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EXPERIMENTAL INVESTIGATION ON WATER-TO-CEMENTITIOUS 

MATERIALS RATIO OF CEMENT MORTAR CONTAINING FLY ASH 

 

 

Abstract 

The study focuses on the applicability of Abram’s law for the cement mortar 

containing fly ash as a cement replacement.  ASTM Class C and Class F fly ashes were 

used to replace cement in the range of 20% to 40% by weight of cement.  The water to 

cementitious material ratio of the mortars under study was varied from 0.27 to 4.97.  The 

application of the Abram’s law concludes that use of ASTM Class C fly ash and Class F 

fly ash reduces the optimum water to cementitious material ratio in comparison of water 

to cement ratio of the neat paste.  The optimum water to cementitious material ratio (by 

weight) for Class C fly ash and Class F fly ash was found to range between 0.35 to 0.6.  

The study further presents a relationship for converting water-to-cementitious materials 

ratio by weight to water-to-cementitious materials ratio by volume.   

 

Keywords: Cement replacement; Cement mortar; Fly ash; Water-to-cementitious ratio; 

Strength
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1. Introduction 

It is beyond dispute that the most important factor affecting the compressive 

strength of cement-based composites i.e. cement paste, mortar, and concrete, etc. is water 

to cement ratio [1-3].  In recent decades, various types of supplementary cementitious 

materials or pozzolanic materials such as fly ash, silica fume, ground granulated blast 

furnace slag, used foundry sand, etc. are being incorporated for the partial replacement of 

cement [1,4-6].  Pozzolanic material is different from portland cement mainly in three 

aspects namely:  specific density, particle size and pozzolanic activities.  Fly ash usually 

finer than cement, affects properties of concrete due to its filling as well as pozzolanic 

effects [4].  In fresh paste, mortar etc. the mixing water may be broadly divided into two 

parts.  One is filling water, which fills the voids between the particles and does not 

contribute to the fluidity of paste.  The other part is the water in surface layer, which 

forms water film on the particle surface.  The fluidity of paste depends on the thickness 

of water film [7].  The addition of pozzolanic material affects filling water and amount of 

the water in surface layer.  Filling water is related to packing density of the system while 

the amount of water in surface layer is related to specific surface of the material.  For the 

cement containing pozzolan, the maximum and the minimum ratio of water to cement is 

related to the specific surface and content of pozzolan [7]. 

Previous research has shown that the addition of fly ash to concrete mixtures 

reduces water requirement for a given workability [8-11].  The decrease in water demand 

has been attributed to ball bearing effects of spherical particles of fly ash in the mixtures. 

 Helmuth [12] reviewed critically the water-reducing properties of fly ash in 

cement pastes, mortars, and concrete.  He reported that the reduction in water-
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requirement in the mixtures containing fly ash might not be because of ball bearing 

effects of spherical fly ash particles as generally described in the literature but it might be 

primarily due to absorption of very fine fly ash particles on cement particles surfaces 

which in turn causes dispersion of the cement particles similar to that obtained through 

addition of organic water-reducing admixtures. 

 There is very little information available in literature on applicability of Abram’s 

law for cement mortar containing fly ash.  In this experimental investigation, an effort has 

been made to understand the applicability of Abram’s law for cement mortar containing 

fly ash as cement replacement. 

 Abram’s law states:  “For a given cement and conventional aggregates in 

workable mixtures, under similar conditions of placement, curing, and test the strength of 

concrete is solely a function of the ratio of free water to cement in the plastic mixture 

mathematically expressed as given below; 

 

  óc = A/Bw/c 

 

Where  c = compressive strength of concrete 

w/c = water/cement ratio of the concrete mixture 

A and B are constant at a given most curing age [13].  For concrete containing 

supplementary cementitious and/or pozzolanic materials such as fly as, silica fume, 

granulated blast furnace slag etc., as partial replacement of cement, the Abram’s law of 

water to cement ratio is not directly applicable [13]. 
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2.  Experimental program 

2.1 Materials 

2.1.1. Cement 

ASTM C 140 [14] Type I, normal portland cement was used throughout this 

investigation. 

