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Volume Changes Observed in Small Concrete 
Cylinders During Freezing and Thawing Using a 

Mercury Displacement Dilatometer 
By Rudolph C. Valor, Jr. 

A mercury-d isplace ment d ilatometer is described for continuously determinin g the 

changes in bulk volum e of sma ll concrete cylinders during freezing and t hawing. Various 

types of freezin g and thawi ng cycles were employed in whi ch the 40° to - 20° F range 

was covered at vari ous rates. The r esults presented are represe ntative volume-temperature 

relationships ob tai ned for specimens tested in air-dry, part ia lly sa t urated, an d " vacuu m

saturated" moisture condi t ions. Relationships for air-dry spec imens yielded u l. iform ther

mal-expansion data, bu t t hose for partiall y sa t urated specimens showed depar t ures from 

uniformi ty t hat are ascribed to t he freez ing and thawing of wa ter in t he pore str uctures of 

the specimens. Vacuum-satura ted specimens showed mu ch larger depart ure and fa iled a s 

a r es ul t of a single cycle of freez ing and t hawing. 

I. Introduction 

~loist , porous building maLerials subj ec ted to 
r epeated alternate eycles of freezing and thawing 
usually show a progressive deterioration mani
fes ted by a softening, ealing, spalling, eracking, 
or loss of strcngth or clasticity. This deteriora
tion has generally been ascribed to a rcpeated 
straining or distending of the material Lhat may 
occur as a consequence of the conversion of water 
to ice within the pore system of the material. 

The fact that water increases in volume as it 
freezes (approximately 9% at 32° F ) has led vari
ous inves tigators to employ a dilatometric or dis
placement method for studying the volume
freezing-point relationships for a number of mate
rials. The method has been employed by Ander
son and Edlcfson [11 1 and others [2] in studies of 
soils, by Thomas [3] in England in a comprehen
sive study of the frost r esistance of building stone, 
and by Powers and Bl'ownyard [4] in a study of 
sat ura ted, hardened portland cemen t pastes. 

The present work is par t of an inves tiga tion of 
the physieal reactions occurring in concrete speci
mens of differen t degrees of moisture sa turaLion 

• fi gures in brackets indicate tbe literature references at the end of this 
paper. 
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during freezing and thawing. It was believed 
that the mea urement of transient and residual 
changes in bulk volume (i. e., volume of solids 
plus volume of pores) occurring in specimens dur
ing, and as a result of, freezing and thawing cycles 
of various types might provide some desired infor
mation. To a t tain this end, the first objective 
was the development of a sa tisfactory dilatometer . 

II. Scope 

The initial problem in the developmen t of a 
satisfactory dilatometer involved the choice of a 
suitable displacement medium. Liquids in the 
hydrocarbon group , such a toluene and kerosine, 
had been widely used as displacemen t media in 
previous dilatometer work and were found to be 
satisfactory where the detection of freezing points 
and measuremen t of volume changes in fully sa tu
rated samples were required. Thomas [3], how
ever, using ligroine (petroleum ether), found the 
clilatometer unreliable for measuring changes in 
bulk volume in partially saturated specimens of 
building stone during freezing and thawing. It 
appeared that the physical properties of petroleum 
ether were such that the liquid r eadily en tered, 
to an undetermined exten t, those pore spaces not 
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filled with water. Thomas made his most satis
factory determinations by an optical-lever linear 
extensometer method. 

For the present work, mercury was chosen as 
the displacement medium, because of several 
advantages it appeared to show over liquids in 
the hydrocarbon group within the desired working 
temperature range, 40° to - 20 0 F . These ad
vantages included (1) a uniform and relatively low 
coefficient of thermal expansion, (2) a relatively 
high coefficient of thermal conductivity, (3) a low 
specific h eat, and (4) the · nonwetting property. 
The high density of mercury allowed a high degree 
of precision in the various operations preparatory 
to and following the dilatometer tests, since very 
small volumes of mercury could be accurately 
determined by weighing. 

M ercury, however, was found to penetrate to a 
slight but undesirable extent the surfaces of dry 
or partially saturated concrete specimens. It was 
found necessary to treat the specimens in such a 
way as to render the surfaces impermeable to 
mercury while not in terfering with the free passage 
of ail', water , and water vapor during drying and 
other curing operations. This was accomplished 
by rubbing a cement-fine-sand mortar into the 
surface of each specimen, effectively "sealing" the 
larger pore openings and surface voids. The 
weight of each specimen was increased by less 
than 0.5 percent by this treatment. 

Of the many variables in specimen condition 
thought to affect the reaction to freezing and 
thawing, the moisture condition was chosen for 
greatest emphasis. Specimens were air-dried and 
"vacuum-saturated" before the testing to provide 
two extremes in moisture condition; and various 
curing procedures were employed to provide speci
mens in the more normal condition of partial 
saturation . The specimens did not have access to 
additional moisture during testing in the dila
tome tel's, since they were completely immersed in 
mercury. Thus the "buildup" in saturation de
scribed by Kreuger [5] and observed by Tucker, 
Walker, and Swenson [6] did not occur and could 
not be studied. 

The specimens were small cylinders cast from 
concrete of one-mix design (plain and modified by 
the addition of an air-entraining agent) made with 
one brand of normal por tland cement and one 
type of aggregate. 
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Comparison of results obtained in laboratorie 
using a wide variety of techniques in performing 
freezing and thawing testing of concrete indicated 
the rate of temperature change as a most signifi
cant variable. For this reason variations were 
made in rates of cooling and heating during the 
freezing and thawing cycles, and also in the length 
of periods at constant temperature during and 
between cycles. Volume-temperature relationships 
for the various types of cycles were obtained within 
a single temperature range, 40° to - 20 0 F , which 
was sufficiently broad to permit the use of rather 
effective extremes in the rates of temperature 
change. 

Most of the specimens tested were subjected to 
freezing and thawing cycles of several kind s. 
This was done in order that a comparison of the 
effects of various test procedures could be made 
upon a single specimen unobscured by the un
predictable dissimilarities that often occur in 
"duplicate" specimens. 

In addition to the volume-temperature relation
ships, supplementary determinations were made 
for each specimen. The degree of saturation of a 
specimen was expressed as a percentage of "vac
uum-saturation," based upon the weight of the 
specimen when oven dried, inasmuch as other 
means for evaluating the moisture condition were 
found to be less reliable. The effects of the various 
freezing and thawing treatments were evaluated in 
terms of changes in Young's modulus of elasticity 
(dynamic, flexural). The specimen could not 
conveniently be removed from the dilatometer 
during the progress of a cycle, or b etween cycles, 
so that normally only the total effect of a number 
of cycles was ascertained. This was done by 
obtaining the difference in Young's modulus, 
determined before and after the dilatometer tests. 

Because of the exploratory nature of the work, 
the results obtained are not amenable to statistical 
treatment. Results presented are confined largely 
to figures portraying the volume-temperature 
behavior for approximately one-fourth of the more 
than 50 specimens tested. Nevertheless, certain 
patterns of behavior have been observed and are 
discussed. Such conclusions as may be implied 
in the discussion of reslil ts, however , apply only 
to the specimens tested in which the effects of 
brand of portland cement and type of aggregate 
were not included among the variables studied. 
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III. Dilatometers and Equipment 

1. Construction of the Dilatometers 

A drawing of the dilatometer is shown in figure 
1. The yertical cylindrical chamber was con
st rucled from 0.I5-in.-thick seamless m ild-steel 
Lubing 2.05 in. in internal diameter and 7.25 in. in 
heighl. The top and bottom were formed from 
I-in. Lee] plate. The bo ttom plate was machined 
Lo fit the tubing and then welded into place, as 
shown in tbe drawing . T he steel cover was ma
chined to fi t the top of the cylinder , and the inner 
surface of the cover was funnel-shaped to faciliLate 
the removal of air entrapped in the dilatometer 
dLll"ing Lhe liquid filling process. The apex of the 
inver ted funnel opened in to a %-in.-ouLside-diam
eter threaded teel t ube, Lo Lhe top end of which 
a glass burette assembly was aLtached. The cover 
,,-as aLlached Lo Lhe cylinder by means of four 
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}~- in . bolLs, which extend ed through the bottom 
plate, and was secured by wing nu ts. A com
pre sible organic pIa Lic ga.sket 0.002-in . th ick was 
placed between the top of the cylinder and the 
cover to prevent the loss of mercury. 

2. Burettes 

i\I[easuring pipettes were used as dila LomeLel' 
burettes . The pipette tips were broken ofr and 
the straight-bore stems were cemented into short 
lengths of threaded steel tubing to form inLer
changeable, detachable burette assembli es. A 
thin, hard-rubber gasket separated the tubing at 
the bottom end of the burette from the tubing that 
formed a p ar t of the dilatometer cover, as shown 
in figure J. One-, two-, and five-ml-capaci ty 
pipettes were used. For most Lests, the J-ml size 
was satisfactory, bu t for (esLs of vacuum-saturated 
specimens it was necessary to li se the 5-ml size. 

BURETTE 

De KHOTINSKI CEMENT 

CORK 

ADED STEEL 
TUBING 

" KOROSEAC' 
GASKET 

SPECIMEN 

MER CURY 

r-'---

o 2 3 4 5 6 
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FIG UR E: 1. \ "ertical section oj mercury-displacement di latometer containing a cylindrical concrete test specimen. 
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The pipettes were calibrated by the Metrology 
Division of the National Bureau of Standards. 
Only those pipettes for which the mean error of 
marking was less than 1 percent were used. 
Readings were estimated to 0.001 ml for the l
and 2-ml pipettes. Therefore, changes in volume 
as small as 0.0003 percent could be discerned for 
specimens with bulk volumes ranging between 335 
and 340 ml. 

3 . Calibration of the Dilatometer Assemblies 

The dilatometel' calibration consisted in ob tain
ing a value for the thermal coefficient of volume 
change for the dilatometer chamber. This value 
was calculated as the volume change per degree 
per milliliter capacity. The capacity was the 
volume at 40° F when the dilatometer was filled 
to the chosen burette level. The use of a solid 
steel cylinder having dimensions similar to those 
of the concrete specimens to be described in a 
following section faci litated the determination. 

