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ABSTRACT

The design of concrete structures in accordance with EN 1992-1-1 adopts the characteristic cylinder compressive strength in
its equations. EN 206 provides for conformity testing for concrete strength in compression using 150mm diameter by 300mm
length cylinders or 150mm cubes only. The complementary standard to EN 206 in UK, BS 8500 (SS 544 in Singapore, MS 523
in Malaysia) has added provisions (clause 12.2) for the use of 100mm cubes for conformity testing. The conformity criteria for
100mm cube specimens are to be the same as those for 150mm cubes. A series of tests based on 3 selected levels of compressive
strength has been conducted to examine the relationship between these 3 types of test specimens for compressive strength of
concrete. For each strength level, 100 batches of concrete were produced over a period of several months. The test results
are presented with analysis based on the mean of 3 numbers for each type of test specimens prepared from the same batch at
each time of preparation. The results of this study for the 3 strength levels support the relationship between standard cylinder
compressive strength and standard cube compressive strength in EN 206. In addition, results also support the recommendation
that standard 100mm cube compressive strength is equivalent to that of standard 150mm cube compressive strength in BS 8500.
The use of the small size cubes and certification of designed concrete promote sustainability in concrete construction.
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1.0 INTRODUCTION

BS EN 206 [1] adopts only 150mm diameter by 300mm length
cylinders or 150mm cubes as standard specimens for determining
compressive strength of concrete. Both BS EN 1992-1-1 [2] and
BS EN 206 [1] provide for equivalent cube compressive strength
corresponding to cylinder compressive strength. In general, up to
strength class of C55/67, the ratio of 150mm cube compressive
strength/150mm cylinder compressive strength is nominally
1.25 (with rounding to nearest 1 MPa). Above strength class
of C55/67 up to C100/115, a constant difference of 15 MPa
higher for cube compressive strength above that of cylinder
compressive strength has been adopted. These relationships
are examined at three strength class levels, i.e. C32/40, C50/60
and C65/80. In addition, the ratio of 100mm cube compressive
strength/150mm cube compressive strength and the ratio of
100mm cube compressive strength/150mm cylinder strength
at these strength levels are also determined for the same three
strength class levels. The test results based on three specimens
of each shape and size at the age of 28 days after standard curing
are analysed to provide an assessment of their relationships.
A brief summary of these results has been presented at the
40th OWICS Anniversary Conference in August 2015 by Tam
et. al,[3]. A more in-depth analysis is reported in this paper.
Although limited in scope, the analysis provides a reasonable
indication of their implications in conformity assessment of
the characteristic concrete compressive strength based on 100
batches of concrete for each of the three strength class levels.
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These were produced over a period of several months (145 to
206 days) in the same RMC plant and may be deemed to be
representative of normal production in a local ready-mixed
concrete (RMC) plant using constituent materials generally
available in Singapore.

2.0 BACKGROUND

The topic on effect of shape and size of test specimens for
determination of concrete compressive strength has been
studied by various researchers as early as 1925 e.g. Gonnerman
[4] Neville, [S5] has reviewed research findings from extensive
published literature and reported that approximately 100mm
cubes to be 1.05 times of 150mm cubes and but from analysis of
numerous data by Neville [6], proposed the relationship between
concrete specimens of different shapes and sizes (fc) relative to
that of a 6 inch (150 mm) cube (f cuc) as follows:

fe/feus =0.56 + 0.697/(V/6hd + h/d)

where V = volume of specimen, (V/150hd + h/d for h and
d in mm)

