-
ness is the solid material formed by the hydration of portland
cement. In Fig., 5-11 this cementing substance is represented by
the vertical distance from OFEC to ODC at the point on the secale of
abscissas representing the original cement content of the paste.
The capillary spaces, when present, are distributed through this
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substance and weaken it. Therefore, the cementing substance (not
the paste as a whole) has its maximum possible strength if the
hardened paste can be represented by the ordinate passing through
points F, B, and D, or by any ordinate to the right of that one.

(4) It might seem from the foregoing paragraph that a paste
represented by the ordinate through EBD has the maximum possible
strength and therefore that still richer pastes (necessarily molded
under pressure) would be no stronger. However, a limited amount
of data obtained from specimens molded under high pressure in-
dicates that the strength of the paste as a whole increases as the
composition is made to fall farther to the right of the ordinate pass-
ing through EBD. In view of the evidence that the density of the
cementing substance is the same in all such pastes, it is concluded
that the increase in strength is due to the decrease in the thickness
of the layer of cement between the particles of mineral aggregate.
In this connection, the unreacted cement may be considered to be a
part of the aggregate. The inerease may also be due in part to an
increase in the degree of “self-desiccation” of the gel, which would
be expected to increase with the proportion of unreacted cement.

(5) The hydraulic radius of the pores in the paste and the porosity
are smaller the smaller the proportion of capillary space in the
hardened paste. The hydraulic radius is at its lowest possible
value when the composition of the hardened paste can be repre-
sented on the ordinate passing through points £, B, and D of Fig.
5-11. Porosity of the paste as a whole continues to decrease as the
composition is made to fall farther to the right, but the hydraulie
radius is not further reduced.

(6) The permcability of hardened pastes to fluids under external
pressure probably depends almost entirely on the proportion of
capillary water, owing to the extreme smallness of the gel-pores.
Hence, permeability is practically zero when the paste- can be
represented by the ordinate passing through points E, B, and D.
This is diseussed further in Part 7.

GENERAL SUMMARY OF PART 5

Nomenclature:
¢ = cement, g per g of saturated paste
w, = total water, g per g of saturated paste
w, = non-evaporable water, g per g of saturated paste
wg = compressed water, g per g of saturated paste

w. = capillary water, g per g of saturated paste
= adsorbed water, g per g of saturated paste

S
|
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w, = gel water, g per g of saturated paste
v. = specific volume of cement

v, = « o total water

Un = £ ““ . non-evaporable water

vy = ¢ 9 compressed water

v, = “ O gel water

B’ = ratio of adsorbed water to non-evaporable water
B =(1+ B

k = ratio of V,, to w,
Vo = constant of B.E.T. equation, proportional to surface area of
the gel
Ve = bulk volume of solid phase. It differs from the over-all
volume of the paste by the volume of the capillary space
outside the gel.
V: = volume of solid matter in the paste
Ve = volume of unreacted cement in the paste
n = cc¢ of hydration product per ce of non-evaporable water

(1) The total water in a saturated specimen can be divided into two
categories: (a) that which has a specific volume less than 1.0; (b) that
which has a specific volume equal to 1.0. All the water having a
specific volume less than unity is called compressed water. It comprises
the non-evaporable water and a part of the evaporable water.

(2) The mean specific volumes of the total water contents were com-
puted from the measured volumes of the saturated granular samples and
the volumes and weights of the ingredients, assuming that the cement
retained its original volume.

(3) The mean specific volume of the total water in a saturated paste
is given by the expression

v =1 — 0.279 2",
Wy
w,/w, can vary from zero to about 0.50. Hence, the mean specific volume
of the total water varies from 1.0 as a maximum (w, = 0) to about 0.860
as a minimum (w,/w, = 0.50). Among different types of cement,
w,/w; (maximum) ranges from 0.47 to 0.51.

(4) When w,/w, = about 0.50, the sample contains no capillary water.
Hence, 0.860 is the mean of the specific volumes of the non-evaporable
water and the gel water.

(5) The mean specific volume of the gel water is estimated to be
about 0.90; that of the capillary water is 1.0.

(6) The bulk volume of the solid phase as a fraction of the over-all
volume of the paste is given by the expression
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Ve _ ) 4 W o gy 0800
[/ c Ve

(for0= Vg =1)

For an average Type I cement, £ = 0.255 and V5 becomes

Vi | o 5.5%](;&
G

(7) The absolute volume of the solid phase as a fraction of the total
paste volume is given as

Ve = 1+%-%]cv..

[ c

(8) The ratio of the solid volume after hydration to the solid volume
of the original cement, V,/(cv.), varies from 1.0 when w,/¢c = 0 to
about 1.63 when w,/¢ is maximum. The upper limit is probably lower
than 1.63 for cements coarser than those used in this study (1600 to 2000
sq em perg and may be slightly higher for finer cements.

(9) For pastes having original cement contents greater than about
0.45 of absolute volume, the ultimate solid volume is about

Va=105+ 05 C”"':I 045 £ . = 10

(10) The extent of hydration in water-cured pastes having original
rcement contents below 0.45 by absolute volume is apparently limited by
the relative amount of +40 micron particles in the original cement. In
the richer pastes it is limited by the space available for the hydration
products.

* * * * #*

For comments on some practical implications of the results, see the

section immediately preceding this General Summary.

REFERENCES

(1) A.J. Stamm and L. A. Hansen, J. Phys. Chem. v. 41, p. 1007 (1937); G. F.
Davidson, J. Textile Inst. v. 18, T175 (1927); Stephen Brunauer, The Adsorption of
Gases and Vapors, v. 1 (Princeton University Press, 1943), Chapter XII.

(2) R.P. Rossman and W. R. Smith, Ind. Eng. Chem. v. 35, p. 972 (1943).

(3) L. T. Brownmiller, Proe. ACI, v. 39, p. 193 (1943).



Materials Landmark Papers 523

Title 43-5f —a part of PROCEEDINGS, AMERICAN CONCRETE INSTITUTE Vol. 43

JOURNAL
of the
AMERICAN CONCRETE INSTITUTE
(copyrighted)
Vol. 18 No. 7 7400 SECOND BOULEVARD, DETROIT 2, MICHIGAN March 1947

Studies of the Physical Properties of Hardened

Portland Cement Paste™

By T. C. POWERSY

Member American Concrete Institute

and T. L. BROWNYARD}

Part 6. Relation of Physical Characteristics of the Paste to Compressive

Strength
Part 7. Permeability and Absorptivity§

CONTENTS PART 6

Relation of paste structure to compressive strength .............. 845
The ratio of increase in solid phase to available space .......... 846
The Gl SPREE TRENG s avves wim 5mimeirs s s o5 o o e s o a4 848
Limitations of f. vs. V/w, relationship. ...................... 848
Effeet of sand particles. iioo s s ivvimivisiisim v 849
Influence of gypsum content of cement. ...................... 851
Effect OF BEBAIN-0UIIIE « i v ovewra v s s s st s siade s 853

Discussion and SUMIMATY . ... o v vttt e e e eie e e iaaeeennns 854

IREEBTEIIOOE . . e swncesits moimie ot s e s oo e 8 AN B 857

RELATION OF PASTE STRUCTURE TO COMPRESSIVE STRENGTH

The compressive strengths of mortars and concretes depend on many
variable factors. The effects of some of the factors, particularly certain
properties of the hardened paste, will be discussed in this section.

*Received by the Institute July 8, 1946—scheduled for publication in seven installments; October 1946
to April, 1947, In nine parts:

Part 1.

Part 2.
Part 3.
Part 4.

Part 5.

Part 6.
Part 7.
Part 8.
Part 9.

“A Review of Methods That Have Been Used for Studying the Physical Properties of Hardened
Portland Cement Paste'’. ACI Journaw, October, 1946.

“Studies of Water Fixation"'—Appendix to Part 2. ACI JourxaAL, November, 1946.

“Theoretical Interpretation of Adsorption Data.”” ACI Journar, December, 1946.

“The 'f‘?ermodynamlcs of Adsorption""—Appendix to Parts 3 and 4. ACI JourNar, January

1947,

“Studies of the Hardened Paste by Means of Specific-Volume Measurements.” ACI JoOURNAL
February, 1947, .

“Relation of Physical Characteristics of the Paste to Compressive Strength."”

“Permeability and Absorptivity."

""The Freezing of Water in Hardened Portland Cement Paste.”

“General Summary of Findings on the Properties of Hardened Portland Cement Paste.”

Manager of Basic Research, Portland Cement Assn. Research Laboratory, Chicago 10, IlL
. Na(\:'g‘Depti.D\’\’ie}shington, D. C., formerly Research Chemist, Portland Cement Assn. Research Labora-
ory, Chieago 10, . ;
§The characteristics of the cements mentioned in this section may be found in the Appendix to Part 2.



524 Powers and Brownyard

The ratio of increase in solid phase to available space

At the time when fresh cement paste of normal properties first congeals,
its final volume is established except for a relatively minute expansion
in volume that occurs during subsequent hydration and the small volume
changes that accompany drying and wetting. Therefore, the space
available for the increase in volume of the solid phase is initially equal to
the volume occupied by water.

We may tentatively assume that the increase in strength that accom-
panies an increase in extent of hydration is a function of the increase
in the volume of the solid phase per unit of volume of initially water-filled
space. In this connection it seems logical (though not essential) to con-
sider the volume of the solid phase to be the sum of the volume of the
solid matter and the volume of its associated voids, that is, to consider
the bulk volume of the solid phase, rather than its absolute volume.
(See Part 5.)

As shown in Part 5, the increase in bulk volume of the solid phase
is about

0.860 (w, + 4V,)
w, is the weight of the water that has become a part of the solid phase and
therefore represents the increase in absolute volume. 4V, is the weight of
the water required to fill the voids of the gel. 0.860 is the mean of the
specific volumes of these two classes of water. Hence,

increase in solid phase  0.860(w. + 4V.)
original space available a Wo
where w, is the original water content after bleeding.
For any given cement, V,/w, is a constant (see Part 3). Hence,
the solid-space ratio is, in general,

X' = 0.860 2% (1 4 4h)ee e (2)
wl’}
or -
x' = 0860 (LT 4k) ............ I 3)
W, k

where X’ = ratio of increase in solid phase to original water content.
It will be shown that compressive strength, f., is related to X’ by an
empirical equation of the form
_ fo=mX b Boui jeviies ciapdess sweys (4)
where m is the slope of the empirical line and B, its intercept on the f.
axis.
Substitution for X’ from eq. (2) and (3) gives

fE=M'V_"‘+B ................................... (5)

W,
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and

where

M’ = 0.860 (1 —;4k)m

The constants M’ and B can be evaluated by plotting observed values
of f. versus Vn/w, or w,/w,. Such data for four different cements are
given in Tables 6-1, 6-2, and 6-4* and are plotted in Fig. 6-1 and 6-2.
The points represent mixes A, B, and C of Series 254-9 and the mixes
used in Series 254-11, where they were the same as A and B of 254-9.
The curing periods ranged from 7 days to about 1 year.

The straight line drawn in Fig. 6-1 represents the relationship

fe = 120,000 Yo 3600
Weo

It will be noted that the deviations of the individual points from this line
seem to be random. That is, there is no indication that the points for any
particular age or cement or mix can be distinguished by their positions
with respect to the line. In view of the fact that V./w, (ie., k) differs
considerably among the four cements, it seems that strength is not much
influenced by this ratio. If w, represents all the hydration products and
Vo only the gel (material of high specific surface—see Part 3), this in-
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dicates that strength depends primarily on the gel and is therefore little
influenced by differences in w, when V,, is fixed.

This point is illustrated further by Fig. 6-2, where f. is plotted against
wn/w,. The straight line has the slope Mk where M = 120,000 and
k = 0.285, the mean value of k for the four cements. That is, the equa-

tion for the line is f. = 34,200 Yn. _3600. Although the points scatter to
W,

a similar degree, the scattering in Fig. 6-2 differs from that in Fig. 6-1
in that there is clear evidence of segregation of the triangles (representing
cement 15011J) whereas in Fig. 6-1 the points are rather well mixed.

The gel-space ratio

It thus appears that the increase in strength is directly proportional
to the increase in V,./w, regardless of age, original water-cement ratio,
or identity of cement. Accordingly, it appears advisable to discard
the assumption that strength is a function of the ratio of the total in-
crease in solid phase to available space, in favor of the assumption that it
is a function of the ratio of the volume of the gel to the original space
available. We may call this the gel-space ratio. Thus, we may assume
that

X
where X = gel-space ratio
B = proportionality between V., and the total volume of the

gel.
Substitution of eq. (8) into eq. (4) gives
o= M B )
W,

where M = mpB. Comparison of eq. (9), (6), and (4) shows that the
above is merely a redefinition of the meaning of the slope of the line
represented by eq. (4), the new definition taking into account the obser-
vation that & need not be included. FEq. (7) is thus now defined as the
relationship between strength and the gel-space ratio.

Limitations of f. vs. Vi /1w, relationship

Although the four cements represented in Fig. 6-1 differ considerably
in C3S and €28 content, they are all similarly low in C34. When cements
of various C3A contents are included, the f. vs. V,./w, relationship is
found to be influenced by the C3A4 content of the cement. This is illus-
trated in Fig. 6-3 and 6-4 (plotted from data of Tables 6-1 through 6-7),
in which cements of various C34 contents, including the cements of Fig.
6-1, are represented. Fig. 6-3 represents cements of low (34 content;
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Fig. 6-4, those of medium or high C3A content. In each diagram, the
diagonal line represents eq. (7).

In Fig. 6-4 it will be seen that the strengths developed by cements
of medium or high C3;A content were in general lower than would be
computed from eq. (7). (Certain exceptions will be discussed below.)
The conclusion follows that cements of different C34 contents develop
different strengths at the same value of V./w,, at least among those
cements containing more than about 7 percent C3A4 (computed).

Before further discussion of the relation between cement composi-
tion and strength, it is necessary to consider some other factors.

Effect of sand particles

In Fig. 6-3 and 6-4 three different series of tests are tepresented. Seiies
254-9 comprised three mixes, A, B, and C, as described previously (see
Appendix to Part 2). Mix A contained sand and cement only. Mixes
B and C contained sand and pulverized silica of cement fineness, the
amount of the silica being 33 percent and 73 percent of the weight of the
cement, respectively. Series 254-11 comprised mortar mixes of the same
proportions as mixes A and B of Series 254-9. The data from these two
series are, therefore, directly comparable. On the other hand, the data
from Series 254-13 (appearing in Fig. 6-3A, B and Fig. 6-4A, B, and
D) represent specimens containing only cement and pulverized silica,
the amount of silica being 71 percent of the weight of the cement. The
question, therefore, arises as to whether the results from Series 254-13
are comparable with those from the other two series.

In this connection it is of interest to examine Fig. 6-4C, which repre-
sents data obtained from mixes A, B, and C, and from neatcement.
This is the only case where neat cement and mortar can be compared.
Note that the strength of the neat cement at a given V,./w, exceeds by a
considerable margin that of the specimens containing sand (No. 4 maxi-
mum size). The points appearing immediately below those representing
neat cement are the ones representing mix A, which contained no pul-
verized silica, and mix B, which did contain silica. The results indicate,
therefore, that the introduction of sand lowered the strength. It is
presumed that the decrease in strength resulting from the introduction
of sand is due to the decrease in homogeneity with respect to elastic
properties, and possibly to a modification of the mode of failure as
described by Terzaghi.(V* On this basis one would not expect the in-
troduction of pulverized silica to affect the strength adversely, owing to
the smallness of the silica grains. Therefore, it would seem that neat
cement specimens or specimens containing only pulverized silica as
aggregate would not be directly comparable with specimens containing
relatively coarse sand particles.

*See references at end of text, Part 6.
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However, the trend of the neat-cement points is such as to suggest
that the strength of the neat cement and mortar would be equal at about
Vm/w, = 0.10. It happens that most of the points representing the
cement-silica specimens of Series 254-13 fall near this point or lower on
the Va/w, scale. Also, it may be observed that the strengths of these
cement-silica specimens were about the same as or lower than the strengths
obtained from the mortar specimens having equal values of Vi/w, It
thus appears that, at least within the range of gel-space ratios that
embraces the results from Series 254-13, the introduction of sand had
little or no effect on strength and therefore that the mortars and cement-
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silica pastes can be compared directly in this instance. As brought out
before, this indication is supported by the trend of the neat cement
points appearing in Fig. 6-4C.
Influence of gypsum content of cement

The data from Series 254-13 offer a clue as to the cause of the relatively
low strengths at a given V.,./w, produced by the high C34 cements. These
data are given in Table 6-7 and are plotted in Fig. 6-3 and 6-4, as men-
tioned above. In this series, four cements were prepared from each of
five different clinkers. The SO; content in each group of four cements
ranged from 1.5 to 3.5 percent. Cement-silica cubes were made and
tested after 28 days of water curing.
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Note first the diagrams for the cements prepared from clinkers 15498,
15699, and 15367 in Fig. 6-4—medium or medium-high €34 cements.,
In each case, increasing the gypsum content increased the strength to a
value equal to or slightly greater than the mean of the low C34 cements as
represented by eq. (7) (that is, by the diagonal line).

As remarked above, it is somewhat questionable whether the data
of Series 254-13 are comparable with eq. (7). Hence, the indications
of the data must be taken with some reservation. IHowever, it may
tentatively be concluded that the relatively low strengths, at a given
Va/wo, of cements of the type noted above can be increased and brought
into line with the strengths of low C3;A cements by appropriate increases
in gypsum content. .

This conclusion was reached first by Lerch® in an investigation
carried on parallel with this one. By means of calorimeter measurements
of the rates of reaction and of strength and shrinkage tests, he found
that the relatively low strength of high C3A cements was associated
with a premature depletion of gypsum during the early stages of hard-
ening. Maximum strengths were produced when the gypsum content
was so adjusted that the dissolved gypsum did not become depleted
during the first 24 hours. Marked reductions in drying shrinkage also
resulted from such an adjustment in gypsum content. Lerch’s results
have been confirmed in some respeets by Whittaker and Wessels.®

It should be noted particularly that increasing the gypsum content
of cements prepared from clinkers 15498 and 15367 increased the strength
and at the same time reduced the ratio V,/w,. Since w, was substantially
the same for the different cements of a given group, this indicates that
the reduction in the gel-space ratio was due to a reduction in the amount
of gel. Thus we have a reduciion in gel associated with an increase in
strength whereas the normal effect would appear to be a reduction in
strength. This apparent anomaly cannot yet be explained with assur-
ance. However, it appears that the observed increase accompanying
the decrease in gel content could be the result either of a change in the
composition of the gel or of a reduction of the proportion of a gel having
little intrinsic strength. Lerch(® has pointed out that gypsum combines
with C34 to form ecalcium sulfoaluminate, most of the reaction taking
place during the first few hours. Therefore, if the hydrate of C;A is
colloidal, as other evidence indicates, and if calcium sulfoaluminate is
microcrystalline, the greater the amount of sulfoaluminate produced,
the smaller V,, should be. With the type of cement considered here,
the C34 content is in excess of the gypsum on a combining-weight
basis, and therefore the amount of caleium sulfoaluminate depends on
-the proportion of gypsum.
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Hence, it appears that with medium- and high-C3;4 cements, an
increase in gypsum content reduces the ultimate amount of colloidal
hydration product of C34. If this product is a hydrous calecium aluminate
gel, it might have a weakening effect on the paste through an intrinsic
weakness of such a gel. Another possibility is that the C3A4 that does not
react with gypsum becomes a constituent of a complex aluminosilicate
gel. Presumably, it has a weakening effect on the gel.