 

2.1.2. Fly ash 

Class C and Class F fly ashes conforming to ASTM C 618 requirements were 

used for this study. 

 

2.1.3 Fine aggregate 

 Natural sand obtained from a local ready-mix concrete producer was used as fine 

aggregate. 

 

2.1.4 Water 

Potable tap water available in the Center for By-Products Utilization laboratory 

was used for mixing mortar mixtures.  

 

2.2 Proportioning of mortar mixtures 

For this experimental study, four series of cement mortar mixture namely Mixture 

A through Mixture D as given in Table 1 were proportioned with varying water-to- 

cementitious materials ratio.  Mixture A is control mixture with cement to sand ratio of 

1:275.  The water-to-cementitious materials ratio of this series of mixtures was varied 
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from 0.27 to 4.97.  Mixtures B contained 20% replacement of cement by weight by Class 

C fly ash while the mixture C and D contained 20% and 40% replacement of cement by 

Class F fly ash respectively.  The water-to-cementitious materials ratio of these mixtures 

was varied from 0.27 to 0.78, 0.27 to 4.97, and 0.27 to 4.97 respectively.  Table 2 through 

Table 5 present the water-to-cementitious materials ratio of various mixtures.  

. 

2.3. Preparation and testing of cube specimens 

For each mixture proportions, 2-inch mortar cubes were cast and moist-cured for 

24 hours.  The specimens were demolded after 24 hours of casting and immersed in lime-

saturated water until the time of testing.  All the cubes were tested for strength in 

compression at 7 and 28 days of age in accordance with the relevant ASTM standard. 

 

3. Results and discussion 

The test results are presented in Table 2 through Table 5 and also in figures 1 

through 4.  It is obvious from the test results that compressive strength of mortar 

increases with increase in water to cementitious material ratio up to a certain level i.e. 

optimum level.  Beyond the optimum value of water to cementitious ratio, strength of 

mortar decreases and finally becomes almost constant.  This reason behind the fact is that 

below the optimum value of water cementitious ratio, insufficient amount of water is 

available for completion of hydration reaction for all the cement particles.  Further, 

because of low fluidity of the mortar mixture, “harshness” of mixture compaction might 

be inadequate to achieve the potential strength.  Moreover, beyond the optimum value of 

water to cementitious ratio strength decreases due to increase in volume of capillary 
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pores of the mixture due to the increased water content [15-16].  The results presented in 

Fig. 1 for Mixture A indicate that the optimum water-to-cementitious materials ratio for 

this series of mixture is 0.57.  Since, at this water-to-cementitious materials ratio the 

mortar attained the maximum compressive strength at the both ages of 7 day and 28 day.  

Above 0.57 water-to-cementitious ratio, strength of mortar rapidly decreases and beyond 

2.47 strength of mortar becomes almost constant. 

Fig.2 depicts the compressive strength data of mortar Mixture B containing Class 

C fly ash at 20% cement replacement.  This series of mortar mixture attained higher 

strength than the control one.  The optimum water-to-cementitious materials ratio is 

lower i.e. 0.37 for this series of mixture than that of control mixture i.e. 0.57.  

Compressive strength results for mortar with 20% of cement replaced by weight of Class 

F fly ash are depicted in Fig. 3.  It is evident from the figure that the optimum water to 

cementitious materials ratio for this series of mortar is 0.57.  This series of mixture 

attained about 20% less strength than the control mixture at both ages of 7 days and 28 

days.  

Results for mixture series D presented in Fig. 4 shows that the optimum water-to-

cementitious materials ratio for this mortar series is 0.47.  This series of mixtures attained 

minimum compressive strength than other mixtures including the control mixture.  This 

also indicates that increase in the percent replacement of cement from 20% to 40% by 

Class F fly ash   not only reduces the strength of mortar but also reduces the water to 

cementitious materials ratio in comparison to that of for 20% replacement of cement.  