h = height (in inches), and

d = least lateral dimension (in inches)
Substituting dimensions of a 6 inch (150mm) cube into the
above equation results in a value of 0.91 instead of the expected
value of 1.0. Based on this relationship, the ratio of 4 inch
(100mm) cube relative to that of a 6 inch (150mm) cube is 0.98
but adjusting with the factor of 0.91, the ratio becomes 1.08. A
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study by Leung and Ho (1996) [7] in Hong Kong based on data
from 8 projects for grade 20 to 50 (C16/20 to C40/50), for a total
of 349 batches, the mean ratio of 100mm to 150mm cubes was
found to be 1.05. However, it ranges from 0.79 to 1.23 with up
to 34% of individual ratios (15/44) below 1.0 in one project. For
the other 7 projects the percentage of individual ratios below 1.0
varies from 4% to 22%. The mean for the total of 349 individual
ratios is 17%. Similar percentage of ratios below 1.0 was also
reported by Tam et. al, [3]. A more recent study by Wong (2103)
[8] in Hong Kong compared the ratio of 150mm x 300mm
cylinders to 100mm cubes and found the mean ratio is 0.78 for
up to grade 80 (C65/80) and 0.80 for above grade 80 (up to 119
MPa for 100mm cubes). Taking the strength ratio of 100mm
cube to 150mm cube as 1.05, the ratio for 150mm x 300mm
cylinder to 150mm cubes becomes 0.82 for up to grade 80 and
0.84 for above grade 80. These findings differ slightly from
values in EN 206 [1]. Even after significant number of studies
there is as yet no definitive finding on the effect of specimen
size for determining concrete compressive strength. Moreover,
most studies are based on limited number of samples tested
and generally, from a selected number of strength levels with
specimens from the same sample tested at several ages. Hence,
the standard deviation, arising from variability arising from
constituent materials, batching and sampling on characteristic
value of concrete compressive strength has not been studied. The
present study aims the provided information where these factors
are included in the selected strength levels.

The first objective of the current study is to compare the
specified relationship between characteristic values of cylinder
and cube compressive strength as given in EN 206 [1] at
three strength levels. The second objective is to assess if the
characteristic compressive strength at the age of 28 days of
100mm cubes to that of 150mm cubes may be deemed to be
the same as stated in BS 8500-2 [9]. Both of these factors are of
special interest to countries where structural design is based on
cylinder compressive strength in EN 1992-1-1 [2] and conformity
criteria may be based on 100mm and/or 150mm cubes.

3.0 EXPERIMENTAL DETAILS

The constituent materials for casting of all the concrete
specimens are those commonly used in current production in
a local RMC plant. The three concretes were produced by the
same plant using Portland cement to BS EN 197-1 [10] CEM
I — 42,5 R, 20mm maximum size granite and natural sand
together with a superplasticiser to produce a consistence class
of S4 given in BS EN 206 [1] for designed concretes, over a
period of several consecutive months. Silica fume (SF) to BS EN
13263-1 [11] had been added to C65/80 concrete only. Table 1
shows the composition of the three concretes. All the specimens
were cast, then demolded after 24 hours and cured at 27 =+
5 °C as recommended for Singapore laboratories under SS 544-
2 [12] Annex ZZA until age of 28 days when they were tested
at the saturated condition. No unexpected performance of the
constituent materials was noticed during the period of this test
program which used the same constituent materials for normal
production of concrete in the same plant. All the three types
of specimens were cast from the same batch of concrete. End
preparation for all cylinder specimens was by grinding.
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Table 1: Composition of concretes.
Composition (kg/m?)
conerete | Cement | ywater | Fine | Coase | Admixture
C32/40 395(0) 175 776 990 5.39
C50/60 530(0) 175 660 990 7.23
C65/80 550(40) 150 590 990 11.31

4.0 TEST RESULTS

The test data of the three populations of concrete are analyzed in

terms of the following:

a. For each concrete, the mean and standard deviation of all the
test results (average of 3 specimens).

b. For each concrete, the ratio of 150mm cube/150mm cylinder
specimens (fe.1s0cu/fe,150ey1) for each batch of concrete.

c. For each concrete, the ratio of 100mm cube/150mm cube
specimens (fe.100cu/fe,150c0) for each batch of concrete

d. For each concrete, the mean of the ratio calculated in (b) and
(c) above.

e. For each concrete, the mean of the ratio of 150mm
cube/150mm cylinder specimens based on their characteristic
values (f), mean (fm) and from (a) above.

f. For each concrete, (strength class C32/40 and C50/60),
distribution of the ratio of 150mm cube/150mm cylinders
(feas0cu/fe.150¢y1).

g. For each batch of concrete for each concrete, distribution of
the difference between 150mm cube and 150mm cylinders
(fe1s0cu — fe.1s0ey1) for strength class C65/80.

h. For each concrete; distribution of the ratio of 100mm
cube/150mm cube specimens (fc.100cu/fe,150cu) for each batch of
concrete.

