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Concrete 

• Complex materials made of 
• Aggregates particles 
• Cementitious materials 
• Chemical admixtures 
• Polymer latex or bituminous emulsions 
• Various kinds of fibres 

• Difficulties in controlling the quality of concrete produced 
• Batch-to-batch variations 
• Within-batch / Within-test variations 
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Measurement of variation 

• Mean strength 
 

 
 

• Standard deviation 

 
 
 

• Coefficient of variation 

x
c σ  v =
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Producer’s Risk and Consumer’s Risk 

Producer’s Risk 
• Rejection of concrete that is up-

to-standard 
• Higher cost price 

Consumer’s Risk 
• Acceptance of concrete that is 

sub-standard 
• Stringent acceptance criteria 
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Review on Standards for Acceptance 
Testing and Criteria of Concrete 
Foreign codes 

• American Standard ACI 214R-11 

• European Standard BS EN 206: 2013 

 
Local codes 

• Code of Practice for Structural Use of Concrete: 2013 

• General Specification for Civil Engineering Works: 2006 

• Construction Standard CS1: 2010 
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ACI 214R-11 

• Specimens for each test result: 
• 2 concrete cylinders of 150 × 300 mm or; 
• 3 concrete cylinders of 100 × 200 mm  
 

• Evaluation of standard of quality control through: 
• Standard deviation 
• Coefficient of variation 

   (see Table 4.3 and Table 4.4) 
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Table 4.3 

 
f’cube= 43.7 MPa 
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Table 4.4 

 
f’cube= 43.7 MPa 



10 

Estimation of standard deviation or 
coefficient of variation 
• A minimum of 30 test results 

 

• Conservative approach required when 

        test results < 30 

• ACI 318 allows a minimum of 15 test results 
• the sample standard deviation should be increased by up to 16% to account 

for greater uncertainty in the estimated population standard deviation 
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Acceptance criteria 

• Acceptance criteria 
• Average of required 

strength not exceeding the 
specified strength by a 
certain multiple of the 
standard deviation, as 
given in table 
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BS EN 206: 2013 

• Acceptance testing and criteria are give in Section 8.2 

• Clause 8.2.1.2 
• Test result = individual specimen OR the average of test values from 

two or more specimens from one sample tested at same age 
• Disregard the test result when 
   range of test values > 15% of the mean 

• Calculation of standard deviation 
• Most recent 35 consecutive test results 
• No maximum limit  
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 Acceptance criteria 

• Given in Clause 8.2.1.3 

1. Individual test result > (Specified grade strength – 4) MPa 

 

2a. In initial production (until 35 test results are obtained) 
 Mean strength of 3 consecutive results 
 ≥ (Specified grade strength + 4) MPa 

2b. In continuous production (when 35 test results are available) 
 Mean strength of the consecutive test results 
 ≥ (Specified grade strength + 1.48 × standard deviation MPa 
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Standards in Hong Kong 

Acceptance criteria 
• Code of Practice for Structural Use of Concrete: 2013 
• General Specification for Civil Engineering Works: 2006 
 

Testing method 
• Construction Standard CS1: 2010 
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Code of Practice for Structural Use of 
Concrete: 2013 
• Acceptance testing and criteria given in Clause 10.3.4.2 

• Clause 10.3.4.2 
• 2 cubes shall be made in accordance to CS1 
• Test result = average compressive strength of the pair of cubes  

• Disregard test result when difference > 20% of test result 

• Calculation of standard deviation 
• 40 consecutive test results 
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Acceptance criteria 
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Non-compliance circumstances 

• Suspension of concrete production and concreting 
 

• For concrete grade < C60,  
   Cubes of 150 mm 

• standard deviation > 8.0 MPa 
   Cubes of 100 mm 

• standard deviation > 8.5 Mpa 
 

• For concrete grade > C60, 
   coefficient of variation > 14% 
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General Specification for Civil 
Engineering Works: 2006 
• Acceptance testing and criteria given in Clauses 16.58 to 16.62 

• Clause 16.59 
• 2 cubes shall be made in accordance to CS1 
• Test result = average compressive strength of each pair of cubes made from 

the sample  

• Disregard test result when difference > 15% of test result 

• Concrete cores might be necessary if the acceptance requirements are not 
satisfied 

• Calculation of standard deviation 
• 40 consecutive test results 
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Acceptance criteria 
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Non-compliance circumstances 

• Suspension of concrete production and concreting 
 

• Cubes of 150 mm 
• standard deviation > 8.0 MPa 

   Cubes of 100 mm 
• standard deviation > 8.5 Mpa 
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Comparison 
Standards ACI 214R-11 BS EN 206: 2013 Code of Practice 

for Structural Use 
of Concrete 2013 

General Specs. For 
Civil Engineering 
Works: 2006 

Specimens Cylinder Cube / Cylinder Cube Cube 

Maximum 
allowable range of 
difference 

Nil 15% 20% 15% 

Calculation of 
standard deviation 
OR coefficient of 
variation 

30 test results 
required 

35 test results 
required 

40 test results 
required 

40 test results 
required 

Limit imposed on 
standard deviation 
OR coefficient of 
variation 
  

No No Yes (Table 10.2) Yes (Table 16.10) 

Different requirements 



22 

Construction Standard CS1: 2010 

• Guidelines for sampling and testing method in Hong Kong 

• Specimens  
• Concrete cubes of 150 mm or 100 mm 

• Section 7 
• Method of making test cubes 

• Section 12 
• Test methods for determining compressive strength 

• Section 16 
• Test methods for determining density 
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Section 7 (Making test cubes) 

• Fresh concrete shall be placed in the mould in layers approximately 50 mm deep 
• each layer shall be compacted either by using : 
 - compacting bar 
 - vibrating 

• The minimum number of strokes per layer required to produce full compaction 
will depend upon the workability of the concrete 

• Not less than 35 strokes per layer for 150 mm cubes 
• Not less than 25 strokes per layer for 100 mm cubes 

    except in the case of very high workability concrete.  

• During the compaction of each layer by means of vibration, the applied vibration 
shall be of the minimum duration necessary to achieve full compaction of the 
concrete 

• Cease as soon as the surface becomes smooth and air bubbles cease to appear. 
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Section 12 (Determining compressive 
strength) 
• Cubes shall be tested with the trowelled surface vertical and with the loading 

applied to moulded surfaces steadily at a certain loading rate 

• No capping is required and thus the test method is applicable to both normal-
strength concrete and high-strength concrete 

• testing of cylinders capped at the end surfaces is not applicable to high-strength concrete 

 



25 

Section 16 (Determining density) 

• Methods 
• Direct measurement method 
• Water displacement method (preferred) 

  Differ in measurement of volume 

 
• Direct measurement method 

• Volume is calculated through measured dimensions of the cubes 
 

• Water displacement method 
• Volume is determined through volume of water displaced when immersed in water 
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Effect of Target Mean Strength on 
Producer’s Risk 
• Acceptance criteria is governed by the limits imposed on standard 

deviation or coefficient of variation, not characteristic strength  
• Root cause of relatively high producer’s risk in Hong Kong 

Reducing Producer’s Risk 

• Raising the target mean strength such that the expected characteristic 
strength is at least 5%-10% higher than the specified concrete grade 

• Higher cost of construction 
• Larger carbon footprint 

•  Actual effect of raising target mean strength is not evaluated 
• Monte Carlo simulation is suggested for the evaluation 
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Effect of Workmanship on Cube 
Compressive Strength and Density 
• Experimental program of casting concrete cubes with different amounts 

of compaction applied 

• To investigate 
• Effect of compaction effort on the 7 days and 28 days compressive strengths 
• Effect of compaction on  effort on the 7 days and 28 days density measured 

by methods stipulated in CS1: 2010 
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Materials 

• Ordinary Portland cement 
• Strength class 52.5N complying with BS EN 197-1: 2000 

• Superplasticizer (SP) 
• Polycarboxylate-based 

• Fine and coarse aggregate 
• Local crushed granite rocks 
• Fine aggregate : aggregate with maximum size of 5 mm 
• Coarse aggregate : comprised of 10 mm maximum size and 20 mm 

maximum size aggregate 



29 

Design of Experiment 

• Water/cement (W/C) ratio = 0.50 
• Fine to total aggregate ratio = 0.40 
• 10 mm to 20 mm aggregate ratio = 0.5 
• SP dosage = 3.0 litre/m3 
• Different slump values  

• Paste volume = 26% (measured slump value = 30 mm) 
• Paste volume = 30% (measured slump value = 180 mm) 
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Experimental works 

• Mixing of materials by pan mixer 
• 1 min of mixing for all materials except water and SP  
• 3 min of mixing after addition of water and SP 

• Measurement of slump value by slump test 
• In accordance to procedures stipulated in BS EN  12530-8: 2010 