The explanation given above is compatible with the results obtained
from one of the low-C3A cements but is possibly not in accord with the
results from the other. As shown in Fig. 6-3, increasing the gypsum
content of the low-C3A4 cements prepared from clinker 15623 had little
effect on either strength or gel-space ratio. This result is in accord with
the above explanation. But with the cements prepared from clinker
15670, very low in C3;A, increasing the gypsum content greatly increased
the gel content and slightly reduced the strength. This result is def-
initely not explained above. It might be that in this high-silica, low-
R:0; type of cement, the gypsum produces a colloidal hydrate, or causes
some normally non-colloidal produect to appear in the colloidal state.
In either event the new colloidal product would have to be such as to
have little effect on strength; that is, it would have no strength of its
own and have no effect on the strength of the gel foimed from other
compounds, This matter will probably not be satisfactorily explained
until new information on the constitution of hydration products is
available.

Whatever the correct explanation may be, it is apparent that the
strength of hardened paste depends on its chemical constitution as well as
its gel-space ratio. This is substantially the same conclusion reached
earlier by Bogue and Lerch.®

Effect of steam curing

The experiment with a steam-cured paste made of cement and pul-
verized silica was described in Part 2 and Part 3. No strength tests
were made on this material, but the effects of the steam treatment can be
estimated from the data published by Menzel.(® These data show that
steam-cured mixtures of cement and pulverized silica were as strong
as or stronger than companion specimens cured normally. The adsorp-
tion data mentioned above indicate that the gel content of steam-cured
material is not over 5 percent of that of the specimen normally cured for
28 days. This seems to be a clear demonstration that the gel-space
ratio is not the controlling factor when curing temperature and pressure
are variable, At least, it proves that the relation of f, to V,./w, found for
specimens cured at one temperature and pressure will not hold at another
widely different temperature and pressure.
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Menzel’'s data indicate that among specimens cured at different
temperatures ranging from 70 to 350 F, the properties of the specimens
show no differences that are disproportionate to the difference in curing
temperature. This is particularly well illustrated by the data on shrink-
age. The plot of total shrinkage at 35 percent relative humidity vs.
temperature of curing, results in a smooth curve having a negative slope
that diminishes slowly and rather steadily with increase in temperature.
(See Menzel’s Fig. 8.) Likewise, the initial rate of water-loss increases
progressively as the curing temperature increases. From this we con-
clude that the f-vs.-V,/w, relationship must change progressively as
the temperature of curing is increased above normal. Presumably, it
would change also if the temperature were lowered.

DISCUSSION AND SUMMARY

Werner and Giertz-Hedstrom(® found that strength could be expressed
as a function of the volume of solid phase per unit volume of hardened
paste. The solid phase was defined as the volume of the original cement
plus the water that is not evaporable in the presence of concentrated
H,80,. The plotted data of Werner and Giertz-Hedstrém (see their
Fig. 9) showed that the increase in strength was approximately pro-
portional to the increase in the volume of the solid phase over the initial
volume in the fresh paste. Thus, the relationship found was virtually
the same as that shown in Fig. 6-2 of this paper.

Lea and Jones” found a fairly good relationship between fixed water
per unit of original cement and strength. The fixed water was determined
on neat pastes, w/c = 0.25, and the strengths on 1:2:4 concrete cubes.
Since w,/c of the concrete was a constant, a measure of the extent of
hydration would also be virtually equivalent to our w,/w.,. However,
since the extent of hydration was estimated from companion specimens
of much lower w,/c, the shape of the curve obtained was no doubt in-
fluenced by the difference between the rate of hydration of the neat
cement and that of the same cement in concrete. :

Giertz-Hedstrom® concluded from these experiments and those of
several other investigators that ‘it is thus possible as a first approxi-
mation to regard strength as a function of the degree of hydration and
independent of the kind of cement.” However, he goes on to say,
“ . .. this can obviously not be the whole truth, as emerges for in-
stance from the spreading of test values.” He points out also that tests
by Bogue and Lerch on pastes made of pure C3S and C»S “indicate that
the silicate gel, which is the sole cause of the hardening of dicalcium
silicate, is also chiefly responsible for the hardening of tricalcium silicate,
but is to a certain extent helped here by caleium hydroxide.” However,
the data of Bogue and Lerch are of doubtful significance with respect
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to this particuler question. The original water-cement ratios of the
pastes were not equal and therefore a measure of the extent of hydra-
tion alone was not an adequate description of the concentration of the
hydration products in the space available to them.

Freyssinet® introduced two factors that he regarded as measures
of important physical properties of hardened paste. These are:

(1) The “concentration of the cement,” defined as:

volume of hydrated cement .
volume of hydrated cement + volume of non-combined water’

(2) The total area of the interstitial surfaces per unit volume of
paste.

It will be seen that (1) represents the concept on which Giertz-Hedstréom
based his analysis and that (2) is similar to the gel-space ratio as used
by the authors.

Any attempt to express the strength of concrete or mortar as a fune-
tion of only one independent variable is certain to meet with but limited
success, at best, for the 1eason that more than one independent variable
is involved. We have seen that in some combinations of paste and sand,
the sand lowers the strength below that of the strength of pure paste of
the same composition. Another factor influencing the strength of
mortars and concretes is the existence of minute fissures under the aggre-
gate particles, especially the larger particles. These fissures are the
result of unequal settlement of paste and aggregate during the plastic
state.(1%:11.12)  They occur to different degrees with different materials
and proportions.

Another factor influencing strength is the air content, the higher the
air content the lower the strength, other factors being equal. Weymouth(1®
found that among plastic mixes the air content of fresh conerete depends
on the water content and sand-cement ratio. He found also that the air
content is approximately constant in different mixes of the same materials
if the slump is constant. Therefore, variations in consistency of the
fresh concrete will result in variations in strength of the hardened con-
crete (when other factors are equal) because of the corresponding varia-
tions in air content. The effect of air introduced by air-entraining
agents is now well known, 14

Also, although pertinent data are lacking, we may surmise that the
strengths of adhesion between the hardened paste and the aggregate
differ among concretes made with aggregates of different mineral com-
position. This will account for differences in strength, especially tensile
strength.
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All these independent factors influencing strength are secondary
to the strength of the paste. Nevertheless, they cannot be ignored either
in theoretical studies or construction practice. In the tests deseribed
in the foregoing pages most of these factors were absent, or were kept as
near constant as possible. Consequently, the results depended mainly
on the properties of the hardened paste. However, the problem of
evaluating the factors influencing the strength of the paste is not much
less complicated than that of the concrete as a whole. The degree of
success achieved in this direction is indicated by the following summary
of the results described in the foregoing pages.

(1) The strength of 2-in. mortar cubes made with cements of nor-
mal gypsum content and low C3A4 content (less than about 7 or 8
percent) cured continuously wet at about 73 F conformed (within
= 10 percent) to the following relationship, regardless of differences
in age or original water-cement ratio:

Compressive strength of 2-in. cubes, psi = 120,000 Yi" — 3600.

W,
(2) Under the same curing conditions, mortar cubes made with
cement of medium or high C3;A contents, containing the normal
amount of gypsum, produced strengths that are too low to conform
with the above equation.

(3) Some cements of medium or high €34 content could be brought
into conformity with the above equation by increasing the gypsum
content, the required increase differing among different cements.
Increasing the gypsum content of such cements reduced the gel
content of the hardened paste.

(4) The tests indicated that with cements low in C3;A both the
gel-space. ratio and the strength may be unaffected by an increase
in gypsum content, or the strength may remain unaffected while
the gel-space ratio is increased. In the last-mentioned case, the
results were not in conformity with the equation.

(5) The relationship between strength and V,/w, given in the
above equation did not apply to specimens cured at temperatures
other than about 73 T.

(6) In general, strength could be expressed as a function of the
volume of the hydration products and the space originally available
for them, only when factors such as cement composition and curing
conditions were not available.

When cements of ordinary C3;A content are compared, the findings
given above show that the strength at a given V,./w, is highest for the
low-C3A cements. It should be noted that this observation does not
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pertain to the rate of hydration or the rate of strength development.
Cements high in C3A usually hydrate more rapidly and develop higher
early strengths than those low in ;4. The conclusion mentioned means
that when two pastes of the same original water-cement ratio reach
the same degree of hydration, as indicated by their gel-space ratios, the
cement having the lower C3A content will probably have the higher
strength.
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TABLE 6-1—STRENGTHS AND GEL-SPACE RATIOS FOR SERIES 254-11

Ref. Strength
No. Mix | w./c Age, |2-in. cubes,| wn/c Vale | wa/we | Va/wo
(S-254) days psi

Cement 15758; clinker 15498; V,./w, = 0.248
11-1 A .334 28 11760 i i .043 .512 .129
90 11660 .191 047 .572 .141
11-2 B .460 28 8320 .196 .050 426 .109
90 8810 .223 .054 485 17

Cement 15756; clinker 15623; Vu/w, = 0.271
11-3 A .318 28 9750 .123 .034 .387 107
= 90 13010 .149 .043 .468 .135
11-4 B .446 28 6830 .132 .035 .296 .078
90 9010 .168 .045 377 .101

Cement 15763; clinker 15670; Vu/w, = 0.295
11-5 A .324 28 7170 .092 .028 .284 .086
90 12420 .134 .041 .414 .126
11-6 B 437 28 4610 .101 .031 .231 .071
90 8990 .149 .045 .341 .103

Cement, 15761; clinker 15699; V,./w. = 0.262
11-7 A L334 28 8660 .162 .041 . 485 .123
90 9200 .180 .048 .539 .144
11-8 B .468 28 6850 .185 .049 .395 .105
90 7620 .212 .055 .453 .118

Cement 15754; clinker 15367; Vim/wa = 0.258
11-9 A .328 28 11820 .170 .044 .518 .134
90 13460 .195 047 ~594 .143
11-10 B .449 28 7970 197 .050 .439 L111
90 9110 .230 057 .512 127
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TABLE 6-2—STRENGTHS AND GEL-SPACE RATIOS FOR CEMENT 14930J—
SERIES 254-9

Vm,/ Wa = 0.304

Ref. Strength

No. w,/c Age, 2-in. cubes, | w./c Vale | wafws | Vm/w,

(S-254) days psi

Mix A

9-1 .309 7 4950 .080 .021 .259 .068

14 7960 .099 .027 .320 .088

28 10280 .107 .034 .346 .110

56 12970 .129 .043 417 .139

90 14210 .150 .046 . 485 .149

180 15410 .162 .050 .524 .162

81 .311 447 17260 .181 .053 .582 170
Mix B

9-2 .424 7 2580 .080 021 .189 .050

14 4320 .103 .028 .243 .066

28 6930 .116 .037 .274 .087

56 9860 .135 .049 .318 .116

90 11180 174 .053 .410 A2H

180 12310 .185 .059 .436 .139

82 .443 362 11910 .201 .062 .452 140
Mix C

9-3 .573 7 1230 .082 .022 .143 .038

14 2140 .090 .028 157 .049

28 3940 .121 .043 .211 075

56 6200 .164 .049 .286 .086

90 7580 .185 .055 .922 .096

180 8280 .201 .056 .350 .098

8-3 .595 362 7940 .210 .066 .353 111
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TABLE 6-3—STRENGTHS AND GEL-SPACE RATIOS FOR CEMENT 15007)—

SERIES 254-9
V/w, = 0,272
Ref, Strength
No. w,/e Age, 2-in. cubes, | w./c Vale | wa/wo | Vim/w,
(S-254) days psi

Mix A
94 .316 7 9660 .126 .036 .399 .114
14 11830 .140 041 .443 .130
28 12810 .154 .042 488 .133
56 15310 . 168 047 .32 .149
90 15600 .173 .048 .H48 .152
180 16780 .184 .048 .083 .152
8-28 .344 479 14970 .198 .064 .576 .186

Mix R :

9-5 .433 7 6380 .133 .036 307 .083
14 8080 .150 .042 346 .097
28 9400 171 .045 .395 .104
56 11080 .185 .049 427 .113
90 11600 .192 056 .443 129
180 12150 .202 .055 467 .127
8-29 .464 440 11120 .217 .058 .468 125

Mix C
9-6 .670 7 4060 . 156 .037 .274 065
14 5000 .163 .042 .286 074
28 6280 .184 .050 .923 .088
56 7070 .204 .053 .358 .093
90 7840 .205 .056 . 360 .098
180 8540 .213 .060 .374 .105
8-30 .595 479 7780 .232 .060 .390 .101
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TABLE 6-4—STRENGTHS AND GEL-SPACE RATIOS FOR CEMENT 15011 J—

SERIES 254-9
Va/w, = 0.272
Ref. Strength
No. w,/c Age, 2-in. cubes, | w./c Vale | wi/ws | Vi/w,
(8-254) days psi
Mix A
9-7 .316 7 8050 114 .033 .361 .104
14 10400 .133 .036 .421 .114
28 12100 .143 .045 .453 .142
56 13750 .156 046 .494 . 146
90 14180 .164 .043 .519 .136
180 15020 170 .045 .538 .142 .
8-40 .319 478 15020 184 .051 .576 .160
Mix B
9-8 .432 7 5550 .123 .037 .285 .086
14 7140 .153 .038 . 354 .088
28 8900 .165 .045 | .382 .104
b6 9500 178 .047 .412 .109
90 10720 .191 .051 .442 .118
180 11020 .199 056 .461 .130
8-41 442 368 11500 .210 L0568 475 .131
Mix C
9-9 .582 7 3720 .131 .034 .225 .058
14 4820 157 .039 .270 .067
28 - 6320 176 047 .302 .081
56 4880 .195 .054 .335 .093
00 7850 .205 056 .352 .096
180 7970 .214 057 . 368 .098
8-42 .595 368 8440 .222 .062 .373 .104
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TABLE 6-5—STRENGTHS AND GEL-SPACE RATIOS FOR CEMENT 15013)—

. SERIES 254-9
Von/wn = 0.244
Ref. Strength
No. w./c Age, 2-in. cubes, | w./c Vafe | wi/we | Vim/wa
(S-254) days psi
Mix A
9-10 .324 7 6620 .149 .036 .460 111
14 7960 .164 .039 .506 .121
28 8780 A7l .043 .5H28 .133
Hb 9680 .180 046 .555 . 142
90 10610 191 .047 .590 .145
180 11020 .188 .051 .580 .158
846 .332 339 10820 .218 .052 .656 .157
Mix B
O9-11 .443 7 4010 156 037 .352 .084
14 4940 .183 .042 413 .095
28 6120 177 .048 .400 .108
56 6740 .208 .053 .470 .120
90 7600 215 057 .485 .129
180 8060 .236 .058 .533 .131
847 .453 333 9040 .241 .058 .532 .128
Mix C
9-12 .611 7 2250 .158 .033 . 259 .054
14 2750 .183 040 .299 .065
28 3480 .203 .046 .332 075
o6 4180 .221 .055 .362 .090
90 4280 .236 .058 . 386 .095
180 4520 .245 .059 .401 .096
8-48 .599 333 5210 .253 .057 422 .095
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TABLE 6-6—STRENGTHS AND GEL-SPACE RATIOS FOR CEMENT 15365—

SERIES 254-9
Vm/w, = 0.254
Ref. i Strength
No. w,/c Age, 2-in. cubes, | wa./c Vm/e | waf/we | Vm/w,
(8-254) days psi
Neat cement
9-15A .244 7 14440 .115 .028 471 L1115
14 14640 L126 .030 .515 .123
28 17600 .136 .032 .556 .131
56 17960 .140 .034 .573 .139
_ 90 20000 .145 .034 .H94 .139
180 20500 .155 .036 .635 .148
Mix A
9-13 .319 7 8380 .133 .034 417 .107
14 10380 .152 .037 476 116
28 11550 . 149 .044 467 .138
56 11800 179 .047 .561 . 147
90 12170 179 .048 L5661 .150
180 12760 .182 .046 571 J144
Mix B
9-14 .439 g 5340 .139 .034 .316 .078
14 7170 171 .043 .390 L0098
28 8480 .184 .054 419 .123
56 9400 .210 .055 478 .125
90 9870 .215 .056 .490 L128
180 9940 .222 .060 .505 .137
Mix C

9-15 587 7 3220 .153 .037 . 260 .063
14 4670 . 186 .045 .817 077
28 5680 .210 .055 .358 .094
56 6280 .221 057 .376 .097
90 6320 .230 .062 .392 . 106
180 6720 .255 .060 .435 .102
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TABLE 6-7—STRENGTHS AND GEL-SPACE RATIOS WITH THE AMOUNT OF
GYPSUM IN THE CEMENT AS A VARIABLE—SERIES 254-13

Cement-silica pastes

S0; 28-day
Ref. cont. of strength wn/e Vmle wa/we | Vin/ws
No. we/e cement, | 2-in. cubes,
(S-254) percent psi
Cements made from clinker 15367
13-1 .493 1.5 6970 .215 .059 .435 . 120
13-1B .486 1.8 6640 .212 L0568 .436 119
13-2 .493 1.9 7630 .211 056 428 L113
13-2B .488 1.9 6870 .216 .058 .442 .119
13-3 .489 2.4 8090 .208 .054 425 .110
13-3B 488 2.4 7610 .215 .055 .441 .113
13-4 491 3.5 8240 .194 .048 .395 .098
13-4B .492 3.5 8250 .204 .050 .41 .102
Cements made from eclinker 15623
13-5 .470 1.5 7530 .152 .038 .323 .081
13-6 474 2.0 7440 .151 .038 .319 .080
13-7 473 2.5 7440 7| 152 .038 .321 .080
13-8 .480 3.5 7000 .144 .038 .300 .079
Cements made from clinker 15699
13-9 L4098 1.5 7510 .199 .053 400 .106
13-10 .499 2.0 8160 .194 .052 .389 . 104
13-11 .499 2.5 7860 .192 .049 .385 .098
13-12 .498 3.5 7530 .184 .046 .369 .02
Cements made from clinker 15498
13-13 .488 1.5 8120 .208 .053 .426 .109
13-14 L487 2.0 8120 .199 050 .409 .102
13-15 .493 2.5 8550 .200 .049 405 .099
13-16 .491 3.5 8710 .190 047 . 387 .096
Cements made {rom eclinker 15670
13-17 476 1.5 4240 J111 .031 .233 .065
13-18 479 2.0 4440 .118 .034 . 246 071
13-19 .483 2.5 4070 .184 .043 .380 .089
13-20 .486 3.5 3800 200 .050 - 431 .103
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Part 7. Permeability and Absorptivity
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PERMEABILITY OF HARDENED PORTLAND CEMENT PASTE

The following discussion deals with the relationship between the
physical properties of hardened paste and the rate at which water may
flow through a saturated specimen of paste under a given pressure
gradient. In view of the results published by Ruettgers, Vidal, and
Wing,® we may assume that such flow takes place in accord with
Darcy’s law.