The calibration was performed in several steps. 
First, the thermal coefficient of linear expansion 
for the steel calibration "specimen" was computed 
from thermal extensions and con tractions, as 
observed by means of a Tuckerman optical-lever 
extensometer and autocollimator [7).2 The speci
men was placed in a controlled temperature, 
thermally insulated air chamber, and gage readings 
were observed when the system attained tem-

• A complete descript ion of the a pparatus is given in The thermal expansion 
of clay bnilding bricks, by C. W. Ross [8] . 
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perature equilibrium. The gages used were 6 in. 
long and were calibrated relative to a standard 
steel bar for which the thermal coefficient of linear 
expansion had been determined by the Metrology 
Division. The gage readings represented changes 
in length of the test objects relative to changes in 
length of the gages. The test chamber was taken 
through two complete cycles of temperature 
change so that four determinations were made. 
The mean value obtained for the thermal co
efficien t of linear expansion for the steel specimen 
was 6.3 X 10- 6 per degree Fahrenheit, as shown in 
table 1. This value was multiplied by 3 to ob tain 
the coefficient of cubical expansion. 

TABLE 1. Thermal coeffic ient of li near expansion of steel 
calibration specimen, det ermined by means of Tucker
man optical lever extensometer 

T emperature Thermal coeffi cient of 
----- lin ear expansion per 

degree Fahrenhei t 
Initial Final 
--

OF OF 
66. 9 22. 6 6. 33 X IO- 6 

22.6 70.2 6.25 
70.2 30. 2 6. 25 
30. 2 68.0 6. 28 

Mean .. . __ . 6.3 X IO-6 

The second step in the calibration consisted in 
determining the burette reading change per degree 
Fahrenheit when the dilatometer contained the 
steel specimen and mercury. T o obtain these 
data, the loaded dilatometer was immersed suc-

B 

4 0 20 o -20 60 40 20 o 
TEMPERATURE , of 

F IGUR E 2. Changes in burette reading with temperature f or dilatometer 1 containing a steel calibration specimen sur
rounded by mercury. 

Two hurette sizes were nsed A, 2·ml burette; B, l·ml burette; e, cooling; 0, heating. 
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cessively in a number of constant-temperature 
baths between 40 0 and - 20 0 F and held at each 
temperature until equilibrium was reached. Fig
ure 2, A, shows the burette readings plotted 
against temperature for one of the dilatometers 
wiLh a 2-ml burette attachment. In figure 2, B, 
s imilar data are shown for the same dilatometer 
wiLh a 1-ml burette and for a somewhat different 
temperature range. Values for the slopes were 
computed by the method of least squares and 
Tepresent the burette reading changes per degr ee 
Fahrenheit . The total volume change per degree 
for the dilatometer chamber was simply the bu
rette reading change per degree subtracted from 
the computed volume change per degree for the 
steel specimen and the mercury. The value 
used for the thermal coeffi cien t of cubical ex
pansion of mercm y, 100.7X 10- 6 per degree 
Fahrenhe it ,vas derived from data on the specific 
volume over the range + 40 0 to - 20 0 F [9] . 

The following is a sample calculation for the 
t hermal coefficient of volume change per degree 
Fahrenheit per milliliter capacity of dilatometer 
1 with 2-ml bmette attachment : 
Volu me of steel specimen at 400 F _______ 341. 0 m] 
Volu me of mercury in dilatometer at 

40° F ______________________________ 87. 9 ml 
Capacity of dilatometer cha mber at 40° F _ 428. f.l ml 
Volume change of steel specimen per de-

gree Fahrenheit eq uals 341.0 X 6.3 X 
10- 6 X 3___ ___ __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ O. 0064 ml 

Volume change of mercury per degree 
Fahrenheit equals 87.9 X IOO.7 X IO- o __ _ . 00 9 ml 

Total volu me change, steel specimen and 
mercury, per degree FahrenheiL _ ____ _ . 0153 ml 

Bure tte reading change per degree Fahren-
heit __ __ __________ ________ _________ _ . 0072 m] 

Volu me change of dilato meter chamber, 
per degree FahrenheiL _______________ . 0081 I1ll 

Volume change of di latometer chamber 
per degree Fahrenheit per milliliter ca-
pacity ___ __ __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ 19. OX 1O- 6ml 

Thermal coefficien t of linear expansion for 
steel dilatometer chamber (co mputed as 
one-thi rd of volume change per degree 
Fahrenheit per millili ter capacity) ___ __ 6. 3 X 10- 0 

The resulLs of the determination of the coeffI
cients of cubical and linear expansion for the 
chamber of dilatometer 1 are shown in table 2. 

To provide an approximate but independent 
check on th.e calibration of the dilatometer, the 
Lhermal coefficien t of linear expansion for the 
cylindrical portion alone of dilatometer 1 was 
determined by means of the optical lever extenso-
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TABLE 2. Thermal coefficients of cubical and linear ex
pansion for dilalometel' chamber 1. 

Burette 
capacity 

ml 
2_. _________ 
2 _____ ___ ___ 
L __________ 

-- -- --------

Slope of ]inc T'hcrmal . coefficient of 
of regression 1 C'xpanSIOIl, per degree 

(mil li liters Fa hrenh ei t 
per degree -------

Fa hren heit) C ubica l ' Lin ear 3 

- 0.00716 19.0XIO-' 6.3XlO-' 
-. 00724 18.6 6.2 
- .00713 18.8 6.3 

Mean ___ 18.8XIO-~ 6.3X IO-tl 

, Computed b y the method of least squa" es; 2 of the 3 determinations 
are shown in figure 2. 

' Volume change of dilatometer cham ber per mi lliliter of capaci ty pcr 
degree :Fahrenbeit. 

3 Co mputed as one·tbi rd of cubical coefficient. 

meter [7], previously mentioned. These results 
are shown in table 3. The mean value for the 
thermal coefficient of linear expansion, 6.45 X 10- 6 

per degree Fahrenheit , obtained by the extenso
meter method was less than 3 percent higher than 
the mean value, 6.3 X 10- 6 per degree Fahrenhei t, 
obtained by the volumetric method. The value 
accepted for the thermal coefficient of volume 
change for the entire dilatomeLer chamber was 
the one calculated from the volumetric determina
tions, as it was obtained under conditions most 
nearly simulating the method actually used for 
tesLing the concrete specimens. 

T ABLE 3. Thermal coe.fficient of linea?' expansion for the 
cylindrical portion of dilatometer (No. 1), as delennined 
by means of the T uckerman optical-lever extensometer 

T ern pera tu re rrhcl'm al coefficient of 
linear ex pansion per 

Ini tial Fin al degree Fahrenheit 

-----
OF o F' 
66.9 22.6 6. 45X 10-' 
22.6 70.2 6.45 
70.2 30.2 6.46 
30.2 68.0 6.44 

M ean ___ 6.45X10'" 

The thermal coefficient of volume change for a 
second dilatometer was also determined by the 
methods outlined above. The calibra t ion gave a 
mean value identical wiLh that obtained for the 
fIrst dilatometer. The volume change of a con
crete specimen tested in a dilatometer wa equal 
to the burette reading change, plus the volume 
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-change of the dilatometer chamber , minus the 
volume change of the mercury. 

4 . Refrigerated Baths 

Concrete freezing-and-thawing test equipment, 
in which the coolant was an ethylene glycol-water 
mixture, was adapted to accommodate the dila
tometers. The dilatometers were suspended from 
wells in the covers, so tha t the chamber of the 
dilatometer was completely immersed in the 
coolant . The burettes extended some 4 or 5 in. 
above the top of the well . Since all tests and the 
volumetric calibration of the dilatometers were 
made with the dilatometers suspended identically, 
burette stem conections \\ 'ere obviated. 

Five con trolled temperature baths were avail
able for the tests. The temperature of the baths 
was generally con trolled to wi thin 1 deg F of the 
desired temperature within the 40 0 to - 20° F 
range. In addi t ion, the temperature of each bath 
could be varied within this range in s teps as small 
as 2 deg F. In operation one bath was maintained 
continuously at 40° F ± 10 F and another neal' 
- 20 0 F. In a third bath the temperature COllIe! 

be lowered stepwise from 40 0 to - 20 0 F in fl 

minimum time of about 8 hI's, and the temperature 
could be increased in this range at a cOlnparable 
rate. More rapid cooling or heating rates were 
obtained by transferring dilatometers to the 
appropria te bath. 

5 . Temperature Measurements 

All temperature measurements were made by 
using calibrated copper-constantan thermocouples . 
For the purposes of this study, equilibrium concli
tions were assumed to exist when the temperature 
difference between the center of the specimen and 
the bath was 0. 5 deg F or less. 

IV. Preparation of Test Specimens 

1. Materials 

A portland cement was used that complied with 
the requ irements of F ederal Specification SS- C-
191b [10]. The chemical analysis and calculated 
compound composition of this cemen t are shown 
in table 4. 

Siliceous sand and %-in. gravel of Potomac 
River or igin were used as aggregate. The per
centage absorption by weigh t was 1.0 for the 
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sand and 1.3 for the gravel. The sieve analyses 
for these materials, made with United States 
Standard Sieves, are listed in table 5. 

T AB L E 4. Chemical analysis and calculated compounrl 
composition oj the portland cement 

Com ponent 
Percent

age Componen t 
Percent

age 
--------.---- ---------1---

Si02. _._ __ ______ ____ 22.0 Ign it ionloss. ____ _ _ ___ 0.8 
Fe '03 __________ ______ 2.5 .Insoluble residuc _ ___ . 1 
Ab O, ________________ 5.7 CH CIa solubility _ _ _ _ . 004 
CaO _________________ 64.7 
'\{gO ________________ . I. 6 3CaO.Ala03 _______ .__ 11 
R03______________ 1. 7 2 CaO.SiO, ______ __ _ 26 
K 20 _________________ . . 72 3CaO.SiO, ____ . _____ 49 
Na 20 _______ ________ .18 

TABLE 5. Sieve analyses of aggre gates 

8and Gravel 

C llIllU

Percen tage lath-e 
retain ed percent-

age 
retnined 

Sicn~ 
P ercen tage 

retained 

---------------;-----i-----·-

1\""0.8 ____ ._____ ___ ___ 15.8 15.8 % inch ___ 4 .. > 
?-,-o.lo_______ _ _____ 17. 8 33.6 1\0. 4 _____ 95.5 
1\'0.30 ____________ .. ~1.0 64.6 
No. 50__ ____ __ ____ 23. 1 87.7 
1\'0. 100 _________ _____ 9. 8 97.5 
Pan ________ _________ 2.5 

Tot~L ._________ 100.0 • 299.2 TotaL ____ 100.0 

a 'This y aluc giv es a fineness modulus or 2.99. 

