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Lightweight coarse aggregates from five sources, commercially available 
in Texas, were selected for investigation. All aggregates selected were 
structural lightweight aggregates produced from shale by the rotary kiln 
process. 

The absorption characteristics of the aggregates, including total absorp
tion and absorption rate, were studied. Concretes incorporating the five 
aggregates were subjected to repeated freezing and thawing (ASTM C290) 
and the results were compared to the aggregate absorption characteristics. 
The results demonstrate that the concretes which incorporated aggregates 
that have high absorption capacities and/or absorb water at a rapid rate are 
susceptible to freeze-thaw damage. 

•IT is generally accepted that the freeze-thaw resistance of concrete is dependent on 
the properties of the cement paste and the properties of the aggregates (1). The in,. 
fluence of the properties of these two constituents are often thought of as being separate; 
however, conditions exist where one begins to affect the other and some interaction oc
curs. This report concerns the role of lightweight aggregate void characteristics in 
the freeze-thaw resistance of lightweight concrete. 

For an aggregate to be potentially nondurable in terms of freeze-thaw resistance, it 
must be saturated with water beyond some critical value (2, 3). Aggregates which con
tain amounts of absorbed water below this critical value Will generally not cause dis
tress in the concrete when subjected to repeated cycles of freezing and thawing. But 
if the amount of absorbed water is greater than this critical value, freeze-thaw distress 
may be experienced. 

The response that a critically saturated aggregate will exhibit upon freezing depends 
on its pore characteristics, the rate of freezing, and the size of the particle ( 4). An 
aggregate with a very low absorption may not cause disruption even if frozen instanta
neously since the pressures built up can be accommodated by elastic dilation (5). A 
highly absorptive aggregate with low permeability may cause failure if the particles 
are so large that the freezing water cannot escape fast enough to relieve the internal 
pressures. If an aggregate has both high absorption and high permeability, the ability 
of the concrete to resist freeze-thaw damage will depend on the ability of the surround
ing paste to accommodate the water being expelled from the aggregate. The high per
meability will allow the relief of high internal pressures, but to insure that disruption 
will not occur, the paste must be capable of accommodating the expelled water. In 
actual service performance, the properties of the coarse aggregate and mortar, the 
service environment, and the interaction between the various parameters become more 
complicated. 

Whether or not an aggregate becomes critically saturated will depend on how the 
aggregate is handled and mixed and the environment to which the concrete is subjected 
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after being placed. It is possible for an aggregate to become critically saturated during 
handling and mixing operations; in that case, the occurrence of freezing temperatures 
before the concrete has time to dry sufficiently could be extremely detrimental. After 
concrete has been placed, some factors influencing the ease with which an aggregate 
particle will become saturated include the permeability of the aggregate, the thickness 
and permeability of the cement paste cover, the relative pore size of the cement paste 
and aggregate, and the availability of water at the surface of the concrete (6). Here, a 
low permeability would be advantageous in that it would take the aggregate longer to 
become saturated. However, once the aggregate particles become critically saturated, 
a low permeability would no longer be desirable. 

EXPERIMENTAL PROGRAM 

Five lightweight coarse aggregates commercially available in Texas were used in 
the experimental program (%-in. maximum nominal size). These aggregates were all 
expanded shales produced in a rotary kiln. Values of absorption and absorption-time 
relationships for these aggregates were determined by the method proposed by Saxer 
(7) and later modified by Bryant (8). Using this method, abso1·ption characteristics 
were determined without the difficulty of obtaining a saturated-surface-dry condition. 
The test is performed by placing a known weight of oven-dry material in a known volume 
container (pycnometer ). The container is maintained with a specific water level above 
the aggregate and the entire apparatus is weighed at specific time intervals. 

Absorption, absorption-time relationships, and other aggregate properties were ob
tained for all the aggregates used (Table 1). One new aggregate property which was 
determined was the aggregate absorption factor (AAF). The AAF is defined as the per
cent absorption at 1, 000 min of immersion minus the percent absorption at 100 min, 
based on dry weight (9). The change in absorption between 3 and 14 days' immersion 
and the variation in aggregate properties will be discussed subsequently. 

The concrete durability testing program included 15 batches (3 for each coarse aggre
gate) of concrete in which mixture proportions, slump, and air content were held as 
constant as possible, the only variable being the source of lightweight coarse aggregate. 
To obtain a relatively high degree of aggregate saturation, the coarse aggregates were 
immersed in water for 14 days and allowed to drain under cover for 24 more hours be
fore mixing. This procedure produced the desired degree of saturation while providing 
-for the removal of a large portion of the free water. A high quality, regular-weight, 
natural fine aggregate and Type I cement were used throughout the program. The air -
entraining agent was a neutralized vinsol resin, Batch proportions and properties of 
the plastic concrete are given in Table 2. 

