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Use of Internal-Surface-Area Measurements in 
Research on Freezing and Thawing of Materials 
R . L . B L A I N E and C. M . H U N T , National Bureau of Standards, and 
L . A. T O M E S , Calcium Chloride Institute 

MEASUREMENTS of surface by low-temperature nitrogen sorption have been made on 
specimens of building stones, bricks, and hydrated cement. Measurements have also 
been made on crushed limestones and cherts w ith good and bad service records as 
concrete aggregates. Of the materials examined, those with higher internal surfaces had. 
on the average, poorer resistance to freezing and thawing than those with lower sur­
face areas. 

• THERE is some basis for the belief that 
one of the factors affecting the durability of 
stones and some other materials of construc­
tion is their micropore structure. Russell (/) 
has i-eported that the poor weathering proper­
ties of building stones was related to the num-
bei' of pores 5 microns and finer which they 
contained. Sweet (-2) found that the volume 
of voids with diameters below 5 microns was 
greater in aggregates which produced poor con­
crete than in aggregates which produced dur-
ble concrete. I t has been suggested by Thomas 
and by Kennedy that the stresses developed 
when water freezes in building stones (3) and 
concrete (4) can be relieved by the flow of 
unfrozen water into unfilled pores in the inte­
rior or by extrusion from the specimen. This 
concept has been developed more fully by T. 
C. Powers in the hydraulic pressure hypothe­
sis of frost action {5, 6). The permeability of a 
fine-textured solid would be less than that of a 
material containing an equal volume of larger 
pores, and consequently, the forces developed 
in fine pores could be greater. 

A convenient method for assessing the ex­
tent of the fine structure in a solid is the meas­
urement of surface area by gas or vapor ad­
sorption. This also makes possible a qualitative 
estimate of the limiting dimensions which its 
micropores or particles could have. 

Surface areas of certain stones, bricks, hy­
drated cement, and concrete aggregates have 
been determined from low-temperature nitro-
gen-sorption measui-ements hy the Brunauer-
Emmett-Teller method (7, 8). Also a few pre­
liminary water-vapor-sorption measurements 
at 2,5 C. have been made, using a method 

similar to the air-stream method described by 
Powers and Bi'ownyai'd {IS). 

Surface areas have been studied in relation 
to resistance to freezing and thawing b>- com­
paring the areas of materials having different 
performances in laboratory freezing-and-thaw-
ing tests under extremeh' se\'ere as well as 
more conventional conditions. Comparisons 
have also been made of coarse aggregate hav­
ing good and bad service records in pavement 
and highway concrete. The work reported here 
represents preliminary measurements under­
taken to see if there is any indication of rela­
tionship between surface areas of materials 
and their performance under natural or arti­
ficial freezing and thawing conditions. 

BEL.\TIOX OF SURFACE TO MICRGSTRUCTURE 

To illustrate some possible relationships be­
tween the surface area and the microstructure 
of a solid, the surface area per unit weight 
may be calculated for a number of idealized 
models. For example, if a solid is compo.sed of 
uniform spheres, the surface area of the spheres 
per unit weight would be: 

S = _6_ 

dD 
(1) 

where S is the surface area of the microstruc­
ture of the solid in square meters 
per gram (sq. m. per g.), 

d is the diameter of each sphere in mi­
crons, and 

D is the density of the solid exclusive 
of pores in grams per cubic centimeter 
(g. per cu. cm.). 
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If a solid is made up of uniform cylinders, 
long enough that the surface of the ends may 
be neglected: 

S = dD (2) 

I t is also possible to set up relationships be­
tween surface areas and pore diameters for 
idealized models containing uniform pores dis­
tributed uniformly throughout the solid. I f 
the surface of a solid is due to spherical pores 
arranged side by side in a cubic pattern, the 
surface area per unit weight would be: 

S = n 
d'D 6 H d'D 

X 1.10 (3) 

where d' is the pore diameter. However, the 
amount of surface resulting from pores of a 
given size decays very rapidly as the pores 
are spaced farther apart as shown by the rela­
tionship : 

S = 6 H 
d'D Qn' n 

(4) 

where n is the number of pore diameters 
between the center of a pore and the centers 
of its nearest neighbors, and the pores are ar­
ranged in a cubic lattice. 

