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Abstract 

The w/c ratio vs. compressive strength relationship proposed by ACI 211 is frequently 
used in Pakistan as a reliable rule to decide the mix contents. However it is observed that 
mixes with proportions suggested by ACI 211 may not achieve desired strength and 
workability and hence, need to be adjusted several times during laboratory trials which might 
take a lot of effort and time. A detailed experimental program was performed to evaluate 
mechanical properties of normal strength concrete with local aggregate and cement types in 
Pakistan and based on obtained results, a novel method of mix proportioning is proposed. 
Consistent relationships between w/c ratio, fineness modulus, maximum aggregate size, age 
and compressive strength have been developed and subsequently employed in proposed 
method. A computer interface is developed in MATLAB GUI Environment in order to ensure 
the practicality and convenience in using the method for the benefit of end users including 
postgraduate students, professional engineers, consultants and concrete plant managers. 

The study aims to address the absence of data regarding adjustments to trial batches 
while selecting a suitable proportion against strength, workability and resistance to 
segregation and bleeding. Empirical equations for relations between different variables are 
proposed and have been checked subsequently in order to comment on accuracy of their 
prediction against target characteristics.  
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1. INTRODUCTION 

Concrete like other engineering materials needs to be designed and proportioned for 
properties like strength, durability, workability and cohesion. Therefore, the science of 
deciding relative proportions of ingredients is very important in order to achieve the desired 
properties in the most economical way. With the advent of high-rise buildings and pre-
stressed concrete, use of higher grades of concrete is becoming more common. Mix design of 
concrete is becoming more relevant in this scenario.  
 

Water-Cement ratio (w/c) is the single most important factor governing the strength 
and durability of concrete. All time dependent phenomenon like creep, shrinkage and elastic 
modulus are somehow or the other, related to water-cement ratio. As a thumb rule, every 1% 
increase in quantity of water, reduces the strength of concrete by 5% and every extra liter of 
water per m3 will approximately reduce the strength of concrete by 2 to 3 Mpa (290 Psi to 
435 Psi) and increase the workability by 25 mm [1]. Hence, the knowledge of water demand 
of concrete system is the key to a mix designer. It should be noted that the minimum mass of 
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water necessary for full hydration is almost twice the mass required stoichiometrically for the 
formation of calcium silicate hydrates [2].  
 

Present study is an attempt to address the absence of local data regarding effect of 
different properties of indigenous aggregates and cement types on mixture proportioning as 
well as on desired properties of mix. Concrete is an extremely versatile building material as it 
can be designed for strength ranging from 10 MPa to 200 MPa and workability ranging from 
0 mm slump to 250 mm slump. All its characteristics and properties including strength, 
workability and durability are in one’s hands. One can make it flow like a liquid, make it 
light like foam and dense like a stone. One can predict its behavior under any possible 
circumstances. In all these cases the basic ingredients of concrete are the same, but it is their 
relative proportioning that makes the difference. 

2. OBJECTIVES 

The task of mixture proportioning is complicated by the fact that certain desired 
properties of concrete may be oppositely affected by changing a specific variable. For 
example, the addition of water to a stiff concrete mixture with a given cement content will 
improve the flowability of fresh concrete but at the same time will reduce the strength. In 
fact, workability itself is composed of different components [i.e., consistency (ease of flow), 
yield stress, cohesiveness (resistance to segregation) and viscosity], and these tend to be 
affected in an opposite manner when water is added to a given concrete mixture. The process 
of mixture proportioning, therefore boils down to the “art of balancing various conflicting 
requirements”. 
 

The method proposed by ACI 211 [3] Committee for mix design of normal concrete is 
widely used by practicing engineers, contracting firms as well as academicians in Pakistan. 
However it is found in many cases that quantities recommended by this method as a first trial 
batch were quite far from quantities which gave desirable characteristics at the end of all 
trials in Laboratory. The specific relationships constituting figures and tables given in ACI, 
BS[4] and IS[5] methods are based on natural aggregates and materials with somewhat different 
properties as compared to Pakistan. Applying these relationships to local materials and 
expecting the same result will be an erroneous approach. Also the aggregate properties 
(specific gravities, absorption values, bulk densities etc.) are different from those used by 
ACI, BS and IS for developing different relations. The solution for this cumbersome process 
of making trials and waiting for 28 or so days was found in development of some thumb rule 
proportions by contractors for each strength level of concrete. So keeping in view all these 
factors, there is a great need of a unified approach towards developing a new mix design 
procedure as well as exploring and evaluating the performance of local materials and the 
extent up to which they affect the desired characteristics of concrete in both fresh and 
hardened states. 

