
The Evaluation of Concrete by Outdoor Exposure 
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Ontario Hydro has been following the performance of concretes 
subjected to outdoor exposure. Studies, mainly performed on 
concrete blocks placed outdoors in water-filled tubs, include 
variations in water-cement ratio, aggregates of different 
quality, and variations in paste composition. In most cases, 
parallel tests were carried out in the laboratory freeze-thaw 
apparatus by the rapid water-freeze cycle. 

The results to date indicate that when only one variable is 
changed the accelerated freeze-thaw and the outdoor exposure 
tests place similar concretes in the same relative order of 
durability. It is questionable, however, if the freeze-thaw test 
will predict the relative performance of concretes when com
parison involves different variables. A difference was noted 
in the method of breakdown in outdoor exposure between that 
caused by nondurable paste and that caused by nondurable ag-

-g-rcgatcs-;-Pro gressive- scaling-below-the-water line-is-assoc.;.,· ~---- - --
ated with breakdown in the paste, while progressive popping 
and cracking is associated with unsound aggregates. There is 
evidence that entrained air will not protect a nondurable coarse 
aggregate but under certain conditions may delay deterioration. 

While the benefits of entrained air are evident in both tests, 
the accelerated freeze-thaw appears to overemphasize its per
formance compared with non-air-entrained concrete. By the 
011trloor exposure tests, the · benefits of entrained air are most 
pronounced at high water-cement ratios. Evaluation of speci
mens on the basis of visual examination has proved to date the 
most convenient and significant method of appraisal, although 
the soniscope does provide valuable supporting data on the in
ternal conditions of specimens. 

•FOR THE past 11 years, Ontario Hydro has maintained an outdoor exposure area in 
which the performance of concrete specimens is studied under natura.l weathering con
ditions. Since the exposure contains no unnatural accelerating features, it has taken a 
few years before comparative behavior of significance has become apparent. The pro
cedures used and the results to date can now be reported. 

Outdoor exposure testing programs by other agencies have demonstrated great val
ue in the past and the performance data obtained inevitably carry greater weight than 
acceleratP.d t.P.st. rP.s11lts. The ohjer:-.tives of Ontario Hydro in developing an outdoor ex
posure plot and the scale of the studies were much more limited than the efforts of oth
ers in the past, such as the Portland Cement Association. However, the results are 
now of value to our organization and are expected to have greater significance as time 
goes by and as relative behavior becomes more pronounced. 

One uf lhe reasons for the outdoor testing was to improve our knowledge of the sig
nificance of accelerated freezing and thawing tests. lVIost agencies are convinced that 
freezing and lhawin~ lesl::; wilhin une laboratory place concretes in their proper order 
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Figure l. Original outdoor exposure site showing 
piers embedded in the ground with blocks and 
prisms in water-fi lied containers. Studies on ma-

sonry units shown on right. 

of relative durability. However, specific 
information relating field performance to 
such results has been largely lacking. 
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Figure 2. Comparison of freeze-thaw cycles in 
Ontario and the United States. 

Despite years of use and efforts at standardization of the test, no agreement has 
been reached on acceptance levels of freeze-thaw performance. In addition it appears 
that acceleration of effects produced in rapid freeze-thaw testing can sometimes over
emphasize the influence of certain variables. We have been puzzled, for example, when 
all non-air-entrained concretes broke down rapidly in our rapid water-freeze test de
spite excellent performance of many hydraulic structures built before the advent of air 
entrainment. There also appeared to be a possibility that past laboratory studies of 
thermal incompatibility had magnified the influence of this factor on durability. 

Accordingly, Ontario Hydro felt a need for improved knowledge of the relationship 
of results of freezing and thawing tests as carried out in its laboratory with field dura
bility of concrete subject to conditions commonly met in its structures in the province 
of Ontario. For this reason it has conducted laboratory freeze-thaw tests on all con
cretes placed in its outdoor exposure plot. 