For long, uniform, cylindrical pores placed 
side by side and built up into a rectangular 
cube, the surface area per unit weight would 
be: 

S = n 
d'D' 4: - U d'D X 3.G6 (5) 

and the surface decays with spacing according 
to the relationship: 

n 
d'D - n 

(6) 

The foregoing equations make it possible to 
estimate the average particle diameter or to 
place limiting dimensions on the size of uni­
form pores which could account for a given 
experimentally determined surface. They i l ­
lustrate that a surface area even as large as 
1 sq. m. per g. requires the existence of very-
fine structure regardless of whether it is due 
to fine particles or fine pores. The nature of 
this increase in surface per unit weight is 

shown in Figure 1, which is a plot of Equation 
1, for a density of 2.65 g. per cu. cm., a repre-
these stresses by flow as readily as a coarse-
sentative value for many concrete aggregates. 
I t illustrates graphically how the rate of 
change of surface with particle size becomes 
many times greater as the particles become 
smaller. Even the larger sizes in Figure 1 are 
in the subsieve range. A similar curve could 
be plotted to illustrate the relationship be­
tween surface area and pore size, if certain 
simplifying assumptions could be made re­
garding the size, shape, and distribution of 
the pores. 

The finer the structure in a solid, the higher 
the surface, and the greater will be the re­
sistance offered to the flow of liquids. I f the 
stresses produced by freezing are hydraulic in 

DIAMETER-MICRONS 

Figure 1. Surface per unit weiglit of uniform spheres 
of different diameters and density 2.55 grams per cu. cm. 

nature, a finely textured solid could not relieve 
textured solid. For descriptive purposes the 
effect of the fineness of the structure may be 
illustrated by considering the simjile case of 
capillaries of circular cross section. Poiseuille's 
equation for the rate of flow of liquids through 
a cylindrical capillary may be put in the form: 

(7) 

where Q is the volume of fluid passing through 
a cylindrical capillary per unit time, 

r is the radius of the capillary, 
I is the length of the capillary, 
rj is the viscosity of the fluid, and 

Ap is the pressure difference between the 
ends of the capillary. 
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For equal rates of floyv (consttint Q) the pres­
sure gradient is proportional 1 /r*. For equal 
rates of floyv per unit area (constant Q/Ur'^), 
the i)res,sure gradient is proportional to 1/r̂ . 
Or, if one considers the case of a capillary com-
])letely filled yvith yvater and subjected to di­
rectional freezing, starting at one end and 
moving toyvard the other at a constant rate, 
Q yvould depend on the volume of water frozen 
l)er unit time in the capillary- and would be 
l)roportional to Hr'-. Under these circum­
stances, the pressure gradient developed in the 
region of floyv yvould likewise be j^roportional 
to 1/r'. A plot of \ / f ' against r is given in 

Figure 2. Relationship between r, the capillary radius, 
and l/r2 

Figure 2 to illustrate that the pressure gra­
dient could be many times larger in small 
{jores than in an equal cross-sectional area of 
large î ores. 

S U R F A C E A R E A S AND L A B O R . V r O R Y F H E E Z I N G -
AND-THAyVING ' I 'ESTS 

Compniison of Unrelated MateriaJs 
Specimens J g in. in diameter by 2 in. long 

yvere cut from bricks anfl stones yvith a dia­
mond core drill. \\'ater was admitted to the 
specimens yvhile they yvere in an evacuated 
condition. They were then subjected to repeti­
tions of a freezing-and-thawing cycle which 
consisted of 30 min. in liquid nitrogen (—195 