• Casting of twenty-four 100 mm cubes with different compaction efforts 
• Curing of specimens 

• Lime-saturated water tank at temperature of 27±2 oC 
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Compaction effort 

Group Compaction effort 

1 Poker vibrator 
2 30 strokes per layer 
3 5 strokes per layer 
4 0 stroke per layer 
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Tests performed 

• Tests at 7-day and 28-day 
• Measurement of densities 
• Measurement of compressive strength 

• Measurement of densities, through :   
• Direct measurement method (geometric dimensions) 
• Water displacement method 

• Procedures carried out in accordance with Sections 12 and 16 of 
Construction Standard CS1: 2010 
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Experimental Results 
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Test results of concrete mix with W/C = 0.50 and measured slump = 30 mm 
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Test results of concrete mix with W/C = 0.50 and measured slump = 180 mm 
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Density by direct measurement method versus compaction effort applied 
(for concrete mix with measured slump = 30 mm) 
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Density by water displacement method versus compaction effort applied 
(for concrete mix with measured slump = 30 mm) 
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7-day and 28-day cube strengths versus compaction effort applied 
(for concrete mix with measured slump = 30 mm) 
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Density by direct measurement method versus compaction effort applied  
(for concrete mix with measured slump = 180 mm) 
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Density by water displacement method versus compaction effort applied 
(for concrete mix with measured slump = 180 mm) 
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7-day and 28-day cube strengths versus compaction effort applied 
(for concrete mix with measured slump = 180 mm) 
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Observations 

• The compaction effort has significant effects on the density measured by direct 
measurement method or water displacement method 

• The effects are larger for the concrete mix with slump = 30 mm and smaller for 
the concrete mix with slump = 180 mm 

• The compaction effort has significant effects on the 7-day and 28-day cube 
strengths 

• The effects are larger for the concrete mix with slump = 30 mm and smaller for 
the concrete mix with slump = 180 mm 
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Average of density results versus compaction effort applied  
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Average of 7-day strength results versus compaction effort applied 
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Average of 28-day strength results versus compaction effort applied 
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Summary (1) 

• The compaction applied has significant effect on: 

• the density of the concrete cube specimen 

   especially if the concrete has a low workability 

• The effect on the density measured by direct measurement method is 
larger than that on the density measured by water displacement method  

• The note in Section 16 of CS1 that determination of the volume by water 
displacement is to be preferred needs to be reviewed 

• It is suggested herein that the direct measurement method is a better and 
more sensitive method for checking the quality of compaction applied 
during cube making.  
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Summary (2) 

• The compaction applied has significant effect on: 
• the compressive strength of the concrete cube specimen 

   especially if the concrete has a low workability 

• Difference in strengths of a pair of cubes made from same sample can be 
15-20%   

• Concrete cubes in the pair are with bad workmanship 
• Have fairly low strengths and the bad workmanship may not be 

reflected in difference in strengths 
• Can be reflected in density measured by direct measurement method.  
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Concluding Remarks 

• Remarks: 
• ACI 214R-11  

• Provides good background to acceptance testing and criteria of 
concrete 

• BS EN 206: 2013  
• More scientific and systematic 

• Code of Practice for Structural Use of Concrete: 2013 and General 
Specification for Civil Engineering Works: 2006 

• Review on inconsistencies and preferably unify them 
• Construction Standard CS1: 2010 

• Review on test methods for density measurement 
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Recommendations (1) 

• Reduction of test results in estimation of standard deviation: 

   40 → 35 test results (BS EN 206: 2013) 

• Benefits: 
• Standard deviation and characteristic strength of the concrete 

production can be obtained at earlier time 
• Faster response time and implementation of corrective actions 
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Recommendations (2) 

• Disregard test result if the difference exceeds 10%, in calculation of: 

   i.   Mean cube strength 

   ii.  Batch-to-batch variation 

   iii. Overall variation 

• Difference larger than 10% could be due to variations in testing and is 
unfair to concrete producers  

• Revision required for the clause “the strength test result needs to be 
disregarded only when the difference exceeds 20%” stated in Code of 
Practice for Structural Use of Concrete: 2013 



51 

Recommendations (3) 

• Provision of density measured by the direct measurement method should 
be provided in the test report 

• Use of direct measurement method in assessment on the adequacy for the 
compaction on the specimens 

• Higher sensitivity as compared to water displacement method 

• Disregard the test results when the density obtained is lower than the 
fully compacted density by a certain value, i.e. 3% 

• Pair of cubes with fairly low strength due to poor workmanship 
cannot be reflected in the difference of cube strengths  
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Recommendations (4) 

• Relaxation on the limit imposed on standard deviation and coefficient of 
variation in concrete production used in: 

• Code of Practice for Structural Use of Concrete: 2013 
• General Specification for Civil Engineering Works: 2006 

• Implementation of limits on the characteristic strength 

   characteristic strength 

   = mean strength + 1.64 × standard deviation 
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Recommendations (5) 

• Removal of the limits imposed on standard deviation and coefficient of 
variation 

• Provision of qualitative description on the values of standard deviation 
and coefficient of variation obtained 

• Similar to ACI 214R-11  
• Use of standard deviation for concrete at low strength level 
• Use of coefficient of variation for concrete at high strength level 
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Recommendations (6) 

• Improvement on the workmanship in cube making for acceptance testing  
• Use of vibration table for compaction 
• Sampling and fabrication of specimens by concrete producer under 

supervision of independent testing laboratory  
• Improvement in quality and techniques of technicians 

• Better training 
• Qualifications Framework for TIC Industry 
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Thank you. 
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Abstract: To ensure that the concrete being used in construction meets with the 

specification requirements, regular samples are taken from the concrete supply during 

casting to make concrete specimens for testing. However, the test results generally 

fluctuate with a fairly large standard deviation for the following reasons: (1) due to 

intrinsic variations in raw materials and inaccuracies in batching, batch-to-batch 

variations occur; (2) due to intrinsic variations, non-uniform mixing and randomness 

in sampling, within-batch variations occur; and (3) due to inadequate workmanship, 

inconsistent curing conditions and inaccuracies in geometry and load measurement, 

testing errors occur. All these have been causing difficulties in quality control (on the 

producer’s side) and setting proper acceptance criteria in the specification (on the 

consumer’s side). Particularly, the generally large standard deviation has been causing 

high producer’s risk of up-to-standard concrete being rejected and high consumer’s 

risk of sub-standard concrete being accepted. Since the producer would add in more 

cementitious materials to cater for the high producer’s risk and the consumer would 

increase the factor of safety to cater for the consumer’s risk, such high risks would 

eventually increase the cost of construction to be borne by the general public and the 

CO2 emission of construction to add to the burden of our environment. This paper 

addresses these issues by reviewing the current acceptance testing and criteria and 

pointing out the importance of good workmanship in sampling and testing. 
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Appendix



1. Introduction 

 

 Concrete is a complex material made of: (1) aggregate particles with particle 

sizes ranging from tens of micron to tens of millimetre and particle shape ranging 

from rounded to angular and from spherical to elongated or flaky; (2) cementitious 

materials comprising of cement, fly ash/ggbs and silica fume with particle sizes 

ranging from sub-micron to tens of micron and with large differences in chemical 

contents; (3) chemical admixtures comprising of retarders, superplasticizers, viscosity 

modifying agents and perhaps also water repellents; (4) polymer latex or bituminous 

emulsions; (5) various kinds of fibres such as steel, glass and polymer fibres; and of 

course (6) water, but the actual free water content (the water that is available to fill the 

voids between solid particles and react with the cementitious materials) is difficult to 

control because the chemical admixtures and latex/emulsion added contain a certain 

amount of water and some of the water would be absorbed into the aggregate particles 

and are therefore not free. Given such complexity, it is not easy to control the quality 

of the concrete produced. As a result, we have to allow for the unavoidable variation 

in quality of the concrete produced and used in the construction. 

 

 The variation in quality of the concrete produced is generally measured in 

terms of the standard deviation (defined as root-mean-square deviation from the mean 

value) of the measured strength of the hardened concrete at a certain age (usually at 

the age of 28-day), as given by the following equations: 

 mean strength:  
n
x

x ∑=   (1) 

 standard deviation: 
( )

1
  

2

−

−
= ∑

n
xx

σ  (2) 

in which n  is the number of specimens tested, x  is the measured strength result, x  is 

the mean strength and σ  is the standard deviation. In structural design, where low 

strength within a section or a small volume could cause failure, the characteristic 

strength with a relatively small probability of failure (usually 5%) is used. Assuming 

that the probability distribution of the concrete strength is a normal distribution, the 

characteristic strength with 5% probability of failure is equal to: 

 characteristic strength   641   σ.x −=  (3) 
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 In fact, the concrete grade is generally defined in terms of the characteristic 

strength of the concrete, as given below: 

 concrete grade = characteristic strength (4) 

In other words, the expected characteristic strength of the concrete to be produced in a 

construction contract is the concrete grade stipulated in the contract drawings and 

specification (i.e. the specified concrete grade). For instance, for a grade C40 concrete, 

the expected characteristic strength is 40 MPa. Is that right? Or could it be wrong? In 

all text books on concrete technology, it is said so. But in reality, it is wrong because 

 expected characteristic strength ≠ specified concrete grade (5) 

You will see later in this paper that partly for this reason, concrete technology is not as 

straightforward as you might have thought before. 

