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MATERIALS AND CONSTRUCTION

THE FUNCTION OF WATER IN HARDENING CONCRETE

By R W CarLson
Associate Professor of Civnil Engincering, Massachusetls Institule of Technology

SYNOPSIS

A mental picture of the function of water 1n concrete 18 obtained by assuming
that, 1n an i1deal cement composed only of the calcium silicates, the cement
hydrates as circumstantial evidence indicates 1t might In this way structures
and actions too fine and intricate to be seen even with the best microscope are
examined .

After the cement has hydrated for a week or more the temporary water voids
have been filled with hydration products which apparently have come from
the outer surfaces of the cement grains  The water has transformed the calcium
silicates 1into crystalline hydrated lime and a non crystalline substance called
gel which occupies about 12 per cent of the volume of the concrete The gel
can oceupy such a large volume because of 1ts minutely porous, framelike struc-
ture The gel 18 the cementing agent, apparently solidifying the mass by
growing 1nto the void spaces with the advent of water

The water 1n concrete fills voids with gel incidentally to 1ts principal concern of
arranging the calcium silicate 1n gel form so that 1t can cling to all sides of each
molecule When voids of limited size are provided the water finds 1t necessary
to fill them with a dense strong gel After the water has hardened the concrete
by filling the pores with gel 1t has served 1ts purpose 1t 1s not necessary for the
continued existence of the gel Ultimate strength 1s reduced by drying because
of the destructive internal stresses caused by gel tending to shrink when other

constituents do not

The water needed for chemical combinations 1s about 10

per cent of the weight of the cement but for the production of gel at least three

times as much 1s needed

-

Progress has been made in scientific
research by applying assumed knowledge
of infimtesstmal and unknown things to
untred cases Likewise in cement and
concrete research it 1s beheved that
progress can be made by assuming ce-
ment to hydrate as circumstantial evi-
dence indicates that 1t mught hydrate
In this way a reasonable mental picture 1s
obtained of structures and actions too
fine and 1ntricate to be seen with the best
microscope, but & picture that permits
one to predict what may happen when
the cement hydrates i untried circum-
stances If the predictions prove out,
the picture becomes a little clearer, if not,
it must be modified As a justification
of this procedure, 1t can be stated that
the vanables 1n cement and concrete
research are so many that if all combina-
tions and permutations were to be tried,
all of the laboratories in the country
could not accommodate the tnals 1n a
hfetime Furthermore, without a reason-

able picture of cement hydration, the
most important factors are likely to be
overlooked

The present discussion deals with an
assumed picture of cement hydration to
show the function of water in hardening
concrete The picture 1s simphfied for
the present purpose by further assuming
the cement to be an i1deal one composed
only of the calcium siheates, which con-
stitute about 75 per cent of an average
cement

Water makes up about 20 per cent of
the volume of a fresh concrete of good
quabty This 1s near the mmmmum that
can be used under ordinary conditions
Air bubbles make up about one per cent
The spaces occupied by water may be
termed ‘“temporary water voids” and the
air bubbles may be termed “air voids ”’
The temporary water voids are made up
of countless, connected spaces between
particles If the proportioning of the
concrete 1s good, the water-filled spaces
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are narrow and tortuous as compared
with the much larger but isolated air
bubbles Because the temporary water
voids have many times the volume of the
air voids and because they are continuous
throughout the concrete, they are of
greater 1mportance Their average
width 18 probably about 5 to 10 microns,
or considerably less than one thousandth
of an inch They are large enough to
permut easy percolation of water under
shght pressure, but yet they are barely
large enough to be seen nicely 1n a good
microscope