Darey's law
Darcy’s law for low-velocity flow, first found empirically from experi-

ments with flow through beds of sand, may be written
il _ s

= e st s s e s 1
dt A ‘L W
where
dq
% = rate of volume efflux, cc per sec,
A = area of the porous medium, sq cm,
Ah = drop in hydraulic head across the thickness of the medium, em,
L = thickness of the medium, em, and
K; = a constant depending on the properties of the porous medium

and the kinematic viscosity of the fluid, em per sec.

K, of eq. (1) depends on both the properties of the medium and of
the fluid. Thus, K; represents the permeability of a porous medium to a
specified fluid at a specified temperature. The following, more general
expression is preferred :(®
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dg1 K, AP '
o S R ®)

di A 1 L
in which
n = viscosity of fluid, poises, dyne-sec per sq cm,
AP’ = pressure drop across the medium, dynes per sq em, and
K, = coefficient of permeability, sq em.
In terms of hydraulic gradient rather than pressure differential
dgl  Bagde Al e (3)

dt A n L
where d; = density of the fluid, g per ce, and
g acceleration due to gravity, cm per sec per sec.
As Muskat® has pointed out, the coefficient of permeability, Ko,

is a constant determined by the characteristics of the medium in question
and is entirely independent of the nature of the fluid.

I

Permeability equation for hardened paste

In the following discussion, the theoretical coefficient of permeability
of hardened paste will be evaluated analytically from the original cement
content, the non-evaporablz water content, and V., (see Part 3). This is
accomplished by means of the following relationship found theoretically
by Kozeny® and verified experimentally on beds of granules by Car-
man (9

K= BeMmiPiess oo o wsawsan sne el aravias asviesvamns (4)
where & = a dimensionless constant,
e = ratio of pore volume to total volume, and

m = hydraulic radius.

For the derivation of this equation reference should be made to the
original articles by Kozeny and especially those by Carman. The
equation rests on the assumption that the particles composing the bed
have a completely random packing, and on the use of hydraulic radius in
Poiseuille’s equation for capillary flow. The hydraulie radius is

void-volume €
m = - —— B e e (5)
surface area of void-boundaries S
Hence
‘:3
I(g =k E? ......................................... (6)

Various experiments of Carman and those of Fowler and Hertel® show
that & = 0.2 can be assumed for a wide variety of media.

Applied to beds of relatively large particles, eq. (6), with k = 0.2,
was found by Carman to be a satisfactory basis for predicting permea-
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bility from the total porosity of the bed and the specific surface of the
particles. Applied to certain fine-textured media, the equation was
found to give permeability coefficients that were much too high if the
total porosity was used for e. Carman found such to be the case for
beds of clay.® By assuming that a certain amount of the interparticle
space was not effective in transmitting water, Carman was able to obtain
agreement between the theoretical and experimental results. Powers®
and Steinour™ adapted the Kozeny equation (eq. (4)) to the rate of
bleeding of portland cement paste and found that a similar modification
was necessary. These different experiments show that for certain fine-
textured media,

PR QI SR )

where ¢ = total porosity,
e, = effective porosity, and
a = amount of immobile fluid per unit volume of solids in the

medium.,

Steinour™ found that for fluid flow through concentrated suspensions

of particles, a depended on

(1) the amount of fluid chemically or physically combined with the

particle surfaces,

(2) the angularity of the particles, and

(3) the presence or absence of flocculation of the particles.
In a solid porous medium such as hardened paste, item (1) would be the
amount of fluid attached to the pore walls, item (2), the irregularity
of the wall surfaces, and item (3), the variations in cross-sectional area
along the conduits through the medium.

For cement pastes, the total porosity, ¢, may be taken as being equal
to the volume of the total evaporable water. According to eq. (7), the
effective porosity, e, should be smaller than the total by some quantity
proportional to (1 — ¢), the volume of the solid phase. However, the
effect of the three items mentioned above can be taken care of ade-
quately enough for the present purpose by assuming that the amount of
water in a saturated paste that remains immobile is proportional to the
total surface area, regardless of the cause of its immobility. Thus, since
the total surface area is proportional to V,

fi= Wa— BV svvinnninnan wetsameros s st 5% (8)

where w. = total evaporable water in cc per cc of hardened paste.
Let we/Vsm = N. Then

The total surface area in the paste is
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S = (B85.7 X 109V m e e voe et et et e (10)
(See Part 3.)

Using e, for e and substituting from eq. (9) and (10) into eq. (6) gives

k
(UL, AT G )| DO *
P By ™ L L

(In the above equations V., is in g per cc of paste.) Since,
k = 0.2 (Carman),
eq. (11) may be written
© Ky =157 X 107 V(N — kp)® . .... s e e e (12)

Eq. (12) gives the coefficient of permeability in terms of three factors
that are constant for a given sample. V,, and N are measurable. How-
ever, k; is unknown and cannot be evaluated without further permea-
bility tests.

Comparison with data of Ruettgers, Vidal, and Wing

No experimental data are available for checking eq. (12) quantita-
tively. However, Ruettgers, Vidal, and Wing® published the results of
permeability tests on neat cement made with a special cement resembling
the present A.S.T.M. Type II, except that it was considerably coarser
than present-day cements (15 percent retained on No. 200). From their
plotted results, the coefficients of permeability for neat cement cured 60
days were estimated to be as shown in the last column of Table 7-1.

Before comparing the results of the tests and the computations the
basis of the computations must be explained. To compute the permea-
bility of the specimens tested by Ruettgers, Vidal, and Wing, V,. and the
total evaporable water for the saturated state must be known and a
value for k; must be assumed. However, only the nominal water-cement
ratio, the composition of the cement, and the heat of hydration of the
cement were available. The cement content was estimated from the
nominal water-cement ratio. w,/c was computed from the relationship

heat of hydration = 525 w,/c (see Part 4)
and found to be about 0.15. From the composition of the cement and
eq. (4) of Part 3, V,, was estimated at 0.256 w,.

Ruettgers, Vidal, and Wing gave their results in terms of K; of eq.
(1), in ft. per sec, whereas eq. (12) is in terms of K, of eq. (3). A com-
parison of eq. (1) and (3) shows that '

_ Kodsg
]

K,

*It may be noted that, in deriving eq. (11) from eq. (6), the total surface in contact with the flowing water
is presumed to be equal to the surface area of the solid phase as measured by water-vapor adsorption.
This is exactly correct if the only immobile water is the first adsorbed layer and if the surface area of the
first adsorbed layer is equal to the surface area of the solid phase. At present there is no way to check the
validity of the final equation, except crudely by the reasonableness of the results obtained.
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For water, d; = 1, 5 = 0.01, and g = 980 may be assumed. Hence,
Ky, in em per sec = 98000 K,
or
K, in ft. per sec = 3220 K.
Therefore, from eq. (12)
K, =50 X 10¥V,, (N — ky)*{t. persec........ — (13)
To be strictly consistent, we would have converted the weights of the
total evaporable water to volumes. However, such a refinement seemed
unnecessary in view of other uncertainties. Therefore, the estimated
weights in grams per unit volume of paste were used.

To ki, the immobile-water factor, no value could be assigned from
known or estimated values of physical composition. Four values were
tried, as shown in Table 7-1. The assumption k; = 1.0 amounts to
assuming that only the first adsorbed layer is immobile. The assumption
that k, is greater than 1 is, of course, that the immobile liquid is more
than the amount in the first adsorbed layer.

In Table 7-1 the first indication to be noted is that the computed
values are less than the experimental values in all cases. Only for the
paste of lowest water-cement ratio do the two values approach equality
and then only when k; is given its minimum value. Even here, the
apparent agreement may be fortuitous because the experimental value
given was obtained by an uncertain extrapolation. The second point
is that the observed permeabilities increase with inerease in w/¢ much
faster than the computed values. Had the computation besen based
on net rather than nominal w/e, the divergence at high w/e¢ would
have been even greater. Possibly the lack of agreement and the diver-
gence just noted are the result of some fault in the theory on which the
computations are based, but it eannot be accepted as proof of such faults.
There is good reason to believe, as shown in the following paragraph,
that the diserepancies between observed and computed values can be
accounted for on the basis of decreases in the degree of homogeneity of
test specimens accompanying inereases in w/c.

Both Powers® and Steinour( found from studies of fresh paste
made of water and normal portland cement that for w/¢’s up to about
0.5 by weight, the flocculated cement particles formed a continuous
‘structure having a permeability that could be computed from a modifica-
tion of the basic Kozeny equation (eq. (4)). At such water ratios, the
mass of paste constitutes one continuous floe, and the permeability of
the mass as a whole depends on the floc texture. At very high dilution
the particles form flocs that are more or less independent of each other.
The permeability of such a mass is not determined by the floc texture,
but largely by the size of the individual floes and their concentration.
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In an intermediate range of w/c’s, the fresh paste exhibits some of the
qualities of both extremes. The permeability is determined in part by
floc texture and in part by channels that develop in the flocculated mass.
This condition is denoted by the appearance of localized channels dur-
‘ing the bleeding period. In either the intermediate or the high range of
w/c’s, the effective size and number of the conduits through the mass of
particles cannot be computed from the composition of the mass as a
whole, because such masses do not have the homogeneity assumed in
the computation.

The homogeneity of a fresh paste, or the lack of it, probably persists
in some degree after the paste hardens. Hence, it is probable that for
hardened pastes having w/ec’s greater than 0.6, or thereabouts,* the
permeability of a test disk is determined not only by the permeability
of the hardened paste, but also by vertical channels that represent dis-
continuities in the paste—the discontinuities that developed during the
bleeding period. In the neat cement disks in question, such channels
would extend from the top surface well into the interior and thus greatly
increase the permeability of the disk as a whole. The higher the original
w/c above the minimum at which channels develop, the greater the num-
ber and size of such by-passes around the relatively dense, homogeneous
material composing the bulk of the hardened paste.

It is probable that even if channeling did not occur, eq. (13) would
not correctly represent the permeability of hardened pastes of all de-
grees of porosity. This may be inferred from Fig. 5-11 of Part 5. From
this figure we may recall the earlier conclusion that saturated, hardened
cement pastes may coantain only the gel water, or they may contain
both gel water and capillary water, depending on the original water-
cement ratio and the extent of hydration. Capillary water is absent
when the total evaporable water is equal to 4V,. It is possible that the
permeability of a given paste depends on the permeability of the gel
itself and on the size and number of the capillaries outsids the gel.
The hydraulic radius of these capillaries would be

w, — 4V, _ ValN — 4)

S. S.
where
S. = superficial area of the gel, and
N = w/Vn.

S:is not known. It is probably much smaller than the total surface area
of the solid phase as indicated by V,. If so, the permeability of the
capillary space would be of a higher order than that of the gel itself
when w, is greater than 4V ,.

*The limiting water ratio depends on the characteristics of the cement, particularly its specific surface,
and on the character and amount of subsieve aggregate. Air-entraining agents tend to raise the limit.
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The discrepancies between computed and observed values of K,
seen in Tablz 7-1 are in accord with the considerations expressed above.
That is, it appears that the permeability of pastes of relatively high
w/c is probably determined in major degree by the by-passes around the
hydration products, or in other words, by residues of the original water-
filled space not filled by gel or other hydration products; but in pastes
of low w/c, well cured, the permeability of the paste as a whole is fixed
mainly by the permeability of the gel and the amount of gel per unit
volume of paste.

Theoretical minimum permeability
For rich pastes the minimum permeability attainable can be estimated
from eq. (13) on the assumption that the equation is valid at least for
pastes in which w, = 4V,. The composition of such pastes may be
expressed as follows:
CVe + Walkn + wew, = 1,

where

¢ original cement, g per cc of paste,

w, = non-evaporable water, g per cc of paste,

w, = gel water, g per cc of paste, and

Ve, Un, and v, = the respective specific volumes.
On the basis of data given in Part 5, let

Il

Wy = 3.9V,
Wy = 4Vp
v, = 0.82, and
v, = 0.90.
Then
Vi = DAAT( — ) cosuivnna basiinsn siaen D e s (14)

Hence, noting that N = 4, we obtain from eq. (13),
K, = 50 X 10-** X 0.147(1 — cv.) (4 — k1)

=74 X 1041 —cve) (4 —ky) oovnennnnn. .. (15)
Eq. (15) shows that K, can be zero when cv, = 1 or when k; = 4. The
condition that cv. = 1 means that the paste is a voidless mass of un-
hydrated cement. (As shown in Part 5, cv. as high as 0.72 can be pro-
duced by molding the paste under high pressure. Normally, it is near
0.50.) Hence, the cv. term cannot make K; zero. Constant k; has a
minimum value of 1. Its maximum value is not known but it is not
likely that it can be as great as 4 since this would mean that all the
water in such pastes is held immobile by the solid surface. It seems more
likely that only the first layer could be wholly immobile and hence that
hardened paste cannot be absolutely impermeable. If this is assumed,
the minimum permeability would be of the order of 10-!2? to 10-!3 ft. per
sec.
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These estimates indicate that well cured, neat paste of low w/c is
practically impermeable. (Ruettgers, Vidal, and Wing™® give the per-
meability of granite as ranging from 2 to 10 X 10-2 ft. per sec.).

Relationship between permeability of paste and permeability of concrete

This subject was discussed fully by Ruettgers, Vidal, and Wing and
therefore requires only brief mention here. Introduction of aggregate
particles into paste tends to reduce the permeability by reducing the
number of channels per unit gross cross-section and by lengthening the
path of flow per unit linear distance in the general direction of flow.
However, during the plastic period, the paste settles more than the aggre-
gate and thus fissures under the aggregate particles develop. In satu-
rated concrete these fissures are paths of low resistance to hydraulic
flow and thus increase the permeability of the concrete. In general,
with paste of a given composition and with graded aggregate the per-
meability is greater the larger the maximum size of the aggregate. Ob-
viously, the permeability of concrete as a whole is much higher than the
theoretical permeability as developed above for a homogeneous medium.

The above discussions indicate that for well cured concretes having
water-cament ratios above about 0.5, the permeability is determined
largely by the by-passes around the gel and the by-passes around the
paste in the concrete structure as a whole.

THE ABSORPTIVITY OF HARDENED PASTE

The term ‘“‘absorptivity’ pertains to the characteristic rate at which
dry or partially dry paste absorbs water without the aid of external
hydraulic pressure.

For pastes containing capillary space outside the gel, it is believed
that the water is taken in by two different processes. The water enters
the capillary system under the influence of capillary force, i.e., surface
tension. Probably most of the water entering the gel, if not all, is
drawn by adsorption forces. The resistance to the inward flow into the
capillary system should b: indicated by the coefficient of permeability of
the saturated paste. Thz resistance to the flow into the gel, where the
initial flow presumably takes place along surfaces of unfilled channels,
would probably not be determined by the permeability, but by a co-
efficient of diffusivity.

These suppositions are supported by several considerations already
discussed. Perhaps the most pertinent consideration is that illustrated
by Fig. 4-12, Part 4. This shows that the evaporable water lost when a
saturated specimen is exposed to a relative vapor pressure of 0.5 could
be divided into two classes—one that was lost rapidly without apparent
relation to shrinkage, and one that was lost more gradually and was
directly related to shrinkage.
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No attempt will be made here to derive a theoretical relationship for
absorptivity. However, an empirical relationship between absorptivity
and capillary porosity will be shown.

Relationship between absorptivity and the capillary porosity

It can be shown (see later) that for either capillary penetration or
diffusion, the adsorption of water during a short initial period, under
proper experimental conditions, follows the relationship

= %
Som (Kol puse vt vl Sebat SRR s e 16
4 (Kat) (16)
where ¢/A = amount of water per unit area absorbed in elapsed time
t, and
K, = a constant characteristic of the absorbent, in its initial

state of dryness, called the coefficient of absorptivity. It
has the dimensions sq ¢cm per sec.

K, was evaluated for several mortar prisms, 2 X 2 X 915 in., that had
been water-cured and then dried in air of 50 percent relative humidity
for 6 or 7 months. They were broken into halves transversely and then
coated with paraffin so that only the broken end was exposed. Kach
specimen was then suspended under water at 73 I' from one end of a
beam-balance and its change in weight with time was recorded. Plot-
ting ¢/ A vs. the square root of time for these specimens produced straight
lines for about the first 60 minutes.

Two different kinds of cement were used, with the following two mixes
for each cement:

Parts by weight
) Type of |—
Ref. cement Cement Standard Pulverized
No. (A.8.T.M.) sand silica
29041 & —43 IIT 1 1.63 -—
20042 & —44 v 1 2.30 0.33

The pulverized silica was of about the same specific surface (sq em per
ce) as the cement. The mortars were plastic when fresh and relatively
homogeneous after hardening, since the paste had relatively low bleeding
capacity and the paste content was relatively high. (The above mixes
are the same as mixes A and B described in Appendix to Part 2.) The
compositions of the specimens were the same as those given in Table A-
30, first four lines, Appendix to Part 2. The results of absorptivity tests,
together with data derived from Tables A-30 and A-33 are given in
Table 7-2. :
We may surmise that the coefficient of absorptivity depends on the
porosity and on the size of the pores of the specimen. As remarked
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TABLE 7-2—ABSORPTIVITY DATA

K. (obsérved),

W, C, Wa W, — |sqem persec X107
Ref. g per g per gper |0.86 X | 0.86 X | 0.86 X
No. ce of ce of ceof |(1 4+ 4k)|(1 + 4k)|(1 + 4k)| Spec. Spec.
spec. spec. spec. X Wa| X W, A B
Cement 15758 A.S.T.M. Type III, &k = 0.248*
29041 .252 .755 .129 1.71 .220 .032 13.57 8.3
200-42 .250 .542 .106 171 .181 .069 23.5 23.0
Cement 15756 A.S. T.M. Type IV, k = 0.271* .
290-43 .255 769 .095 1.79 170 .085 27 .4 28.0
290-44 .252 .560 074 1.79 .132 .120 73.5 76.1

*ZJee Part 3, Fig. 3-TA and B.
tDoubtful result based on first 15 minutes only. Others are based on about first hour.

above, it is probable that the initial, comparatively rapid adsorption
takes place almost exclusively in the capillary system. That is, although
the gel is not saturated, the gel pores are so small that very little water
can enter them, as compared with the amount that enters the capillary
system during a limited time. On this basis, we may write

Ki=J(D5i T2) 55ree vimmmmminin s saision sin.snsimmisiace s1oimin siaryiata (17)

where p. = volume of capillary pores per cc of mortar—the capillary
porosity, and 7, = effective radius of the capillaries.

The capillary-porosity can be estimated conveniently in terms of the
water content of the fresh mortar (after bleeding) and the increase in the
volume of the solid phase due to hydration. That is, the capillary
porosity is the difference between the increase in volume of the solid
phase (due to hydration) and the original volume of pores:

Pe=Wo—= VB — Oy iiinenennnnn, (18)

where Vg = bulk volume of the solid phase, including gel pores and
unhydrated cement, in ce per ce of specimen,

and (€ = cement content of specimen, grams per cc of specimen.
From Part 5, eq. (9), '
Ve = O, — 086(L 4 2B) Wy yivvini o vaw s viainn (19)

where 0.86 = »; = mean of the specific volumes of gel water and non-
evaporable water, and

W, = non-evaporable water, grams per cc of specimen.
Hence, from eq. (18) and (19),
Py Wipi= DBB(L A ARYW G s ssorssmm sisivenrass (20)

As shown previously, there is no satisfactory way of evaluating the
size of the capillaries. However, capillary radius is at ‘a maximum
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before hydration begins and becomes zero when all original capillary
space (= W,) becomes filled with hydration products. At intermediate
stages the relationship may be such that capillary radii are about the
same among different pastes when the original capillary space in each
paste is filled to the same degree. To the extent that this is true,

re = f[Wo — 0.86(1 +4)W,] . . ooovnininiiain. ... (1)

A comparison of eq. (17), (20), and (21) indicates that K, should
be some function of W, — 0.86(1 + 4k)W, only. The nature of the
function is indicated by the plotted experimental data given in Fig, 7-1.