2. Fabrication of the Test Specimens 

Specimens were cast from a concrete mix de
signed to a cement factor of six bags per cubic 
yard of concrete. Half of the specimens were 
prepared from a plain mix and half !Tom a mix 
modified by the addi tion of an air-entraining 
agent. A sligh t adjustmen t in the proportion of 
sand was required in the modified mix to main
tain the cement factor constant. The basic mix 
proportions were, by weigh t, 1 cement: 2.8 sand : 
2.5 gravel, on the basis of a saturateci, surface-dry 
condition for the aggregates. Actually, dry ag
gregates were used and corrections for water ab
sorption were made in determining batch weigh ts. 
The quantity of mixing 'water was adjusted for 
each batch to give a consistency on the flow table 
within the r ange of 100 to 115 percent, as deter
mined in accordance with Federal Specification 
SS- C- 158b [11] . A water-cement weight ratio of 
0.56 produced the desired flow in the plain mixes, 
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\\"hereas 0. 53 was sufficient for the aerated batches, 
that contained 0.01 percen t by weigh t of cemen t 
of a proprietary resin added in neutralized solu tion . 

The total weight of each batch of materials was 
approximately 2,800 g and was sufficien t for cas t
i ng tlU'ee specimens. Batches were hand-mixed 
for 3 min, allowed to stand for 2 min, and r emixed 
foJ' a 2-min period. 

Air in the plastic mixes was determined gr avi
metri cally by the method described in F ederal 
Specification SS- C- 158b, [11] . The plain mixes 
con tained 2.5 ± 0.5 per cen t of air, by volume, 
which is a rela tively large amount for a nonaerated 
mix, and the aerated mixes contained 5.3 ± 0. 6 
percen t of air . The pla in mix appeared coarse 
a nd harsh in contrast to the plasticity and co
h e iveness of the aera Lecl mi X, as judged by the 
r elative ease of mixing. 

Immediately following Lhe mlxlllg, the test 
specimens (l.92 ± 0.01 in. in diameLer and 7. 20 
± 0.1O in. in h eigh t) ,vere molded . The cylin- , 
drical molds were fill ed verli cally in three layers, 
a nd each layer was rodded with a bullet-nosed 
}~-in . diameter metal rod. The bottom and top 
ends of the molds were d osed wi th wooden plugs; 
gage points were h eld in place in holes in lhe 
cen ters of Lh e plugs. (The gage points were ava il
able for use in determining res idu allengLh changes; 
only in Lhe case of th e vacuum aL urated spec imens 
\\'ere these data signifi can t). The boLLom plug 
also hrld a %-in. di ameler n:.etal rod , one end of 

FIG LIRE: 3. T ypical concrete test specimens, mercllTy-dis
placement dilaloll1ete1', and specimen mold with top and 
boltom plllgs. 
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whi ch ex lend ed 2 ?~ in. into the specimen to a poin t 
a t the center of lhe circ ular cross section. A cello
phane tape sleeve \\"as fi tted on the rneLal rod so 
that when the speciJnen was r emo ved from the 
mold th e rod could be eas ily ex t rac ted , leaving a 
hole for the inser t ion of the thermoelemen L (fi gs. 1 
and 3). The top plus was fi t ted in to th e mold 
after most of the bleeding had occurred. The 
specimens remain ed in the molds for 24 h I' before 
remov al. 

3 . Surface Treatment of the Specimens 

Preliminary experiments indi cated the necessity 
for surface treatment of the specimen to pre ven t 
the penetr ation of mercury during the testing. A 
1 :1 cement-sand mortar of pu t ty-like consistency 
was rubbed into the surface of each specimen upon 
i ts removal from the mold, in such a way as to 
fill all surface vo id s and larger pores. The mortar 
,,"as m ade wi th the same cemen L used for the 
specimen and with sand passing a No . 50 s ieve. 

All specimens were subseq uenlly s Lored in a fog 
room , maintained at 70 ° ± 2° F and between 95-
and 100-percen t relalive humid ity, unlillh ey were 
28 days old , af ter whi ch the curing procedures 
varied . 

V. Procedures 

1. Preparation for the Dilatometer Tests 

The copper-constan tan thermoe1cment a nd lead 
wires were scaled into the %-in.-out id e-diameler 
organi c plastic t ubing so Lhat th e clem ent barely 
protrud ed from one end of the t ubing. The clem ent 
and en d of th e tubing were coated wi th an organic 
plastic cemen t; after the cem en t h ad dri ed, th e 
uni t was inser ted in Lo th e hole provid ed in the 
specimen so that Lhe coated th ermo clem en t was in 
con tact with th e con crete. The uni t was scaled in 
place by tamping " iron " cem en t paste of dry con
sistency between th e fl ared opening al th e Lop of 
the spec imen and th e plast ic tubing (fi g. J). The 
cemen L was of a q ui ck-se lling, expanding type a~d 
constricted lhe t ubing wh en set. 

The specimen was placed in th e dilatometer 
after b eing q ui ckly wiped with a dry cloth when 
necessary, and the cover was Lh en bolted securely 
to th e dila tom eter chamber. The dilatometer was 
next fill ed with sufficient mercury to cover the 
specImen. 

I t was found that the en tr apping of air upon the 

7 

·1 



inner walls of the dilatometer and upon the surface 
of the specimen could b e largely avoided by intro
du cing the mercury into the dilatometer in small 
drops. Therefore, the mercury was poured into the 
dilatometer through a fine capillary that formed 
the stem of a glass funnel. The time required for 
filling was about 15 min. The specimen did not 
appear to lose an appreciable amount of moisture 
during this period, as judged by the weight of the 
specimen before and after testing. 

It was next necessary to seal the tubing contain
ing the thermoelement leads at the point wher e it 
passed through the dilatometer cover. The iron 
cement paste was tamped between the tubing and 
the flared hole in the dilatometcr cover. After the 
iron cement had set, it was coated with the organic 
plastic cement to protect it from the coolant liquid 
of the refrigerated baths. 

To complete the dilatometer-speeimen assembly, 
the burette was attached to the dilatometer and 
sufficient mercury was added so that the meniscus 
was visible in the burette. Even with careful filling 
it was necessary in some cases to agitate the 
clilatometer occasionally over a 24-hr period, in 
order to remove all of the entrapped air. A simple 
test for determining the approximate volume of 
entrapped air r emaining in the dilatometer con
sisted in applying a small amount of pressure 
through the open end of the burette. The amount 
of entrapped air was indicated by the displacement 
of the mercury meniscus. When this air had b een 
removed, the mercury meniscus was adjusted to 
the zero reference level at 40° F. Testing was not 
begun until the burette reading remained un
changed over a 24-1ll' period. 

2 . Determination of the Degree of Saturation 

After considerable preliminary investigation, it 
was decided that the moisture condition of a 
specimen could be described best in terms of the 
amount of water in the specimen evaporable at 
230° F, relative to the amount of water that the 
specimen could contain when saturated in vacuum. 
This evalu ation of moisture condition is termed 
"percentage of vacuuni saturation" and was deter
mined in the following way: 

Immediately following th e dilatometer tests each 
specimen was removed from the dilatometer and 
weighed. It was then h eated in an oven at 230° F 
for a period of 24 Ill', and weighed again. The 
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specimen was next placed in a container and cov
ered with a bell jar, which was then evacuated at 
abou t 4 mm of mercury for a period of 24 hr. At 
the end of this time, and while the specimen was 
still under vacuum, a sufficient amount of freshly 
distilled water was drawn into the container under 
the bell jar to cover the specimen. Twenty-four 
hours later the vacuum was released. After the 
specimen had remained immersed for an addi
tional 6 days, it was removed from the container. 
wiped, ancl weighed. The percentage of vacuum ' 
saturation was then equal to: 

W j - WoX lOO , 
Ws- Wo 

where W j is the initial weight, Wo is the oven-dry 
weight, and vVs is the vacuum saturation weight. 
These weights were determined to the nearest 
0.01 g. 

The percentage of vacuum saturation as herein 
defined is not presumed to represent an absolute 
value for the degree of saturation, inasmuch as the 
oven-dry basis for these determinations is su b
ject to question. The al ternative, however , of 
drying in a. constant temperature, constant humid
ity room required an inconveniently long period 
of time. Nevertheless, a limited number of speci
mens was dried at 70° ± 2° F and 50 ± 5-percent 
relative humidity for a period of 6 weeks or longer . 
The calculated percentage of vacuum saturation 
on the air-dry basis was about 5 percent lower 
than on the oven-dry basis, in the range 65 to 
80 percent of vacuum saturation. The values 
given in this J'eport for the percentage of vacuum 
saturation represent, for each specimen , the upper 
limit for the true percentage of saturation. Ob
viously the percentage of vacuum saturation is 
the true percentage of saturation only if the 
vacuum-saturation procedure completely fills all 
pores with water. 

3. Methods of curing 

The various specimen moisture conditions were 
brought about and maintained by several curing 
procedures. Following the initial fog-room curing 
common to all specimens to the age of 28 days, 
the storage was as follows: 

1. Specimens to be tested in an air-dry condition 
were stored at 70 0 ± 2° F and 50 ± 5-percent rel
ative humidity for periods of from 60 to 120 days 
prior to testing. 
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2. Specimens to b e tes ted in the vacuum-saLu
rated condition were stored at 70° ± 2° F and 50 
± 5-pel' cent r elative humidity for periods up to 
250 days and then vacuum saturated, as described 
in th c preceding section of this paper. The speci
mens weTe th en maintained wholly immersed for 
as long as 1 yr b efore tes ting them. 

3. Specimens to b e tes ted in a par t ially saturat
ed condltion wer e subj ected to ei th er of two types 
of curing tr eatment: 

(a) Continuous immersion in water at 70° 
± 2° F until th e time of tes t, for periods of from 1 
to 12 weeks. 