[Note: the results of item (h) indicate that the ratios for (fc.100cu/

fe.150c0) does not deviate significantly from 1.0 and hence similar

analysis for the case of 100mm cubes corresponding to item (f)

as item (g) is omitted for which the finding will be similar to the
case of 150mm cubes in item (f)].
Annex A is a summary of the data for items (a) to (d)
stated above which has been presented recently by Tam et.
al, [3]. Annex B shows the overlapping of the distribution of
compressive strength of both 100mm cubes and 150mm cubes
for each of the 3 strength levels reported by Tam et. al, [3]. The
findings are summarized as follows:
(1) The ratio of 150mm cylinders/150mm cubes for C32/40
based on characteristic strengths, (fek150ey/fex,15000) = 0.79
and based on mean strengths, (fem,150cy/fem.150c0) = 0.80.

(2) The ratio of 150mm cylinders/150mm cubes for C50/60
based on characteristic strengths, (fek,150ey/fex,15000) = 0.82
and based on mean strengths, (fem,150cy/fem.150c0) = 0.83.

(3) The difference between 150mm cubes and 150mm
cylinders specimens for C65/80 based on characteristic
strengths, (fek150cu — fex1s0ey) = 12.9 MPa and based on
mean strengths, (fem,i150cu — fem,150cy) = 12.7 MPa.

(4) The ratio of 100mm cube/150mm cube for C32/40

based on characteristic strengths, (fek.1o00cu/fek150cu) =
1.01(2) and based on mean strengths, (fem,100cu/fem,150e0) =
1.01(2).
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Annex A
Extracted from Reference [3], Tam et al (2015)

Table A.1 — Summary of test results

Strength
classionerty C32/40 C50/60 C65/80
Specimen fontoo | Feutso | forrso fouton | Fuaso | Foraso foton | Fouso | Fviso
Strength (3 specimens for each test)
Mean, (f,) 48.1 | 475 38.0 68.9 68.0 | 56.1 949 93.7 | 80.9
Maximum 52.5 51.3 41.6 754 739 6.6 111.1 1043 | 96.3
Minimum 446 | 447 | 339 64.2 63.3 49 8 874 842 | 69.7
Range 7.9 6.6 it 11.2 10.6 10.8 234 20.1 | 26.6
Standard deviation (3 specimens for each test)

Mean 091 | 090 | 094 1.23 1.19 1.12 1.74 1.77 | 1.86
Maximum 1.98 1.82 299 2.57 2.99 2.87 445 520 | 3.84
Minimum 0.17 | 0.16 | 0.21 0.13 0.21 0.21 0.29 0.29 | 054

Range 1.81 1.66 | 2.78 2.44 278 | 2.66 416 491 | 3.30

No. of data 109 109 105 109 109 109 105 105 105
Feriod of time 151 | 151 | 145 206 | 206 | 206 155 | 155 | 155
(days)
Characteristic strength based on mean strength and mean standard deviation
i 46.6 | 46.1 669 | 66.0 92.1 | 90.8
fet vt 36.4 54.3 779

Ratio Based on f,.

