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Abstract: Satisfactory proficiency in material testing is critical not only for quality control and quality
assurance, but also for its subsequent applications. For example, cement production is a complicated
manufacturing process and accurate and reliable testing is a key component of the required quality
control. In addition, the quality and consistency of cement is also of utmost importance for the
construction materials industry and reliable quality assurance data is used to demonstrate these
properties.

The Cement Proficiency Testing Program organized by Cement Concrete and Aggregates Australia
(CCAA) is arguably the oldest program of its type in Australia, with over 70 years of continuous history.
This annual program attracts typically about 30 regular participants from most of the construction
material laboratories in Australia and a number of international facilities, ranging from New Zealand,
Hong Kong, Mainland China, Singapore, Macau, Malaysia, Botswana, and Kenya. It is designed to
provide laboratories with an opportunity to assess the reliability of their testing facility, as well as to
assess the operational skills of their technicians.

The principle of this program is that: Testing of the same category is performed under the same
standards, similar conditions and on strictly controlled cement samples. On that basis, by employing in-
depth statistical analyses based on the data-rich collection of test results contributed by all participating
laboratories, their accuracy/reliability statuses can be determined and reported.

This paper presents some observations on the overall proficiency level of selective testing components
for cement and cement mortar. How the proficiency level has changed over the past 15 years, and
remaining issues which require further industry-wide improvements are also discussed.
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1. INTRODUCTION

1.1. AS 3972 General Purposed and Blended Cements and AS 2350 Test Methods
Australian Standard AS 3972 [1] in its latest version (2010) specifies various types of cement, each with
a specific set of requirements in terms of:

e Chemical Compositions such as Chloride content and SOj; for all types of cement

e Physical Characteristics of cement such as setting times and soundness for all types of cement

e Physical Properties of Cement Mortar, including compressive strength, peak temperature rise
for Type LH cement, sulfate expansion for Type SR cement, and shrinkage for Type SL cement.

In addition, Appendix A of the standard introduces Performance-Based Specification for Cement, in
which it emphasizes the critical roles of performance parameter, performance criteria, and clear, reliable
test methods with precision strictly monitored (i.e., repeatability and reproducibility according to
ISO 5725-1 [2]).

The standard AS 3972 is due for a major update. In this update, revisions are expected for current
cement types, along with the introduction of new cement types with diverse requirements on their
characteristics and properties.

Accompanying AS 3972 standards for cement, Australian and New Zealand standard AS/NZS 2350
series introduce a variety of tests for cement and cement mortar. Among them, AS 2350.2 [3], in its
latest version (2006) specifies testing method for chemical components of cement. The standard also
specifies maximum permissible variations in results, accuracy of reporting test results, and informative,
representative repeatability and reproducibility of various test components in Australian industry. This
includes major components (SiO,, Al,O3, Fe,O;, CaO, MgO), and minor components (Na,O, KO,
Chloride, Loss on Ignition, and Insoluble Residue).



As the cement industry continuously advances, so does it test capacity and proficiency. These provided
reference values in the standard, accordingly, need to be reviewed and updated in the new version of
the standard.

The facts mentioned above indicate the following:

e First, it is critical to maintain a proficient, reliable testing system for cement and cement mortar,
within each individual laboratory and across the whole cement and concrete industry. This
cannot be appropriately done without an industry-wide proficiency testing program organized
for cement testing.

e Second, it emphasizes the need to reflect recent improvements in proficiency level of cement
testing in Australia and New Zealand into the upcoming updates of AS 3972 and AS/NZS 2350
standards.

1.2. CCAA Proficiency Testing Program for Cement

This program is organised and coordinated by Cement Concrete and Aggregates Australia (CCAA). It
is designed to provide laboratories with an opportunity to assess the reliability of their testing facility, as
well as the operational skills of their technicians. With a successful history of over 70 years, the program
has attracted and maintains regular participations of laboratories within Australia and internationally.

This program meets the requirements specified in ISO 17025 for comparing testing through an inter
laboratory program, is recognised by NATA and IANZ, and follows the principles of ISO 17043.

Testing of the same category is performed under the same standards, similar conditions and on strictly
controlled cement samples. On that basis, by employing in-depth statistical analyses based on the data-
rich collection of test results contributed by all participating laboratories, their accuracy/reliability
statuses can be determined and reported. Testing frameworks include those in Table 1.