(b) Storage in air at 70° ± 2° F and 50 ± 5-
percen t r elat ive humidi ty for a t least 45 days, 
followed by immersion a t 70° ± 2° F for periods 
of from 1 week to 1 year . 

The v alues for the percen tage of vacuum sa tura
t ion calculated for th e partially aturated peci
m en ranged from 75 to 85 percent for th e plain 
specimens and from 65 to 75 percent for th e 
aerated specimens. 

4. Types of Freezing and Thawing Treatments 

Freezlng and thawing cycles of several types 
were obtained , wi thin Lhe 40 ° Lo - 20° F range, 
in the following ways: 

1. Slow cycle (32 lU' or longer ) . The tempera
Lure of th e ba th in which th e dilatometer-specimen 
assembly was immersed was lowered stepwise from 
40° to - 20 ° F in approxima tely 8 hI' , held con
s tan t at - 20° F for 16 hI' or longer , and raised 
stepwise to 40 ° F in approximately 8 m·. 

2. F as t cycles. In the I-hI' fast cycle the 
dilatome ter-specimen assembly, initially a t 40 ° 
F , was t ransferred t o and allowed to r emain in 
the - 20 ° F bath for a period of 30 min. I t was 
th en retr ansferred to th e 40 ° F bath, where it 
r emained for an additional 30-min period. Figure 
4 shows that 30 min was sufficien t time for a 
par t ially saturated specimen to atLain tempera
ture equilibrium wi th the bath . 

The in terrupted fast cycle was similar to the 
I -hI' fast cycle, excep t that the dila tometel'-speci
men assembly remained in the - 20 ° F ba th for 
16 hI' or longer , between the 30-min cooling and 
heating periods. 

3. Combined cycles. These cycles were ob
tained by combin ing a fast cooling with a slow 
heaLing, or a slow cooling wi th a fast h ea ting. 
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'l'ernpernture is that indicated at center of cross section of a partially satu
rated specimen. e, cooling; 0 , heating. 

Ano ther type of combination treatmen t was em
ployed in which a por tion of Lhe temperature 
range was traversed a t one rat e of cooling or 
heating and the r ema in ing por t ion at a differ en t 
r a te. 

Oth er Lypes of trea tmen t employed, bu t which 
will no t be discussed in th e presen t repor t, con
s is ted of moderate cycles in which th e cooling or 
h ea ting was done in two 01' more equal temper a
ture steps by th e successive tr ansfer of tho dilaLom
eters into a seri es of baths at appropriate tempera
tures . These cycles were used in the exploratory 
phases of the tudy that resul ted in th e selec tion 
of the slow cycle for special emphasis . The 
r easons for this emphasis will appear in th e dis
cussion in which th e effec ts of various types of 
trea tmen t are compared . 

Some of the par tially satura ted specimens 
tested were subj ected to all of th e types of treat
men t described above, and oth er s received a num
ber of cycles of one type of tr eatment only . 

VI. Results and Discussion 

1. Air-Dry Specimens 

Volume-Lempera ture r elat ionships obLained in 
clilaLomeLel' tests of a pla in and an aerated air-dry 
specimen ar e shown in :fi gul'e 5, for successive slow 
and fast cycles . The m oisLure condi tion of th ese 
air-dry specimens was determined to be approxi
ma Lely 15 percen t of vacuum sa turation. The 
r elationships are uniformly linear and no t signifi
can tly difl'eren t in slope for the fast and slow 
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cooling or heating. In tests of other air-dry 
specimens, similar results were obtained. 

The values for thermal coefficien ts of expansion 
obtained by this method for four air-dry speci
mens, are shown in table 6. The presen t diIato
metric method provided the conditions stated by 
:Meyel's [12] as necessary for valid determinations 
of the thermal coefficients of expansion of port
land cement pastes, mortars, and concretes. These 
conditions require that "the specimens must be 
either in an atmosphere of controlled humidity or 
enclosed in airtight containers that do not restrict 
the movements of the specimens." 

2 . Partially Saturated Specimens 

About three-quarters of the more than 50 speci
mens tested were in a partially saturated condi
tion. The data for four of these specimens, which 
were subj ected to various types of freezing and 
thawing cycles, are presented in figures 6 to 9. 
Each graph gives the volume-temperature rela
tionship obtained for a single cycle.3 

Partial or complete results for four additional 
partially saturated specimens are presen ted in 
figures 10, 12, and 14, in which only one type of 

3 'I' he sequen ce of cycles is design"ted by circled numerals. Cycles not 
d iscussed are omitted. 

+ 0.0 4 ,.-r--r---r---r----r---r--~ 

SPECIMEN P-1 3 
A 

o ~~-----------~ 
o 

0.04 o o 
;;-
~ - 0.08 L..-"--_"--_-'-_.....,..

~ + 0.04 ,.-,---,--,---, 
:I: 
U 

c 
o 1-..f--- ---4 

A 

0 .04 

0 .08 

40 20 o -20 

cycle is presented in each figure. Figures 11 , 13, 
and 15 illustrate similari ties, differences, or trends 
in the volume-temperature behavior of specimens 
subj ected to similar treatments; these data are 
taken from their contexts in figures 6 to 9. 

(a ) General 

The data plotted in figures 6 through 9 show that 
in most cases, cooling caused the partially sat u
rated specimens to con tract, and heating caused 
them to expand. In contrast to the uniformity 
in results obtained for the air-dry specimens, these 
curves show discontinui ties, points of inflection, 
and changes in slope in the volume-temperature 
behavior of the specimens during the progress of 
the various cycles. 

In addition, for most of the cycles shown, the 
volume of a specimen was greater at the end than 
at the beginning of a cycle, indicating a " residual" 
expansion. These residual expansions are ob
served to be cumulative when the volume-tem
perature curves are examined in relation to the 
zero ordinate on each graph, which represents the 
volume of the specimen at 40° F. at the star t of 
the first cycle. The cumulative effect is eviden t 
in a vertical displacemen t of the starting points 
for the succeeding cycles away from the zero 

+0.0 4 
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TEM PE RAT UR E. OF 

FIGURE 5. VolU1ne-ternperatw'e Telationships JOT a slow and a fast cycle for two air-dry s pecimens, P- i S (plain) and 
A-i S (aerated). 

The thermal coemcient of lineal' expansion computed from tbese data was about 5.9X10-6 per °F (table 6). Both specimens were 155 days old at the 
beginning of tbe fi rst cycle and had been stored at iO° l' and 50-percen t relath-e bumidi ty for 125 days followin g the initial log·room stora~e. After test
ing, tbe moisture condition of these specimens was determined to be 15 percent oC vacuum saturation . . ) Cooling; 0, heating. 
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TABLE 6. Thermal coefficients of cubical and linear el'pansion calculaledJrom Tesulis oJ dilalomele1' tests of air-dry specimens 

I I S pecimen Thermal coeflicicnt. of 'r ime expansion PCI' degree rc- volume Volume 
Speci men Date 'rem pcrn.tu rc ql1ired change of speci· Fahrenheit 

range to cover PC I' d egree m en 
range Fah renheit C ubical I L.inCflr a 

--- ------ ----------

o f. min rnl 71ll 
n/8 40. 2 to -20.3 4~0 '0. 00595 336. 4 17.7 X 10-6 5. 9X 10- 6 

6/9 - 14.8 to 39,5 425 .00602 ----- li.9 6.0 
11/9 39.5 to - 20.3 30 .00607 ----- 18. I 6.0 
6/9 -20.3 to 39.0 30 . 00592 . -.-- Ii. G 5.9 

P -13 " 

I 

7/12 40. i to - 16. 0 30 .00606 --- -- IS.O 6.D 
7/12 - 16.0 to 40.3 30 .00610 ----- lS.l 6.0 
7/13 40. 0 to - 19. I 90 . 00598 ----- 17.8 5.9 
7/1 3 -19 1 to 40.0 30 . 00598 --.-- 17.8 5.9 

6/S 40. 2 to -20.3 430 '. 00593 335.3 17. i 5.9 
6/9 - 14 .8 to 39.5 425 . 00C,oO - ---- l i.9 6.0 
6/9 39.5 to - 20.3 30 .00602 ----- 17. P 6.0 
r./9 -20.3 to 39.0 30 . 00597 - -- -- 17.8 .j. 9 

11 - 13 " 

7/12 40.7 to - 16.0 30 . 00601 -- --- 18. 0 6.0 
7/ 12 - 16.0 Lo 40. :1 30 . 00601 --.-- 18. 0 6. 0 
7, 13 40. 0 to - 19. I 90 . 00587 . _--- li.5 5.8 
7/ 13 - 19 I Lo 40.0 30 . 005i9 _. -- li.3 5. 8 

I i{ 
11 / 12 71. 0 to 3.3 465 . 00596 334.0 17.9 G.O 

]""' -24 ,I 11 / 13 5.3 to 52.0 20 .00590 --.-- 17.7 5. 9 
11/13 52.0 10 6.7 30 .00584 --._- li.5 5.8 

I 

11 

I I ! I :~ n.7 to 70.2 410 .00593 ----- li.8 5. 9 

11 / 12 71. 01 0 3.3 465 .00(iO l 336. I li.9 6.0 
11 /13 5.3 to 52.0 20 . 00595 ----- l i.7 ,j.9 

A-21 " 
11 / 13 52.0 to 6.7 30 .00594 l i . 7 5.9 ----

11/1:3 G. 7 to 70.2 410 .00590 --- -- 17.7 5.9 

p. C'ornpulcd as one-I hiI'd of cubica l coc lllcic llt. 
b 155 da~'s old a L start of tcsts; s tored a t iOo±2° L~ ancl 50±.1) percen L re lative hUIll id iLy for 125 d ays pr ior to tcs t. 
(> Firs t fo ur detcrminations cornputcd from da.ta shown in fi gure 5. 
d 640 da)'s old aL Sla rt of les ts: s tored In fog room at ioo±2°F for 80 days from I ime of fabrication. totall y immersed for 100 d ays a t ioo±2°F. and then s tored 

aL ioo±2°F an d 50±5 percent relaLive humidity for 400 days. 

ordinate. The toLal residu al volume change for 
all specimens discussed nrc shown in table 7. 