C) , 30 min. in water at room temperature, 
and 30 min. in water at about 4 C. Cylinders 
of hardened cement paste and mortar ^2 
2 in. in size were subjected to similar cycles, 
except that the cold-yvater step yvas omitted. 
This iM'ot̂ ess yvas much more sevei'e than ac­
celerated freezing-and-thayving tests ordinarily 
used in the laboratory, both in the extremely 
rapid rate of cooling and in the manner of wet­
ting the specimens. I t yvas shown by Valore 
(9), in dilatometric measurements of concrete, 
that y-acuum-saturated specimens underwent 
ŷ olume changes during a single freezing many 
times as great as specimens yvhich yvere only 
65 to 85 percent saturated. The latter degree 
of saturation i)robably approximated service 
conditions more closely than the vacuum-
saturated state. The specimens in the jiresent 
study may not have been fully satui-ated, but 
undoubtedly ajiproached this condition niore 
closely than materials merely soaked in water. 
On the other hand, the factor of small s])eci-
men size may have reduced the severity of the 
test, or at least reduced the tendency for speci­
mens to break. Thomas (3) shoyved exjierimen-
tally that smaller specimens of stones incurred 
less breakage in freezing and thayving than 
larger specimens. 

To determine the i-ole of yvater in raj^id cool­
ing and in heating, specimens of cement ptiste 
and mortar yvere evacuated overnight to re­
move their free capillary yvater. They yvere 
then placed in glass tubes to keep them dry 
and given the room temperature to —195 C. 
cy-cle. No visible changes yyere produced in 100 
cy-cles. Companion specimens of yvet cement 
paste cracked in five to eight cycles yvhen sub­
jected to the process in a glass tube. AVet mor­
tar specimens cracked in 20 to 30 cycles of 
similar treatment when placed in yvater each 
cycle, but were more resistant yvhen yvet only 
at the beginning of the experiment. This dif­
ference is attributed to the loss of yvater from 
the specimens yvhich yvere not reimmersed be­
tyveen freezings. I t is concluded that the degree 
and type of damage noted in these exjiei-iments 
on freezing at —195 C. yvas due primarily to 
the jiresence of yvater in the specimens. 

Surface areas were measured on companion 
specimens. Table I records the surface areas 
obtained by nitrogen sorption and the number 
of cycles of freezing and thawing reciuired to 
produce the first visible crack in any of three 
specimens simultaneously subjected to the 
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freezing-and-thawing test. The values in Ta­
ble 1 have been plotted in Figure 3, with the 
exception of the mortar and cement paste 
(which would require a larger jilot). The points 
group themselves about a curve having a steep 
branch and a flat branch. Along the steep 

T A B L E 1 
S U R F A C E A R E A B Y N I T R O G E N S O R P T I O N A N D 

C Y C L E S O F F R E E Z I N C A N D T H A W I N G 
A T F I R S T V I S I B L E C R A C K 

Material 

Stones 
CJeorgia granite 
(ieorgia marble 
Carrarra marble 
Bedford limestone . . . . 
McDermott sandstone . 

Bricks 
Fire-clay brick 
Red sliale brick (A) . 
Red shale brick (B) . 
Red sliale brick (C) . 

Hydrated cement and mortar 
1:3 mortar (14 day cure) (a) . 
Water/cement ratio 0.5 (b) . . 

Hardened paste (14 day cure) (a). 
Water/cement ratio 0.5 (b) 

Surface 
Cycles of 
Freezing 

and 
Thawing 

sq. HI. 
per g. 

0.01 
0.01 
0.04 
0.34 
1.17 

234-1-
169 
145 
34 
18 

0.03 
0.20 
0..37 
0.40 

70 
30 
30 
8 

5.0' 
5.0 

7 
5 

22.0" 
21.8 

1 
1 

The (b) samples contained 0.01% vinsol; (a) samples 
contained no vinsol. 

CYCLES OF FREEZING AND THAWING 

Figure 3. Surface area of stones and brlclcs versus the 
number of cycles of freezing and thawing required to 

produce the first visible crack. 

branch the range of surface ai-eas is compara­
tively large, while the number of cycles of 
fi'eezing and thawing required for the first 
crack is comparatively small. Along the fiat 
bi-ancli the range of surface areas is nari'ow, 
but the number of cycles of freezing and thaw­
ing is comparatively large. 

