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SYNOPSIS 
The thermal coeflScients of the paste and aggregate components of concrete 

to a considerable extent govern the degree of physical compatibility of the com
ponents and hence may affect the durability of concrete subject to changes in 
temperature. 

The described dilatometer method ia suitable for the determination of the 
thermal coefficient of expansion of sand and coarse aggregate. The method is 
particularly adaptable to the study of sands and also provides a means of ob
taining and testing a representative sample of a heterogeneous coarse aggregate 
or of the various mineralogical portions comprising the coarse aggregate. 

The apparatus consists of a one-liter dilatometer flask to which is attached a 
capillary-bulb arrangement containing electrical contacts, the latter spaced 
over a calibrated volume. In operation, the flask is filled with aggregate and 
water, and the apparatus allowed to equilibrate at one of the controlling elec
trical contacts, automatically heating and cooling the water bath surrounding 
the dilatometer as required. The equilibrium temperature is noted (Beckmann 
thermometer) and the procedure is then repeated at the other electrical contact. 
The apparatus is reasonably automatic and, after proper calibration, the only 
measurements required during an actual determination are the weight of water 
placed in the dilatometer flask, and the temperature required to produce an 
expansion equivalent to the volume between the electrical contacts. 

The method determines the cubical thermal coefficient of expansion from 
which the mean linear thermal expansion may be calculated. With the present 
apparatus, the thermal coefficient is measured over a range of approximately 7 
deg. F. Both the temperature increment and the base temperature used in the 
determination can be easily modified. 

The accuracy of the apparatus has been verified by the comparison of results 
obtained with materials of known thermal coefficients of expansion. The thermal 
coefficients of expansion of various fine and coarse aggregates are included. 
The mean linear thermal coefficients of the natural aggregates tested extended 
from a low of 3.0 X lO"' per deg. F. to a high of 7.1 X lO"' per deg. F. 

Mortars and concretes are heterogeneous characteristics of this predominant component 
mixtures of cement paste and aggregate par- may have a considerable effect on the quality 
tides which must be compatible in both a of the concrete. The thermal expansivities of 
chemical and ph3rsical sense in order to obtain the aggregate and the paste components of the 
a product of high durability. Although the concrete to a considerable extent govern the 
chemical aspects of this required compatibility degree of physical compatiblity of these com-
are being continually studied, there appears ponents and hence may affect the durability of 
to be considerable need for the proper evalua- concrete subjected to thermal changes, 
tion of the extent and the manner in which This study was undertaken to develop a 
the degree of physical compatibility of the suitable experimental method for determining 
concrete components may affect the durabil- the thermal expansion characteristics of ag-
ity of concrete. gregates, both fine and coarse, as one phase 

The fine and coarse aggregate materials in in the problem of evaluating the effects of the 
concrete normally comprise about 75 percent several physical characteristics of aggregates 
of the concrete and therefore the physical and other factors determining the weather 

* Manager and Assistant Research Chemist resistance of concrete, 
respectively, Applied Research Section, Port- The thermal coefficients of expansion of 
land Cement Association, Chicago. numerous aggregates have been carefully de-
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188 MATERIALS AND CONSTRUCTION 

termined by several investigators. The data of 
these investigators indicate that the thermal 
expansivities of aggregates vary widely, both 
with mineralogical type and geographical loca
tion. The data also demonstrate that aggre
gates of the same general type and source 
may differ significantly in measured thermal 
characteristics. These observed variations pre
clude the use of previous data in estimating 
the thermal expansitivities of other aggregates 
unless identifiable with those tested. Also, 
since aggregates used in concretes are com-
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Figure 1. Apparatus for the Determination 
of Thermal Coefficient of Expansion of Ag
gregate 

monly a heterogeneous mixture of different 
mineralogical types any calculations or gen
eralization by proportion might be of ques
tionable significance. 

The dilatometer method to be described 
measures the cubical thermal coefficient of 
expansion of the aggregate. The method is 
independent of crjrstal orientation and grain 
size and will not reveal the anisotropic thermal 
behavior observed in some minerals. The 
method is most adaptable to the study of small 
particles of aggregate and may be used to de
termine the thermal coefficients of sands and 
gravels. I t is particularly useful in that it can 
be applied to obtain the overall average ther

mal coeflicient of expansion of a heterogeneous 
mixture of different aggregate types as com
monly found in sands and gravels used in con
crete, or the individual types of aggregates 
can be separated and studied singly. 