 

 In actual concrete production, the concrete mix has to be designed such that 

the target mean strength of the concrete to be produced is higher than the specified 

concrete grade by a certain safety margin. In order to meet with the contractual 

requirement that the characteristic strength of the concrete produced is at least as high 

as the specified concrete grade, the safety margin is generally taken as 1.64 σ and the 

target mean strength is set as: 

 target mean strength = specified concrete grade + 1.64 σ (6) 

This equation is given in all the text books on concrete technology. Is that right? Or 

could it be wrong? Sorry, it is wrong! That it is right is only a hidden assumption. You 

will see later in this paper that any concrete producer who sets the target mean 

strength according to this equation will soon be out of business. 

 

 In this paper, the authors will try their best to explain (it is generally not easy 

to profess anything against conventional wisdom) why the expected characteristic 

strength is not the same as the specified concrete grade and why the target mean 

strength should not be set as specified concrete grade plus 1.64 t imes the standard 

deviation. All these issues are related to the acceptance criteria set by engineers, who, 

from their own point of view, are generally more concerned with the consumer’s risk 

rather than the producer’s risk. Moreover, the testing errors can be quite large. This is 

making the situation even more complicated. Herein, some test results are presented 

to illustrate the possible testing errors caused by bad workmanship. 
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2. Producer’s Risk and Consumer’s Risk 

 

 The first lesson in quality engineering is that due to limited number of samples 

tested, there is always a probability that the production fails the acceptance tests no 

matter how good the production is and a probability that the production passes the 

acceptance tests even though the production is sub-standard. This same scenario 

happens in concrete acceptance testing. Hence, there is always a producer’s risk of 

good concrete being rejected and a consumer’s risk of sub-standard concrete being 

accepted. In the construction industry, however, it is not clear who the consumer is. 

The engineer who uses the concrete in the construction is not really the consumer; the 

real consumer is the client who pays for the cost of construction. The engineer only 

decides on whether the concrete is acceptable or not and often sets overly stringent 

acceptance criteria for the sake of minimizing his/her own risk, without ever 

considering the cost implication of the resulting high producer’s risk (in reality, the 

consumer has to pay for the cost of the producer’s risk, as explained below). 

 

 The actual producer’s risk and consumer’s risk are dependent on the number 

of samples taken for testing, the accuracy of the test results and the acceptance criteria. 

By taking more samples for testing and improving the accuracy of the test method, 

both the producer’s risk and consumer’s risk can be reduced. However, there is a limit 

to the number of samples to be taken for testing and a limit to the attainable accuracy 

of the test results. On the other hand, the acceptance criteria have to be reasonable for 

balancing the producer’s risk and consumer’s risk. Setting more stringent acceptance 

criteria can reduce the consumer’s risk but will increase the producer’s risk, and vice 

versa. Some engineers think that it is  to the best interest of the client to set very 

stringent acceptance criteria. In reality, the concrete producers are forced to mark up 

the tendered price to cater for the high producer’s risk and eventually the client has to 

pay for the higher price of concrete. Likewise, it is also not to the best interest of the 

client to set insufficiently stringent acceptance criteria because the resulting high 

consumer’s risk will force the factor of safety in the structural design to be increased, 

leading again to higher cost of construction. 

 

 Different standards/codes/specifications require different sampling frequencies 

and numbers of samples to be taken, use different types (cylinders or cubes) and sizes 
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(150 or 100 m m) of specimens for testing, and set different acceptance criteria, as 

reviewed in the following sections. 

 

 

3. ACI 214R-11 

 

 The ACI 214R-11 published by American Concrete Institute (ACI 214R-11: 

Guide to Evaluation of Strength Test Results of Concrete) recognizes that there are 

batch-to-batch variations due to changes in ingredients or proportions of ingredients, 

water/cementitious materials ratio, mixing, transporting, placing, sampling, 

consolidating and curing; and within-batch variations (also called within-test 

variations) due to differences in sampling, specimen preparation, curing and testing 

procedures. The testing errors have been included in the within-batch variations. 

However, the authors prefer to separate the testing errors due to differences in 

specimen preparation, curing and testing procedures and measurement inaccuracies 

from the within-batch variations because the testing errors are caused by the testing 

laboratories, not by the concrete producers and there is a need to separately evaluate 

the testing errors (such an evaluation is presented later in this paper). 

 

 The within-batch variation can be estimated as follows. Every time a batch of 

concrete is tested for its quality, a number of companion specimens are made from the 

sample for testing and the average strength of the companion specimens is taken as a 

strength test result X. Among the companion specimens comprising a strength test 

result, the maximum difference between the strength values (the difference between 

the highest strength value and the lowest strength value) is taken as the range R of the 

strength test result. From the strength test results of the various batches of concrete 

tested, the mean strength X  may be evaluated as the mean of the series of strength 

test results and the average range R  may be evaluated as the average of the series of 

range values for the strength test results. Having obtained these values, the within-

batch standard deviation s1 may be estimated as: 

 within-batch standard deviation: 
2

1 d
Rs =  (7) 

in which the average range R  should be estimated from at least 10 strength test 
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results and d2 is dependent on the number of companion specimens for determining 

each strength test result (d2 = 1.128, 1.693  and 2.059 w hen number of companion 

specimens = 2, 3 a nd 4, respectively). From the standard deviation s1 and the mean 

strength X , the within-batch coefficient of variation V1 may be calculated as: 

 within-batch coefficient of variation: %1001
1 ×=

X
sV  (8) 

According to Tables 4.3 and 4.4, the within-batch variation for field control testing 

may be considered as excellent, very good, good, fair and poor, if the within-batch 

coefficient of variation is below 3%, 3 t o 4%, 4 to 5%, 5 t o 6%, and above 6%, 

respectively. 

 

 Variations in constituent materials, production, delivery or handing procedures, 

and climatic conditions can be estimated from the batch-to-batch variations of 

strength test results each representing a separate batch of the concrete. However, the 

within-batch variations would also contribute to the batch-to-batch variations because 

the within-batch variations would cause random errors in all the test results, 

irrespective of whether the test results are used for determination of within-batch 

variations or batch-to-batch variations. Hence, unless the within-batch variations are 

completely eliminated when determining the strength test results (in actual practice, 

this is not possible), the batch-to-batch variations are not caused entirely by the 

variations in constituent materials, production, delivery or handing procedures, and 

climatic conditions. For this reason, it is better to work with the overall variations of 

the strength test results. According to Table 4.3, when the characteristic cylinder 

strength ≤ 35 MPa, the overall standard deviation for general construction testing may 

be considered as excellent, very good, good, fair and poor, if the overall standard 

deviation is below 2.8 MPa, 2.8 t o 3.4 MPa, 3.4 to 4.1 M Pa, 4.1 t o 4.8 MPa, and 

above 4.8 MPa, respectively. According to Table 4.4, when the characteristic cylinder 

strength ≥ 35 MPa, the overall coefficient of variation for general construction testing 

may be considered as excellent, very good, good, fair and poor, if the overall 

coefficient of variation is below 7%, 7 to 9%, 9 to 11%, 11 to 14%, and above 14%, 

respectively. 

 

 For easier interpretation of ACI 214R-11, it is suggested first of all to convert 
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all the cylinder strength values in ACI 214R-11 to equivalent cube strength values. 

For this purpose, it is assumed herein that the cylinder strength is approximately equal 

to 0.8 of the cube strength and that the equivalent cube strength may be taken as 1/0.8 

= 1.25 of the cylinder strength. 

 

 From ACI 214R-11, it can be seen that when evaluating the strength test 

results of concrete, we need to consider both the within-batch variation and the overall 

variation (as explained before, it is better to consider the overall variation than the 

batch-to-batch variation). 