The results in Figure 3 are qualitatively con­
sistent with the h\'draulic-pressure hypothesis. 
That is, the eai'liest failures occurred in the 
samjiles where the gieatest stresses would be 
expected and the curvature is in the direction 
which might be i)redicted by the hypothesis. 
However, surface-area measurements without 
supplementary data do not make possible a 
i-igorous test of this concept. 

\A'hile the cement i)aste and mortar showed 
comparatively large surface areas and poor re­
sistance to freezing and thawing under the 
conditions of the test, it is doubtful whether 
surface-area measurements would adequately 
predict differences in frost lesistance among 
different cement pastes and mortars. For ex­
ample, no consistent difference between the 
surface areas of cement pastes and mortars 
with and without air-entraining agent was 
found, despite the amply demonstrated fact 
that air-entrained concrete can be much more 
durable in service and in laboratory freezing 
and thawing than concrete without air en-
traininent. From this it is concluded that the 
air voids were too large (Equation 3), or spaced 
too far apart (Ecjuation 4) to be evident from 
surface area measurements. Thus surface-area 
measurements readily detected the existence 
of microi)ores but were relativel}- insensiti\'e 
to large pores and did not afford information 
regarding pore-size distribution. I t is believed 
that vacuum wetting tended to minimize or 
eliminate the protective action of large internal 
pores which may have existed in any of the 
materials included in Table 3. 

Compariston of Indiana Limestones 
Kessler and Sligh (70) determined the per­

formance of a number of Indiana limestones 
in a freezing-and-thawing test. The}' also 
detei'mined compressive sti'cngths parallel 
and perpendicular to the bedding planes, as 
well as total porosity and other properties. 
Surface-area measurements have been made 
on '̂ g-by 2-in. cylinders of some of these 
limestones.̂  The numbei- of cycles of freezing 
and thawing required to reach the condition 
of greatest damage considered b\' Kessler and 
Sligh before removing the sam])le from the 
test have been averaged and are summarized 
in Tiible 2 along with porosity values and the 
average of the com]iressive strengths taken 

' Tliese specimens were supplied by -Arthur Hockman 
and D. W. Kessler of the National Bureau of Standards. 
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parallel and perpendicular to the bedding 
plane. Each surface-area value is an average 
for two specimens. One is referred to Kessler 
and Sligh's paper for the details of the freez-
mg-and-thawing test, but i t was essentially a 

T A B L E 2 

P E R F O R M A N C E I N F R E E Z I N G - A N D - T H A W I N G 
T E S T , S U R F A C E A R E A , C O M P R E S S I V E 

S T R E N G T H , A N D P O R O S I T Y O F 
L I M E S T O N E C O R E S 

Average^ 
Cycles'* Compressive 

Average Freez ing Strength Average 

l e f . No." and 
T l i a w i n g 

(Perpen­
dicular and Poros i ty" Surface 

by N i 
(Average 3 P a r a l l e l to Sorption 
Specimens) Bedding 

Plane) 

% sg. m. per g. 

8 2 , 6 4 3 + 7,630 16.2 0.26 
14 663 8,680 

8,600 
12.9 0.56 

34 3 , 0 6 8 + 
8,680 
8,600 12.9 0.33 

38 167 6,600 16.2 0.49 
53 142 3,550 20.2 0.40 
54 600 8,100 14.7 0.28 
57 158 4,950 17.3 0.37 
65 360 7,100 18.0 0.26 
74 733 7,580 13.2 0.34 
87 1 ,525+ 6,300 11.8 0.37 
89 3 , 0 6 8 + 9,280 14.0 0.24 
91 83 3,200 18.4 0.57 
96 433 7,650 12.9 0.38 

100 567 9,300 15.4 0.63 

^ D a t a condensed f r o m B u r e a u of S t a n d a r d s T e c h n o ­
logical P a p e r * T 3 4 9 b y D . W . K e s s l e r a n d W . H , S l i g h . 