(b) Description of the Volume-Temperature Relationships for 
the Various Types of Cycles 

Slow cycle . As shown in fi gures 6 Lo 9, tests of 
partially saturated specimens subjected to various 
types of cycles were started with a slow cycle. 
The genera.! chamcteristics of the volume-Lem
peratu re relationships for this type of cycle are 
shown in figure 10 for the initial slow cycle given 
to two partially sntlll'atecl specimens. These 
specimens were approximately the same in degree 
of moisLul'e sa turation but differed widely in age 
and curing. 

The specimens contmcted uniformly during cool
ing at the s tart of the initial slow cycle to temper
atures as low as 2l.5° F. This cooling and super-

Volume Changes of Concrete, Frozen and Thawed 

cooling,4 is indi caLed by the lin e AB in fi gure 10, 
A and B. At point B an abrupt inerease in Lh e 
tempe rature and volume of each specimen oc
curred , presumably as water wi Lh i n Lhe pore stl'U c
t ure began to freeze. )'l ax imum values for vol
ume and Lemperatu I'e (poin t C) wore attained 
wi thin a few seconds. The bath, dilatometeT, and 
mercury surrounding the specimen remain ed at the 
tempemtul'e to whieh the sys tem had been cooled 
when fre ezing occurred, 0 1' sl igh Lly lower, so that 0 
was a point of nonequili briu m. Usually within 15 
min Lhe temperature of the specimen returned to 
eq uilibri um wi th the bath, and d Ul'ing this period 
the volume of the specimen decreased, as indicnted 
in fi gure 10, by the location of point D. Cooling 
was resumed when point D had been observed , and 

-4 Supercooling as herein lI ~cd is defined as cooling of a specimen below the 
freezing point of water without thereby inducing freez ing of t he water within 
the pore structure of t he specimen, as lndicated by volume changes. 
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TAB LE 7. Effect of freezing and thawin g cycles u pon volume and elasticity of specim ens f or which volume-temperature rela-
. tionships are presented in fi gures 5 to 16 

P ercentage Tolal Change in 
Speci- N um ber resid ual Yo ung's Age Condition of vacuum F igure in tex t men a of cycles v olume modulus saturat ion cbange (d ynamic) b 

Days P ercent Percent 
P - 13 155 Air -d ry _________________ __ ___ _____ 15 0 - 4 
A- 13 155 __ ___ do ______ ___ _____ ______ ________ 15 0 - 4 

P - 27 90 P artially saturaled ___________ ____ 75 15 + 0. 100 - 27 6, 11, 13, 15 
A-27 90 ___ __ do ___ ______ ________ ___________ 67 15 +. 040 - 11 7, 11, 13, 15 

P -23 80 _____ do __ ______ __ __ __ ___ __ _____ ____ 85 11 +. 135 -34 8, 11 , 13, 15 
A- 19 95 ___ __ do ____ ______________ ____ ______ 65 17 +. 065 - 13 9, 11, 13 

P - ll 360 __ ___ do _______________________ _____ 78 + .085 -37 ' 10 

P-26 37 ____ _ do_. __ _______ _______ __________ 77 18 + . 085 - 19 • 10 

P - 29 120 ____ _ do __ __ ___ ____________ ___ ____ __ 81 + .040 -17 12 

P-30 120 _____ d o_ - -------- - -- - ---------- - - 78 +. 060 - 13 14 

P-13 650 Vacuum satura ted ___ ________ ____ 100 + .400 - 65 16 
A- 13 650 __ ___ do - -- - ----------- ----- ------- 100 + .310 - 60 16 

a The specimens are listed in tbe order in which they ap pear in the discussion. T be p la ill specilmen s are designa ted by the leLLer P , and tbe aerated sp eci. 
Dlens by the lotier A . 

b Cbanges wore com puted from determina tions made p rior to tho star t and 48 h r aftor the complet ion of tbe d ila tometcr tests, except for specimens P - 13 
and A- 13. F or t hese specimens the second determina t ion was made 1 week after t he completion of t he d ila tometer tes ts. 

" • Figure 10 shows only tbe first CYOle. 

was cont inued to the - 200 F end poin t, excep t for 
n ecessary interruptions to obtain a sufficient num
ber of burett e and equilibrium temperature read
ings to establish the nature of th e volume-tem
perature curve. 

Holding the system a t or near - 20 0 F overnigh t 
(16 hI') usually produced no appreciable fur ther 
ch ange in the volume of th e specimen . In many 
cases - 200 F could not be reach ed during the 
first 8 hI' of the test b ecause of mechanical difficul
t ies. However, it was found that the temperature 
gradually decreased to - 200 F . during the nigh t, 
and the volume indication obtained 24lu' after th e 
star t of the cycle produced a continuation of the 
curve obtained during the firs t 8 hr. 

H eating was begun about 24 hI' after the star t of 
th e cycle. Figure 10 shows that the specimens 
increased uniformly in volume as the temperature 
was r aised, and also that the volume at any 
given temperat ure up to about + 200 F was some
what greater during hea ting than it had been 
during cooling. A change in slope occurred in th e 
heating curve above + 200 F . A comparison of 
the relationships presented in figures 10, A and B 
(and also those shown for the initial cycles in 
figures 6 t lu'ough 9) shows that the manner in 
which the slope changed varied . In the curve 
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shown in fig ure 10, A, the change in slope was 
sufficient to produ ce a sharp point of inflec tion, 
and at about 300 F the volume of the specimen 
decreased as the temperature increased. A mini
mum valu e for the volume of the specimen in this 
region occurred between 310 and 320 F when all 
ice within the pore structure had presumably 
melted, following which the specimen again 
increased in volume as the t empera ture was raised 
to 400 F . The relationship in figure 10, B, 
showed only a gradual decrease in slope above 
+ 200 F . B etween 320 and 400 F the slope of the 
heating curve for each specimen was essentially 
the same as that of the ini tial cooling curves. In 
both ins tances the distance AF is a measure of the 
residual exp ansion. 

Thermal contraction and "shrinkage" during slow 
cooling. An obvious difference between figure 
10, A and B , appears in the nature of the cooling 
curves a t temperatures below that of the dis
continui ty at tributed to initial freezing at poin t 
C. In figure 10, A, the volume-tempera ture 
relationships preceding and following the dis
continuity are nearly parallel. Such relation
ships may be said to represent an idealized or 
expected behavior of moist porous materials dur
ing freezing. 
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FIGURE 6. Volume-temperature relationships Jor 12 freezing and thawing cycles oj various types as obtained Jor the plain 
partially saturated specimen P-27. 

Cycles 1 and 8 were slow cycles; 2, 5, 6, 9, 10, and 14 were I-hour and interrupted fast cycles; 7, 11, 13. and 15 were combined cycles of se,'eral kinds; and 
3,4, and 12, of a type not discussed, are omitted. The specimen was 90 days old at the beginning of the first cycle, aDd had been immersed in wate,' at 
70° F for 60 days following the initial fo!(-room storage. The moisture condition was determined to be 75 percent o[ vacuum saturation. This specimen 
decreased 27 percent in Young's modulus (dynamic, flexural) during the testing. e, Cooling; 0 , heating. 
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FIG U RE 7. Volume-temperature relationshi ps f or 12 freezin !} and thawing cycles of various types as obtained f or the aerated 
partially satuTated specimen A-27. 

Cycles 1 and 8 were slow cycles; 2, 5, 6, 9, 10, and 14 were I-hour and interrupted fast cycles; 7, 11. 13, and 15 were combined cycles of se\-eral kinds; and 3, 
4, and 12 of a type not discussed, are omitted. The specimen was 90 days old at the beginning of the first cycle, and had been immersed in water at 70° F 
for 60 days following the initial fog·room storage. The moisture condition was determined to be 67 percent of ,' aeuum saturation. T his speci men decreased 
11 percent in Young's modnlus (dynamic, flexural) during the testing. . , Cooling; 0. heating. 
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follow in g the initial fog-room storage. The moisture cond ition was deter mined to be 85 percent of vacuu m saturation. This speci men decreased 34 percent in 
YOUllg'S modulus (dynamic, fl exural) during the testing and was found to be one of the least resistant among the specimens tested. . , Cooli ng; O. heating. 
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FIGURE 9. Volume-temperature relationships for 15 freezing and thawing cycles of various types as obtained for the aerated 
partially saturated specimen A-19. 

Cycles 1 and 14 were slow cycles; 2, 5, 6, 8, )0, 12, 13, and 16 were l·hour and interrupted fast cycIe~; 3, 7, 9, 15, and 17 were combined cycles of several kinds; 
and 4 and 11, of a type not discnssed, are omitted. T be specimen was 95 days old at the beginning of the first cycle, It had been stored at 70° F and 
5O-percent relative h umidity for 45 days following the initial fog·room storage and had then been immersed in water at 70° F for 20 days before testing. The 
moisture condition was determined to be 65 percent of vacuum saturation. This specimen decreased 13 percent in Yonng's modulus (dynamic, flexural) 
during the testing. . , Cooling; 0 , heating. 

16 Journal of Research 



R elationships of the type shown in figure 10, 
B , however , were obtained for most of the par
tially saturated specimens. Here the volume
temperature rela tionships preceding and following 
the initial freezing were no tably differen t in 
slope. In the figures the linear relationship AB, 
ob tained dming the init ial cooling, has been ex
trapola ted to B'. It may be assumed that the 
line AB' represents the volume-temperatm e be
h avio'r of the specimen when freezing does no t 
occur , or when a temperature r ange that does no t 
include the freezing: point of water is employed. 
H ence, the slope of line A B' represents the 
thermal coefficient of cubical expansion of the 
specimen. The relationship actually ob tained, 
GE, however , in tersects and descends below the 
extrapolated line, and the total contract ion during 
cooling from + 40 0 to - 20 0 F appears to be 
greater th an i t would have been had freezing no t 
occmred. Thus, th e total volume change during 
cooling appeared to consist not only of the normal 
thermal contract ion, upon which the abrup t ex
pansion caused by freezing (point C) is super
imposed, but also of a "shrink:age" factor. This 
factor appears to occur solely as an effect of freez
ing, since it was absent in the re uILs ob tained for 
the a ir-dry specimens. The term shrinkage is 
used here to distinguish the effect from the p urely 
thermal con traction, and no t to imply that the 
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mechanism by which it occm s is known. Thomas 
has [3] ascribed extra-thermal length contrac
tions, observed during the freezing of par t ially 
saturated sandstones and other materi als, to 
internal " drying" that resul ted when water wa , 
in effect, "removed" by its conversion to ice. 