TEST METHOD 

Apparatus. The dilatometer apparatus for 
the determination of the thermal coefficient 
of expansion of aggregate is shown schem
atically in Figure 1. The apparatus consists of 
a one-liter dilatometer flask to which is at
tached a laboratoiy constructed capillary-bulb 
arrangement containing electrical contacts, the 
latter spaced over a caUbrated volume. In 
operation, the flask is filled with aggregate and 
a weighed amount of water, and the apparatus 
allowed to equilibrate at one of the controlling 
electrical contacts, automatically heating and 
cooling the water bath surrounding the dila
tometer as required. The equilibrium tempera
ture is observed by means of a Beckmann 
thermometer immersed in the water bath and 
the procedure is then repeated at the other 
electrical contact. The apparatus is reasonably 
automatic and after proper calibration, the 
only measurements required during an actual 
determination of the thermal coefficient of ex
pansion of an aggregate are the weight of water 
placed in the dilatometer flask with the aggre
gate and the temperature increment required 
to produce an expansion equivalent to the 
volume between the equilibrating electrical 
contacts. 

Calibration. The volume capacity of the 
dilatometer flask is determined by weighing 
the flask before and after filling with water 
at 25°C. and converting the net weight to a 
volumetric basis by means of the appropriate 
density of water. 

The volume so determined does not include 
the volume of water contained in the capillary 
bulb attachment, which in normal operation 
is thermally shielded from the water bath and 
at relatively constant room temperature. The 
minor variation in this temperature during a 
determination and the relatively small volume 
of water in the capillary-bulb attachment 
make the effect of volume changes in this 
attachment negligible. However, after proper 
insulation of the electrical circuits, the capil-
kry-bulb attachment may be submerged in 
the water bath. 

The volume increment between the lower 
and upper regulating contacts is obtained from 
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the difference in weight of the controlling 
unit filled with mercury at a known tempera
ture from the three-way stop-cock to the 
lower regulating contact and after filling to 
the upper contact. The filling can be con
veniently and accurately performed by the 
use of a small hypodermic needle. 

For calibration, it is essential to determine 
the cubical thermal coefficient of expansion of 
the dilatometer flask itself. This is accom
plished by test with only air-free water of 
which the thermal coeflScient • is accurately 
known within the dilatometer. However, the 
cubical thermal coefficient of expansion of 
water varies considerably with temperature 
and i t is therefore necessary to know the 
absolute setting of the Beckmann thermometer 
within about ±0.01 °C. This degree of accu
racy is conveniently obtained by means of an 
accurately calibrated reference thermometer. 
Since the thermal coefficient of expansion of 
water varies significantly with temperature, 
this factor has been incorporated in the cal
culations directly as the specific volumes of 
water at the water bath temperatures cor
responding to equilibration at the upper and 
lower electrical contacts. The specific volume 
values were obtained by Unear interpolation 
between the 0.100°C. increments of accepted 
values for the specific volume of water as a 
function of temperature as given in the Inter
national Critical Tables. 

Calculations: The volume changes that oc
cur in going from Ti to T2 at constant pressure 
are: 

Now: 

A7„ + AF„ - AVc = Ay 

AV„ = G„ (», - vi) = r„ 
AF. = Va aa{Ti - TO 
AFc = Vc aciTt - Ti) 

Therefore: 

- - 3',) = AF 
Or. 

F.(r, - Ti) 

aAT^ - Ti) - V, 
(Vi - Vi)' 

For calibration since: 

F . = 0. F . = F . 

_ 1 f p i - vi _ AF ' 
~ Ti-T,\_ », F„_ 

Tx 

T2 

Notation 
Temperature at lower contact—deg. 
C. 
Temperature at upper contact—deg. 
C. 

A F » = Volume expansion of the water in 
the dilatometer—ml. 

AFo = Volume expansion of the aggregate 
in the dilatometer—ml. 

AFc = Volimie expansion of the dilato
meter itself—ml. 

AF = The volume increment between the 
lower and upper regulating contacts 
- m l . 

Gb = Weight of water in the dilatometer— 
g-

F » = Volume of water in the dilatometer 
at T i - m l . 

F « = Volume capacity of the dilatometer 
at T i - m l . 

