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ABSTRACT 

An early paper on the properties of Fly Ash in concrete was written by Davis, Carlson et al 
(1937) and was probably the first to suggest a specification for fly ash.   Early use of fly ash was 
in mass concrete in Hungry Horse Dam 1948-1953; the Design Strength was specified as the 
concrete strength at one years’ age.    In mass concrete dams fly ash was used as a one (1) part 
replacement of one (1) part cement.  This is an efficiency (cement/fly ash) of 1/1 = 1 (100%).     
In 1967, at the first ash international fly ash symposium (Pittsburg); C.E. (Sam) Lovewell was 
honored for his work described in a 1958 paper suggesting that for design strengths at 28-days’ 
age cement should be replaced with a higher level of fly ash for example 1.2 parts fly ash to the  
one(1) part cement   or 1.4 to 1, or 1.6 to 1 etc.     In this method assumed fly ash efficiency 
could be 1/1.20 = 0.83 (83%) or 1/1.6 =0.63 (63%) etc.      There is a dis-connect between fly ash 
use in concrete and the current fly ash specification (ASTM C618) which specifies a minimum 
SAI--Strength Activity Index of 0.75 (75%).  The SAI of ASTM C618 is “not” an efficiency 
comparing cement to fly ash and “cannot” be used to proportion concrete.    This paper will 
propose a new methodology for ASTM C618 to produce a “practical” Index (efficiency) that can 
be used to proportion concretes, and for historical comparisons, maintain the long history of 
the current SAI in ASTM C618. 
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INTRODUCTION 

An early paper on the properties of Fly Ash in concrete was written by Davis, Carlson et al1 
(1937) and was probably one of the first to suggest a specification for fly ash.   This author had 
the privilege to meet Dr. Carlson at his home in Oakland, California in 1986.    

A primary focus of early specifications was pozzolanic activity.    The definition of a pozzolan has 
been published hundreds of times.    ASTM C618 gives the following definition: 

“Siliceous or Siliceous and aluminous materials which in themselves possess little or 
no cementitious value, but will in, in finely divided form and in the presence of 
moisture , chemically react with calcium hydroxide at ordinary temperatures to 
form compounds possessing cementitious properties.” 

Early specifications included strength tests for fly ash with lime (calcium hydroxide) and 
with portland cement.    The accelerated lime-pozzolan test produced a 7-day strength 
result and the test with portland cement a 28-day test result, basically the SAI (Strength 
Activity Index) that is in the current ASTM C618 specification.    In 19762 this author 
published his first research report on the use of fly ash in concrete while working at the 
U.S. Bureau of Reclamation Laboratory in Denver, Colorado.   The fly ashes in the 1976 
study were evaluated based on Federal Specification SS-P-570B.   The specification included 
a minimum strength 900 lbs/in2 (6.2 MPa) for the lime-pozzolan strength at 7-days and a 
minimum of 75% of control for the test with portland cement.     

Previous to the 1960’s fly ash came from Eastern USA coal sources from power plants 
burning anthracite and bituminous coal.   In the 1960’s the mining industry opened up 
lignite coal fields in the Dakota’s and a second specification for fly ashes was developed by 
Manz3.  A short time later, sub-bituminous coals from Wyoming were utilized in power 
plants and these fly ashes meet the new specification developed by Manz3.    The new 
specification addressed the properties of these new ashes with high free lime contents 
which were cementitious in themselves as well as being pozzolanic.   The new fly ashes 
were classified as Class C to distinguish them from Class F. 

In the 1980’s, this author participated in ASTM with the modification of test requirements 
for ASTM C618.  During that period of time the sub-committee chairman for fly ash was Mr. 
Craig Cain of Chicago Fly Ash Company.  Others on the sub-committee included John Faber, 
the first president of the National Ash Association and professor Oscar Manz who 
developed the original Class C specification for fly ash.    The changes at that time included 
the removal of the lime-pozzolan 7-day strength and it was replaced with a 7-day strength 
with portland cement.   Many researchers including the author2 found that Class C ashes 
failed to meet the 900 psi (6.2 MPa) limit for the accelerated lime-pozzolan test.   None of 



the five Class C ashes tested by the author2 achieved 900 psi (6.2MPa) as specified by the 
lime-pozzolan test.     

SAI-STRENGTH ACTIVITY INDEX 

The current test for SAI in ASTM C618 for 7-day and 28 day results is a 1(one) to 1(one) 
replacement of cement with fly ash.   The control mortar includes 500 grams of cement and 
the mortar with fly ash is a 20% replacement of cement.  The fly ash test mortar contains 
400 grams of cement and 100 grams of fly ash.   The minimum strength specified for the fly 
ash is that the mortar containing fly ash is a minimum strength of 75% of the control 
mortar with no fly ash.   If the fly ash mortar gives a strength result of 85% and passes, 
what does that mean?   How much strength does the fly ash produce compared to 
cement?   The fly ash does not produce 85% as much strength as the cement.      

In review, in the current SAI test the cement removed is replaced by an equal amount of fly 
ash.   The test result then determines if fly ash produces 100% as much strength as cement.  
If the test result is less than 100% the answer is “no” the fly ash does not produce as much 
strength as cement at 28 day’s age.    

HISTORICAL USE OF FLY ASH IN CONCRETE (MASS CONCRETE)  

Early in the 20th century the U.S. Bureau of Reclamation and the Corps of Engineers were 
using natural pozzolans as partial replacement of cement in large mass dams.   Based on 
the early work by Davis, Carlson, et al1 and research at the U.S. Bureau of Reclamation4, fly 
ash was used in lieu of natural pozzolan in Hungry Horse Dam (1948-1953).    The fly ash 
was sold by an employee of Chicago Fly Ash Company, Walter Handy3 (The owners of 
Chicago Fly Ash being Harry Cain and his son Craig Cain). 

The U.S. Bureau of Reclamation specified the strength for mass concrete dams as the 
concrete strength at 1 year’s age.     There have been hundreds of papers over the years 
that confirm that with a 1(one) to 1(one) replacement of cement with class F fly ash the 
strength at long ages (1 year) will be equal or greater than the strength of concrete with 
cement only.   Historically for mass concrete at 1-years age at a 1 to 1 replacement of 
cement with fly ash the concrete strength will be equal  (100% or greater), than a mixture 
with an equal weight of cement.  

HISTORICAL USE OF FLY ASH IN CONCRETE (28-DAY’S AGE STRUCTURAL CONCRETES)  

The concrete design strength for structural concrete is normally at 28-day’s age.   At this 
age, historical Class F fly ashes will “not” at a 1 to 1 replacement produce equal strength to 
that of the cement replaced.    This is demonstrated in the current ASTM SAI test procedure 



for Class F ashes.   The SAI index at both 7 day’s age and 28 day’s age for Class F ashes are 
typically less than 100%.    