In this report, the rapid water-freeze cycle refers to ASTM C 290, "Rapid Freezing 
and Thawing in Water," where specimens are frozen and thawed in water-filled con
tainers. These containers are made of galvanized steel and the freezing and thawing 
medium is a glycol solution. The rapid air-freeze cycle refers to ASTM C 291, "Freez
ing in Air and Thawing in Water." In both methods, specimens are moist-cured 14 days, 
then placed in the freeze-thaw chamber at 40 F and tested at a rate of 7 or 8 freeze
thaw cycles per day. Tests terminate at either 60 percent E

0 
or 300 cycles, whichever 

occurs first. 

OUTDOOR EXPOSURE PLOT AND SPECIMENS 

The location of the exposure plot is in the vicinity of the Research Laboratories on 
the western outskirts of Toronto. An earlier adjacent site was equipped to automati
cally record the ambient temperature (Fig. 1). Over a 6-yearperiod, the annualfreeze
thaw cycles* were found to vary between 45 and 72, which is considered typical for the 
whole province except for the extreme north, where the number of cycles is less. Using 
the same criteria for a freeze and a thaw, many parts of the United States are subjected 
to a far greater number of cycles-up to 180 (!)-than is Ontario (Fig. 2). 

*A temperature drop to be low 28 F is considered a freeze. When the temperature again rises above 32 
F, it is considered a thaw (!). 
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The standard specimen and its exposure 
are illustrated in Figure 3. These speci
mens are 12 by 12 by 18-in. blocks, cast 
in plywood forms and equipped with end
inserts for length-change measurements. 
The dimensions were selected to permit 
fabrication and curing under controlled 
conditions in the laboratory and yet be 
representative of structural elements. 
Apart from a wood-float finish on the top, 
surface preparation is avoided. The blocks 
are given 14 days standard moist curing 
and a minimum period of 14 days in labo
ratory air (73 F and 50 percent RH) . Dur
ing the summer they are placed outside in 
water-filled containers with the floated 
surface up. The containers are made of 
reinforced rubber to accommodate the ex
pansion of the water on freezing . This en-
vironment was selected to duplicate con-
ditions considered to be most common in 

Figure 3. Standard outdoor exposure specimen in 
water- filled container. 

our structures. One is the waterline exposure encountered in hydraulic structures, the 
other is that of small tower piers in saturated ground. 

Figure 4. Original outdoor exposure specimen 
with frog and holes to induce high degree of sat
uration at interiorof specimen. Despite favorable 
behavior in freeze-thaw tests in the laboratory, 
many of these specimens cracked after one or two 

natura I cycles. 

01..!r adverse experience in earlier stud 
ics with another type of specimen may be 
of interest. This specimen (Fig. 4), of 
similar dimensions, contained a frog in 
the top to pond its own water. Eight holes, 
extending 7 in. intn the interior of the 
specimen, were intended to maintain the 
interior of the specimen in a highly satu
rated condition by slowing the evaporation 
of collected water. Despite results to the 
contrary in several trial laboratory freez
ings, it was found that the expansive forces 
of ice caused cracking under natural ex
posure after the first frost. Once leakage 
developed, the uniformity of exposure, 
which depended on equal ponding of water, 
was destroyed. This type of specimen 
was therefore rejected.. In retrospect, it 
was fortunate that this occurred, for we 
feel that the environment finally cclcctcd 
was far superior for our purposes. Othe r 
types of specimens that have been used in 
special cases will be described later. 

The water-cement ratio of the concrete 
is normally maintained at 0. 60, since this 
is the maximum water-cement ratio for 
our general-purpose concrete. The ex
ception, of course, is when water-cement. 
ratio is a variable under study. Except for 
special tests, the concrete is air -entrained. 
The cement is a well-blended mixture of 
normal Type I cements from various mills 
in the province. All aggregates are inun
dated 24 hours prior to batching. 
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OUTDOOR EXPOSURE PROGRAMS 

The studies presently under way at the outdoor exposure site include (a) the influence 
of water-cement ratio and entrained air on durability; (b) the effect of various percent
ages of nondurable aggregate constituents on the frost resistance of concrete; (c) the 
influence of fly ash as a cement replacement in various proportions and of different 
carbon contents; and (d) the long-term appraisal of aggregate sources of questionable 
quality. 