F« = Volume of aggregate in the dilato
meter at Ti, = Fo - F„—ml. 

vi = Specific volume of water at Ti— 
ml. per gm. 

»i = Specific volume of water at Ty—ml. 
per gm. 

oa = Cubical thermal coefficient of ex
pansion of aggregate from Ti to Ti— 
ml./ml. per deg. C. 

ctt •= Cubical thermal coefficient of ex
pansion of dilatometer itself from 
Ti to Tu—ml./ml. per deg. C. 

Temperature Range. The temperature incre
ment over which the thermal coefficient of 
expansion of the aggregate is determined is 
approximately 4''C. when the 1 liter dilatome
ter flask and a volume increment of 0.65 ml. 
are used at 25°C. This temperature increment 
will vary as a function of the temperature at 
which the dilatometer is operated, the ratio 
of the volume increment between the contacts 
to the flask volume, the degree of fiUing of the 
dilatometer flask with aggregate and, of 
course, with the thermal characteristics of the 
aggregates. Greater temperature increments 
can be obtained, if desired, by increasing the 
ratio of the volume increment between the 
regulating contacts to the volume capacity of 
the dilatometer flask. 

The use of water as a confining liquid in the 
dilatometer is entirely suitable for measure-
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ments in the range normally desired. However, 
for measurements below the freezing point of 
water, a non-reactive liquid (such as toluene) 
that does not freeze in the desired temperature 
range could be substituted for water as the 
confining dilatometer fluid. 

Effect of Pressure. The displacement of the 
mercury from the lower to the upper regulat
ing contacts during a determination would 
normally increase the hydrostatic pressure 
within the dilatometer flask. This potential 
increase in pressure would compress the water 
within the flask and would also tend to dilate 
the dilatometer flask itself. Although these 
effects can be measured and included in the 
computations i t was found to be more expedi
ent to maintain a constant pressure within 
the dilatometer, compensating for the pressure 
increment between the contacts by the appU-
cation of an equivalent reduced air pressure 
to the system just above the upper contact 
when equilibrating at this contact or by the 
application of air pressure when equilibratmg 
at the lower contact. 

Physical Interference. I t was at first con
sidered a possibility that physical interference 
between the aggregate and the dilatometer 
walls might occur, which eventually would 
have necessitated the use of a double-walled 
dilatometer flask. This potential interference 
could result because of the greater thermal 
expansivity of the aggregate relative to the 
flask (pyrex) which might tend to distend the 
flask as the temperature of the dilatometer was 
elevated. However, no indication of this effect 
could be detected in any of the experiments. 
Apparently sufficient physical slippage (about 
0.004 percent) occui-s among the aggregate 
particles to accommodate the differential ex
pansion between the aggregate and the flask. 

Preparation of Aggregate. The described ap
paratus will accommodate aggregate up to 
approximately i-in. in size. However, the 
maximum permissible size of aggregate may 
be increased by using a tapered joint having 
a larger throat dimension. 

Various procedures maj"̂  be used in the prep
aration of the aggregate. Sands may be used 
as received or crushed or screened. Coarse 
aggregate is crushed to the desired size with 
or without the separation of the sample into 
individual mineralogical types. The sample 
weight (appro.ximately 1500 gm.) used and 
the crushing of the coarse aggregate assures 

that the sample obtained can be satisfactorily 
representative of a heterogeneous aggregate 
stockpile. 

Test Procedure. The aggregate is dried to 
constant weight, introduced into the dilatome
ter flask, weighed and the flask containing the 
aggregate evacuated by means of a vacuum 
pump through an auxiliary tapered joint-
stopcock arrangement attached to the flask. 
The stopcock between the flask and the 
vacuum pump is closed and the flask com
pletely filled with air-free water through the 
side arm of the flask, the bore of the stopcock 
in the side arm being filled with water prior 
to evacuation. I t has been found expedient 
to have several dilatometer flasks for use with 
the capillary-bulb arrangement. Each flask can 
be filled by the described technique several 
days before the thermal measurements are 
made. This procedure avoids delay between 
determinations and also allows an initial ag
gregate absorption period which reduces sys
tematic thermal drift during a determination. 
The effect of aggregate absorption will be 
discussed later. The previously prepared flask 
is equilibrated in the water bath at 25°C. The 
weight of the flask completely filled with water 
from the side arm stopcock to a reference 
mark (previously used for flask calibration) 
in the throat of the tapered joint is determined. 
The capillary-bulb arrangement is attached 
and the vertical stem of the capillary-bulb 
filled by the addition of water through the 
flask side arm. The mercury level in the capil
lary is adjusted and connected directly to the 
flask by rotation of the three-way stopcock. 

