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ABSTRACT 

In practice, cured concrete strength may exhibit strength variation from batch to batch 

and within batch despite the mixes being of the same proportions and with quality control. 

On the other hand, structural concrete elements are designed to meet specific 

characteristic strength. In order to ensure compliance to the specified characteristic 

strength, concrete mix designers target strengths higher than the specified characteristic 

strengths, commonly known as Target Mean Strength. This study aimed at establishing 

the margins between characteristic strength and Target Mean Strength for various local 

concrete mixes. In order to achieve this overall objective, a semi-structured questionnaire 

was used to identify the popular concrete mix design models in the country. The identified 

model was then validated through experimental mix designs, concrete mixes, cube 

casting, curing and strength testing. The mixes were designed for normal concrete classes; 

C20, C25 and C30. The sample size for each of these classes was guided by the British-

DOE method of mix design that demands for standard deviation to be calculated from at 

least 20 results and the Indian Standard IS 456:2000 that demands a sample size of at 

least 30 for each concrete class. This study utilized 101 concrete mixes; 31 samples for 

C30 and 35 for each of the C25 and C20 classes. The mix materials used were Ordinary 

Portland cement 42.5R manufactured by Lafarge Zambia, 20mm crushed coarse 

aggregates and crushed fine aggregates. Three concrete cube specimens were cast for 

each mix, cured for 28 days and tested for compressive strength at the Civil Engineering 

Laboratory of the University of Zambia. From the compressive strength results, the 

probability density function for each class was generated using Microsoft Office excel. 

The determined standard deviations (s) from the distributions were 8.19, 8.00 and 8.27 

MPa for concrete classes of C20, C25 and C30, respectively, which implied margins of 

13.43, 13.12 and 13.56 MPa, respectively for 95% reliability (k=1.64). Therefore, the 

established margins (kxs) can be used for predicting Target Mean Strength of concrete 

mixes at 95% reliability for the Zambian concrete mixes provided the BS-DOE model is 

applied and constituent materials are similar to those used in the study. 

Keywords: Characteristic Strength, Target Mean Strength, Standard Deviation, Margin, 
British-DOE 
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CHAPTER 1: INTRODUCTION 

1.1 Introduction 

Concrete is a composite material whose main constituents are cement, sand, aggregates 

and water. Sometimes chemical additives are added to the mixture for improving 

particular desired properties of concrete (BRE, 2010). Concrete is known for high 

compressive strength and is one of the most commonly used construction materials 

worldwide owing to its properties, economy and readily availability constituents (Izabela 

and Marta, 2019). However, concrete specimens cured for prescribed 28 days may exhibit 

variation in strength from batch to batch and within the batch (ACI, 2011). In order to 

take care of these exhibited variations, modern concrete mix designs are targeted at 

strength higher than the specified minimum characteristic strength (ACI, 2019). This 

targeted strength is commonly known as Target Mean Strength (TMS). 

1.2 Background 

Concrete mix design is the process of correctly selecting and proportioning of concrete 

ingredients to achieve the desired strength, durability and workability in an economical 

manner (Hakim et al., 2020). It is a complex and challenging task owing to the varying 

properties of the constituent materials, site exposure condition and particular work for 

which the mix design is demanded for (Shetty and Jain, 2019). According to BS 8500-

1+A2:2019, the proportions of prescribed concrete mixes should achieve the intended 

performance in fresh and hardened state with adequate margin. Therefore, the knowledge 

of various properties of mixing constituents, experience of concreting and site change 

conditions is required for successful mix design (Shetty and Jain, 2019). 

It is generally accepted from the various codes of practice that the variation in concrete 

strength follows a normal distribution pattern (BRE, 2010). In order to account for 

strength variations, concrete mix designers target TMS, so that not more than 5% test 

results fall below the desired strength referred to as characteristic strength (Shekhar and 
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Kushal, 2020). Therefore, pre-determining mixes for designer specified characteristic 

strength from concrete mixes is one thing, but knowledge of further prediction of Target 

Mean Strength of concrete mixes is another important aspect desired for optimal reliable 

mix designs (Shetty and Jain, 2019). 

In order to establish the appropriate TMS of a concrete class from the parent distribution, 

consecutive concrete strength result data of at least thirty is required for the distribution 

according to Bureau of Indian Standards, IS 10262:2019. However, it can be time 

consuming and not economically viable to produce such large number of destructive tests 

results each time a new mix is required. To simplify concrete mix design, various 

countries in the world have developed their own models in order to suit the local materials 

(Abebe, 2022). 

This study focused on establishing the standard deviation for predicting TMS of concrete 

mixes through laboratory experimental trial tests. The mix materials were locally obtained 

in Zambia and proportioned using the BS-DOE method of concrete mix design. 

1.3 Problem Statement  

Despite the variations that are commonly exhibited in cured concrete strength of the same 

mix proportion, it is expected for designed concrete to achieve the intended performance 

in fresh and hardened state with adequate margin (BSI, 2019). According to Indian 

Standards, IS 10262:2019, the adequate margin can be established from the distribution 

produced from a sample size of at least 30 consecutive strength results for each class of 

concrete. However, this undertaking of producing large sample size of trial cubes and 

strength testing can be costly and time consuming, i.e., waiting for the prescribed 28 days 

curing period (Uche et al., 2019). Zambia had adopted British standard of concrete mix 

design and is being practiced even today by industry. However, application of British 

Model (BS-DOE) of concrete mix design without it being verified for local mix materials, 

may not guarantee achieving desired strength at 95% reliability as demanded by the code 

BS 8500-1+A2:2019. Therefore, the need for appropriate prediction of Target Mean 

Strength of local mixes so as to provide quality control in hardened concrete strength. 
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1.4 Significance of Study 

The margin established in this study for predicting TMS of concrete mixes assumed 95% 

reliability in achieving specified characteristic strength. This is in accordance with British 

Standard Institution (BSI, 2019), which specifies the compressive strength of concrete 

being denoted by concrete strength classes which relate to the characteristic strength (5%) 

cylinder or cube strength test. Therefore, the research results can assist in achieving the 

desired hardened concrete strength for mix designers when using the Zambian local 

concrete materials. In addition, the study provides baseline concrete strength data for 

future standardization of concrete mix designs in Zambian. 

1.5 Aim 

The aim of the study was to establish appropriate margins for predicting Target Mean 

Strength of selected concrete mixes based on Zambian local materials. 

1.6 Objectives 

1. To review existing concrete mix design approaches in various regions of 

the world so as to identify models of concrete mix designs that can be 

validated for Target Mean Strength using local mix materials. 

2. To establish a concrete mix design model that utilizes local design 

parameters for Target Mean Strength of normal concrete grades   

3. To validate the established concrete mix design model with local materials 

through experimental cube casting, curing and testing for compressive 

strength at age of 28 days.  

1.7 Research Question 

1. What types of concrete design approaches exist worldwide? 

2. What design parameters are utilized for Target Mean Strength of 

concrete in the Zambian environment? 
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3. Is the applied margin for predicting Target Mean Strength appropriate 

for the concrete mix design model commonly employed in Zambia? 

1.8 Scope and Limitation of the Study 

The study was limited to normal concrete classes of C20, C25 and C30 classified with 

respect to characteristic compressive strength at 28 days of 150mm cubes (BSI, 2019). 

The cement used for experimental mix designs was limited to Ordinary Portland cement 

strength class of 42.5R manufactured by Lafarge Zambia. The coarse aggregates were 

limited to crushed 20mm size stone sourced from Oriental Quarries produced by Scirocco 

Enterprises located in Makeni, Lusaka. The coarse aggregates properties were in 

compliance with BS 882 in terms of particle size distribution, relative density based on 

saturated and surface dried, Aggregate Crushing Value Elongation and Flakiness indexes. 

The crushed fine aggregates were sourced from United Quarries Ltd located in the Eastern 

part of Lusaka. The fine aggregate properties were in compliance with BS 882 in terms 

of particle size distribution and relative density based on saturated and surface dried. The 

mix proportions did not include admixtures. The laboratory room temperatures ranged 

between 24oC and 28oC during casting, curing and testing of the cubes at the University 

of Zambia Civil Engineering Laboratory. 

1.9 Summary 

The concrete composite material may vary in strength even when the same mix 

proportions are used in the mix design. In order to avoid compromise in strength 

demanded by concrete structural designers, modern concrete mix designs demand for five 

percent allowable defective. This is achieved by ensuring that an appropriate margin 

above the specified characteristic strength is used to predict the Target Mean Strength of 

specific concrete mixes. In this regard, the study was aimed at establishing appropriate 

margins for predicting Target Mean Strength of concrete mixes based on Zambian local 

materials. The aim was achieved through identifying concrete mix design models being 

practiced locally from the reviewed existing models in various parts of the world and then 
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experimentally validate it with local materials for TMS. The study was limited to normal 

concrete classes of C20, C25 and C30 as well as the mix materials in section 1.8. 
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CHAPTER 2: LITERATURE REVIEW 

2.1 Introduction 

In order to successfully establish the predicting parameters for Target Mean Strength of 

concrete mixes using local materials, it was imperative to understand: criteria for TMS 

prediction employed worldwide, concept and methods of concrete mix designs 

worldwide, and positive strides made to overcome challenges in concrete mix design. 

Therefore, the reviewed literature in this study addresses the aforementioned aspects. 

2.2 Criteria for Predicting TMS of Concrete Worldwide 

In international popular codes of practice, such as BS EN 206-1, ACI 214R-11 and IS 

456-2000, it is assumed that concrete strength follows a normal distribution pattern. 

Target Mean Strength is thus predicted statistically in two approaches with application of 

standard normal distribution properties. The two methods are either by use of standard 

deviation or coefficient of variation approach. The critical parameters required for 

predicting TMS in this regard are the allowable percentage of defectives and Standard 

deviation or Coefficient of Variation. Equations 2.2-1 and 2.2-2 are general forms for 

predicting TMS based on ACI 214R-11.  