 

 Whether the within-batch variation is acceptable or not depends on the within-

batch coefficient of variation. Based on Tables 4.3 a nd 4.4, t he within-batch 

coefficient of variation should be considered poor and therefore unacceptable if it is 

above 6%. In Hong Kong, the number of companion specimens for determining each 

strength test result is 2 and thus d2 = 1.128. Based on this value of d2, a within-batch 

coefficient of variation of 6% would correspond to an average range R  equal to 6.8% 

of the mean strength X . However, in Hong Kong, the range R of the cube strengths 

of companion specimens comprising a strength test result is sometimes found to be 

larger than 10% of the strength test result. Such a large value of R, which is caused 

mainly by variations in testing rather than variations in constituent materials, 

production, delivery or handing procedures, and climatic conditions, could lead to 

relatively large batch-to-batch and overall variations, leading to non-compliance and 

suspension of the concrete production. However, the large variations in testing are not 

the responsibility of the concrete producer and any suspension of concrete production 

due to large variations in testing is unfair to the concrete producer. To avoid such 

unfairness, the authors suggest that if the range exceeds 10% of the strength test result, 

the strength test result should be disregarded in the calculation of mean cube strength, 

batch-to-batch variation and overall variation (in the Code of Practice for Structural 

Use of Concrete: 2013, the strength test result needs to be disregarded only when the 

range exceeds 20% of the strength test result). 

 

 As per Table 4.3, when the characteristic cube strength ≤ 43.7 MPa, the 

overall standard deviation for general construction testing may be considered as 

excellent, very good, good, fair and poor, if the overall standard deviation is below 
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3.5 MPa, 3.5 t o 4.3 M Pa, 4.3 t o 5.1 MPa, 5.1 to 6.0 M Pa, and above 6.0 M Pa, 

respectively. As per Table 4.4, when the characteristic cube strength ≥ 43.7 MPa, the 

overall coefficient of variation for general construction testing may be considered as 

excellent, very good, good, fair and poor, if the overall coefficient of variation is 

below 7%, 7 to 9%, 9 to 11%, 11 to 14%, and above 14%, respectively. Hence, for a 

grade C45 concrete, which should have a mean strength of at least 60 M Pa, the 

overall standard deviation may be considered as excellent, very good, good, fair and 

poor, if the overall standard deviation is below 4.2 MPa, 4.2 to 5.4 MPa, 5.4 to 6.6 

MPa, 6.6 to 8.4 MPa, and above 8.4 MPa, respectively. In other words, for a grade 

C45 concrete, the overall standard deviation that may be considered as poor and thus 

unacceptable should be taken as 8.4 MPa (very close to the current values of 8.0 MPa 

for 150 mm test cubes and 8.5 MPa for 100 mm test cubes being adopted in Hong 

Kong). Likewise, for a grade C60 concrete, which should have a mean strength of at 

least 75 MPa, the overall standard deviation that may be considered as poor and thus 

unacceptable should be taken as 10.5 MPa. From such analysis, it is evident that the 

practice in some specifications (e.g. the General Specification for Civil Engineering 

Works: 2006) of setting a fixed limit for the standard deviation regardless of the 

concrete grade is not reasonable. For a higher strength concrete, a higher limit on the 

standard deviation should be imposed or alternatively, a limit o n the coefficient of 

variation should be imposed instead. 

 

 Regarding estimation of the standard deviation or coefficient of variation, at 

least 30 test results are required. When the number of test results available is fewer 

than 30, a more conservative approach is needed. ACI 318 allows test records with as 

few as 15 t est results to estimate the standard deviation. However, the value of the 

sample standard deviation should be increased by up to 16% to account for greater 

uncertainty in the estimated population standard deviation. 

 

 Regarding the acceptance criteria, these are given in terms of average required 

strengths, each exceeding the specified strength by a certain multiple of the standard 

deviation. The multiple is dependent on t he percentage of tests allowed to fail, as 

given in a table. For a probability of failure of 1 in 20 (5% failure rate), the average 

required strength is equal to the specified strength plus 1.65 t imes the standard 

deviation. However, it is said that this criterion is no longer used in ACI 318. 
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4. BS EN 206: 2013 

 

 In the European Standard BS EN 206: 2013 published by British Standards 

Institution (BS EN 206: 2013: Concrete - Specification, Performance, Production and 

Conformity), the acceptance testing and criteria are given in Section 8.2. 

 

 According to Clause 8.2.1.2, the test results shall be that obtained from an 

individual specimen or the average of the test values when two or more specimens 

made from one sample are tested at the same age. Where two or more specimens are 

made from one sample and the range of the test values (the difference between the 

highest test value and the lowest test value) is more than 15% of the mean, then the 

results shall be disregarded unless an investigation reveals an acceptable reason to 

justify disregarding an individual test value. 

 

 In Clause 8.2.1.3, t wo acceptance criteria for specimens tested at the age of 

28-day (whether tested in the form of cylinders or cubes) are imposed: 

• Each individual test result shall not be less than the specified grade strength 

minus 4 MPa. 

• For initial production (initial production covers the production until at least 35 

test results are available), the mean of non-overlapping or overlapping groups 

of 3 consecutive results shall not be less than the specified grade strength plus 

4 MPa. For continuous production (continuous production is achieved when at 

least 35 test results are obtained over a period not exceeding 12 months), the 

mean of non-overlapping or overlapping groups of consecutive test results in 

an assessment period shall not be less than the specified grade strength plus 

1.48 times the standard deviation. 

 

 The standard deviation shall be calculated from the most recent 35 consecutive 

test results. There is no maximum limit imposed on the standard deviation. 

 

 Several important points are noted from the above acceptance testing and 

criteria stipulated in BS EN 206: 2013: 

• A fairly large difference between the highest test value and the lowest test 

value of the specimens made from the same sample of concrete of 15% is 
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allowed. With such large allowable difference, if the number of specimens 

made from the same sample is 2, then the within-test coefficient of variation 

(calculated in accordance with the procedures given in ACI 214R-11) can be 

as large as 15%/1.128 = 13.3%. 

• For continuous production, the mean of test results is required to be not less 

than the specified grade strength plus 1.48 times the standard deviation. This is 

equivalent to checking the condition of ( )σ481ckcm .ff +≥ , which after 

rearrangement is equivalent to ( ) ckcm 481 f.f ≥− σ , and after further 

rearrangement is equivalent to ( ) ( )σσ 160641 ckcm .f.f −≥− . In other words, 

this condition would be satisfied if the calculated characteristic strength of the 

concrete is not lower than the specified grade strength by more than 0.16 times 

the standard deviation (note that the calculated characteristic strength is not 

the same as the actual characteristic strength of the production because of the 

limited number of test results used for the calculation). 

• The standard deviation is calculated from 35 consecutive test results. 

• There is no maximum limit imposed on the standard deviation. 

 

 

5. Code of Practice for Structural Use of Concrete: 2013 

 

 In the Code of Practice for Structural Use of Concrete: 2013, the acceptance 

testing and criteria are given in Clause 10.3.4.2. 

 

 According to this clause, for each sample of concrete taken, 2 cubes shall be 

made in accordance with CS1. The average compressive strength of each pair of 

cubes made from the sample shall be taken as the test result. 

 

 Regarding the acceptance criteria, the specified grade strength shall be deemed 

to have been attained if the average results of all overlapping sets of 4 consecutive test 

results and the individual test results comply with the criteria specified in Table 10.2, 

which is reproduced below for easy reference. If the requirements are not satisfied by 

any test results, investigations shall be made to establish whether the concrete 

represented by the test results is acceptable or not (note: there is no need to stop the 
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concrete production and concreting). 

Table 10.2 Compressive strength compliance criteria 

Specified 
grade 

strength  

Compliance 
criteria 

Column A Column B 
Average of 4 consecutive 
test results shall exceed 

the specified grade 
strength by at least 

Any individual test 
result shall not be less 

than the specified grade 
strength minus 

150 mm 
cubes 

100 mm 
cubes 

150 mm 
cubes 

100 mm 
cubes 

C20 and 
above 

C1 5 MPa 7 MPa 3 MPa 2 MPa 

C2 3 MPa 5 MPa 3 MPa 2 MPa 

Below C20 C1 or C2 2 MPa 3 MPa 2 MPa 2 MPa 
 

 If the difference between the compressive strengths of any pair of cubes made 

from the same sample of concrete for grade strength C20 and above exceeds 15% of 

the test result for that pair of cubes, action shall be taken to ensure that the sampling 

and testing procedures as required are being followed. If the difference between the 

compressive strengths of any pair of cubes made from the same sample of concrete 

for grade strength C20 and above exceeds 20% of the test result for that pair of cubes, 

that test result shall be disregarded and investigations shall be made to establish 

whether the concrete represented by the test result is acceptable or not. 

 

 Notwithstanding compliance with the criteria specified in Table 10.2, the 

concrete production and concreting shall stop and the concrete mix design, material 

quality, production method and equipment, and procedures of concrete sampling and 

testing shall be reviewed when the following situation occurs: 

• For concrete grade not exceeding C60, the calculated standard deviation of 40 

previous consecutive test results exceeds 8.0 MPa for 150 mm test cubes or 

8.5 MPa for 100 mm test cubes; or 

• for concrete grade exceeding C60, the coefficient of variation (calculated 

standard deviation divided by calculated mean) exceeds 14%. 