The lower regulating contact and the com
mon contact are connected to the water bath 
temperature control circuit, the system al
lowed to equilibrate at the lower contact level 
and the equilibrium temperature observed. 
The bath temperature controls are changed 
to the upper regulating contact, a reduced 
air pressure equivalent to the displacement of 
the mercury levels applied above the upper 
regulating contact, the equilibration procedure 
repeated, and the equilibration temperature 
observed. The use of auxiliary high-wattage 
bath heaters expedites the transition of the 
water bath temperature from the temperature 
corresponding to the lower contact to that 
corresponding to the upper contact. The 
transitions from the lower to the upper and the 
upper to the lower regulating contacts may be 
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repeated as desired to check the determination 
of the temperature increment. 

EXPERIMENTAL RESULTS 

Comparison of Results wUh Materials of 
Known Thermal Coefficient of Expansion. The 
thermal coefficient of expansion of pyrex glass, 
Standard Ottawa Sand (essentially pure 
quartz) and copper were determined with the 
dilatometer apparatus to verify the operation 
of the dilatometer by a comparison with pre
viously published data. The results of these 
determinations are shown in Table 1. The 
three materials selected cover the entire range 
in thermal coefficients over which the dilatom
eter apparatus might be employed. The excel-

some determinations have been made at higher 
and lower temperatures. Variations in the 
temperature range can be accomplished either 
by the preliminary equilibration of the appara
tus at different temperatiu^ or by a stepwise 
procedure in which a continuous temperature 
progression is obtained. The latter procedure 
involves resetting the mercury level after 
equilibration at the upper contact for the 
preceding determination to the lower contact 
(by venting the flask) for the initial reading 
in the following temperature range. I n this 
manner stepwise determinations can be made 
over a continuous temperature range. 

Aggregate Absorption. Practically all dry 
concrete aggregates will sensibly absorb water 

T A B L E 1 
RESULTS WITH MATERIALS OF KNOWN THERMAL COEFFICIENT OF EXPANSION 

Material Range deg. C. 
Thermal Coeff. and Standard 

Deviation deg. C X 10-« Reference 
Mean Linear Cubical 

Pyrex Glass 
Pyrax Glass . . . . 
Pyrex Glass 

25-29 
21-471 
19-350 

3.49 ± 0.16' 
3.6 
3.2 

10.48 ± 0.47 This study 
(1) p. 1681 
(2) Vol. I I , p. 93 

Ottawa Sand** . . . . 25-29 
50-60 

11.84 ± 0.01 35.53 ± 0.02 
36.3 

This study 
(1) p. 1682 

Copper . . . . 
Copper 
Copper 
Copper 

25-29 
25-100 
20 
40 

16.77 ± 0.01 
16.8 
16.6 
16.8 

60.31 ± 0.02 This study 
(1) p. 1677 
(2) Vol. I , p. 104 
(3) p. 431 

•Calculated as i of the cubical coefficient. 
' Essentially pure quarts. 
(1) Handbook, Chem. and Physics. 28 Ed. , Cleveland: Chemical Rubber Publishing Company, (1944). 
(2) International Critical Tables. New York: MoGraw Hill (1926). 
(3) Chemical Engineers Handbook. New York: MoGraw HiU (1934). 

lent agreement obtained between these results 
and previously published data indicates that 
the dilatometer technique and operation as 
developed are satisfactory. 

The Thermal Coefficient of Expansion of 
Varioits Materials. The thermal coefficients of 
expansion of various fine and coarse aggre
gate materials were determined by the dila
tometer technique. The average results and 
the standard deviations for the various ma
terials are shown in Table 2. The data repre
sent a wide range in materials and the mean 
linear thermal coefficient of expansion for the 
natural aggregates tested extended from a low 
of 5.4 X 10-« per deg. C. to a high of 12.8 X 
lOr^ per deg. C. (3.0 to 7.1 X 10^ per deg. F.). 