Influence of Water-Cement Ratio and Entrained Air 

The benefits of entrained air and of water-cement ratio control on durability were 
well established at the time the exposure testing was begun and these principles were 
applied on all major projects. However, there was debate, as there still is, to a degree, 
on whether or not cement content per se was of direct value to durability. Some did 
not trust the use of "water-cement ratio" as the sole guide when low water contents 
permitted the use of relatively low cement contents. Air entrainment at the time was 
considered by many an aid to durability but not a justification for lowering cement 
content even when water requirements were lowered. 

At the same time we were trying to explain an unusual type of deterioration that had 
occurred several years previously in some non-air-entrained concrete tower piers, 
while others were unaffected. In the preliminary analysis of this problem, all factors 
considered suggested that a high water-cement ratio, possibly induced by poor work-
manship, was the basic cause. , 

To demonstrate advantages of entrained-air and a low water-cement ratio and there
by provide answers for both problems, typical piers, 12 by 20 by 72 in., were cast un
der controlled laboratory conditions using both non-air- and air-entrained concretes 
with the water-cement ratio varying through 0.5, 0.6, 0.8, and 1.0 while maintaining a 
3 to 4-in. slump. An additional set of non-air-entrained mixes of the same water
cement ratios was made in which the water and cement contents were raised above that 
of the companion specimens. This was achieved by lowering the size of the maximum 
aggregate from 1 ½ in. to ¾ in. and increasing the slwnp to 6 to 8 in. The purpose of 
these specimens was to observe whether cement content per se was a factor in dura
bility. The increase in cement content that resulted was not uniform in the specimens 
of differing water-cement ratios . The increases were approximately 24 percent for 
the concrete having a water-cement ratio of 0.50 and about 16 percent for the concretes 
with water-cement ratios of 0. 60, 0.80, and 1.0. 

All the piers were then placed in the ground to a depth of 5 ft, leaving the top foot 
exposed. Over a period of 5 years, the level of the water table varied from a few inches 
below the ground in early spring to 4 ft in late summer. Standard freeze-thaw prisms, 
3½ by 4 by 16 in., were cast with concrete from the same batch as that used in the ex
posed portion of the piers. Some of the prisms were tested in accelerated freezing and 
thawing by both the rapid air- and rapid water-freeze cycles. Others, subjected to 
various durations of curing, were placed on the ground at the outdoor exposure site 
with their respective piers. Shortly after, 12 by 12 by 18-in. blocks were cast dupli
cating both the materials and mix proportions used in the piers. (These were some of 
the original specimens that cracked and subsequently were turned upside-down in the 
water-filled containers.) 

Since the problems in the field generally occurred within a year, it was somewhat 
disappointing when none of the test specimens, piers in particular, exhibited typical 
deterioration at this age. Still convinced that the original diagnosis of poor workman
ship was correct, a second set of piers was cast at the site. In these, certain possible 
poor practices were accentuated. These included excessive vibration, overworking, 
excess water added to the mix, water in the forms that was allowed to intermix with 
the concrete, overfinishing the surface, and a combination of these. 

After 8 winters' exposure, none of the piers showed any signs of distress, either 
visually or as could be determined by length change or pulse-velocity measurements. 
At that time, circumstances arose requiring that the exposure site be moved. All 
portable specimens were moved to the new location but the piers were abandoned since 
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we had obviously failed to duplicate the field problem and little would be gained by 
their transfer. 

The prisms, which were cast with the piers, remained on the ground for a period of 
3 years. When no significant changes were observed during this period, they were 
placed on end in water-filled tubs similar to those used for the 12 by 12 by 18-in. blocks. 
Once a year, in the spring, the prisms are brought into the laboratory, inundated for 24 
hours, then measured for resonant frequency, pulse velocity, length change, and weight 
loss and photographed. When they are returned to the site, they are turned end-for-end 
before being replaced in the tubs. 

