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Various coarse aggregates ranging from crushed limestones 
and traprock to gravels from glacial and nonglacial sources 
were obtained from different parts of the United States and 
Canada. Concrete specimens made from these aggregates 
were exposed to laboratory freezing-and-thawing cycles. 
Specimens for a mercury intrusion porosity test were hand
picked to represent the aggregate being tested and broken 
into small particles. 

For the eight aggregates tested, freeze-thaw durability 
was compared to aggregate pore characteristics as deter
mined by the mercury-intrusion porosity test. Several 
characteristics were found to relate quite well with freeze
thaw durability, especially the amount of pores found in 
the + 8-µ. range. 

•THE pore characteristics of aggregate have a profound effect on the performance of 
portland cement concrete exposed to freezing and thawing. The character of the pores 
not only determines how much water the aggregate within the concrete will contain, 
but perhaps of more importance, how that water is distributed within the aggregate. 
The size of the pores also determines how easily the aggregate shall be filled with 
water and, if such pores become filled with water, how easily a particular degree of 
saturation can be maintained. 

The importance of pore characteristics on concrete durability is well documented 
in the literature. Verbeck (1) stated, "Aggregate constitutes about 75 percent of the 
volume of concrete. Consequently, the properties of the concrete are s~gnificantly 
influenced by the characteristics of the aggregates." As early as 1946, Rhoades and 
Mielenz (2) asserted that, "Pore characteristics of aggregates are important controls 
of chemical and physical stability and they strongly influence the bond with cement. 
They significantly affect the strength of any material, and also determine absorption 
and permeability. As a result, they control durability under freezing and thawing con
ditions and the rate of chemical alteration." 

Lewis, Dolch, and Woods (3) stated, "It would be difficult to prove that any other 
physical property is of gr eater importance than the porosity characteristics (amount, 
size, and continuity of the pores) in either natural or artificial aggregates." 

As investigated by Schuster and McLaughlin (4), cherts with high porosity are more 
susceptible to freeze-thaw deterioration than those with low porosity. However, other 
characteristics such as pore-size and continuity of aggregate pores are recognized to 
be more important than total porosity. Lewis and Dolch (5) maintained that the harm
ful pore size is that which is sufficiently large to permit water to readily enter much 
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of the pore space, but not large enough to permit easy drainage. Pore size deter
mines the properties of permeability, absorption, and capillary potential. Dolch (6) 
explained, "A rock with larger pores will have a higher absorptivity than one with -
smaller pores. It will also have a higher permeability and a lower capillary potential. 
This means that rock with smaller pores will acquire water more slowly but will re
tain it longer and more tenaciously than will a rock with larger pores." 

Study by Sweet (7) has indicated that critical pore size for freezing-and-thawing 
durability for limestone aggregates may be about 5 µ.. Blanks (8) found that, under 
natural conditions of freezing and thawing, voids less than 5 µ in diameter, and par
ticularly those less than 4 µ, will drain effectively only at hydrostatic pressures that 
exceed the tensile strengths of some rocks and concrete. Sweet (7) also noted that in 
Indiana limestone aggregates the volume of voids < 5 µ in diameter expressed as ratio 
of the total volume, was less than 0. 057 for aggregates with \ good field performance 
records and greater than O. 091 for aggregates with poor service records. 

Later work by Schuster and McLaughlin (~) showed that the significance of 5-µ. pores 
was questioned: "The freeze-thaw durability of concrete containing chert apparently 
is not as dependent on pores in the chert less than five mic1·ons in diameter as has 
been postulated by Sweet (7) ." 

Because of these conflicting conclusions, it seemed desirable to make more thorough 
research of the relationships of pore characteristics as determined from total porosity 
and pore size distribution measurements. Attempts were also made to correlate these 
pore characteristics of aggregates with durability of concrete when exposed to freezing 
and thawing. 

TESTING PROGRAM 

Various coarse aggregates ranging from crushed limestones and traprock togravels 
from glacial and nonglacial sources were obtained from different parts of the United 
States and Canada. Concrete specimens, 3 by 3 by 16 in., were fabricated and ex
posed to alternate cycles of freezing and thawing while in water, in accordance with 
ASTM test designation C 290 63T. Specimens for the porosity test were hand-picked 
to represent the aggregate being tested and broken into small particles having an ap
proximate volume of Y 114 cu in. 

