
 
Center for  
By-Products  
Utilization  
 
 
 
 
 
HIGH-STRENGTH CONCRETE CONTAINING  
LARGE QUANTITIES OF FLY ASH  
 
 
 
 
By Tarun R. Naik and Bruce W. Ramme  
 

 
 
 
 
Report CBU-1989-03  
 
 
 
 
 
 
Department of Civil Engineering and Mechanics College of 
Engineering and Applied Science  
THE UNIVERSITY OF WISCONSIN - MILWAUKEE  
 
 
 



High-Strength Concrete Containing Large Quantities of Fly Ash 
By Tarun R. Naik* and Bruce W. Ramme** 

 
 
 

ABSTRACT 
Presents research performed to identify and recommend mix designs for high fly ash 
content 3OW and 4000 psi (21 and 28 MPa) structural grade concrete utilizing Class C 
fly ash. The fly ash was produced at Wisconsin Electric Power Company's Pleasant 
Prairie Power Plant.  
 
Keywords: compressive strength; fly ash; foundations; high-strength concretes; mix 
proportioning3; roads; tests.  
 
 
 
The fundamental objective of this research project was to develop mix proportioning 
information for structural grade concrete using high proportions of fly ash. The fly ash 
used in this project was produced by Wisconsin Electric Power Company at the 
Pleasant Prairie Power Plant located in Kenosha County, Wisconsin, and is a by-
product of western U.S.A. sub bituminous coal combustion. The fly ash is captured by 
electrostatic precipitators from flue gas prior to discharge by exhaust chimneys and 
meets the ASTM C 618 Class C designation (see Table 1). The concrete mixes 
developed were consistent with good quality concrete production and good quality 
concrete construction needs.  
 
Concrete was produced at two ready-mixed concrete plants utilizing different cement 
and aggregate sources. Concrete mixes with and without air entrainment was produced 
in which fly ash was substituted for cement in quantities up to 70 percent of total cement 
replacement. Compressive strength, air content, density, setting, and workability 
characteristics were observed. The 28 day design compressive strength was 3000, 
4000, and 5000 psi (21, 28, and 35 MPa); slump varied between 3 and 5 in. (75 and 
125 mm); and air content varied between 3 and 7 percent. Only non-air-entrained 
concrete test data are presented in this paper.  
 
Since the 1930s,1 it has been established that approximately 15 to 20 percent fly ash 
can be substituted for portland cement in structural grade concrete. For certain 
applications, concrete containing fly ash enhances the properties of concrete and, 
therefore, improves the performance of the concrete. Until recently, most of the fly ash 
available from coal-burning power plants were of the Class F (low calcium) variety. 
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Presently, however, Class C (high calcium) fly ash, which is produced by burning low-
sulfur western U.S.A. coal, has become more readily available.  
 
Class C fly ash has higher lime content than Class F fly ash. The Class C fly ash can be 
used in much higher proportions than the 15 to 20 percent range currently used for 
Class F fly ash for structural quality concrete. The percentage of cement that can be 
replaced with the Class C and/or Class F fly ash is dependent upon the source of the fly 
ash. Therefore, for efficient utilization of the fly ash, mix designs for concrete must be 
developed so that a particular source of fly ash can be utilized in the highest percent 
replacement possible.  
 
Low-cement content structural grade concrete with 70 percent Class C fly ash 
substitution for cement also was used for some trial construction projects. Results and 
recommendations obtained from limited construction experience are also presented.  
 

OBJECTIVES AND SCOPE 
The primary objective of this research project was to develop concrete mix designs for 
structural grade concrete containing as high a fly ash content as possible, consistent 
with desirable structural grade concrete properties. The scope of the research phase 
reported was limited to developing concrete mix designs consistent with specified 
strength and workability.  
 

RELEVANT PUBLICATIONS 
A literature search was conducted. Rather than com- piling an exhaustive annotated 
bibliography of the available literature, some important publications were reviewed, and 
they are listed1-21 in the References at the end of the paper.  
 
