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ABSTRACT 
 
 This study evaluated the effects of temperature on the strength and permeability of 
concretes containing pozzolans (fly ash and silica fume) and slag.  Two test programs were 
conducted.  In the first, one control and five experimental mixtures containing silica fume, fly 
ash, or slag were evaluated.  In the second, one control and three experimental mixtures 
containing fly ash or slag at a higher water-cementitious material ratio (W/CM) than used in the 
first program were evaluated. 
 
 Concretes cured at higher temperatures had higher strengths up to 28 days but lower 
strengths at 1 year.  Permeability decreased with time.  Increasing early curing temperatures 
enabled the achievement of lower long-term permeability for 6 months and beyond at 28 days.  
Concretes containing a pozzolan or slag had a lower long-term permeability than the control.  
Adding a pozzolan was more effective in reducing permeability than reducing the W/CM.  At 
cold temperatures, if the specified properties are not achieved, the contractor should change the 
mix design and/or provide insulating blankets and/or external heat to ensure the desired product. 
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INTRODUCTION 
 

Reinforced concrete structures exposed to the environment require durable concretes to 
provide long-lasting performance with minimal maintenance.  Low permeability is an important 
characteristic of durable concretes and may be obtained by lowering the water-cementitious 
material ratio (W/CM) and using pozzolans (fly ash and silica fume) or slag as a portion of the 
cementitious material.  A convenient method to measure the permeability of concretes is the 
rapid permeability test (AASHTO T 277 or ASTM C 1202).  In this test, coulomb values above 
4,000 indicate high permeability; 2,000 to 3,000, moderate; 1,000 to 2,000, low; 100 to 1,000, 
very low; and less than 100, negligible. 

 
During the hydration reaction between portland cement and water, a cementitious gel 

(calcium silicate hydrate) and lime (calcium hydroxide) are formed.  Pozzolanic materials react 
with this lime in the presence of moisture to form additional cementitious gel.  Slag also 
undergoes this pozzolanic reaction.  This reaction leads to a reduction in the permeability of the 
concrete and an increase in its strength.1  These improvements are time dependent and with Class 
F fly ash and slag may require extended periods of time to develop fully.  Also, in common 
practice, fly ash and slag are used to replace a portion of the portland cement.  With less cement 
to hydrate, the development of strength can be slower.  Both the hydration and the pozzolanic 
reactions are temperature dependent, slowing in lower temperatures.  The pozzolanic reactions 
are more sensitive to cold temperature.  Thus, concretes containing Class F fly ash or slag have 
not shown the beneficial effects of low permeability and improved strength at early test ages, 
especially in cold weather.   

 
The low permeability expected in pozzolanic systems may take months to develop, during 

which time they may be subjected to aggressive, deleterious solutions.  Similarly, in cold 
weather, the required 28-day strength, which is 28 MPa for bridge deck concrete, may not be 
achieved when pozzolan or slag replaces the portland cement, and the slow strength development 
at early ages extends the form removal times, slowing the construction process.  The time of 
setting is also delayed in concretes with pozzolans, especially in cold weather, which could result 
in problems with curing, form stripping, and forming for superimposed elements.  Reactions can 
be accelerated if external heat is provided to the concrete, resulting in improvements in early 
strength development and a reduction in permeability.2,3,4 

 
High-temperature curing is widely used in precast plants to accelerate the development of 

strength properties in concretes and enable the rapid turnover of forms.  Development of high 
early strength in portland cement concretes (PCC) generally results in lower ultimate strength and 
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higher permeability.  For example, tests on PCC cured at temperatures between 23 and 49 C have 
shown that higher concrete temperatures provided higher early strength but, at later ages, lower 
ultimate strengths.5  The failure to develop equal strength and permeability at high temperatures 
is attributed to a less uniform distribution of the hydration products in the paste because of rapid 
initial hydration and the formation of a coarser pore structure.6,7 

 
The effect of temperature on concretes containing pozzolans or slag is different from the 

effect on plain PCC.8,9  In cold temperatures, the development of properties is slower than in 
PCC but at high temperatures may be equal to or faster than in PCC.10  

 
Permeability is a very important characteristic of durable concrete and should be included 

in the specifications.  However, low permeability may take a long time to develop.  Different 
concretes have different rates of reduction in permeability, and the standard test age of 28 days is 
too early to develop long-term permeability.  Accelerating the development of permeability with 
increased temperature would eliminate the need to wait many months.  The Virginia Department 
of Transportation (VDOT) is developing and experimenting with a low-permeability 
specification that requires the determination of permeability at 28 days.  
 