The pulse-velocity and resonant frequency measurements on these prisms have shown 
little or no change after 11 winters, indicating that no internal distress has occurred. 

The deterioration of the prisms is primarily progressive scaling and raveling of the 
mortar at the corners and edges and this is best reflected by the weight-loss measure
ments (Fig. 5). No significant change in weight occurred while the'prisms remained in 
air. The gain in weight between the third and fourth years is undoubtedly due to the ab
sorption of water following immersion. If the weight at the end of the fourth year is 
taken as the datum, the relative performance of the prisms is established. 

At the present time there is little or no difference between the non-air- and the air 
entrained concretes at the lower (0.5 and 0.6) water-cement ratio levels. However, in 
the higher water-cement ratio (0.8 and 1.0) concretes, the benefits of air-entrainment 
are more pronounced in the low-slump concretes. The non- air - entrained specimens, 
which through adjustments to aggregate size and slump had higher cement contents, 
showed some superiority to the other (low slump) non-air-entrained specimens at 
equivalent water-cement ratio in these outdoor tests. These results may have been in
fluem;etl uy fad un:1 uther than paste cuntent, which includes lhe smalle1· agg1·egalt: :slz;t: 
and a slightly higher entrapped air content (2. 2 percent compared with 1. 5 percent on 
the average). 

When the outdoor exposure results are compared with those of the accelerated freeze
thaw test on co mpanion prisms (Fig. 6), a much greater discrepancy is noted between 
the non- air - a...Tld air-entrained concretes. This is particularly true of the rapid v;ater
freeze cycle, which indicates that the accelerated test greatly magnifies the benefits of 
entrained air . This is supported by observations of 30- to 40-year old structures 
made of non air entruined concrete thut ohow excellent durubility even at the waterline. 
The performance of the two series of non-air-entrained concretes was essentially sim
ilar in each of the two accelerated freeze-thaw tests. 
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Figure 5. Weight change with exposure for concrete contain ing standard aggregates and variable 
water-cement ratio (3 ½ X 4 X 16-in. prisms.) 
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Figure 6. Freeze-thaw tests of concrete containing standard aggregates and variable water-cement 
ratio. 
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APPEARANCE RATING 
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Figure 9. Relative rating of exposure blocks con
taining siltstone or chert aggregates. 

The high durability of the 0.5 and 0.6 
non-air-entrained concretes in the air
freeze cycle appear to correlate well with 
the outdoor exposure prisms. However, 
we are hesitant to place much reliance on 
this relationship in view of our earlier ex
perience that showed a poor reproducibility 
of results when testing non-air-entrained 
concretes by the air-freeze cycle. In that 
particular case, air-freeze tests were per
formed on 32 similar non-air-entrained 
concretes, each having a w/ c of 0. 50 and 
containing the same aggregates and cement. 
The durability factor ranged from 2 to 100 
while the coefficient of variation of com
pressive strength tests on companion cyl
inders was only 2.4 percent. 

Cracking of the original 12 by 12 by 18-
in. blocks and abnormally high entrapped 
air contents in the non-air-entrained con
cretes precluded dependable results from 
these specimens. Replacement specimens 
for these cracked blocks were made 5 years 
ago and trends are just beginning to develop 
in the h; g h -,11 0,.ta,-. _ ("IQ'tY'IOTit-T"'"lt-in, nnn - 'l ;'t'! _ 

entrained specimens (Fig. 7). 

Effect of Deleterious Aggr egate Constituents 

A study is being carried out to ascertain 
the effect of various percentages of ques-
tionable aggregate particles on the relative 
durability of concrete. Two such mate r ials 
are presently under study, one a weathered 
dolomitic siltstone, the other a chert gravel. 
Both were identified and selected on the 
basis of petrographic examination. 