𝐹𝑚 = 𝐹𝑐 + 𝐾𝑆                                                                                       …Equation 2.2-1
  

𝐹𝑚 = 𝐹𝑐
(1−𝐾𝑉)

                                                                                        … Equation 2.2-2 
𝑤ℎ𝑒𝑟𝑒:       

𝐹𝑚 = 𝑇𝑎𝑟𝑔𝑒𝑡 𝑀𝑒𝑎𝑛 𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ       

𝐹𝑐 = 𝐶ℎ𝑎𝑟𝑎𝑐𝑡𝑒𝑟𝑖𝑠𝑡𝑖𝑐 𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ       

𝑉 = 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝑣𝑎𝑟𝑖𝑎𝑡𝑖𝑜𝑛 = 𝑆
𝑋𝑚

    

 𝐾 = 𝑟𝑖𝑠𝑘 𝑓𝑎𝑐𝑡𝑜𝑟 (𝑍 𝑠𝑐𝑜𝑟𝑒)𝑐𝑜𝑟𝑒𝑝𝑜𝑛𝑑𝑖𝑛𝑔 𝑡𝑜 % 𝑑𝑒𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑎𝑙𝑙𝑜𝑤𝑒𝑑 

𝑆 = 𝑠𝑎𝑚𝑝𝑙𝑒 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 = √∑(𝑋𝑖−𝑋𝑚)
𝑛−1

       

𝑤ℎ𝑒𝑟𝑒: 𝑋𝑚 = 𝑠𝑎𝑚𝑝𝑙𝑒 𝑚𝑒𝑎𝑛, 𝑛 = 𝑠𝑎𝑚𝑝𝑙𝑒 𝑠𝑖𝑧𝑒 𝑎𝑛𝑑 𝑋𝑖 =  𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ 𝑡𝑒𝑠𝑡 𝑟𝑒𝑠𝑢𝑙𝑡  
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2.3 Guide Values used for Predicting TMS Worldwide  

Most of the statistical values used for predicting TMS used worldwide are enshrined in 

respective National or Regional Standards of Practices. This section outlines the actual 

guide values used for predicting Target Mean Strength of mixes from selected different 

National/Regional guidelines of concrete mix designs. 

In the United States of America, the predicted Target Mean Strength is based on cylinder 

strength for normal concrete at 5% allowable defective where there is no sufficient 

historical data is as illustrated in equations 2.3-1, 2.3-2 and 2.3-3 (ACI, 2011). 

If the specified cylinder compressive strength (Fc) is less than 21MPa (𝐹𝑐 < 21𝑀𝑃𝑎), 

then the Target Mean Strength (Fm) is as given by Equation 2.3-1. 

𝐹𝑚 = 𝐹𝑐 + 7                                                                                           …Equation 2.3-1 

If the specified cylinder compressive strength (Fc) is greater or equal to 

21MPa 𝑏𝑢𝑡 𝑙𝑒𝑠𝑠 𝑜𝑟 𝑒𝑞𝑢𝑎𝑙 𝑡𝑜 35𝑀𝑃𝑎, (21 ≤ 𝐹𝑐 ≤ 35𝑀𝑃𝑎), then the Target Mean 

Strength (Fm) is as given in Equation 2.3-2. 

𝐹𝑚 = 𝐹𝑐 + 8                                                                                           …Equation 2.3-2 

If the specified cylinder compressive strength (Fc) is greater than 35MPa (𝐹𝑐 >

35𝑀𝑃𝑎), then the Target Mean Strength (Fm) is as given in Equation 2.3-3. 

𝐹𝑚 = 𝐹𝑐 + 5                                                                                           …Equation 2.3-3 

In Europe, the prediction of Target Mean Strength is as per European Standards EN 206-

1:2000. The criterion adopted in the code for initial tests for standardized prescribed 

concrete in obtaining Target Mean Strength (Fm) from the specified Characteristic 

Strength (Fc) at 5% significance is as given in Equation 2.3-4. The margin between 

specified characteristic strength and TMS ranges between 6MPa and 12Mpa, which is 

twice the expected standard deviation depending on production facilities, material 

constituents and background information of variation (BSI, 2019). 

𝐹𝑚 ≥ 𝐹𝑐 + 12                                                                                         …Equation 2.3-4 
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The relationship between cylinder and cube strengths classes of concrete grades as 

provided in British Standard, BS-EN 206-1:2000 is as shown in Table 2.3-1. 

Table 2.3-1: Compressive Strength Classes for Normal and Heavyweight Concrete 

Compressive 
Strength Class 

Minimum Characteristic Cylinder 
Strength fck,cyl                                                   N/mm2 

Minimum Characteristic Cube 
Strength fck,cube                                             

N/mm2 

C8/10 8 10 

C12/15 12 15 

C16/20 16 20 

C20/25 20 25 

C25/30 25 30 

C30/37 30 37 

C35/45 35 45 

C40/50 40 50 

C45/55 45 55 

C50/60 50 60 

C55/67 55 67 

C60/75 60 75 

C70/85 70 85 

C80/95 80 95 

C90/105 90 105 

C100/115 100 115 

Source: BS-EN 206-1:2000, Table 7 
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L’Hermite also suggested the relationship between cylinder and cube strength as shown 

in Equation 2.3-5. However, it was noted that some secondary factors affecting the 

strength might influence the strength of the specimens (Neville, 2000). 

𝑅𝑎𝑡𝑖𝑜 𝑜𝑓 𝐶𝑦𝑙𝑖𝑛𝑑𝑒𝑟 𝑡𝑜 𝐶𝑢𝑏𝑒 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ = 0.76 + 0.2𝑙𝑜𝑔 𝑓𝑐𝑢
2840

              …Equation 2.3-5 

𝑤ℎ𝑒𝑟𝑒:       

𝑓𝑐𝑢 = 𝐶𝑢𝑏𝑒 𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ 𝑖𝑛 𝑝𝑜𝑢𝑛𝑑 𝑝𝑒𝑟 𝑠𝑞𝑢𝑎𝑟𝑒 𝑖𝑛𝑐ℎ       

In South Africa, application of Equation 2.3-4 is used for the prediction of TMS as the 

South African Standard (SAN-50206) adopts the European Standards, EN 206-1. In this 

South African standard, normal designed concrete strength specifications conform to BS-

EN 206-1. Therefore, specifications of designed concrete should contain compressive 

strength class, exposure class, maximum nominal upper aggregate size and chloride 

content class (SABS, 2015). For the Zambian case, there are no localized standards of 

concrete mix design. Therefore, it is common practice for many industries in Zambia to 

adopt the British code of practice BS-EN 206-1 for their concrete mix design 

specifications.   

In India, the Prediction of Target Mean Strength is as per Bureau of Indian Standards IS 

456:2000. The predicted Target Mean Strength (Fm) at 5% allowable defective is 

calculated as shown in Equation 2.3-6. The standard deviation (𝜎)  used in Equation 2.3-

6 is obtained from Table 2.3-2. (BIS, 2019). 

𝐹𝑚 ≥ 𝐹𝑐 + 1.65𝜎                                                                                  …Equation 2.3-6 
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Table 2.3-2: Assumed Standard Deviation as Per Indian Standard IS 456:2000 

Grade of Concrete  Assumed Standard Deviation                                                                 

(MPa) 

M10 
3.5 

M15 

M20 
4 

M25 

M30 

5 

M35 

M40 

M45 

M50 

Source: BIS, 2000-IS 456:2000, Table 8 

In Japan, prediction of TMS at 5% of allowable defectives as per Japanese Society of 

Civil Engineers (2010) as shown in Equation 2.3-7. The Target Mean Strength (Fm) is 

determined from the specified characteristic strength (Fc) and overdesign factor (α). The 

coefficient of variation of 25% is recommended in situation where there is no available 

historical data and later deduces the actual coefficient after carrying out the tests. The 

over design factor (𝛼) is obtained from Figure 2.3-1 (JSCE, 2010). 
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𝐹𝑚 = 𝐹𝑐 × 𝛼                                                                                           …Equation 2.3-7
 

 
Figure 2.3-1: Over design factor 

(Source: JSCE, 2010- Guidelines for Concrete No.16, Fig C4.4.4) 

In New Zealand, Target Mean Strength from plant concrete production is obtained from 

Table 2.3-3 extracted from paper titled “The New Zealand Guide to Concrete 

Construction” published by the Cement & Concrete Association of New Zealand.  
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Table 2.3-3: Evaluation Criteria for Plants Opting for not Less than 10 tests per 
Month 

 
(Source: Cement & Concrete Association of New Zealand, 2010: NZS, 3104) 

2.4 Concept of Optimal Concrete Mix Design 

Most of concrete mix design processes are based on aggregate packing theory and/or 

excess paste/water layer theories  (Ghasemi, 2017). Proportioning between the coarse and 

fine aggregates in optimal mix design require the dense proportions of the mixtures. 

Therefore, from the principle of aggregate packing theory, gradation of fine and coarse 

aggregate is of great concern in this regard (Mohammed et al, 2012). Fuller and 

Thompson (1907) suggested empirical formula illustrated in Equation 2.4-1 for 

calculating percentage of fine aggregate that would achieve maximum density when 

combined with coarse aggregates. 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑜𝑓 𝐹𝑖𝑛𝑒𝑟 = 100 × (𝑑
𝐷

)0.5                                                  …Equation 2.4-1 

𝑤ℎ𝑒𝑟𝑒: 

𝑑 = 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑠𝑖𝑒𝑣𝑒 𝑎𝑛𝑑 

𝐷 = 𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑠𝑖𝑧𝑒 𝑜𝑓  𝑎𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑒𝑠 

The excess paste layer theory firstly suggested by Kennedy (1940) and later developed 

by other researchers, suggests that after the cement paste in mix design fills in the void 

spaces, excess of it surrounding the aggregate surface area is utilized for workability 
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requirement. Combining the packing and excess paste theories, optimal mix deign can be 

attained in the sense that the packing theory would allow for maximum density and 

leaving minimal void spaces that would in turn be filled in with cement paste and excess 

for workability from the excess cement paste theory (Ghasemi, 2017; Mohammed. et. al, 

2012). 

Concrete mix design is aimed at balancing between economy and requirements for 

workability, strength, durability and density (Al-Zuhairi, 2017). The minimal usage of 

cement paste strives to achieve the economy as well as reduce on the shrinkage and creep 

in concrete mix design. The desired strength and durability aspect are achieved through 

control of water cement ratio and obtaining most possible dense concrete. The lower the 

water-cement ratio is, the higher the strength and durability but less workability 

(Mohammed et.al, 2012). From extensive laboratory works, Abram (1919) developed the 

empirical relationship between compressive strength and water-cement ratio, Equation 

2.4-2, however the challenges with the formula are on determining the appropriate 

coefficient for the particular material (Al-Attar et al., 2003). 

𝑄𝑐 = 𝐴
𝐵(𝑤÷𝑐)                                                                                              …Equation 2.4-2 

𝑤ℎ𝑒𝑟𝑒 

𝑄𝑐 = 𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑣𝑒 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ 𝑏𝑎𝑠𝑒𝑑 𝑜𝑛 𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟 𝑡𝑒𝑠𝑡𝑠 𝑜𝑓 150𝑚𝑚 𝑏𝑦 300𝑚𝑚 

𝐴 = 𝐸𝑚𝑝𝑖𝑟𝑖𝑐𝑎𝑙 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡  𝑑𝑒𝑝𝑒𝑛𝑑𝑖𝑛𝑔 𝑜𝑛 𝑐𝑒𝑚𝑒𝑛𝑡 𝑝𝑟𝑜𝑝𝑒𝑟𝑡𝑖𝑒𝑠 

𝐵 = 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑑𝑒𝑝𝑒𝑛𝑑𝑖𝑛𝑔 𝑜𝑛 𝑐𝑒𝑚𝑒𝑛𝑡 𝑝𝑟𝑜𝑝𝑒𝑟𝑡𝑖𝑒𝑠  
𝑤
𝑐 =

𝑤𝑎𝑡𝑒𝑟
𝑐𝑒𝑚𝑒𝑛𝑡  𝑟𝑎𝑡𝑖𝑜, 𝑏𝑦 𝑣𝑜𝑙𝑢𝑚𝑒 

Figure 2.4-3 shows the established relationship between compressive strength and water-

cement ratio from Abram’s experimental results. 
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Figure 2.4-1: Relationship between Compressive Strength and Water-Cement ratio 

(Source: Abram, 1919) 

The unknown parameters A and B in Equation 2.4-2 established to be 14000 and 7, 

respectively from Abram’s experimental results as shown in Figure 2.4-1. Hence, 

Equation 2.4-2 is rewritten as Equation 2.4-3. 