After the cement has hydrated for a
week or more, the concrete structure
appears different No pore spaces except
the air voids are visible even with the
best microscope The temporary water
volds have been filled with hydration
products, which apparently have come
from the outer surfaces of the cement
gramns The smallest grains have been
transformed entirely nto hydration
products,, but only the surface of each
of the larger grains has been altered
The calcium sihcates upon hydration
have yielded two substances, one of which
1s white, erystalline hydrate of lime, and
the other 1s a non-crystalline matenal
called gel With an average cement and
after a month of moist curing, the hy-
drated lime 1s hikely to make up about 2
or 3 per cent of the concrete volume
But the temporary water voids onginally
compnsing 20 per cent of the concrete
volume have been practically filled and
cement particles have been consumed to
an extent of about 5 per cent of the con-
crete volume, from which 1t follows that
hydration products now fill about 25
per cent of the volume The 2 or 3
per cent of the volume occupied by the
hydrated lime and about 6 per cent
occupied by miscellaneous hydration
products are overshadowed by the 16
or 17 per cent remaming to be occupied
by the gel For this reason, and for
others not yet discussed, the most impor-

217

tant hydration product 1s therefore the
gel

The principal gel of portland cement
may be pictured as an intricate, brush-
hike frame, built or grown from compact
gramns of cement The buillding does not
represent any great increase n sohd
volume but rather a rearrangement of the
invisible building stones of the cement
to make the porous frame that 1s the gel
Although no pores can be seen with the
best microscope, the gel 1s nevertheless
porous and absorption tests show that
the total volume of pores in hardened
concrete 1s not vastly less than in fresh
concrete Through the process of hy-
dration, the cement grain has been used
to build into all the temporary water
voids the gel network that kmts all
particles together as though asolid Itis
now very difficult to pass water through
the concrete The extremely fine struc-
ture of the gel 1s evidenced by the fact
that the rate of water percolation through
the concrete before hydration 1s about
10,000 times as great as the rate under
1dentical pressure after hydration The
hydration has subdivided all except the
largest of the seemingly small water voids
mto much smaller compartments by
filhng them with a ngd gel framework
The maximum size of void that has been
filled 1s perhaps 50 microns in width, but
this varies with such conditions as time
and temperature

The development of cement gel has
such possibilities that if an observer
could be gifted with an eye to see in-
visible detail in a concrete mixture, he
could probably mampulate the ingredi-
ents to give almost any desired properties
It 1s therefore instructive to guess what
he might see

With his gifted eye, the observer sees
the cement grain as a compact bundle of
building blocks, molecules of tricalcium
and dicalcium silicate, seemingly adapted
to be fitted together 1n chains or columns
The tricalcium sihecate blocks are pro-



218

vided with an abundance of keystones in
the form of lime molecules, which when
removed permut the blocks to be taken
easilly from the bundle The dicalcium
siheate blocks are similar except that
they are packed more tightly and with
fewer keystones, so they are very difficult
to remove from the bundle

Looking into the concrete mixture, the
observer sees cement grains distributed
through the water-filled pores hke bundles
of shingles on a roof to be covered The
water molecules rush about, bombarding
the surfaces of the cement grains and
pulling out first keystones and then
building blocks The blocks are erected
on the surface of the grain in the form of
small, braced columns The blocks are
hnked together with water molecules,
which attach themselves on all sides of
each block It 1s the later desertion of
these water molecules when the concrete
dres out that permits the blocks to settle
together and causes the concrete to
shnink  Due to the fact that the water
molecules cluster around each bwlding
block, passageways are provided on all
sides of the columns and thus access of
a rather poor sort 1s maintained to the
unused blocks below  The unused blocks
are always obtained by first pulling out
keystones, which are not used in the
buillding They are carned off by some
of the water molecules to the nearest
open pore and placed there in rows and
tiers, one water molecule remaiming with
each keystone and thus growing a crystal
of caletum hydroxide The keystones
facilitate the work to such an extent that
where they are plentiful 1n the bundle of
blocks, about fifty blocks are removed
and erected to each one that 1s handled
where keystones are scarce The same
sort of structure 1s bult 1n either case, the
differences being only in the rate of con-
struction and in the number of keystones
to be discarded
* In a few hours the smallest pores are
filled vith a sparse framework and the
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concrete 1s pronounced ‘“set’”” Only an
msignificant number of the siicate blocks
have been used but it has become in-
creasingly dufficult for the water to pene-
trate to the bottom of the gel and extract
more of them The work goes on at a
decreasing rate of progress, and larger
pores are gradually filled with the sihcate
framework, while that 1n the filled pores
1s made stronger and denser, as there are
left fewer water molecules around each
block The supply of sihcate molecules
or blocks in the cement grains 1s so great
that 1t does not seem possible that all of
them can ever be used If water 1s avail-
able, the gel should continue indefinitely
to grow denser and to fill larger pores
It seems doubtful, however, that the gel
1in the larger pores will become as strong
and dense as that in the smaller pores
durnng the Iife of a structure.