Aggregate 

A 

B 

c 

D 

E 

F 

G 

H 

TABLE 1 

PHYSICAL CHARACTERISTICS OF COARSE AGGREGATES 

Specific Gravity Absorption 
(~ ) B. S.S. D. Bulk Dry 

2.64 2.63 0.40 

2.94 2.93 0.58 

2.72 2.66 2.28 

2.32 2.16 7.21 

2. 53 2.45 3.09 

2.39 2.23 7.41 

2.51 2.40 4.42 

2.48 2.23 11.14 

Estima ted 
Field 

Performance 

Excellent 

Excellent 

Unknown 

Brief 
Description 

Quartzite gravel 
from eastern 
Piedmont 

Crushed trap 
rock from 
eastern U.S. 

Crushed L. S. 
from south
eastern Canada 

Shale , handpicked 
from G. 

Poor Midwester n chert 
river gravel 

Very poor Ohio River chert 
gravel 

Poor Midwestern 
glacial gravel, 
floated at S. G. 
2.55 

Good Blast furnace 
slag from 
eastern U.S. 
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Concrete Mix Design 

All concrete mixes were designed using a low-alkali type I cement, a cement factor 
of 5. 5 bags per cu yd, an air content of 5. 5 percent, and sufficient water to obtain a 
3-in. slump. ACI 613 method of selecting coarse aggregate content was used in the 
design of the mixes. 

A single high-quality quartzite sand was used throughout the entire project and had 
a fineness modulus of 2. 64, an absorption of O. 34 percent, and a bulk specific gravity 
of 2. 59. The coarse aggregates were graded from 1 to 7'4 in. The physical properties 
of the coarse aggregates are given in Table 1. Absorption and specific gravity values 
of the coarse aggregates were determined by means of vacuum-saturation techniques. 

More than sufficient water for absorption was added to the fine aggregate 24 hr be
fore mixing. The coarse aggregates were vacuum-saturated 24 hr before mixing, 
using a vacuum of approximately 2-cm mercury. 

Mix design D, which used a hand-picked shale aggrelfate, utilized the shale only in 
the 1 to %-in. size. Aggregate A was used in the % to Y4 -in. size. 

Detailed petrographic analyses of the aggregates as well as other data concerning 
them are included as part of NCHRP Report 12 (9). The aggregates may be identified 
in NCHRP Report 12 as the letters in parentheses as follows: A(A), B(B), C(C), 
D(Shale), E(F-1), F(G), G(H), and H(D). 

Freeze-Thaw Testing 

All specimens after curing in lime-water for 13 days after 1 day in the mold were 
exposed to approximately 7 cycles per day of rapid freezing and thawing in water in 
accordance with ASTM designation C 290 63T. The equipment was designed and devel
oped at the Engineering Experiment Station, utah State University (10) and was manu
factured by the Logan Refrigeration Company of Logan, Utah. The apparatus is 82 in. 
long, 34 in. wide and 10 in. deep. A 'l'a-hp commercial compressor cools a cooling 
plate upon which rest copper containers holding the concrete specimens. Thawing is 
accomplished with electric resistance heaters placed along the sides of the containers. 
The copper containers were %-in. larger than the actual dimensions of the specimens, 
thus leaving a %-in. layer of water on all four sides of the specimen. Dynamic modu
lus was measured at regular intervals until the specimen had lost 50 percent of its orig
inal dynamic modulus or had experienced 100 cycles of freezing and thawing. Except 
for aggregate H, a minimum of 6 specimens was made in 3-beam batches. Aggregate 
H, being hand-picked, had 3 specimens made from it in 1-beam batches. 

Pore Characteristic Testing 

An Aminco-Winslow mercury intrusion porosimeter was used to test aggregate par
ticles operated up to pressures of 15, 000 psi. In using the porosimeter, the aggregate 
particle is first evacuated down to a pressure of 50 µ of mercury, and then mercury 
is forced into the pores by applying pressure. The pressure is applied in steps up to 
15, 000 psi. Since the diameter of pore that the mercury enters is inversely propor
tional to applied pressure, a pore-size distribution curve may be plotted. The prin
ciple of operation of the porosimeter is described by Washburn (11) and details of op
eration may be obtained from the American Instrument Company-;-snver Spring, Md. 

One problem was to select aggregate particles for porosimeter testing that would 
be representative of the aggregate source in question. Aggregates A, B, C, D, and 
H were quite uniform and the results given are the average of 6 different runs on 3 
similar aggregate particles (2 particles broken from a larger one). The other aggre
gates, E, F, and G, were heterogeneous but were mostly chert (but multitudinous 
varieties of chert). A petrographer selected 12 particles from these aggregates, with 
emphasis on the particles having the greater population. The results given are a direct 
average of these 24 runs (12 particles, 2 runs each). It is recognized a better solu
tion to the problem is required; however, it is felt that the procedure used is not with
out merit. 
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TABLE 2 