 
 

 PURPOSE AND SCOPE 
 

This laboratory study investigated the effects of temperature on the strength and 
permeability of concretes containing pozzolans (fly ash and silica fume) and slag.   Two sets of 
tests were conducted.  In Test 1, 12 batches of concrete duplicating six combinations of 
cementitious materials were prepared at a constant water content and subjected to varying 
temperatures.  In Test 2, 4 batches of potential combinations of cementitious material at a higher 
water content than in the first program were prepared.  Concretes were tested in the freshly 
mixed state for air content, slump, and unit weight and in the hardened state for compressive 
strength and permeability. 
 
 

METHODOLOGY 
 

Test 1 
 

The six cementitious material combinations given in Table 1 were prepared.  The 
chemical and physical analyses of the cementitious material are given in Table A-1 of the 
Appendix.  In the control mixture, the amount of portland cement was 377 kg/m3.  Two of the 
mixtures contained fly ash and had more cementitious material than the control.  In one fly ash 
mixture, a higher amount of fly ash was added than the portland cement replaced.  This practice 
is followed by the industry to minimize the delays in early strength development in fly ash 
concretes.  In the other fly ash mixture, the amount of portland cement was not reduced to ensure 
that the properties of control concretes were attained and 20 percent fly ash by weight was added 
for durability.  Similarly, one of the two slag mixtures had a higher amount of cementitious 
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Table 1.  Combinations of Cementitious Materials for Test 1 
 

Batch Mixture Portland Cement Silica Fume Fly Ash Slag 
1 100/0/0/0 100 0 0 0 
2 93/7/0/0 93 7 0 0 
3 85/0/20/0 85 0 20 0 
4 100/0/20/0 100 0 20 0 
5 50/0/0/50 50 0 0 50 
6 75/0/0/40 75 0 0 40 

 
 
material since a large amount of portland cement, 75 percent of the control, was used and 40 
percent slag by weight of the portland cement in the control was added for durability.  The other 
slag mixture had 50 percent cement replaced with slag.  The mixtures with a large amount of 
portland cement were expected to provide early development of properties.  Mixtures had a 
constant amount of water, 151 kg/m3.  Thus, the water-cementitious material ratio (W/CM) was 
0.40 for the control and the slag mixture that contained 50 percent slag.  The other mixtures had a 
lower W/CM, as low as 0.33 for the concrete with fly ash.  The mixture proportions and W/CM 
are given in Table 2.  The coarse aggregate was a crushed granite gneiss with a nominal 
maximum size of 25 mm.  The fine aggregate was natural sand. 
 
 

Table 2.  Mixture Proportions for Test 1 (kg/m3) 
 

Mixture (PC/SF/FA/S)  
Ingredient 100/0/0/0 93/7/0/0 85/20/0/0 100/20/0/0 50/0/0/50 75/0/0/40 

Cement 377 351 320 377 188 283 
Silica fume 0 0 0 0 0 0 
Slag 0 26 0 0 188 151 
Fly ash 0 0 75 75 0 0 
Coarse aggregate 1,126 1,126 1,126 1,126 1,126 1,126 
Fine aggregate 627 617 589 543 615 571 
Water 151 151 151 151 151 151 
W/CM 0.40 0.40 0.38 0.33 0.40 0.35 

 
 
For each mixture combination, two duplicate batches were made because of the limited 

capacity of the drum mixer used.  From each batch, a single specimen was tested for the various 
conditions studied.  The values from the two batches for each condition were averaged.  A 
statistical analysis was conducted to determine the coefficient of variability.  All batches 
contained an air-entraining admixture as needed and a water-reducing admixture at a rate of 2 ml 
per kg of cementitious material. A naphthalene-based high-range water-reducing admixture 
(HRWRA) was added at amounts shown in Table 3 to maintain the desired workability at the 
fixed water content. 

 
Concretes were prepared in accordance with ASTM C 192 and tested in the freshly mixed 

state for air content (ASTM C 231), slump (ASTM C 143), and unit weight (ASTM C 138).  
Cylindrical specimens were prepared for compressive strength and permeability tests in the  
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Table 3.  Characteristics of Freshly Mixed Concrete for Test 1 
 

Mixture 
(PC/SF/FA/S) 

 
Batch 

Slump 
(mm) 

Air 
(%) 

Unit Weight 
(kg/m3) 

HRWRA 
(mL/100 kg cement) 

1 100 5.0 2384 751 100/0/0/0 
1A 150 6.6 2320 751 
2 115 6,0 2339 1196 93/7/0/0 
2A 125 5.6 2358 1126 
3 100 6.2 2345 580 85/0/20/0 
3A 120 6.7 2307 580 
4 100 6.1 2333 782 100/020/0 
4A 170 6.9 2307 782 
5 110 6.5 2320 422 50/0/0/50 
5A 90 6.2 2320 422 
6 110 6.2 2371 734 75/0/0/40 
6A 180 5.8 2320 734 

Note:  PC = portland cement; SF = silica fume; FA = fly ash; S = slag; HRWRA = high-range water-
reducing admixture. 