𝑄𝑐 = 14000

7(𝑊
𝐶 )

                                                                                               …Equation 2.4-3  

2.5 Proportioning of Concrete Mixes 

Proportioning of concrete mixes with use of local materials can primarily be achieved in 

two ways. It can either be done from existing statistical data of the same material mixes, 

proportions and concreting condition or by laboratory trial mixtures in situations where 

there are no existing or insufficient records (Kett, 2010). 
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2.5.1 Laboratory Trial Mixes Approach 

The trial mixes proportioning is applied in situations where there are no available or 

insufficient past record data of concrete mix design.  This method as the name states, 

there are based on trial to achieve the desired slump with predetermined water-cement 

ratios, strength results at 28-day curing and maximum coarse aggregate sizes, (Kett, 

2010). The number of three trial batch mixes with varying slump of ±20mm and entrained 

air of within ±0.5% can be used. The mix proportions are obtained by field experience or 

guided either by arbitrary or minimum void ratio or fineness modulus or surface area of 

aggregate methods (Kosmatka et al, 2003). 

2.5.2 Field Method-Past Record Statistical Data 

This method is the quickest and with no cost if the, readily available statistical past record 

data is free. However, there are conditions to be met if the available data is to be accepted. 

According to the ACI 214R-11 report, conformity criteria, the available past record 

statistical data should be of the same type of material mixes for which strength test data 

and standard deviations were obtained. The record data should also represent at least 30 

consecutive tests of which each test is a representative of average of at least two samples 

of the same proportion. The ACI 214R-11 report provides for adjustment of the standard 

deviation if only the available consecutive test record data is less than 30 but more than 

14. This is done by multiplying the standard deviation (S.D) with appropriate 

modification factors. For tests numbers equal or greater than 30, 25, 20 and 15, the S.D. 

values are multiplied with modification factors of 1.00, 1.03, 1.08 and 1.16, respectively. 

If the consecutive tests are less than 15, the method of trial mix is recommended, as non-

existence of sufficient available record of past data would be assumed. To apply this 

method, caution should be taken to ensure that the desired characteristic strength should 

be within the 7MPa in comparison with the historical record of the same characteristic 

strength. (Kosmatka et.al, 2003) 
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2.6 Concrete Mix Design Methods for Normal Concrete 

The various methods of concrete mix designs include absolute volume, minimum voids, 

Arbitrary, Fineness Modulus, Maximum Density, Specific Surface area, Indian Road 

Congress, ACI committee, BS-DOE, Indian recommended standard method and Rapid 

mix design methods. However, some methods have drawbacks in achieving the desired 

proportions, (Shetty, 2007).  

2.6.1 Absolute Volume Method 

The popular models of concrete mix design i.e. ACI, DOE and BIS are based on the 

absolute method. In this method, the proportions of ingredients are obtained as absolute 

volumes mixed in fixed volume of 1m3. The absolute volume of a granular material is the 

volume occupied by the solid matter, i.e. excluding voids between the particles 

(Kosmatka et.al, 2003). This implies that, the absolute volume sum of ingredients 

excluding absorbed water in aggregates is equal to density of fresh concrete. 

The water and cement contents are obtained with reference to specified minimum cement 

content and water-cement ratios specified in the code practices for particular concrete 

grades. To obtain the absolute volume, the cement and water mass contents are divided 

by their particle densities. The absolute volume of coarse aggregate in a 1m3 volume is 

obtained by dividing bulk density of coarse aggregate by the material particle density. 

The bulk volume of fine aggregates is obtained by subtracting the sum volume of cement, 

water and coarse aggregate from 1m3. To effectively apply this method, it is required that 

aggregates are well graded as confirmed by sieve analysis (Kosmatka et.al, 2003). 

2.6.2 Arbitrary Method 

The proportioning of the constituents under this method is based on nominal volume 

ratios. The method is prone to yielding great variation in concrete strength owing to its 
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non-consideration of constituent material properties. Arbitrary method is used for low 

grades of concrete. i.e.  M20 or lower (BIS, 2000).  

2.6.3 Fineness Modulus Method 

The fineness modulus is an index number that describes the relative size of the coarse and 

fine aggregates. It is determined by dividing the cumulative percentage sum of retained 

aggregate masses on the different sieves during sieve analysis by 100, (Abrams, 1919). 

The method is achieved by first determining the fineness modulus of coarse aggregate, 

fine aggregate and then combined fineness modulus of the coarse and fine aggregates. 

The sieves sizes used for the coarse aggregates are 80mm, 40mm, 20mm and 4.75mm 

whilst for fine aggregates are 1mm, 600µmm, 300 µmm, 212 µmm, 150 µmm and 75 

µmm.The percentage composition of the fine aggregate is determined by Equation 2.6-1.  

𝐹𝑖𝑛𝑒 𝐴𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑒 (%) = (𝑃𝑐−𝑃𝑐𝑓
𝑃𝑐𝑓−𝑃𝑓

) × 100                                            …Equation 2.6-1 

𝑤ℎ𝑒𝑟𝑒:   

𝑃𝑐𝑓 = 𝐹𝑖𝑛𝑒𝑛𝑒𝑠𝑠 𝑀𝑜𝑑𝑢𝑙𝑢𝑠 𝑜𝑓 𝑐𝑜𝑚𝑏𝑖𝑛𝑒𝑑 𝑐𝑜𝑎𝑟𝑠𝑒 𝑎𝑛𝑑 𝑓𝑖𝑛𝑒 𝑎𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑒       

 𝑃𝑐 = 𝐹𝑖𝑛𝑒𝑛𝑒𝑠𝑠 𝑀𝑜𝑑𝑢𝑙𝑢𝑠 𝑜𝑓 𝑐𝑜𝑎𝑟𝑠𝑒 𝑎𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑒𝑠, 𝑎𝑛𝑑  

 𝑃𝑓 = 𝐹𝑖𝑛𝑒𝑛𝑒𝑠  𝑀𝑜𝑑𝑢𝑙𝑢𝑠 𝑜𝑓 𝑓𝑖𝑛𝑒 𝑎𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑒𝑠 

For the strength relating to water-cement ratio are obtained by making use of formula 

developed by Abram (1919) shown in Equation 2.4-3. The desired workability is 

achieved by using Equation 2.6-2 when determining the quantity of water required in 

mixing concrete developed by Abram (1919). 

𝑋 = 𝑅[3
2

𝑃 + ( 0.3
1.26𝑚 + 𝑎 − 𝑐) 𝑛]                                                             …Equation 2.6-2 

𝑤ℎ𝑒𝑟𝑒:   

𝑋 = 𝑊𝑎𝑡𝑒𝑟 − 𝑐𝑚𝑒𝑛𝑡 𝑟𝑎𝑡𝑖𝑜 𝑏𝑦 𝑣𝑜𝑙𝑢𝑚𝑒      

 𝑅 = 𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑠𝑖𝑠𝑡𝑒𝑛𝑐𝑦 (𝑤𝑜𝑟𝑘𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑓𝑎𝑐𝑡𝑜𝑟),

𝐼𝑓  𝑅 = 1, 𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒 𝑖𝑠 𝑠𝑎𝑖𝑑 𝑡𝑜 𝑏𝑒 𝑜𝑓 𝑛𝑜𝑟𝑚𝑎𝑙 𝑐𝑜𝑛𝑠𝑖𝑠𝑡𝑒𝑛𝑐𝑦  
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 𝑃 = 𝑁𝑜𝑟𝑚𝑎𝑙 𝐶𝑜𝑛𝑠𝑖𝑠𝑡𝑒𝑛𝑐𝑦 𝑜𝑓 𝑐𝑒𝑚𝑒𝑛𝑡 𝑏𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑎𝑠𝑠𝑢𝑚𝑒 𝑃 = 0.23) 

𝑚 = 𝐹𝑖𝑛𝑒𝑛𝑒𝑠𝑠 𝑀𝑜𝑑𝑢𝑙𝑢𝑠 𝑜𝑓 𝑎𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑒 

𝑛 = 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑚𝑖𝑥𝑒𝑑 𝑎𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑒 𝑡𝑜 𝑜𝑛𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑐𝑒𝑚𝑒𝑛𝑡 

𝑎 = 𝐴𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑜𝑓 𝑎𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑒, 𝑟𝑎𝑡𝑖𝑜 𝑤𝑎𝑡𝑒𝑟 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑡𝑜 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑎𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑒 

𝑐 = 𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝑖𝑛 𝑎𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑒, 𝑟𝑎𝑡𝑖𝑜 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟 𝑐𝑜𝑛𝑡𝑎𝑖𝑛𝑒𝑑 𝑡𝑜 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑎𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑒   

2.6.4 Minimum Void Method 

This method works on the principle that the fine aggregates quality used in the mix design 

should fill the voids left in between the coarse aggregate. The method also assumes that 

the voids left between the fine aggregates would in turn be filled in by the cement quantity 

so as to produce a dense concrete material with minimal voids. Practically, the quantity 

of the fine aggregate is taken to be approximately 10% above total voids in coarse 

aggregate. The cement content is also taken to be approximately 15% above the voids in 

the fine aggregates. The quantity of water added in this method would depend on the 

desired workability. This method may have some drawbacks in achieving the desired 

strength due to non-specification of fixed water/cement ratio and gradation of aggregates 

(Raj et al., 2014). 

2.6.5 Maximum Packing Density Method 

The method is used in the proportioning of fine and coarse aggregates. In this method, 

various formulations of course to fine aggregate fractions are prepared. The proportions 

of the two are done in definite proportions by weight such as 90:10, 80:20 70:30 and 

60:40. The bulk density of each of the mixture is determined by means of weighing the 

mixture in a known volume. The graph is then plotted of bulk density against the mixing 

fractions. The optimal proportions of fine and coarse aggregates are achieved by taking 

note of the fraction that yields maximum bulk density, i.e. peak bulk density value from 

graph plotted. The proportion that gives the densest is adopted as the proportion to be 

used in the mix design (Kore and Vyas, 2017). 
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2.6.6 Surface Area Method 

This method is based on established relationship between the coarse aggregate specific 

area and water requirement for desired workability. The theory behind is that the film of 

water added to concrete mix firstly surrounds the fine cement during hydration to form 

cement paste that in turn covers the fine aggregate to form mortar. The formed mortar is 

tangential to the surfaces area of the coarse aggregate to form the workability of entire 

fresh concrete. The cement content is obtained from the water-cement ratio to strength 

relation using the established water content relating to SSA (Rahma, 2013). It is suggested 

that the optimum compressive strength is achieved between 22 and 26 cm2/gm. The 

higher the cement is in the mix, the lower the optimum specific surface area (Helmy, 

1998). 

