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Only the water in the capillaries m2y frecze. The
capillary pores in concrete are formed by the excessive
water which is a result of the relation of the total volume
of mixing water to the chemical ly corbined weter and to
the gel water subject to the adsorptive power. With
suf ficient long-time hydration, e.z., after 28 days, accor-
ding to Wood 1964 , the chemically and physically com-
bined water is saia to be about O per cent of the cement
water. That is, if a water-cement ratio below 0.LC by
weight is used in concrete, the smaller number of capillearies
in the paste would not be vulnerable to freezing deteriora-
ticn. Portland-cement pastes of low water-cement ratio are
more resistant to the build-up of hydreaulic pressures and

rowth of capillary ice simply because there are fewer

ct
rye
9]
g9

The cuantity of capillary vores in the raste depends
on water-cement ratio. Since the volume of cement gel odro-
duced by hydrating the cement is aprroximately twice the
volume of the cement, conseonvently the gel not only re-

H

vleces the original cement minerals but also tends to fill

ct

e original water-filled space. Therefore, a well-cured:
low water-cement ratio paste will have smaller capillary

I"n\

volume, or smaller capillary sizes. The effects of thesc

internal changs give rise to low permeability of the paste.
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civen mpaste at different stzres cf hvdraticn. MNotice that
within & week the coefficient of rermeability dropped to
about one one-hundred~-thousandth of its initial value.

The relaticnshir for z series of rastec in which about

K4 - . - .
93, of the cenert was hidrated is civen in

ratios from 2.2 te C.L by weirht This lzrge reducticn in
vermesbility is due to the drastic reduction in canillary
size and volume that accompanies the decrease in water-
cerment ratio. A1l of the cepillary volume in fresh paste is
apable of rapid transmission of water; this rermeability
rapidly decresses with hvdrztion. The permeability of &

naste of 0.8 watir-cement ratio ma v decrease ¢ thousandfold

between the curing ages of 7 days and 1 year. Thus, there

1.
M 1

2 . B T T R ] k oo
18 & midiloniolag anid

- -, Y
trersnce oe

i waen the vermeability of high-
water-ratic paste at early ages and thet of well-cured low-
water-ratio maste.

The vermeability of raste has an important bearing on
the vulnerability of concrete to frost action. It deter-
mines the relative eace with which the cement vreste and

aggregates may become saturated. Sometines engineorc are

concerned not cnly:about the durebility of the concrete

1
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were it to become critically saturated but more
gbout the length of time recuired for concrete
such a state of vulnerability to freezing w!
the wetting and freezing conditions of winter.

and low permeability concrete may renuire many

exnesed to
Yell-cured

months to

attain a criticel saturation and hence successfully vass

through the freezing season.

j—t
O
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~ Figure 3. Relationship Between Coefficient of Permeability
and Water-cement Ratio _[Powers, Copeland, Hayes and
Mann (1954)]
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YGATES AND CRITICAL SIZE CCNCEZPT
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kTﬁﬁ need for an understanding of the influence of
argregates on the resistance of concrete to freezing and
awing is becoming increasingly important. The durability
of concretes depends on the rate a2t which the aggregates

become critically saturated in the concrete and upon the

o,
£ ~

diff erent physicel resnonses of the aggregates to freezing.
The generel concevts of the frost resistance of
cerent paste are also applicable to aggregates. vhen

saturated the resistance of agrregates to freezing denends

upcn the pore cheracteristics of the aggregetes and the

their degree of saturation and the nermeability and size

freezing and lower or negiigible hydraulic nressures would

pores are fully saturated, water will be

[

result. If th
expelled into the maste surrounding the aggregates and

= )

cotentially destrutive hydraulic pressures may develon there

>

&¢s well as in the aggrogates. Thus, the pronerties of paste,
s rermeability, air content, and porosity are also in-
volved in the problem of aggregates durabllity. In addition,

the peste can significantly influence the degree of saturation

oI Tne aggregates in concrete by limiting the ingress of

22
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water; the protection afforded in this manner devends
upon the permeability and thickness of the paste or mortar
cover separating the aggregate from the wet surface of

the concrete.