100
' ! ' . ' ' Fig. 7-1—Empirical relufionshir between
90}~ | - coefficient of absorptivity and capillary
! porosity
80 b Series 254 and 290
70 } —
60
K., so}- i
x 107
aof— =t
30} / Fach point represents —
yo‘ " one fest
20/ o-Cement /5758 _|
s / x- w  I5756
10} ¥ o ? - Questonable paint
- ee Table 7°2
0—"", 1 1 1 1 1 1
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Wo = 0.86 (1+4k) W,

It should be noted that according to eq. (21), capillary radius becomes
zero when 0.86(1 + 4k)W, = W,, that is, when ecapillary porosity is
zero. Hence, if the assumptions made in arriving at the basis of plotting
used in Fig. 7-1 are valid, or approximately so, the curve should appear
to go through the origin. Fig. 7-1 shows that a reasonable eurve through

" the points could pass through or very near the origin. This only illus-
trates, however, the relative smallness of the gel pores, for it is certain
that K, is not zero when capillary porosity is zero. The curve probably
should intercept the K.-axis slightly above zero, possibly about as indi-
cated in Fig. 7-1. ° :

The empirical curve probably does not indicate the relationship be-
tween K, and ecapillary porosity correctly, for no account is taken of the
fact that the capillary pores were not entirely empty at the start of the
absorption test. However, at p = 0.5 p,, reached by desorption, the
capillaries are probably not far from empty. The presence of capillary
water in the specimen at the start probably reduces K, below what it
would be if the capillaries were entirely empty, but it probably does not
influence the indications as to the trend of the curve as capillary porosity
approaches zero, the matter of interest here.
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On the whole, these absorptivity data support other indications
that the capillary pores are much larger than those in the gel, and that
relationships given in Part 5 distinguish between water held in capillary
spaces and that held in the pores of the gel with satisfactory accuracy.

It should be remembered that when W, = 0.86(1 + 4k)W,, that is,
when capillary porosity is zero, the specimen must be such that, when
saturated, the total evaporable water = 4V,. (See Part 3.) These
absorptivity data thus constitute a significant independent check of the
conclusion reached from other considerations, that the weight of the
water required to saturate the gel is equal to 4V,

Dependence of K. on initial water content of the specimen

It must be remembered that the value of K, for a given specimen will
depend on the initial water content of the specimen, at least for water
contents high enough to partly fill the capillaries. If the specimens were
first dried completely and then allowed to adsorb vapor before the
adsorption test, K, would probably be about the same for all initial
water contents up to that corresponding to about p = 0.45 p,. This
follows from the evidence presented earlier indicating that the capillaries
do not begin to fill by capillary condensation below about p = 0.45 p,
and that the initial rapid absorption takes place almost exclusively in
the capillaries, when capillaries are present. For specimens dried only
by desorption, data now available do not indicate clearly how low the
final vapor pressure must be to empty the capillaries completely. Such
data as there are indicate that the required pressure might be as low as
p = 0.1 p,, though theory indicates that it might be about p = 0.3 p,.®

Relationship between absorptivity and permeability

In view of the evidence given above, we may conclude that the initial
rapid absorption of water by paste containing capillaries outside the gel
is predominantly capillary absorption. Consequently, the rate of

absorption should be, according to Darcy’s law,
dg 1 (Kz)c Ah
A —
dt A 7 L

in which {K5). is the coefficient of pel‘meablhty for flow through the
capillary system alone, d,Ah is the hydraulic head in g per sq ecm
causing the flow, and L is the depth of the saturated layer in which the
flow is taking place.

For horizontal capillary penetration

§ bR 3 + _1) o (23)*
T2

*Eq. (23) is based on the assumption that the angle of contact between the meniscus and the solid bound-
K is zero. This assumption seems permissible in this case because of the strong attraction between the
id and the liquid and because of the extreme slowness of the movement of the meniscus. It would not be
permissible, however, for specimens that contain stearates or other '‘water-repellent” substances or for
coarsely porous materials in which the eapillary penetration is rapid.
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where

a surface tension of water, dynes per cm,
g = acceleration due to gravity,
ry and ry = principal radii of ecurvature of the menisei.

1 1 .
Carman ¢4 has shown that { = + —) can be replaced by the recipro-
T1 Ta

cal of the hydraulic radius. That is,

T (24)
1 T €c
where
e = volume of the capillaries per unit volume of the specimen,
and S = surface area of capillary boundaries.
For our data,
S S, S
S T R B s et (25)
in which
S. = superficial surface area of the gel, and
w, = total evaporable water.
We may note also that
_ 9 _ q
L ok T S DL e v s (26)
where A = exposed area of the specimen.
Substitution from eq. (23), (24), (25), and (26) into eq. (22) gives
dg 1 _ (Ko - 9 VN — 4)A
dt A 7 V(N — 4) q
- [ Ka)ed S{I-—l ................... 27)
) q

All the quantities within the brackets are constant for a given specimen,
Hence, we may write

qdq=MaSc di
Jrae=[==va] f

which, when integrated, gives

1
- [?@ " s] o (28)
A Ul
From eq. (16) and (28) it follows that
Ko= 2o o (29)
n

It thus appears that if the superficial surface area of the gel were known,
the coefficient of permeability for flow through the capillary system
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(which is virtually the total flow) could be computed from the coefficient
of absorptivity as determined from the initial rate of absorption. How-
ever, S. cannot be measured by any method now available. We may
surmise that in a fresh paste, where the hydration products exist mainly
as a thin coating on the cement grains, the superficial area of the hydra-
tion products, S, must be virtually the same as that of the original
cement grains. While hydration proceeds, either an increase or a de-
crease in S, is conceivable. If the cement grains were sufficiently sep-
arated, and if hydration merely enlarged the grains, S; would increase
until the boundaries of the grains began to merge. After a certain
extent of this merging, S, would begin to decrease and would wither
eventually reach zero—if the paste were sufficiently dense—or some
finite minimum value. (See Fig. 5-11, Part 5.)

SUMMARY OF PART 7
Permeability

(1) The permeability of well cured neat cement paste of low w/c
is, theoretically,
K; = 50 X 10-4 V(N — ky)®
in which K, = coefficient of permeability to water in ft. per sec.;
V. = amount of water required to form the first adsorbed
layer, g per cc of paste;
N = ratio of total evaporable water to V,; and
k1 is a constant depending on the amount of immobile water per
unit of solid surface—¥k, is probably near 1.

(2) For pastes in which N is considerably greater than 4, the permea-
bility is much higher than the theoretical value computed from the
above equation. This is believed to indicate that the flow in such pastes
is predominantly in the capillary spaces outside the gel and, in tests
on neat-cement disks of high w/c, through vertical channels formed dur-
ing the period of bleeding.

(3) The theoretical permeability of pastes containing no capillary
space outside the gel is

K= 1020~ CU")]OAS =Sw =10
where ¢ = cement content, g per cc of paste and v. = specific volume of
the cement. K; cannot be zero in practice because cv. must be less than
1. At cv. = 0.45, approximately the minimum cement content of pastes
containing no capillary space outside the gel, K; = 1 X 10-12, Accord-
ing to Ruettgers, Vidal, and Wing, this is of the same order as the per-
meability of granite.

(4) The permeability of concrete is generally much higher than
the theoretical permeability owing to fissures under the aggregate that
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pecmit the flow partially to by-pass the paste and owing to the capillaries
in the pastz that permit the flow in the paste to by-pass the gel.

Absorptivity

(1) The absorption of water by a dry specimen during the first 30 to
60 minutes follows the relationship

q 1
_ = Kat ] 5
= (Kat)
in which ¢/A = the amount absorbed per unit of exposed area and K, =
the coefficient of absorptivity at ¢ = time.

(2) The empirical relationship between K, and capillary porosity
indicates that K, is near zero when capillary porosity is zero. Hence,
the empirical relationship indicates that the initial absorption takes place
almost exclusively in the capillaries outside the gel, when such capillaries
are present.

(3) The theoretical relationship between absorptivity and permeability is

Bt
n
in which (K,). = the coefficient of permeability for flow through the
capillary system of the paste; ¢ and n = surface tension and viscosity
of water, respectively; g = gravitational constant; S, = superficial
surface area of the gel. This pertains to specimens in which the capil-
laries are initially empty, or nearly so. S, has not been measured. It
probably diminishes as (K). diminishes. If so, K, is a relative measure
of (Ko)..
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This part of the paper contains data on the amount of ice that can
exist in hardened portland cement paste under given conditions. Also
some theoretical aspecets of the data are considered.

THEORETICAL FREEZING POINTS

From the fact that the evaporable water in hardened paste exhibits
different vapor pressures when the sample is at different degrees of satura-
tion, we could anticipate the now known fact that not all the evaporable
water in a saturated paste can freeze or melt at a fixed temperature. This
can readily be deduced from Fig. 8-1, which is a diagram illustrating
(on a distorted scale) the relationship between the vapor pressure and
temperature for water and ice. The upper curve represents the relation-
ship for pure water undor the pressure of its own vapor, p.. Similarly,
the curve marked ‘““ice” represents the relationship for ice under the
pressure of its vapor, p;. The vapor pressures of the two phases are
equal only at point A. This is the only point where the free energies
of the ice and pure water are equal and hence the only point where ice
and pure water can coexist. If a salt is added to the water, the vapor
pressure of the solution bears a nearly fixed ratio to the vapor pressure
of pure water at all temperatures, as indicated by the line marked “so-
lution.” (The position of this line depends on the salt concentration.)
Pure ice can coexist with the solution only at point B, w hlch is at a
temperature below 0 C.

It is clear, therefore, that the evaporable water in a ‘satulatcd haid-
ened paste will not begin to freeze at 0 C because of its content of dis-
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Fig. 8-1—Phase equilibrium diagram
for water and ice (distorted)

4 58mm

T,°C

solved hydroxides. Moreover, when freezing begins, and pure ice
separates from the solution, the solution becomes more concentrated and
thus the freezing point is lowered further. It follows that the evaporable
water will freeze progressively as the temperature is lowered.

At this point we recall the discussion in Part 3 showing that the
reduction in the vapor pressure of evaporable water is caused not only
by the dissolved salts but also by capillary tension and adsorption. At
saturation the effect is due entirely to dissolved material, but as the
evaporable water is removed the effect of capillary tension and adsorption
increases, and it exceeds that of the dissolved material after only a little
of the evaporable water has been removed. A given reduction in vapor
pressure signifies the same reduction in freezing point, regardless of
the mechanism by which the reduction is effected. Hence, we may con-
clude that if the ice separates from capillary water or adsorbed water in
the same way that it does from a solution, the freezing point will be the
same as for a solution of the same vapor pressure.

Application of Washburn’s equation
The reduction in freezing point for such a system can be ascertained
from the following semi-empirical relationship given by Washburn(v#*
logyo 2 = o B0 + 1.33 X 10-% — 9.084 X 10, .(1)
ps 2731 + ¢
in which

*See references end of Part 8.
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p: = vapor pressure of ice at temperature ¢,

Ds vapor pressure of pure water at temperature ¢, and

t = temperature, deg. C.
Let p = vapor pressure of evaporable water in cement paste.
Then, where the ice and the evaporable water are in equilibrium, that
is, at the freezing point, p = p;, and

W00 B =i ) & vus s svssivenss S HREmTE (2)
Thus, eq. (1) gives the relative vapor pressure of water (or solution) that
will be in equilibrium with ice at any given temperature. In other words,
it gives the freezing temperature corresponding to any given value of
p/ps for the system. A plot of this equation appears in Fig. 8-2.

1.00

090 /
) P
/

’ =
R
=i

=80 -80 =70 -60 -50 =40 -30 -20 -10 o]
Temperature, C

Fig. 8-2—Relationship between p/p. and freezing point

Eq. (1) gives substantially the same result as the following equation
given by Kubelka®: .

T,. el _ 2?);0’; (3)
3 T A SRS e e
where T, = normal freczing point, deg. K,
T = freezing point in capillary system, deg. K,
v; = molar volume of fluid,
ar = surface tension of fluid,
r = radius of curvature of fluid surface, and

g = latent heat of fusion of fluid.
This equation was derived from thermodynamic considerations, taking
into account the influence of capillary tension. It involves the assump-
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tion that the liquid phase is in tension while the ice is under normal
pressure.

One of the objects of this investigation was to verify eq. (1) as applied
to cement paste, or to find an empirical substitute for it. It is apparent
that from the correct relationship the amount of water in a saturated
paste that is freezable at any given temperature could be obtained from
the adsorption curves, after applying temperature corrections. That is,
the amount of freczable water could be obtained from the sorption
characteristics measured at 25 C, for example, after correcting the value
of p/p, at 25 C to what it would be at the freezing point.

To apply eq. (1) to the freezing of water in cement paste is tantamount
to assuming that the ice forms as a separate microcrystalline phase,
the erystals being so large that they exhibit the normal properties of
ice, and that the ice is under normal external pressure. As will be seen,
the experimental data do not definitely confirm these assumptions, but
they indicate that the assumptions are substantially correct, at least
for the freezing of saturated pastes. The causes of uncertainty will be
discussed later.

APPARATUS AND METHODS

Test samples

The test samples were granules of cement paste or cement-silica paste.
They were obtained by the method described in Part 2. The original
specimens (cylinders or cubes) were crushed and sieved, the particles
caught between the No. 14 and No. 28 sieves being taken for the freezing
experiments. KEach sample was treated as follows:

The evaporable water was removed from the granulated sample by
drying in vacuo over Mg(ClOs)2.2H,0 + Mg(ClO4)e.4H,0. Then water
was added to the dry granules in such quantity as to saturate them. This
procedure is described in Part 2.

Most of the sample prepared in this way was then transferred to a
dilatometer, without packing the granules in the bulb. All operations
involved in the transfer were carried out in a water-saturated atmosphere
to minimize losses of moisture from the sample.

Dilatometers

A drawing of a typical dilatometer is shown in TFig.*8-3. This is
essentially the same instrument used by Elsner von Gronow® in his
experiments with hardened paste and by Foote and Saxton,® Jones and
Gortner,® and Bouyoucos,® who studied various materials.

Freezing and thawing procedure
The sealed dilatometer was placed in a cryostat (initially at room
temperature) with the stem vertical. During the ensuing night, the
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N Fig. 8-3 (left)—Sketch of typical dilatometer

Scale

Fig. 8-4 (below)—Sketch of apparatus used for filling

dilatometers with toluene
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temperature: of the cryostat was allowed to drop gradually to about
—20 C. The bulb of the dilatometer was then cooled quickly to about
— 78 C by placing it in a mixture of solid carbon dioxide and alcohol. The
stem was connected to a vacuum pump through the apparatus shown in
Fig. 8-4. After the air was removed, toluene in bulb D was caused to flow
into the dilatometer by manipulating flexible connections and pinch
clamp I& which admitted atmospheric pressure. By repeating such
manipulations, all the space surrounding the frozen grains, as well as the
bore of the capillary stem, was filled with toluene.

Afterthelevel of the toluene in the stem had been adjusted to a point
near the bottom of the secale, the top of the calibrated stem was sealed
to prevent loss of toluene by evaporation. Then the loaded dilatometer
was transferred back to the cryostat, still at about —20 C, without
allowing the sample to thaw during the transfer. The final dilatometer
reading 'at —20 C was taken the following morning.

After the initial —20 C reading was obtained, the temperature was
raised stepwise, allowing time for the level of the toluene in the stem to
come to rest after each change in temperature. A constant level was
usually established in about one-half hour, but each temperature was
maintained for at least 1 hour.

The procedure described above was used for most of the data dis-
cussed herein. Other data were obtained earlier when the methods were
less well developed. In some cases, the saturated sample was sealed in
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Fig. 8-5—Cryostat used for freezing studies

Left—Over-all view
Above—Top of cryostat proper

the dilatometer and the toluene was introduced with the aid of a vacuum
pump without first freezing the sample. Although the granules were
wetted with toluene before they were subjected to low pressure, this
procedure probably resulted in a small loss of evaporable water. Also,
the top of the dilatometer stem was sealed only with a rubber cap. This
permitted a small loss of toluene during the course of the experiments.
The samples prepared in this manner were usually started above the
freezing point and the freezing curves as well as thawing curves were
obtained.

Description of cryostat

The eryostat used in these experiments is shown in Fig. 8-5 and dia-
grammatiecally in T'ig. 8-6. It consists of an alcohol container G, equipped
with cooling coils. Within this container is a double-walled glass vessel
also containing alcohol. This is the cryostat proper. It contains an
electrical heating coil, not shown, a motor-driven stirrer, C, and a mer-
cury-toluene type thermoregulator, B. The temperature of the alcohol
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To Relay 1oV OC %o Potentiometer Fig. 8-6—Freezing study
apparatus ’

is indicated by the 8-junction copper-constantan thermopile, T, having
its cold junction in melting ice outside the cryostat, as indicated. The
e.m.f. of the thermopile is measured by means of a Type K potentiometer
and suitable galvanometer. A single dilatometer, D, is shown. Actually,
four dilatometers could be accommodated simultaneously.

GENERAL ASPECTS OF EXPERIMENTAL RESULTS

Dilatometer curves

Results of a typical experiment on a saturated sample are given in
Fig. 8-7. Beginning at point A, the temperature was lowered stepwise
and the corresponding changes in dilatometer readings were observed.
These changes were converted into volume change, the volume at —0.2 C
being taken as the reference point. As shown, the points desecribe
the straight line AB. This represents the thermal contraction of the
whole system, pyrex-glass bulb, toluene, and water-saturated sample.
At about —7.5 C, point B, a sudden expansion occurred, giving the rise
BC. Further cooling produced the curve CD. Since CD does not fall
as steeply as AB, we may conclude that further expansion accompanied
the change from —7.5 to —25 C. '
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Beginning at —25 C (point D) the temperature was raised stepwise
and the curve D to H was obtained. A comparison of the slope of AB
with the various slopes of DH shows that each increment of temperature
caused expansion up to point E. But the expansion accompanying each
increment of temperature was less than the normal thermal expansion.
This indicates a progressive melting of ice. Along EF, contraction
oceurs, showing that the contraction due to melting exceeded the thermal
expansion. At temperatures above G, the volume increase is due to
thermal expansion only, as shown by the parallelism of GH and AB.

The results deseribed above are typical of all such tests made on
saturated granules of paste. During the time when the points fell along
AB, below —0.2 C, the water remained in a supercooled state. All the
water that might have frozen between —7.5 and —0.2 C changed to
ice at —7.5 C. In various experiments the extent of supercooling ranged
from about —5C to —12 C. Sometimes freezing was started by tapping
the stem of the dilatometer. It seems likely that at other times chance
vibrations determined the extent of supercooling.