2.6.7 ACI Method 

The American Concrete Institute mix design method was first published in 1944 (Shetty, 

2007). The method has undergone various revisions to include modification. Application 

of this method require first to obtain the data of fine modulus of fine aggregates, dry 

rodded volume of coarse aggregate, specific gravity of cement, absorption characteristic 

of coarse aggregate and SSD of fine aggregates. The water/cement ratio in relation to 

desired strength, water content, and slump are obtained from provided tables in the code 

of practice. The proportions of the mixes are obtained by absolute method (ACI, 2011). 

2.6.8 Rapid Method 

This method is outlined in the Indian standard IS: 9013-1978. The rapid method makes 

use of an established chart of correlations between the accelerated cured concrete at 3 

days using boiling water and the concrete strength attained at 28 days of curing. To apply 

this method, trial mixes are cured at 3 days and their strength at 28 days is obtained from 
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the graph of correlation. This method is applicable for all types of cement in India as the 

development of the relationship took care of all types of cement by then (Shetty, 2007). 

2.6.9 British, DOE Method 

The BS-(DOE) method was developed by The Building Research Establishment of 

Department of Environment (DOE) U.K in 1975, revised in 1988 and republished in 1997 

and 2010 (BRE, 2010). The method had replaced the Road Note No. 4, which was 

popularly used up to 1970. The method is based on absolute volume method. The initial 

required information for proportioning the mixes are: desired (characteristic) strength, 

Target Mean Strength, size of coarse aggregates, type of cement, relative density of coarse 

aggregate based on saturated and surface dry condition (SSD), percentage of fine 

aggregates passing through the 600µm test sieve, type of aggregates (crushed or 

uncrushed) and desired range of slump. The small percentage of entrapped air is ignored 

in this method. From this information, the proportions of the mix design are obtained 

from Standard tables and charts as outlined in the code of practice (BRE, 2010).  

2.6.10 Indian Recommended Method  

The Indian Standard Recommended method of concrete mix design is based on the Indian 

National Laboratory works. The method is applicable for both medium and high strength 

concrete. The minimum cement content and water-cement ratio for respective concrete 

Grades are obtained from table tabulated in the Indian code of practice. The total 

aggregate content is calculated by absolute volume method. The percentage of fine 

aggregates are selected from the table in the code indicating Zone categories dependent 

on the grading curve obtained by sieve analysis of the fine aggregate (BIS, 2019). 

2.7 Positive Strides to Overcome Challenges in Concrete Mix Design  

Abram, (1919), established relationship between compressive strength and water-cement 

ratio. This Abram’s rule has been the basis for today’s models of concrete mix designs, 



 

21 
 

(Al-Attar et al., 2003). Despite establishing relationships of strength against water-cement 

ratios in modern concrete mix designs, variation in strength may occur even for the same 

water-cement ratio (Newman & Choo, 2003). 

The aggregate particle shape and surface texture are some of the two characteristic of 

aggregates particles that affects the properties of concrete. The particle shape affects the 

workability whilst surface texture mainly affects the bond between the matrix and 

aggregate particles (BRE, 2010). The different cement types and different aggregates 

sizes as well as other aggregate characteristics may produce concrete of different 

compressive strength even though the same free water-cement ratio is used (BIS, 2019). 

It is worth noting that, from the many properties of aggregates that influence either plastic 

or hardened properties of concrete, it is difficult to point to any of these properties that 

could be directly responsible for the changes in performance of concrete in plastic or 

hardened state (Day et al., 2014).  

Therefore, it is challenging to predict the magnitude of change in concrete performance 

especially for a wide range of aggregates and mix designs (Day et al., 2014). Thus, it is 

recommended to establish the relationship between compressive strength and water-

cement ratio for the actual materials to be used (BIS, 2019). 

Arising from the complexity of the prediction, some scholars have sought for machine 

learning methods. Ziolkowski and  Niedostatkiewicz (2019) in their study focused on 

machine learning application in concrete mix design. It was revealed in the study that the 

method employed allowed for checking composition mix ingredients to achieve the 

desired class. However, it was noted that the mathematical expression presented was not 

adequate to reflect the relationships between the constituents and their boundary 

conditions.  

Therefore, predicting strength of concrete from new mixing material can be challenging 

(DE Rousseau, et al, 2019). However, Statistical prediction models are effective, 

provided large samples are used for the same material source and care is taken note for 

generalization (Osborne, 2000). 
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It is thus from above that some of today’s popular models of concrete mix design 

worldwide such as BS-DOE, ACI and Indian Recommended Method, emphasize the need 

for experimental trial mixes for new materials. These methods are based on absolute 

volume method of proportioning (BRE, 2010; ACI, 2011; BIS, 2019). In order to address 

these challenges, compressive strength is normally specified in terms of characteristic 

strength value below which a minimum proportion of 5% is permitted to occur (Newman 

& Choo, 2003). For mix designs purposes, the relationship between strength and water-

cement ratio is based on Target Mean Strength for any given specified strength (Newman 

& Choo, 2003). This provides for quality control in concrete mix designs by taking care 

of the properties of mix materials that causes variations in strength but cannot be 

accurately measured (BRE, 2010). 

2.8 Summary 

From the literature reviewed, it was revealed that   concrete   strength follows a normal 

distribution pattern. The Target Mean Strength is predicted by either use of a margin or 

overdesign factor. The margin is determined from standard deviation whilst the 

overdesign factor is from coefficient of variation of the concrete strength data. In both 

approaches, the prediction levels are commonly set at five percent probabilities of 

allowable defective. The minimum sample size of strength data ranging between 20 and 

30 is acceptable as per various codes of practice reviewed. The margins applied in various 

parts of the world range between 6.0 and 14.0 whilst the overdesign factor range between 

1.0 and 1.7. 

The prediction of Target Mean Strength goes hand in hand with concrete mix design. The 

models of concrete mix designs do not only allow for an optimal design but also allow 

for strength prediction at particular significance level. Some of these reviewed models of 

concrete mix design included the BS-DOE, ACI and Indian Recommended methods. 

These provides with them the various standard deviations for predicting Target Mean 

Strength for various respective concrete classes. These methods are based on absolute 

volume method for proportioning the mixes. They utilize existence of empirical 
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relationship between strength and water-cement ratio for predicting Target Mean Strength 

of concrete mixes. The existence of such a relationship was firstly proved by Abram 

(1919). The aggregate properties such as size, texture, shape, strength, densities and 

grading may affect strength of concrete. Therefore, aggregates for concrete required to 

meet specific standards. The water and cement contents do not only affect strength but 

also workability of the fresh concrete.  
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CHAPTER 3: METHODOLOGY 

3.1 Introduction 

In order to achieve the aim and objectives of the study, mixed methods of research were 

employed i.e. qualitative and quantitative. The first stage was to review literature with a 

view to identifying concrete mix design models and prediction criteria’s for TMS 

employed worldwide. Thereafter, the information obtained from literature review was 

used as basis for the following: 

¾ The secondary data collected through interviews by means of questionnaire,  

¾ The primary data collected through laboratory experiments and  

¾ The data analysis employed to establish margins for prediction Target Mean 

Strength of concrete mixes using local materials 

3.2 Secondary Data Collected   

The secondary data was meant to identify a mix design model utilizing local materials 

that could be validated for Target Mean Strength prediction through laboratory 

experiments. After successful literature review, a semi-structured questionnaire was 

developed and used for secondary data collection. Purposive sampling was used. The 

minimum single sample size was targeted from a target group institution that deal with 

concrete mix designs meant for various clients in the Zambian construction industry. The 

single sample size deemed sufficient as the response obtained was mainly for 

identification of concrete mix design model utilizing local materials and possible sources 

of materials. Six questionnaires were issued to some targeted institutions. Out of the six 

issued questionnaires, only two responses were obtained and the same two did not agree 

to provide the data that can be used to verify information provided. This poor response to 

interview questionnaire could have been due to potential respondents regarding their 

concrete mix design information to be confidential for their business. The target group 

were unwilling to respond to the questioning, as they would have regarded concrete mix 
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design information as confidential for their business. This made it difficult to validate the 

predicting values provided by the two respondents in questionnaire owing to non-

disclosure of data used to derive the predicting values. Therefore, primary laboratory 

experiments to generate the required concrete strength data for predicting Target Mean 

Strength were sought to validate the identified model. BS-DOE model was identified 

based on availability of concrete testing equipment at University of Zambia Civil 

Engineering Laboratory. The sample questionnaire is attached in appendix A 

3.3 Primary Data Collected  

The BS-DOE method of concrete mix design recommends at least 20 consecutive 

concrete strength results for computing standard deviation to predict Target Mean 

Strength for the concrete class (BRE, 2010). For the Indian Recommended Method of 

concrete mix design as per IS: 456:2000, recommends a minimum of 30 consecutive 

strength results for calculating standard deviation to predict Target Mean Strength. 

Therefore, in this study, the minimum sample size of 30 of consecutive cube strength 

results for each of the concrete classes, i.e. C30, C25 and C20 were used. The concrete 

strength results were obtained through laboratory experiments carried out at the 

University of Zambia Civil Engineering laboratory.  

The steps undertaken to obtain primary data of concrete cube strength results were as 

follows:  

i. Sourcing and delivery of mix materials to the Laboratory 

ii. Laboratory experiments of aggregate testing,  

iii. Concrete mix design for at least 30 mixes for each of the concrete class of C20, 

C25 and C30 using BS-DOE method,  

iv. Making of concrete cubes and slump testing for each mix, 

v. Curing of the cubes at age of 28 days and  

vi. Strength testing of cubes by crushing  

 

 

 



 

26 
 

3.3.1 Sourced Materials for the Experiments 

The material quantities bought and their sources for the experiments were as follows: 

¾ Sixteen (16) bags of 50kg Ordinary Portland cement strength class of 42.5R 

manufactured by Lafarge Zambia were bought from the local market, 

¾ Two (2) tones of crushed 20mm coarse aggregates were bought from Oriental 

Quarries produced by Scirocco Enterprise located in Makeni Lusaka district, 

¾  Two tones (2) of crushed fine aggregates were bought from United Quarries 

Limited Company located in the Eastern part of Lusaka district and 

¾ Tap water in laboratory pumped from boreholes was used in the mixes.  

 

3.3.2 Aggregate Tests 

Prior to undertaking the proportioning of the mixes, experimental tests of the aggregates 

were conducted in order to check whether the properties of the aggregates bought were 

within the required standards for concrete mix. The other reason for aggregate testing 

was to determine properties such as relative density based on saturated surface dry 

condition and percentage of fine aggregates passing through 600µm sieve which was 

used in the concrete mix design. The tests conducted included: Aggregate Crushing 

Value (ACV), Elongation Index (E.I), Flakiness Index (F.I.), particle size distribution 

through sieve analysis, compacted bulk density and relative density based on Saturated 

Surface Dry condition.  