 
 
hardened state.  Compressive strength was determined at different ages and curing conditions as 
shown in Table 4 using 100 x 200 mm cylinders. The permeability test was conducted in  
accordance with AASHTO T 277 (or ASTM C 1202) using the top 50 mm of 100-mm-diameter 
cylindrical specimens.  The curing conditions used in the permeability test are shown in Table 5 
for high-temperature curing for 28 days and Table 6 for low-temperature curing for ages up to 1 
year.  Specimens tested at 1 year were cured either at a constant 23 C or initially at a low 
temperature of 5 or 10 C or a high temperature of 38 C followed at 23 C. 
 

Table 4.  Average Compressive Strengths for Test 1 (MPa) 
 
 Mixture (PC/FA/SF/S) 

 
Age 

Curing 
Temperature (C) 

100/0/0/0 93/7/0/0 85/0/20/0 100/0/20/0 50/0/0/50 75/0/0/40 

1 d 38 26.7 25.8 15.4 24.5 9.7 22.2 
7 d 38 38.8 48.0 32.6 41.8 37.6 52.3 
28 d 38 47.4 54.5 44.3 57.1 50.8 62.1 
1 yr 38/23 56.7 59.2 51.9 63.8 56.6 62.8 
1 d 10 4.9 5.2 2.9 3.0 0.8 2.3 
7 d 10 37.7 35.4 26.3 35.5 13.7 27.9 
28 d 10 46.9 47.2 33.3 44.9 33.4 47.2 
1 yr 10/23 56.0 68.4 58.3 74.9 68.0 75.1 
1 d 23 18.3 20.4 11.3 18.1 3.6 11.8 
7 d 23 40.1 42.4 28.8 38.1 25.9 41.5 
28 d 23 49.0 57.0 39.6 50.3 48.1 59.2 
1 yr 23 58.6 70.0 56.7 72.6 63.4 70.7 
28 d 5  43.9 31.6 41.2 24.8 43.0 
1 yr 5/23  56.2 59.0 72.9 67.8 74.7 
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Table 5.  Average Permeability for High-Temperature Curing for Test 1 
 

Curing Temperature (C) Mixture (PC/FA/SF/S) 
7 d 14 d 21 d 28 d 100/0/0/0 93/7/0/0 85/0/20/0 100/0/20/0 50/0/0/50 75/0/0/40 

23 23 23 23 5892 1029 4991 3804 2208 2538 
23 38 23 23 5332 784 2323 2012 1632 1953 
23 38 38 23 5302 621 2053 1389 1590 1644 
23 38 38 38 5184 611 1525 1131 1322 1627 
23 23 23 38 5548 675 2800 2076 1716 1982 
23 50 23 23 4844 648 1242 1108 1287 1453 
23 50 50 23 5009 635 925 761 1014 1382 
23 50 50 50 4959 576 698 540 970 1185 
23 23 23 50 5073 615 1499 1114 1264 1440 
 
 

Table 6.  Average Permeability for Low-Temperature Curing for Test 1 
 

Curing Temperature (C) Mixture (PC/FA/SF/S) 
28 d 90 d 6 mo 1 yr 100/0/0/0 93/7/0/0 85/0/20/0 100/0/20/0 50/0/0/50 75/0/0/40 
5    8639 3827 10670 8581 3930 3699 
5 23   4494 928 3339 2801 1455 1996 
5 23 23  4608 572 1672 1234 1192 1634 
5 23 23 23 3430 566 849 578 940 1078 
5 5 23 23 2960 541 975 651 953 1048 
10    7800 3377 9697 8123 4495 4222 
10 23   5378 937 3308 3351 1527 2280 
10 23 23 23 3721 625 873 650 1073 1168 
23    5892 1029 4991 3804 2208 2538 
23 23   4730 799 2566 2094 1442 1793 
23 23 23  4110 637 1240 1086 1215 1575 
23 23 23 23 3271 516 700 454 1004 1036 
7 d @ 23 C, then outdoors up to 1 yr 2650 679 531 529 650 1005 
 
 

The specimens were prepared at room temperature (23 C) and, then, within 45 minutes 
placed in different temperature environments and kept moist.  Some specimens were cured in a 
given constant environment until tested, and some were cured initially at a low temperature but 
then placed at room temperature to determine the level of improvement with delayed exposure to 
favorable temperatures.  This simulates the increase in temperature in the spring and summer 
subsequent to the casting of concrete in the fall or winter.  Also, to test for permeability, a set of 
specimens was cured at 23 C for 1 week and then left outdoors for tests at 1 year. 
 