T A B L E 3 
S U R F A C E A R E A A N D P E R F O R M A N C E O F 

A G G R E G A T E S U S E D I N P A V E M E N T 
C O N C R E T E 

Mater ia l 

C r u s h e d l imestone C . 
C r u s h e d l imestone D . 

C h e r t A 
L i g h t f rac t ion . 
D a r k f r a c t i o n . . 

C h e r t B 
L i g h t f r a c t i o n . 
D a r k f r a c t i o n . . 

Surface 

sq. m. 
perg. 

0.26 
1.8 

2.2 
2.4 

5.2 
4.5 

Order of 
Perform­

ance" 

1 (best) 
2 

4 (poorest) 

" B a s e d on i n f o r m a t i o n s u p p l i e d b y T . F . Wi l l i s a n d 
E . O . . \ x o n , of the M i s s o u r i H i g h w a y C o m m i s s i o n . T h e 
reported order was the s a m e b o t h i n l a b o r a t o r y freezing-
a n d - t h a w i n g tests of concrete spec imens a n d in-serv ice 
records of concrete p a v e m e n t s . 

2-to-3-cycle-per-day process, operating be­
tween about 20 and —14 C , freezing in air 
and thawing in water. 

I n Figure 4, surface area has been plotted 
against the average number of cycles required 
to reach the most severely damaged state 

considered by Kessler and Sligh, in which a 
considerable amount of the specimens had 
broken off. These points do not appear to f i t a 
curve as well as those in Figure 3; however, 
the ratio between the highest and the lowest 
surfaces in Figure 3 is 117 to 1 while the ratio 
in Figure 4 is 2.4 to 1. Also, the slower freez-
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v e r s u s p e r f o r m a n c e I n l a b o r a t o r y f r e e z l n g - a n d - t h a w -

I n g t e s t . 

ing-and-thawing process and the partial 
saturation of the specimens had the effect 
of increasing the number of cycles required 
to produce a given degree of damage. 

Figure 5 is obtained by plotting the em­
pirical relationship 

surface area X porosity 
compressive strength 
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against the number of cycles of freezing and 
thawing. This affords a closer grouping of the 
points about a curve than when surface 
area alone is considered. 

S U R F A C E A R E A S O F C O N C R E T E A G G R E G A T E S 

W I T H G O O D A N D P O O R S E R V I C E R E C O R D S 

The relationship between the surface area 
of the aggregate and the resistance to freezing 
and thawing of concrete is piobably even more 
complicated than the cases considered in the 
preceding section where the surface area is 
considered more or less representative of the 
entire material. As Rhoades and Mielenz 
have pointed out (11) and earlier Enghsh 
workers have demonstrated experimentally 
with stones {12), fine capillaries can withdraw 
water f rom coarser capillaries, and remain 
saturated after the coarser capillaries in 
contact wi th them have become dry. Thus, 
water in a complex mixture like concrete might 
go to and remain most persistently in that 
part of the structure where the pores are the 
smallest. 

I t would seem pointless to attempt to relate 
the durability of concrete to the surface area 
of the aggi'egate, because the surface area of 
cement paste is higher than the surface area 
of any aggi'egate tested. However, according 
to the concepts set for th by Powers and 
Brownyard {13), hardened cement paste 
contains both capillary pores and gel pores. 
The measured surface area of the paste is 
probably largely a function of the gel pores. 
Aggregates undoubtedly have much larger 
pores than the gel pores of cement paste, but 
the aggregate pores are not necessarily larger 
than the capillary pores of the paste. I f i t be 
postulated that all or part of the gel water 
does not freeze under natural freezing condi­
tions, and there may be some justification for 
this {IS), then the greatest forces would be 
generated in the pores of the aggregates or 
the capillary pores of the cement, depending 
on which were smallei-. Whether the above 
mechanism is correct or not, there is no lack 
of evidence that the quality and condition of 
the aggregate affects the durability of the 
conci'ete, even when there is no clear-cut 
demonstration of alkali-aggregate reactivity. 
A fairly extensive bibliography on this and 
other aspects of concrete durability is given 
by Walker and Bloem {H). I t has also been 

pointed out that the composition and brand 
of cement is a factor in the durability of con­
crete made from a given aggregate {15, 16). 