1.01 1.01 1.01
(fetr00cu)/(Fec150cu) (1.012) (1.013) (1.014)
(fexe150e91)/ (Ferc 150c0) [I;], ;;J]} (ﬂ%izz}
(et 1 s0eu) (e 150e01) 12.9

Ratio Based on £,

1.01 1.01 1.01
(fmlmw}"r{fcm.lﬁmu] (1.012) (1.013) (1.013)
{fmlimlj"r{ﬁ:mlﬁﬂcu} ([I:.] ‘TS'E;}S') mﬂgg;i)
[f::m,lﬂkg}_(f::m,tmt} lz?
Ratio Based on mean of individual ratios for each batch
Eia i) 1.01 1.01 1.01
= ¥ (1.013) (1.014) (1.013)
{f::lﬁl}cyl)f(ﬂllﬁﬂcu} ([I:JEBLE;]) (ﬂﬂggllq_}
(Feas0caFeias001) 12.3
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Annex B

Extracted from Reference [3], Tam et al (2015)

Figure B.1 — Distribution of Cube Compressive Strength data 100 mm cubes and 150 mm

cubes
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(c)

Cube 100 mm 150 mm
Mean 48.1 MPa | 47.5MPa
Std. Dev. 0.91 MPa 0.90 MPa
fomcu 46.6 MPa 46.1 MPa
n 109 109
Cube 100 mm 150 mm
Mean 68.9 MPa 68.0 MPa
Std. Dev. 1.23 MPa 1.19 MPa
foacu 66.9 MPa 66.0 MPa
n 109 109
Cube 100 mm 150 mm
Mean 94.2 MPa | 93.0 MPa
Std. Dev. 1.74 MPa 1.77 MPa
| P 52.1 MPa 90.8 MPa
n 105 105

Figures B.1(a), 1(b) and 1 (c)
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Table 2: Summary of Standard Deviations for Compressive Strength.

Standard deviation — MPa
) S Mean Maximum Minimum Range
Type
feu,100 feu,150 fey,150 feu,100 feu,150 fey,150 feu,100 feu,150 fey,150 feu,100 feu,150 fey,150
C32/40 0.91 0.90 0.94 1.98 1.82 2.99 0.17 0.16 0.21 1.81 1.66 2.78
C50/60 1.23 1.19 1.12 2.57 2.99 2.87 0.13 0.21 0.21 2.44 2.78 2.66
C65/80 1.74 1.77 1.86 4.45 5.20 3.84 0.29 0.29 0.54 4.16 491 3.30

(5) The ratio of 100mm cube/150mm cube for C50/60 deviations. However, all three values of standard
based on characteristic strengths, (fek.1o00cu/fek150cu) = deviations increase with increasing strength levels
1.01(3) and based on mean strengths (fem,100cu/fem,150e0) = for all 3 types of specimens as well as their range of
1.01(3). standard deviations.

(6) The ratio of 100mm cube/150mm cube for C65/80 (4) For all 3 strength levels the coefficient of variation
based on characteristic strengths, (fek.1o00cu/fek.150cu) = (standard deviation/mean) is approximately 2%. This is
1.01(4) and based on mean strengths (fem,100cu/fem,150c0) = in agreement with the observation in relation to Figure
1.01(3). 14.4 of Neville [ 13] that “for a constant degree of control,

In addition, the test results in Annex A also provide the laboratory test data, as well as some results of actual

following findings: site tests, have been shown to support the suggestion of

(7) Standard deviations based on 3 specimens for each
batch show generally an increasing trend with increase
in compressive strength. The mean and the range of
standard deviations for all the 3 types of specimens
(100mm cube, 150mm cube and 150mm diameter by
300mm length cylinders) are as summarised above:

5.0 DISCUSSION

Based on the experimental test data obtained, they have indicated
the following:

(1) The test results for the ratio of 150mm cylinders/150mm
cubes are in agreement with those in Table 12 of BS
EN 206 [1] with a nominal value of 0.80 for strength
class up to C55/67. Above this strength class and up to
C100/115, Table 12 of BS EN 206 [1] shows a constant
difference of 15 MPa compared to 13 MPa based on
test results for C65/80. Hence in designed concrete, the
adoption of a difference of 15 MPa for cube compressive
strength above that of cylinder compressive strength
will be conservative.