 

Test 2 
 
Test 2 was based on the results of Test 1.  The concretes with the potential for use with a 

higher W/CM that still provided the desired strength, permeability, and workability in variable 
temperature environments were selected for Test 2.  Four batches of concrete were prepared with 
the mixture proportions given in Table 7.  In three batches, the one with portland cement only,  
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Table 7.  Mixture Proportions for Test 2 (kg/m3) 
 

Mixture (PC/FA/SF/S)  
Ingredient 100/0/0/0 85/20/0/0 75/0/0/40 75/0/0/40A 

Cement 377 320 283 283 
Slag 0 0 151 151 
Fly ash 0 75 0 0 
Coarse aggregate 1126 1126 1126 1126 
Fine aggregate 577 539 522 456 
Water 170 170 170 195 
W/CM 0.45 0.43 0.39 0.45 

 
the one with 85 percent portland cement and 20 percent fly ash, and the one with 75 percent 
portland cement and 40 percent slag, the same amount of water was used, 170 kg/m3.  The 
W/CM was 0.45 for the control, 0.43 for the fly ash, and 0.39 for the slag concretes.  In the fourth 
batch, which contained 75 percent portland cement and 40 percent slag, the water content was 
increased to 195 kg/m3 to match the 0.45 W/CM of the control. 

 
Freshly mixed concretes were tested for slump, air content, and unit weight.  A water-

reducing admixture was added at the amount shown in Table 8.  Specimens were prepared and 
placed in different temperature environments within 45 minutes.  The number of temperature 
conditions was fewer than in the first program since trends were already established, reducing the 
number of conditions with the potential for high strength and low permeability. With a reduced 
number of conditions, it was possible to prepare and test two specimens for each condition for an 
average value from the same batch.  The temperature conditions for compressive strength are 
given in Table 9 and for permeability in Table 10. 

 
Table 8.  Characteristics of Freshly Mixed Concrete for Test 2 

  
Mixture 

(PC/FA/SF/S) 
 

Batch 
Slump 
(mm) 

Air 
(%) 

Unit Weight
(kg/m3) 

Water-Reducing Admixture
(ml/kg) 

100/0/0/0 1 120 7.8 2275 2 
85/0/20/0 2 140 7 2300 2 
75/0/0/40 3 110 6 2320 2 
75/0/0/40 4 180 5.4 2320 0 

 
Table 9.  Compressive Strengths for Test 2 

 
Curing Temperature (C) Mixture (PC/SF/FA/S) 
1 d 7 d 28 d 1 yr 100/0/0/0 85/0/20/0 75/0/0/40 75/0/0/40A 

10    2.6 1.4 1.7 1.0 
10 10   24.6 21.2 21.2 16.8 
10 10 10  33.9 31.4 38.5 31.1 
23    12.4 9.2 8.9 5.8 
23 23   25.9 19.9 27.6 22.8 
23 23 23  34.8 28.0 49.1 44.9 
23 23 23 23 63.2 46.1 57.2 53.5 



7 
 

 Table 10.  Permeability for Test 2 
 

Curing Temperature (C) Mixture (PC/FA/SF/S) 
28 d 90 d 6 mo 1 yr 100/0/0/0 85/0/20/0 75/0/0/40 75/0/0/40A 

10    >10000 >10000 8539 >10000 
10 23   6085 3760 2335 2212 
10 23 23  6111 1511 2131 1924 
10 23 23 23 4875 1198 2083 1912 
23    7000 7103 3577 4154 
23 23   6203 2554 2285 2689 
23 23 23  5654 1879 2081 2381 
23 23 23 23 4474 1228 1650 1912 
7 d @ 23 C, then outdoors up to 1 year 3693 657 1191 1435 

 
 
  
 

RESULTS 
 

Test 1 
 

The characteristics of freshly mixed concretes are given in Table 3.  Slump values ranged 
from 90 to 180 mm, providing workable concretes with the use of HRWRA.  The batches with 
silica fume had the largest amount of HRWRA, and the batch with 50 percent slag had the least.  
The air content ranged from 5.0 to 6.9 percent, meeting VDOT’s bridge deck specification of 6.5 
� 1.5 percent.  The unit weights ranged from 2307 to 2384 kg/m3.  The low values coincided 
with a high air content as expected.  The strength values as an average of two specimens are 
given in Table 4.   Figure 1 shows strength data for specimens cured at 23 C and tested at 1, 7, 
and 28 days and 1 year.  The strength values for specimens cured at 38 C are given in Figure 2, 
those at 5 C in Figure 3, and those at 10 C in Figure 4.  Figure 5 displays the 28-day strengths 
under different curing temperatures.   