TABLE 1 

AGGREGATE PROPERTIES 

Coarse 
Absorptlona Bulk Specific Aggregate Dry Unit Gravltya (SSD) AbsorpUon Fineness 

Agg. Desig . 3 Days 14 Days Fnctorb Weight Modulusd 
and Lot No. (%) (%) 3 Days 14 Days (%) 

(pcf)C 

Rl 4, 7 8.0 1.47 1. 50 1.8 46 . 8 7.0 
R2 6,0 8,2 1. 52 1. s~ 1.8 48.1 6.5 
Cl 8.0 12.1 l. 37 1.41 2.3 38.1 6.7 
C2 7.8 12,0 1. 39 I. 50 1.6 38 , 5 6,5 
E4 7,8 9.8 I. 59 1. 63 2.5 45.3 6. 7 
E6 6.4 8.9 l. 50 1. 51 2.3 44,9 6,8 
S2 13.2 19,6 I. 63 I. 73 3.1 44,9 6.5 
S3 12,4 18.8 1. 58 1.68 3,5 42.0 6.7 
Dl '22.5 28.0 1. 35 1.42 6,3 34 , 4 6, 7 
D2 20.2 26.9 1.42 I. 50 5,5 35.8 6.6 

H(fine)e 0.8 2,61 99.0 2.57 

•Determined by Bryant method (8), 
bchongo in percent absorption o1 the aggregate between 100 ond 1,000 min elapsed time, based on dry weight ~). 
COetii!rm(ned in ac cordance with ASTM Designation: C330 64T. 
doetermin~d in accordance with ASTM Designation: C125 58; maximum size ot coarse aggregate wo, 3;.4 in. 
eThis regular weight fine aggregate was used in all mixes. 
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TABLE 2 

CONCRETE MIX DESIGN DATA 

Coarse Concrete Cement Percent Absolute Volume Initial 

Agg, Desig . Batch Factor Slump Unit 

and Lot No, Code No . (sk/ cu yd) Cement Water FA CA Air 
(in.) Weight 

(pcf) 

Rl 3FTR 4.6 8.2 20.9 34.9 31. 7 4.3 4 114.4 
Rl 4FTR 4.9 8. 7 19.0 33 . 1 33,8 5.4 3 113.2 
R2 5FTR 4.9 8. 7 18. 7 33 .0 33. 6 6.0 3'/. 115.1 
Cl 3FTC 4.7 8.3 21.0 34. 3 32,1 4 .3 3'/z 117 .6 
Cl 4FTC 4,7 8.4 20.2 34.4 32 . 2 4.8 4 115.2 
C2 5FTC 4,6 8 . 1 21.3 33 . 3 31.8 5 . 5 3 115. 6 
E4 3FTE 4. 7 8.3 17 .6 36.0 32.2 5.9 4'/2 120. 2 
E4 4FTE 4. 7 8.3 17 .1 37,4 32.2 5,0 3 120, 8 
E6 5FTE 4.6 8.2 16.6 37.1 32.1 6,0 3'/2 117 .1 
82 3FTS 4.9 8. 7 20.7 31. 7 33. 6 5. 3 3 116.8 
82 4FTS 4.9 8, 7 21.0 32 . 4 33. 6 4.3 3£2 118.0 
83 5FTS 5.0 8.8 20.3 32.6 33.8 4.5 3 y. 118.2 
Dl 3FTD 5.0 9.0 18.9 35.4 31. 9 4,8 3/,· 113. 6 
Dl 4FTD 4 . 9 8 . 7 19 . 2 36 . 2 31. l 4 , 8 3/J 115,2 
D2 5FTD 5.0 8 . 9 17 . 8 36 . 7 31.6 5 . 0 3 /. 116 . 1 

Compressive strength determinations for each batch of concrete were made on three 
6 by 12-in. cylinders moist cured for 28 days. Also from each batch, three 3 by 3 by 
16-in. prisms for freeze-thaw testing were cast and continuously moist cured. Freeze
thaw cycling of these specimens was initiated at 14 days, in accordance with ASTM 
designation: C290- 63T (Fig. 1). The concrete properties and freeze-thaw results 
are given in Table 3. In each case, structural quality lightweight concrete was pro
duced. Twenty-eight-day compressive strengths ranged from 3, 240 to 4, 330 psi. 

Figure I, Freeze-thaw equipment. 

RESULTS AND DISCUSSION 

In comparison with natural aggregates, 
lightweight aggregates continue to absorb 
significantly larger amounts of water for 
a much longer time; in fact, absorption 
can continue for several weeks or months. 
The absorption-time curve for a typical 
aggregate (Fig. 2) does not approach the 
horizontal until after approximate! y 40 days' 
immersion in water. This should not be 
taken to mean that all voids in the aggre
gate are saturated even after 40 days since 
some voids are isolated and not connected 
to the surface. This long-time absorption 
property of structural lightweight aggre
gates is by no means unique with one or 
two aggregates. To the authors' knowledge, 
all lightweight aggregates exhibit these 
long-time absorption phenomena and these 
phenomena should be considered in mix 
design. 