3.3.2.1 Particle Size Distribution of Aggregates 

The objective of the analysis was to ascertain the particle size distribution of the 

aggregates and fillers with a view to ensuring that the aggregate grading was within 

acceptable standards. The dry sieving of the aggregates was performed in accordance 

with BS 812.  

3.3.2.2 Elongation Index (EI) and Flakiness Index (FI) 

Aggregate particles are classified elongated when they have length dimension of more 

than 1.8 of their mean sieve sizes. For flakiness, aggregate particles are classified flaky 
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when they have thickness dimension of less than 0.6 of their mean sieve sizes according 

to BS 812. The elongation and flakiness test help to prevent use of elongated (long) and 

flaky (flat) coarse aggregates in the mix design mix. If the major constituency of the 

aggregate are long and or flat, means that they can easily break and there will be 

difficulties in mixing them with the binder (Newman & Choo, 2003). Not only this but 

there would also be increased void spaces in the mix as compared to the round and 

angular aggregates. 

Therefore, the objectives of the experiment were to determine the elongation and 

flakiness index in order to ascertain suitability of the aggregates for use in concrete with 

reference to BS 812 standards. 

3.3.2.3 Bulk Density of the aggregates 

The bulk density is the mass of the granular material per unit volume. When a tempered 

rod is used in placing the aggregates in a known volume for bulk density determination, 

the resulting density is referred as compacted bulk density (Newman & Choo, 2003). 

The test procedure was done in accordance with BS 812 standards. 

3.3.2.4 Relative Density of Aggregates and Water Absorption 

The relative density on a saturated surface dry basis is one of the properties of the 

aggregates used in concrete mix design (BRE, 2010). The water absorption tests were 

conducted with a view to comparing with standard limits of aggregate absorptions for 

concrete mix design. Therefore, the objective of the experiment was to determine the 

relative density and water absorption of the aggregates for the concrete mix design in 

line with BS 812 standards. 

3.3.2.5 Aggregate Crushing Value (ACV) 

The strength of coarse aggregates is normally measured by Aggregate Crushing Test. 

The Aggregate Crushing Value (ACV) is a relative measure of the resistance of an 

aggregate to crushing under a gradually applied load. It is determined by measuring the 

material passing a specified sieve after crushing under a load of 400 KN. The test is 
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applicable to a standard fraction aggregates passing a 14mm sieve and retained on a 

10mm sieve and using a separating sieve of 2.36mm as per BS 812 standards.  

Therefore, the objective of the experiment was to determine the aggregate crushing value 

so as to assess the suitability by strength of the aggregate if to be used for concrete. The 

ACV test procedure was conducted in accordance with BS 812:1990.  

3.3.3 Concrete Mix Design-BS DOE method 

Based on the respondents from the administered questionnaires, it was reviewed that the 

BS-DOE method of concrete mix design was one of the methods that is applied in the 

Zambian construction industry. Therefore, this method was chosen to validate it with 

laboratory experiments for Target Mean Strength predictions using the local materials. 

The steps undertaken in the concrete mix design using this method were as outlined in 

the Building Research Establishment literature titled Design of Normal Concrete Mixes 

(BRE, 2010). 

3.3.4 Concrete Cube Casting and Curing 

After successful proportioning of the mixes using the DOE method of concrete mix 

design, the stage was followed by making the test cubes from fresh concrete. The cubes 

were made with reference procedure outlined in BS 1881:1983.  

3.3.5 Slump Testing 

The objective of slump test was to determine the workability of the concrete. The slump 

test was measured by filling fresh concrete in a conical mold measuring 200mm base 

diameter, 100mm top diameter and 300mm height. The mold was then removed slowly 

and slump measured after removal of mold. The test procedure was in accordance with 

BS 1881: Part 102:1983. 

3.3.6 Cube Curing 

The procedure and standard followed for cube curing process was with reference to BS 

1881: Part 108:1983.  
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3.3.7 Concrete Cube Strength Tests 

This was the final test procedure undertaken to ascertain the compressive strength of the 

cured cubes at the age of 28 days. The strength results were then later analyzed to 

accomplish aim of the study. The tests procedure was done in accordance with BS 1881: 

Part 116:1983.  

3.4 Data Analysis  

The data analysis procedure to validate model involved statistical approach in obtaining 

the prediction parameters for TMS which included standard deviation and mean strength 

obtained from the Probability Density Function (PDF) at 5% significance level of the 

characteristic strength. The PDF distributions with their corresponding Cumulative 

Distribution Functions (CDF) were produced for each of the concrete strength class with 

an aid of Microsoft Excel application. The standard deviation and margin for predicting 

TMS of concrete mixes for each class was obtained using Equations 3.3-1 and 3.3-2, 

respectively. 

𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 = 𝑇𝑎𝑟𝑔𝑒𝑡 𝑀𝑒𝑎𝑛 𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ−𝐶ℎ𝑎𝑟𝑎𝑐𝑡𝑒𝑟𝑖𝑠𝑡𝑖𝑐 𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ
1.64

       …Equation 3.4-1 

 

𝑀𝑎𝑟𝑔𝑖𝑛 = 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 × 1.64                                                  …Equation 3.4-2      

3.5 Summary  

The interview questionnaire was used to identify concrete mix design model applied 

locally. The identified model was validated for Target Mean Strength using primary data. 

Table 3.3-1 presents tests conducted and associated standards, to collect primary data. 

The flow chart in Figure 3-4-1 summarizes the Methodology of the study. 
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 Table 3.5-1: Laboratory Tests Conducted  

S/N Description of Test/Method Standard Procedure/Reference 

Document 

1 Aggregate Testing 

1.1 Sieve Analysis BS 812-103: Part 1:1985 

1.2 Elongation Index (E.I) BS 812-105 Part 2:1990 

1.3 Flakiness (F.I) BS 812-105 Part 1:1989 

1.4 Relative Density/Water 

Absorptions 

BS 812 Part 2:1995 

1.5 Bulk Density BS 812 Part 2:1995 

1.6 Aggregate Crushing Value (ACV) BS 812-110:1990 

2 Concrete Mix Design 

2.1 BS-DOE Method BRE, 2010; BS 8500-1+A2:2019 

3 Concrete Cube Making, Curing & Testing 

3.1 Cube Making and Curing BS 1881-108:1983; BS 1881-125:2013 

3.2 Slump testing BS 1881-102:1983; BS 1881-125:2013 

3.3 Cube strength test BS 1881-116:1983; BS 1881-125:2013 
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Figure 3.5-1: Flow Chart for Establishing Adequate Margins for TMS 
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CHAPTER 4: RESULTS 

4.1 Introduction 

This chapter presents the results from interview questionnaires and laboratory 

experiments. The concrete strength data from laboratory experiment were analyzed to 

establish the appropriate predicting values for Target Mean Strength of concrete mixes. 

The procedure for data collection and analysis were as per reviewed literature of concrete 

mix design model adopted. This was in order to achieve the aim of the study, which was 

to establish an appropriate margin for predicting Target Mean Strength of concrete mixes 

based on Zambian local materials.  Prediction values for Target Mean Strength were 

obtained from Probability Distribution Functions that were plotted from concrete strength 

results.  

4.2 Concrete Mix Design Model Identification    

The concrete design model validated for TMS in this study was identified based on 

testing equipment available aligned to British Standards, which Zambia had adopted, 

from independence and response from two interview questionnaires. The sample 

questionnaire used in the study is attached in Appendix A. 

4.3 Laboratory Experimental Results for Model Validation  

The data required to validate model were obtained from experimental concrete strength 

cube tests casted for each class of concrete. The required test results were not only for 

the cube strength but also the material tests of aggregates used for concrete mixing in 

order to ensure that the casted concrete cubes were made from standard materials and 

procedures. Therefore, the results presented include aggregate test results and 

Probability Distribution Functions produced from concrete strength test results for 

concrete classes C20, C25 and C30. The quality of water used for the mixes were 

assumed to be of good quality for concrete mixes as the same water was used as portable  

water for the University of Zambia. According to BS-EN 1008:2002, the quality of water 
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that meet standards of drinking water referred to as portable water needs no testing when 

used for concrete mixes.   

4.3.1 Aggregate Tests Results 

The aggregate tests results were compared with respective standards as indicated in 

Tables 4.3-1 and 4.3-2 as well as Figures 4.3-1 and 4.3-2  

 
Figure 4.3-1: Particle Size Distribution for Fine Aggregates 
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 Figure 4.3-2: Particle Size Distribution for Coarse Aggregates 
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Table 4.3-1: Summary of Coarse Aggregate Test Results  

S/N Test 

Conducted 

Detailed Description Parameter/Units Limiting 

Range 

Ref 

Standards/Document 

Test 

value 

obtained   

Remarks 

 

1 

 

Sieve Analysis  

Test Sieve Size 20mm % cumulative 

passing 

85 to 100 BS 882 100 Acceptable 

Test Sieve Size 14mm % cumulative 

passing 

0 to 70 BS 882 39.9 Acceptable 

Test Sieve Size 10mm % cumulative 

passing 

0 to 25 BS 882 0.28 Acceptable 

Test Sieve Size 5mm % cumulative 

passing 

0 to 5 BS 882 0 Acceptable 

2 Relative 

Density  

Based on SSD Ton/m3 2.4 to 2.9 BRE, 2010 2.73 Acceptable 

3 Bulk Density rodded Ton/m3 1.28 to 1.92 ACI, 2011 1.627 Acceptable 

4 ACV Separating sieve 2.36mm % <30 BS 812-110 16.6 Acceptable 

5 Elongation 

Index 

 % <45 BS 882 10 Acceptable 

6 Flakiness Index  % <40 BS 882 8 Acceptable 
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Table 4.3-2: Summary of Fine Aggregate Test Results  

S/N Test 

Conducted 

Detailed Description Parameter/Units Limiting 

Range 

Ref 

Standards 

Test value 

obtained   

Remarks 

 

1 

 

Sieve Analysis  

Test Sieve Size 10mm % cumulative 

passing 

100 BS 882 100 Acceptable 

Test Sieve Size 5mm % cumulative 

passing 

89 to 100 BS 882 89.5 Acceptable 

Test Sieve Size 2.36mm % cumulative 

passing 

60 to 100 BS 882 65.6 Acceptable 

Test Sieve Size 1.18mm % cumulative 

passing 

30 to 100 BS 882 53.7 Acceptable 

Test Sieve Size 0.6mm % cumulative 

passing 

15 to 100 BS 882 40.6 Acceptable 

Test Sieve Size 0.3mm % cumulative 

passing 

5 to 70 BS 882 27.2 Acceptable 

Test Sieve Size 0.15mm % cumulative 

passing 

0 to 20 BS 882 14 Acceptable 

2 Relative 

Density  

Based on SSD Ton/m3 2.4 to 2.9 BRE, 2010 2.620 Acceptable 

The laboratory data for the aggregate test results from which Table 4.3-1 and 4.3-2 as well as figures, 4.3-1 and 4.3-2 were 

generated from the data attached in Appendices B to J. 
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4.3.2 Concrete Strength Results   

Figures 4.3-3, 4.3-5 and 4.3-7 show the probability distributions for the concrete strength 

results as well as their Target Mean Strength employed for the concrete classes C20, C25 

and C30 respectively. Figures 4.3-4, 4.3-6 and 4.3-8 show the Cumulative Density 

Function meant for obtaining the percentage probabilities for Figures 4.3-3, 4.3-5 and 

4.3-7, respectively.  The concrete compressive strength data used to produce these figures 

are attached in Appendix P.  