In 19585 C.E. (Sam) Lovewell, et al, suggested that 1(one) part cement should be replaced with 
a larger portion of fly ash to obtain equal strengths at 28-days age to a concrete with cement 
only.   This author had the opportunity to meet and discuss fly ash concretes a couple times 
with Mr. Lovewell during the late 1970’s while this author was still employed at the U.S. Bureau 
of Reclamation Laboratories in Denver.  The following is a quote of the first conclusion of Mr. 
Lovewell’s paper: 
 

In order to obtain approximately equal compressive strengths at early ages, 
between 3 and 28 days, mixes made with fly ash must have a total weight of 
portland cement and fly ash greater than the weight of the cement used in the 
comparable straight portland cement mixes. 

 
For example if a concrete contains 500 lbs/yd3(296.6 Kg/m3) of portland cement only, an 
equal strength concrete mixture with fly ash might contain 440 lbs/yd3 (261.0 Kg/m3  of 
Portland cement and 100 lbs/yd3 ( 59.3 Kg/m3)  of fly ash.    One (1) part cement (60 
lbs)(27.2 Kg) was replaced with 1.66 parts fly ash (100 lbs)(45.4 Kg).   The fly ash 
efficiency is 60/100(27.2/45.4) = 0.60 = 60% (1/1.66 = 0.60 = 60%).   
 
In 1967 Smith6 developed a cementing efficiency factor (K-factor) which is the efficiency of fly 
ash compared to cement.    In the previous paragraph the efficiency of fly ash is described as 
0.60 or 60% which is a cementing efficiency similar to the K-factor of Smith, but it is not the 
same as the K-factor.    The K-factor used by Smith is related to chemical reaction only.    Fly ash 
efficiency is in two parts, the strength produced by reacting chemically and the strength 
produced by reducing the water content of concrete.   
 
A NEW “PRACTICAL” (ASTM C618) SAI—STRENGTH ACTIVITY INDEX 
 
As discussed previously the current fly ash mortar for SAI in ASTM is based on an assumption 
that fly ash is 100% as efficient as cement, a 1 to 1 replacement.   The following is the current 
fly ash mortar used to calculate SAI.   Consider the following equations? 
 
  Ceq  = cement equivalent which equals 500 grams  
  F    = mass of fly ash in grams 
  C    = mass of cement in grams  
  Feff  =  Fly ash efficiency 
  P% = percent fly ash  = 0.20 decimal 
  F   = 0.25*C 

  Ceq  = (1-P%)*(C+F)  + Feff K*P% (C+F) 

  500 =  (1-0.2)*(C+0.25C)  + Feff * 0.2* (C +0.25C) 



  500 =  0.8*C + 0.20C   + (Feff *0.2*C) + (Feff * 0.2* 0.25C)) 

  C =    500/[1 + (Feff *.0.25)]   

  Assuming a fly efficiency Feff = 1(100%) 

  C = 500/1.25  = 400 grams 

  F = 0.25 C  =  100 grams 

The preceding calculations as indicated are for a mortar assuming 100% efficiency, which is the 
current mortar referenced ASTM C618.  Using the same relationships as described above, what 
is a mortar assuming a fly ash has efficiency of 50%,  Feff = 0.50.   The mortar for 50%  is as 
follows: 

  C = 500/[(1 + (Feff *0.25)] 

  C = 500/(1+ 0.125)  = 444.4 grams 

  F = 0.25* C  =  111.1 Grams  

The new second fly ash mortar is 444.4 grams of cement and 111.1 grams of fly ash. 

The control mortar remains the same with 500 grams of cement.     Let’s now use the following 
test results.   

 Control Mortar     28-Day Strength  6350 psi (42.78 MPa) 

        7-Day Strength 5080 psi (35.03 MPa) 

 Current Fly Ash Mortar(100%) 28-Day Strength  5400 psi  (37.23 MPa) 

        7-Day Strength 4300 psi  (29.65 MPa) 

       Water % of Control     96.5% 

New  Fly Ash Mortar(50%)   28-Day Strength  6480 psi (44.68 MPa) 

        7-Day Strength 5180 psi (35.71 MPa) 

      Water % of Control      97.5% 

  

 

 



 

 

Consider the following graph in English and a second in SI units.  

 

 

      

 

The fly ash efficiency can be calculated from the previous graphs.     

The 28-day line of fly ash mortar strengths crosses the 28-day compressive strength line of the 
control (6350 psi)(43.78 MPa) at what percentage?  The slope of the line is (5400-6480)/(100%-
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50%) = -2160 or SI units the slope is (37.23 – 44.68)/(100%-50%) = -14.9.    Pick a strength value, 
such as the fly ash strength for an assumed percentage of 100% which is 5400 psi (37.23 MPa).  
The intercept is then 5400 + 2160(100%) =7560 psi and in SI units (37.23 + 14.9(100%)) = 52.13 
MPa.    The cementing efficiency of the fly ash at 28-days is then (6350 -7560)/-2160 = 0.5602 
or Feff = 56.02% and in SI units (43.78 – 52.13)/-14.9 =  0.5604, 56.04% at 28-days’ age. 

The current SAI at 28-days is 5400/6350 (37.23/43.78) = 85.0% compared to a “practical” 
efficiency of 56.0%.    The Cement plus fly ash equivalent total is 500/[0.8 + (0.2 *0.56)] = 
500/0.912 = 548.2 grams.  The amount of cement is 0.8*548.2 = 438.6 grams and the fly ash is 
548.2 – 438.6 = 109.6 grams.  The equivalent cement is 438.6 + (0.56*109.6) = 500 grams.  That 
is a mortar with 438.6 grams of cement and 109.6 grams of ash should produce a mortar that 
has a strength equivalent to the control of 6350 psi (43.78 MPa).   

Following the same procedure for 7-day as 28-day strengths, Feff = 0.5568, 55.68% at 7-days’ 
age. 

FLY ASH EFFICIENCY (TWO PARTS) 

As discussed previously, fly ash efficiency is both chemical reaction and due to water reduction.   
ASTM C618 requires a report for water as a percent of the control.  In most cases a fly ash 
reduces water content and therefore the percent of water in the fly ash mortar compared to 
the control mortar is less than 100%.   For the mortars discussed above the average water for 
the two mortars is 97.00%.     In this case the fly ash mortars require an average of 3.0% less 
water than the control to have the same spread (flow) of mortar (ASTM C1437).     

If the efficiency of the fly ash is 56.02% at 28-days with water being 97.00% of control how 
much of the strength is due to chemical reaction and how much is due to water reduction?   
The water content of the control mortar is 242 grams or a water to cement ratio of 242/500 = 
0.484..  If the fly ash mortar water content is 97.00% of control that is 97.00 % of 242 = 234.74 
grams.    The control water content is 242 grams a water to cement ratio of 0.484.    The 
equivalent cement for 234.74 grams of water is 234.74/0.484 = 485.00 grams.    The equivalent 
cement and fly ash calculated earlier is 438.58 grams of cement and 109.64 grams of fly ash.   
The chemical efficiency (K-factor of Smith) for this fly ash is (485.00 – 438.58)/109.64 = 42.34%.    
The strength produced due to water reduction is 56.02% - 42.34% = 13.68%.  This ash has a 
cementing efficiency or K-factor of  0.4234 but its total efficiency is greater due to water 
reduction (42.34% + 13.68% = 56.02%).    