 

 Several important points are noted from the above acceptance testing and 

criteria stipulated in Code of Practice for Structural Use of Concrete: 2013: 

• A fairly large difference between the compressive strengths of the pair of 
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cubes made from the same sample of concrete of 15% is allowed. With such 

large allowable difference, the within-test coefficient of variation (calculated 

in accordance with the procedures given in ACI 214R-11) can be as large as 

15%/1.128 = 13.3%. 

• Even when the compliance criteria specified in Table 10.2 are not satisfied, 

there is no need to stop the concrete production and concreting. 

• Notwithstanding compliance with the criteria specified in Table 10.2, when the 

standard deviation exceeds 8.0 MPa for 150 mm test cubes or 8.5 MPa for 100 

mm test cubes at grade strength not exceeding C60 or the coefficient of 

variation exceeds 14% at grade strength exceeding C60, the concrete 

production and concreting shall stop (a severe penalty to the concrete producer 

and contractor, and serious interruption to the construction works). 

• The actual characteristic strength of the concrete production is never checked. 

Actually, after obtaining 40 consecutive test results, the characteristic strength 

can be calculated simply as the mean strength minus 1.64 t imes the standard 

deviation. What if the characteristic strength is higher than the specified grade 

strength but the standard deviation or coefficient of variation has exceeded the 

respective allowable value? At the moment, we have no alternative but to stop 

the concrete production and concreting. 

 

 

6. General Specification for Civil Engineering Works: 2006 

 

 In the General Specification for Civil Engineering Works: 2006, t he 

acceptance testing and criteria are given in Clauses 16.58 to 16.62. 

 

 According to Clause 16.59, for each sample of concrete taken, 2 cubes shall be 

made in accordance with CS1. The average compressive strength of each pair of 

cubes made from the sample shall be taken as the test result. 

 

 Regarding the acceptance criteria, the test results for compressive strength at 

28 days shall comply with the following requirements: 

(a) Each test result shall not be less than the grade strength by more than the 

appropriate amount stated in Column A of Table 16.10; and  
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(b) the average of any 4 consecutive test results shall exceed the grade strength by 

at least the appropriate amount stated in Column B of Table 16.10. 

If the above requirements are not satisfied by any test results, the Engineer may 

instruct that tests be carried out on concrete cores to find out whether the concrete 

represented by the test results is acceptable or not (note: there is no need to stop the 

concrete production and concreting). 

Table 16.10 Compliance criteria for compressive strength of designed mix concrete 

Specified 
grade 

strength  

Compliance 
criteria 

Column A Column B 

Maximum amount by 
which each test result may 

be below the grade 
strength (MPa) 

Minimum amount by 
which the average of any 
4 consecutive test results 
shall be above the grade 

strength (MPa) 
150 mm 

cubes 
100 mm 

cubes 
150 mm 

cubes 
100 mm 

cubes 

C20 and 
above 

C1 3 MPa 2 MPa 5 MPa 7 MPa 

C2 3 MPa 2 MPa 3 MPa 5 MPa 

Below C20 C3 2 MPa 2 MPa 2 MPa 3 MPa 
 

 If the difference between the compressive strengths of any pair of cubes made 

from the same sample of concrete exceeds 15% of the test result for that pair of cubes, 

the higher of the compressive strengths of the two test cubes shall be used to assess 

compliance as stated in Column A, and the test result for that sample shall not be used 

to assess compliance as stated in Column B and shall not be used to calculate the 

standard deviation. 

 

 Notwithstanding compliance with the criteria specified in Table 16.10, the 

concrete production and concreting shall stop and the concrete mix design, material 

quality, production method and equipment, and procedures of concrete sampling and 

testing shall be reviewed when the following situation occurs: 

• The calculated standard deviation of 40 pr evious consecutive test results 

exceeds 8.0 MPa for 150 mm test cubes or 8.5 MPa for 100 mm test cubes 

 

 Several important points are noted from the above acceptance testing and 

criteria stipulated in General Specification for Civil Engineering Works: 2006: 

• A fairly large difference between the compressive strengths of the pair of 
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cubes made from the same sample of concrete of 15% is allowed. With such 

large allowable difference, the within-test coefficient of variation (calculated 

in accordance with the procedures given in ACI 214R-11) can be as large as 

15%/1.128 = 13.3%. 

• If the difference between the compressive strengths of any pair of cubes made 

from the same sample of concrete exceeds 15% of the test result for that pair 

of cubes, the higher of the compressive strengths of the two test cubes shall be 

used to assess compliance with the individual test result requirement. 

• Even when the compliance criteria specified in Table 16.10 are not satisfied, 

there is no need to stop the concrete production and concreting. 

• Notwithstanding compliance with the criteria specified in Table 16.10, when 

the standard deviation exceeds 8.0 MPa for 150 mm test cubes or 8.5 MPa for 

100 mm test cubes, the concrete production and concreting shall stop (a severe 

penalty to the concrete producer and contractor, and serious interruption to the 

construction works). 

• Even at grade strength exceeding C60, the standard deviation has to be not 

larger than 8.0 MPa for 150 mm test cubes or 8.5 MPa for 100 mm test cubes, 

or otherwise, the concrete production and concreting shall stop. Actually, at 

grade strength exceeding C60, a standard deviation of 8.0 or 8.5 MPa is 

equivalent to a coefficient of variation of about 11%. Such a coefficient of 

variation of 11% is in reality much too small for a high-strength concrete to 

comply with. 

• The actual characteristic strength of the concrete production is never checked. 

Actually, after obtaining 40 consecutive test results, the characteristic strength 

can be calculated simply as the mean strength minus 1.64 t imes the standard 

deviation. What if the characteristic strength is higher than the specified grade 

strength but the standard deviation has exceeded the respective allowable 

value? At the moment, we have no alternative but to stop the concrete 

production and concreting. 

• The acceptance criteria in the General Specification for Civil Engineering 

Works: 2006 are not quite the same as those in the Code of Practice for 

Structural Use of Concrete: 2013. There is a necessity to unify the acceptance 

testing and criteria in the General Specification and the Code of Practice. 
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7. Construction Standard CS1: 2010 

 

 In Hong Kong, the concrete specimens are to be tested in the form of 150 mm 

or 100 m m cubes in accordance with the Construction Standard CS1: 2010. The 

method of making the test cubes from fresh concrete is given in Section 7. A fter 

curing up t o the age of 28 da ys, both the compressive strength and density of the 

cubes are measured. The test methods for determining the compressive strength and 

density are given in Sections 12 and 16, respectively. 

 

 According to Section 7, the fresh concrete shall be placed in the mould in 

layers approximately 50 mm deep and each layer shall be compacted either by using 

the compacting bar or by vibrating. During the compaction of each layer with the 

compacting bar, the strokes shall be distributed in a uniform manner over the surface 

of the concrete and each layer shall be compacted to its full depth. The minimum 

number of strokes per layer required to produce full compaction will depend upon the 

workability of the concrete but in no case shall the concrete be subjected to less than 

35 strokes per layer for 150 m m cubes or 25 s trokes per layer for 100 m m cubes, 

except in the case of very high workability concrete. During the compaction of each 

layer by means of vibration, the applied vibration shall be of the minimum duration 

necessary to achieve full compaction of the concrete. Vibration shall cease as soon as 

the surface of the concrete becomes smooth and air bubbles cease to appear. 

 

 According to Section 12, the cubes shall be tested with the trowelled surface 

vertical and with the loading applied to moulded surfaces steadily at a certain loading 

rate. No capping is required and thus the test method is applicable to both normal-

strength concrete and high-strength concrete (in contrast, testing of cylinders capped 

at the end surfaces is not applicable to high-strength concrete). Otherwise, there is 

nothing special about the testing method for determining the compressive strength. 

 

 In Section 16, two alternative methods for determining the density are given. 

The two methods differ in the measurement of volume. The first method determines 

the volume of the cube specimen by calculation from the measured dimensions of the 

cube. The second method determines the volume of the cube specimen as the volume 

of water displaced when immersed in water. A note in Sub-section 16.3 suggests that 
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determination of the volume by water displacement is to be preferred, especially for 

cut or cored specimens. However, it is also said in Sub-section 16.7 t hat the water 

displacement method is not applicable to specimens of no-fines concrete or samples 

where the moisture content is not to be altered. 