17olume-temperature relationships for repeated 
slow cycles.- In figme 11 , the volume-temperature 
relationships for repetitions of the slow cooling 
are abstracted from their contexts in figures 6 to 9. 
Also shown are the slo"w cooling relationships for 
some of the "com.bined" cycles. The most 
obvious point of variation among the relat ionships 
ob tained for each specimen is in the temperature 
to which the specimen was cooled before the 
ini tial freezing occurred. For slow coolings fol
lowing the first, i t is seen that th e amount of 
supercooling was no tably reduced, i. e. , freezing 
was apparen tly ini t iated at a higher temperature 
than in the first cycle. An excep tion is noted for 
the fom teen th cycle shown in figure 9 for specimen 
A- 19 and, more clearly, in figure 11. During the 
four teen th cycle for this specimen, the amount of 
supercooling was as much as during the first cycle. 
In all previous testing schedules the specimen
dilatometer assembly was main tained at 40 0 F 
between successive cycles, and the period of such 
storage never exceeded 72 hr. In this case, how
ever , a period of 5 days at 40 0 F intervened be-
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FIGURE 10. Volum e-tempej'ature relationshi ps f or a slow cycle as obtained f or two plain partially saturated virgin 
specimens of similar degree of saturation, but of considembly diiJ erent ages and curing histories. 

Specimen P-ll, which was 1 year old at tbe time of the test, had been stored at 70° F and 50-percent relative humidity for 60 days following the init ialfog-coom 
storage, and bad been immersed in water at 70° F for 270 days before tes ting. The moisture condition was determined to be 78 percent of vacnnm saturation. 
Specimen P - 26, which was 37 days old at the time of test, had been immersed for 7 days at 70° F followin g the initial fog- room storage. T he moisture con
dition was determincd to be 77 percent of vacnUill sa lmation. Speci men P - ll , wbicb decreased 37 percenl in Young's modulns (dynamic, fl exural) dnring 
eight cycles, was regarded as one of the least resistant of all tbe specimens tested. Specimen P - 26 decreased only 19 percent during 18 cycles of s imilar t ypes . 
• , Coolin g; 0 , heating. 
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FIG URE 11. VallI me-temperature relationships for f our pw·tially saturated specimens during slow cooling. 

'fhe volume·temperatu re relationships are removed from t heir contexts in fi gures 6 to 9 and plotted to a common ori¥in [or each spccimen. The num ber o[ 
the cyc1e appears with each curve. 'I' he relative extent of super·cooJing may be noted with reference to the broken line, which is the 32° abscissa. 

tween the thirteenth and four teenth cycles. 
Otherwise, the cycle was no different from preced
ing slow cycles. 

Volume-temperature relationships are presented 
in fi gure 12 for specimen P- 29 , which was sub
jected to seven successive slow cycles. The 
periods of s torage at 40° F between cycles, or the 
"recovery times," were varied. The recovery 
times and temperatures to which each specimen 
was supercooled are shown in table 8 for the par
tially saturated specimens discussed in this report, 
including specimen P- 29. About 100 hI' ap
peared to be a "critical" duration of recovery 
time fo], all specimens tested. When this time 
was less than 100 hI', supercooling of from 1° to 
5° F occulTed during the next cooling ; when this 
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time exceeded 100 hl', supercooling was increased 
to from 7° to 10.5° F during the next cooling. 
The critical duration was exceeded, among the 
specimens listed in table 8, only for the specimens 
A- 19, P- ll , P- 26, and P- 29 . Variations in the 
degree of supercooling, other than those appearing 
to occur in relation to the critical recovery time, 
appeared to depend upon unknown factors , bu t 
not upon how greatly the recovery t ime exceeded 
or fell short of 100 hI'. 

Fast cycles . During the I -hI' fast cycle only 
three burette readings were obtained. The first 
and third readings were observed at 40° F at the 
start and completion of the cycle, and the clif
ference between them wa.s the residual volume 
change. The intermediate reading was observed 
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T A BL8 8. Effect of "recovery l1:me" u pon sltpercooling 
daring slow and slow-fast cooling in partially sall.ra lea 
specimens' 

S peci· 
men 

r - 2'i 

/\ - 27 

P - 2:3 

'\ - 19 

P- II 

P- 26 

P < 9 

Cycle b 

f I ~ 
1 15 

f 11 

1 j 5 

j 

! 
1 

11 

14 
17 

Cooling Recovery Supercooled 
ti me to-

hI' 
Slow ____ .. _ .. _._ ... _._. 
Slow-fast ... _._ .. _ .. _._. 3.0 
Slow ___ . ___ .. _. __ .. _. _. 17. 0 
Slow-fasL. _. __ ._ ... _ .. _. 0.5 
Slow ___ .. _. __ _____ .___ __ 70. 5 

S low ___ _______ . ________ _ 

Slow-fast _______________ . 3.0 
Slow ______________ ._____ 17. 0 
Slow-fast ______ ._________ 0.5 
Slow ________ . _______ . ___ 70.5 

Slow _____ ____ . _________ _ 

Slow-fast ____________ .___ 38.0 
_____ do ________ ._. _____ ._ 0.5 
Slow _______ .____________ 7.0 

Slow ___ .. _____ . _____ . __ _ 

Slow-fasL. ______________ 3.0 
Slow_______________ _____ 2.0 

_____ do __ . ______ . ______ .. _ 140.0 
_____ {10 ____ • ___ .. __ .. _. __ • 1.0 

Slow _____________ .... __ _ 
Slow-fasL ____ . _____ .___ 0.5 
S low ________ . ____ .______ 470.0 

. __ .. {10 _. ____ • _____ .... ___ 1140. 0 

Slow ___ . ______ . _____ ._ .. 
Slow-fas t_ .. _. __ . _______ _ 4. 0 
Slow ____________________ I. 0 

_____ do _________ . ___ ._.___ 45.0 

op 
23.0 
28.5 
29.0 
28. 5 
28.5 

22.5 
28.5 
29.0 
28.5 
29.5 

22.0 
30.0 
30.5 
30.5 

23.0 
28.5 
30.0 
22.5 
29.5 

24 .5 
30.0 

23.0 

10 _____ do _____ .. ___ .. _______ 400.0 

22.5 
27.0 
27.5 

27.0 
22.5 
28. 0 13 ___ .. do ___ ._______________ 70.0 

Slow _______ . __ . ____ .. _._ 
____ .do _________________ .. Ill. 0 

___ ._do ___ .... __ . ______ .. _ 16. 0 
_____ do __ .. ___ ...... ____ .. 11 2.0 
_____ do ._ .. __ .. _________ . 17. 0 
. ____ do ___________________ 16.0 
___ . .do __ . __ .. _. ___ ..... _ 136.0 

22.0 
21. 5 
30. 0 
24.0 
29.0 
28.5 
22.5 

a The specim en s arc l isted in tho order hl wh ich they 81'0 ciisc Ll ssed in the 
text. 

b The cycles omittcd from t his table were t hosc in which the coolin g was 
fas t or lIloderate, and in w hich s upercooling could not be d ctected. 

at - 20° F , 30 min after the transfer of the dila
tome leI' from t he 40 ° F bath . The data given in 
figures 6 to 9 show rather significant difT'eronces in 
t he amount of contraction during tho fast cooling, 
not only among th e various specimens, but also, 
for specimens P- 27 and P- 23, among the several 
fast cycles administered to each specimen. This 
is shown more clearly in figure 13, where data for 
the fast coolings only are plotted . Specimens 
A- 27 and A - 19 show only a slight change in slope 
\\'ith repetitions of the fast cooling, whereas 
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specim en P- 27 and part icularly, specnnen P- 23 , 
show a marked change in slope. 

The interrupted fa t cycle differed from the 1-
hI' fast cycle only in the p rolonging of immersion 
of the dilatometer in the - 20° F bath for 16 hI' 
or longer before retransfer of the d iJatomcter to 
the 40° F bath. At least one inte rrupted fast 
cycle was given to each of the specimens 1'01' whi ch 
data are shown in figures 6 to 9. The data show 
that the specimens decreased in volume during 
the prolonged immersion at approximately - 20° 
F. The decrease in volume was found to continue 
at a gradually diminishing rate for several clays 
for some specimens allowed to remain at - 20° F 
for that length of t ime. 

r'ombin ed cycles. Data arc p resented in figure 
14 for a specimen subj ected to seven successive 
fast cooling-slow heating cycles. These data how 
the previollsly descr i bed contraction at - 20° F 
following the fast cooling, and the volume-tempera
ture relat ionship for the slow h eating . The heat
ing curve for each cycle shows a change i.n slope 
beginning at a lower temperature than was indi
cated during the complete slow cycles shown for 
other specimens. This is indicated in figures 6 lo 
9 for specimens receiving both types of cycles. 
Compare heating curves for cycles 1 and 8 with 
that for cycle 13 in figures 6 and 7 ; note also cycle 
11 , figure 8, and cycles 7 and 15, fi gure 9. 

Volume-temperature relationsh ips Jor a type of 
combined cycle in which the combination was 
reversed from that describcd in Lhe preceding 
paragraph , i . e., a slow cooling-fast heat ing cycle , 
are also shown. Note cycle ] 5 in figures 6 and 7, 
cyclc 10 in figu re 8, and cycles 9 and 17 in figure 9. 
In each case there was a residual contraction at 
the completion of t he cycle, in contrast to the 
residual expansions shown for most of the other 
types of cycles. 