As shown earlier, the SAI index is 85.0%.   The equivalent cement for the SAI fly ash mortar in 
this example is 400 + 100(0.5602) = 456 grams of cement which is 456/500 = 91.2% of the 
control cement of 500 grams. That is 91.2% equivalent cement produces an SAI of 85%.   

THE SPECIFICATION LIMIT FOR SAI—(A MINIMUM  OF 75%) 

What if SAI is 75% and, it is assumed there is no water reduction?   What is Feff (fly ash 
efficiency)?   The author has not made these mortars but assumes that Feff will be a very low 



number, probably greater than zero, but these mortars need to be made with a non-chemically 
reactive material that does not reduce water.   Consider the data for the “unknown” material 
discussed near the conclusion of this paper. 

ILLUSTRATIONS --CONCRETE MIXES WITH AND WITHOUT FLY ASH 

Using the information developed at this point we can proportion two concrete mixtures, non-
air entrained with entrapped air of 2.0%..   The mixtures are illustrated below.   The first is a 
straight cement mixture, at a water to cement ratio of 0.484 which is the same as the control 
mortar discussed earlier.  The second is an equivalent strength fly ash concrete with 20% fly 
ash.    The author is currently optimizing (reformulating) concrete mixtures for a Mid-East USA 
Ready Mix Producer, located within 250 miles of Lexington, KY the location for this WOCA 
meeting.   The estimated strengths are predicted based on full loads of concrete with and 
without fly ash and estimated based on in-house testing by the producer.  The mixtures are 
shown in Table 1A-English and Table 1B-SI units in the following table. 

  

 
TABLE 1A Concretes at an Total of Efficiency of 56.03% 

  
K- Factor = 42.34% 

  
      Water     Cement Fly Sand Rock Predicted 

  
Ash 

  
Strength 

lbs/yd3 lbs/yd3 lbs/yd3 lbs/yd3 lbs/yd3 psi 
276.6 571.4 0 1387 1811 7140 
268.3 501.2 125.3 1306 1811 7140 

      
 TABLE 1B Concretes at an Total of Efficiency of 56.03% 

  
K- Factor = 42.34% 

  
      Water     Cement Fly Sand Rock Predicted 

  
Ash 

  
Strength 

Kg/M3 Kg/M3 Kg/M3 Kg/M3 Kg/M3 MPa 
164.1 339.0 0.0 822.9 1074.4 49.2 
159.2 297.3 74.3 774.8 1074.4 49.2 



 

The equivalent cement for the fly ash mixture is 501.2 + (125.3*56.02%) = 571.4 lbs/yd3 or in SI 
units 297.3 +(74.3*56.02%) = 339.0 Kg/M3.   The w/c ratio of the straight cement mix is 
276.6/571.4  (164.1/339) = 0.484.    

Consider the following relationship of Smith6  where K is assumed to be the cementing 
efficiency of 42.34% as calculated in this paper. The first equation is in English units and second 
in SI units. 

 Equivalent W/C  =  W(c+f)) / (C + K*F) = 268.3/(501.2 +0.4234*125.3) =  0.484    

 Equivalent W/C =  W(c+f)) / (C + K*F) =  159.2/(297.3 + 0.4234 *74.3)  =  0.484 

In review the w/c ratio of the straight cement mix is 276.6/571.4 = 0.484 and the w/(c+f) ratio 
of the fly ash mixture is 268.3/(501.2  + 125.3) = 0.428.  In SI units w/c =164.1/339 = 0.484 and 
w/(c+f) = 159.2/(297.3 + 74.3) = 0.428.  Are the total efficiency of 56.02% and a cementing 
efficiency of 42.34% constants?   The answer is “no”, “but” these numbers are still practical in 
proportioning concrete mixtures with fly ash, which will be illustrated later in this paper. 

ILLUSTRATIONS --CONCRETE MIXES WITH FLY ASH 
 
The most important information needed to properly proportion concrete is water content.  
Water content to achieve a target slump is decreased with the use of chemical admixtures.  
Water content is decreased as the entrained air content increases.   Water content is reduced 
using fly ash and is reduced with increased percentage of fly ash in concrete.  The water 
content changes with sand to aggregate ratio.   To optimize concrete mixtures it necessary to 
fully understand water content and the changes in water content for a particular set of 
materials and how water content affects the efficiency of the cementitious systems (cement 
and fly ash).   
 
Concrete mixtures with and without fly ash are illustrated below.   The mixtures contain a normal 
dosage of a water reducing agent based on the total cementitious.  All of the following fly ash mixtures 
contain 20% fly ash compared to the total cementitious content and the concretes are non-air entrained 
(entrapped air 2.0%).     The mixtures that follow were generated by a model (equation) for concrete 
strength developed by the author7 over a 40 year period and the model was recently used to 
reformulate the concrete mixtures for the Mid-East USA Ready Mix concrete producer discussed earlier 
in this paper.   The following mixes are based on the performance of the materials used by the Ready 
Mix producer. 

The first fly ash mixture following the straight cement mixture illustrates the mixture that has 
equal strength to the straight cement mix.   These mixtures indicate that efficiency and K value 
decreases with strength level (decreases with cementitious content, cement and fly ash).    The 
second fly ash mixture uses the total efficiency 56.03% and K value of 42.34% developed from 
the test mortars, at the beginning of this paper.  The first table that follows is English units and 
the second is SI units. 



            
  

Table 2A Concretes with Straight Cement and 20% Ash  
    

   
First Concrete at each Strength Level--Straight Cement 

   
   

First Fly Ash Mixture--Equal Strength to Straight Cement Mixture 
  

   
Second Fly Ash Mixture--Efficiency 56.03% K = 42.34% 

   
   

Third Fly Ash Mixture--w/(c+f) = 90.0% of w/c 
    

            Design  w/c w/(c+f) to Water Cement Fly Fly Sand Rock Predicted Total K-Factor 
Strength or w/c ratio   

Ash Ash   
Strength Efficiency 

 Psi w/(c+f) % lbs/yd3 lbs/yd3 lbs/yd3 % lbs/yd3 lbs/yd3 Psi % % 
            5000 0.508 100.0 276.6 544 0 0 1384 1811 6590 

  5000 0.449 88.3 268.3 478 120 20 1331 1811 6590 54.85 41.20 
5000 0.450 88.5 268.3 477 119 20 1332 1811 6560 56.03 42.34 
5000 0.458 90.0 268.3 469 117 20 1341 1811 6370 63.93 50.00 

            4000 0.580 100.0 276.6 477 0 0 1440 1811 5260 
  4000 0.509 87.7 268.3 421 105 20 1394 1811 5260 52.91 37.13 

4000 0.513 88.4 268.3 418 105 20 1397 1811 5200 56.03 42.34 
4000 0.522 90.0 268.3 411 103 20 1405 1811 5030 63.93 50.00 

            3000 0.679 100.0 276.6 407 0 0 1498 1811 3950 
  3000 0.594 87.4 268.3 361 90 20 1460 1811 3950 50.66 37.13 

3000 0.601 88.5 268.3 357 89 20 1465 1811 3850 56.03 42.34 
3000 0.612 90.0 268.3 351 88 20 1472 1811 3730 63.93 50.00 

            2500 0.747 100.0 276.6 370 0 0 1529 1811 3290    
 2500 0.652 87.2 268.3 329 89 20 1496 1811 3290 49.57 36.08 

2500 0.661 88.5 268.3 325 81 20 1501 1811 3200 56.03 42.34 
2500 0.673 90.0 268.3 319 80 20 1507 1811 3090 63.93 50.00 

             

This author has taught Class F fly ash mix proportioning for years, using a 10% reduction from w/c to 
w/(c+f) which is shown as the last mixture in the table above and the table that follows.   That is w/(c+f) 
is 90% of w/c.   In the fly ash mixtures shown there is very little difference in predicted strength from a 
shift in w/(c+f) to w/c  from a change of 87.2% to 90.0%.     A shift in w/(c+f) ratio of 10% can be used 
(for 20% Class F ash mixtures),as well as using the total efficiency and K-factor which will be discussed 
later in this paper. 