The ratios of 100mm cube/150mm cube in all cases
are only marginally above unity. This observation is
based on 3 large populations of over 100 batches for
each strength level studied. However, it may not be the
case when comparison is based on small sample sizes
of 2 or 3 specimens of each size generally adopted
in conformity assessment. In order to illustrate the
situation where the ratio may be higher or lower than
unity, a more detailed analysis of the test results is
presented in the following section.

For each strength level, the 3 different types of test
specimens show similar values of standard deviation
for their mean, maximum and minimum standard

2

3
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a constant coefficient of variation for well-compacted
concrete of different mix proportions with strengths
higher than about 10 MPa”. Although other data from
construction sites, e.g. Figure 14.6 of Neville [14] show
that “coefficient of variation is constant up to some
limiting value of strength but, for higher strength, the
standard deviation remains constant”. Hence, the issue
of constant standard deviation or constant coefficient of
variation remains to be controversial.

5.1 Ratio of 100mm cube/150 mm cube

For each of the 3 strength levels, slightly over 100 batches were
produced for which 3 specimens of 100mm cube and 3 specimens
of 150mm cube were tested in each batch. The distribution of
compressive strength at each strength level is presented in Annex
B where the overlapping of the distribution of the two sizes of
cubes is clearly shown in all the 3 strength levels tested. In order
to provide a better understanding of the test data, the distribution
of the ratio (feiio0cu/feiisoc) for each batch of the slightly over
100 batches in each strength level is presented in Figure 1(a) for
C32/40, Figure 1(b) for C50/60 and Figure 1(c) for C65/80.

€32/40: fcul00/fculs0
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35 9%
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- Humber of Samples = 109 i

s -
? #Mean = 1.013 o
? 0 Max = 1.072 5%
15 Min = 0,953 A
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20%
5 2%
. lin.. o
e s PR o = N
SEBEaERARNNANANASRGA]
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Figure 1: Ratio of (fei100cu/fci,150cu) at 3 different strength levels.

It can be seen from the Figure 1 that a wide range of the ratio is
obtained for each strength level, from 0.95 to 1.07. Since around
100 batches (105 or 109) of each strength level were tested, the
number of samples at a particular ratio represents approximately
the percentage of test results that has been obtained. Firstly, the
cumulative percentage of test results up to ratio of 1.0 in Figure
1(a) is 31%, for C32/40, in Figure 1(b) 31% for C50/60 and 21%
in Figure 1(c) for C65/80. Hence, in general, 20% to 30% of
cases in testing for cube compressive strength may show equal or
higher strength for the 150mm cubes than corresponding 100mm
cubes. This implies that test results for 1 in 5 to 1 in 6 batches,
the expectation that the small size cube specimens should show
a higher strength may not happen. Figure 12.17 of Neville [13],
shown as Figure D.1 in Annex D, has suggested that the ratio for
(fei100cu/fei150c0) is 1.04. For all the 3 strength levels, only about
10% of the ratio exceeded this ratio of 1.04. On the other hand,
Figure 12.20 of Neville [13], representing data from several
published studies leading to a generalized relationship between
ratio of cube compressive strength of concrete specimens of a
given set of dimensions, fc, to cube compressive strength of a 6
inch (150 mm) cube, fcus, as follows:

fe/fens = 0.56 + (0.697/[V/6hd + h/d), and for the case of 4 in.
(100mm) cubes, the ratio = 0.98.
After adjusting for the case of a 6 inch (150 mm) cube giving a
ratio of 0.91, the adjusted ratio = 1.07.