3. EXPERIMENTAL PROGRAM:  

As discussed earlier, there are a lot of variables involved in the process of reaching at an 
adequate compromise between strength, durability, workability and economy of a concrete 
mix. To examine the effects of these variables on desired properties of a mix, the method of 
factorial experimental design [6] was adopted which enables the researcher to evaluate the 
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combined effect of various factors and their interactions. The effect of simultaneous variation 
of more than one factor is of reasonable interest in this case as each variable has its own 
extent of contribution towards the desired properties. Keeping in mind these factors, fifteen 
control mixes were prepared with three different locally available cement types and five w/c 
levels (0.3, 0.4, 0.5, 0.6, and 0.7). Their recipes were designed so as to yield a wide slump 
range of 0 – 5 in (0 – 125 mm), thus incorporating almost all levels of workability required in 
normal concrete construction. Additional mixes were prepared to observe the effect of 
maximum aggregates size, fineness modulus, fine to coarse aggregates ratio, type and dosage 
of superplasticizer. Cylindrical specimens of two sizes, 100 mm x 200 mm [7] and 150 mm x 
300 mm, were casted as per ASTM C 192M – 02. Each strength value presented in this study 
as result is an average value of three cylinder specimens. 

 
Three locally manufactured cements (OPC grade 43, OPC grade 53 and sulfate 

resistant cement) were used in the experimental program conforming to ASTM C150 and C 
595.  Coarse aggregate was procured from Margalla quarry site. For control mixes the 
maximum aggregate size used was 0.75 inch. Later on additional mixes were prepared with 
maximum sizes of 0.5 inch and 0.375 inch. Sand from two different sources (Lawrencepur, 
FM = 2.057 and Qibla Bandi, FM = 2.758) were used. Both fine and coarse aggregates were 
used in “as obtained” condition with adjusting the mix according to their water demands. For 
control mixes, a blend of 80%, ½” down and 20%, ¾” uniform sized coarse aggregates was 
used in order to meet the grading requirements of ASTM 136. No admixture was used in 
control mixes. However, separate mixes were prepared with two different high range water 
reducing admixtures (HRWRA) namely Rheobuild – 858 and Gelenium – 51 in similar 
formulations conforming to ASTM C 494M – 04.  

 
A pan type mixer with 60L capacity is used in order to ensure mix homogeneity. 

Compressive strengths of all cylindrical specimens were determined at ages 1,7, 28 and 56 
days as per ASTM C 39/C39 M -03 using a load controlled testing machine with a loading 
rate of 0.2 MPa/s (1740 Psi/min). 

4. RESULTS & DISCUSSION 

It is observed that the difference between 28 day strengths of mixes with w/c ratio 0.3 
and 0.4 is reasonably greater than difference with higher w/c ratios, indicating that strength 
and other mechanical properties are sensitive to water contents closer to water demand of the 
mix. It is also observed that at later ages (28 and 56 days), strength difference between OPC 
53 grade and OPC 43 grade decreases significantly, indicating that finer grains of OPC grade 
53 cement first hydrated, giving greater strengths (at early ages) than relatively coarser OPC 
grade 43. However at later ages, after complete hydration of relatively finer particles, the 
reaction exhibits slow rate of strength gain. 
 
28 day compressive strength achieved in laboratory following the same procedures and 
standards given in ASTM is observed to be somewhat less than as proposed by ACI 211.1 
and IS, as shown in figure 2. 
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Figure 1: Compressive strength of concretes with different cements at various ages 
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Figure 2: Comparison of experimental relation between strength and w/c ratio with relation 
proposed by ACI committee 211, BS (DOE) mix design methods and IS 10262 [8]. 

 
Turan [9] reported an increase in compressive strength with increasing maximum 

aggregate size. The effect of aggregate size is incorporated in the proposed method of mix 
design using a factor applied to specified strength. Further results suggests that a fineness 
modulus of 2.4 corresponding to a blend of 50% Qibla Bandi sand and 50% Lawrencepur 
sand is giving optimum strength while keeping all other parameters constant when used with 
¾” down grading of margalla coarse aggregates. The effect of FM is also incorporated in the 
proposed method in the same manner as maximum aggregate size, i.e. using a factor applied 
to specified strength. 
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The fine aggregate content in a mix is an important parameter affecting workability, 
resistance to segregation and bleeding, homogeneity as well as compressive strength. Phil 
Bamforth[10] reported that for aggregate/cement ratio of greater than 3, voids start increasing 
at exponential rate when the sand content is increased above 40 %, thus rendering the mix 
susceptible to segregation. Results of 28 day compressive strengths of mixes with 30%, 35%, 
40%, 45% and 50% sand (of total aggregate content) showed maximum strength and density 
at volumetric FA/TA ratio of 0.35, which is therefore adopted as fixed in proposed method of 
mix design.  