As expected, the variations in aggregate 
properties are sizable between aggregates 
from different sources, even though they 
are all rotary kiln produced. These prop
erties also vary between lots (or shipments) 
of aggregate from the same producer. Even 
within the same lot of aggregate the scatter 
in absorption-time data is apparent in 
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TABLE 3 

CONCRETE PROPERTIES AND FREEZE-THAW RESULTS 

28-Day 
Coarse Cement Air 

Agg. Desig. Factor Entrainment Compressive 

and Lot No. (sk/cu yd) (\()a 

Rl 4.6 4.3 
Rl 4.9 5.4 
R2 4.9 6.0 
Cl 4 . 7 4 . 3 
Cl 4.7 4.8 
C2 4.6 5. 5 
E4 4. 7 5.9 
E4 4.7 5.0 
E6 4.6 6.0 
S2 4.9 5 . 3 
S2 4.9 4.3 
83 5.0 4.5 
DI 5. 0 4 . 8 
DI 4 . 9 4.8 
D2 5.0 5,0 

0 0etermined in accordance with ASTM Designation: C173 58. 
boet,,rmined in accordance with ASTM Designation: C39 64. 

Strenii;th 
(psi) 

3650 
4330 
4190 
3780 
3540 
3240 
3770 
3930 
3570 
3740 
3900 
3930 
3810 
3980 
4260 

No . of 
Freeze-Thaw 

Cycles to Failure 
(Nf)C 

Rel E = 89\(d 
Rel E G 92\(d 
Rel E a 86~d 
95 
65 
46 
44 
Rel E = 90\(d 
Rel E = 75%d 
15 
37 
11 
25 
30 
27 

Concrete 
Batch 

Code No. 

3FTR 
4FTR 
5FTR 
3FTC 
4FTC 
5FTC 
3FTE 
4FTE 
5FTE 
3FTS 
4FTS 
5FTS 
3FTD 
4FTD 
5FTD 

coetermined in accordance with ASTM Designation: C290 63T; values given are averages for three specimens from each 
batch. 

drest was terminated after 100 cycles of freezing and thawing. 
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ASTM C290. 
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Figure 2. (Analysis of some 30 de
terminations of 24-hr absorption on 
1 sample of aggregate E indicated a 
coefficient of variation in results of 
15 percent.) Such scatter contributes 
to the•difficulty of relating givenaggre
gate properties to end product behavior 
as well as the difficulty of obtaining 
consistent mix designs . 

Permeability of the aggregate has 
been thought of as a measure of the 
rate at which an aggregate will become 
saturated. Hypothesizing that some 
measure of aggregate permeability 
may be an indicator of potential dura
bility of resulting concretes subjected 
to freezing and thawing, the aggre
gate absorption factor (AAF) was taken 

as one measure of this permeability. The relationship between number of cycles to 
failure (Nf) of the concrete and the AAF is shown in Figure 3. Those aggregates with 
a high AAF exhibited poor durability; whereas those aggregates with a low AAF (say, 
below approximately 3) exhibited generally better durability against freezing and thaw
ing. However, a low AAF will not insure durable concrete. Its simplicity precludes 
any such "magic answer." The AAF is a quick and easy means of quantifying at least 
one of the parameters that influences the freeze-thaw durability of lightweight concrete. 

In regard to aggregate absorption values at selected time intervals, Figures 4 and 
5 show the relationships between number of cycles to failure and 24-hr and 14-day 
coarse aggregate absorption values, respectively. These plots are very similar to the 
AAF-Nf relationship (Fig. 3) and classify the concretes in the same order. Limiting 
values of either AAF or absorption were found, above which nondurable concretes were 
produced. However, this concept is not as clear cut when aggregates C, R, and E are 
compared; for the concretes investigated, one aggregate produces a durable concrete, 
whereas another does not, and the difference cannot be explained on the basis of AAF 
or absorption alone. 
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Figure 5. Relationship between 14-day absorption and 
number of eye les to failure by ASTM C290. 

These results do not indicate that 
in actual service one of these con
cretes will be more durable than an
other. They do indicate that under 
prescribed conditions of prewetting, 
the concretes had widely varying dura
bilities. Some of these concretes, in
corporating aggregates with high ab
sorption capacities and absorption 
rates, were less durable under these 
conditions of prewetting. It is the 
authors' opinion that, in this case, the 
high absorption and absorption rate 
are the cause of low durability. 

CONCLUSIONS 

1. The absorption of water by light
weight coarse aggregates is a lengthy 
process often requiring several weeks 
for saturation to occur. 

2. The absorption characteristics 
of the five aggregates studied 
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varied widely. Total absorption after 3 days of immersion ranged from 4. 7 to 
22. 5 percent. 

3. When tested under the prescribed conditions, wide differences exist between the 
freeze-thaw resistance of concretes made with the lightweight aggregates studied. 

4. Under the conditions of prewetting imposed by the tests, those concretes whose 
aggregates had high absorption values and/or absorption rates were less durable. 
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