It can be expected that the experimental data from multiple
sources for 100mm cubes may result in a range of values relative
to 150mm cubes as shown in Figure 12.20 of Neville [13], but
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with variations in the ratio around (1.0+0.2). This may imply that
the difference in measured compressive strength, if any, between
100mm and 150mm cubes is generally about 10% and of minor
significance in practice. In particularly for small sample size
adopted for assessment in site practice, the ratio can be either
above or below unity as shown in the test data presented. The
recommendation in clause 12.2 of BS 8500-2 [9] or its Singapore
equivalent SS 544-2 [12], to consider the assessment of 100mm
cubes with the same criteria for 150mm cubes is supported by
the large populations of over 100 batches of test data for each of
the 3 strength levels.

5.2 Relationship Between Cylinder and Cube
Compressive Strength

The difference in measured compressive strength between
150mm diameter by 300mm length cylinder specimens and
150mm cubes is not due the difference in shape but the difference
in aspect ratio (length/lateral dimension). The nominal aspect
ratio (h/d) of a standard cylinder = 2, but that of a standard cube =
1. Due to this difference and hence the influence of end restraint
effect on the concrete specimen has resulted in two different
mode of failure. As described by Neville [13], a “complex
system of stress is developed between the end surfaces of the
concrete specimen and the adjacent steel platens of the testing
machine”. The induced bi-axial confining stress depends on the
elastic properties (modulus of elasticity and Poisson’s ratio) of
both the steel platen and the strength level of concrete specimen
and hence its modulus of elasticity. The modulus of elasticity of
concrete increases with its compressive strength which results
in a lower intensity of the induced bi-axial confining stress.
The influence of end restraint may also extend to a shorter
distance from the interface than the suggested value of (1/3)d/2
by Neville [13]. A constant difference of 15 MPa between cube
compressive strength and cylinder compressive strength in Table
12 of BS EN 206: [1] for strength class of C60/75 and above
leading to the ratio of (fek,150cu/fek 150ey1) decreasing from nominally
1.25 for strength class up to C55/67 to 1.15 for C100/115. From
the experimental data, for C32/40, the mean ratio = 0.80 (51%
of results), for C50/60, mean ratio = 0.83 (0.82 at 39%, 0.83 at
64%) and for C65/80, the mean ratio = 0.86 (50 at 0.85). There
is a tendency for the ratio to increase with strength levels. In
addition, both the minimum value and the maximum ratio also
increased with strength level, 0.78 to 0.84 for C32/40, 0.79 to
0.87 for C50/60 and 0.81 to 0.95 for C65/80. For C65/80, the
nominal difference of 15 MPabetween 150mm cubes and 150mm
diameter by 300mm length cylinders is indicated in Table 12
of BS EN 206 [1]. The range of this difference obtained ranges
from 5 MPa to 19 MPa, mean = 13 MPa (47%) and 64% of
results up to 15 MPa. However, unlike experience with strength
classes up to C55/67, there is much less published data on the
relationship between cube compressive strength and cylinder
compressive strength for C60/75 and above. It is prudent to test
of both types of specimens during the stage of initial tests in
the development of high strength concrete to gain more data on
this relationship, particularly with locally available materials for
concrete production.

The study by Wong (2013) [8] in Hong Kong recommended
a constant factor of 0.80 for cube strength of 80 MPa and
above. Hence for cube strengths of 80, 90 and 100 MPa, the
corresponding cylinder strengths are 64, 72 and 80 MPa showing
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adifference of 16, 18 and 20 MParespectively. These differences
are higher than the nominal value of 15 MPa in EN 206 and
may require design target strength based on cubes to be more
conservative and hence higher economic impact in production.

6.0 SUSTAINABILITY IN CONCRETE
STRENGTH ASSESSMENT

Significant volume of concrete is used in the assessment of
compressive strength of concrete for initial/trial mix testing,
production conformity during production as well as samples
taken on site at the time of delivery for conformity assessment in
relation to the project specification. After testing the specimens
have to be disposed as waste, at best sent to aggregate recycling
plants. Hence, a reduction in the volume of concrete involved
in such testing is a step forward towards a more sustainable
concrete industry.