The exoelled water from the aggregete nmust find
pressurc-relief voints before causing destruction ¢’ the
paste. Relief-points are available if the vaste is air-
entrained. hese air bubbles must be clcse enough to the
aggregate because hydraulic pressure isa function of the
travelled distances of thc expelled water. It is for this
reason that the use of entrained-air may be of benefit to
the paste and the aggregate during freezing.

6.1 Thickness and Permeability of Mortar

It is reasonable to assume [Verbeck and Landgren (196OX]
that the mortar cover transmits water by carnillary tension
in & manner approximating Darcy's Law for flow under hydro-
static vressure and therefore that the rate of flow would
decrease as the thickness of the membrane increases, and
that ¢ highly vpermeable membrane would transmit water more
rapidly than a nembrane of low rermeability.

The permeability of vaste or mortar depends signi
cantlyv upon the water-cerent ratic and the derree of hvdra-
ticn of the cement as discussed earlier. For well h
pastes the rpermesbility nayv be increased by as ruch as 100
fold zs the weter-cement ratio is increased from 0.LC te

0.7C by weight [Powers, Copeleand, Haves and lann (195hq] o

]
3
o
@
=
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D

Such differences in permeability have a significant i

"
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




on the rate

a2t which the mortar membrane will transmit

water into an zggregate. That the mermeability and
thickness of the mortar cover does significantly affect

the time reo

tively satur

Table 2.

Satuwrat
Perm ab
Mortar

uired for an zggregate to become destruc-

ated in oncrete is demonstrated in Table 2,

- Recuired for Destructive
e2te Derends uvon the
TchkQ( of the Protective

C“ rbeck and Lendgren (196C)]

Time
ion of Lg
111tj and
Cover.

-

Mortar Cover

Days of Wetting Susteine
Before Failure (Porout)
Various Thicknesses of
Llortar Jover

d
a
<

1t

water~-Cemenrt
hRatio by
Welght

3/8-in.

14/8"‘in L)
Thick

Thick

Thick

Fermeability
K;, cm/sec

C.7C
O.45

792
980

111
477

j<iste}
i

3000x10~7

1x10~7 gas

6.2 Criticsa

1 Size Concepnt

If the
suf ficiently

maining air-

expension cf

pelled into

pressure

o
Cao

certain

hydraulic »r

The exnulsion

aggregate size

distance into the surroundi

seturation of zn aggregate is

of

high, say above 91 mercent, so that the re-

Q

te >

be)
it

filled nores cannct accommeda nercent

J

11 be

wWa t

s

ar during Y-

freezing,

_’*)\

D

the veaste surrounding the and

T

is develoned. The exrelled

The

essure would increase distance

distance depends =ignifi v uzen the

gnd the glr content of the surrounding
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Cravel @ relatively long Zi stance before reaching the air-

entrained surrounding macte (assunins the concrete is air-

travelled distence incrcases. The resulting pressure can

be so high that even air-entrained raste would be damaged

because of the relatively low vermeability of the maste.
Therefore, the advantageous effect of using a smell mexi-
aum size of an aggregate in concrete on the recuired ex-

rulsion distance and peoctential destructive action avnpear
obviocus; the smaller the size, the shorter the exnulsion

distance, and lower the resulting hydraulic rressure.
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™ TATIC  TITMTROT *vr*r' o TTMTTC
ETVIOUS FEIEZE-TF STUNIES

The nossibility ofusing freezing-and-thawing tests
on concrete as & means of studying the frost resistance
hes keen recognized for many vears; Jackson (1932)

Lang {(19238) and Campbell (1939) did similar work on the

o

comnarisions of freezins-and-thawing tests and field

rer’ n of verious concrete afgregates. Srecimen®s

[$¥)
[
O]

orm
made with gggregate in question were considered to be
accentable 1f they did not show a reduction of flexural
strength greater thean 30 percent when subjected to LO

4

cvcles of freezing eand thawing.