 

 Because of the note in Sub-section 16.3 suggesting that determination of the 

volume by water displacement is to be preferred, most testing laboratories in Hong 

Kong adopt the water displacement method for density measurement. However, the 

authors have a different opinion. If the test specimen has an irregular shape, the direct 

measurement method of measuring the geometric dimensions to determine the volume 

is difficult and inaccurate, and for this reason, the water displacement method should 

be preferred. But the cube specimens complying with the dimensional accuracy, 

perpendicularity, parallelism and flatness requirements stipulated in Sub-section 7.5 

should all have regular and cubical shapes and for such specimens, direct 

measurement of the geometric dimensions and volume should be quite accurate. On 

the other hand, if the test specimen is porous due to honeycombing caused by 

inadequate compaction, the volume of water displaced would be smaller than the bulk 

volume of the cube specimen and the effect of the presence of pores on the density of 

the cube specimen would not be fully reflected in the measured density based on 

volume measurement by water displacement method. 

 

 In the later part of this paper, an experimental study on the effects of 

workmanship on the compressive strength and density of cube specimens is presented. 

Both methods of density measurement have been used in the study. It will be seen that 

the workmanship has great effects on the compressive strength and density and that 

the density measured by direct measurement of the geometric dimensions can better 

reflect the quality of compaction applied during making of the test cubes. 

 

 

8. Effect of Target Mean Strength on Producer’s Risk 

 

 Consider a hypothetical case of the production of a grade C45 concrete. Let 

the standard deviation be 6.0 MPa. To meet with the specified grade strength 

requirement, the target mean strength is set as 45 + 1.64 × 6.0 = 54.84 MPa, or, say, 
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55 MPa. Although in theory, the concrete has met with the specified grade strength 

requirement, it may not be able to always meet with the C1 or C2 requirements (the 

actual requirements for judging compliance of the concrete production), especially 

when 100 mm cubes are used. When 100 mm cubes are used, the C2 requirements 

are: the average of 4 consecutive test results shall exceed the specified grade strength 

by at least 5 MPa and any individual test result shall not be less than the specified 

grade strength minus 2 MPa.  

 

 The average of 4 consecutive test results has a standard deviation of 6.0 

MPa/√(4) = 3.0 MPa. The specified grade strength plus 5 MPa is equal to 50 MPa, 

which is equal to the population average of 55 MPa minus 1.67 times the standard 

deviation of average of 4 test results of 3.0 MPa. Assuming a normal distribution, the 

probability of failing to meet with the requirement that the average of 4 shall exceed 

the specified grade strength plus 5 MPa is 4.8%. 

 

 The individual test result has a standard deviation of 6.0 MPa. The specified 

grade strength minus 2 MPa is equal to 43 M Pa, which is equal to the population 

average of 55 MPa minus 2.00 times the standard deviation of individual test result of 

6.0 MPa. Assuming a normal distribution, the probability of having an individual test 

result failing to meet with the requirement that the individual test result shall exceed 

the specified grade strength minus 2 MPa is 2.3%.  

 

 The above probabilities may appear low, but actually, after taking more than 

40 samples for testing, the probability of having at least one incidence failing to meet 

with the average of 4 test results or individual test result requirements is higher than 

70%. In other words, after a certain period of production and when more than 40 

samples have been taken for testing, there is a probability of higher than 70% that the 

concrete producer would encounter the problem of not complying with the C1 or C2 

requirements and thereby suffer big loss due to the non-compliance. That is why the 

authors said in the Introduction that any concrete producer who sets the target mean 

strength according to Equation (6) will soon be out of business. 

 

 Although in most text books, it is advised that the target mean strength of the 

concrete mix design may be taken as the specified grade strength plus 1.64 times the 
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standard deviation, in reality, setting the target mean strength as the specified grade 

strength plus 1.64 t imes the standard deviation so that the characteristic strength 

would be equal to the specified grade strength would not guarantee compliance with 

the C1 or C2 requirements. The simple reason is that the acceptance criteria are not 

based on the characteristic strength of the concrete production, but are stipulated in 

terms of certain arbitrarily set requirement on average of 4 consecutive test results and 

requirement on individual test result (this is for quick response because the average of 

4 and individual test results can reveal sudden changes in quality much faster than 

other parameters requiring more test results to determine). Even after having obtained 

40 consecutive test results, the acceptance criteria are based on the standard deviation 

or coefficient of variation, not the characteristic strength (somehow, there are no such 

acceptance criteria in the ACI and Euro Codes). This is the root cause of the relatively 

high producer’s risk in the ready mixed concrete industry here in Hong Kong. 

 

 To minimize the producer’s risk of not complying with the acceptance criteria, 

the concrete producers have to raise the target mean strength of the concrete mix 

design to significantly higher than the specified grade strength plus 1.64 t imes 

standard deviation. In theory, reducing the standard deviation by better production 

control would help, but there is a practical lowest achievable limit to the standard 

deviation because there are many factors (such as the testing errors) beyond the 

control of the concrete producers. Moreover, it should be borne in mind that even if 

the acceptance criteria are purely based on the characteristic strength, due to limited 

number of samples taken, the calculated characteristic strength determined from the 

samples taken may be slightly lower or higher than the actual characteristic strength 

of the concrete production. In any case, to play safe, all the concrete producers have to 

increase the target mean strength such that the expected characteristic strength is as 

least 5% to 10% higher than the specified concrete grade. And, since all concrete 

producers have to do t he same, the consumer has to pay for a higher cost of 

construction and the general public has to bear with a larger carbon footprint of our 

concrete production. In this regard, it should also be borne in mind that even with the 

target mean strength increased so that the actual characteristic strength is significantly 

higher than the specified concrete grade, there is still no guarantee that the standard 

deviation or coefficient of variation would meet with the limits set in the acceptance 

criteria stipulated in the local concrete code. 
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 Because of the need to set a higher target mean strength such that the expected 

characteristic strength is at least 5% to 10% higher than the specified concrete grade, 

it is wrong to assume that the expected characteristic strength is equal to the specified 

concrete. That is the rationale behind Equation (5) and is one of the reasons why 

concrete technology is not as straightforward as you might have thought before 

(basically, you have to learn on the job and also by mistakes rather than studying text 

books and research papers). 

 

 Whilst it is  common sense that setting a higher target mean strength in the 

concrete mix design would reduce the producer’s risk, the actual effect has to be 

evaluated by some kind of Monte Carlo simulation. No such simulation has been done 

so far but should be done while setting the acceptance criteria for ready mixed 

concrete supply. It is recommended to carry out such kind of simulation in order to 

evaluate the producer’s risk and consumer’s risk and ascertain ourselves that the 

acceptance criteria have been reasonably set. 

 

 

9. Effect of Workmanship on Cube Compressive Strength and Density 

 

 To study the effects of workmanship on the compressive strength and density 

of cube specimens, an experimental program of purposely casting concrete cubes with 

different amounts of compaction applied and testing the concrete cubes so cast at ages 

of 7 days and 28 days for their compressive strength and density has been launched 

and completed. Both the two methods of density measurement stipulated in the 

Construction Standard CS1: 2010 have been used in the experimental program. 

 

 The only cementitious material used was an ordinary Portland cement of 

strength class 52.5N complying with BS EN 197-1: 2000. A polycarboxylate-based 

superplasticizer (SP) was added to each concrete mix to achieve the design slump. 

Local crushed granite rocks were used for the fine aggregate and the coarse aggregate. 

The fine aggregate has a maximum size of 5 mm w hereas the coarse aggregate 

comprised of 10 mm maximum size aggregate and 20 mm maximum size aggregate. 

Two concrete mixes with the same water/cement (W/C) ratio of 0.50 but different 

design slump values were produced for testing. They all have a f ixed fine to total 
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aggregate ratio of 0.40 and a fixed 10 mm to 20 mm aggregate ratio of 0.5. One of the 

concrete mix was designed to have a paste volume of 26% and added with a SP 

dosage of 3.0 litre/m3 concrete. The other concrete mix was designed to have a paste 

volume of 30% and added with a SP dosage of 3.0 litre/m3 concrete. A pan mixer was 

used for concrete mixing. First, all the materials except water and SP were poured into 

the mixer and dry mixed for 1 m in. Then, the water and SP were added and the 

mixture was wet mixed for 3 min. After mixing, slump test was conducted and 

twenty-four 100 mm cubes were made from each concrete mix. 

 

 To investigate the effect of compaction on compressive strength and density, 

the twenty-four cubes were divided into four groups. Different compaction efforts 

were applied to the different groups of cubes. In the first group, the concrete cubes 

were compacted using a poker vibrator. In the second group, the concrete cubes were 

subjected to 30 strokes per layer. In the third group, the concrete cubes were subjected 

to 5 strokes per layer. Finally, in the fourth group, the concrete cubes were subjected 

to 0 stroke per layer (in other words, not subjected to any compaction). 

 

 After casting and finishing the concrete surface, a plastic sheet was laid on top 

of each mould to cover the freshly cast concrete so as to prevent evaporation of water. 