These constituents were used as a r e 
placement of a good quality crushed rock 
in amounts up to 60 percent of the plus ¾
in. fraction. This is approximately 35 per
cent of the total coarse aggregate. Speci
mens consisted of the standard outdoor ex
posure block and three freeze-thaw prisms 
cast with air-entrained concrete. An ad
ditional block containing 60 percent replace 

ment of each of these materials was cast with non-air-entrained concrete but no freeze 
thaw specimens were cast because of the very rapid breakdown ot all non-air-entrained 
concrete that occurs with our water-freeze cycle. 

The results of the freeze-thaw tests by the rapid-water cycle on prisms containing 
var ious percentages of siltstone and chert are shown in Figure 8. These show that de
spil P. Hs lnwP.r srnmdnP.ss lnss and ;.ihsnr·pl.inn, the chert is less durable in concrete 
than is the siltstone. Tests on small cylindrical specimens demonstrated that the static 
modulus of elasticity of the chert was much higher than that of the siltstone ( 4. 0 x 106 

and 0.6 x 106 psi respectively) . This, together with probable differences in permeabili
ty, likely accounts for the differences in performance . 

Based on an appraisal system shown in Figure 9, the relative condition of the out
door exposure blocks at different ages is shown in Figure 10. A value of 10 signifies 
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Figure 10. Appraisal of outdoor exposure specimens containing siltstone or chert aggregates (12 X 12 X 

18-in. blocks). 
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no distress, 7 to 9 represents various degrees of progressive popping, 3 to 6 represents 
degrees of progressive cracking and 0 to 2 progressive disintegration. A value of 0 in
dicates complete disintegration. Shown in the same figure are the results of periodic 
pulse velocity and length change measurements. 

Apart from isolated popping, the siltstone specimens remained intact through 3 win
ters. After this, the 60 percent non-air-entrained specimen showed quite rapid disin
tegration. When the corresponding air-entrained specimen failed to behave in a 
similar manner (as was the case with the chert) it was felt that the entrained air was 
providing the extra protection. However, after 7 years, this specimen began to show 
typical cracking that preceded disintegration. Similar indications have been observed 
with the 40 percent specimen this year, after 8 years of exposure. Apart from various 
degrees of popping, the remainder of the siltstone specimens are sound, both by visual 
appraisal and by length change and pulse velocity measurements . 

Both the non-air- and air-entrained 60 percent chert specimens showed extensive 
popping and cracking after the first winter. After this, disintegration was very rapid. 
Somewhat similar but proportionately less rapid results were obtained with the 40 per
cent and 20 percent chert specimens. None of the specimens with 10 percent or less 
replacement are showing distress cracking. 

The results from Figure 10 are shown graphically in Figure 11. By estimating the 
area under the respective curves, then calculating this as a percentage of the area 
where no distress occurred, a factor of relative performance (durability) is obtained. 
When these values are plotted against their appropriate "percent replacement," the 
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Figure 12. Relative outdoor performance of con
crete blocks containing various amounts of deleter

ious aggregate constituents. 

curves in Figure 12 are obtained. The8e 
are similar to those obtained with the 
1-':Hlll-'r frl-'1-''l,l-'-lli;iw rP.R11ll ,8 ;:ind 1,upport 
the conclusion that for equivalent per
centage replacement, the chert aggregates 
are less durable than the siltstone. 

Having noted the similarity between 
the laboratory results (Fig. 8) and the 
outdoor exposure data (Fig. 12), the next 
obvious step was to correlate these re
sults, which is done in Figure 13. This 
relationship is true only for the present 
because the values for the outdoor ex
posure specimens will change with time, 
both as the specimens deteriorate further 
and increase in age. 