Temperature Range. Although the normal 
operating temperature range of the dilatome
ter has been from approximately 25 to 29°C. 

upon immersion. Normally, the absorption of 
water by aggregates is considered to be sub
stantially completed within a period of a few 
days. However, i t has been observed during 
the dilatometer studies that aggregates even 
of low absorptive characteristics continue to 
absorb over a considerable period of time and 
that while the rate of absorption after a week 
or so is very low and of no significance for 
most purposes, i t may be of significance and 
of necessity included in the determination of 
the thermal coefficient of expansion by the 
described dilatometer method. An example of 
the effect of continued aggregate absorption 
is shown in Fig. 2 which represents data ob
tained with an aggregate of inherently low 
absorptive characteristics, a trap rock from 
Dresser, Wisconsin. The equilibrium tempera
tures corresponding to the lower contact, the 
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upper contact and again at the lower contact 
determined on four consecutive days increased 

T A B L E 2 
THERMAL COEFFICIENT OF EXPANSION OF 

VARIOUS MATERIALS 
(Nominal Temperature Range, 25-29°C) 

Material and Source 

Pyrez Glass 
Marble, Georgia 

"Tate"—Gray 
Marble, Georgia 

"Tate"—White .. . 
Trap Rock, Penn.. 
Granite, Camak, Ga . 

Granite, Litbonia, Ga.. 
Trap Rook, Wis 
81^^ Birmingham, 
"Sand-GiWver'.PIatte' 

River, Schuyler, 
Nebr. 

Limestone, New York 
Dolomitic 

"Sand-Gravel," Piatt 
River, 8. Bend, 
Nebr. .. 

Limestone, Elm-
hurst, Illinois . . . . 

"Sand-Gravel," Flo-
rena Switch, Kansas 

Sand, Elgin, Illinois. 
"Sand-Gravel," Re

publican River, Mc-
Cook, Nebr 

Dolomite, Wis. .. . 
Gravel, Eau Claire, 

Wisconsin 
Sand, Beloit, Wis.. 
SUg, Ensly, Ala. . 
Limestone, Thornton, 

Illinois 

^bama 
Sand, Standard, 

Ottawa, III 
Sand, Roquemore, 

Montgomery, Ala 
Gravel, Roquemore, 

Montgomery, Ala 
Sand, Victoria, Texas 

Sand, Chattanooga, 
Tenn. 

Gravel, Chattanooga, 
Tenn. 

Gravel, Chert, Grand 
River, Okla 

Gravel, Victoria, 
Texas 

Copper 

Woodward, 

Thermal Coefficient of 
Expansion X 10~< 

Lot 
No. Cubical Mean Linear* 

Per 
deg. a"-

Per 
deg. 

C 
Per 
deg. 

F 

18153 10.48 0.47 3.49 1.94 

— 16.13 0.32 6.38 2.99 

18017 

16.29 
23.27 
24.10 

0.08 
0.07 
0.07 

5.43 
7.76 
8.04 

3.02 
4.31 
4.47 

18018 
18263 

26.25 
25.59 

0.14 
0.18 

8.42 
8.53 

4.68 
4.74 

17983 27.68 0.28 9.23 6.12 

18154 28.05 0.07 9.35 5.20 

16441 28.38 0.04 9.46 6.25 

17701 29.66 0.15 9.89 5.49 

17838 30.83 0.14 10.28 5.71 

17834 30.88 
30.93 

0.07 
0.11 

10.29 
10.31 

6.72 
6.73 

18172 30.94 0.10 10.32 6.73 

15203 31.03 0.03 10.34 5.75 

18278 
17981 

32.05 
32.36 
33.72 

0.06 
0.05 
0.21 

10.68 
10.79 
11.24 

5.94 
6.99 
6.25 

- 34.61 0.02 11.54 6.41 

17982 35.06 0.01 11.69 6.49 

- 35.53 0.02 11.84 6.68 

17854 36.69 0.14 11.90 6.61 

17866 
17360 

36.22 
36.24 

0.14 
0.02 

12.07 
12.08 

6.71 
6.72 

17842 36.33 0.07 12.11 6.73 

17843 36.34 0.17 12.12 6.73 

18382 37.87 0.26 12.63 7.02 

17369 38.59 
50.31 

0.07 
0.02 

12.86 
16.77 

7.13 
9.32 

" Calculated as i of cubical coefficient. 
^ Standard deviation 

throughout the period. This slow increase rep
resents the absorption of water by the aggre
gate with time, each additional increment of 

absorption potentially reducing the gross vol
ume of the flask contents and therefore requir
ing slightly higher temperatures to maintain 
the constant volume represented by either of 
the electrical contact positions. The amount 
of absorption that the slow temperature rise 
reflects may be calculated and in this particu
lar example the average rate of absorption of 
water by the trap rock during the interval 
from 6 to 10 days is estimated as only 20 
millionths of one percent per hour. I n instances 
where aggregate absorption causes a significant 
reduction in fluid volume during a determina
tion, the effect may be circumvented by re-
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Figure 2. Effect of Continued Aggregate 
Absorption on the Dilatometer Equilibrium 
Temperatures Determined on ConsecutiTe 
Days 