The fact that DE and DC do not coincide is probably another mani-
festation of hysteresis. We have already seen that the progressive drop
in freezing point indicates a corresponding progressive drop in relative
vapor pressure of the unfrozen evaporable water. The freezing of a part
of the evaporable water has an effect on the unfrozen evaporable water
similar to the loss of evaporable water by drying. Likewise, the melting
of ice has an effect like that of increasing the evaporable water content
of a partially dry specimen. Hence, by analogy we can see that the
freezing curve is a desorption curve, with temperature representing vapor
pressure. The melting curve is conversely an adsorption curve.
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The curves DE and DC in Fig. 8-7 show, by comparison with AB.
that the contraction per degree on melting is less than the expansion per
degree on freezing. This result is as would be anticipated from the fact
that the decrease in evaporable water content per unit decrease in p/ps
is, in the upper range of pressures, less than the increase in evaporable
water content per unit increase in p/p..

Effect of hydration during the experiment

A significant feature of Fig. 8-7 is the position of point G with respect
to A. Point G is that at which all ice disappears—the final melting
point. The fact that it is below A shows that the volume of the system
decreased permancntly during the freezing and thawing cycle.* Re-
peated eycles on one sample showed that shrinkage increases with each
cycle. It was suspected that the shrinkage was due at least in part to
hydration of cement in the sample during the test. To check this possi-
mticular example showed a considerably greater permanent change than did others. It represents

a test made before the practice of sealing the dilatometer stem was adopted. Consequently, most of the
change may be due to loss of toluene.
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bility, some special tests were made on silica gel. Fig. 8-8 gives the
result.

The amount of evaporable water that was in this sample of silica gel
is not known exactly, owing to losses of moisture during the preparation
of the dilatometer. However, it is believed to have been slightly more
than the amount required to saturate the granules of silica gel. The
feature to be noted especially is that the volume after the cycle was
completed was almost exactly the same as the original volume at the
same temperature. The same degree of reversibility was found in three
other tests on silica gel.

In view of the results obtained from silica gel, it was concluded that
the permanent contraction in volume such as is shown in Fig. 87 is
due, at least in part, to continued hydration of the cement during the
course of the experiment. Such an explanation is plausible, even though
the original material had been cured under water for several months,
because the granulation of the original specimen exposed fresh clinker
surfaces and admitted water into fine gel structure that had become par-
tially desiccated in the whole specimen (see Part 2).

Effect of dissolved material

One other feature of Fig. 8-7 should now be noted. Point G, the final
melting point, is slightly below 0 C. This is the effect of dissolved
materials, chiefly alkalics. It will be seen later that the final melting
point of one of the samples was —1.6 C, owing to its unusually high
alkali content.

Detection of freezing by means of the change in dielectric constant

Alexander, Shaw, and Muckenhirn studied the freezing of water
in soils and other porous media by means of the accompanying change in
dielectric constant.(” The dielectric constant of water is about 80 and
that of ice about 4. By using the material to be tested as the dielectric
medium between the plates of a fixed condenser, these authors were
able to follow the course of ice-formation by measuring the change in
capacitance of the condenser.

Through the courtesy of Horace G. Byers, Chief, Soil Chemistry and
Physics Research, U. S. Dept. of Agriculture, Washington, D. C., M.
Alexander very kindly tested a saturated, granular sample of hardened
paste for us. The results are shown in Fig. 89. Since this represents
but a single run, we cannot assume that all the features shown are
significant. Nevertheless, they are of considerable interest in connee-
tion with the interpretation of the results obtained by the dilatometer
method.

In Fig. 8-9 the scale of ordinates gives the dial readings of the ap-
paratus. An increase in reading denotes an equal decrease in the capaci-
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tance of the fixed condenser and hence a decrease in the dielectric constant
of the sample. The curves show that in the range above 0 C, lowering
the temperature deereased the dielectric constant of the sample. As
the temperature fell below zero, the water in the sample remained in a
supercooled state. At —4.5 C, freezing was started by tapping the
condenser, producing the change in dielectric constant indicated. Low-
ering the temperature further caused a further decrease in dielectric
constant, the decrease being greater than could be accounted for by a
linear extrapolation of the curve for the supercooled system. After the
temperature reached —9.3 C, the temperature was raised stepwise and
the melting curve was obtained. The final melting point was at —0.7 C.
This depression below 0 C may be due entirely to the alkali content,
but it is probably due in part to a slight loss of moisture from the sample
that occurred while it was being transferred to the fixed condenser.

The final melting point appears to be exactly on the cooling curve,
indicating that the sample returned to its initial state at the end of the
cycle. However, the slope of the thawing curve above 0 C is not the
same as that of the corresponding part of the freezing curve. This might
indicate a permanent change in the dielectric constant of the sample.
Such a change would take place if some of the originally evaporable
water would become non-evaporable through reaction with unhydrated
cement. Since the sample was in the fixed condenser for four days, some
additional hydration is not unlikely.

On comparing these results with those given in Fig. 8-7, we find
that the major features of the results obtained from the dilatometer
method were found also with the electrical method. (A possible excep-
tion is the evidence concerning the permanent change in the sample
during the cycle.) It seems, therefore, that supercooling and hysteresis
are not peculiarities of the dilatometric method but are characteristic
of the paste.

METHOD OF ESTIMATING THE AMOUNT OF ICE
FROM THE MELTING CURVE

Curves such as that shown in Fig. 8-7 show the algebraic sums of
simultaneous expansions and contractions that accompany changes in
temperature. To estimate the amount of ice that exists at any given
temperature it is necessary to ascertain the net expansion, that is, the
difference between the existing volume at the given temperature and the
volume that the system would have had, had no freezing occurred. This
difference was not determined with exactness for several reasons discussed
below.

In those tests where the specimens were cooled stepwise, as in the
case represented in Fig. 8-7, the volume change that would have occurred
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had no ice formed could be estimated with satisfactory aceuracy from
the slope of the line established while the freezable water remained in a
supercooled state. However, in the majority of tests only the melting
curve was obtained and the volume change in the system when it was
free from ice could be observed only in the range from 0 to +2 C. An
extrapolation of the line so established into the range below 0 C involves
an assumption that the coefficients of expansion of all parts of the system
are, in the absence of ice formation, constant throughout the tempera-
ture range involved, usually —20 to +2 C. So far as the solid phase
of the paste and the pyrex bulb are concerned, this is probably not far
from true. With respeet to the water and toluene, however, such an
assumption is at variance with fact.

As may be seen in Fig. 8-10, water expands as the temperature is
changed in either direction from +4 C. Hence, the volume change of the
water is in the same direction as that of the rest of the system only when
the temperature is above 44 C. Therefore, it follows that at readings
taken between 0 and +2 C, the volume change of the water is opposite
to that of the rest of the system over all parts of the curve. However,
Fig. 8-10 shows that the mean coefficient for the water in the 0 to +2 C
range is much different from what it is over a 15-deg. range below 0 C.
Hence, a mean slope established by data in the 0 to +2 C range cannot
be the same as the mean slope in the lower range. It is necessary, there-
fore, to find a means of determining the mean slope over the lower range
from the empirically established mean slope in the 0 to 42 C range.
This may be done as follows:
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Let V, = volume of contents of bulb at 0 C, or volume of pyrex bulb
at 0 G,
V¢ = volume of contents of bulb at temperature ¢,
Vae = volume of pyrex bulb at temperature ¢,
va, and v., = volume of solids in bulb at 0 and ¢, respectively,
Vpe and vy, volume of evaporable water in bulb at 0 and ¢, re-
spectively, and

v, and v, = volume of toluene in bulb at 0 and ¢, respectively.

The apparent change in volume for a specified temperature change will
be

(Vg == ‘V’“) — (-V‘n — VU) = "rg = I',d'g — Al’r.
From the above definitions it follows that
AV = War — vu) + (vae — v2) + et — V) — (Var — V)

Av, .
Var = Vao + E At, ete., for each term of the above equation.

AV Av, A Av, AY

N R e

At At Al Al At

The mean coefficients for each part ave as follows:
For the solid phase of the paste:

A% _ 39 % 10 v., (Ref. 8)
Al
For water:
% = — 50 X 10-° vy, for 0 to 2 C (See Ref. 10 and Fig. 8-10)
% = — 216 X 10-% v, for 0 to —12 C (See Ref. 10 and Fig. 8-10)
For toluene:
A% _ 1051 X 10 ., for 0 to 2 C
Al
% = 1038 X 10-% v, for 0 to —12 C (Ref. 9)
For the bulb (Pyrex-brand glass):
AVa _ 10 x 10 7,
At
These figures substituted into cq. (4) give
10027 = 320, — 500, + 10510, — 10V, for 0t0 2 C. ... ... )

At
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and
7

108 i—l = 32v,, — 216w, + 1038, — 10V, forOto —12C. ...... (6)
t

Let  m = mean slope of dilatometer curve, AV /At, from 0 to 2 C, and
m’ = mean slope from 0 to —12 C.

Then, from eq. (5) and (6)

105(m’ — m) = — 16605 + 130.,

and
LR T @)
m 108 m

Thus the ratio of the mean slope from 0 to —12 C to that from0to2 C is
found in terms of the amounts of water, v, and toluene, v.,, and the ex-
perimentally established slope above 0 C. As applied to any specific case
the line represented by eq. (4) was extended to — 15 C and in some cases
to —20 C. This was necessary because data on supercooled water below
— 12 C were not available.

With the mean slope of the line representing the supercooled system
thus established for each test, the amount of ice at any given tempera-
ture was estimated from the difference between the observed volume
and the corresponding computed volume of the supercooled system, this
difference being the observed net expansion. Let

Ap = net expansion,

B, = expansion resulting from freezing 1 gram of water at

the existing temperature, and

w; = amount of ice (freezable water).
Then
Ay
B
B is itself a function of temperature, since the coefficients of expansion
of water and ice differ both in magnitude and sign. Table 8-1 gives values
of B: at various temperatures caleulated from values of the specific
volume of ice and water assembled by Dorsey.(?

o S S e S T RS S o S e S . (8)

wy =

The method of obtaining the amount of ice in the dilatometer de-
sceribed above obviously decreases in accuracy as the temperature be-
comes lower. This is due not only to the inaccuracy of the experimental
value for m but also to limitations on the use of Table 8-1. As will be
seen later, the water that freezes above a dilatometer temperature of
about —6 C is almost entirely capillary water. But below —6 C, some
of the gel water is extracted and freezes with the capillary water. Since
the mean specific volume of the gel water is about 0.90 (Part 5), Table 8-1
does not correctly represent the volume change of gel water on freezing.
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TABLE 8-1—VOLUME CHANGE OF 1 GRAM OF WATER WHEN
FREEZING OCCURS AT GIVEN TEMPERATURES

Volume
Temp., change,
deg. C ml

(= By

.0907
.0904
.0903
.0902
.0900
.0898
.0897
.0896

oo CoOoWMOoOUMOMo
OO0 OoOCOoOoOoO

A

Because of these considerations, the method of obtaining w, described
above cannot be considered reliable below about —15 C. A preferable
procedure would be to establish the slope by supercooling the sample
as far as possible, after the final melting curve has been obtained.

EFFECT OF TOLUENE ON THE MELTING CURVE

Owing to the fact that the paste granules were surrounded with
toluene, it is necessary to consider the effect of the toluene on the position
of the melting curve. This will be done indirectly by considering its
effect on water vapor pressure.

At any given temperature below 0 C, equilibrium between ice and
capillary water can be maintained because of the effect of eapillary ten-
sion on the free energy of the water. The fact that with ice present
the capillary tension is maintained indicates that the unfrozen capillary
water either becomes separated from the ice so as to maintain its menis-
cus, or else it retains its continuity and remains in contact not only
with the ice but also with the external phase. Such contact might be
maintained through channels too small to be frozen at the existing
temperature. If the external phase is air, as in the electrical method
described earlier, the capillary tension will depend on surface curvature
and the interfacial tension at the air-water interface (i.e., the surface
tension), according to Kelvin’s equation. (See Part 3.) If the external
phase is toluene, the capillary tension will depend on surface curvature
as before, but now it will depend on the interfacial tension at the toluene-
water interface rather than the tension at the air-water interface. There-
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fore, the melting curves of the granules submerged in toluene should not
be the same as when the granules are exposed to air.
We can estimate the effect of substituting a toluene-water inter-
face for an air-water interface by making use of eq. (3). Let
o, = surface tension of water against air,
o = interfacial tension, water against toluene,
T, = normal freezing point of water, deg. K,
AT, = depression of freezing point with sample in contact
with air,
AT; = depression of freezing point with sample in contact
with toluene, and
let the other symbols have the same meaning as before. Then,

ﬁT; 21,’1'

T, rq

and

ﬁTz 2!)_(

—_— = — Ouwi .

i rq

We may assume that v, and ¢ are the same in both cases. IHence,

ATI Oy

.ﬁTg Typt '

Interfacial tension and surface tension are functions of temperature.
For the air-water interface, we may obtain satisfactory figures for given
temperatures from published data. For the toluene-air interface no
data are available except for 25 C. TFor the similar liquid, benzene, the
temperature coefficient is given as —0.058 for the temperature range 10
to 40 C. We will assume that this holds for toluene and for the lower
temperature range.

On the basis just described, the following results were obtained:

t, Ow Tt i
deg. C Tt
0. 75.64 37.6 2.01

— 5 76.33 37.8 2.02
—10 77.00 38.1 2.02

Hence, it may be concluded that

AT, = 2AT,, approximately.
That is, the depression of the freezing point with the sample in contact
with air would be about twice the amount observed in these experiments.
Or, the amount of water freezable in these- experiments at —15 C, for
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example, is about the same as would be freezable at —30 C if the samples
were exposed to air.

QUANTITIES OF ICE FORMED IN VARIOUS SAMPLES

The amounts of ice formed in various samples are given in Tables
8-2 to 8-6 and compositions of the samples in Table 8-7. The relation-
ships between ice-content and temperature arve given graphically in Fig.
8-11 and 8-12. The results are analyzed further in succeeding seections.
Influence of soluble alkalies

The curves shown in Fig. 8-11 and 8-12 show that the final melting
point differed among the various specimens. These differences are
believed to be due to differences in the amount of soluble salts, partie-
ularly the alkalies, in the evaporable water. The basis for this con-
clusion is more clearly indicated by the data as arranged in Table 8-8.

It will be noted that with three of the five cements, the final melting
point is higher the higher the original water-cement ratio. This is un-
doubtedly the result of the leaching out of alkalies during the 28-day
period of water storage; the higher w,/e the higher the rate of leaching.

The dissolved alkali not only lowers the final melting point but also
the amounts of ice that can exist at lower temperatures. The effect
is probably proportional to the concentration in the part that remains
unfrozen. What this concentration is, or how it changes with tempera-
ture, cannot be told from information now available, mainly because the
effects of adsorption by the solid phase on both the solvent and the
solute cannot be evaluated.

THEORETICAL AMOUNT OF FREEZABLE WATER
AT A GIVEN TEMPERATURE

Locus of ice in the paste

In the majority of the tests considered here, the samples were first
cooled to —78 C. This is the temperature at which ice has about the
same vapor pressure as the non-evaporable water. (See Part 2.) Hence,
if equilibrium is reached, all the evaporable water should be frozen.
However, it should be observed that the freezing in place of adsorbed
water is very unlikely. As shown in Part 4, when water is adsorbed
it undergoes a change, as indicated by its deerease in entropy. The in-
dications are that the entropy change of adsorption is greater than that
accompanying the transition from water to ice. It hardly seems possible
that water that has already been changed to such an extent could be
caused to crystallize only by lowering the temperature. To be con-
sidered also are the relative sizes of the gel pores and the capillaries. As
shown in Part 3, the hydraulic radius of the gel pores is estimated to be
about 10A. The average width of the pores is probably between 2 and
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TABLE 8-T—COMPOSITION OF SAMPLES USED IN DILATOMETERS
(For cement characteristics, sce Appendix to Part 2.)

Jomposition, g/g of cement
Ref. | Age, | Yo M
No. |days | e | @ | 2 | w | @a| Va | V2
(4 4 [ [ c
Cement 15754; Vom/w, = 0.258
104 28 0.32 0.176 0.213 0.389 0.064 0.045 4.73
10-4 9 |0.32| 0.189 0.220 0.409 0.065 0.049 4.49
10-1 28 | 0.45 | 0.207 0.351 0.558 0.076 0.053 6.63
10-1 90 | 0.45| 0.237 0.335 0.572 0.081 0.061 5.50
10-3 28 | 0.62 | 0.217 0.536 0.753 0.081 0.056 9.57
10-3 90 0.62 0.235 0.538 0.773 0.088 0.061 8.82
Cement, 15756; Va/w, = 0.271
10-C 28 0.34 0.134 0.272 0.406 0.051 0.036 7.56
10-1 28 0.48 0.145 0.443 0.589 0.052 0.039 11.36
10-A 28 0.67 0.154 0.648 0.802 0.057 0.042 15.43
10-14 90 0.45 0.172 0.391 0.563 0.063 0.047 8.32
10-13 90 0.63 0.182 0.611 0.793 0.066 0.049 12.47
Cement 15758; V., /w, = 0.248
10-12 28 | 0.32 | 0.168 0.224 0.392 0.058 0.042 5.33
10-12 91 0.32 0.179 0.227 0.406 0.061 0.044 5.16
10-11 28 | 0.45 | 0.204 0.353 0.557 0.074 0.051 6.92
10-11 91 0.45 0.211 0.365 0.576 0.076 0.052 7.02
10-10 28 | 0.62 | 0.218 0.555 0.773 0.078 0.054 10.28
10-10 91 | 0.62| 0.222 0.535 0.757 0.083 0.055 9.73
Cement 15761; Vn/w, = 0.262
10-6 28 | 0.32 | 0.158 0.248 0.406 0.057 0.041 6.05
10-2 28 | 0.45 | 0.190 0.390 0.580 0.069 0.050 7.80
10-2 90 0.45 0.215 0.381 0.596 0.078 0.056 6.80
10-5 28 | 0.63 | 0.209 0.613 0.822 0.083 0.055 11.15
Cement 15763; Va/w, = 0.295
10-9 28 0.31 0.101 0.278 0.379 0.045 0.030 9.27
10-9 91 0.31 0.130 0.237 0.367 0.056 0.038 6.24
10-8 28 0.44 0.113 0.424 0.537 0.048 0.033 12.85
10-7 28 0.62 0.119 0.624 0.743 0.050 0.035 17.83

4 times the hydrauliec radins. Thus the average gel pore is estimated to
be between 20 and 40A wide. The width of the average capillary cannot
be estimated very accurately, but it is at least 10 or 20 times the width
of the gel pore. Owing to the fact that the melting point of a crystal
is higher the smaller the erystal—for erystals in the colloidal size-range—
any ice that might form in the gel pores would have a higher melting point
than that of the ice in the capillaries. It seems, therefore, that if the gel
water freezes, it first moves out of the gel and then joins the ice already
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formed in the capillaries. The movement of the water could be cither by
surface migration or by distillation.

Relation of freezing to drying

As mentioned before, the process of freezing out gel water would be
fundamentally the same as removing it by evaporation. In either case,
the equilibrium vapor pressure of the gel water at any time is determined
by the degree of saturation of the gel. Consequently, the amounts of
freezable and unfreezable water should be determinable in terms of the
vapor pressure isotherm. TFor the conditions of these experiments, the
adsorption isotherm may be used.