 

PRELIMINARY MIX PROPORTIONING 
Preliminary mix proportions were developed for producing concrete on a 1.25:1 fly ash 
to cement weight basis in the amounts of 0, 20, 30, 40, 50, and 60 per- cent. Three 
strength levels of concrete were developed by varying the water-cement ratio (wlc = 
0.45, 0.55, and 0.65). Test data from two strength levels [3000 and 4000 psi (21 and 28 
MPa)] are presented.  
Two brands of Type I cement, two sources of rounded aggregate and non-air-entrained 
and air-en- trained mixes with 1/4 in. (19 mm) maximum size aggregates were 
investigated. Slump was maintained in the range of 4 ± I in. (100 + 25 mm), and 
entrained air was maintained in the range of 5.5 ± I percent. These variables were 
chosen judiciously for each mix in consideration of general construction project needs.  
CONCRETE MIXING Concrete was produced at ready-mixed plants in 2 yd' (1.5 in') 
test batches. Based upon the preliminary mix proportions developed, the final mix 
designs were completed in consultations with the ready-mixed concrete producers.  
 

SPECIMEN PREPARATION AND TESTS 
Each batch of concrete produced was tested for acceptability before concrete tests 
were undertaken. Fresh concrete tests were performed and mix proportions were 



recorded (see Tables 2 and 3). Tests for slump, temperature of concrete, air content, 
and density were performed. Attention was also paid to the workability of the concrete. 
AU concrete produced was homogeneous and cohesive.  
From each concrete mix, 6 in. diameter by 12 in. long (130 x 300 mm) cylindrical 
specimens was prepared for tests of compressive strength. Typically, three cylinders 
were tested for strength at each test age. Accelerated strength tests at the age of 1 day 
and standard moist room-cured compressive strength tests at 3, 7, 28, 56, and 91 days 
were performed. Accelerated strength tests and compressive strength tests were 
performed in accordance with standard ASTM test methods.  
 

TEST RESULTS AND DISCUSSION 
Test results are reported in Tables 2 through 5, and Fig. I and 2.  
 
 

 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



3000 psi (21 MPa) specified strength  
Mixes No. P4-1 through P4-6 were for the specified 28 day compressive strength of 
3000 psi (21 MPa) (Table 4). For these mixes, the peak 3 and 7 day compressive 
strengths were achieved for the no-fly ash concrete (Mix No. P4-1). These test results 
showed further that the 3 day compressive strength was only 9 percent lower for the 20 
percent fly ash replacement (Mix No. P4-2). The 3-day strengths for 30 and 40 percent 
fly ash replacements were also slightly lower (Mix No. P4-3 and 4). However, this is not 
considered to be of important consequence as strengths were still satisfactory. The 
actual 3-day values were 1760 and 1530 psi (12.1 and 10.5 MPa) for the specified 28-
day strength of 3000 psi (21 MPa). For fly ash replacements of 50 and 60 percent (Mix 
No. P4-5 and 6), the 3-day strengths dropped significantly.  
 
The 7-day test results for up to 40 percent cement replacement were very similar, 
although at 20, 30, and 40 percent replacements (Mix No. P4-2 through P4-4), the 
compressive strengths were slightly lower - by 5, 7, and 8 percent, respectively, when 
compared to the no- fly ash concrete (Mix No. P4-1). The 7-day strength for the 50 
percent fly ash replacement concrete (Mix No. P4-5) was lower by 35 percent when 
compared to the no-fly ash concrete. This 7-day compressive strength - 1890 psi (13 
MPa), however, can still be considered very satisfactory, because it was 63 percent of 
the specified 28-day strength of 3000 psi (21 MPa). The 7-day strength level for the mix 
with fly ash replacement of 60 percent (Mix No. P4-6) was not satisfactory at only 187 
psi (1.3 MPa).  
 

 
 
 



The 28-day peak strength was obtained for the 40 percent fly ash replacement concrete 
(Mix No. P4-4) with a strength gain 23 percent higher than the no-fly ash concrete (Mix 
No. P4-1). Even the 50 percent fly ash replacement concrete had a strength gain 12 
percent higher than the no-fly ash concrete. The 60 percent fly ash replacement 
concrete strength at 28 days (Mix No. P4-6) was lower than the no-fly ash concrete (Mix 
No. P4-1) by 16 percent. However, the 60 percent fly ash replacement concrete still had 
3400 psi (23.4 MPa) compressive strength at the age of 28 days, which is 13 percent 
higher than the specified strength of 3000 psi (21 MPa).  
 