SUMMARY OF 100-CYCLE DURABILITY FACTORS 

Mix No. of DF100 90% Conf. 
Design Specimens Avg. a Limits 

A 10 97.5 2.62 99.0, 96.0 

B 10 98.5 1.10 99.1, 97 .9 

c 8 83.9 7.95 89.2, 76.6 

D 40.4 15.7 55.4, 25.4 

E 19 3.0 1.7 3.7, 2.3 

F 11 1.0 0 1.0, 1.0 

G 12 5.1 1.9 6. 1, 4. 1 

H 6 56.6 11.6 66 .4, 50.6 

RESULTS AND DISCUSSION 

Terminology 

Results of this study are pre
sented using several terms which 
are described as follows: 

1. DF 100 is the durability factor 
at 100 cycles as described by ASTM 
C 290 63T. These factors range 
from 0 to 100 percent. 

2. n is porosity and is defined 
as the ratio volume of voids to the 
volume of solids and voids, ex
pressed in percent. When a percent 
porosity is given in the results for 
a definite pore-size interval, such 

as between 8 and 4 µ., this is represented by the ratio of volume of voids within that 
interval to the volume of solids and total void volume. Thus, when the porosity values 
for all of the pore-size intervals are summed, it should agree with total porosity. 

3. pis pore index and is determined by summing the porosities at points corre
sponding to a predetermined set of diameters and dividing the sum by 10. The diam
eters used in this study were: 8, 4, 2, 1, 0. 5, O. 2, 0.1, O. 05, and 0. 02 µ.. Thus, 
the pore index is a cumulative value based on swnming porosities have increasing val
ues. Nine porosity values are summed, down to 8 µ., down to 4 µ. and finally down to 
0. 02 µ.. The final porosity summed is actually the total porosity. 

Results 

A summary of 100-cycle durability factors 
(DF100) is given in Table 2. The relationships 
between DF100 and absorption, pore index and total 
porosity are shown in Figures 1, 2, and 3, respec
tively. Figures 4 through 13 show the relation
ships between DF100- and porosities for different 
pore-size intervals. 

Discussion 

As is normally the case, Figure 1 shows that 
the aggregates making very durable concretes had 
relatively low absorptions. The other aggregates 
had relatively high absorption values; aggregate G 
had the lowest, about 4.4 percent. Mos t research
ers would agree that an aggregate having an ab
sorption of 5 percent or more would have a high 
potential for producing a concrete of low dura
bility. There are, of course, exceptions to this; 
aggregate H, a blast furnace slag, is one. This 
aggregate has a very high abs or pti on, is 
very porous, yet performed reasonably 
we 11 in the freezing-and-thawing test. Avail
able information indicates that the field perform
ance of pavement concrete made with this aggregate 
is very good. 

Aggregate D also has a very high absorption and 
a durability not as low as compared to aggregates 
E, G, and F. However, inasmuch as aggregate D 
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Figure 1. Relationship between DF 100 
and absorption. 
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Figure 2. Relationship between DF100 
and pore index. 
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(hand-picked shale) was used in only the 1 to 7'2-in. size range (aggregate A was used 
for the Ya to 7'4-in. size), it was a blend with an aggregate of known high durability; 
thus, one might expect lower durability if the shale were used throughout the coarse 
aggregate graduation. Aggregates E, G, and Fall have poor service records and all 
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have a fairly large quantity of porous chert. Their 
absorptions are reasonably high and their durability 
very low. Thus, if the durability of aggregate D 
were lowered and the highly absorptive slag (H) were 
eliminated, a fairly good relationship would exist 
between absorption and durability factor. 

Pore index (Fig. 2) is apparently about as well 
related to DF100 as is percent absorption for the ag
gregates tested. Aggregates E, F, and G, the low
durability aggregates, all have higher pore indexes 
than the remaining aggregates (again excepting ag
gregate H). The high durability aggregates (A, B, 
and C) have the lowest pore indexes. However, it 
would not seem that the relationship shown is any 
better than the one given for absorption. 

Total porosity (Fig. 3) shows a rather scattered 
or shotgun pattern with no real relationship dis
cernible. Aggregates A, B, and C, although having 
lower porosities than the aggregates making low
durability concrete, have fairly high porosity val-

0 ues, in the case of aggregate C, more than 4 per-G• oF 
0 2 3 cent. Thus, here it would seem that total porosity is 
FRACTION OF POROSITY, PORES a relatively poor indicator of concrete durability, at 

> e MICRONs, 'W. least as far as the aggregates studied are concerned. 
The breakdown of total porosity into fractions of 

porosity for different sizes of pores shows some in
teresting facets. For the datafor >8-µpores (Fig. 4), 