The chert aggregates used in these 
studies were classified as reactive by the 
chemical method (ASTM C 289) . However, 
when the chert was combined in various 
percentages (up to 100) with our standard 
dolomite aggregate and tested in mortar 
bars in accordance with ASTM C 289, none 
of the combinations showed any greater 
expansion than that of the standard aggre -
gate alone, which was 0.018 percent. After 
the mortar-bar test, two specimens rep
resentative of each combination of chert 
and standard aggregate were subjected to 
the Conrow test (ASTM C 342) with the 
same result. Standard 3½ by 4 by 16-in. 
prisms, representative of the various 
concretes undergoing test at the exposure 
site, were stored in the moist room and 
have shown no indications of distress. 
Three of these specimens-the control, 
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40 percent siltstone and 40 percent 
chert-were subjected to 239 cycles 
of wetting and drying without signifi
cant length change. We must con
clude, therefore, that the damage ob
served in the outdoor exposure speci
mens is due to freezing. This is in 
agreement with the U. S. Corps of 
Engineers study (2) of chert pop-outs 
in the Wolf River f lood wall. 

Influence of Fly Ash as a Cement 
Replacement 

The effect of various amounts of 
fly ash as a cement replacement and 
the effect of variations in the carbon 
content of the fly ash are being stud
ied. Other aspects of these studies 
were fully discussed in an earlier 
paper (3) and this discussion will be 
confined to the durability properties 
of the outdoor exposure studies . 

Air-entr ained concrete conta ining 
standard aggregates and a wate r 
cement r atio of 0. 60 was used. The 
fly ash content varied from O to 60 
percent replacement by weight of the 

cement. The carbon content, as measured by loss on ignition, varied from 5 to 23 per-
cent. With the exception of the 45 percent replacement of 23 percent carbon ash, the 
air content varied between 5½ and 7¼ percent. The exception mentioned contained only 
3.6 percent air due to batching difficulties. 

The relative durability factor (RDF) as established by the rapid-water freeze-thaw 
decreased as the fly ash increased above 15 percent replacement. Little relationship 

LOSS ON FLYASH - PERCENTAGE CEMENT REPLACEMENT 
IGNITION 

~ 0 IS 30 4S 60 

S.8%AIR I 77% RDF 

0 2 o/o 
SLIGHT 

RAVELLING 

6,1% AIR 176% RDF 6 .3% AIR I S6% RDF 6. 791, AIR I SI% RDF 7 .2% AIR 144% ROI 

S.4 2% 70.4 9% 23% 
VERY LIGHT LIGHT SCALE MEDIUM S CALE DEEP SCALE 

SCALING 

·1.0% AIR I BS% RDF 7.0% AI RI 54% RDF 5. 4% AIR I 40% RDF 

12.3 2% 10% 11% 
LIGHT SCALE MEDIUM SCALE MEDIUM SCALE 

6.2% AIR I 70% RDF 5.B% AIR 1 66% RDF 3.6% AIR I 31% RDF 

23 4% 9% 19% 
LIGHT SCALE MEDIUM SCALE DEEP SCALE 

Figure 14. Exposure tests on air-entrained fly ash concrete containing standard aggregates-12 X 12 x 
18-in. blocks exposed 8 years, w/ c = 0.60. 
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15% ASH 
5% L.0.1. 

2% LIGHT SCALE 

45% ASH 
23% LO.I. 

19% DEEP SCALE 

60% ASH 
5% LO.I. 

23% DEEP SCALE 

Figure 15. Behavior of fly ash concrete-air-entrained, w/c = 0.6, 8-year exposure. 

was noted between durability factor and loss on ignition. In the 15 and 30 percent re
placement specimens, the loss on ignition appears to have no influence on the freeze
thaw resistance of the concrete. Low loss on ignition, however, does have an important 
benefit in air-entrainment control. 

The outdoor exposure blocks, which have been exposed for 8 years, are showing similar 
trends to those noted with the fre eze -thaw tests (Fig. 14). The relative performance of 
the blocks is measured by the amount and degree of scaling that occurred below the 
water-line. This scaling varied with the percentage fly ash replacement but showed 
little relationship with the loss on ignition of the ash. None of the outdoor exposure 
blocks has shown any significant increase in length, and pulse velocity values have in
creased slightly during exposure, which confirms that the blocks are sound internally. 
SJi ghl rfiffPri>ncPs in Pi chine; a1•p thP only trPnrfR noted in the air-exposed portions of 
blocks. The condition of three of the blocks is s hown i n Figure 15. 