The 56-day peak strength was obtained for the 40 percent fly ash replacement concrete 
(Mix No. P4-4) with a strength gain 38 percent higher than the no-fly ash concrete (Mix 
No. P4-7). Even the 50 and 60 percent fly ash replacements provided an increase in the 
strength of 28 percent and 7 percent, respectively, when compared to the no-fly ash 
concrete (Mix No. P4-1).  
 
The 91-day peak strength was obtained for the 40 percent fly ash replacement concrete 
(Mix No. P4-4) with a strength gain 30 percent higher than the no-fly ash concrete (Mix 
No. P4-1). Even the 50 and 60 percent replacements (Mix No. P4-5 and P4-6) provided 
an increase in strength of 23 and 12 percent, respectively, when compared to the no-fly 
ash concrete (Mix No. P4- 1).  
 
 
4000 psi (28 MPa) specified strength 
Mixes No. P4-7 through P4-12 were designed to reach the specified 28-day 
compressive strength of 4000 psi (28 MPa) (Table 5). For these mixes, the peak 3-day 
compressive strength was achieved for the 20 percent fly ash concrete (Mix No. P4-8). 
These test results further show that with a replacement of as high as 40 percent cement 
with fly ash (Mixes No. P4-9 and 10), there was no significant decrease in the 3-day 
strength when compared to the no-fly ash concrete (Mix No. P4-7). However, for the 30 
percent replacement of cement (Mix No. P4-1 1), there was a 30 percent decrease in 
the 3-day strength when compared to the no-fly ash concrete. This is a well-known 
problem with high-fly ash content concrete; 1,3,5,6,13,16 i.e., the early age strength is lower 
for the fly ash concrete when compared to the no-fly ash concrete. However, it is 
important to note that with up to a 40 percent replacement of cement with fly ash, the 3-
day strength was not significantly lower than that for the no-fly ash concrete. There was 
a very significant change in the rate of strength gain for the 60 percent fly ash (Mix No. 
P4-12). The 3-day compressive strength for this mix was minimal because the concrete 
specimens were still soft ("green concrete") at the time of the test.  
 
The 7-day peak strength was also achieved for the 20 percent replacement concrete 
(Mix No. P4-8). The 7- day test results show a clear improvement over the 3- day 
results. This data show that for up to 50 percent replacement of cement (Mix No. P4-8 
through P4-1 1), there is no significant decrease in strength with increase in fly ash 
when compared to the no-fly ash concrete (Mix No. P4-7). Once again, similar to the 3-
day results, there was a significant change in the rate of strength gain for the 60 percent 
fly ash concrete (Mix  



 
 
No. P4-12). The 7-day compressive strength for this mix was minimal because the 
concrete specimens were still soft ("green concrete") at the time of the test.  
 
The 28-day peak strength was achieved for the 40 percent replacement concrete (Mix 
No. P4-10) with a strength gain 27 percent higher than the no-fly ash concrete (Mix No. 
P4-7). Even 50 and 60 percent fly ash replacements provided an increase in strength of 
25 and 5 percent, respectively, when compared to the no-fly ash concrete (Mix No. P4-
7).  
 
The 56-day peak strength was also achieved for the 40 percent replacement concrete 
(Mix No. P4-10) with a strength gain 34 percent higher than the no-fly ash concrete (Mix 
No. P4-7). Similar to the 28-day strength, even the 50 and 60 percent replacements 
provided an increase in the strength of 32 and 29 percent, respectively, when compared 
to the no-fly ash concrete (Mix No. P4-7).  
 
The 91-day peak strength was achieved for the 50 percent replacement concrete (Mix 
No. P4-11) with a strength gain 41 percent higher than the no-fly ash concrete (Mix No. 
P4-7). Even the 60 percent replacement provided an increase in strength of 34 percent 
when compared to the no-fly ash concrete mix.  
 

 

 



PROJECT EXPERIENCE WITH HIGH CEMENT REPLACEMENT CLASS C FLY ASH 
CONCRETE 

The use of very high fly ash content concrete by Wisconsin Electric has been limited to 
two projects as of the spring of 1986. Both projects provided an excel- lent opportunity 
to evaluate the practical use of this material.  
 