Further, based on the strength data of mortar mixtures containing Class F fly ash it is 
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obvious that slower pozzolanic reaction of this fly ash is responsible for low strength 

development. 

The use of Class C fly ash has encouraging affect on the strength gain and 

reduction of water to cementitious ratio.  Better cementitious and pozzolanic activity in 

comparison to Class F fly ash is responsible for this.  The higher pozzolanic activity in 

case of Class C fly ash is associated with its improved fineness and higher lime content.  

This experimental study reveals that optimum water-to-cementitious materials ratio by 

weight for the mortar containing fly ash lies between 0.35 to 0.60.   

 

RELATIONSHIP BETWEEN WATER TO CEMENTITIOUS RATIO BY  

WEIGHT AND WATER TO CEMENTITIOUS RATIO BY VOLUME 

 
 The water to cementitious ratio by weight mathematically can be expressed as: 
 

       
 

 

 

Where 

 RW   = Water to cementitious ratio by weight 
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 WW   = Weight of water 

 WCm  = Weight of total cementitious materials (cement and fly ash) 

 WFA  = Weight of fly ash 

      P  = Percent cement replacement by fly ash 

  RR  = Replacement ratio, ratio of fly ash to cement replacement used 

 

 The water to cementitious materials ratio by volume can be expressed as 

 
 

 

Where 

 Rv  = Water to cementitious materials ratio by volume 

 ñW   = Density of water 

 ñC  = Density of cement 

 ñFA = Density of fly ash 

 SC  = Specific gravity of cement 
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 SFA = Specific gravity of fly ash 

 CF  = Conversion factor, and it is given by the following relation: 

 
 The values of CF can be multiplied by water-to-cementitious materials ratio by 

weight in order to obtain the water to cementitious materials ratio by volume (Eq. 7).  The 

CF factor is a function of amount of cement replacement by fly ash, replacement ratio (RR), 

specific gravity of cement and fly ash.  

 Equation 8 gives general conversion factor (CF) for converting water to 

cementitious ratio by volume.  When the replacement ratio (RR) is zero, then RW and RV 

becomes W/Cm by weight and W/Cm by volume, respectively for mixtures containing fly 

ash.  For mixtures without fly ash, both P and RR become zero for obtaining the desired 

water to cement ratio.  The computed values of CF are presented in Table 6 for the present 

study. 

 The general trend of the results remains the same as described above for the weight 

ratio (Rw) when water to cementitious ratio is expressed by volume (RV).  However, the 

strength values will be represented at higher water to cementitious ratio by volume relative 

to water to cementitious ratio by weight as determined by the factor CF. Compressive 

strength data for mixes tested are plotted as a function of water-to-cementitious ratio on both 

weight and volume basis (Figure 1 through 4). 

 
3.  Conclusions 

This experimental investigation emerges in the following main conclusions 

1. Replacement of cement by ASTM Class C fly ash in mortar reduces water to 

cementitious material ratio more effectively that the ASTM Class F fly ash. 
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2. The optimum water to cementitious material ratio by weight for mortar 

containing cement replaced by ASTM fly ash varies between 0.35 to 0.60. 

3. Expression of water to cementitious materials ratio by volume does not affect 

the trend of results obtained based on the same expressed on the basis of 

weight.  However, the strength is represented at a higher value to cementitious 

ratio when expressed on volume basis that weight basis. 
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  Table 1  
  Mixture designation and description 

Mixture Designation Mixture description 
Mixture A 
Mixture B 
Mixture C 
Mixture D 

Without fly ash 
With 20% ASTM Class C fly ash 
With 20% ASTM Class C fly ash 
With 20% ASTM Class C fly ash 
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  Table 2 
  Water-to-cementitious materials ratio and compressive strength of mortar Mixture A 

Water/Cementitious materials                         Compressive Strength, (MPa) 
                                                              7-day                                      28-day 