Two chert and two limestone aggregates 
were supplied by T. F. Willis of the Missouri 
State Highway Commission. These aggre­
gates had been used in pavement and other 
concrete and represented materials with good 
and bad service records. Surface-area measure­
ments were made on these and the values 
are shown in Table 3, along with information 
supplied by Willis and Axon relating to the 
performance of these aggregates in concrete 
pavements and in laboratory freezing-and-
thawing tests. 

The performance of concrete made from 
these aggregates were reported to be in the 
same order, both in laboratory freezing-and-
thawing tests and in actual service, as pre-

T A B L E 4 
S U R F A C E A R E A S A N D S E R V I C E R E C O R D S O F 

C R U S H E D L I M E S T O N E S U S E D I N 
H I G H W A Y C O N C R E T E S 

L i m e ­
stone 

Surface 
Area Reported Service Records 

No. sq. m. No. 
P" g. 

1 0.30 E x c e l l e n t serv ice record 
2 0.78 G o o d serv ice record 
3 0.78 G o o d serv ice record 
4 1.18 B a d serv ice record, q u a r r y c o n d e m n e d 
5 2.26 B a d serv ice record, q u a r r y c o n d e m n e d 
6 3.63 B a d serv ice record , unsat i s fac t / i rv ner-

f o r m a n c e 

dieted from their surface areas, irrespective 
of the type of aggregate. The alignment of 
these samples in the order expected f rom thei-
surface areas suggests that aggregates with 
larger surface areas may produce concrete of 
lower durability on the average than similar 
aggregates with smaller surface areas. 

Surface areas liave also been determined 
on six samples of crushed limestone wi th good 
and bad service records in highway concrete.^ 
The surface areas and reported service records 
of these aggregates are given in Table 4. 

The data in Tables 3 and 4 indicate that 
surface area or the fine structure which i t 
represents is very likely one of the properties 
of an aggregate which influences the durability 
of concrete. 

2 Tl i e se samples a n d in format ion concerning t h e i r service 
records were suppl ied b y J . E . G r a y of tlie N a t i o n a l C r u s h e d 
Stone .Association. 
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W A T K R - V A P O R S O R P T I O N 

Since water is the liquid which permeates 
the specimen and exerts pressure according to 
the hy(h'auhc pressure hyi)othesis, there 
would be a reasonable basis for expecting that 
surface areas measured by water-vapor 
sorption would have greater significance in 
predicting durability behavior than surface 
ai-eas measured by nitrogen sorption.^ 

Water-vapor sorption measurements have 
been made on a few specimens at 25 C , using 
an appai'atus similar to the air-stream ap­
paratus described by Powers and Brownyard 
(IS) but using nitrogen to ti-ansport the water 
vapor instead of air. I n Table 5 surfa(« areas 
by water-vapor sorption are given for some of 
the same specimens whose niti'ogen surfaces 

T A B L E 5 

W A T E R - V A P O R S O R P T I O N B Y S T O N E S 
A N D B R I C K S 

Mater ia l 
Surface*^ 

by Water 
Sorption 

Water 
Sori>tion 
at 947, 

R . H . 

Surface HaO 
Surface X2 

sg. m. mn. 
per J . per g. 