 

 



 

 

 

            
  Table 2B Concretes with Straight Cement and 20% Ash   

    
   

First Concrete at each Strength Level--Straight Cement    
   

First Fly Ash Mixture--Equal Strength to Straight Cement Mixture   
   

Second Fly Ash Mixture--Efficiency 56.03% K = 42.34%    
   

Third Fly Ash Mixture--w/(c+f) = 90.0% of w/c 
    

            
Design  w/c w/(c+f) to Water Cement Fly Fly Sand Rock Predicted Total K-Factor 

Strength or w/c ratio 0 0 Ash Ash 0 0 Strength Efficiency 0.00 
MPa w/(c+f) % Kg/m3 Kg/m3 Kg/m3 % Kg/m3 Kg/m3 MPa % % 

            34.5 0.508 100.0 164.1 322.7 0.0 0.0 821.1 1074.4 45.4 
  34.5 0.449 88.3 159.2 283.6 71.2 20.0 789.7 1074.4 45.4 54.85 41.20 

34.5 0.450 88.5 159.2 283.0 70.6 20.0 790.2 1074.4 45.2 56.03 42.34 
34.5 0.458 90.0 159.2 278.2 69.4 20.0 795.6 1074.4 43.9 63.93 50.00 

            27.6 0.580 100.0 164.1 283.0 0.0 0.0 854.3 1074.4 36.3 
  27.6 0.509 87.7 159.2 249.8 62.3 20.0 827.0 1074.4 36.3 52.91 37.13 

27.6 0.513 88.4 159.2 248.0 62.3 20.0 828.8 1074.4 35.9 56.03 42.34 
27.6 0.522 90.0 159.2 243.8 61.1 20.0 833.6 1074.4 34.7 63.93 50.00 

            20.7 0.679 100.0 164.1 241.5 0.0 0.0 888.7 1074.4 27.2 
  20.7 0.594 87.4 159.2 214.2 53.4 20.0 866.2 1074.4 27.2 50.66 37.13 

20.7 0.601 88.5 159.2 211.8 52.8 20.0 869.1 1074.4 26.5 56.03 42.34 
20.7 0.612 90.0 159.2 208.2 52.2 20.0 873.3 1074.4 25.7 63.93 50.00 

            
17.2 0.747 100.0 164.1 219.5 0.0 0.0 907.1 1074.4 22.7    

 17.2 0.652 87.2 159.2 195.2 52.8 20.0 887.5 1074.4 22.7 49.57 36.08 
17.2 0.661 88.5 159.2 192.8 48.1 20.0 890.5 1074.4 22.1 56.03 42.34 
17.2 0.673 90.0 159.2 189.3 47.5 20.0 894.1 1074.4 21.3 63.93 50.00 

             

As discussed the factor that is the closest to a constant is the change in w/c ratio to w/(c+f) 
ratio.  For equal strengths this ratio varies from a high of 88.3% for 5000 psi (34.5 MPa) to a low 
of 87.2% for 2500 psi (17.2 MPa) concretes.   For all practical purposes a reduction of 85.5% 
could be used for all of these concretes and is shown as the second fly ash mixture for all 
strength levels.  Notice that K= 42.34% in the mortars at the beginning of this paper.   A K of 
42.34% is a 57.66% (1-0.4234) reduction from the efficiency of cement which is assumed to be 



100%.   This is a 57.66% reduction for 20% fly ash or 0.5766 * 20.0% = 11.5% reduction for w/c 
to w(c+f).   Keep this in mind when reviewing the next set of concrete mixtures illustrated 
below.  As shown in these mixes, even though total efficiency and K-factor are reduced with an 
increase in w/c ratio, the change is really not significant when proportioning concretes with this 
class F ash, 56.03% total efficiency and K=  42.34% produce similar results. 

A more difficult series of mixes to proportion, are concretes with a constant fly ash contents.   
Many ready mix companies use a fixed amount of fly ash per yard, for example 80 lbs/yd3(47.5 
Kg/m3), 100 lbs/yd3 (59.3 Kg/m3),  120 lbs/yd3 (71.6 Kg/m3)  or  140 lbs/yd3(83.1 Kg/m3).   The 
Florida ready mix company the author first worked for used 140 lbs/yd3(83.1 Kg/m3) for their 
mixes.  The efficiency of fly ash is reduced as the fly ash percentage increases.   The verification 
concretes by Lovewell5 (table 6 of his report) contain 138 lbs/yd3 (81.9 Kg/m3).  The author has 
chosen 140 lbs/yd3(83.1 Kg/m3) which is that first used by the author and very close to the 
verification concretes of Lovewell.   

In the following tables the first fly ash mixture following the straight cement mixtures illustrates 
the mixture that has equal strength to the control mix.   These mixtures indicate that efficiency 
and K value decreases with strength level and percentage of fly ash.    The second fly ash 
mixture uses the K value of 42.34% developed from the test mortars, at the beginning of this 
paper.  The first table that follows is Table 3A English units and the second is Table 3B SI units. 

 

 

            

  
Table 3A Concretes with Straight Cement with Fixed Fly Ash Content 

  
   

First Concrete at each Strength Level--Straight Cement 
   

   
First Fly Ash Mixture--Equal Strength to Straight Cement Mixture 

  
   

Second Fly Ash Mixture-- K = 42.34% 
     

            Design  w/c w/(c+f) 
to Water Cement Fly Fly Sand Rock Predicted Total K-Factor 

Strength or w/c ratio   
Ash Ash   

Strength Efficiency 
 Psi w/(c+f) % lbs/yd3 lbs/yd3 lbs/yd3 % lbs/yd3 lbs/yd3 Psi % % 

            5000 0.508 100.0 276.6 544 0 0 1384 1811 6590 
  5000 0.439 86.4 267.0 468 140 23.0 1321 1811 6590 54.43 41.00 

5000 0.450 88.5 267.0 466 140 23.1 1332 1811 6540 56.00 42.52 
            4000 0.580 100.0 276.6 477 0 0 1440 1811 5260 