TABLE 8-8—INFLUENCE OF ALKALIES ON FINAL MELTING POINT

Alkali content ! Final melting
Cement of cement, percent . ‘point, deg. C
No. w./e
Na,0O K.0 Total [ 28 days 90 days
15754 0.17 0.16 0.33 0.32 | —0.50 —0.50
0.45 | —-0.25 —0.20
0.62 —0.05 —0.05
15756 0.05 0.17 0.22 0.3¢ | —0.10* —
0.45 — 0
0.48 —0.10* —
0.63 - 0
0.67 —0.05 —
15758 0.30 0.40 0.70 0.32 | -0.90 —0.851
0.45 —0.25 . —-0.25¢1
0.62 | —0.15 —0.10%
15761 . 1.13 0.44 1.57 0.32 —1.60 —_
0.45 | —=0.90 —0.85
0.63 —0.50 —
15763 0.05 0.22 0.27 0.31 —0.05 —0.05%
0.44 —0.05 —
0.62 | —0.05 ==
*#20 days.
191 days.

Relation of freezable water to total evaporable water

We have already seen (Part 3) that the water content that produces
a given vapor pressure in the lower range of pressures is the same per unit
Va* for all samples. Therefore, for the lower range of vapor pressures,
and hence for the lower range of freezing temperatures, the amount of
unfreezable water at a given temperature per unit V,. should be the
same for all samples.. Thus if we let
" %V is the constant in the B.E.T. equation that represents the quantity of water required to cover the

surface with a single layer of molecules. It is considered to be proportional to the surface area of the solid
phase and a measure of the gel content of well hydrated samples.
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w, = total evaporable water,
w, = unfreezable water, and
wy; = freezable water,

then L U S ©)
Ve Vnm
where u = w,/Vn, and is a constant for a given temperature.

From eq. (9) it can be seen that plotting ws/V. vs. we/ V. should
produce a straight line having a slope of unity for whatever range of
temperatures w,/ V. is actually constant. Such plots are shown in Fig.
8-13 for six different temperatures. In each diagram the solid straight
line has a slope of 1.0 as required by eq. (9). With the exception of those
obtained above —6 C, the experimental points conform fairly well to
this slope. Hence, we may conclude that for temperatures of about —6 C
or lower, the following empirical relationships may be used for estimating
the amount of freezable water:

(ﬂ) O e e e (10)

Vil -6° ¥

(3”!) Y, (11)
Vm -10° Vm

(ﬂ) oY B (12)
Vil -15° Vm

The temperatures indicated are for freezing in toluene. For freezing in
air, the temperatures should be multiplied by 2, as shown in a preceding
section. That is,

(wy)ge in toluene = (wy)qe in air, ete.

Reference to Fig. 8-13 shows that at a dilatometer temperature of
—6 C or higher, the amount of freezable water is roughly proportional to
the amount of eapillary water, w. — 4V, the proportionality constants
being about 1.0 at —6 C, 0.86 at —4 C, 0.7 at —2 C, and 0.6 at —1 C.
This indicates that in this upper temperature range, the amount of water
extracted from the gel by freezing is negligible. Below — 6 C, the con-
tribution from the gel water is appreciable. As already mentioned it
could contribute a maximum of 4V,, at about —78 C.

It should be noted that eqs. (10), (11), and (12) ecan be used only for
estimating the mazimum amount of freezable water. If a specimen were
cooled only a few degrees below its final melting point, as is frequently
the case for concrete exposed to the weather, the amount of freezable
water would probably be smaller than would be indicated by these
equations because of the hysteresis in the vapor-pressure-vs.-water-
‘content relationship. Very little specific information on this point can
be given until more experimental work is done.
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RELATIONSHIP BETWEEN THE AMOUNT OF WATER
UNFREEZABLE AT A GIVEN TEMPERATURE AND THE 25C VAPOR
PRESSURE ISOTHERM

Theoretical relationship

As mentioned before, one of the objects of this investigation was to
establish the relationship between melting point and vapor pressure
so that the amount of water freezable at a given temperature could be
estimated from sorption data alone. As pointed out in connection with
Fig. 8-1, at any given temperature below 0 C, the vapor pressure of the
unfrozen evaporable water must be the same as that of ice at the existing
temperature. On the assumption that the ice exists as a pure, micro-
crystalline phase under atmospheric pressure only, we can ascertain
its relative vapor pressure at given temperatures from eq. (1) or (2). The
results of such computations are plotted in Fig. 8-2. That curve shows
that at —30 C, for example, the vapor pressure of ice is about 0.75 ps,
where p, is the saturation pressure at —30 C. As shown above, the
amount, of water freezable at —30 C is about the same as the amount
freezable in the toluenc-filled dilatometer at —15 C.

To estimate the point on the 25 C adsorption isotherm corresponding

to a given relative vapor pressurc at a lower temperature, we may use
the Kelvin equation (see Part 3):

__ My, (1_ 1__)
In p/ps wT \; + o P (13)
where
' p/ps = relative vapor pressure,
M = molecular weight of the fluid,
vy = molar volume of the fluid,
ar = surface tension of the fluid,
r1 and 7, = principal radii of surface curvature of the fluid,
R = gas constant, and
T = absolute temperature.
Let
hss = p/ps at 298 K (25 C),
h = p/ps at temperature T,
a5 = surface tension at 25 C, and
or = surface tension at temperature 7'.
Then -
Tl = o 2e M) (l g 1)
R298 T1 T2
and

ﬂf(!"); 1 1
Inhe = B0 (_ _)
i RT T1+?'2 :
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where

T = the lower temperature, in deg. I, and the other symbols have the
same significance as before. Hence,
nhss _ 0w T (@)
Inh o 298 ()
The ratio (vs)2s to (vs). varies so little from 1.0000 over the temperature
range involved here that it can be taken as unity at all temperatures.
The ratio of o95/a: can be evaluated from the relationship
o = 75.64 — 0.1391¢ — 0.00003£2 (Ref. 12) .. ......... (15)
Solutions of this equation are given below in Table 8-9:

TABLE 8-9—SOLUTIONS OF EQ. (15)

“'J ot 1 T2
deg. C ae
25 71.97 1.0000

0 75.64 0.9515
— 4 76.19 0.9446
-6 76.46 0.9413
— B 76.75 0.9377
—10 77.06 0.9339
—12 77.47 0.9290
—15 77.79 0.9251
—20 78.30 0.9192
—30 79.54 0.9048

The above data, substituted into eq. (14), give the results shown in
Table 8-10.
TABLE 8-10—SOLUTIONS OF EQ. (14)

L, T. he
deg. C deg. K from hag
Fig. 8-2

0 273.1 1.000 1.000
— 4 269.1 0.958 | 0.965
—- 6 267.1 0.945 | 0.953
— 8 265.1 0.927 | 0.939
—10 263.1 0.908 0.924
—12 261.1 0.893 0.911
—15 258.1 0.865 0.890
—20 2563.1 0.823 | 0.859
—30 243.1 0.746 0.806




Materials Landmark Papers 589

According to the foregoing discussion, the amount of ice formed in
the dilatometer at —15 C, for example, is about the same as that which
would form in the same sample exposed to air at —30 C. Table 8-10
shows that the water remaining unfrozen at this temperature would
have a relative vapor pressure of 0.806 at 25 C. Thus, if all the assump-
tions made above are valid, the amount of unfrozen water in a sample
at —15 C in the dilatometer should be approximately the same as the
evaporable water content of the same sample having a relative vapor
pressure of 0.806 at 25 C. The extent to which the data bear out this
assumption will be shown after the empirical relationship has been
examined.

Comparison of theoretical and empirical relationships

Consider a given sample in a dilatometer at —15 C. It will contain a
certain quantity of unfrozen evaporable water in equilibrium with ice.
We have already seen that to maintain equilibrium between the same
amount of unfrozen water and ice in the absence of toluene, the tem-
perature would have to be —30 C. At this temperature the ice, and
hence the unfrozen water, would have a vapor pressure of 0.746 p. (see
Fig. 8-2). According to Table 8-10, the corresponding vapor pressure
at 25 C would be 0.806 p,. Similarly, for dilatometer temperatures of
—10 C and —6 C, the corresponding vapor pressures at 25 C would be
0.859 and 0.911, respectively.

Table 8-11 gives the ratio of evaporable water, w, to V., in samples at
equilibrium with these pressures at 25 C. These data were obtained
from smooth isotherms, representing samples almost identical with those
used in the freezing experiments. They represent the theoretical amounts
of unfrozen water at dilatometer temperatures of —6 C, —10 C, and
—15 C.

The experimentally observed amounts of unfreezable water are indi-
cated by the intercepts of the straight lines in Fig. 8-13 D, E, and F.
These intercepts represent experimental averages, comparable with the
grand averages given in Table 8-11.

The two sets of figures may be compared in the following table:

Dilatometer Unfreezal.le water, w./Vm
temperature,
deg. C Observed | Theoretical Ratio
- 6 4.00 3.72 1.08
—10 3.70 3.25 1.18
—15 3.20 2.93 1.09
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TABLE 8-11—RATIO OF EVAPORABLE WATER TO V., IN HARDENED PASTES
REPRESENTATIVE OF THOSE USED IN FREEZING STUDIES

w/V.* at p/ps (25 C)
wa/e Age, indicated
days

0.911 0.859 0.806

Cement 15754
0.33 28 3.35 3.05 2.85
0.33 90 3.10 2.90 2.75
0.45 28 3.60 3.30 3.00
0.45 90 . 3.45 3.10 2.90
Avg. 3.38 3.09 2.88
Cement 15756 .
0.32 28 4,10 3.45 3.05
0.32 90 3.45 3.05 2.86
0.45 28 4.40 3.70 3.20
0.45 90 3.90 3.30 2.95
Avg. 3.96 3.38 3.01

Cement 15758
0.33 28 3.70 3.20 2.80
0.33 90 3.35 . 2.95 2.70
0.46 28 3.80 3.35 3.05
0.46 90 : 3.70 3.25 2.90
Avg. 3.64 3.19 2.86

Cement, 15761
0.33 28 3.80 3.30 2.95
0.33 90 3.50 3.05 2.80
0.47 28 3.80 3.30 2.95
0.47 90 3.55 3.20 2.90
Avg. 3.66 3.21 2.90

Cement 15763
0.32 28 4.25 3.65 3.25
0.32 90 3.45 3.05 2.75
0.44 28 - 4.35 3.65 3.25
0.44 90 3.85 3.25 2.85
Avg. 3.98 3.40 3.02
Grand Avg. 3.72 3.25 2.93

#p = evaporable water, g/g cement; Vwm = constant from B.E.T, eq. A, g/g cement. -
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This indicates that the observed amount of unfreezable water averages
about 10 percent greater than the theoretical amount. Such a difference
could be due to the smallness of the ice erystals, which would tend to
raise their melting point. Or it might be due to an error in the theoreti-
cal figure arising from the assumption that the effects of temperature
changes on the solutions in the paste are the same as for pure water.

The degree of agreement between the observed and theoretical values
is such as to warrant estimating the amount of water freezable at a given
temperature from the 25 C isotherm.

EQUATIONS FOR ESTIMATING MAXIMUM FREEZABLE WATER FROM THE
NON-EVAPORABLE WATER CONTENT
The maximum amount of water in a saturated paste that may be
frozen at a given temperature may be estimated from the non-evaporable
and total water contents. The bases for such estimates are developed
below:
Eq. (9) may be written
Wy = We — ﬂVm .
Since, for an average cement,
Vm = 0.26 w, (Part 3, eq. (4)),

and
We = Wt — Wn ,
then
Wy = iy — W B 20U v i cvwen cuve g § (16)
Using the values of u given in eqgs. (10), (11), and (12), we obtain
(W)ge = We — 2.08 W e v 17)
(‘w;)-mo = U — 1.96 Wi cns wvmomssie simre wiere e wi e wlels S e (18)
(’w‘r}_lsn = W — 1.83 o o R e L S AN SRS (19)

The above equations may be used when the fotal water content of the
saturated paste is known. When only the original water-cement ratio
is known (corrected for bleeding), the relationships developed below may
be used.

On the assumption that the volume of the hardened paste is the same
as that of the fresh paste after bleeding, we may write

Since

v =1 — 0.279 22 (Part 5, eq. (8)),
w

t
Wari= W — QBT Weviarsvna sniins Selesve v et 2 (21)
Substitution into eq. (16) gives
wy = W, + 0279w, — w,(1 + 0.26u)
w My — (0.721 - 02600055 i viveviivni dvenieii s (22)
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Again using values of % from eqs. (10), (11), and (12) we obtain

(W)go = Wo — 176 Wnje oo (23)
(‘h'}f)..mo = My = B8 Mg s e P (24)
('w)‘)_ls,o = Worm LB Wi o it s it e (25)*

It should be noted that all these empirical equations give the amounts
of water freezable in the dilatometers, with the saturated paste in contact
with toluene. As mentioned before, the temperature drop required
to freeze equal amounts of water in the absence of toluene is, theoreti-
cally, two times the temperature in degrees C indicated, ie., —12 C,
—20 C, and —30 C, respectively.

SATURATED PASTES CONTAINING NO FREEZABLE WATER

For the range of temperatures over which the equations derived
from eq. (9) were found to apply, it seems that the freezable water con-
tents of some saturated hardened pastes should be zero. Ior example,
eq. (25) indicates that w; = 0 when w, = 1.55 w,. Thus, when hydra-
tion has proceeded to the point where w./c = 0.2, ws/c = 0 when w,/c =
0.2 X 1.55 = 0.31. In other words, according to eq. (25), a saturated
paste having an original water-cement ratio of 0.31 would contain no
water freezable in the dilatometer at — 15 C after w,/c has inereased to 0.2.
This may not be literally true since all saturated pastes contain a quan-
tity of evaporable water equal to at least 4V, all of which is theoreti-
cally freezable at about —78 C, and parts are freezable at higher tem-
peratures, as indicated by the vapor pressure isotherm for gel water.
However, in pastes in which the gel fills all available space (w, = 4V,)
freezing may not occur because of the difficulty of starting crystalliza-
tion in such extremely small spaces. If ice did form in the dilatometer
experiment with such a paste, it probably would form as a separate phase
on the surface of each granule. This remains a matter for speculation,
since no tests were made on pastes containing no capillary space.

Whether or not freezing can occur within such pastes, the quantity
that could form at ordinary freezing temperatures is so small that it can
be regarded as zero from the practical point of view.

FINAL MELTING POINTS FOR SPECIMENS NOT FULLY SATURATED

As would be expected, the final melting point, that is, the highest
temperature at which ice can exist in a specimen of hardened paste, is
lower the lower the degree of saturation of the specimen. This is shown

*#Note: An equation similar to eq. (25) was given in an earlier publication, Proc. ACI v. 41, p. 245, or
P.C.A. Research Laboratory Bulletin 5, eq. (3). That equation was based on a preliminary analysis of the
data presented in this paper. The difference between the two equations is due mainly to a difference in
the assumed relationship between w. and w: In the earlier equation, the relationship for the particular
samples used in the freezing studies was used. In this paper, eq. (23) was used instead. For some unknown
i'eal:z‘sioril the difference between the wo, and w: values for the samples used in the freezing study were abnormal-
¥y gh.
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by the data plotted in Fig. 8-14. The upper curve represents a fully
saturated specimen, and the other two lesser degrees of saturation, as
indicated. The results agree approximately with eqs. (10), (11), and (12),
which were derived empirically from tests on saturated samples.

For the sample represented by the middle curve, the amount of
evaporable water was 3.9V ,,. By eq. (10), the amount of water freezable
at —6 C should be

(E”-) -3.0—40.
Vol 60

This indicates that none of the water present was freezable at —6 C,
which agrees roughly with the observed fact that the final melting point
was —-6.5 C.

Similarly for the lowest curve, the amount of water freezable at —15C
is indicated by eq. (14) to be 0.3V,.. The experimental data show the
final melting point to be —15.5 C. This result may be considered as
indicating substantial agreement between the equation and the obser-
vation.

SUMMARY OF PART 8

(1) Dilatometer studies were made on neat cement and cement-
silica pastes to determine the amounts of ice that can exist in hardened
paste under given conditions. -

(2) Under the conditions of these tests, freezing did not occur on
cooling until after the saturated samples had been supercooled 5 to
12 C.

(3) When freezing occurred, further cooling eaused more ice to form.

(4) Raising the temperature stepwise from —20 to 42 C or higher
showed that the melting was progressive. This result is as would be
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predicted from the known effects of dissolved salts, adsorption, and
capillary tension on the vapor pressure of the evaporable water.

(5) The final melting point in a saturated paste (temperature at
which the last increment of ice disappears) ranged from —0.05to —1.6 C.
The temperature seemed to depend on the alkali content of the cement,
the higher the alkali content, the lower the final melting point.

(6) The ice is believed to form in the capillary space outside the gel.
It is unlikely that the gel water freezes in place, although, at low tem-
peratures, it contributes to the ice.

(7) The maximum amount of water, wy, that can freeze at a given
temperature, can be estimated from the total evaporable water content,
w,, and V., by use of the following empirical equations:

(wy)ge = we — 4.0V,
(wy)aee = We — 3.7V
(wf)ase = we — 3.2Vm )

(8) The maximum freezable water content may be estimated in terms
of the total water content, w, and the non-evaporable water content,
W, as follows:

(wy)ee = we — 2.04w,
(wf)-mo = — 19614'),1
(w;)-15° = W — 1.83w,

(9) The maximum freezable water content can be estimated from the

original water content, w,, and w,, as follows:
(ws)ge = wo — 1.76w,
(wf)aage = wo — 1.68w,
(wys)qse = w, — 1.55w,

(10) The temperatures given in the above equations are for freezing
in a toluene-filled dilatometer. For freezing in air, the same equations
apply (theoretically) if the temperatures (deg. C below zero) are multi-
plied by 2.

(11) Under freezing conditions differing from those used in these
experiments, the amount of freezable water may be less than the amount
indicated in the above equations, owing to the hysteresis in the sorption
isotherms.

(12) The compositions of pastes that can contain practically no
freezable water can be estimated from the above equations.

(13) The maximum amount of water freezable at a given temperature
can be estimated from the 25 C isotherm with the aid of Fig. 8-1 and
Table 8-10.

(14) When a paste is not fully saturated, the final melting point is
lower than that for the same paste when saturated. The maximum
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amount of freezable water in a paste at a given degree of saturation can
be estimated approximately from the 25 C sorption isotherm and Fig.
8-1.
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" Part 9. General Summary of Findings on the Properties of Hardened
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INTRODUCTION

In this, the final part of the paper, the concepts concerning the char-
acteristics of hardened paste that have emerged from this study are set
down in brief. It is not implied that the concepts are new and unique.
On the contrary, they agree in general with previously expressed views
of those who have believed the colloidal state of the hydration products
to be a dominant characteristic of the hardened paste. However, it is
now possible to consider these characteristics in more detail and on a
quantitative or semi-quantitative basis.

This summary includes only the facts and relationships that can be
set down with a minimum of discussion. The reader should not depend
on this part alone for an understanding of the subject, since the finer
points of interpretation and many significant details and illustrative
graphs are omitted.