Stones 
Georg ia granite 0.5-1- 0.66 50-1-
Georg ia m a r b l e 0.17 0.04 17 
C a r r a r r a m a r b l e 0.14 0.21 3 .5 
B e d f o r d l imestone, . 0.5 0.84 1 + 
M c D e r m o t t s a n d ­

stone 4.0 9.41 3.4 

B r i c k s 
F i r e c l a v b r i c k 0.15-0.25 0.02 7 
R e d shale b r i c k ( A ) . - 0.26 0.33 1.3 
R e d shale b r i c k ( B ) . 0.57 1.03 1.5 
R e d shale b r i c k ( C ) . 0.61 0.63 1.5 

^ E a c h water molecule was a.ssumed to cover 10.6 s q . A . 

are reported in Table 1. After the determina­
tion of surface by water sorption, these 
specimens were conditionetl at 94 percent 
relative humidity in a closed containei'. The 
miUigrams of water vajior taken up at this 
higher humidity per gram of dry sample are 
also given in Table 5, as well as the ratio 
between the surface areas obtained hy water-
va]ior and hy nitrogen sorption. 

The surface areas of these specimens, as 
determined by water-vapor soi'ption, do not 
show as consistent a I'elationship with per­
formance in the rapid freeziiig-and-thawing 
test as do the surface areas determined by 

3 T . C . Powers has pointed out ti iat surface areas of 
hydrated cement pastes b y water vapor sorption are i n good 
agreement w i t h surface areas calculated from water-perme­
abi l i ty measurements . 

nitrogen sorption. However, the weight of 
water vapor taken uj) at 94 percent relative 
humidity shows a little better correlation with 
this kind of durability. The number of de­
terminations is small however, and further 
work would be desirable to establish the best 
way to use and interpret water-vapor sorjition 
in predicting resistance to frost action. 

I n Table 6, surface areas by water-vapor 
sorption are given for a few of the limestones 
whose nitrogen surfaces are listed in Table 2. 
Again there is no vei-y consistent relationship 
between these surface areas and the results 
of the freezing-and-thawing test. 

T A B L E 6 
W A T E R - V A P O R S O R P T I O N B Y L I M E S T O N E S 

R e f . 

8 
14 
34 
57 
91 

sq. m. per g. 

0.29 
0.89 
0.43 
0.37 
0.85 

Surface H2O 
Surface N2 

1.5 
1.6 
1.3 
1.0 
1.5 

T A B L E 7 
W A T E R - V A P O R S O R P T I O N B Y 

C O N C R E T E A G G R E G . \ T E S 

Mater ia l Surface 
Surface I I j O 
Surface X2 

C l i e r t A 
L i g h t fract ion 
D a r k frac t ion 

C h e r t B 
L i g h t fract ion 

C r u s h e d l imestone C . 
C r u s h e d l imestone D , 

sg. m. per g. 

2,6 1.2 
2 .5 1.0 

4.0 0.9 

0.4 1.6 
2 .5 1.4 

When the surface areas of some of the 
concrete aggregates, however, were measured 
by water-vapor sorption, the values were in 
agreement with performance records in con­
crete, as may be seen by comparing Tables 3 
and 7. 

The ratio lietween surface areas by water-
vapor sorption and by nitrogen sori^tion are 
given in Tables 5, 6, and 7. These ratios may 
ultimately throw some light on the nature of 
the submicroscopic structure of these materials, 
but the importance of this ratio from the 
standpoint of durability is not ful ly under­
stood. A typical ratio for hydrated cement 
paste is about 5 to 1. The ratio varies over a 
fairly wide range for difTerent materials, but 
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varies over a much smaller range for similar 
matei'iiils. 

A l l of the stones, bricks, and aggregates 
tested had much smaller surfaces by water-
vapor sorption than the hydrated-cement 
paste. 

S U M M A R Y A N D C O N C L U S I O N S 

Exploratory experiments on the applica­
tion of Brunauer-Emmett-Teller surface-area 
measurements to freezing-and-thawing re­
search have been cai'ried out. Results to date 
have indicated that surface areas calculated 
fi'om low-temperature nitrogen-sorption meas­
urements were larger- on the average for cer­
tain stones, bricks, and hydrated cement 
which failed in a few cycles of ver,\- vapid 
freezing and thawing than for materials which 
failed only after a lai-ge number of cycles of 
fi'eezing and thawing. When surface areas of 
these materials were ])lotted against the num­
ber of cycles of freezing and thawing I'e-
(juired for failure, a curve was obtained which 
had the general form expected from the hy­
draulic pressure hypothesis of frost action. 