 
The results indicated that at 1 day all the concretes had low strength, ranging from 0.8 

MPa for the 50 percent slag to 5.2 MPa for the silica fume concretes, when cured at a low 
temperature (10 C).  At 23 C, the strengths ranged from 3.6 MPa for the 50 percent slag to 20.4 
MPa for the silica fume concretes.  The strength of the concrete with 85 percent portland cement 
and 20 percent fly ash was 11.3 MPa, which is close to the strength with 75 percent portland 
cement and 40 percent slag, but less than that of the control (18.3 MPa).  At 38 C, strength had 
increased, the lowest being that of the 50 percent slag concrete at 9.7 MPa. 

 
 At 7 days at 10 C, the 50 percent slag concrete had the lowest strength of 13.7 MPa, and 
the rest of the concretes had a strength in excess of 26.3 MPa.   At 23 C, the concrete with 50 
percent slag had the lowest strength of 25.9 MPa, which is close to the minimum 28-day design 
strength of 28 MPa for bridge decks. At 38 C, the lowest strength was 32.6 MPa for the concrete 
with 20 percent fly ash. 
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Figure 1.  Compressive Strength of Specimens Cured at 23 C 
 

Figure 2.  Compressive Strength of Specimens Cured at 38 C for Up to 28 Days and Then at 23 C 

 
Figure 3.  Compressive Strength of Specimens Cured at 5 C for 28 Days and Then at 23 C 
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Figure 4.  Compressive Strength of Specimens Cured at 10 C for Up to 28 Days and Then at 23 C 

 

 
 

Figure 5.  28-Day Compressive Strength 
 
 

At 28 days, strengths were satisfactory and in excess of 31.6 MPa at all temperatures (5 to 
38 C), except for the 50 percent slag concrete cured at 5 C, which had a strength of 24.8 MPa.  
The highest strengths for the control and silica fume concretes were obtained when they were 
cured at 23 C and for fly ash or slag concretes when they were cured at 38 C.  Concretes cured at 
low temperatures had lower strengths, but differences in strength with varying temperature were 
less in the control concrete than in the concretes with pozzolan or slag.  

 
At 1 year, the compressive strengths were high, ranging from 51.9 to 75.1 MPa.  The 

control concrete had a similar strength regardless of the initial curing conditions.  Concretes 
containing pozzolans or slag had higher 1-year strengths when initially cured at a low 
temperature.  Testing of specimens cured at 5 or 10 C for 1 year was not planned since such an 
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environment is not typical for most states.  Higher amounts of portland cement with fly ash or 
slag at a constant water content (lower W/CM) resulted in higher strength values. 

 
The strength of each cylinder is given in Table A-2 of the Appendix.  The coefficient of 

variation for each batch is also shown.  The results indicated that the average coefficient of 
variation was 4.5 percent, which is considered satisfactory. 

 
  Permeability values at 28 days are given in Table 5 for high-temperature curing and 
displayed in Figure 6 for 23 and 38 C combinations and in Figure 7 for 23 and 50 C 
combinations.  Concretes had lower permeabilities at higher curing temperatures.  The 
permeabilities were also lower when the duration of the high temperature was longer.  The 
difference in permeability for concretes cured between 23 C and a higher temperature was largest 
for the fly ash concretes.  The control concretes had coulomb values ranging from 4844 to 5892 
at temperatures of 23 C and above, which are in the high range.  The concretes with pozzolans or 
slag had 28-day coulomb values from 1029 to 4991 when cured at 23 C, which are in the low to 
high range.  Silica fume concretes had the lowest values, followed by slag concretes.  However, 
the values ranged from 540 to 2323 for various periods of high-temperature curing, which are in 
the very low to moderate range.  Thus, high-temperature curing results in a lower 28-day 
permeability to a greater extent in concretes containing pozzolans or slag.  
 
 The permeability values of concretes cured at 23 C for 28 and 90 days, 6 months, and 1 
year are given in Table 6 and displayed in Figure 8.  The results indicated that at 1 year, the 
coulomb value of the control decreased from a high to a moderate range.  In concretes with 
pozzolans or slag, the coulomb values at 1 year were in the very low range, or close to it.  Fly ash 
concretes showed the largest rate of reduction in permeability.  In concretes with pozzolan or 
slag, the coulomb values at 1 year were similar to the values at 28 days when the specimens were 
cured 7 days at 23 C and 3 weeks at 50 C.  At 6 months, the values were low or very low and 
similar to the 28-day results where specimens were cured 7 days at 23 C and 3 weeks at 38 C.   

 

 
Figure 6.  28-Day Permeability of Concretes Cured at 23 and 38 C Combinations 



11 
 

Figure 7.  28-Day Permeability of Concretes Cured at 23 and 50 C Combinations 
 

Figure 8.  Reduction in Permeability of Concretes Cured at 23 C 
 
Even though control concretes also showed reductions with high-temperature curing, the 
reduction was not as much as in those in concretes with pozzolans or slag.  Figure 9 shows direct 
comparisons of the 28-day permeability for specimens cured at 38 or 50 C after 7 days at 23 C; 6- 
and 12-month permeability for specimens cured at 23 C; and the 1-year permeability for 
specimens cured outdoors after 7 days in a moist room at 23 C.  For specification purposes, the 
28-day curing with the last 3 weeks at 38 C was selected since it is conservative and since a 38 C 
curing environment is more readily available.    
 