Table 1 Testing Components involved in The Proficiency Program

TEST METHOD
MAIN CLASS SUB-CLASS Number of
Standard Number Datasets
2021 2022
SO;3 (%) AS 2350.2-2006 (R2016) 13 12
SiO; (%) AS 2350.2-2006 (R2016) 13 12
Al,O3 (%) AS 2350.2-2006 (R2016) 13 12
Chemical Fe,03 (%) AS 2350.2-2006 (R2016) 13 12
compositions  CaO (%) AS 2350.2-2006 (R2016) 13 12
of cement MgO (%) AS 2350.2-2006 (R2016) 13 12
Na,O (%) AS 2350.2-2006 (R2016) 13 12
K20 (%) AS 2350.2-2006 (R2016) 13 12
Chloride (%) AS 2350.2-2006 (R2016) 13 12
Insoluble residue (%) AS 2350.2-2006 (R2016) 13 12
Loss on ignition (%) AS 2350.2-2006 (R2016) 13 12
Initial set time (min) AS/NZS 2350 .4-2006 . .
Physical Final set time (min) (R2016)
characteristics Soundness (%) AS/NZS 2350.5-2006 12 12
of cement (R2016)
Residue on 45y sieve (%) AS 2350.9-2006 (R2016) 13 12
Fineness (m?kg) AS/NZS 2350.8-2006 13 12
(R2016)
Compressive strength AS/NZS 2350.11-2006 14 16
Physical (MPa) (R2016)
properties of  Drying shrinkage (ue) AS 2350.13-2006 (R2016) 8 9



cement mortar  Sulfate expansion (ue) AS 2350.14-2006 (R2016) 5
Peak Temperature Rise (°C) AS 2350.7-2006 (R2016) 5 5

1.3. Method of proficiency analysis

The standard procedure for determining the precision of a set of test results is stated in terms of two
concepts namely, reproducibility and repeatability. Testing carried out in different laboratories on the
same sample yields variability in test results. This variation is termed ‘between laboratory variations’ and
is determined by interrogating the Reproducibility of test results. On the other hand, conducting the
same test in a laboratory multiple times also yields variability in results. This variation is termed ‘internal
laboratory variation’ and can be determined as the Repeatability of test results. For these properties to
be determined, a standard testing procedure is required. Further test results should be assessed over
a period using the same test material, same test method, same laboratory, and operator.

In accordance with ISO 17043 [2] the statistical analysis method has been developed based on the
quantitative measurements provided by participants with the performance evaluated by comparison with
other participants. Since a Certified Reference Material (CRM) is not available for cement testing then
the assigned value for each test method for the reference cement sample provided is determined by
consensus of the participant results. Definitions of basic statistical terms can be found in available
standards such as ISO 3534-1 [4], ISO 17043 [5], ISO 13528 [6], ISO 5725-2 [4] and ISO 5725-1 [2].
Those frequently used in this paper are briefly described below:

e X, Consensus mean, which is the mean, or average value from a collection of results after
removing all outliers

e oy Standard deviation for proficiency assessment, determined from a collection of results after
removing all outliers

e CV: Coefficient of variance, which is the ratio of the standard deviation to the mean

¢ Range: The maximum value minus the minimum value in collection of results after removing all
outliers

e r: Repeatability limit, the value below which the absolute difference between two individual test
results obtained under repeatability conditions may be expected to occur with a probability of
approximately 0.95 (95% confidence level)

(Repeatability conditions: Conditions where independent test results are obtained with the same
method on identical test items in the same laboratory by the same operator using the same
equipment within short intervals of time.)

e R: Reproducibility limit, the value below which the absolute difference between two test results
obtained under reproducibility conditions may be expected to occur with a probability of
approximately 0.95 (95% confidence level)

(Reproducibility conditions: Conditions where test results are obtained with the same method
on identical test items in different laboratories with different operators using different
equipment.)

e Outlier: An inconsistent observation in a set of data, or inconsistent dataset in a large population
of datasets.