6.1 Specimen size

The adoption of the smaller size cube specimens has significant
effect on the sustainable use of concrete, as the volume of each
150mm cube is more than sufficient to make 3 numbers of 100mm
cubes. This smaller volume of concrete needed for routine
testing in conformity assessment conserves materials resources
for concrete and reduces the volume of waste for storage and
later disposal after testing. In addition, curing capacity of
existing facilities is able to cater for 3 times more test samples
and time for testing and energy for loading are also reduced to
achieve the same failure stress, besides easier handling of test
specimens leading to better productivity and/or resource savings
in the test laboratory. This green practice has been successfully
implemented by Singapore’s Housing & Development Board
(HDB) since 2007 and provides strong evidence for the local
concrete industry to adopt this practice, a forward step towards a
more sustainable concrete industry. It may be of interest to note
that in the first edition of Properties of Concrete, Neville [14],
on the section of “specimen size and aggregate size” the issue of
recommended value for the ratio of the minimum dimension of

the test specimen to the maximum aggregate size was stated as
follows: “BS 1881: 1952 prescribes a test cube not smaller than 4
in. when % in. aggregate is used, i.e. aratio of 5-1/3, but 6 in. cubes
may be used with 12 in. aggregate. A.S.T.M. Standard C192-57
limits the ratio of the diameter of the cylinder to the maximum
aggregate size to 3, and the U.S. Bureau of Reclamation to 4.
A value of between 3 and 4 is generally accepted as satisfactory”.
Hence, it is convenient in practice for one size of cubes to cater
for both 20mm and 40mm maximum aggregate size rather than
due to technical requirement that 150mm cubes are commonly
specified in evaluation of compressive strength.

6.2 Concrete Specification

Currently, it is a common practice to specify for 3 rounds of
successful initial/trail mix testing of a given concrete strength for
assessment before concrete is accepted for delivery to a project.
This is routinely conducted for commonly specified concrete to
strength classes of C25/30 to C40/50 at slump range of 75mm to
150mm even the RMC plant has been producing these strength
classes on a regular basis for several years. This practice is still
continued although in Singapore all structural grade concretes
are now produced under certification (certificate of conformity)
by accredited RMC certification bodies (CB’s) of Singapore
Accreditation Council (SAC), since 1 October 2010 mandated by
BCA [15]. This move is in support of the new approach to replace
the practice of initial/trail mix testing with “certified concretes”
each with their performance guaranteed by the RMC producer
for which the particular concretes are under regular production
conformity evaluation within the plant and the data for which
are subject to verification by a CB under the SAC’s Certification
Scheme for RMC. An example of an RMC production control
data for C32/40 over a period of 12 consecutive calendar months
is present by Tam, et. al, [3] and reproduced in Annex C, Figure
C.1. In addition, trial mixes that were conducted for projects
for this same concrete for which their data are also plotted for
the dates in which production control date were also available.
It can be noted that the initial/trail mix test results are always
higher than the mean strength of the production control data.
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E. Mean = 48.5 MPa
’3 35 5td Dev = 1.36 MPa

30 & T T T T

(1] 10 20 30 a0 50 &0 70 BO
Test Sequence Number
Figure 2: (a) Production control data - 1** Quarter.
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€32/40: 2nd Quarter (Aug-Oct)
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Figure 2: (b) Production control data - 2" Quarter.
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Figure 2: (c) Production control data - 3 Quarter.
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Figure 2: (d) Production control data - 4" Quarter.
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Figure C.1: RMC production control data for C32/40 over a period of 12 consecutive calendar months.

The Figures 2 (a) to 2 (d) suggest that a more reliable approach
is to consider the recent production performance, e.g. latest 3
months production with at least 30 data sets, than conducting
traditional trial mixes testing for potential future production
quality. In order to illustrate this concept, the production control
data shown in Figure C.1 (Annex C), is divided into each of the
4 consecutive calendar months as shown in Figure 2 (a), (b), (c)
and (d) below. Although the design margin for C32/40 is 8§ MPa,
the production data is within the range of (40+4) MPa due to low
variability of production (standard deviation < 2 MPa) in each.