0.27 
0.32 
0.37 
0.47 
0.57 
0.67 
0.77 
0.87 
0.97 
1.22 
1.47 
1.72 
1.97 
2.47 
2.97 
3.97 
4.97 

3.4 
9.3 
15.2 
22.6 
24.0 
18.1 
16.6 
10.7 
10.7 
6.2 
4.8 
3.7 
2.5 
1.5 
1.6 
2.3 

                     NA 

5.2 
12.0 
22.7 
29.8 
32.7 
27.6 
25.2 
18.0 
17.1 
12.6 
12.9 
10.0 
5.8 
3.7 
3.2 
2.7 

                   3.1 
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  Table 3 
  Water-to-cementitious materials ratio and compressive strength of mortar Mixture B 

Water/Cementitious materials                                Compressive Strength, (MPa) 
                                                             7-day                                    28-day 

0.27 
0.32 
0.37 
0.47 
0.57 
0.67 
0.78 

6.7 
24.4 
30.1 
25.6 
21.7 
18.0 
12.3 

7.9 
30.4 
36.4 
33.6 
32.2 
28.7 
19.8 
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  Table 4 
  Water-to-cementitious materials ratio and compressive strength of mortar Mixture C 

Water/Cementitious materials                       Compressive Strength, (MPa) 
                                                               7-day                                    28-day 

0.27 
0.32 
0.37 
0.47 
0.57 
0.67 
0.77 
0.87 
0.97 
1.22 
1.47 
1.72 
1.97 
2.47 
2.97 
3.97 
4.97 

2.7 
6.7 
13.5 
18.4 
20.2 
13.6 
11.6 
7.8 
8.6 
4.7 
3.7 
2.9 
1.7 
1.4 
1.0 
0.7 
0.4 

3.3 
7.3 
17.0 
23.1 
27.7 
19.9 
16.5 
15.1 
11.4 
9.1 
6.4 
5.3 
3.8 
2.5 
1.7 
1.7 
0.5 
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  Table 5 
  Water-to-cementitious materials ratio and compressive strength of mortar Mixture D 

Water/Cementitious materials                       Compressive Strength, (MPa) 
                                                               7-day                                    28-day 

0.27 
0.32 
0.37 
0.47 
0.57 
0.67 
0.77 
0.87 
0.97 
1.22 
1.47 
1.72 
1.97 
2.47 
2.97 
3.97 
4.97 

2.9 
4.8 
12.2 
13.5 
12.5 
9.8 
8.8 
6.9 
5.5 
4.1 
2.0 
2.2 
1.9 
0.7 
0.7 
0.6 
0.3 

4.0 
7.2 
18.6 
23.6 
21.0 
13.6 
13.9 
9.7 
9.7 
6.7 
4.1 
3.9 
3.5 
1.9 
2.2 
1.4 
0.8 
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  Table 6  
  Conversion factor for converting water-to-cementitious material ratio by weight to 
   Water-to-cementitious material ratio by volume 

Mixture Number Conversion factor (CF)* 
Mixture A 
Mixture B 
Mixture C 
Mixture D 

3.15 
3.00 
2.94 
2.76 

 
*The specific gravity of cement, Class C fly ash, and Class F fly   ash was taken as 3.15, 2.52, and 
2.32, respectively. 
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  Fig. 1. Compressive strength vs water-to-cementitious material ratio by weight and volume for Mixture A 



 

 
 
 20 

 

0

5

10

15

20

25

30

35

40

0 1 2 3

W/Cm

C
om

pr
es

si
ve

 S
tr

en
gt

h,
 M

P
a

7-day, Wt. Ratio

28-day, Wt. Ratio

7-day, Vol. Ratio

28-day, Vol. Ratio

 

Fig. 2. Compressive strength vs water-to-cementitious ratio by weight and volume for Mixture B 
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Fig. 3. Compressive strength vs water-to-cementitious materials ratio by weight and volume for Mixture C 
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Fig. 4. Compressive strength vs water-to-cementitious material ratio by weight and volume for Mixture D 