  4000 0.509 87.7 265.9 404 140 25.7 1377 1811 5260 52.14 38.99 
4000 0.513 85.5 265.7 399 140 26.0 1382 1811 5150 56.00 42.71 

            3000 0.679 100.0 276.6 407 0 0 1498 1811 3950 
  



3000 0.554 81.5 264.4 338 140 29.3 1437 1811 3950 49.64 36.85 
3000 0.563 82.8 264.1 330 140 29.8 1444 1811 3790 55.36 42.34 

            2500 0.747 100.0 276.6 370 0 0 1529 1811 3290    
 2500 0.595 87.2 263.4 302 140 31.6 1468 1811 3290 48.29 35.74 

2500 0.608 81.4 263.1 293 140 32.3 1477 1811 3110 55.14 42.31 
            
The 140 lbs/yd3 (83.1 Kg/m3)  fly ash mixtures illustrated above follow have 23.0% fly ash in the 
5000 psi (34.5 MPa) concrete to a high of 32.3% for the 2500 psi (17.2 MPa) concrete.   Using 
the K value of 42.34% produces good results compared to straight cement mixes for all strength 
levels. 

Of interest is the last 2500 psi(17.2 MPa) fly ash concrete mixture with cement of 293 lbs/yd3  
(173.8 Kg/m3)and fly ash 140 lbs/yd3(83.1 Kg/m3.   In 1988 this author began work with a ready 
mix producer in Florida.  At that time for residential concrete they regularly produced 2500 psi 
(17.2 MPa) concrete with 285 lbs/yd3 (169.0 Kg/m3) of cement and 140 lbs/yd3 (83.1 Kg/m3) of 
fly ash and it is referenced by the author in an earlier publication7.  That concrete mixture with 
an Eastern USA Class F fly ash dates back to the late 1970’s or early 1980’s and is still in use to 
this day.  This Florida mixture has been used successfully for 40 years. 

 

            

  Table 3B Concretes with Straight Cement with Fixed Fly Ash Content   
   

First Concrete at each Strength Level--Straight Cement 
   

   
First Fly Ash Mixture--Equal Strength to Straight Cement Mixture   

   
Second Fly Ash Mixture-- K = 42.34% 

     
            
Design  w/c w/(c+f) 

to Water Cement Fly Fly Sand Rock Predicted Total K-Factor 
Strength or w/c ratio 0 0 Ash Ash 0 0 Strength Efficiency 0 

MPa w/(c+f) % Kg/m3 Kg/m3 Kg/m3 % Kg/m3 Kg/m3 MPa % % 
            34.5 0.508 100.0 164.1 322.7 0.0 0.0 821.1 1074.4 45.4 

  34.5 0.439 86.4 158.4 277.7 83.1 23.0 783.7 1074.4 45.4 54.4 41.0 
34.5 0.450 88.5 158.4 276.5 83.1 23.1 790.2 1074.4 45.1 56.0 42.5 

            27.6 0.580 100.0 164.1 283.0 0.0 0.0 854.3 1074.4 36.3 
  27.6 0.509 87.7 157.8 239.7 83.1 25.7 816.9 1074.4 36.3 52.1 39.0 

27.6 0.513 85.1 157.6 236.7 83.1 26.0 819.9 1074.4 35.5 56.0 42.7 
            20.7 0.679 100.0 164.1 241.5 0.0 0.0 888.7 1074.4 27.2 

  



20.7 0.554 81.5 156.9 200.5 83.1 29.3 852.5 1074.4 27.2 49.6 36.9 
20.7 0.563 82.8 156.7 195.8 83.1 29.8 856.7 1074.4 26.1 55.4 42.3 

            
17.2 0.747 100.0 164.1 219.5 0.0 0.0 907.1 1074.4 22.7    

 17.2 0.595 87.2 156.3 179.2 83.1 31.6 870.9 1074.4 22.7 48.3 35.7 
17.2 0.608 81.4 156.1 173.8 83.1 32.3 876.3 1074.4 21.4 55.1 42.3 

            
 

Comparisons can be made to the concretes of Lovewell5 referenced earlier, in his trial batches  
the fly ash concretes had larger water reductions than those illustrated in the mixtures with 140 
lbs/yd3 (83.1 Kg/m3).   The Lovewell5 concretes had efficiencies from 70.5% to a low of 53.7%.   
The following is a quote of Mr. Lovewell’s second conclusion: 

 
“The maximum amount of fly ash should be used with lean concretes.  With the 
materials used in these tests, 175 lbs (79.4 Kg) of fly ash was used to replace 1 sack(94 
lbs-42.6 Kg) of cement per cubic yard of concrete in a nominal 4-sack mix, while 100 lb 
(45.4 Kg) of fly ash was used to replace 3/4:' sack of cement per cubic yard of concrete 
in a nominal 6-sack mix. The actual amounts will vary with the type of fly ash and 
aggregates used as well as with the richness of the mix.” 

 
The following Tables illustrate the second conclusion by Lovewell shown above.  Table 4A in 
English units and Table 4B in SI units. 

 

         
  

TABLE 4A Illustrations--Concrete Mixtures by Lovewell 
  

         
w/c  Water     Cement Fly Sand Rock Predicted Efficiency K-Factor 
or 

  
Ash 

  
Strength % % 

w/(c+f) lbs/yd3 lbs/yd3 lbs/yd3 lbs/yd3 lbs/yd3 psi 
  

         0.546 308.0 564 0 1098 2000 5000 
  0.492 292.0 494 100 1091 2000 5000 70.5 41.21 

         
0.819 308.0 376 0 1255 2000 3000   
0.613 280.0 282 175 1216 2000 3000 53.71 34.63 

         
  TABLE 4B Illustrations--Concrete  Mixtures by Lovewell 

  
         

 
Water     Cement Fly Sand Rock Predicted Efficiency K-Factor 



   
Ash 

  
Strength % % 

 
Kg/m3 Kg/m3 Kg/m3 Kg/m3 Kg/m3 MPa 

  
         0.546 182.7 334.6 0.0 651.4 1186.6 34.5 

  0.492 173.2 293.1 59.3 647.3 1186.6 34.5 70.5 41.21 
         0.819 182.7 223.1 0.0 744.6 1186.6 20.7 

  0.613 166.1 167.3 103.8 721.4 1186.6 20.7 53.71 34.63 
         
In the preceding Tables 4A and 4B, the illustrations of mixtures by Lovewell indicates at 5000 
psi (34.5 MPa) the K-factor is 41.21% and for 3000 psi (17.2 MPa)  34.63%.   The K-factors for 
the concrete mixes in Table 2 at 5000 psi (34.5 MPa) are 41.20% and in Table3, 41.0%.    The K-
factors for the concrete mixes in Table 2 at 3000 psi (17.2 MPa) are 37.13 and in Table 3, 
36.85%.   This indicates that the author’s mixtures in Table 2 and Table 3 for concrete materials 
for the Mid-East concrete producer have similar K-factors to the mixtures of Lovewell (Chicago 
area materials).  The fly ash in both cases is an Eastern USA class F. 