The concrete cubes were demoulded at one day after casting and then cured in a lime-

saturated water tank at a temperature of 27±2 °C. At the time of testing (7 days or 28 

days after casting), the concrete cubes were tested for their densities by both the direct 

measurement method of measuring the geometric dimensions to determine the volume 

of the cube specimen and the water displacement method of measuring the volume of 

water displaced when immersed in water to determine the volume of the cube 

specimen. After testing for the densities, the concrete cubes were finally crushed to 

measure their cube compressive strengths. The compressive strength and density tests 

were carried out in accordance with Sections 12 and 16, respectively, of Construction 

Standard CS1: 2010. 

 

 The test results are presented in Table 1 for the concrete mix with W/C = 0.50, 

paste volume = 26% and measured slump = 30 mm, and presented in Table 2 for the 

concrete mix with W/C = 0.50, paste volume = 30% and measured slump = 180 mm. 

Moreover, the test results are plotted in Figures 1 to 6 for easier interpretation. 
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Table 1. Test results of concrete mix with W/C = 0.50 and measured slump = 30 mm 

Compaction 
effort 

Tests at 7 days Tests at 28 days 

Density by 
direct 

measurement 
(kg/m3) 

Density by 
water 

displacement 
(kg/m3) 

Cube 
strength 
(MPa) 

Density by 
direct 

measurement 
(kg/m3) 

Density by 
water 

displacement 
(kg/m3) 

Cube 
strength 
(MPa) 

Poker 
vibrator 

2392 2408 59.4 2429 2414 68.7 

2435 2434 57.8 2399 2422 68.7 

2402 2430 55.9 2350 2406 66.1 

30 strokes 
per layer 

2383 2405 58.1 2374 2414 68.6 

2390 2410 56.7 2386 2399 67.6 

2385 2400 57.3 2376 2398 64.1 

5 strokes 
per layer 

2266 2328 40.7 2300 2389 58.2 

2278 2392 41.8 2286 2388 50.7 

2268 2385 38.8 2284 2383 42.9 

0 stroke 
per layer 

2298 2397 39.0 2210 2380 39.4 

2225 2372 38.1 2209 2370 44.5 

2236 2385 36.9 2176 2384 34.9 

 

 

Table 2. Test results of concrete mix with W/C = 0.50 and measured slump = 180 mm 

Compaction 
effort 

Tests at 7 days Tests at 28 days 

Density by 
direct 

measurement 
(kg/m3) 

Density by 
water 

displacement 
(kg/m3) 

Cube 
strength 
(MPa) 

Density by 
direct 

measurement 
(kg/m3) 

Density by 
water 

displacement 
(kg/m3) 

Cube 
strength 
(MPa) 

Poker 
vibrator 

2378 2398 55.1 2397 2401 67.8 

2387 2395 55.8 2387 2407 67.0 

2360 2390 55.6 2407 2408 67.1 

30 strokes 
per layer 

2373 2391 59.0 2389 2395 67.2 

2376 2380 56.5 2381 2388 67.5 

2358 2380 56.9 2395 2395 69.9 

5 strokes 
per layer 

2373 2391 53.0 2395 2397 59.0 

2373 2390 53.4 2343 2392 49.3 

2352 2389 50.3 2339 2396 58.2 

0 stroke 
per layer 

2283 2378 44.5 2279 2386 55.2 

2264 2374 41.3 2228 2383 47.4 

2244 2369 34.4 2234 2373 48.0 
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Figure 1. Density by direct measurement method versus compaction effort applied 

(for concrete mix with measured slump = 30 mm) 

Figure 2. Density by water displacement method versus compaction effort applied 

(for concrete mix with measured slump = 30 mm) 
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Figure 3. 7-day and 28-day cube strengths versus compaction effort applied 

(for concrete mix with measured slump = 30 mm 

Figure 4. Density by direct measurement method versus compaction effort applied  

(for concrete mix with measured slump = 180 mm) 
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Figure 5. Density by water displacement method versus compaction effort applied 

(for concrete mix with measured slump = 180 mm) 

Figure 6. 7-day and 28-day cube strengths versus compaction effort applied 

(for concrete mix with measured slump = 180 mm 
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 Several important points are noted from the above test results: 

• The compaction effort has significant effects on the density measured by direct 

measurement method or water displacement method. The effects are larger for 

the concrete mix with slump = 30 mm and smaller for the concrete mix with 

slump = 180 mm. With the same compaction effort applied, the range of 3 test 

results is only about 1 to 3%. 

• The compaction effort has significant effects on the 7-day and 28-day cube 

strengths. The effects are larger for the concrete mix with slump = 30 mm and 

smaller for the concrete mix with slump = 180 mm. With good compaction 

(poker vibrator or 30 strokes per layer) applied, the range of 3 test results is at 

most 7% but with bad compaction (5 strokes per layer or 0 s troke per layer) 

applied, the range of 3 test results can be as large as 30%. 

 

 To better highlight the effects of compaction effort, the variation within the 

test results for the same group of cubes subjected to the same compaction effort are 

averaged to eliminate the random variations within the same group and the average 

results so obtained are plotted against the compaction effort in Figures 7 to 9. 

Figure 7. Average of density results versus compaction effort applied  
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Figure 8. Average of 7-day strength results versus compaction effort applied 

 

Figure 9. Average of 28-day strength results versus compaction effort applied 
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 The following points are noted from the above figures: 

• With bad compaction (5 strokes per layer or 0 s troke per layer) applied, the 

density of the concrete mix with slump = 30 mm can be reduced by up to 7% 

as measured by direct measurement method or by up to 2% as measured by 

water displacement method, and the density of the concrete mix with slump = 

180 mm can be reduced by up to 5% as measured by direct measurement 

method or by up to 1% as measured by water displacement method. Relatively, 

the density measured by direct measurement method can better reflect the 

quality of compaction applied. 

• With bad compaction (5 strokes per layer or 0 s troke per layer) applied, the 

cube strength of the concrete mix with slump = 30 mm can be reduced by up 

to 42%. With bad compaction (5 strokes per layer or 0 s troke per layer) 

applied, the cube strength of the concrete mix with slump = 180 mm can be 

reduced by up to 28%. Hence, inadequate compaction can cause a testing error 

in the cube strength of more than 25%. Needless to say, the workmanship of 

cube making for acceptance testing is very important.  

 

 Summing up, the following remarks are made: 

(1) The compaction applied has significant effect on the density of the concrete 

cube specimen, especially if the concrete has a low workability. The effect on 

the density measured by direct measurement method is larger than that on the 

density measured by water displacement method. This is because the pores or 

honeycombs formed in the concrete cube due to inadequate compaction would 

allow water to fill in and cause underestimation of the volume of concrete 

cube when the water displacement method is used to determine the volume. 

Anyway, if the purpose is to determine the density of fully compacted concrete, 

then good compaction should be applied and the water displacement method 

may be used, but if the purpose is to determine the density of the concrete 

cube so as to find out whether the concrete cube specimen has been properly 

compacted, then the direct measurement method should be used. The note in 

Section 16 of CS1 that determination of the volume by water displacement is 

to be preferred needs to be reviewed. It is suggested herein that the direct 

measurement method is a better and more sensitive method for checking the 

quality of compaction applied during cube making.  
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(2) The compaction applied has great effect on the strength of the concrete cube 

specimen, especially if the concrete has a l ow workability. Hence, the 

measured cube strength is highly dependent on the workmanship of sampling 

and cube making. If the workmanship is no good, the measured cube strength 

can be lower than what it should be by more than 25% and the difference 

between the measured strengths of a pair of cubes made from the same sample 

of concrete can exceed 15% or even 20%. At the moment, we are checking the 

difference between the measured strengths of a pair of cubes made from the 

same sample and disregarding the test result if the difference is larger than 

certain value to avoid excessively large testing errors. Actually, if the two 

cubes in the pair are both made with bad workmanship, both cubes could have 

fairly low strengths and the bad workmanship may not be reflected in the 

difference between the measured strengths of the two cubes made from the 

same sample. It might be better to check the density measured by direct 

measurement method. For any concrete cube, if the density measured by direct 

measurement is lower than the fully compacted density by more than say 3%, 

then the strength result of that cube should be disregarded. 

(3) As said before, the workmanship of cube making for acceptance testing is very 

important. However, under the present arrangement, the concrete producer is 

not allowed to make the cube specimens for acceptance testing. To avoid 

cheating, the cube specimens for acceptance testing have to be made by an 

independent testing laboratory. There are several possible ways to improve the 

workmanship of cube making. First, we may consider using a vibrating table 

to compact the concrete cubes so as to minimize the workmanship problem. 