4.3.2.1 Concrete Strength Results for C20 

The concrete mix design was based on BS-DOE model. The first step during concrete 

mix design were to establish characteristic strengths for the required data set. For concrete 

class C20, the sample size was 35. From this set of characteristic strengths, the Target 

Mean Strengths were calculated using equation 2.2-1 with adopted standard deviation 

value of 4 and risk factor of 1.64, which represent 5% allowable defective. Therefore, the 

distribution for the resulting data set of Target Mean Strength were plotted as indicted in 

figure 4.3-3. The distribution of compressive strength resulting from the actual hardened 

concrete cubes at age of 28days were plotted as indicted in graph for actual in in figure 

4.3-3. The target Mean Strength results for C20 were consistently higher than the actual 

strength owing to the possible differences between properties of local mix materials and 

those materials used in experiments to develop the BS-DOE. The corresponding 

probability values for the Target Mean Strength and actual strengths for C20 is presented 

in figure 4.3.4. From these graphs, it can be observed that the actual strength of 20MPa 

representing the class of concrete C20 were sitting at approximately 5% allowable 

defective whilst the Predicted Target Mean Strength value of 33.43MPa sitting at 50% 

probability.  
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                Figure 4.3-3: Probability Density Function for Class C20 

 
                   Figure 4.3-4: Cumulative Density Function for Class C20 
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4.3.2.2 Concrete Strength Results for C25 

Similarly, the data set for concrete class C25 were developed using the process outlined 

for concrete class C20. For concrete class C25, the data sample size was 35 and the 

distribution for the resulting data set of Target Mean Strength were plotted as indicted in 

figure 4.3-5. The distribution of compressive strength resulting from the actual hardened 

concrete cubes at age of 28days were plotted as indicted in graph for actual in in figure 

4.3-5. The target Mean Strength results for C25 were consistently higher than the actual 

strength owing to the possible differences between properties of local mix materials and 

those materials used in experiments to develop the BS-DOE. The corresponding 

probability values for the Target Mean Strength and actual strengths for C25 is presented 

in figure 4.3.6. From these graphs, it can be observed that the actual strength of 25MPa 

representing the class of concrete C25 were sitting at approximately 5% allowable 

defective whilst the Predicted Target Mean Strength sitting at 50% probability was 

38.1MPa. 

 
Figure 4.3-5: Probability Density Function for Class C25 
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Figure 4.3-6: Cumulative Density Function for Class C25 

4.3.2.3 Concrete Strength Results for C30 

Similarly, the data set for concrete class C30 were developed using the process outlined 

for concrete class C20. For concrete class C30, the sample size was 31 and the distribution 

of Target Mean Strength results were plotted as indicted in figure 4.3-7. The distribution 

of compressive strength results for the actual hardened concrete cubes at age of 28days 

were plotted as indicted in graph for actuals in figure 4.3-7. The target Mean Strength 

results for C30 were consistently higher than the actual strength owing to the possible 

differences between properties of local mix materials and those materials used in 

experiments to develop the BS-DOE. The corresponding probability values for the Target 

Mean Strength and actual strengths for C30 is presented in figure 4.3.8. From these 

graphs, it can be observed that the actual strength of 30MPa representing the class of 

concrete C30 was at approximately 5% allowable defective whilst the Predicted Target 

Mean Strength was at 50% probability was 43.6MPa. 
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Figure 4.3-7: Probability Density Function for Class C30 

 

Figure 4.3-8: Cumulative Density Function for Class C30 
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4.3.3 Normality Test for Concrete Strength Results   

The null hypothesis of concrete strength results being normally distributed was tested to 

affirm the distribution.  Table 4.3-3 shows the distribution test using the Z-test.
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Table 4.3-3: Normality Tests for the Distributions Using the Z-Test 

*𝑧 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛𝑠 (𝑍 − 𝑠𝑐𝑜𝑟𝑒) 

𝑥 = 𝑠𝑎𝑚𝑝𝑙𝑒 𝑚𝑒𝑎𝑛                                                                                                                                                                                                                  

𝑠 = 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛                                                                                                                                                                                                      

𝜇 = 𝑚𝑒𝑎𝑛 𝑓𝑜𝑟 𝑛𝑢𝑙𝑙 ℎ𝑦𝑝𝑜𝑡ℎ𝑒𝑠𝑖𝑠                                                                                                                                                                                         

𝑛 = 𝑠𝑎𝑚𝑝𝑙𝑒 𝑠𝑖𝑧𝑒                                                                                                                                                                                                                     
 

 

 

 

 

 

 

 

 

 

 
Concrete 

Class 

Sample 
Size  
(n) 

Mean for 
Null 

Hypothes
is (µ) 

Sample 
Mean 

(x) 

Confidenc
e Level    

(%) 

Critical 
P-Value 

(α) 

Lower 
bound Z-
Critical 
Value 

Upper 
bound Z-
Critical 
Value 

Standard 
Deviation 

(S) 

𝒁 =
𝒙 − 𝝁
𝒔/√𝒏

 

 
Comments 

C20 35 26.54 25.86 95 0.05 -1.96 1.96 3.42 -1.18 Z calculated within bounds 
C25 35 28.96 28.49 95 0.05 -1.96 1.96 2.05 -1.37 Z calculated within bounds 
C30 31 34.51 34.82 95 0.05 -1.96 1.96 2.82 0.61 Z calculated within bounds 
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4.3.4 Relationship between Compressive Strength and Water-Cement Ratio 

obtained from Experimental Results 

The relationships between compressive strength and water-cement ratios were established 

for concrete classes C20, C25, C30 and the general relationship for all the 3 classes.  

4.3.4.1 Relationship between Compressive Strength and Water-Cement Ratio for C20 

Figure 4.3-9(a) and 4.3-9(b) present the plotted points and corresponding best fir curves 

for C20 classes of concrete cube strength results obtained against the water cement ratios, 

in Imperial and Metric units, respectively...  

 

(a) Imperial units 
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(b) Metric Units 

Figure 4.3-9: Relationship between Compressive Strength and Water-Cement 
Ratio for C20 Laboratory Experimental Results 

The mathematical relationship of the best-fit curve in figure 4.3-9(a) is represented in 

equation 4.3-1.  

𝑄𝑐 = 10700

4.7(𝑊
𝐶 )

                                                                                               …Equation 4.3-1 

Where: 

𝑄𝑐 = 𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑣𝑒 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ 𝑏𝑎𝑠𝑒𝑑 𝑜𝑛 𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟 𝑡𝑒𝑠𝑡 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ 𝑖𝑛 𝑙𝑏/𝑖𝑛𝑐ℎ2                                                                                                                    
𝑊
𝐶

= 𝑤𝑎𝑡𝑒𝑟 𝑐𝑒𝑚𝑒𝑛𝑡 𝑟𝑎𝑡𝑖𝑜 𝑏𝑦 𝑣𝑜𝑙𝑢𝑚𝑒 

The mathematical relationship of the best-fit curve in figure 4.3-9(b) is represented in 

equation 4.3-2.  
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𝑄𝑐𝑢 = 81

3.92(𝑊
𝐶 )

                                                                                           …Equation 4.3-2 

Where: 

𝑄𝑐𝑢 = 𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑣𝑒 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ 𝑏𝑎𝑠𝑒𝑑 𝑜𝑛 𝑐𝑢𝑏𝑒 𝑡𝑒𝑠𝑡 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ 𝑖𝑛 𝑀𝑃𝑎 ,                                                                                  
𝑊
𝐶

= 𝑤𝑎𝑡𝑒𝑟 𝑐𝑒𝑚𝑒𝑛𝑡 𝑟𝑎𝑡𝑖𝑜 𝑏𝑦 𝑣𝑜𝑙𝑢𝑚𝑒                                     

4.3.4.2 Relationship between Compressive Strength and Water-Cement Ratio for C25 

Figure 4.3-10(a) and 4.3-10(b) presents the plotted points and the corresponding best fit   

curves for C25 classes of concrete cube strength results obtained against the water cement 

ratios.  

 
(a) Imperial units 
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(b) Metric Units 

Figure 4.3-10: Relationship between Compressive Strength and Water-Cement Ratio 
for C25 Laboratory Experimental Results 

The mathematical relationship of the best-fit curve in figure 4.3-10(a) is represented in 

equation 4.3-3.  

𝑄𝑐 = 5710

2.07(𝑊
𝐶 )

                                                                                              …Equation 4.3-3 

Where: 

𝑄𝑐 = 𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑣𝑒 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ 𝑏𝑎𝑠𝑒𝑑 𝑜𝑛 𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟 𝑡𝑒𝑠𝑡 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ 𝑖𝑛 𝑙𝑏/𝑖𝑛𝑐ℎ2                                                                                                                    
𝑊
𝐶

= 𝑤𝑎𝑡𝑒𝑟 𝑐𝑒𝑚𝑒𝑛𝑡 𝑟𝑎𝑡𝑖𝑜 𝑏𝑦 𝑣𝑜𝑙𝑢𝑚𝑒 

The mathematical relationship of the best-fit curve in figure 4.3-10(b) is represented in 

equation 4.3-4.  
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𝑄𝑐𝑢 = 46.4

1.9(𝑊
𝐶 )

                                                                                             …Equation 4.3-4 

Where: 

𝑄𝑐𝑢 = 𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑣𝑒 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ 𝑏𝑎𝑠𝑒𝑑 𝑜𝑛 𝑐𝑢𝑏𝑒 𝑡𝑒𝑠𝑡 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ 𝑖𝑛 𝑀𝑃𝑎 ,                                                                                  
𝑊
𝐶

= 𝑤𝑎𝑡𝑒𝑟 𝑐𝑒𝑚𝑒𝑛𝑡 𝑟𝑎𝑡𝑖𝑜 𝑏𝑦 𝑣𝑜𝑙𝑢𝑚𝑒 

4.3.4.3 Relationship between Compressive Strength and Water-Cement Ratio for C30 

Figure 4.3-11(a) and 4.3-11(b) presents the plotted points and tte corresponding best fit 

curves for C25 classes of concrete cube strength results obtained against the water cement 

ratios.  