Polycarboxylic ether polymer (PCE) based superplasticizer (Gelenium - 51) is 
observed to give more slump values at dosages greater than 1% (by weight of cement) than 
Beta-Naphthalene sulphonate Polycondensate based superplastcizer (Rheobuild - 858). This 
is due to the fact that PCE based SPs work on the principle of electrostatic repulsion; 
however BNS based SPs work on both electrostatic repulsion as well as chain grafting [11]. 
Increase in slump seems to increase at a high rate with w/c ratio in the mixes with SP. This 
behavior can be attributed to an ease in availability of medium to reveal SP action. 

 
Figure 3: Slump values of control mixes 

 
Figure 4: Effect of superplasticizer type and dosage on slump values. 

SR:  y = 0.0249x
2

 + 0.0553x + 0.3049; R² = 0.995 

OPC 53:  y = 0.04x
2

 - 0.023x + 0.2986; R² = 0.9959 

OPC 43: y = 0.0332x
2

 - 0.0448x + 0.3004; R² = 0.9995 
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5. PROPOSED MIX DESIGN PROCEDURE 

The method is based upon w/c – strength relations developed for various cement types 
as well as some other relationships established in this study between various parameters 
including slump, fineness modulus, maximum aggregate size, type and dosage of super 
plasticizers. The complete process is explained below by dividing it in various steps. 
 
Step 1: Determination of Mean Target Strength:  
Since w/c vs. strength relations are established using typical values (maximum aggregate size 
of 0.75 inch and fineness modulus of 2.057); the idea is to apply two factors to specified 
strength, accounting the effect of these parameters. Thus, mean target strength is proposed to 
be calculated using the following relationship. 

′ ′ 	   (1) 

α 2
f1 f2
2

 
 

(2) 

Where,      
fc’ = Compressive strength of concrete specified at 28 days. 
fcr’ = Mean target strength. 
SD = Standard deviation recommended by ACI 318-11[12]. 
f1 = A factor for maximum aggregate size (f1 = 1, at maximum aggregate size of ¾”,) 
f2 = A factor for fineness modulus of sand (f2 = 1, at fineness modulus of 2.057) 
Note: The factors f1 and f2 are calculated from proposed regression equations developed as a 
result of statistical analysis of experimental data. 
 

Table 1: Typical Values of “α” 
Maximum 

Aggregate Sizes 
3/8” 1/2” 3/4” 

Fineness Modulus  
2 1.026 1.036 1.051 

2.2 0.881 0.891 0.906 
2.4 0.828 0.838 0.852 
2.6 0.866 0.876 0.890 
2.8 0.996 1.005 1.020 

 
Step 2: Determination of water to cement ratio:  
Two values of w/c ratio are introduced here namely (w/c)st and (w/c)wo. Their average is 
proposed to be final w/c ratio. (w/c)st can be obtained from experimental w/c – strength 
curves for given cement type using fcr′. (w/c)wo can be determined from experimental w/c – 
slump curves for given cement type. If Super plasticizer is to be used, an adjusted slump 
value is calculated by subtracting “average slump increase” provided by SP from original 
slump requirement. This “average slump increase” provided by SP is determined from 
regression relations based on experimental data between SP dosage and average slump 
increase at a given w/c ratio. In this case, (w/c)wo is proposed to be calculated using adjusted 
slump requirement instead of original slump requirement. Final w/c ratio is established by 
averaging (w/c)st and (w/c)wo. 

	 /
w/c st w/c wo

2
(3) 
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Step 3: Determination of Cement content:  
The amount of cement is always associated with required strength and this association is 
quantized and standardized in this study by accepting the rule that cement content must be 
selected by dividing the mean target strength with the “average strength increase per 1 
Kg/m3 increase in cement content”. This “average strength increase” is established after 
testing of a large number of specimens having a wide range of mix proportions, compressive 
strengths and slump values. Cement content is obtained using the following relationship [13]. 

	
′

1
 
 

(4) 

Where, fcr′ = Mean Target Strength (Psi) 
C1 = Average increase in Strength per 1 Kg/m3 increase in Cement Content (Psi/ Kg/m3) 
It is observed that value of C1 is not constant over a wide range of cement content as well as 
strength rather it increases linearly with fcr′.  The following expression is obtained by linear 
regression of experimental data. 
C1 = 0.0014 (fcr′) + 4.1025 (5) 
Step 4: Determination of Water content:  
Water content is calculated by multiplying final w/c ratio with Cement content calculated in 
Step 5. 

⁄ 	 	  
 

(6) 

Step 5: Determination of Total absolute volume of aggregates:  
Knowing the absolute volumes of cement, water and air (average value assumed as 1.5% for 
normal slump ranges), total absolute volume of aggregates can be determined using the 
following relation. 