In order to identify and remove outliers from the data collection, a robust statistical method is applied.
Mandel’s h and k statistics is being used to determine outliers in this program. A dataset is considered
inconsistent with other datasets if its h value is greater than a critical value hi.a and is considered a
reproducibility inconsistency. Within a dataset, a k value greater than a critical value Kica is considered
a repeatability inconsistency. Determination of h, k, hgitica, @and Keriticar fOllows standard formulas, which
can be found in ASTM E691 [8] or Table 4 in ASTM C802 [9].

In the visual demonstration in Figure 1 for SO3, test results from Lab. 1 are considered a repeatability
outlier (large variation among Lab. 1’s results), while those from Lab. 3 are both repeatability outlier and
reproducibility outlier (large variation among Lab. 3’s results and large deviation of Lab. 3’s results
compared to all other participants). A similar example for 28-day drying shrinkage testing is provided in
Figure 2. In this case, results from Lab. 4 are both reproducibility outlier and repeatability outlier, and
those from Lab. 5 are clearly a reproducibility outlier.



1.4. Participants

Most laboratories involved in this study are Australian, NATA-accredited material laboratories
specialized in cementitious testing. However, considering the closeness of standardised laboratory
practice and short transportation, IANZ-accredited laboratories from New Zealand were also included in
the analysis. NZ laboratories vary from 1 to 3 participants over the years, which is approximately 10-
15% the total number of Australian laboratories. Summary of total AU-NZ datasets contributed to the
testing rounds 2021 and 2022 is provided in Table 1. Note that each dataset represents one participating
laboratory.
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Figure 1 lllustration of analysis process for proficiency assessment of SO; in the 2022 program
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Figure 2 lllustration of analysis process for proficiency assessment of 28-day drying shrinkage
in the 2021 program.

1.5. Cement types and sand types used for testing from 2021 and 2022

The program in 2021 and 2022 used a local reference material for testing. The reference cement,
provided as the proficiency test item, was collected, homogenised, packed/bagged, stored, and
distributed following strict protocols. Homogeneity assurance (based on ISO 13528 [6]) was conducted
on at least ten sub-samples randomly chosen for initial chemical testing for homogeneity assessment
before acceptance for use and distribution to participants.

Sand for mortar testing is Normensand EN 19.6-1 (CEN-Normsand). Summary of reference materials
used in the program 2021 and 2022 is presented in Table 2.



1.6. Purpose of this paper
The purpose of this paper is to provide a summary of statistical analysis in the most recent years for
Australian and NZ laboratories. Proficiency indicators including repeatability limit, reproducibility limit,
standard deviation, coefficient of variance etc. will be provided to demonstrate the proficiency level in
cement testing in the most recent years compared to the expected level in AS/NZS 2350 series or
AS 3972 (issued 15 years ago).

Table 2 Cement Types and Sand Types used for Testing (2021 and 2022)

YEAR CLASS CEMENT CLASS (AS 3972) SAND TYPE

2021 Single General purpose cement Normensand EN 196-1 (CEN-
(Type GP) Normsand)

2022 Single General purpose cement Normensand EN 196-1 (CEN-
(Type GP) Normsand)

2. ANALYSIS RESULTS AND DISCUSSIONS

2.1. Chemical Compositions

Table 3 reports the overall proficiency level of testing for chemical compositions, of all AU-NZ
participating laboratories, in two most recent years 2021 and 2022. Compared to the repeatability and
reproducibility results reported in Appendix A in the current standard AS 2350.2 (data reported by CCAA
in April 2004), the following points can be made:

e Repeatability: Since AS 2350.2 was released (2006), significant improvements in testing for
chemical compositions of cement can be observed. This is the case for all major components
(SiO,, Fe,03, Al,O3, CaO, MgO, SO3) and most minor components (Na,O, K,0, Loss on Ignition
and Insoluble Residue). For Chloride, proficiency level remains stable.

e Reproducibility: Compared to AS 2350.2, the following can be seen:

o Improved proficiency: Major components (SiO,, CaO, MgO) and Insoluble Residue
o Stable proficiency: Major components (Al,O;, Fe;O3;, SO3) and minor components
(Na,O, K0, Chloride, and Loss of Ignition).