 Table 6 and Figure 10 show that specimens cured at a low temperature had higher 
coulomb values at 28 days.  To determine if additional favorable curing conditions would 
improve the permeability of concretes, specimens were cured at 5 or 10 C for 1 month and at 5 C 
for 90 days and then placed at 23 C up to 1 year.  The results are shown in Figure 11 for an initial 
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Figure 9.  Permeability with Different Curing Conditions and Ages 
 
 

Figure 10.  28-Day Permeability of Concretes Cured at Different Temperatures 
 

 
cure at 5 C and in Figure 12 for an initial cure at 10 C.  They indicate that given time and 
favorable temperatures, the permeability is reduced to levels obtained at a regular constant curing 
temperature of 23 C.  Also, concretes exposed to the outdoors after an initial 7-day cure at 23 C 
had the lowest coulomb values at 1 year.  This shows that the environment in Charlottesville,  
Virginia, provided the moisture and favorable temperature needed to develop the desired 
permeability with time. 
 

The permeability of each cylinder is given in Table A-3 of the Appendix.  The coefficient 
of variation for each batch is also shown.  The results indicated that the average coefficient of 
variation was 6.9 percent, which is considered satisfactory. 
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Figure 11.  Reduction in Permeability of Concretes Cured for 1 Month at 5 C and Then at 23 C 

 

Figure 12.  Reduction in Permeability of Concretes Cured for 1 Month at 10 C and Then at 23 C 
 

 
Fly ash concretes with more cement and a lower W/CM had higher strength and slightly 

lower permeability.  Slag concretes with more cement but less slag and a lower W/CM had 
higher strength but about the same or a slightly higher permeability. 
 
 

Test 2 
 

 The water content and W/CM were higher in the concretes used in Test 2 than in those 
used in Test 1.  As Table 8 shows, the strength and workability of these concretes were 
satisfactory.  The compressive strength values given in Table 9 indicate that at day 1, the 
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compressive strengths were low, ranging from 1.0 to 2.6 MPa when specimens were cured at 10 
C.  At 23 C, strengths ranged from 5.8 to 12.4 MPa, with the control concrete having the highest 
strength.  At 7 days, strengths were in excess of 16.8 MPa, most exceeding 21 MPa.  As given in 
Table 9 and displayed in Figure 13, at 28 days, all values were 28 MPa or above, the lowest 
being that for fly ash concrete.  The slag concrete with the lower W/CM had a higher strength 
than the one with the higher W/CM, as expected.  Figure 14 shows the 1-year strengths of  
concretes cured at 23 C.  The strengths were high, and the lowest value of 46.1 MPa was 
obtained for the fly ash concrete. 
 

Figure 13.  28-Day Compressive Strength 
 

Figure 14.  1-Year Compressive Strength 
 

The permeability values given in Table 10 indicate that at 28 days, high coulomb values of 3577 
and above were obtained with all concretes cured at 10 and 23 F, with values being higher with 
the low-temperature curing.  With time, permeability decreased, as shown in Figure 15 for 
concretes cured at 23 C up to 1 year and in Figure 16 for concretes cured 1 month at 10 C and 
then 11 months at 23 C.  At 1 year at 23 C, the control concrete had a coulomb value in the high 
range.  Concretes with fly ash and slag had values ranging from 1198 to 2083, generally in the 



15 
 

Figure 15.  Reduction in Permeability with Age for Concretes Cured at 23 C 
 

 

Figure 16.  Reduction in Permeability with Age for Concretes Cured at 10 C for 1 Month and Then at 23 C 
 
 
low range.  The difference in coulomb values between the slag concretes with 2 W/CM was 
minimal, indicating that adding slag has a greater effect than changing the W/CM in achieving 
the desired permeability.  The results for concretes cured at 10 C for 1 month and then at 23 C 
were similar to those for concretes cured at 23 C for 1 year.  Specimens kept outdoors up to 1 
year after a 7-day moist cure at 23 C had the lowest coulomb values.  
 
 
 

CONCLUSIONS 
 
• Concretes cured at lower temperatures had lower strengths at earlier ages.  Concretes with fly 

ash and slag were more sensitive to temperature than control and silica fume concretes.  
Concretes with a low strength initially had the highest final strength. 
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• Concretes had a lower 28-day permeability when cured at higher temperatures.  Concretes 
with pozzolan or slag had a lower permeability than the controls.  The longer the duration of 
high-temperature curing and the higher the temperature, the lower the permeability, 
especially for concretes with pozzolan.  Even though exposure to cold weather at early ages 
adversely affects permeability, further exposure to favorable temperatures in a moist 
environment lowers the permeability, negating the effects of the early cold temperature.  