 
DISCUSSION (ILLUSTRATED MIXTURES AND MORE) 
 
The following conclusions are taken from Michele Valent8 etal in their study of Italian fly ashes: 
 

(1) Increasing the cement content at a given age and fly ash content, the efficiency 
factor K increases.  
(2) Increasing the fly ash content at a given cement content, the efficiency factor K 
increases to a peak, then decreases.  
 

The model used by the author demonstrates that as the cement content increases the 
efficiency K-factor increases as in (1) quoted.   This is shown in the mixtures illustrated in this 
paper. 

The author has used his model to test (2) above.  The data is not shown in this paper.   Yes, with 
a given cement content, the K-factor increases until the optimum fly ash content is reached and 
then it begins to decrease. The optimum fly ash content was discussed by the author in an 
earlier publication7.  None of the fly ash contents in this paper have reached the optimum 
percentage.   The optimum for the ash used in this paper is at a fly ash percentage around 35% 
at long ages, but what is the optimum at 28-days?    
 

FLY ASH EFFICIENCY ( IS NOT A CONSTANT OR IS IT A CONSTANT?) 



C.E. (Sam) Lovewell was honored at the first International Fly Ash Symposium in 1967 for his 
research on concrete mixtures containing fly ash.3    As a tribute to Mr. Lovewell, I quote his 
first conclusion5 again. 

    
In order to obtain approximately equal compressive strengths at early ages, 
between 3 and 28 days, mixes made with fly ash must have a total weight of 
portland cement and fly ash greater than the weight of the cement used in the 
comparable straight portland cement mixes. 

 
In the richer mixes, 6 sacks (equivalent cement 564 lbs(25.8 Kg)), ¾ sacks (70.5 lbs(32 Kg)) was 
replaced with 100 lbs(45.4 Kg) of cement.   This is an efficiency of 70.5/100 (32/45.4) = 70.5%.     
In the leaner mixes, 4 sacks (equivalent cement 376 lbs(170.6 Kg) of cement), 1 sack is replaced 
with 175 lbs(79.4 Kg) of cement. This is an efficiency of 94/175 (42.6/79.4)= 53.7%.   The 
efficiency of the leaner mix is at lower cement contents and at a greater percentage of fly ash.   
The efficiency is reduced due to less cement and more fly ash.    
 
Does fly ash efficiency really change with changes in cement content—w/c ratio?   If fly ash 
chemical reaction does not change with water to cement ratio is there a possible explanation? 
Maybe, fly ash efficiency in this paper is efficiency compared to cement.   What happens to 
cement efficiency as water to cement ratio increases?  The hydration data of Mills9 shows that 
cement will not fully hydrate and that the amount of hydration at long ages is predicted by the 
following relationship: 
 
 Ultimate Hydration =  [1.031* (W/C)] / [0.194 + (W/C)] 
 
Using the above relationship consider the following concrete mixture illustrations with 20% fly 
ash earlier in this paper.   The 5000 psi (34.5 MPa) fly ash concrete had a water content of 268.3 
lbs/yd3(159.2 Kg/m3), a cement content of 478 lbs/yd3(283.6 Kg/m3 and a fly ash content of 120 
lbs/yd3 (71.2 Kg/m3.    The water to cement (only) ratio of this fly ash mixture is 268.3(159.2) / 
478(283.6) = 0.561.   The ultimate hydration according to Mills9  would be (1.031* 0.561) / 
(0.194 + 0.561) = 0.766, 76.6%.     The same calculation can be made for the 3000 psi (20.7 MPa) 
fly ash mixture.    The 3000 psi (20.7 MPa)fly ash concrete had a water content of 268.3 lbs/yd3 
(159.2 Kg/m3), a cement content of 361 lbs/yd3 (214.2 Kg/m3,and a fly ash content of 90 lbs.yd3 

(53.4 Kg/m3).   The water to cement (only) ratio of this fly ash mixture is 268.3/361 
(159.2/214.2) = 0.743.    The ultimate hydration according to Mills9 would be (1.031 * 0.743) / 
(0.194 + 0.743) = 0.817, 81.7%.    The difference in hydration is 81.7% - 76.6% = 5.1%.   The K-
Factor changes from 41.2% to 37.13% = 4.07%.  Cement hydration differences explain most of 
the changes in K-factor or maybe all of the changes.   The increased efficiency of the cement in 
leaner mixes compared to fly ash makes the fly ash appear to have lower efficiency, lower K-
factor.  Does fly ash reaction change with changes in w/c, maybe but it is overshadowed by the 
changes in cement reaction.  
 
 



The authors’ model (equation) includes modifications for cement hydration based on w/c ratio 
and adjustments for aggregate effects such as paste to solids ratios and thus correctly models 
changes in fly ash efficiency and K-factor. 
 
The question is, is the change in fly ash efficiency correct in this model?   It is known that 
efficiency and K-factor changes with cement content8.   The K-factor is also reduced with 
increases in fly ash content, which is also shown by the authors’ model.   Has the author 
properly modeled fly ash reactions?   The K-factors change in the authors’ model is in the same 
direction as published research, and at almost the same magnitude.   In the authors opinion 
very close: but maybe there is work yet to be done.  Does a change in w/(c+f) ratio have some 
small effect on the actual pozzolanic reaction?  
 
The question can be asked again, is fly ash pozzolanic reaction a constant, yes in the authors 
opinion at this point in time.    As illustrated in this paper, K-factor and total efficiency are not 
constants, but can they still be used to proportion concretes.  They are not constants in that 
they change relative to the hydration of cement, the volume of cement and the volume of fly 
ash.   Even with these changes, these efficiencies can still be used to proportion concrete as 
illustrated earlier in this paper.  
 
 
CONCRETE STRENGTH MODEL (EQUATION) 
 
The author has modeled lime-pozzolan reactions and they have been included in a concrete 
compressive strength model7 (equation).   The current model used by the author has a few 
minor changes from that referenced.  As shown by the Lovewell data, the model calculates a 
reduced fly ash efficiency as the water to cement ratio increases and the model was calibrated 
to predict the efficiency of the Lovewell5 data of 70.5% for rich concretes and 53.7% for the 
leaner concretes with higher percentages of fly ash.   In the authors’ model the fly ash reaction 
is a constant at 28-days, but changes with age.   The fly ash reaction increases with age.  At one 
years’ age the fly ash reaction is equivalent to cement (1 to 1 replacement) and in mass 
concretes with design strengths at one year the fly ash concretes will have equal strength to a 
straight cement concrete mixture.    The K-factor will increase from 0.4234 at 28 days to 1.00 or 
more at around one years’ age.   
 
The author plans to publish an update his compressive strength model in a future paper.  
Additional work on the model will include efficiency studies which include silica fume, self-
cementing fly ashes and slag.  