The summary of number of samples, mean and standard
deviations for each quarter is given in Table 3.

The Table 3 performance results indicate that the mean
and standard deviation over a quarter of a year with at least
70 testing results can serve as a reliable basis for expecting
acceptable characteristic strength for delivery of concrete in
the following months. This is demonstrated by the performance
in the succeeding quarters of production. The adoption of
this alternate approach to conducting trial mixes of a certified
concrete in production over several months enables a project to
accept delivery of the selected concrete without delay time taken
for confirmation by trial mixes. In addition, this leads to better

productivity and/or savings in both manpower and materials
resources at the initial stage of a project in concrete construction.
Such situation is practiced in a precast concrete plant based on
continuing production performance of a concrete without the
need for any occasional trial mixes to verify the same concrete
for continuing production.

6.3 Impact on sustainability

Based on the above findings, it can be seen that firstly the volume
of test specimens needed for conformity testing can be reduced
by 2/3 when 100mm cubes are adopted in place of 150mm cubes.
The volume of test specimens to be disposed after testing is also
reduced by this factor. Existing curing capacity is effectively
increase by a factor of 3. The time required for loading of test
specimens is also reduced besides ease of handling resulting in
higher productivity in the testing laboratory.

By adopting certification of designed concrete, the practice
of requiring satisfactory trial mixes to be conducted before
concrete can be delivered to each project site for the same
designed concrete produced by the same RMC plant can be
limited only to new designed concrete for which initial tests

Table 3: Summary of analysis for 4 consecutive calendar months.

Duration Number of samples (IKI/[?; M?;/[i;; l;m M(i;\l/}g;m gj};ﬁ? Standard deviation (MPa)
st Quarter (May-Jul) 76 48.5 52.3 45.9 6.4 1.36
2nd Quarter (Aug-Oct) 76 48.4 51.9 45.5 6.4 1.22
3rd Quarter (Nov-Jan) 77 47.8 49.9 45.8 4.1 1.01
4th Quarter (Feb-Apr) 73 47.6 54.1 454 8.7 1.48
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are performed for conformity of specified requirements before
production. Significant savings in cost in staff time and resources
are achieved besides increasing productivity on site.

7.0 CONCLUDING REMARKS

Only 3 strength levels up to C65/80 have been tested and until
data from more concretes above C60/75 are available, the
findings lead to the following observations:

a. 100mm cubes provide similar measured compressive
strength as 150mm with only a very small difference which
is of little practical significance in conformity assessment,
particularly when small sample size of two or three
specimens taken on site at delivery.

b. Strength ratio in compression between 150mm cubes
and 150mm diameter by 300mm length cylinders tends

to decrease with increasing compressive strength levels
supporting the commonly accepted value of 1.25 up to
C50/60 to 1.15 at C100/115 based on a constant difference of
15 MPa as provided in BS EN 206 [1].

c. Difference in compressive strength between 150mm cubes
and 150mm diameter by 300mm length cylinders for C65/80
is about the same as the nominal value of 15 MPa in BS EN
206 [1] for strength classes of C60/75 and above.

d. The use of 100mm cubes for production conformity testing
instead of current practice of specifying only 150mm cubes
as well as for identity testing of site samples is a significant
reduction in concrete volume for preparing test samples as
well as the amount of waste disposal of tested specimens to
promote sustainable concrete construction.

e. The replacement of current practice of trial mixes for each
new project with certification of RMC production reduces
both time and resources before the start of delivery and hence
overall productivity on construction sites.

The production performance data over a calendar year for C32/40
together with the occasional trial mixes carried out over the same
period for various projects illustrate its reliability to provide the
alternate approach to the need for trial mixes when a certified
concrete is in good conformity control over a continuous period
of months with at least 70 test results.

The adoption of 100mm cubes for conformity evaluation of
compressive strength and the alternate approach of production
performance data in place of trial mixes is recommended as a step
towards promoting a more sustainable concrete construction. l
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