 
(a) Imperial units 
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(b) Metric Units 

Figure 4.3-11: Relationship between Compressive Strength and Water-Cement Ratio 
for C30 Laboratory Experimental Results 

The mathematical relationship of the best-fit curve in figure 4.3-11(a) is represented in 

equation 4.3-5.  

𝑄𝑐 = 11300

4.5(𝑊
𝐶 )

                                                                                              … Equation 4.3-5 

Where: 

𝑄𝑐 = 𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑣𝑒 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ 𝑏𝑎𝑠𝑒𝑑 𝑜𝑛 𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟 𝑡𝑒𝑠𝑡 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ 𝑖𝑛 𝑙𝑏/𝑖𝑛𝑐ℎ2                                                                                                                    
𝑊
𝐶

= 𝑤𝑎𝑡𝑒𝑟 𝑐𝑒𝑚𝑒𝑛𝑡 𝑟𝑎𝑡𝑖𝑜 𝑏𝑦 𝑣𝑜𝑙𝑢𝑚𝑒 

The mathematical relationship of the best-fit curve in figure 4.3-11(b) is represented in 

equation 4.3-6.  
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𝑄𝑐𝑢 = 85.8

3.8(𝑊
𝐶 )

                                                                                             …Equation 4.3-6 

Where: 

𝑄𝑐𝑢 = 𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑣𝑒 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ 𝑏𝑎𝑠𝑒𝑑 𝑜𝑛 𝑐𝑢𝑏𝑒 𝑡𝑒𝑠𝑡 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ 𝑖𝑛 𝑀𝑃𝑎 ,                                                                                  
𝑊
𝐶

= 𝑤𝑎𝑡𝑒𝑟 𝑐𝑒𝑚𝑒𝑛𝑡 𝑟𝑎𝑡𝑖𝑜 𝑏𝑦 𝑣𝑜𝑙𝑢𝑚𝑒 

4.3.4.4 Relationship between Compressive Strength and Water-Cement Ratio for all 

Concrete Classes C20, C25 and C30 

Figure 4.3-12(a) and 4.3-12(b) presents the plotted points and their curve of best fit for 

all the classes of concrete cube strength results obtained against the water cement ratios.  

 
(a) Imperial Units 
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(b) Metric Units 

Figure 4.3-12: Relationship between Compressive Strength and Water-Cement Ratio 
from Laboratory Experimental Results 
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The mathematical relationship of the best-fit curve in figure 4.3-12(a) is represented in 

equation 4.3-7.  

𝑄𝑐 = 13980

6.5(𝑊
𝐶 )

                                                                                               …Equation 4.3-7 

Where: 

𝑄𝑐 = 𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑣𝑒 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ 𝑏𝑎𝑠𝑒𝑑 𝑜𝑛 𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟 𝑡𝑒𝑠𝑡 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ 𝑖𝑛 𝑙𝑏/𝑖𝑛𝑐ℎ2                                                        
𝑊
𝐶

= 𝑤𝑎𝑡𝑒𝑟 𝑐𝑒𝑚𝑒𝑛𝑡 𝑟𝑎𝑡𝑖𝑜 𝑏𝑦 𝑣𝑜𝑙𝑢𝑚𝑒 

The mathematical relationship of the best-fit curve in figure 4.3-12(b) is represented in 

equation 4.3-8.  

𝑄𝑐𝑢 = 110

5.7(𝑊
𝐶 )

                                                                                            … Equation 4.3-8 

Where: 

𝑄𝑐𝑢 = 𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑣𝑒 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ 𝑏𝑎𝑠𝑒𝑑 𝑜𝑛 𝑐𝑢𝑏𝑒 𝑡𝑒𝑠𝑡 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ 𝑖𝑛 𝑀𝑃𝑎 ,                                                                                  
𝑊
𝐶

= 𝑤𝑎𝑡𝑒𝑟 𝑐𝑒𝑚𝑒𝑛𝑡 𝑟𝑎𝑡𝑖𝑜 𝑏𝑦 𝑣𝑜𝑙𝑢𝑚𝑒 

4.3.5 Target Mean Strength Values 

Table 4.3-4 indicates the established appropriate standard deviation for predicting Target 

Mean Strength based on local concrete mix materials when using BS-DOE method for 

the classes C20, C25 and C30. It further shows the respective mix proportions for these 

classes based on the validated Target Mean Strength. 
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Table 4.3-4: Established Target Mean Strength Prediction Values for local Concrete Mixes  

 

Method of 

Concrete Mix 

Design 

 

Concrete  

Class 

 

Characteristic 

Strength-Fc 

(MPa) 

 

Target Mean 

Strength-Fm 

(MPa) 

Standard 

deviation (σ) 

(MPa) 

Margin (M) 

(MPa) 

 

Mixing Proportions (kg/m3) 

𝝈 =
𝑭𝒎 − 𝑭𝒄

𝟏. 𝟔𝟒  𝑴 = 𝟏. 𝟔𝟒 × 𝝈 Cement Fine 

Aggregates 

Coarse 

Aggregates 

Water 

 

BS-DOE 

Method 

C20 20 33.4 8.2 13.4 328 743 1139 190 

C25 25 38.1 8.0 13.1 360 718 1162 190 

C30 30 43.6 8.3 13.6 407 673 1160 190 

Average Standard deviation & Margin 8.15 13.37     

Where: Fm=Target Mean Strength, Fc=Characteristic strength, σ=Standard deviation and M= margin 

The concrete mix design data used to produce strength results for the concrete classes in Table 4.3-4 are attached in Appendix K, L 

and M.
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4.4  Summary 

Figure 4.4-1 presents the established standard deviation for classes C20, C25 and C30 in 

comparison with anticipated limits of standard deviation in BS-DOE method of concrete 

mix design. According to the literature Building Research Establishment (BRE, 2010), 

limits of standard deviation in United Kingdom for normal concrete mixes is anticipated 

to range between 2.5 and 8.5.  

 

 
Figure 4.4-1: Established Standard Deviation in Comparison with DOE Method  

 

Figure 4.4-2 presents the established Target Mean Strengths for classes C20, C25 and 

C30 in comparison with limits of Target Mean Strength in BS-DOE method. 
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Figure 4.4-2: Established Target Mean Strength in Comparison with DOE Method
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From the established Target Mean Strengths in figure 4.4-2, the established mix proportions of concrete per cubic meter for 

local materials for the classes C20, C25 and C30 at 5% allowable defective are presented in Figure 4.4-3 (a), (b) and (c).  

 

 
(a) 

 

 
(b) 

 

 
(c) 

Figure 4.4-3: Established Concrete Mix Proportions for Class C20, C25 and C30  
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CHAPTER 5: DISCUSSION OF RESULTS 

5.1 Introduction 

This chapter explains and interprets the results of the study with reference to reviewed 

literature and laboratory investigations. The discussion was limited to the response from 

interview questionnaire, laboratory experimental results and their analysis. The interview 

questionnaire was used to identify appropriate concrete mix design method commonly 

applied locally. The laboratory experiments were carried out using the identified concrete 

mix design method. The concrete strength yielded from laboratory experiments was 

analyzed to validate the mix design for Target Mean Strength for the local mix materials. 

5.2 Reviewed Concrete Mix Design Models that Utilizes Target Mean Strength  

Literature reviewed that BS-DOE, ACI and Indian Recommended method of concrete 

mix design are some of the methods can be validated for Target Mean Strength using 

local materials. In all of these three models, concrete strength results are assumed to 

follow a normal distribution pattern and Target Mean Strength is predicted based on the 

properties of this distribution. From the three models, the BS-DOE model was found 

suitable for the study because of the available laboratory testing equipment aligned to the 

British standards. In all the three models, either standard deviation or coefficient of 

variation of the concrete strength results can be used to predict Target Mean Strength for 

particular type of materials. Equations 2.2-1 and 2.2-2 are used for predicting Target 

Mean Strength when using standard deviation and coefficient of variation respectively. 

When using the standard deviation, a margin above the characteristic is determined whilst 

for coefficient of variation an over design factor is determined. In this study, the approach 

of using standard deviation was adopted. 

5.3 Concrete Mix Design Model Identification 

Despite obtaining a poor response to an interview questionnaire, in Zambia, it is known 

that the British standard codes of practice were adopted as far as independence era and 

were currently being applied by some industries. The two respondents interviewed by 
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means of questionnaire indicated that the they were using BS-DOE method for their 

concrete mix designs. Most of the laboratory testing equipment available at the University 

of Zambia for concrete works are aligned to British standards. Therefore, in this study, 

the B.S-DOE method of concrete mix design was identified for validation in Predicting 

Target Mean Strength using local materials.  

5.4 Model Validation for Target Mean Strength through Experimental Results 

The test results of concrete constituent materials used for the experiments were in 

conformity with the appropriate standards as presented in Tables 4.3-1 and 4.3-2. These 

material tests were confined to affirm compliance of the fine and coarse aggregates whilst 

the cement bought from the open market were assumed to meet the prescribed standard 

by the manufacturer. 

The range and distribution of predicted Target Mean Strengths based on DOE Method 

that were used for the experiment and the corresponding actual strengths yielded for each 

class is presented in form of Probability Density Function (PDF) graphs (Figures: 4.3-3, 

4.3-5 and 4.3-7). The respective probabilities of these distribution are presented in form 

of Cumulative Distribution Function (CDF) graphs (Figures: 4.3-4, 4.3-6 and 4.3-8). The 

concrete strength results distributions presented in these figures for concrete classes C20, 

C25 and C30 were found to follow a normal distribution pattern as anticipated from 

literature review. The normality test conducted in Table 4.3-3 confirmed that the 

distributions for the three classes of concrete were within normal distribution patterns. 

The Z-Test was used to conduct this normality (Kanji, 2006). 

The established relationship between compressive strength and water-cement ratio 

presented in figure 4.3-9(a) and equation 4.3-1, was deliberately expressed in imperial 

system units in order to compare study results with results established by Abram (1919) 

and is still applicable today (Li et al., 2020). The equation 2.3-5 was used to convert 

experimental compressive strength results from cube-based test to cylinder-based 

strength test. Abram (1919) established the general equation for the relationship between 

compressive strength and water-cement ratio presented in equation 2.4-2. The constant 
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values A and B in equation 2.4-2 are specific for particular mix materials as per reviewed 

literature in chapter 2. Abram (1919) in his experiments established the value of A and B 

to be equal to 14000 and 7 respectively. In this study, the value of A was established to 

be equal to 13980 whilst the value of B was 6.5 as expressed in equation 4.3-7. These 

constant values established in this study were approximately the same as those established 

by Abram (1919). Therefore, the study confirmed that the relationship between 

compressive strength and water-cement ratio established by Abram (1919) was applicable 

for the local materials in the study. The figure 4.3-12(b) and equation 4.3-7 presents study 

established relationship between concrete compressive strength concrete and water-

cement ratio in metric system units which is equivalent to the one established by Abram 

(1919).  