 EARLY STRENGTHS (7-DAYS) 

In the above mixes, the overdesign required strength is very conservative.  For all students of 
ACI 214 (Evaluation of Strength Test Results of Concrete), the Cov (coefficient of variation is 
assumed to be 12%) and the overdesign factor “Z” = 2.   For 4000 psi (27.6 MPa) as an example 
consider the following: 



  

F’cr = required strength 

 F’c = design strength 

 Cov = Coefficient of Variation 

 Z = 2 

 F’cr   =  4000 psi / [1 – (Cov * Z)]  =  5260 psi 

 F’cr   =  27.6 MPa / [1 – (Cov * Z)]  = 36.3 MPa 

 

The author often targets the 7-day strength to be the design strength.  The over-design 
strength is the increase in strength from 7-days to 28-days.   Review the graph of the mortars 
which is copied from above. 
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From the graph the fly ash efficiency at 28 days is 56.03% as calculated earlier.   The formula for 
the 7-day strength is y (7-day strength) = -1760(x) +6060, where x is fly ash efficiency of 56.03% 
and in SI units (7-day strength) = -12.12 (x) + 41.77.   The predicted 7-day strength is then  (-
1760 * 0.5603)  + 6060 = 5073 psi.(-12.12* 0.5603) + 41.77 = 35.0 MPa.)   The 7-day strength 
divided by the 28-day strength is 5073/6350 (35/43.8) = 0.799 (79.9%).   The estimated strength 
at 28-days for 4000 psi (27.6 MPa) is 5260 psi (36.3 MPa) as calculated above.    The estimated 
7-day strength is then 5260 psi (36.3 MPa) * 0.799 = 4202 psi (29.0 MPa).   Similar numbers are 
calculated for 3000 psi (20.7 MPa) with has an estimated 28-day strength of 3950 psi (27.2 
MPa).   The estimated 7-day strength is 0.799* 3950 (27.2 MPa)  = 3156 psi (21.8 MPa) and for 
2500 psi (17.2 MPa) design strength with an estimated strength of 3300 psi (22.8 MPa) the 
estimated 7-day strength is 2636 psi (18.2 MPa).   The 7-day strengths are basically the design 
strengths. 

However, the cement used with the mortars may not be the same cement that is used by the 
ready mix producer.   Therefore the relationships between 7-days and 28-days will vary with 
the cement source and thus may vary from those calculated.   The same statement can be 
made about the fly ash efficiencies found in the two mortar tests.  They will vary with the 
cement used.   

The relationship between the 7-day strength and 28-day strength will change with fly ash 
percentage.   The estimated 7-day to 28-day ratio calculated is for 20% fly ash.   At lower 
percentages of class F fly ash the 7-day to 28-day strength will be greater and at higher 
percentage lower.   In this paper, for the cement used in the control mortar, the 7-day/28-day 
relationship is 5080/6350 (35/43.8) = 80.0%. 
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A NEW PRACTICAL STRENGTH ACTIVITY INDEX (TO PROPORTION CONCRETE) 
 
As stated in the abstract the proposed methodology maintains the control mortar and the 
historical fly ash mortar and thus the historical SAI can be calculated.  Adding the second 
mortar gives information that can now be used to proportion concretes with fly ash.  The fly ash 
efficiency method discussed in this paper gives an estimate of the total efficiency and K-factor 
for 20% fly ash mixtures that compare to a straight cement mortar at a w/c ratio of 0.484.   In 
the mortars illustrated the equivalent strength fly ash mortar was at a w/(c+f) ratio of  0.428.   
The fly ash mixture has equal strength at a w/(c+f) ratio of 0.428 to a w/c = 0.484 mortar with 
cement.  Many years before this author began using a model for predicting concrete strengths, 
the author had assumed for 20% Eastern class F fly ashes concretes the w/(c+f) ratio should be 
10% less than the w/c ratio of a straight cement mixes to have equal strengths (20% Eastern 
Class F fly ash mixtures).  For more reactive ashes Western Class F ashes and Class C fly ashes 
the reduction from w/c to w/(c+f) is less.  For secondary materials with a higher efficiency than 
cement (slag), the w/(c+s) ratio will be greater than the w/c to have equal strengths.  A  
Western Class F ash is discussed later in this paper and it has efficiency slightly greater than the 
Eastern Class F discussed up to this point. 
 
There are no surprises in proportioning concrete mixtures.   The strength is related to w/c or 
w/(c+f) ratio.   To proportion fly ash concretes you need to know what w/(c+f) to use.  How do 
judge the change from w/c to w/(c+f) to proportion concretes with fly ash?   Consider again the 
following relationship: 
 
  

K =  the K-factor calculated with the new proposed method (two fly ash mortars) 
 

 P% = the percent of fly ash compared to total cementitious materials. 
 

Change from w/c to w/(c+f)  =  (K -1) P% 

 
In the mortar data used in the concrete illustrations earlier the relationship is w/(c+f) divided by 
w/c or 0.428/0.484  =  0.8843 (88.43%) approximately a 11.57% reduction from w/c to w/(c+f).    
K was calculated from the mortars at the start of the paper to be 0.4234 and the fly ash 
percentage is 20%.   Therefore, the change from w/c to w/(c+f) = (K -1) P% = (0.4234 – 1) (0.20) 
= -0.1153 or a reduction of 11.53%. (The small differences shown in this discussion are rounding 
errors).  W/(c+f) is 88.4% of w/c.  As discussed earlier the author for years has assumed a 10% 
reduction which gives very similar mixes and predicted strengths.  
 
Notice that the formula also works for the fixed fly ash content mixes with 140 lbs/yd3 (82.9 
Kg/m3).   If total efficiency (56.03%) is assumed to be a constant it can be used to proportion 
the concretes.  Consider the 4000 psi (27.6 MPa) concretes with 140 lbs/yd3 (82.9 Kg/m3)  of fly 
ash per cubic yard.    The equivalent cement for the fly ash is 0.5603 * 140 = 78.4 lbs (0.5603 * 
82.9 Kg = 46.4 Kg).   The straight cement mix contains 477 lbs (283.0 Kg/m3) of cement, 



therefore the estimated cement for the fly ash mixture is 477 – 78.4 = 398.6  lbs (283.0 – 46.4 = 
236.6 Kg/m3).   The fly ash mixture then contains 398.6 lbs (283.0 Kg/m3) of cement and 140 
lbs.yd3 (82.9 Kg/m3)  of fly ash which is 26.0% fly ash.   The shift in w/c to w/(c+f) will agree with 
these quantities of cement and fly ash.  The shift in w/c to w/c+f) = (K-1) times 26.0%  ratio is 
(0.4234 -1) * 26.0 = 15.0% or w/c to w/(c+f) = 85.0% which is basically the third fly ash mixture 
for 4000 psi (27.6 MPa) which contains 140 lbs/yd3 (82.9 Kg/m3) of fly ash. 
 
What if the fly ash percentage is 15%, 25% or 30% rather than 20%?   The same procedure is 
used to calculate the reduction in w/c to w/(c+f).   Consider the following calculations. 
 