Some of the relationships given below do not appear in the preceding
parts of the paper, but they are derived from relationships already
given.

In the preceding parts of this paper the sequence of topies was deter-
mined according to the requirements for an orderly development of con-
cepts and interrelationships between variables. In this summary it is
assumed that the reader is familiar with the background material and the
subject is presented, as far as possible, in the form of an analysis of the
properties of hardened paste.

The following should be noted carefully before proceeding with the
summary: All the data and relationships discussed below pertain only
to specimens cured continuously at about 70 F. Without modification,
they do not apply to other curing conditions.

GENERAL

Many of the technically important properties of concrete can be
attributed to the peculiar nature of the hydration products of portland
cement. The hardened paste is considered to be not a continuous, homo-
geneous solid, but rather to be composed of a large number of primary
units bound together to form a porous structure. The chemical con-
stitution of the units of this structure is not definitely known. However,
it appears that many significant characteristics are dependent not
primarily on chemical constitution but rather on the physical state of
the solid phase of the paste and its inherent attraction for water.

The extreme smallness of the structural units of the paste, the small-
ness of the interstitial spaces, and the strong attraction of the solid
units for water account for the fact that changes in ambient conditions
are always accompanied by changes in-the moisture content of the hard-
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ened paste; moreover, these factors account for the changes in volume,
strength, and hardness that accompany changes in moisture content.
They also account for the peculiarities of the relationship between
ice-content and temperature when saturated or partially saturated
paste is cooled below the normal freezing point of water.

Various findings concerning the properties of the solid phase in hard-
ened paste, and the interaction between the solid phase and evaporable
water, are summarized in the following sections.

PASTE POROSITY

The pores in hardened portland cement paste are here considered to
be the space in the paste that may be occupied by evaporable water.
Evaporable water is defined as that which exhibits a vapor pressure
greater than about 6 X 10-* mm Hg at 23 C. It is roughly equivalent to
the amount lost when a saturated paste is oven-dried at about 105 C.

The pores in a paste (exclusive of entrained air) are of two kinds:
capillary pores and gel pores. The relative proportion of each kind can
be determined from suitable data and the relationships given below.

Capillary pores

Before hydration begins, and during the time when the paste remains
plastic, a cement paste is a very weak solid held together by forces of
interparticle attraction. These forces probably act across thin films
of water at points of near-contact between the particles. The water-
filled spaces between the particles constitute an interconnected capillary
system. After the plastic stage, when the final reactions of hardening
begin, the capillary channels of the fresh paste tend to become filled with
solids produced by the reaction between water and the constituents of
cement. This process rapidly reduces the volume and size of the capil-
laries, but apparently does not destroy their continuity. The volume of
the capillaries at various stages of hydration can be estimated with
satisfactory accuracy from the relationships given below.

Before hydration starts,

P S o miaae. s SR i e SR R T e (1)
where p. = volume of capillary pores, and
w = volume of water.*

Eq. (1) is correct only for an instant after the cement and water are
mixed. Solution and reaction begin at once, the average rate during
the first 5 minutes being higher than during any subsequent 5-min.
period. Within the initial 5-min. period, the rate of reaction decreases
Thisaud the following equations, egs units are intended and the same symbol is used for either weight
(1Igrang.s) or volume (cc) of fre:e water. That is, w (zeneral term for free water), wo (net free water after
bleeding), and we (capillary water) all are assumed to have a specific volume of 1.0 and thus may represent

either grams or ce. The assumption that specific volume is unity introduces no error of practieal impor-
tance.
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abruptly and becomes very low. This low rate persists, under normal,
controlled laboratory conditions, for a considerable period, usually about
an hour. If the paste has been stirred continuously during the period of
rapid initial reaction, or if it is restirred at the end of that period, it will
remain plastic during the ensuing, relatively dormant period. If left
undisturbed, the paste will “bleed” and its volume will thereby be
diminished. After bleeding, its porosity (now equivalent to the remaining
water-filled space, entrained air neglected) will be approximately
Do =g (Wpr—rBls) s vion sav Samiassiansd i dviisertmses (2)
where w, = original water content after bleeding, grams (or cc),
Vp= total volume of solid phase including increase due to
hydration and pores in the gel,
¢ = weight of cement,
v, = specific volume of the cement, i.e., the volume of a unit
weight,
(Vs — cv.) = increase in volume of the solid phase due to hy-
dration.
The volume of the solid phase at any stage of hydration can be evalu-
ated as follows:

Ve = vt 08B0 F AWy s.onvinn vonsvssi v smwaanis (3)
where 0.86 = mean specific volume of the non-evaporable water and
gel water,

k = a constant characteristic of the cement, and
w, = weight of non-evaporable water.*
Eliminating Vg and ev, between egs. (2) and (3) gives
e = W) — OBOLA= )W wimmininan s mpmmasnmisas s (4)
k will range from 0.24 to 0.28 among different cements, but for an average
Type I cement, £ = 0.255 (see Part 5) and eq. (4) becomes
De = Wo — LTdWs . oot (5)
At early stages of hydration, that is, during the first few hours, when
w, is very small, eqs. (4) and (5) probably do not represent the facts very
accurately because the numerical constants were evaluated from data
obtained over a range of ages during which reactions involving gypsum
could not occur. Therefore, the constants are probably not quite correct
for periods during which gypsum-reactions are taking place to an ap-
preciable extent.
From eq. (4) it follows that capillary porosity is zero when -
0.86(1 + 4k)w, = w,,
or for an average cement, when 1.74w, = w, (see eq. (5)). For example,
when w,/¢c = 0.2, p. = 0if w,/c is equal to or less than 0.2 X 1.74 = 0.35.

*Non-evaporable water is that having a vapor pressure equal to or less than about 6 X 10-4 mm Hg at
23C. Itincludes chemieally combined water.
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The highest possible water-cement ratio at which p. can be made zero
by prolonged curing depends on the magnitude of the highest possible
value of w, and on k. Both (w,)ma and k depend on the characteristics
of the cement. (w,)ma: depends principally on the degree to which the
cement approaches complete hydration, which, in turn, depends prin-
cipally on the proportion of the cement that is made up of particles finer
than about 50 microns. (The coarsest particles fail to hydrate completely
even though the wet-curing period is long.) It is related also to the
computed chemical composition, as shown by the following relationship
for w, after six months of water-curing at 70 I'.*

wa/c = 0.187(C38) + 0.158(C,S) + 0.665(C3A) + 0.213(C4AF),....(6)

where the symbols in parentheses represent the computed weight-pro-
portion of the compound indicated. This relationship may be considered
to represent the average value of w,/c when the cement is not far from
its ultimate degree of hydration, provided that w,/¢ is not less than about
0.44 and that the specific surface of the cement is between 1700 and 2000,
by the Wagner turbidimeter. For finer cements (wa/¢)ma. will be higher,
but not much higher. For coarser cements, it will be lower to a degree
about proportional to the residue on the 325-mesh sieve. For cements
having a specific surface of about 1800 (Wagner), (w./¢)ma- ranges from
about 0.20 to 0.25, the higher value corresponding to cements relatively
high in C3S and C3A4.

Likewise, k is related to computed compound composition as follows:

k = 0.230(CsS) + 0.320(C28) + 0.317(C34) + 0.368(C4AF) . ..... (7

This relationship holds for any age with accuracy sufficient for most
purposes.

With an average Type I cement, capillary pores will be present, even
at ultimate hydration in any paste having an original water-cement ratio
greater than'about 0.44 by weight.

Gel pores

The quantity (Vs — cv.) appearing in eq. (2) and implicitly in eq. (4)
is the increase in volume of the solid phase including the pores that are
characteristic of the hydration products, presumably the pores in the gel.
Consequently, the tofal porosity of the paste is greater than that given
by the above equations. Thatis,

DETDE TED) yurairen o Sy s e S AR (8)
where p. = volume of total pores,
p, = volume of gel pores, and
p. = volume of capillary pores.

*This empirical relationship was not given in preceding parts of this paper. It was established by the
method of least squares using about 100 items of data.
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The volume of gel pores is given approximately by the following relation-
ship:

P = 0.9 X AV =38V svavise i siesioeis S00a0% i 9)
where 4V, is the weight of water that would saturate the gel, V.. is a
factor proportional to the surface area of the gel (see eq. (12)), and 0.9
is the mean specific volume of the water in saturated gel.

For any given cement,

Vi = hWa oo e (10)
where k is the same constant that appears in eqs. (4) and (7). Hence, for
an average cement, for which & = 0.255,

Dy = U920 5 5 oo vmesesnne i v Drsa e eI ok o (11)

SURFACE AREA OF THE SOLID PHASE IN HARDENED PASTE

The surface area of the solid phase in hardened paste is computed
by the following relationship
S BB FON Y oo i e s 55 O (12)
where S = surface area of solid phase, sq ¢cm, and
Va = grams of water required to form a complete monomolecular
adsorbed layer of water on the solid surface.
Since V. = kw,, and since & = 0.255 for an average cement, the surface
area of a hardened paste made from an average cement can be obtained
from w, by using the following relationship:
S (35.7 X 10%0.255w,
(9.1 3 10%)Wn . « v e e (13)
In a typical paste, w./¢ = 0.6, the surface area per unit volume of paste
reaches about 2.4 X 10° sq em at ultimate hydration.
Since the internal surface area of the paste is predominantly that of
the gel, V., is here usually considered to be proportional to the surface
area of the gel, S,.

MEAN SIZE OF GEL PORES
The mean diameter of the gel pores is probably between 2 and 4 times
the hydraulic radius. The hydraulic radius is evaluated as follows:
My = D/ 3evee e iame et e (14)
where m, = hydraulic radius of gel pores, cm,
p, = volume of gel pores, cu ¢m, and
S, = surface area in the gel, sq em.
Thus, from eqs. (9) and (12),
_ 3.6V
(357 X 109V,

= 10X 10%em . ...oorrnnnn... (15)

a
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Hence, the mean diameter of the gel pores is from 20 to 40 Angstrom
units,

SIZE OF CAPILLARY PORES

The mean diameter of the capillary pores cannot be determined from
data now available. However, results of absorptivity tests indicate that
the capillary pores are very much larger than the gel pores, except
perhaps in pastes in which the gel nearly fills the available space.

PERMEABILITY

A saturated, hardened paste is permeable to water. Under a given
pressure gradient and at a given temperature, the rate of flow is a function
of the effective hydraulic radius of the pores and the effective porosity.
The general theoretical equation for this function, called the coefficient
of permeability, is

Ky =50 X 104 V(N — KD yevveeeeeen ., .(16)
in which K,

cdefﬁciept of permeability to water, in ft. per sec,

V.. = weight of water required for the first adsorbed layer, g per
cc of paste,
N = ratio of total evaporable water to V,, and

ki = a constant interpreted as the number of layers of immo-
bile water per unit of solid surface, or the difference
between total and effective porosity.

Indications of a limited amount of data are that eq. (16) would give
results in reasonable agreement with experiment (Ruettgers, Vidal, and
Wing) only for pastes in which N is not greater than about 4, that is, for
pastes containing no capillary space. For such pastes, the theoretical
permeability is given by
K; =20 X 10721 — cu.)
045 = ev. = 1.0

where ¢ cement content, g per cc of paste, and
v, = speeific volume of cement.

This result indicates that cement gel has about the same degree of
permeability as granite (Ruettgers, Vidal, and Wing).

For pastes containing much capillary space outside the gel, actual
permeability exceeds the theoretical by a wide margin. This is believed
to indicate that in such pastes the flow is predominantly in the rela-
tively large capillary pores outside the gel.

The permeability of concrete is generally greater than can be accounted
for from the actual permeability of the paste (Ruettgers, Vidal, and
Wing). This indieates that the water is able to flow through the fissures
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that develop under the aggregate during the bleeding period and thus to
partially by-pass the paste.

ABSORPTIVITY

The characteristic rate at which a dry specimen absorbs water is
here called the absorptivity of the specimen. The adsorption during the
first 30 to 60 minutes follows the relationship

PIA S TGN o o oms s s b somainas e (17)
in which
g/A = the amount of water absorbed per unit area in time ¢,
and
K, = coefficient of absorptivity.
An empirieal relationship was found between K, and capillary porosity.
That is,

Ko =71 [W,, — 0.86(1 + 4zc)w,.] P (18)

where the quantity in brackets is the capillary porosity,

W, water content of original mix, after bleeding, g (or cc)
per cc of specimen,

W, = non-evaporable water, g per cc of specimen, and

k a constant characteristic of the cement. (See eq. (3),

(7), and (10).)

The quantity 0.86(1 + 4k)W, is the increase in volume of the solid
phase due to hydration. When it equals W,, capillary porosity is zero.
The experimental curve showed that K, was also zero, or nearly so, at
this point. Thus the data show that the initial absorption of water
by a dried specimen takes place almost exclusively in the capillary spaces
outside the gel.

PROPERTIES OF WATER IN HARDENED PASTE

In a saturated, hardened cement paste, three classes of water are
here recognized:
(1) non-evaporable water,
(2) gel water, and
(3) capillary water.

Non-evaporable water

Non-evaporable water is defined as that part of the total that has a
vapor pressure of not over about 6 X 10-* mm Hg at 23 C. Itis a con-
stituent of the solid material in the paste. Some of it exists as OH groups
in Ca(OH).; some, probably as water of crystallization in calecium sul-
foaluminate. The rest is combined in the solid phase in ways not yet
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known. Of this part, some may be combined chemically with the
hydrous silicates and hydrous alumina-bearing compounds; some may be
held by van der Waal forces, that is, physical forces.

For purposes of volume-analysis, the non-evaporable water may be
treated as an entity. Its volume added to that of the original cement gives
the absolute volume of the solid phase in the paste. Thus,

Vg = U o Waln ge o ve e e e e e e e e (19)

where Vg = absolute volume of solid phase in the paste,
¢ = cement content of the paste,
w, = non-evaporable water content of the paste,
v. = specific volume of the cement, and
v, = mean specific volume of the non-evaporable water.

The specific volume of the non-evaporable water is an empirical factor
that will account for the observed inerease in the absolute volume of the
solid phase per gram increase in amount of non-evaporable water. Its
value is about 0.82.

Gel water

The gel water is that contained in the pores of the gel. The pores in
the gel are so small that most if not all the gel water is within the range
of the van der Waal surface forces of the solid phase. This is indicated
by the fact that the mean specific volume of the gel water is about 0.90.

The vapor pressure of the gel water at a fixed temperature is a function
of the degree of saturation of the gel. The lowest pressure just exceeds
6 X 10-*mm at 23 C, which is the highest pressure of the non-evaporable
water. The highest pressure is nearly, but not quite, equal to that of
pure water in bulk at the same temperature; the difference is due prin-
cipally to the alkali hydroxides in solution. The vapor pressure at a
given intermediate degree of saturation may be any value between limits
fixed by the manner in which the existing water content was reached. It
will be a maximum if the existing water content was reached by con-
tinuous adsorption, beginning with a dry sample. It will be a minimum
if the water content was reached by continuous desorption, starting with
a saturated sample. Intermediate pressures will be found if the given
water content was reached by adsorption after partial desorption, or if it
was reached by desorption after partial saturation by adsorption. These
peculiar relationships are due to hysteresis in the sorption isotherm,
They are found only for water contents that fall within the hysteresis
loop. The limits of the loop are not now definitely known.

The weight of gel water in a saturated paste is equal to 4V ., where
Vam is the weight required to form a complete monomolecular adsorbed
layer on the solid phase. For volume analysis of the paste, the weight of



Materials Landmark Papers 605

the gel water may be used to determine the total volume (rather than
absolute volume) of the solid phase in the paste. Thus,

VB = Vs —{— O.Qw, = Vg -|- 3.6V,,, FIRE I Rl i e e T ¥ (20)

where Vg = total volume (or bulk volume) of the solid phase,
Vs = absolute volume of solid phase, and
w, = grams of gel water per cc of saturated paste = 4V, .

Capillary water

Like the gel water, the capillary water is really a solution of alkalies
and other salts. The capillary water is that which oceupies space in the
paste other than the space occupied by the solid phase together with
characteristic pores of the gel. That is,

W= Wig = VB granis crovsmvaaressn s ssls iishs oy ooty (21)
where w. = volume of capillary water,
V. = over-all (total) volume of saturated paste, exclusive -of
cavities,

Ve = bulk volume of solid phase in the paste.

Practically all the capillary water lies beyond the range of the surface
forces of the solid phase. Hence, in a saturated paste, the capillary
water is under no stress and its specific volume is the same as the normal
specific volume of a solution having the same composition as the capillary
water.

In a partially saturated paste, the capillary water is subjected to tensile
stress. This stress is due to eurvature of the air-water interface and the
surface tension of the water. The magnitude of the stress is given by the
following equation:

Il

where F force of capillary tension,
R = gas constant,
M = molecular weight of water,
vy = specific volume of water,
p = vapor pressure of capillary water at the existing tempera-
ture,
p. = saturation pressure of water at the existing temperature, and
In = natural logarithm.

Il

The vapor pressure of the capillary water depends on the degree of
saturation of the paste and on the factors arising from hysteresis discussed
in the preceding section. However, if the existing vapor pressure is
reached by continuous adsorption from the dry state, capillary water
does not exist in the paste at pressures below about 0.45 p,.
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Since at 7apor pressures greater than 0.45p, and less than p,, the
capillary weter is present and under tension, its specific volume must
be greater than 1.0 and a function of F of eq. (22). No attempt has been
made to ve ify this experimentally.

Some of the gel water may be fundamentally the same as capillary
water. The distinetion used here is made on the basis of relationship to
the solid phase. The quantity of gel water always bears a fixed ratio to
the quantity of hydration products, whereas the quantity of capillary
water is determined by the porosity of the paste.

PHYSICAL STATE OF THE HYDRATION PRODUCTS

Microscopic observation of hardened paste indicates that only Ca(OH),
crystals and unhydrated residues of the original cement grains can readily
be identified. Other microcrystalline constituents, particularly caleium
sulfoaluminate, may be present in small amount but are generally
obscured by the abundant “amorphous” constituents.

The size and volume of the pores in hardened paste indicate that the
solid material is finely subdivided, though the solid units are obviously
bonded to each other. If the units were equal spheres, the sphere diam-
eter would be about 140A. Since the computations leading to this
figure included the volume of microcrystalline constituents, the units
of “amorphous’ material must be somewhat smaller than just indicated.
The size indicated is definitely in the colloidal size-range. Since a gel is
defined as a coherent mass of colloidal material, it follows that the prin-
cipal constituent of hardened paste is a gel, here called cement gel.

The cement gel is composed of hydration products that contain all
the principal oxides: Ca0, Si0., Al;05, and Fe,0;. This is shown by the
fact that the total surface area of the solid phase is related to the com-
puted cement composition in the following way:

Yo 0.230(C3S) 4+ 0.320(C2S) + 0.317(C34) + 0.368(C4AF) , ... (23)

Wn

where the symbols in parentheses represent the computed weight-fraction
of the compounds indicated. The similarity of the numerical coefficients
and the magnitude of particle size given above show that all constituents
either may be present in a single complex hydrate of high specific surface
or they may be constituents of two or more different hydrates having
similar specific surfaces. The relative smallness of the coefficient of C3S
is in line with the fact that this compound hydrolyzes to give micro-
crystalline (low specific surface) Ca(OH); as one of its reaction products.
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ENERGY CHANGES OF HYDRATION
ADSORPTION, AND CAPILLARY CONDENSATION

Heat of hydration

When cement and water react, the total amount of heat evolved is
directly proportional to the total amount of non-evaporable water in the
paste. Thus,

total heat of hydration = constant X w, .