Also shown in figures 6 to 9 arc volume-tempera
ture relationships for cycles in whi ch "slow-fast" 
cooling was employed . The initial , slow-cooling 
portion of the relat ionship includes the discon
tinui ty attr ibuted to freezing and is, to this point, 
the same as th e previously described slow cooling. 
Thi s may be seen , for example, in cycles 7 and 11 
in fig ures 6 and 7. After the specimen returned 
to equ ilibrim following the discontinuity at point 
0, it was cooled i.n the remaining portion of the 
40° to - 20° F range in one step , indicated by the 
broken lines DE . The similarity between this 
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FIGURE 12. Volume-temperature relationships as obtained for plain 
partially saturated specimen P-29 subjected to seven slow cycles of 
freezing and thawing, showing effects of variations in "recovery 
time" . o Recovery time (time at 40° F), prior to cycles 3, 5, and 6 was approximately 16 hours. 
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Recovery time prior to cycles 2, 4, and 7 varied from III to 136 hours. 'fhisspecimen was 
120 days old at the beginning of the first cycle, and had been immersed in water at 70° 
F for 90 days following the initial fog·room storage. The moisture condition was deter 
mined to be 81 percent of vacuum saturation. This specimen decreased 17 percent in 
Young's modulus (dynamic, flexural) during the testing. . , Gooling; 0 , heating. 

fast cooling portion of the cycle and the cooling 
during a fast cycle for each specimen is obvious. 
To interpret the relationships obtained, it appears 
that some of the water in the pore structures of 
the specimens froze at point 0 and then additional 
water froze during the subsequent fast cooling. 
That all freezable water in a porous material does 
not freeze at the same temperature has been 
pointed out by a number of other investigators 
[3, 4, 14]. 

Comparison of varwus types of freezing and 
thawing cycles. The data presented in figure 15 
sho\", differences in volume behavior of three 
specimens when subjected to a sequence of 
different types of cooling. These data are taken 
from figures 6, 7, and 8. In figure 15 the starting 
point for each curve (40° F) is drawn to coincide 
with an arbitrary "0" reference ordinate. The 
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sequence of treatments as given was fast, slow
fast, slow, and fast for each specimen. The 
slow and slow-fast coolings were accompanied 
by a minimum of supercooling. 

The relationships exhibit a pattern common to 
all partially saturated specimens subjected to 
successive cycles of different kinds. I n each 
case the slow cooling (maximum rate of tempera
ture drop 10° F jlu') produced the largest con
traction, and the fast cooling (maximum rate of 
temperature drop 10° F jmin at the center of a 
specimen) produced the smallest contraction. 

Although the volume behavior during repeated 
slow coolings showed no systematic variation 
when supercooling was a minimum (fig. 11) , 
repeated fast coolings produced progressively 
smaller contractions in all but a few, aerated, 
specimens (fig . 13) . 
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F I GUR E 13. Volume-temperature relationships for four partially saturated specimens during repeated fast coolings. 

The volume·temperature relationships aro removed from their cont.exts in figures 6 to 9 and plotted to a common origin for eaoh specimen. The number 
of the cycle is designated by a numeral. Specimens P - 27 and A-27. which were identical in age and curing history. were testeel simultaneously in two 
dilatomcters and followed identical testi ng schedules. 

That the gradual change in the condi tion of 
each specimen, r eflected by the decrease in 
contraction with r epeated fast coolings, did not 
distort the pattern shown is indicated in figure i5 . 
The sequence of treatmen ts started and ended 
with identical fast coolings. In each case the 
differences in contraction for these two fast coolings 
were small in comparison with the indicated 
differences between succeSSIve treatmen ts of 
differen t kinds. An examination of t able 7 shows 
tha t the specimens for which data are shown 
in ftgul'e 15 are representative of the range in 
degree of saturation, and r es istance to freezing 
and thawing as indicated by the decrease 1ll 

dynamic Young 's modulus. 
There are indications in ftgures 6 to 9 and 12 

that, at least between 0 0 and - 20 0 F , the volume 
of each specimen at a given temperature during 
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a slow cooling was an irreducible minimum. The 
ftnal temper atUl'e decrement, EF, occurring in 
most cases over a period of approximately 16 hI', 
produced a con tinuation of the volume-temper
ature relationship without a significant change 
in slope. In contrast the specimens were shown 
to contract at constant temperature (-20 0 F ) 
following a fast cooling. This contraction may 
have been similar to the shrinkage effect (dis
cussed on page 17) observed in some of the 
partially saturated specimens during a slow 
cooling . That th e shrinkage during slow cooling 
was no t simply a decrease in strain, is indicated 
by the magnitude of the effect, which greatly 
exceeded the maximum strain discerned in the 
discontinuity following supercooling. It was no t 
possible, however, to d istinguish between sluink
age and a decrease in strain in the fast cycle, 
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FIG U RE 14. Volume-temperature relationships as obtained for a 
partially saturated specimen P-30 Sllbjected to seven combined 
fas t cooling-slow heating cycles of freezing and thawing. 

T his specimen, cast from the sam e batch as speci men P-29 (fi g. 12), was 120 days old itt 
the beginning of the first cycle, and had been immersed in water at 70° F for 90 days 
fo llow ing the initial fog·room curing. The moistnre condition was determined to be 78 
percent of Yacuum saturation . 'rhis specimen decreased 13 percent in Young's modulus 
(dynam ic, flex ural) during the testing. e, Cooling; 0 , heating. 
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FIG URE 15. Comparison of volume-temperature relationships for three types of cooling as obtained for three partially 
saturated specimens during successive cycles of freezing and thawing. 

rrhe rcJationships are removed from their contexts in figures 6, 7, and 8, and drawn with starting points coinciding with an arbitrary origin. In 
each case the cycles were administered in the order fast. slo\\'·fast, slo\\' , and fast. 
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because observations were made only for lhe 
ex lreme of the + 40 0 to - 20 0 F te~pera,ture 
range. A decrease in strain or relaxation phe
nomenon should be expected according to the 
h! c1raul ic pressure hypotheses of Thomas [3], 
h ennedy [13], and Powers [J4]. These hypo theses 
attribute the disruptive force of freezino' in 

'" porou materials to a hyc1ra"ulic pressure produced 
by a movement of water ahead of the "ice front " 
and generated by the expa.nsion accompanying 
the freez mg of water rather than to pressure 
developed directly from the growth of ice crystals. 
The occurrence of stress relaxation, however , 
would not preclude the occurrence of the shrinkao'e 
efrect during a fast cooling. b 

Th e observed differences in con traction of a 
g ivell pecimen when cooled indifferent ways 
were consid ered to be a measure of differences in 
str ain . Considering the treatments that pro
du ced the least contraction as most severc the 
va riou s types of cool ing would rank, in the ~rd e1' 
of decreas ing severity, fast, slow-fast, and slow. 

Although comparisons of cooling effects could 
be made by examining transient volume bellav ior 
the eHects of varying the rate of h eatino' could no ~, 
be imilarly analyzed. The end of tlle heat i no' 
pC'l'iod , which completed a cycle, usually r esulted 
in a residual volume change, m easurable at 40 0 F. 
The residual changes (normally expansions) were 
usually small in comparison with the stra ins ob
served at - 20 0 F , and rdl ected thr efT'ects of the 
complete cycle, i. e. , the effects of cooling as well 
as h eatmg. Although the effects of vary ing the 
rate of heating were no t investigated as extensively 
as the rate of cooling, comparison of the slow and 
fast heatin g indicated that th e slower treatmen t 
produced greater positive r es idual volume changes 
other things being equal. Examples of this ma; 
be fou nd m cycles 13 and 14, figm es 6 and 7 ; the 
only difference between the treatments g ive n 
o:e~rs'.m each case , in th e rate of hea ting. 
Sl11111a1' Illustrations arc o.ycles 7 and 8, and cycles 
15 and 16 in figure 9. 

Examinati?n of figures 6 to 9 indicates tllat ap
precJable r eSIdual con tractions r esul ted only from 
the combin a tion of the slow cooling (minimum 
supercooling) a nd the fast heating. The need for 
fu r ther study, to evaluate properly the relati ve 
efl'ects of variations in the rate of heatino' is 

. '" 
recogmzed. However, a tentative rating of the 
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complete cycles, arranged in the order of increasino' 
res idual expansions, is as follows: '" 

l. Slow cooling 5-fast heating. 
2. Slow cooling 5-s10w heating. 
3. Fast cooling-fast heating. 
4. Fast cooling-slow heating. 

'Wide variations in the magnitud e of J'Cs iciual 
expansions during repeated slow cycles appeared 
to be related to the previously di scussed variation 
in super o.ooling . A slow cooling with a maximum 
of supercooling produced a larger residual expan
sion in a given specimen than a slow coolino' in 

1 . b 

W 1lch supero.ooling was reduced to a minimum 
other things being equal. In the fast cooling: 
however , the large initial temperature gradient 
probably prevented the appearance of the efl'ee ts 
of supercooling. No gcneral co mparison , ap
plIcable to all specimens, of the efl'ecLs of the fast 
coolings and the slow cooling with a maximum of 
supercooling, may be made. Among the speo.i 
m ens mo]'e susceptible to damage by freezing a nd 
thawing, th e fast cooling produ ced th e Im'o'er 
residual expansions, whereas among less susc~p
tible specimens the reverse was often t rue. In 
many cases, a slow cycle with a maximum degree 
of upercooling produ ced about the same res idu al 
expansion as a fast cycle. 

It is r ecogni zed that a "swelling" as a result of 
thawing, co rresponding to Lhe shrinkao'e clIect 
1 . b 

( UL'lng fre ezing, may bave confused the observa-
tions. Such a swelling, res ulting from one cycle, 
may have continu ed into a succeeding cycle. It is 
believed, however , that s uch effects were not 
sufIicienLly large to v itiate th e observed pattern of 
volum e behavior. 

(cl Differences Among Specimens 

Differences between plain al1d aerated specimel1s. 
The nond es lru etiv e dynami c detmminaLion of 
Young's mod ulus of elastic ity, which is widely 
used in freezing and thawing studies, was used as a 
cri terion of the relative "soundness" condition of 
specimens su bj eo.ted to the dilatometer tests. 
The mod uli were compu ted from valu es for th e 
resonant frequ ency of fl exural vibr ation, deter
mined prior to, and following the dilatometer 
tests. A specimen showing a decrease in dynami c 

, Supercooling absent or reduced to a minimum. 
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E of 25 to 30 percent was considered to have 
"failed." 

Most of the partially saturated specimens were 
tested in pairs (one plain and one aerated), in 
which both specimens received identical treat
ments. The different pairs of specimens, hO'wever, 
did not all receive similar treatment, and therefore 
only a composi'te analysis of specimen moisture 
condition and of the effects of the freezing and 
thawing treatments may be given. 