Aggregate—Traprock from Dresser, Wis. 
(Lot No. 18263) 

determining the temperature corresponding to 
the lower contact foUowuig the normal lower 
and upper contact equilibrations and inter
polating between the two temperatures at the 
lower contact to the time of equilibration at 
the upper contact. Examples of this procedure 
as well as the thermal coefficient of expansion 
determmed on each of the four consecutive 
days are shown schematically in Figure 2. 

I t has also been observed in these studies 
that the rate of water absorption of the ag
gregate, and hence the rate of temperature 
rise reflecting the change in fluid volume due 
to the absorption at any time after the addi
tion of the water to the aggregate in the flask, 
is considerably less with more finely divided 
aggregate. Therefore in instances of excep-
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tionally high aggregate absorptions during a with the study of the effect of this factor on 
determination, this effect can be appreciably the degree of physical compatibility of the 
reduced by crushing the aggregate sample to a various components within concrete when sub-
finer size before use. jected to temperature changes. 

The method is particularly adaptable to the 
SUMMARY study of sands and also provides a means of 

The described dilatometer method is suit- obtaining and testing a representative sample 
able for the determination of the thermal coeffi- of a heterogeneous coarse aggregate or of the 
cient of expansion of sands and coarse aggre- various mineralogical portions comprising the 
gates and should be of value in conjunction coarse aggregate. 

T H E R M A L E X P A N S I O N CHARACTERISTICS OF H A R D E N E D C E M E N T 
PASTE A N D OF CONCRETE 

S. L . MEYERS, Southwestern Portland Cement Company 

SYNOPSIS 
The apparent thermal coefficient of expansion of hardened, neat portland 

cement varies with its relative humidity, or state of moisture. 
With relatively young pastes (less than one year old) the thermal coefficient 

is low at low relative humidities. As the humidity increases the apparent thermal 
coefficient reaches a maximum at about 70 percent , but as the relative humidity 
increases beyond this, the apparent coefficient again decreases, reaching a mini
mum, or true kinetic, thermal coefficient at water-saturation, or 100 percent rela
tive humidity. This last condition is best attained by means of vacuum satu
ration. 

Older pastes show the same thermal characteristics as young pastes, but to a 
lesser degree. The range of variation of coefficient with change of relative humid
ity is less; also the maximum coefficient appears to be somewhat below 70 percent 
relative humidity. 

Gtenerally the range between high and low coefficients of a hardened paste 
depends on the quantity of cement-gel present (i.e. extent of cement hydration), 
but there are exceptions indicating that some other factor, such as the structure 
of the gel or the diameter of its pores, is of some importance. 

The apparent thermal expansion of concrete also varies with its state of rela
tive humidity. The range between maximum and minimum coefficients is small 
compared with the range found in hardened, neat pastes, since the aggregate, 
having only a true coefficient independent of changes of swelling pressure with 
changes of temperature, restrains the greater thermal volume change of the paste 
within the concrete. 

In general there is a relation between the magnitude of the moisture volume 
changes of a paste and the magnitude of change, or range, of the apparent ther
mal coefficient. 

Other capillary materials possessing capillary voids within, or close to, the 
range in size of portland cement-gel pores also have a variable apparent coeffi
cient of expansion, and their volume change with moisture change is also related 
to the extent of change of their apparent coefficient. 

Under certain extreme conditions, such changes and to thermal changes are harmful 
large volume expansions as are caused by to concrete is still largely speculative. I t is 
alkali-aggregate reactions, or by sulphate ac- possible that thermal changes, acting in the 
tion, are recognized as being harmful to con- same direction and in addition to other vol-
crete durability. Whether the lesser expan- ume changes, or adding further strain to that 
sions and contractions due to moisture alretidy caused by mechanical stress, might be 