The Target Mean Strength of concrete mixes was determined by the value of compressive 

strength corresponding to 50% probability on the CDF graphs. The respective 

characteristic strength corresponded approximately to 5% probability of the actual 

strength CDF graphs. These CDF graphs are presented in Figures 4.3-4, 4.3-6 and 4.3-8 

for concrete classes C20, C25 and C30, respectively. The prediction margin was simply 

the difference between the characteristic strength and the Target Mean Strength. The 

margins were divided by a factor k (1.64) to obtain standard deviations as presented in 

Table 4.3-4.  

Figure 4.4-1 compares the established standard deviation in this study with the anticipated 

values of concrete in the United Kingdom where the DOE was developed. From this 

Figure, it was observed that the established standard deviations of 8.19, 8.00 and 8.27MPa 

were within the anticipated limits, though closer to the upper bound of 8.5MPa. The initial 

minimum standard deviation of 4.0MPa was used during concrete mix design for the 

experiment.  

5.5 Summary 

In summary, the BS DOE method of concrete mix design was validated for Target Mean 

Strength using the local mix materials. The established standard deviation for predicting 
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Target Mean Strength for all the three classes were higher than the recommended 

minimum standard deviation of 4.0 in DOE method but slightly less than the anticipated 

upper limit values in the United Kingdom. Therefore, usage of standard deviation, which 

are less than the ones, established in this study for similar local mix materials when using 

BS-DOE method may not be appropriate in achieving the desired strength. The results in 

this study affirms DOE model as an appropriate concrete mix design for the local mixes 

materials. However, to guarantee 95% reliability in achieving desired concrete strength 

results, the limitations of the study should be taken into account. The study also validated 

the relationship between concrete compressive strength and water-cement ratio developed 

by Abram (1919). 
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CHAPTER 6: CONCLUSION AND RECOMMENDATIONS 

6.1 Introduction 

The study aimed at reviewing concrete mix design models, identification of local model 

through interviews and validation of local model for Target Mean Strength. In the review 

of concrete mix design models worldwide, it was established that notable popular design 

models that utilize Target Mean Strength included BS-DOE, ACI and Bureau of Indian 

Standards recommended methods. In these methods, TMS is predicted based on standard 

deviation derived from historical concrete strength distribution data. The interview 

questionnaire developed on the basis of these three models revealed that the BS-DOE 

model was one of the methods that was being employed in Zambia. The concrete strength 

results based on this method were experimentally validated for TMS of local mixing 

materials. The established Target Mean Strengths from laboratory experiments were 

within limits as anticipated in DOE model. 

6.2 Conclusions 

6.2.1 Reviewed Concrete Mix Design Models  

Literature revealed that the BS DOE, ACI and Indian Recommended methods are some 

models of concrete mix designs that utilizes Target Mean Strength for concrete mixes 

(BRE, 2010; ACI, 2011; BIS, 2019). The standard deviation or margin values are used in 

these three models to predict Target Mean Strength of concrete mixes for normal concrete 

classes. Besides the standard deviation and margin, the coefficient of variation and 

overdesign factor is alternative for prediction of Target Mean Strength as used in other 

parts of the world such as Japan (JSCE, 2010). The BS DOE is provided with standard 

deviations of 4.0 and 8.0 MPa resulting from data set of at least twenty (20) and less than 

twenty (20), respectively. The ACI is provided with margins based on cylinder strength 

ranging between 5.0 and 8.0 MPa as detailed in Section 2.2. The Bureau of Indian 

Standards method provides standard deviations ranging between 3.5 and 5.0 resulting 

from the data set of not less than thirty (30) for the classes C20, C25 and C30. The 
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concrete tests for the BS-DOE and BIS are based on cube strength test whilst the ACI are 

based on cylinder strength test. The margins for the BS-DOE and Indian recommended 

methods are obtained by multiplying the provided standard deviations with factors of 1.64 

and 1.65, respectively. The Target Mean Strength in the three models is obtained by 

adding the margin to the characteristic strength. 

6.2.2 Concrete Mix Design Model Applied Locally 

Despite the poor response from the interview questionnaire, in Zambia, it is known that 

the British Standard codes of practice which were adopted as far back as Zambia’s 

Independence (1964) were currently being applied by some industries as per response 

obtained from questionnaire. The two respondents interviewed by means of questionnaire 

indicated that they were using BS-DOE method for their concrete mix designs. Based on 

this, the study proceeded to validate BS-DOE model for Target Mean Strength using local 

mix materials.  

6.2.3 Model Validation for Target Mean Strength  

The BS DOE concrete mix design model was used to design the mixes for the laboratory 

experiments. The concrete strength results obtained from experiments were analyzed by 

means of producing Probability Density Functions for each of the concrete classes, i.e. 

C20, C25 and C30. The obtained margins at 5% defective for classes C20, C25 and C30 

were 13.43 MPa, 13.12 MPa and 13.56 MPa, respectively. The respective corresponding 

standard deviations for these margins were 8.19MPa, 8.00MPa and 8.27MPa. For class 

C20, the established TMS was 33.43MPa and the corresponding mix proportions were 

328kg/m3 cement, 743kg/m3 fine aggregate, 1139kg/m3 coarse aggregate and 190kg/m3 

for water. For class C25, the TMS was 38.1MPa with corresponding mix proportions of 

360kg/m3 cement, 718kg/m3 fine aggregates, 1162kg/m3 coarse aggregate and 190kg/m3 

water. For class C30, the established TMS was 43.6MPa and the corresponding mix 

proportions were 407kg/m3 cement, 673kg/m3 fine aggregate, 1160kg/m3 coarse 

aggregate and 190kg/m3 of water. The established margins provided for prediction of 

Target Mean Strength at 95% reliability provided the BS-DOE model is applied and 

constituent material properties are similar to those used in the study.  



 

63 
 

6.2.4 Limitations of the Study 
1. The concrete strength results used in the study were only based on laboratory 

experimental mixes and were not compared with similar strength obtained from 

mixes used for actual construction by industry. This was attributed to the poor 

response to the administered questionnaire.   

2. There were no local standards of concrete mix designs that could be validated for 

Target Mean Strength. The study validated BS-DOE model, which was developed 

in another region of the world. This could have led to high margin differences 

between the Target Mean Strengths and actual strength results.  

6.3 Recommendations 

Industry should make use of the findings of this study to optimize concrete mix designs 

for classes C20, 25 and C30. Further, Design and Supervising Engineers, and National 

Council for Construction should undertake further consultations with stakeholders, and 

support further studies on the subject matter, with a view to standardize concrete mix 

design models in Zambia. 

6.4 Summary 

The initial standard deviation of 4.0 was used to predict TMS during concrete mix design 

for the experiment. The mix materials were proportioned using BS DOE concrete mix 

design method as this is the method that was identified from interview questionnaire. The 

concrete strength data from the experiment were used to produce PDFs and CDFs for 

each class of concrete. The Target Mean Strengths were deduced from these graphs and 

their corresponding standard deviations were calculated. The average established 

standard deviation was 8.15MPa for predicting TMS of local mixes for classes C20, C25 

and C30. This standard deviation falls within range when compared to the anticipated 

standard deviations in the BS-DOE model.  
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APPENDICES 

Appendix A: Sample Questionnaire 

The University of Zambia 
School of Engineering 

Department of Civil & Environmental Engineering 
Research Topic: Prediction of Target Mean Strength of Concrete Mixes 

Date of Interview…………………………………………………….. 
 
Section A: Details of Respondent 
Name of Respondent (optional)………………………………… 
Designation…………………………………………………………….. 
Name of Institution being represented…………………………. 
Institution Type of business…………………………………………. 
 
Section B: Concrete Mix design Information Required 
Please tick where appropriate 

1. What cement brand do you normally use for your mix design? 
a) Lafarge 
b) Dagonte 
c) Zambezi Portland 
d) Sinoma 
e) Others, Specify………………………….. 

2. What is the specific gravity and bulk density of the cement type selected in question 
one? Specific gravity……………..Bulk density:………………. 

3. What value of standard deviation and % of allowable defective is used for your 
prediction of Target Mean Strength for normal 
concrete?................................................................. 

4. Was the above standard deviation derived from local material mixes of at least 30 
consecutive samples cured at 28 days for normal concrete? 

a) Yes 
b) No 

5. If the answer in question 4 is No, Specify assumptions made for standard deviation 
value…………………………………………………. 

6. If the answer in question 4 is Yes, is it possible to share the data used to derive the 
standard deviation? 

a) Yes 
b) No 
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7. What mix design methods (s) are employed for your proportioning of normal 
concrete mixes? 

a) BS-DOE method 
b) ACI Method 
c) Indian Standards 
d) Others  

8. If your answer to Question 7 includes d) Others, 
specify………………………………………………………………….. 

9. Which are your normal sources for coarse and fine aggregates? 

Name (s) of Coarse Aggregate source (s)………………………………………… 
Name (s) of fine aggregate source (s)………………………………………………. 

10. What are the maximum sizes of coarse aggregates used for your mix designs? 
a) 20mm 
b) 40mm 
c) Others, specify…………………………………………………….. 

11. State the proportion ratios you normally use for achieving your Target Mean 
Strength for the following grades of concrete? 
 

Concrete 
Grade 

Target Mean 
Strength 

Mixing Proportion Ratios 

Water Cement Fine aggregate Coarse 
Aggregate 

C20      

C25      

C30      

C35      

C40      

 
12.  What type of concrete compressive strength tests do you conduct to obtain TMS for 

concrete classes in 11? 
a) Cube 
b) Cylinder 
c) Others, specify………………………………. 

13. On average, how may construction companies/concrete suppliers request for your 
mix designs annually? 
Answer:  ..................................................... 
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Appendix B: Relative Density and Moisture Absorption Test Results for Coarse 
Aggregates 

 



 

71 
 

Appendix C: Relative Density and Moisture Absorption Test Results for Fine 

Aggregates 
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 Appendix D: Bulk Density Test Results for Coarse Aggregates 

Appendix E: Bulk Density Test Results for Fine Aggregates 
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Appendix F: Aggregate Crushing Value (ACV) Test Results 

Appendix G:  Elongation Index (EI) Test  Results 
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Appendix H:  Flakiness Index (FI) Test Results 

Appendix I: Sieve Analysis Test Results for Coarse Aggregates 
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Appendix J: Sieve Analysis Test Results for Fine Aggregates 
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Appendix K: Mix Design Results Developed for C20 
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Appendix L: Mix Design Results Developed for C25 
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Appendix M: Mix Design Results Developed for C30 
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Appendix N: Concrete Strength Results for Class C20 
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Appendix O: Concrete Strength Results for Class C25 
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Appendix P: Concrete Strength Results for Class C30 
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Appendix Q: Pictures of Aggregate Materials used for Laboratory Experiments 

 
(a) Fine Aggregates 

 

 

 

  
 

(b) Coarse Aggregates 
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Appendix R: Approval of Study Letter  

 

 



 

84 
 

 



 

85 
 

 

 

 

 

 



 

86 
 

Appendix S: Acceptance Letter for Publication 

 



 

87 
 

Appendix T: Certificate of Publication 

 