The water in concrete 1s not primanly
concerned with the filling of pores with
gel Itis concerned only with arranging
the calcium silicate 1n gel form so that 1t
can chng to all sides of each molecule
The engineer takes advantage of the
fact that when pores of hmited size are
provided in which to arrange the gel, the
water finds 1t necessary to fill the pores
with a dense, strong gel

After the water has hardened concrete
by filhing the pores with gel, 1t has served
1ts purpose Water 1s necessary for the
hydration of cement and 1t 1s a per-
manent constituent of some of the hy-
drated compounds, but 1t 1s not necessary
for the continued existence of the gel
that gives concrete 1its strength The
gel can be dned without destroying 1t
Drying 1s objectionable mainly because
of the shnnkage and consequent stresses
that result when the sihcate molecules
fall together The ultimate strength 1s
reduced because of the destructive in-
ternal stresses that result from the gel
tending to shrink while other constituents
do not A gel shrinkage of at least 3
per cent by volume 1s estimated to occur
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due to complete drying, but fortunately
the gel 1n service concrete does not shrink
this much The reasons are that the gel
has a strong enough affimity for water to
retan a large amount and that the pores
are so small that loss of evaporable water
by diffusion to the surface 1s very slow
and seldom 1if ever complete

1t 1s 1lluminating to note how hydra-
tion causes heat hiberation of cement If
dicalerum sihicate could be changed from
its crystalline form to gel wathout water,
there would be practically no heat libera-
tion  The heat of hydration of dicalcium
sthcate 1n cement 1s largely due to the
wetting of the gel The amount of this
heat 15 appreciable because of the tre-
mendous amount of surface to be wetted
in the gel If dicalcium sihcate were to
be hydrated without loss of heat, 1its
temperature would nise considerably If
the water could then be removed without
removing heat 1n so doing, the tempera-
ture would drop again to about the imtial
value and the dicalcium silicate that was
changed to gel would remain as gel

In the case of tnecalcium silicate, 1im-
portant amounts of hme, the keystones
mentioned above, are cast off during
gelation and the observed heat of hy-
dration 1s about one-half due to the
wetting of the gel and about one-half due
to the hydration of the hme There 1s
practically no net heat hibergtion due to
changing the tricalcium siheate into dry
gel and calcium oxide, the heat hiberation
observed during hydration 1s attnbuted
largely to the wetting of the gel and the
hydration of the calcium oxide

The amount of water necessary for the
hydration of cement 1s not defimte be-
cause the degree of hydration 1s auto-
matically adjusted to smt the amount of
work the cement has to do In what 1s
called a good concrete mixture, there 1s
enough cement to produce gel and other
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hydration products to fill much more void
space than exists  The cement then does
not have much work to do and hydration
does not proceed far When leaner
mixes and higher water contents are
used, the amount of void space to be filled
by each umt of cement 1s greater The
cement in a sample from a concrete road
three years old when examined petro-
graphically was found to be almost com-
pletely hydrated Analyses indicated
the onginal mix to have been oversanded
and to contain a large amount of mixing
water The cement 1n a corresponding
sample of dense, nch concrete was found
to be only partially hydrated at the same
age

In considenng the hmuiting case of com-
plete hydration, the water requirement
for defimte chemical combinations 1s
distinguished from that necessary for
gelation The water needed for defimte
chemical combinations 1s only a lttle
more than 10 percent by weight of the
cement, while that needed for the manu-
facture of the gel 1s believed to be at least
three times as great Temperature and
time, however, probably modify the
water requirement Tests are now 1n
progress at the Massachusetts Institute
of Technology to determine the relative
degrees of hydration of cement and its
pure compounds at various ages under
different moisture and temperature con-
ditions
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