Figure 4. DFNIO vs fraction of 
porosity of pores > 8 µ. 
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the porosity fraction seems to relate fairly well to concrete durability factor, again 
with the exception of aggregate H which has an abnormally high value, and for the val
ue of aggregate D which is just about as high as the low-durability aggregate G. The 
high-durability aggregates, however, have low porosity values in this pore-size range 
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Figure 7. DF100 v~ fraction of porosity 
of pores between 2 and 1 µ. 

as compared to the low-durability aggregates. 
For the 8 to 4-µ range (Fig. 5), again aggregates 
A, B, and C have very low porosities as compared 
to aggregates E, F, G. Interestingly, shale ag
gregate, which is presumably of low durability and 
high absorption, also has a very low porosity in 
this size range. Compared with porosities forthe 
other size ranges, the pore space for the shale is 
mainly in the + 8 µ. and -0. 2-µ range. . 

In the 4 to 2-µ range (Fig, 6), aggregates A, B, 
and C are well separated from aggregates E and 
F , but G is not so well separated, For the 2 to 
1-µ. range (Fig. 7), a fairly good separation would 
have existed between the high and low-durability 
aggregates except for aggregate B which shows 
relatively high porosity, In the 1 and 0. 5-µ. range 
(Fig. 8), aggregate B again confuses the relation
ship. In the 0. 5 to 0. 2-µ range (Fig. 9), aggre
gates A, B, C, and D have about the same frac
tional porosity' and these porosities are not much 
lower than that for the worst performing aggre
gate (F). In the much smaller size pores (0. 2 to 
0.1-µ. range, Fig. 10), all the aggregates have 
fairly high values for this range except that ag
gregates A and B have low fractional porosities. 
In the still smaller range from 0.1 lo 0. 05 µ. (Fig. 
11), aggregates A and B have fractional porosities 
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almost at the same level as the poorly performing aggregates E and G, so apparently 
no relationship exists. For the 0. 05 and O. 02-µ range, poor performing aggregates E 
and G fall out of any possible relationship. In the less than O. 02-µ range, again ag
gregates E and G have about the same fractional porosity as the high-durability 
aggregates. 

Of the data shown(Figs. 4-13), probably the best relationships were in the "> 8-µ 
range and the 4 to 2-µ range, with the former having the best relationship of fractional 
porosity to concrete durability. The delineation mark of 4 µ has appeared in the litera
ture as being the pore size that is most destructive in freezing and thawing. This is a 
pore-size range which is sufficiently small to permit the production of destructive hy
draulic pressures, and yet is large enough to hold sufficient water to do some damage. 
Aggregate H is an exception in the relationship for the 4 to 2-µ range, but it has ape
culiar pore structure as compared to most natural aggregates. Because of the vesic
ular nature of the pore structure of the slag, pores probably are less easily filled with 
water and thus have a lesser tendency to cause damage. The many large pores that do 
fill with water probably are able to drain by gravity. 

Before summarizing our conclusions from this study, the shortcomings of the 
mercury-intrusion principle for determining porosity and pore-size determination 
should be discussed briefly. The calculation of the pore size is based on the assump
tion that the pores are cylindrical and interconnected. One possible important source 
of error is where there may be a large pore accessible only by a very narrow capillary. 
It will require a very strong pressure to force the mercury through the small capillary 
and to fill the large pore. Yet, as far as the reading from the porosimeter is con
cerned, the actual pore volume would be the sum of the large pore and the small cap
illary with the diameter approximating that of the small capillary. AIS serious as these 
assumptions may be, nevertheless, it would seem that if the values obtained are ex
amined in the relative sense, information derived from such tests can be valuable. 
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SUMMARY AND CONCLUSIONS 

It might be asked, "If, for example, it were shown that if concrete were made with 
an aggregate having more than "X" percent porosity in the + 8-µ range along with 
other specified characteristics, it would have a DF 100 of less than 20 percent, than 
would the test described be of practical value?" A qualified answer to this would be 
"yes," if the aggregate were uniform and if it could be shown that a low DF100 of 20 
percent means poor field performance. The· value of freezing-and-thawing tests and 
durability factors in predicting field performance of concrete is another story and 
another argument. From the work presented here, it appears that theremay be prom
ise in relating specific pore characteristics with durability factor. Hopefully, this 
work may encourage further work on a much wider variety of aggregates. 

In summary, only a few conclusions can be drawn, and even these must be qualified 
in the sense that they apply only to the group of aggregates studied. 

1. With the exception of aggregate H (blast furnace slag), absorption, pore index, 
total porosity (by mercury intrusion), and porosities in the range of + 8 µ appear to 
separate the high from the low-durability aggregates. 

2. The best separation between high and low-durability aggregates was with the 
+ 8-µ porosity values. 
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