The proportionality constant varies with cement composition. For all
types of portland cement, it ranges from 485 to 550 calories per gram of
non-evaporable water.

The total heat of hydration is the sum of the heat of combination of the
non-evaporable water, the net heat of adsorption of water on the surface
of the solid phase, and the net heat of capillary condensation.

Total net heat of surface adsorption
The net heat of surface adsorption is the amount of heat in excess of
the normal heat of liquefaction that is evolved when water vapor in-
teracts with the solid phase. TFor all cement pastes,
Qs = 472V ,, calories (approx.) ,.............. Sosng a (24)
where Q,; = total net heat of surface adsorption when the paste is
changed from the dry to the saturated state.

Net heat of capillary condensation
Adsorption at low vapor pressures causes the solid phase to become
covered with a film of water having a surface area presumably equal to
the covered area of the solid phase. At pressures above 0.45p, adsorption
is accompanied by capillary condensation which progressively diminishes
the exposed water-surface as the pressure is raised. The heat evolved
from the destruction of water-surface is the net heat of capillary condensa-
tion. When a paste is changed from the dry to the saturated state,
Q. = 100V, calories (APPLOK.),. wus vomivn ao o bn i oin (25)
where @.. = total net heat of capillary condensation.
Total net heat of adsorption
The total net heat of adsorption is the sum of the total net heat of
surface adsorption and the total net heat of capillary condensation. That
is,
Qa: = 472V, + 100V, = 572V, calories (approx.),.. . .(26)
where Q. = total net heat of adsorption. This amounts to about 670
ergs per sq cm of solid surface and is about the same as the heat of
immersion of various minerals, particularly the mineral oxides, in water.

Enthalpy change of adsorption
The total net heat of adsorption (eq. (26)) is practically equal to the
decrease in enthalpy of the system. The decrease in enthalpy represents
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the sum of the decrease in free energy and the decrease in unavailable
energy. Thus,
— AH = — A — TR jiis vovvinsin svain svmes sveis (27)

where — AH = decrease in enthalpy,
— AG = decrease in free energy,
— AS = decrease in entropy,
T = absolute temperature, and
— TAS = decrease in unavailable energy.

Decrease in free energy

Shrinking and swelling, moisture diffusion, capillary flow, and all
other effects involving changes in moisture content of the paste at con-
stant temperature are due to the free surface energy of the solid phase,
or to the free surface energy of the water, or to both surface energies.
All such effects are accompanied by a decrease in free energy and, in
this case, a decrease in entropy, but the forces producing these effects are
derived solely from the free energy.

The decrease in free energy can be expressed as a function of the ratio
of the vapor pressure of the adsorbed water to that of free water at the
same temperature without regard to the nature of the underlying solid
phase.

— AG = — 75.6 logiop/ps, cal per g of water .......... (28)

It thus varies from zero when p = p, to a very large value when p is very
much smaller than p,.

Decrease in entropy

A change in entropy denotes some sort of internal change in the sub-
stance or substances involved in a reaction. In this case, the change is
assumed to take place solely in the water as it changes from the free to
the adsorbed state.

The decrease in entropy was estimated for adsorption over the pressure
range p = 0.05p, to p = 0.5p,. The decrease ranged progressively
from —AS = 0.22 cal/g/deg at p = 0.5p, to 0.50 cal/g/deg at p= 0.05p..

The magnitude of —AS indicates that some of the water is changed
by adsorption in this range of pressures more than free water is changed by
freezing under ordinary conditions and as much as or more than free
water is changed by becoming water of erystallization. Water adsorbed
at p = 0.05p, undergoes a change as great as the change from normal
water to hydroxyl groups chemically combined in Ca(OH),.

Energy of binding of water in hardened paste

The net heat of adsorption (decrease in enthalpy) is a measure of the
energy that must be supplied to restore adsorbed water to the normal
liquid state.
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The maximum energy of binding of the adsorbed water is estimated at
about 400 cal/g of water. The average energy of binding of the first com-
plete adsorbed layer is estimated at about 300 cal/g of water. The
average energy of binding of the gel water is about 143 cal/g of gel water.
These figures are probably somewhat too low inasmuch as the effect of
adsorbed air was neglected.

These values indicate that most of the non-evaporable water is less
firmly bound than the water in Ca(OH ). for which the energy of binding is
847 cal/g of water.

The capillary water cannot be considered ‘“bound” in the same sense
as the non-evaporable water and gel water. The energy required to
remove all the capillary water from a saturated paste, if that could be
done separately, would be 100V, calories, regardless of the amount of
capillary water in the paste.

VOLUME CHANGE
Mechanism of shrinkage and swelling '

Cement paste shrinks and swells as the cement gel loses or gains water.
Swelling results when the surface forces of the solid phase are able to
draw water into the narrow spaces between the solid surfaces. The
magnitude of the swelling can be accounted for by assuming that the
total volume change that occurs when a dry specimen is saturated is
due to the increase in spacing of the solid surfaces required to accommo-
date a monomolecular layer on each opposing solid surface.

Shrinking results when water is withdrawn from the gel. It is prob-
ably due to the solid-to-solid attraction that tends to draw the solid
surfacestogether, though capillary tension and elastic behavior may also
be involved.

By this theory, volume change is regarded as being the result of an
unbalance in the forces acting on the adsorbed water. These forces are
the solid-to-liquid attraction and capillary tension. When the solid-to-
liquid attraction and capillary tension are equal, the volume of the gel
remains constant.

Swelling pressure
Swelling pressure is the force that would be just able to prevent water
from entering the gel. For isothermal swelling it is related to the mag-
nitude of the free-energy change that would occur if the water entered

" the gel. Thus,

AP =00 Wy snemnies s oo it S, sieassisoii (29)
where AP = increase over existing external pressure required to prevent
swelling,

AG = increase in free energy of adsorbed water when swelling
oceurs, and
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vy = specific volume of adsorbed water, assumed to be inde-
pendent of pressure. '
Or, in terms of the change in vapor pressure of the adsorbed water that
accompanies swelling,

RT
AP Mo, 7 Ly TS O SO (30)
This equation is probably reasonably accurate (except for low values of
p/ps) for a hypothetical gel composed of discrete colloidal particles.
When the gel is composed of interconnected particles and encloses stable
microcrystals and aggregate particles, as in concrete, shrinking or
swelling is partially opposed by elastic forces. Hence, some difference
between the theoretical and actual swelling pressure should be expected.
Capillary tension

In a partially saturated paste the tendency of the water to enter the
gel is opposed by tension in the capillary water. The force of capillary
tension, '

F=a[1+1]=—R_znp/ps, ................. 31)
T1 T2 M
where ¢ = surface tension of water,

ry and 7, = prineipal radii of eurvature of the menisei, and

vy = specific volume of capillary water.
Thus, capillary tension and potential swelling pressure have the same
relationship to relative vapor pressure except for a difference in v;.* When
the vapor pressure of the gel water and the capillary water are equal,
volume remains constant.

In saturated paste that contains no capillary water (we = 4V,) it
would appear that there could be no capillary tension. However, some
of the gel water may actually be capillary water; that is, menisei may
develop as the gel is dried. Whether or not capillary tension can develop
in the gel, the tendency of the water to evaporate from the gel would
have an effect on adsorbed water equivalent to capillary tension.

Relationship between change in volume and change in water content
When drying occurs, capillary water and gel water are lost simul-
taneously. Since the resulting change in volume is due only to the
change in gel-water content, it follows, theoretically, that
Aw, — Aw.
T Ve
where AV = change in volume of specimen,
Aw, = change in total water content, grams,
Aw, = change in capillary-water content, grams,

*See footnote, page 586, Part 4.

AV = (constant)
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Aw, — Aw, = change in gel-water content, grams, and
(constant) = a value characteristic of the concrete in question.
(It probably changes slightly as curing proceeds.)
Vo is here considered to be a factor proportional to the amount of gel.
Hence,

1 — Aw,
a7 = (constant) .. (33)
Aw, m

Thus, the change in volume per unit change in total water content will
depend on the ratio of capillary water to total water.

Contraction in volume of the system cement -+ water
When cement and water react, there is a diminution in the sum of
their absolute volumes. On the assumption that the contraction is con-
fined entirely to the water and that the over-all apparent volume of the
hardened paste does not change after bleeding is over,
Aile: 2= AU o svw sircsimousiions sleds. Shanorsitaness s e s SRR (34)
where w; = weight of total water in the saturated hardened paste,
vy specific volume (mean) of the total water, and
w, = volume of original water in the paste.
The difference between w, and w, is the amount of water that must
be absorbed by the specimen during the course of hydration for the
specimen to remain saturated.

At any stage of hydration,

9p=1 — 0279 % s e (35)
Wy

where
v, = mean specific volume of the total water (both evaporable
and non-evaporable) in saturated paste, and
w, = non-evaporable water, grams.
Hence,
Ay =g — = 02T 5 oiii s vivnins s st waaiis (36)

where Av, = contraction of the water, cc.
Self-desiccation
If a specimen is kept sealed after its bleeding period, so that no extra
water is available to it during the course of hydration, the pores in the
paste will become partially emptied. This is here called self-desiccation.
The degree to which the pores become emptied can be estimated as
follows:
Let We

evaporable water content of the saturated paste
= W — Wy .
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Then
i g ratio of empty-pore volume to total-pore volume (ignoring
Ll differences in specific volume),
and
Av,  0.279w,

We We — Wa ’
Since w, = w, + 0.27%, ,

we W, — 0.721w,

This gives the deficiency in evaporable water on a weight-ratio basis,
which is close enough to the volume ratio for practical purposes.

For an illustrative example, let w,/¢c = 0.5and w,/c = 0.2. Then,

Avy _ 0279 X 02  _

we 0.5 —(0.721 X 0.2)
That is, in such a specimen and under conditions that prevent loss or gain
of water, the deficiency in evaporable water would be 0.16 g/g of total
evaporable water, when hydration had proceeded to the point where
wa/c = 0.2.

Such self-desiccation is believed to be an important factor contributing
to the frost resistance of concrete. IExperimental evidence indicates
that when specimens of good quality are stored in moist air, or even
under water, they are unable to absorb enough water to compensate
completely for self-desiccation. Consequently, cement paste is seldom
found in a completely saturated state, and hence is seldom in a condition
immediately vulnerable to frost action.

CAPILLARY FLOW]AND_MOISTURE DIFFUSION

From the standpoint of thermodynamics, capillary flow and moisture
diffusion are considered to be the results of inequalities in free energy.
Inequalities in free energy under isothermal conditions arise from

(1) inequalities in moisture content,

(2) inequalities in deformations of the solid phase, and

(3) inequalities in the external pressure acting on the adsorbed water.
When such inequalities arise, the evaporable water will always tend to

redistribute itself in such a way as to equalize its free energy. This has
an important influence on plastic low under sustained stress.
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EFFECT OF TEMPERATURE CHANGES
AT CONSTANT MOISTURE CONTENT

Effect on swelling

As mentioned above, potential swelling pressure and capillary tension
have the following relationships at equilibrium:

AP:F:'U[1+1]. .......................... 39)

T1 Ta

At constant water content, a rise in temperature would expand the
capillary water and thus decrease its surface curvature. Also, it would
decrease the surface tension, . Consequently, a rise in temperature
causes capillary tension to decrease and thus causes water to enter the
gel and restore equilibrium between AP and F. Thus, a rise in temper-
ature at constant water content causes swelling in addition to the normal
thermal expansion. The swelling of the solid phase would be absent in
a dry specimen or in a saturated specimen where p = p..

From the above it follows that the ‘“thermal coefficient’” of a given
sample of concrete is not a constant, unless the sample is completely
dry or saturated.

Effect on diffusion
When counteracting effects are absent, evaporable water moves in the
direction of descending temperature.

Combined effect of stress, strain, changes in humidity, and temperature gradients

In concrete subjected to changing external forces, changing tem-
peratures, and fluetuating ambient humidity, the evaporable water must
be in a continual state of flux. As a consequence, the concrete swells,
shrinks, expands, and contracts under the changing conditions in a
highly complicated way. The separate effects may combine in different
ways at a given point in the mass so that they offset or augment each
other. Possibly these effects have an influence on the ability of concrete
to withstand weathering. .

FACTORS GOVERNING THE EXTENT AND RATE OF
HYDRATION OF PORTLAND CEMENT

Extent of hydration

The principal factors governing the ultimate degree of hydration,
regardless of the time required, are the relative proportion of particles
having mean diameters greater than about 50 microns, and the original
water-cement ratio. Incomplete data indicate that cements containing
no particles larger than 50-micron diameter (or thereabouts), become
completely hydrated if w,/c is not too low. The ultimate extent of
hydration appears to be about inversely proportional to the 325-mesh
residue.
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With any given cement the ultimate degree of hydration is propor-
tional to the water content of the paste in all pastes in which w./c is
less than a definite limiting value. With an average cement the limiting
value is about 0.44 by weight. That is, this is the lowest w,/c that will
permit the ultimate degree of hydration with an average cement. Pre-
sumably, the greater the 325-mesh residue, the lower this limiting value
of w./e. :

Rate of hydration

With other factors equal, the average rate of hydration is lower the
smaller w,/c, except during a short initial period. Consequently, the
time required to reach ultimate hydration becomes longer as w,/c is
made smaller. :

During the early stages of hydration, say during the first week or
two, the rate of hydration is higher by a large factor, the higher the
specific surface. But during the later stages, the rates of hydration for
cements of widely different specific surface differ comparatively little.

Self-desiceation influences the rate of hydration. As the pores be-
come partly emptied, the vapor pressure of the remaining evaporable
water is correspondingly reduced. Experiments indicate that even
though the remaining water is chemically free, its rate of reaction with
cement is a function of its relative vapor pressure. If the relative vapor
pressure in the paste drops below about 0.85, hydration virtually ceases.
Consequently, sealed specimens hydrate more slowly than those having
access to water, and they may never reach the ultimate degree of hy-
dration possible when extra water is available. This has a bearing on the
efficiency of membrane or seal-coat curing.

The foregoing discussion indicates that conclusions concerning the
rate and amount of hydration of portland cement ¢n concrete (w/c = 0.45
to 0.70) should not be drawn from data on standard test pieces (w/ec =
0.25 =). Moreover, specimens cured in sealed vials should not be ex-
pected to hydrate at the same rate and to the same extent as similar
specimens cured in water or fog. Also, it should be noted that for
samples in sealed vials, water separated from the paste by bleeding must
be considered as extra water.

RELATION OF PASTE POROSITY TO COMPRESSIVE STRENGTH

The compressive strength of 2-in. mortar cubes is, with certain re-
strictions, given by the relationship

fo = 120,000 X2 — 3600, ..o\ (40)

Wo :
where f. is compressive strength, psi, and V,/w, is considered to be a
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factor proportional to the degree to which the gel fills the originally
water-filled space, here called the gel-space ratio. The relationship holds
for all ages and apparently for all cements low in C3A4 (less than about
7 percent computed).

For cement of average or high C3;4 content, and especially for those
high in both alkali and C3A the strengths obtained at a given V../w, are
lower than those indicated by the equation. The results obtained with
some such cements can be brought into compliance with the equation by
increasing the gypsum content of the cement,

The relationship given by eq. (40) is considered to be empirical—
neither fundamental nor general. Independent variables that are not
adequately taken into account are as follows:

(1) some features of cement composition,

(2) effect of aggregate particles,

(3) entrained air,

(4) fissures under the aggregate particles that form during the bleeding
period, and

(6) variations in curing temperature.

FREEZING OF WATER IN HARDENED PASTE

Owing to the nature of the relationship between water content and
free energy, as shown by sorption isotherms, the water in a saturated
paste freezes or melts progressively as the temperature is varied below
the normal melting point. An example of the progressive melting of
ice:in a particular frozen, saturated paste follows:

Amount Amount, of
Tem- of ice, ice, as percent,

perature* g/g of of amount

cement, at—30 C
0 0 0
- 0.5 0.045 21
— 1.5 0.075 36
— 2.0 0.093 44
— 3.0 0.109 52
— 4.0 0.122 59
— 5.0 0.131 62
— 6.0 0.137 65
— 8.0 0.147 70
—12.0 0.168 80
—16.0 0.181 86
—30.0 0.210 100

*The temperatures indicated are for samples exposed
to air or water. For exposure to toluene, as in the ex-
periments, the figures for temperature should be divided

by 2.
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The capillary water is believed to freeze in place, at least under the
conditions of the experiments. However, the gel water probably flows or
distills from the gel to the capillaries before it freezes.

The temperature at which the last increment of ice disappears on
progressive melting is here called the final melting point. It would
be the same as the initial freezing point, were it not for the occurrence
of supercooling.

The final melting point in saturated pastes ranges from about —1.6 C
to about —0.05 C. The depression of the final melting point is due to
dissolved material in the mixing water, principally alkalies.

The final melting point in a paste that is not fully saturated depends
not only on the dissolved material but also on the degree of saturation;
the lower the degree of saturation the lower the final melting point.

All the evaporable water is freezable, but a minimum temperature
of about —78 C is required to freeze all of it.

At any given temperature between —78 and —12 C¥, the maximum
amount of freezable water in saturated paste is

g = W Wi § coniiiima et s e (41)
or, approximately,
wy = we — Wa (140260 ;... (42)

or
wy = w, — (0.721 + 0.26u)w, ,
in which w; = freezable water,
w, = total evaporable water,
V.. = factor here considered to be proportional to the gel con-
tent of the paste,
w, = non-evaporable water, and
% = a constant equal to w,/V,, where w, is the amount of
water unfreezable at a given temperature.

The following are empirical relationships for the maximum amounts
of water freezable in saturated pastes at given temperatures, in terms of
w, and w,:

(wy).12e = wo, — 176w,

(wy)-200 = wo — 1.68w,

(ws)-300 = wo — 1.55w,
At —12 Cf, the amount of freezable water is equal to the volume of the
capillary water outside the gel. At lower temperatures gel water is
frozen, but the gel water probably leaves the gel and becomes a part of
the ice already formed in the capillaries.
mnote below table on previous page.

1The temperatures indicated are the theoretieal values for freezing in air or water. They correspond to
—6 C, =10 C,and —15 C, respectively, for freezing in contact with toluene. (See Part8.)
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At temperatures above —12 C, the maximum amount of freezable
water is roughly proportional to the amount of capillary water, w, — 4V,
or (approximately) W, — 1.76w,. The proportionality constants are
about 1.0 at —12 C, 0.86 at —8 C, 0.7 at —4 C, and 0.6 at —2 C.

The maximum amount of ice will not be present unless the temperature
has previously dropped to a low value, —50 C or perhaps lower. If the
maximum cooling is only a few degrees below the final melting point, the
amount of ice formed would probably be less than the amount indicated
by the relationship given above. This is a result of the hysteresis in the
water content vs. free-energy relationship as indicated by the sorption
isotherms.

For practical purposes, the freezable water can be considered to be
identical with the capillary water. Hence, pastes that contain no capillary
space outside the gel are considered to be without freezable water.
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