Second, we may consider allowing the concrete producer to make the cube 

specimens under the supervision of the independent testing laboratory. The 

concrete producer is concerned with the outcome of the concrete cube tests 

and therefore would always take good care in the making of the concrete 

cubes. Third, we may improve the workmanship by providing better training 

to the technicians of the independent testing laboratory or even demanding the 

technicians to be properly qualified under the Qualifications Framework for 

the TIC Industry. 

(4) Depending on the actual workmanship, the testing errors in the strength test 

results can be larger than 10%. Such testing errors, though not caused by the 
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concrete producer, would contribute to the overall variations of the strength 

test results. Added with unavoidable batch-to-batch variations, the overall 

variations can be quite large and the concrete producers are forced to raise the 

target mean strength in the concrete mix design by adding more cementitious 

materials and superplasticizers to avoid non-compliance with the acceptance 

criteria. However, in Hong Kong, there are acceptance criteria purely based on 

the standard deviation and coefficient of variation, and raising the target mean 

strength would not help to avoid non-compliance with these acceptance 

criteria. Such kind of producer’s risk would increase both the cost and carbon 

footprint of ready mixed concrete production in Hong Kong. 

 

 

10. Concluding Remarks and Recommendations 

 

 The acceptance testing and criteria in ACI 214R-11, BS EN 206: 2013, Code 

of Practice for Structural Use of Concrete: 2013 and General Specification for Civil 

Engineering Works: 2006, and the test methods in Construction Standard CS1: 2010 

have been reviewed. The ACI 214R-11, which tests concrete specimens in the form of 

cylinders, is not directly applicable to Hong Kong but is a useful reference because it 

has provided a very good background to acceptance testing and criteria of concrete. 

The acceptance testing and criteria stipulated in the European Standard BS EN 206: 

2013 appear to be more scientific and systematic than those stipulated in the old 

British Standards, and should be more applicable to Hong Kong, bearing in mind that 

we shall soon be using the European Codes in the civil works. Detailed study and 

consultation are of course needed to investigate how this European Standard could be 

adapted for application in Hong Kong. On the other hand, the acceptance criteria in 

the Code of Practice for Structural Use of Concrete: 2013 and General Specification 

for Civil Engineering Works: 2006 are not consistent and should be further reviewed 

and preferably unified. Moreover, the test methods for density measurement in the 

Construction Standard CS1: 2010 also need to be further reviewed. 

 

 The issue of acceptance testing and criteria for ready mixed concrete is a 

complex and controversial issue. It is not easy to make any changes to the acceptance 

testing and criteria without facing objections from certain stakeholders. Nevertheless, 
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based on the present study, it may be worthwhile to consider making the following 

minor changes as a kind of interim measure: 

(1) We are at the moment requiring at least 40 test results to estimate the standard 

deviation. However, in the ACI 214R-11 and BS EN 206: 2013, only 30 and 

35 test results, respectively, are required to estimate the standard deviation. 

The use of fewer test results to estimate the standard deviation would allow us 

to know the standard deviation and characteristic strength of the concrete 

production at earlier time so that we can respond faster and perform corrective 

actions as soon as possible before it is too late. To be conservative and avoid 

arousing concern of moving too big a step at one time, it is suggested to 

consider reducing the number of test results for estimating standard deviation 

and characteristic strength to 35, the number required in BS EN 206: 2013. 

(2) The difference between the cube strengths of the pair of specimens made from 

the same sample of concrete is sometimes larger than 10%. Such relatively 

large difference is caused by variations in testing (i.e. testing errors) rather 

than variations in constituent materials, and production, delivery and handing 

procedures, but nevertheless could lead to relatively large batch-to-batch and 

overall variations, and even non-compliance with the acceptance criteria and 

suspension of the concrete production. To avoid such unfairness to the 

concrete producers, it is suggested that if the difference exceeds 10%, the 

strength test result should be disregarded in the calculation of mean cube 

strength, batch-to-batch variation and overall variation (in the Code of Practice 

for Structural Use of Concrete: 2013, t he strength test result needs to be 

disregarded only when the difference exceeds 20%). 

(3) The density measured by the direct measurement method is more sensitive to 

inadequate compaction during casting than the density measured by the water 

displacement method. Hence, for the purpose of checking whether the 

concrete cube specimen has been properly compacted, the direct measurement 

method should be used. Actually, if the two cubes in the pair of specimens 

made from the same sample of concrete are both made with bad workmanship, 

both cubes could have fairly low strengths and the bad workmanship may not 

be reflected in the difference between the cube strengths of the pair of 

specimens. It might be better to check the density measured by the direct 

measurement method. If the density measured by the direct measurement 
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method is lower than the fully compacted density by more than say 3%, then 

the strength result of that cube should be disregarded. In fact, during the cube 

strength test, the geometric dimensions of the cube specimen have to be 

measured in any case. Hence, no extra measurement is needed to determine 

the density by direct measurement method at all. As an interim measure, we 

should ask the testing laboratories to always report the density measured by 

direct measurement method in the test report. This would enable us to find out 

whether the cube specimen has been properly compacted during casting. 

(4) In ACI 214R-11, no l imits are imposed on the standard deviation and 

coefficient of variation. Nevertheless, it does state that when the characteristic 

cube strength ≤ 43.7 MPa, the overall standard deviation for general 

construction testing may be considered as poor if the overall standard 

deviation is above 6.0 MPa, and when the characteristic cube strength ≥ 43.7 

MPa, the overall coefficient of variation for general construction testing may 

be considered as poor if the overall coefficient of variation is above 14%. The 

BS EN 206: 2013 a lso imposes no l imits on the standard deviation and 

coefficient of variation. However, in the Code of Practice for Structural Use of 

Concrete: 2013 and General Specification for Civil Engineering Works: 2006, 

limits are imposed on the standard deviation and coefficient of variation, and if 

the imposed limits are exceeded, the concrete production and concreting have 

to stop. It is suggested herein that the limits should be imposed on the 

characteristic strength rather than the standard deviation or coefficient of 

variation. Actually, once the standard deviation is known, the characteristic 

strength can be determined simply as the mean strength minus 1.64 times the 

standard deviation. 

(5) In the Code of Practice for Structural Use of Concrete: 2013, t he limits 

imposed on the standard deviation and coefficient of variation are as follows: 

when the standard deviation exceeds 8.0 MPa for 150 mm test cubes or 8.5 

MPa for 100 m m test cubes at grade strength not exceeding C60 or the 

coefficient of variation exceeds 14% at grade strength exceeding C60, the 

concrete production and concreting shall stop. However, it should be borne in 

mind that the specified grade strength is in reality a contractual target value to 

be complied with and not a physical property of the concrete. In Hong Kong, it 

is not uncommon that a grade C45 concrete, in order to meet with other 
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requirements, such as the maximum allowable water/cementitious materials 

ratio and the minimum condensed silica fume content, could have a mean 

strength of well above 70 MPa. Imposing a standard deviation limit of 8.5 

MPa for 100 mm test cubes would mean imposing a coefficient of variation 

limit of 8.5/70 = 12% to this concrete, which is very difficult to constantly 

achieve over a long period of production. Physically, there is a certain 

relationship between the standard deviation and the strength level (note: not 

the specified grade strength, which is not a physical property at all). At low 

strength level, the standard deviation does not vary much with the strength 

level, but at high strength level, the standard deviation increases with the 

strength level and the coefficient of variation becomes a better measure of 

variability (see Sub-section 4.5 of ACI 214R-11). That is why in ACI 214R-11, 

the standard of quality control is assessed in terms of standard deviation at 

characteristic cylinder strength ≤ 35 MPa (characteristic cube strength ≤ 43.7 

MPa or mean strength ≤ 60 MPa) and in terms of coefficient of variation at 

characteristic cylinder strength ≥ 35 MPa (characteristic cube strength ≥ 43.7 

MPa or mean strength ≥ 60 MPa). Simplifying, it is  suggested to set the 

standard deviation and coefficient of variation limits for application in Hong 

Kong as: the quality control shall be considered as poor when the standard 

deviation exceeds 8.0 MPa for 150 mm test cubes or 8.5 MPa for 100 mm test 

cubes and the coefficient of variation exceeds 14%. 

(6) The workmanship of cube making for acceptance testing is very important 

because it has great effect on the cube strength and could cause very large 

testing errors, within-batch variation and overall variation. There are several 

possible ways to improve the workmanship of cube making. First, we may 

consider using a vibrating table to compact the concrete cubes so as to 

minimize the workmanship problem. Second, we may consider allowing the 

concrete producer to make the cube specimens under the supervision of the 

independent testing laboratory. The concrete producer is concerned with the 

outcome of the concrete cube tests and therefore would always take good care 

in the making of the concrete cubes. Third, we may improve the workmanship 

by providing better training to the technicians of the independent testing 

laboratory or even demanding the technicians to be properly qualified under 

the Qualifications Framework for the TIC Industry. 
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