Air-entrained concretes, in which 30 percent by weight of the cementing material is 
fly ash, are used in exposed locations with excellent results. A limited amount of this 
concrete contained fly ash with a loss on ignition up to 12 percent (ASTM C 618); how
ever, our present specifications limit this property to 7 percent. 

AGGREGATES TESTS ON CONCRETE 

NA MAX 
OUTDOOR E XPOSURE SPECIMENS 

NO DESCRIPTION REMARKS ABS SOUN[ 
SIZE 

AIR RDF LENGTH (%) (%) 
(IN ) % YR % CHANGE VISUAL APPRAISAL 

Vo % 

5 -5526 CRUSHED 
108 -0.012 NO SIGNS OF DISTRESS DOLOMITE ~-GOOD SERVICE RECORD 1. 3 1. 6 1- 11 2 5. 1 70 6 

5-5511 CHERTY 
CHERT: SHALY SEAMS 0. 8 7 8 LIMESTONE 1-1 / 2 4.6 46 6 108 + 0,006 NO SIGNS OF DISTRESS 

- --
~-5518 SI LICATE KAOLINITIC ROCKS: HORNFELS, n A fi 4 , ( 4 fi I 7A fi 11 0 - n OIH 

SLIGHT SCALE ONE 
GRAVEL ALTERED SYENITES AND DIABASlc.S COft Nl!:l'I 91!:LOW WL 

CRUSHED SHALE: SHALY DOLOMITE: 0.7 3.8 3/ 4 6.3 74 6 111 + 0, 043 HAIRLINE CRACK ONE 5 -5S2I 
LIMESTONE EXPANSIVE CARBONATE ROCK CORNER 

5 - 5526 CRUSHED 
CONTROL - GOOD SERVICE RECORD 1, 3 1. 6 3/ 4 6.1 76 4 106 -0.006 NO SIGNS OF DISTRESS DOLOMITE 

I . I 4. 5 3/4 S.I 78 4 109 - 0.012 SLIGHT SCALING ONE 

5 - 5525 CARBON AT E 
~ - GOOD SE RVIC E RECORD FAC E BEL OW WL 

GRAVEL 
3, 4 6.4 61 4 107 -0.012 POP-OFFS. ALL FACES 

CAR901•ATC :JIIALC . !JILAL'I' LIMC~TOUC ; Q, 1; A , > 1/ 4 S 7 7d • !07 -0 Oil POP-OFFS A LL FACES 
S- 5752 GRAVEi FRIABL E GNEISES 3/ 4 6.5 68 • !OR - 0 006 POP-OFFS. ONE FACE 

6.0 3/ 4 5.1 6 1 4 106 -0.012 INCIPIENT SCALING -
CARBONATE WEATHERED. ABSORBENT CALCIUM 1,0 ONE FACE 5-5753 
GRAVEL SILTSTONES AND SANDSTONES 

3/ 4 6.5 73 4 107 -0.012 NO SIGNS OF DISTRESS 

LIMESTONE WEATHERED GNEISS. SHALE AND 0.4 1.5 3/ 4 5. 9 70 4 I08 -0.012 ONE SMALL POP-OFF 
S 5754 ~RAVF'I !';HAI y nnr OMITF 3 / 4 6.3 64 4 109 -0.006 NO SIGNS OF DI STRESS 

5~030 
CRUSHED 

3/ 4 64 I 101 -0.012 NO SIGNS OF DISTRESS LIMESTONE SHAL E: SHAL Y LI MESTONE 0.3 0.7 6.2 

5~203 
CRUSHED SHALE: DOLOMITIC SHALE: SHAL Y 

2.5 9.5 3/ 4 6.4 73 0 - - NO PERTINENT EXPOSURE DOLOMITE DOLOMITE : ABSORBENT DOLOMITE 

Figure 16. Evaluation of questionable aggregate deposits (w/c = 0.60). 
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Long-Term Appraisal of Aggregate Deposits 

The fourth study to be discussed is that of evaluating aggregates whose sources con
tain constituents of questionable quality and, therefore, the deposit as a whole is in 
doubt. 