-

The Americen Societv for Testing and Faterials

O
=

vublished & symrrosium on freeging-and-thawing tests

concrete in 19LH. Precedures and rrectices in the majer

e

:il, with many

’X)

U. 3. lzboratories were »resented in det

inter~retation of such tests. This

J

3
}_]
o
-
o
3
o
ip]
(\\
2
o
jout |
o

0
<
o

series of vapers is rich in useful informatiocn even today,
but some items are narticularl v rertinent to & study of
argrerate test methods. For exzmule, 2 detailed rrocedure
is siven for testing concrete containing assresate of un-
r,  Some observations were: (a) high allall
nenta ot 1 = i3 ed Y ae seeat should b
cenents should be avoided; (b) arrrerate should be
prousht to field meoistuwre conditions and cerefully con-

trolled; (¢) the maximum particle size ch

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



e

r content

},Jn

W= + PR 3 v e 3w 13 ~e S y \] -
one-third the minimum sneciiven dimension; (4] a

4
i

should be carefully wntrclled; (e) concrete exransion
can be used as an irdication of snecimen Jetericretion;

reezins-znd ~thawing tests are useful

N

or evaluating apgrregate, much more rmust e hnown about

5 r -3 o) 3
rroblem of frost resistance of concrete by freeczing-and-

thawinge tests. Some of the important »oirts r=de which
- - L "~ h
. . : . raped ne A
are mertirent to this nro ject are: (a) Treezing-and-

should be evaluated in terms of the moisture

w

thawing test
conditions of the snecimen [Sweet (19&9}] ; (B) the
limiting value for degree of satursticn amneared to be

i1l defined, probably becauvse of non-uniform water distri-
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wishly durable srecimen and

4]

2 1 . . e
of Less than 0.,&£86 indicated

'

1

. | . - -~ N
that low satwations could be conveniently chtained by

-

gir entrainment Thite

[62]
e
D

de and Sveet (l?SOﬂ ;o (a)

2 R . s 3 +- - 3 R
largest rarticles were most subject to detericration

s s s a o
a means of mawing the naste matriv resistant to frost
. . 4 .
jamage anpears te have been firmlv established. TIn addi-

by Powers,

N

~1
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Zecent studies have mede significant contributiocns
N 3 - s syrn 3 .r 2 . : T -
or htelped to sumnerize existing tmowledre. Bloer {(17263)
- h I | " Eal -~ - e 3
ncted the significancs of rarticle size o durshility

end that drying between cuwring and testing grestly inm-
cvroved durability., The imrroved resistarce anmeared to
ce related to the locus of freezable water., Trving

anparently reaioved wetesr from the argregstes and subse-

cuent socexing returned moisture to the raste vhase where

(0]
O
-h

gir voids orovide & measur
20l of the American Concrete Institute »ublished an ex-

tensive summarv on concrete durability (1262). The most
recent theories of Powers, Verbeck and Iandcren, and
others were used to evaluate current test methods. In
sumnary, they state that "freezing-and -thawing tests probesbly

rrovide the best measure of concrete durability but

O

current tests are unzble to measure durability with the
certainty needed”.
In 1955 T. C. Powers of the Portlend Cemenrt iLssocia-

tion suggested a new method for testing the freezins-and-

thewing resistance of concrete or aceresate. This method

was based primarily on theoreticsal censiderzticons relating

neriod 1235

-12
on vnrccedural asrects of the test but dd not »ublish anvy

D
927
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Povers rreface

-y

f the existing »nro-
s for freezing-and-thawing tests on concretes

and noted seversal inconsistencies or weaknesses in them.

tended to five a distorted »icture of relstive frost
resistance rather then the hored “or simmle acceleration
of natursl processes. That is, the mechanisms by which

frost damage might occur at natural cocling rates, an-

hn!

vroximetely 5 F ver hour meximum, could not be correlated

with those at rates of 10 to 10C 7 »er hour, the high
rates causing unrealistically high stress conditions.