The first project was constructed in September of 1984 and involved paving 1400 ft (430 
in) of a truck access road [24 ft. (7.3 in) wide]. Over 1000 yd 3(765 ml) of high fly ash 
content concrete were used to pave the 10 in. (254 mm) thick roadway. Class C fly ash 
replaced 70 percent of the portland cement specified for the project. The mix design 
utilized was:  
 
  
Cement, Type I  
Class C fly ash 
Fine aggregate 
Coarse aggregate  

  169 lb (77 kg)  
  395 lb (179 kg)  
1489 lb (675 kg)  
1829 lb (330 kg)  

 
 
An air-entraining agent was introduced at the rate of 2 oz (59 cm3) per hundred weight 
of cementitious material and produced an air content in the range of 5 to 6 percent for 
all the concrete of this project. A water- reducing agent was also added at a rate of 11/2 
oz (44 cm3) per hundred weight of cementitious material to improve workability. The 
cost of concrete for the project was $29.75 per yd3 ($39.00 per m3).  
 
The contractor's opinion of the high-fly ash content concrete was that it was slightly 
more difficult to handle and place than regular portland cement concrete but the 
difference was not significant enough to complain about or stop utilization of it again. 
The approximate in-place cost of the pavement was $75.00 per yd3 ($98.00 per m3), 
including setting of forms, providing concrete and reinforcing steel, finishing, saw cutting 
joints, and applying the curing compound.  
 
Two problems were encountered with the completed roadway. The rate of gain in 
compressive strength was slower than anticipated. Seven, twenty-eight, and fifty- six-
day strengths averaged 1150, 2200, and 3500 psi (7-9, 15.2, and 24.1 MPa), 
respectively. This resulted in keeping the road closed to traffic longer than anticipated. 
The second problem observed was that a crack appeared in each 20 ft (6.1 in) section 
between saw-cut joints. This indicated that more shrinkage had occurred than 
anticipated, and saw cuts at 10-ft (3-m) intervals would remedy the problem in the 
future. The condition of the surface was excellent, as no defects were observed. The 
truck access road is serving the plant as intended, and the use of high-fly ash concrete 
is being considered for additional paving projects.  
 
The second project was constructed in November of 1984 and involved placing over 50 
yd3 (38 m3) of concrete for each of three 138,000-volt transformer foundations. The 
foundations were 16 x 18 x 5 ft deep (4.9 x 5.5 x 1.5 m). No problems were reported 



during or following their construction. The paving mix described for the first project was 
specified without the water reducer. Seven, twenty-eight, and eighty-four-day strengths 
averaged 2100, 4100, and 5500 psi, (14.5, 28.3, and 37.9 MPa), respectively.  
 
 
SUMMARY AND CONCLUSIONS  
In summary, test results for concrete mixes containing lower amounts of fly ash, in 
general, followed well-known patterns. The results for high-fly ash concrete mixes were 
also very encouraging. For example, the 60 percent replacement concretes (Mixes No. 
P4-6 and P4- 12) were very weak at the early age up to 7 days, but at the 28-day age 
and beyond it was better than the specified strength; and Mix No. P4-12 was even 
better than the no-fly ash concrete (Mix No. P4-7). However, this high a replacement of 
cement with fly ash generally will not be made for structural grade concrete for flexural 
members, such as slabs where rapid form stripping is required, and, therefore, lower 
early strength will not be a problem.  
 
The test data clearly established that this source of fly ash can be used for structural 
grade concrete in quantities of up to at least 40 percent replacement of cement. The 7-
day results for 50 percent replacement were also quite acceptable. Even with very low 
cement content, 259 lb/yd3 (154 kg/m3) of concrete, the 28-day strength was 5750 psi 
(39.6 MPa), and 56-day and 91- day strengths were 6825 and 7390 psi (47.1 and 51.0 
MPa), respectively. On the other hand, if early age strength is not an important 
consideration, then even higher amounts of fly ash such as 60 percent replacement, 
and lower cement content like 207 lb/yd3 (123 kg/m3) of concrete can be used for high-
strength concrete - 4860, 6695, and 7060 psi (33.5, 46.2, and 48.7 MPa) at 28, 56, and 
91-day ages, respectively.  
 
The average compressive strength for the two reported construction projects using very 
high fly ash concrete varied greater than expected. The cause is undetermined because 
only compressive strength cylinder tests were performed. Even with these variations, 
the potential usefulness of high Class C fly ash content concrete mixes has been 
demonstrated.  
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