 
• Adding a pozzolan or slag had a greater effect on reducing the permeability of concretes than 

changing the W/CM. 
 
 

RECOMMENDATIONS 
 

• Use pozzolans (fly ash or silica fume) or slag in concrete when durability is of concern.  
 
• Use high-temperature curing to obtain long-term permeability (6 months and beyond) at 28 

days.  For acceptance, cure specimens 1 week at 23 C and 3 weeks at 38 C and test them at 
28 days.  

 
• At cold temperatures, if the specified properties are not achieved, require the contractor to 

change the mix design and/or protect the concrete by providing insulating blankets and/or 
external heat to ensure the desired product. 
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APPENDIX 
 

Table A-1.  Chemical and Physical Analyses of Cement, Slag, Fly Ash, and Silica Fume (%) 
 

 
Chemical 

Cement 1 
Type I/II 

Cement 2 
Type I/II 

 
Slag  

 
Fly Ash 

 
Silica Fume

  SiO2 21.2 21.4 35.2 53.0 94.6 
  Al2O3 4.5 4.7 10.7 31.3 0.3 
  Fe2O3 2.8 3.1 1.0 5.6 0.1 
  CaO 62.9 63.3 37.9 1.0 0.5 
  MgO 3.3 3.0 13.0 0.5 0.4 
  SO3 2.7 2.5 0.8 0.5 0.0 
Na2O equivalent (total alkalies) 0.68 0.62 0.28 1.36 0.52 
Physical fineness    98.2%  99.5% 
Blaine (m2/kg) 357 385 494   

        Note:  Cement 1 was used in the first test program, and cement 2 in the second program. 
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Table A-2.  Compressive Strengths for Test 1 (MPa) 
 

Mixture  
Age 

Curing 
Temperature (C) 

 
Batch 100/0/0/0 93/7/0/0 85/0/20/0 100/0/20/0 50/0/0/50 75/0/0/40

1 d 38 1 26.1 26.1 14.4 23.6 8.7 22.6 
  2 27.2 25.4 16.5 25.4 10.5 21.7 
Avg.   26.7 25.8 15.4 24.5 9.7 22.2 
7 d 38 1 36.6 48.8 34.5 41.7 38.4 52.3 
  2 41.0 47.2 30.6 41.9 36.8 52.4 
Avg.   38.8 48.0 32.6 41.8 37.6 52.3 
28 d 38 1 48.3 55.7 46.1 58.2 52.7 62.3 
  2 46.5 53.2 42.5 56.0 49.0 61.8 
Avg.   47.4 54.5 44.3 57.1 50.8 62.1 
1 yr 38/23 1 56.7 59.9 54.9 65.6 59.2 62.8 
  2 56.7 58.5 49.0 62.0 53.9 62.8 
Avg.   56.7 59.2 51.9 63.8 56.6 62.8 
1 d 10 1 4.7 5.3 2.8 3.4 0.7 2.6 
  2 5.0 5.0 3.0 2.5 0.9 2.1 
Avg.   4.9 5.2 2.9 3.0 0.8 2.3 
7 d 10 1 37.4 36.5 26.9 36.2 13.7 28.3 
  2 38.0 34.3 25.8 34.8 13.7 27.6 
Avg.   37.7 35.4 26.3 35.5 13.7 27.9 
28 d 10 1 47.2 47.4 33.6 43.6 33.4 51.4 
  2 46.6 46.9 33.0 46.1 33.4 42.8 
Avg.   46.9 47.2 33.3 44.9 33.4 47.2 
1 yr 10/23 1 56.0 67.4 59.5 74.5 66.7 76.0 
  2 56.0 69.4 57.0 75.3 69.3 74.2 
Avg.   56.0 68.4 58.3 74.9 68.0 75.1 
1 d 23 1 16.3 21.0 11.1 18.7 3.2 11.9 
  2 20.1 19.8 11.5 17.6 3.9 11.6 
Avg.   18.3 20.4 11.3 18.1 3.6 11.8 
7 d 23 1 39.6 44.2 30.2 39.5 26.1 43.5 
  2 40.5 40.6 27.4 36.8 25.8 39.5 
Avg.   40.1 42.4 28.8 38.1 25.9 41.5 
28 d 23 1 49.5 58.2 40.6 51.9 47.2 59.9 
  2 48.4 55.8 38.5 48.7 49.1 58.5 
Avg.   49.0 57.0 39.6 50.3 48.1 59.2 
1 yr 23 1 56.8 69.7 57.6 74.5 63.4 73.4 
  2 60.3 70.3 55.7 70.8 63.5 68.1 
Avg.   58.6 70.0 56.7 72.6 63.4 70.7 
28 d 5 1  43.2 33.0 42.5 25.4 43.2 
  2  44.6 30.1 39.8 24.1 42.7 
Avg.    43.9 31.6 41.2 24.8 43.0 
1 yr 5/23 1  47.7 59.8 74.9 68.7 77.8 
  2  64.6 58.2 70.8 67.0 71.7 
Avg.    56.2 59.0 72.9 67.8 74.7 
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Table A-3.  Permeability with High-Temperature Curing for Test 1 (coulombs) 
 