Considering the growth-of-cevillary-ice theory, and
verhaps the osmotic ressure theory, this rerid freezing

xd to an underestimate of natursl freezine~

Becetuice concrete has no intrinsic, measurable

rost resistance, and because the contribu-

tory nroverties are nurerous and Jifficult to evaluate

vantitatively, FPovers -rorcsed to use volume chanre
characterisiics of concrete under controlled conditions
zs the basic test methedologrs Srecimens wouls ke
~renared and conditioned so z¢ to ginmilate field condi-

29
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slow-rzte freezing and periods at low temperature.
Lccording to Powers, concretes subject to frost damage
should reach some critical saturation level, after which
they wonld expend on freezing. Periodic measw ements

of dilation and temperature would permit identiti
this critical point and the time recuired to reach it.
' Because of its theoretical background and its rartial

A

e n Pz om A _
gtion of field ccnditi

[N
O

ns, it was hoped that the
rroposed procedur ¢ would yield data that could be in-
terreted in a meaningful fashion. It also wouid recuire

orly relatively simple and inexpensi ve eouipment to

The Celifornia Division of Highways was first to re-
nort, in 1901, a practical application of the Powers
—
Method | Trempen and Spellman (l961lj . They developed

: 1

specimen oreparation and conditioning me thods, testing

P

nd mecswiny technioues, and performance criteriza.
The method was used to evalucte several agpregsates for a
major hignhway construction project. This highway anpears
tc nave rerformed well since the time of construction.

In the revort Tremren and Spellman use the idealized
cooling curves to illustrate‘the behavior of concreté
crecimens as shown in Tig ') . Curve 1 represents:

thermal contraction above the freezing voint. The mea-
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(1961)]
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fa et . ~ . azy o M, 4 ~ 2~ s - + Lo
coefficient for two reasons. The first is because the
over-z11 thermal cocefficient of the frame su»nortine
, . . ) ; .
the gsnecimen is not zero., The second is beecsus o move-

nent of water within the maste and acrrerate does not

to azttract moisture zt the exvnense of that in the maste,
czusing the latter to shrink at & rete greater then that
due to thermal contraction alone. The vwoint of intersec-
ticn of Curves 1 and 7 indicates the temneratire at which
ice begins to form. If exrerimentzl curves could be
obtairned witl the yrecision of those shown in
freezing noint could be determined zccuratelv.
Curve 3 revresents the tyne of result that has been

obtained in certein iastances. In this case, th

ittle or no chanre in length while the snecimen is being

}..I

defrecs helow ite freezing noint., Tvent-

[

cooled seversl
@ally the curve resumes a downwerd slone., Dilation héas

occurred ze measured by the distance, a, which is the

rlotted curves obtained in the study. The most common

tvve of curve that is obtainad in the work when the
concrete is net imnmune, is x repressented bv curve L.

Fere there is an ebrupt exransion et the freezing noint.
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The curve rounds cuite sharnly and then resumes a down-
waré slove. The distance, b, is eavrily measured; how=-
ever, it does not rewresent the entire dilation hecause
of ite nearly horizontal trend over & few degrees of

cooling. The distance, bl, represents the complete

4
(V]

=l

dilation but is difficult to measure in nractice.
FacInnis (1262) annlied the Powers test as a re-
search tool to evaluste the frost resistence of cenent
grout mixtures for pre-stressed concrete. Alr entrain-
ment was found to be the most effective method of pre-
venting expension end cracking caused by freezing tem-
reratures, The introduction of entrained zir, even at =z
low vercentage (5) in a mix of high water-cement ratio
was effective in eliminating all but transitory expansions
et all maturities tested. He concluded that wester-cement
ratio is next in imrortance to ai r-entrainment in provi-
ding, frost wotection for grouts. Frovided a mix contained
at least 5% entrained air 2 lower water-cement ratio
seemed mere effective than additionzl air in increasing
frost resistance. He was z21so 2ble to establish curing
reriods which would give frost resistance teo grouts at

varicus waeter-cement rat

D5

=

cadnin (1966) werked on Powers!' method to evaluate

the limiting water-cement ratios for frost resistant
mortars. His results showed that C.59 water-cement ratio
was the maximum for com»lete saturated mortar srecimens

which were alr-entrzined before dilation occurred.
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