I 
Plain Aerated 

A verage percentage of vacuum 
saturation (1 0 pairs of speci-
mens) ____ _____________ ___ 78 69 

A verage percentage change in 
dynamic E ___ ___ ____ ______ - 22 - 13 

A verage percentage total resid-
ual volume change ___ _____ __ + 0.092 + 0. 043 

For each pair of specimens, the plain specimen 
was of a high er degree of saturation, decreased 
more in dynamic E, and increased more in volume 
than the aerated specimen. 

Effect of degree oj saturation and type of curing 
upon volume-temperature behavior. The differences 
in behavior between plain and aerated sp ecimens 
of comparable age and curing were believed to be 
related to differences in degree of saturation. 
The values obtained for the per centage of vacuum 
saturation ranged from 75 to 85 percent for the 
plain specimens, and from 65 to 75 percent for the 
aerated specimens. In general, there was a 
difference of 10 percent of vacuum saturation 
between plain and aerated specimens cured and 
tested in pairs. The four specimens for which 
data are presented in figures 6 to 9 are represent
ative of specimens in the range 65 to 85 percent of 
vacuum saturation. 

As seen in these figures, differences in the initial 
slow cycle volume tempcrature relationships among 
different specimens did not appear to be related to 
differences in the degree of saturation. For ex
ample, there is little difference between the initial 
slow cycle relationships for specimens P- 27 and 
A- 27 (figs. 6, 7, and 11) despite the 8-percent dif
ference in the degree of saturation. In contrast, 
the slow-cycle relationships shown in figure 10 for 
specimens P- 11 and P- 26 were notably different, 
but the specimens were of approximately the same 
degree of saturation. An examination of the data 
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shows no great differences in residual volume 
changes resulting from slow cycles given speeimens 
of different degrees of saturation. R esul ts of the 
type presented in figure 13 for the fast cycles, 
however, show rather large differences among spec
imens differing in percentage of vacuum satur a
tion. These specimens were of comparable ages, 
but the curing of specimen A- 19 included a drying 
period, whereas the others were continuously wet 
prior to testing. Specimen P- 23 not only showed 
the least contraction during t he initial fast cooling, 
but also showed the greatest change in the amount 
of contraction during repeated fast coolings. A 
relatively large expansion occurred during the fast 
cooling for the 11th and final cycle. The volum.e
temperature relationships for the last two cycles, 
as seen in figure 8, may be of interest in that they 
show the transient volume changes in a specimen 
definitely failing. This specimen deCl"eased34 per
cent in dynamic E during 11 cycles of freezing and 
thawing. 

An insufficient amount of data was obtained to 
allow a study of the effect of type of curing on 
the transient and residual "Volume changes to be 
made. It can only be stated that type of curing 
and age of specimen appear t o affect these changes 
for some of the types of cycles. 

3 . Vacuum-Saturated Specimens 

Two sp ecimens, P- 13 and A- 13, which were first 
tested in th e air-dry condit ion (fig. 5) , were then 
vacuum-saturated and immersed in water for 1 
yr. The vacuum-saturation procedure described 
previously was used to pro"Vide specimens for test 
with a maximum degree of moisture saturation . 
Figure 16 shows the volume-temperature relation
ships obtained for th ese specimens during one slow 
cycle of freezing and thawing. 

The specimens decreased in volume uniformly 
as the temperature was lowered to approximately 
+ 25° F . Near this temperature, expansion, which 
was attributed to the beginning of freezing of water 
in the pores of the specimens, began and continued 
for about 30 min as the temperature of the bath 
was held at 25° F. During this time the temper
ature at the centers of the specimens first increased 
to about 31 ° F and then returned to equilibrium. 
with the bath. When both the volume and the 
temperature of the specimens became stable, point 
C was observed. When cooling was resumed the 
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specimen showed additional increases in volume 
and at - 25 0 F had not begun to cont ract. Such 
behavior indicated that not all of the freezable 
water in the specimen had been frozen at - 25 0 F . 

The specimens showed additional increases in 
volume during heating to a temperature of approxi
mately + 160 F , after which , with continued h eat
ing, they decreased in volume unt il point F, ' at 
310 F , was reached . Further heating produced 
increases in volume to point &. 
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The volume-temperature relationships in figure 
16 are remarkable in indicating maximum transient 
increases in volume at - 25 0 F of approximately 
0.80 per cent for the plain, and 0.75 percen t for the 
aerated specimen . R esidual expans ions were con
siderably smaller ; 0.40 percent for the pla in, and 
0.30 percen t for the aerated specimen. R e idual 
linear expansions, determined by m eans of a 
length comparator, were 0.12 percen t for the plain 
and 0.11 percent for the aerated specimen , and 
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FIGURE 16. Yolwne-temperature relationships as obtained for specimens P- 13 (plain) and A-1S (aerated), both vacuum 
saturated, subjected to a single slow cycle of freezing and thawing. 

Tbese specimens were 650 days old at tbe time of testing and had been tested in the air·dry condition at age 155 days (fig. 5). These specimens were 
in the dilatometers for 35 days following tbe air-dry storage and were then returned to air-dry storage for an additional 70 days before being vacuum
saturated. Tbey were tben kept immersed in water at 70° F for 1 year before testing in tbe vacuum saturated condition. Specimen P-13 showed a decrease 
in Young's modulus (dynamic. flexural) of 65 percent 1 week after the completion of the cycle. and specimen A-13 showed a decrease of 60 percent 
• • Cooling; O. heating_ 

After completion of t he tests i t was found that 
mercury had penetrated the specimens to a limited 
extent, through several small spalls or "popouts ." 
A port ion of the heating curves FG has therefore 
been corrected in each case by an amount eq ual to 
the volume of mercury which h ad enLcred the 
speClmens. 

Volume Changes of Concrete. Frozen and Thawed 

agl'eecl quite well wi th values obtained by dividing 
the ind icated residual volume expansions by three. 
Several other specimens tested in the vacuum
saturated condit ion gave results of similar magni
tude. 
Oth~r than the few spalls or popouts, there were 

no visible signs of d isintegration in the specimens. 
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Determinations of Young's modulus of elasticity, 
before and after testing, however , showed the 
following changes: 

Specimen Specimen 
P-13 A-13 

Dynamic E, before testin g_ 6.3 X 106 6.3 X 106 

p si psi 
Dynamic E, 1 week after 2.2 X 106 2.5 X 106 

testing. p si psi 
Change in dynamic E, 1 - 65% - 60 % 

"'eek after testing. 
Dynamic E, 1 year after 5.5 X 106 5.2 X 106 

testing. psi psi 
Change in dynamic E from - 13% - 17% 

initial value, 1 year after 
testing. 

Had the dynamic E determinations been made 
immediately following the completion of the 
freezing and thawing cycle, the decrease may have 
exceeded 90 percent, on the basis of previous 
experience in the "recovery" in dynamic E in 
specimens subj ected to freezing and thawing 
treatments [15]. Thus the vacuum saturated 
specimens were, for practical purposes, destroyed 
by a single cycle of freezing and thawing. In this 
connection it may be pointed out that the moisture 
condition is one noL normally attained in labora
tory specimens or in masses of concrete exposed to 
natural freezing and thawing. However, a fairly 
complete saturation may occur in top layers of 
horizontally exposed concrete surfaces. Under 
these conditions volume changes, as sho'wn in figure 
16, would occur in the surface layers and thus 
account for the familiar type of deterioration 
known as scaling. 

VII. Summar y 

A detailed description has been presented of a 
mercury-displacement dilatometer for observing 
,-olume changes in moist, porous building materials 
during freezing and thawing. 

R esults presented have been confined to repre
sentative volume-temperature relationships for 
small cylindri cal specimens cast from a concrete 
of one-mix design (plain and modified by the 
addition of an air-entraining ' agent) and made 
with one brand of normal portland cement and 
Potomac River aggregate. 

The moisture condition of the specimens ranged 
from air-dry to vacuum-saturated. ~Iost tests 
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were performed upon specimens in a state of 
partial saturation, attained during various curing 
periods. These specimens, when tested, contained 
from 65 to more than 85 percent of the total water 
that they were made to contain upon being oven
dried, evacuated, and resaturated following the 
freezing and thawing tests. 

The types of freezing and thawing cycles 
employed varied in rates of cooling and heating 
within the + 40° to - 20° F range. These cycles 
included a slow cycle, which required 32 hI', and 
a fast cycle, which required 1 hI' for completion. 

The volume changes for all specimens tested in 
the air-dry condition were directly proportional 
to changes in temperature and independent of the 
rate of temperature cha,nge. The slopes of the 
volume-temperature relationships obtained were 
measures of th e thermal coefficients of expansion. ! 

The volume changes for the partially saturated 
specimens were generally not independent of the 
rate of temperature change, and showed depar
tures from a uniform volume-temperature relation
ship such as that described for the air-dry speci
mens. These departures were believed to be 
effects of the conversion of water to ice (or ice 
to water) within the pore structures of the 
specimens. 

The immediate effect of the freezing of water 
was a distension, which appeared to be directly 
related to the rate of cooling in those cases in 
which supercooling was minimized or absent. 

Secondary effects of freezing were shrinkage and 
relaxation phenomena, which consisted of con
tractions in addition to the normal thermal con
tract ion of the solid volume of a specimen. 

The specimens usually showed a permanent 
"set" or residual expansion at the completion of a 
cycle. The residual expansions for repeated 
cycles were cumulative. 

During slow cooling the pore water in a virgin 
specimen was apparently supercooled before it 
froze. The amount of supercooling diminished 
in succeeding repetitions of t he slow cycle, except 
that when the specimen was maintained unfrozen 
for a sufficient time after any cycle, supercooling 
in the following slow cycle was again pronounced. 
There was no evidence of supercooling during the 
fast cycle. 

Vacuum-saturated specimens subj ected to one 
slow cycle showed distensions upon freezing, and 
residual expansions at the end of the cycle, more 
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than 30 t imes as great as the corresponding 
volume changes in partially saturated specimens 
similarly Lested. According to accepted cri teria 
for soundness, these specimens definitely would 
have failed during one cycle of freezing and 
thawing. 
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