Absolute	Aggregate	Volume 1
C

3.15 x 1000
W

1000
0.015

(7) 

Step 8: Determination of Fine and coarse aggregate Content:  
Fine	Aggregate	Volume 0.35	x	Total Aggregate Volume (8) 
Fine	Aggregate	Content Fine	Aggregate Volume x Sp. Gr of Fine Aggregates	x	1000   (9) 

Coarse	Aggregate	Volume 0.65	x Total Aggregate Volume (10) 
Coarse	Aggregate	Content Coarse Aggregate Volume x Sp. Gr of Coarse Aggregates	x	1000 (11) 
Step 9: Moisture Adjustment:  
The final mix is then adjusted by taking into account the absorption values of aggregates in 
“as stored” and “saturated surface dry” conditions.  

6. COMPUTER PROPGRAM FOR PROPOSED METHOD: 

A very few commercial software are available covering various aspects of concrete 
mix proportioning. Till recent times, the field of concrete materials is not much benefited by 
computer programs and there is an obvious need of solid collaboration between advanced 
computing and concrete engineering. To automate the proposed method for easy and 
convenient use, a Graphical User Interface (GUI) is developed in MATLAB R2009a 
environment. MATLAB is both a computer programming language and a software 
environment for using that language effectively (The name MATLAB stands for “Matrix 
Laboratory”). Its interactive environment allows the user to manage variables, import and 
export data, perform calculations, generate plots and develop files [14]. Following is a flow 
chart for the proposed method. 
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Figure 5: Flow Chart for the proposed Method 

 
A GUI provides a pictorial interface between the user and the computer program. It provides 
a convenient environment with the help of its components, figures and callbacks. Keyboard 
inputs or mouse clicks are referred to as events. The code executed in response to an event is 
known as callback. The software responds to each event and implements the functions of each 
graphical object on the figure window. The code sets in the callbacks include the regression 

Given Data: Specified Strength and Workability in terms 
of Slump, Material Properties. 

START

Calculation of fcr’:  Mean Target Strength is calculated 
using the proposed relation. Factors f1 and f2 accounts for 
fineness modulus and maximum aggregate sizes

From w/c – Strength relations, get (w/c)St

Calculate the Total Absolute volume of Aggregates using the relation,

Calculate average strength increase per 1 Kg/m3 increase in 
cement content (C1). Cement Content is estimated by dividing 

fcr’ by C1

From w/c – Slump relations, get (w/c)wo

Find average w/c ratio and water content by multiplying average w/c with 
cement content.

Abs. Vol. of Fine Aggregates = 0.35 x Total Absolute Volume
Fine Aggregate Content = Abs. Vol x Sp. Gravity x 1000

Abs. Vol. of Fine Aggregates = 0.35 x Total Absolute Volume
Fine Aggregate Content = Abs. Vol x Sp. Gravity x 1000

Abs. Vol. of Fine Aggregates = 0.35 x Total Absolute Volume
Fine Aggregate Content = Abs. Vol x Sp. Gravity x 1000

Abs. Vol. of Fine Aggregates = 0.35 x Total Absolute Volume
Fine Aggregate Content = Abs. Vol x Sp. Gravity x 1000

Want to adjust 
slump value for 
Super Plasticizer 

or Not?

YES

NO

From w/c-SP Dosage 
graphs, Calculate adjusted 
(reduced) value of slump 
provided by water only

Perform moisture 
Adjustments if aggregates 

are not in Saturated 
Surface Dry Condition

Print Final Quantities

END
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equations developed in this study, input and output commands, and other relations used in the 
calculations. The program consists of following two types of files. 

a) A FIG-file, with extension .fig, that contains a complete description of the GUI 
layout and the GUI components, such as push buttons, axes, panels, menus, and so on. 
The FIG-file is a binary file and user cannot modify it except by changing the layout 
in a GUI development module of MATLAB known as GUIDE.  

b) An M-file, with extension .m, that initially contains initialization code and templates 
for some callbacks that are needed to control GUI behavior. 

Explanatory notes are also provided as help files to guide the user on decision-making. 
The program is capable of giving the material constituent of concrete for the first trial batch 
from given performance criteria. Figure below is a snapshot of developed GUI showing some 
of its features. 

 

Figure 6: Entering input data 

7. CONCLUSIONS: 

ACI, BS and IS methods of mix design recommend quantities which needs to be adjusted 
several times in order to achieve desired characteristics for concrete with indigenous 
materials of Pakistan. Also strength vs. w/c ratio relations proposed by ACI, BS and IS 
methods of mix designs overestimates the strength at a given w/c ratio when applied on 
concretes made with local sand and crush. Proposed Method of mix design incorporates the 
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effects of maximum aggregate size, fineness modulus and cement type. It is also observed 
that when used with margalla crush of ¾” down size, an absolute volumetric ratio of fine 
aggregates to total aggregates of 0.35 gives the optimum strength at 28 days while keeping all 
other parameters constant. 
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