Surface-ai-ea measurements by water-\-apor 
sorption on a few of the same materials did 
not show as consistent a relationship to dur­
ability as the nitrogen surface areas, but the 
matter should receive further study. 

Certain concrete aggi-egates with poor 
service records had larger surface areas than 
aggregates with good service records. 

The results of this study are consistent with 
the [)reviously expressed idea that the weather­
ing and frost resistance of a substance is re­
lated to the volume of micropores which i t 
contains. 

Hydrated-cement ])aste and moi'tar had 
much-larger surface areas than any of the 
other materials examined, by l)oth water-
vapor and nitrogen sorption. The presence of 
an air-entraining agent did not ajjpear to 
make a significant difference in the sui'face 
areas of jiaste or mortar. This is significant, 
because i t indicates that while surface meas­
urements are valuable for detecting micio-
structure, they give no hint of the i)resence 
of i)rotective air voids. 
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Alkali-Aggregate Phase of Chemical 
Reactivity in Concrete 
J . A . H E S T E R , Chief Chemist, and 0 . F . S M I T H 

Alabaina State Highway Department 

% T H E action of potassium and sodium 
oxides on certain types of aggregate continues 
to be one of the primary topics in most publi­
cations concerning concrete reactions. The 
reality of this action has been recognized by a 
majority of the cement-research chemists; 
however, the theories explaining this action 
seem, in most eases, to be inadequate. This, 
among other reasons, has caused many in­
vestigators to treat this as a secondary re­
action, or merely a vague ])ossibility. 

.Many structural failures attributed to 
alkali-aggregate reaction may be the result of 
other chemical or i)hysical action. Even when 
i t is evident that alkali action is present, i t is 
usually too late to prevent serious damage. A 
thorough knowledge of the individual con­
crete components, including the chemical 
analysis of the cement, water, and aggregate 
plus the petrographic analysis of the aggregate 
should certainly- be required before designing 
the concrete mix. Several faulty sti-uctures in 
Alabama contain cements with high magnesia 
contents, as well as high alkali. I n jiractically 
all instances, records of these structui'es con­
tain little or no information concerning the 
petrographic or chemical content of the in­
dividual components. Many aggregates con­
taining high sodium and potassium release 
the correspon(hng hydroxides by reaction « i th 
lime from hydrated cement. Some of the 
zeolites contain as much as Hi jjercent sodium 
oxide. 

For alkali-aggregate reaction to progress, at 
least fi\-e major factors must e.xist: (1) suffi­
cient alkali to react with the silica; (2) silica 
that is reactive with rather low concentrations 

of alkali; (3) water available in amounts 
necessary to continue the reacticms; (4) lime 
free 'to react with the alkali silicates, releasing 
the alkali back to solution, or enough alkali 
present to injure the concrete without re­
generation; and (5) enough force to ruiiture the 
concrete after the damage by the alkali. I t is 
evident that the last two factors contain the 
main controversial issues. 

There is sufficient reason to doubt that the 
comparativelj' small amounts of alkali, de­
rived from Portland cement, could destroy 
enough aggregate or produce enough alkali 
silicate to be of great concern without some 
process of reviving the alkali hydroxides so 
as to continue the cycle. There is also evidence 
that the osmosis theory-, as applied to the 
alkali silicates, has little or no application to 
the affected concrete samjiles examined in 
this department. 

A L K A L I S I L I C A AND L I M E 

The basis for the following data and com­
ments is shown very simply by the following 
equations: 

- l - H i O 
SiO.2 -I- 2NaOH 

Na^SiO., -f- Ca(OH)., 
-I-H2O 

-> Na.,SiO;, 
-11=0 (1) 

CaSi03-|-2 XaOH (2) 

The use of sodium and calcium metasilicate 
is for simplicity only. I t wil l be noticed that 
the sodium and calcium silicates have a higher 
silica ratio when used with a hydrous form of 
silica in the following experiments, however, 
the reactions produce similar results. 