Curing Temperature  (C)  Mixture 
 

7 d 
 

14 d 
 

21 d 
 

28 d 
 

Batch 
 

100/0/0/0
 

93/7/0/0 
 

85/0/20/0
 

100/0/20/0
 

50/0/0/50 
 

75/0/0/40
23 38 23 23 1 5598 720 2384 1863 1562 2028 
    2 5066 847 2263 2160 1702 1878 
    Avg. 5332 783 2323 2012 1632 1953 
23 38 38 23 1 5066 556 2103 1372 1655 1603 
    2 5537 685 2003 1406 1525 1685 
    Avg. 5301 621 2053 1389 1590 1644 
23 38 38 38 1 5124 581 1541 1107 1262 1453 
    2 5245 641 1509 1156 1382 1801 
    Avg. 5184 611 1525 1131 1322 1627 
23 23 23 38 1 5388 670 2666 1845 1741 1973 
    2 5709 680 2934 2307 1692 1991 
    Avg. 5549 675 2800 2076 1716 1982 
23 50 23 23 1 5118 565 1262 1111 1303 1410 
    2 4570 731 1221 1105 1271 1495 
    Avg. 4844 648 1242 1108 1287 1453 
23 50 50 23 1 5156 537 911 761 964 1346 
    2 4862 734 940 761 1064 1418 
    Avg. 5009 635 925 761 1014 1382 
23 50 50 50 1 5246 479 640 487 971 1069 
    2 4672 674 756 592 969 1301 
    Avg. 4959 576 698 540 970 1185 
23 23 23 50 1 5439 605 1521 1022 1244 1401 
    2 4707 626 1478 1206 1285 1479 
    Avg. 5073 615 1499 1114 1265 1440 
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Table A-4.  Permeability with Low-Temperature Curing for Test 1 (coulombs) 
 

Curing Temperature (C) Mixture 
28 d 90 d 6 mo 1 yr 

 
Batch 100/0/0/0 93/7/0/0 85/0/20/0 100/0/20/0 50/0/0/50 75/0/0/40

5    1 9381 3911 10623 8897 4193 3653 
    2 7898 3743 10717 8265 3668 3745 
    Avg. 8639 3827 10670 8581 3930 3699 
5 23   1 4357 720 2926 2701 1384 1892 
    2 4631 1136 3752 2902 1526 2101 
    Avg. 4494 928 3339 2801 1455 1996 
5 23 23  1 4288 504 1573 1117 1185 1569 
    2 4927 639 1770 1350 1200 1700 
    Avg. 4608 571 1672 1234 1193 1635 
5 23 23 23 1 3285 536 879 552 918 943 
    2 3575 596 819 603 961 1213 
    Avg. 3430 566 849 578 940 1078 
5 5 23 23 1 8636 615 963 607 1013 1084 
    2 8133 467 986 695 893 1012 
    Avg. 8384 541 975 651 953 1048 
10    1 7964 3258 9095 8115 4374 4231 
    2 7636 3497 10298 8132 4615 4214 
    Avg. 7800 3377 9697 8123 4495 4222 
10 23   1 5313 869 3043 3308 1518 2071 
    2 5443 1005 3572 3393 1536 2489 
    Avg. 5378 937 3308 3351 1527 2280 
10 23 23 23 1 3835 572 811 622 1157 1189 
    2 3607 678 934 678 989 1148 
    Avg. 3721 625 873 650 1073 1169 
23    1 5906 961 5117 3895 2279 2516 
    2 5878 1097 4865 3713 2137 2561 
    Avg. 5892 1029 4991 3804 2208 2538 
23 23   1 4777 727 2524 2052 1296 1763 
    2 4682 870 2609 2137 1588 1823 
    Avg. 4730 799 2566 2094 1442 1793 
23 23 23  1 3920 610 1123 1098 1113 1487 
    2 4302 664 1356 1074 1317 1663 
    Avg. 4111 637 1240 1086 1215 1575 
23 23 23 23 1 3294 422 647 429 901 1058 
    2 3248 610 753 479 1106 1013 
    Avg. 3271 516 700 454 1004 1036 
7d    1 2708 643 524 532 664 988 
    2 2591 715 538 525 636 1021 
    Avg. 2650 679 531 529 650 1005 
 
 
 