Change from   w/c to w/(c+f) =  (K -1) P% 

  For 15%            w/c to w/(c+f) =  (0.4234 - 1) * 0.15 =  -0.079,  -  8.6% 
  For 20% w/c to w/(c+f) =  (0.4234 - 1) * 0.20 =  -0.105,  -11.5% 

For 25% w/c to w/(c+f) =  (0.4234 - 1) * 0.25 =  -0.132, - 14.4% 
For 30% w/c to w/(c+f) =  (0.4234 - 1) * 0.30 =  -0.158,  -17.3% 

 
The reductions shown are true as long as the fly ash percentage does not exceed the optimum; 
see the authors’ paper in ASTM7.   The following tables illustrate mixtures for 15%, 20%. 25% 
and 30% fly ash for 4000 psi (27.6 MPa) concretes.  The first table that follows is in English units 
and the second SI units. 
 

  
Table 5A Concretes with increasing fly ash percentages 

    
   

Percentages 15%, 20%, 25%, and 30% 
     

            
Design  w/c 

w/(c+f) 
to Water Cement Fly Fly Sand Rock Predicted Total K-Factor 

Strength or w/c ratio   
Ash Ash   

Strength Efficiency 
 Psi w/(c+f) % lbs/yd3 lbs/yd3 lbs/yd3 % lbs/yd3 lbs/yd3 Psi % % 

            4000 0.580 100.0% 276.6 477.0 0 0 1440 1811 5260 
  4000 0.530 91.4% 270.3 434.0 77.0 15.0% 1409 1811 5220 56.53 42.34 

4000 0.513 88.5% 268.2 418.0 105.0 20.0% 1398 1811 5200 56.20 42.34 
4000 0.496 85.5% 266.1 402.0 134.0 25.0% 1385 1811 5170 55.85 42.34 
4000 0.479 82.7% 264 385.0 165.0 30.0% 1371 1811 5140 55.50 42.34 

            
  

Table 5B Concretes with increasing fly ash percentages 
    

   
Percentages 15%, 20%, 25%, and 30% 

     
            

Design  w/c 
w/(c+f) 

to Water Cement Fly Fly Sand Rock Predicted Total K-Factor 
Strength or w/c ratio 0 0 Ash Ash 0 0 Strength Efficiency 0 

MPa w/(c+f) % Kg/m3 Kg/m3 Kg/m3 % Kg/m3 Kg/m3 MPa % % 



            27.6 0.580 100.0% 164.1 283.0 0.0 0 854.3 1074.4 36.3 
  27.6 0.529 91.2% 160.4 257.5 45.7 15.0% 835.9 1074.4 36.0 56.53 42.34 

27.6 0.513 88.4% 159.1 248.0 62.3 20.0% 829.4 1074.4 35.9 56.20 42.34 
27.6 0.496 85.6% 157.9 238.5 79.5 25.0% 821.7 1074.4 35.6 55.85 42.34 
27.6 0.480 82.8% 156.6 228.4 97.9 30.0% 813.4 1074.4 35.4 55.50 42.34 

 
 
What if the procedure is used for materials other than an Eastern Class F ash?  Consider the 
following results. 
 
ASTM C618/C311 TEST RESULTS 
 
Part of the ASTM C618/C311 mortar data discussed earlier in this paper is real, the SAI data for 
the control and the first fly ash mortar are for an Eastern USA coal source class F ash.  .  The 
strengths for a second mortar values were estimated by this author to produce K-factors that 
are similar to K-factors calculated by the author for the Lovewell5 concrete data and also the fly 
ash efficiencies found for the Mid-East Ready Mix Producer referenced in this paper.   The K-
factor, 0.4234 in this paper, which is very close to K-factors used in Europe (0.40)8.   
 
The following two sets of data were produced (Feb-March 2017) by CTL-Thompson Materials 
Engineers, Denver, Colorado.   The first is a Western coal USA Class F ash and the second is an 
“unknown” material.  The first is the Western USA Class F shown below:   

 
 

 
 

This fly ash shown above has a 28-day SAI of 86.5% and its total efficiency is 58.9% and its’ K-
Factor is 43.73% which is slightly greater than the Eastern Class F of 42.34% used in this paper.  
This fly ash has an average water of 97.6% of control. The 28-day control strength is 6520 psi 
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(45.0 MPa) and the mortar strengths (100%) is 5640 psi (38.9 MPa)  and  (50%) is 6710 psi. 
(46.3 MPa).  The Western Class F is shown below in SI metric. 
 

 
 
 
The second material is “unknown” and used in the same two mortar test procedure.  The 
“unknown” material is shown below:    The 28-day SAI is 5190/6520 (35.8/45.0) =  79.6 percent 
indicating that it passes as a pozzolan.   But, the total efficiency of this material is -0.76% and the 
K-factor is -3.95%.   Notice that if the “unknown” material lines (7-days and 28-days) were 
extended they would not cross the control line at a positive percentage.  This material has no 
cementitious value.  The water percent of control was 99.2% which may be the reason that it 
barely passed the SAI limit of 75%.   
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The two mortar method would eliminate marginal materials, like this unknown material, that 
“does not” have cementitious properties. 
 
CONCLUSIONS 
 

(1) Is the model data in this paper trustworthy?  The author has used the model in recent 
years to re-formulate (optimize) concrete mixtures for 6 different ready mix companies 
located in 5 different states.    The concrete mixtures are air-entrained and non-air.   Fly 
ash contents have been at a constant percentage, 15% and 20%, or fly ash quantities per 
cubic yard of 80 lbs (47.5 Kg/m3), 100 lbs (59.3 Kg/m3) and 140 lbs (83.1 Kg/m3).  The 
aggregates include limestones and granites.   Most of the re-formulated concrete 
mixtures are in service and used for design strengths from 2500 psi (17.2 MPa) to 5000 
psi (34.5 MPa).  The over-designs were specifically designed at a “safety factor” that was 
appropriate for each producer.  

(2) For Eastern Class F ashes the author has historically used a 10% reduction from w/c to 
w/(c+f) to proportion fly ash concretes with equal strength to a straight cement mix.   
The model used by the author predicts basically the same reduction.  

(3) A new procedure for ASTM C618/C311 is proposed.  The new procedure identifies a 
practical fly ash efficiency that can be used to proportion concretes relative to straight 
cement concrete mixtures.  The relationships developed includes the total efficiency of 
the fly ash, its’ cementing efficiency (K-factor), and the relationship between w/c and 
w/(c+f). 

(4) Fly ash efficiency increases with cement content and at a constant cement content with 
increasing fly ash content.   Fly ash efficiency increases with a reduction in w/(c+f) ratio.  

(5) K-factor and the percentage of fly ash can be used to calculate the required reduction in 
w/c to w/(c+f) to proportion fly ash concretes. 

(6) The author has advanced a theory that fly ash chemical reaction may be constant.   Fly 
ash efficiency appears to change because cement hydration changes with changes in 
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w/c ratio and due to paste to solids ratios.    Therefore fly ash efficiency appears to 
change; however, the real change is changes in cement efficiency relative to fly ash 
reaction.  

(7) The concepts discussed in this paper will be investigated for Class C fly ashes, silica fume 
and slag.  The author expects to find similar relationships, and suggests that a control 
and two mortars be used to evaluate other secondary cementitious materials and in 
similar manner proportion concretes with other secondary cementitious materials. 

(8) The two mortar method can identify materials that are truly not cementitious and 
therefore have very limited value in concrete. 
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