Standard outdoor exposure specimens and prisms for accelerated freeze-thaw testing 
were cast using air-entrained concrete containing the aggregate in question with a water
cement ratio of 0. 60 (Fig. 16). The relative durability factor varied between 46 and 78. 
Weight losses after 5 cycles in the sodium sulphate soundness test (ASTM C 88) ranged 
up to 9.5 percent. Some of the specimens have been exposed up to 6 years and apart 
from some slight scaling and/or popping over the aggregate particles, there is no sig
nificant deterioration. 

CONCLUSIONS 

The following conclusions are based on results to date from the outdoor exposure 
studies and accelerated freeze-thaw tests: 

1. When only one variable is changed, both the accelerated freeze-thaw and the out
door exposure test place similar concretes in the same relative order of durability. A 
provisional guide to the interpretation of freeze-thaw test results for aggregate evalu
ation within our laboratory is shown in Figure 17. This was derived from the programs 
on aggregates by relating the changes in dynamic "E" that occurred during the rapid 
freeze-thaw tests to the performance of the corresponding outdoor exposure specimens. 

2. A clear difference was evident in the type of breakdown caused by a nondurable 
paste and that caused by nondurable aggregates in the outdoor exposure tests. In the 
tests to date , paste damage is progressive, originating as surface scaling below the 
waterline and gradually extending in from the surface, while the interior of the speci
men remains sound. On the other hand, distress caused by unsound aggregate of the 
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Figure 17. Correlation between accelerated freeze-thaw tests and performance of outdoor exposure 
specimens of air-entrained concrete containing different aggregates, 
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Figure 18. Relationship between results of accelerated freeze-thaw and outdoor exposure. 

type studied originated as popping and, where enough of the unsound material was avail
able, progressed to internal disruption of the specimens . 

3. Air entrainment provided no protection to concrete containing 60 percent chert 
replacement, while it at least delayed deterioration of concrete containing 60 percent 
siltstone . This probably relates to the differences in permeability that may exist be-
tween these two materials. 

4. At the high water-cement ratios, where the benefits of entrained air were the 
greatest in the outdoor exposure tests, equal deterioration is being observed in a non
air-entrained concrete and an air-entrained concrete with a water-cement ratio 0.2 to 
0.3 higher. In contrast, in the rapid water freeze-thaw comparisons, not even a non
air-entrained concrete with a water-cement ratio of 0.5 has the same durability as an 
air-entrained concrete with a water-cement ratio of 1.0. While the benefits of entrained 
air are, of course, apparent, the accelerated freeze-thaw test has overemphasized its 
relative performance with non-air-entrained concrete. 

5. A given reduction in the accelerated freeze-thaw durability factors caused by 
changes in different variables of concrete (e.g., water-cement ratio, paste composition, 
or aggregate quality) did not result in equivalent loss of durability of the same concretes 
in outdoor exposure. Thus it is questionable if the freeze-thaw test will predict the 
relative performance of concretes where ~ompa.risons involve different variables 
(Fig. 18). 

6. The system of outdoor testing adopted is easy to maintain and results in rapid 
deterioration of clearly defective concretes. The conditions are probably more severe 
than those to which our structures arc oubjcctcd. Thie is evident when one compar~s 
the lack of surface scaling in field structures at the waterline with the behavior of some 
of the outdoor specimens exposed over a much shorter period. 

7. Evaluation on the basis of a visual examination of the condition of the blocks has 
proved the most convenient and significant method of appraisal. However, soniscope 
testing provided valuable supporting data as to the internal condition of the specimens. 
For these particular studies, the periodic length change measurements have not proved 
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particularly useful in predicting distress. Weight loss measurements , which are effec
tive in evaluating the performance of the outdoor prisms, were not considered feasible 
with the large blocks. 
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