2.2. Physical Characteristics of Cement

Proficiency level of testing for Physical Characteristics of Cement is summarized in Table 3 for all AU-
NZ laboratories. Current standards for testing of soundness, setting time, residue on 45 sieve, and
fineness index do not provide reference proficiency levels. The values in Table 3, as a result, can be
used to supplement future revision of these standards.

2.3. Physical Properties of Cement Mortar
Proficiency level of testing for Physical Properties of Cement Mortar is summarized in Table 3 for all
AU-NZ laboratories. Among them:

e Compressive strength at 28 days: Current version of AS 2350.11:2006 [10] provides a reference
reproducibility limit as percentage, which is 15% compared to the actual R of 4.9 MPa (8.7%)
and 7.3 MPa (12.2%) in these two years. The current program demonstrates an improvement
of proficiency level for reproducibility in mortar strength testing.

e Sulfate expansion at 16 weeks: The reference repeatability limit (r) reported is 150 pe and 110 pe
according to AS 3972:2010 [1] and AS 2350.14:2006 [11] respectively compared to repeatability
determined of 27 pe and 31 pe for 2021 and 2022 respectively. For reproducibility limit (R),
AS 2350.14:2006 reports 300 pue as a reference level compared to repeatability determined of
164 pe and 212 ue for 2021 and 2022 respectively. The current program demonstrates the
significant improvement in repeatability and reproducibility for this test method.

e Drying shrinkage at 28 days: Both AS 3972:2010 and AS 2350.13:2006 [12] report 150 pe as a
reference reproducibility limit (R) for this test method. The actual R achieved in the testing
programs 2021 and 2022, however, is significantly lower, with 47 pe and 85 e respectively. The
current program demonstrates the significant improvement in reproducibility for this test method.

e Peak temperature rise: The reference repeatability limit (r) reported as 8% according to
AS 2350.7:2006 compared to repeatability determined of 0.6°C (2.1%) and 0.6°C (2.0%) for
2021 and 2022 respectively. The reference reproducibility limit (R) reported as 15% according
to AS 2350.7:2006 compared to repeatability determined of 5.2°C (18.1%) and 3.1°C (10.5%)
for 2021 and 2022 respectively. The current program demonstrates the significant improvement
in repeatability for this test method.



Table 3 Overall AU-NZ Proficiency Level in 2021 and 2022 Programs compared to those reported in AS 2350.2 and AS 3972

2021 2022 Repeatability (r) Reproducibility (R)

COMPONENT Xpt Ot cv Range Xy Ot cv Range 2021 2022 22 gggg/ 2021 2022 :g §g§g/
CHEMICAL COMPOSITION OF CEMENT (%)
Si0, 1957 0410  053% 039 1951 0412  063% 043 0.6 005 022 030 035 044
ALO; 520 010  1.89% 038 475 008  174% 030  0.05 002 0412 028 023 026
Fes0s 202 003  101% 009 320 003  1.01% 0412 002 002  0.06 008 009  0.09
Cca0 6393 016  025% 065 6400 026  040% 100  0.11 030 06 046 075 128
MgO 120 003  2.76%  0.11 0.84 004  472% 043  0.01 0.02 005 009 011 024
SO, 278 004  137% 016 271 003  115% 009  0.03 001 006 011 009 012
Na,0 0072 0011  1560% 0039 0250 0026  10.30% 0090 0019 0014  0.03 0.034 0073  0.06
KO 0555 0016  2.88% 0069 0328 0012  367% 0045 0009 0010  0.03 0.045 0034 007
Chloride 0023 0004 16.17% 0.01 0.014 0003  19.34% 0010 0003  0.002  0.003 0011 0008  0.009
Loss on Ignition 326 008  237% 028 422 006  142% 021  0.06 0.06  0.08 022 017 021
Insoluble Residue 020 004  2133% 0414 042 012  2807% 033  0.08 005  0.21 013 033 055
PHYSICAL CHARACTERISTICS OF CEMENT
Soundness (mm) 1.0 025  2530% 2.0 09 062  6912% 20 090 095 - 095 187 -
Initial setting time (mins) 120 187  1559% 50 119 152  1279% 50 3.8 107 - 525 433 -
Final setting time (mins) 197 19.1 9.67% 61 187 16.1 8.60% 61 5.0 20.3 - 53.5 47.3 -
Residue 45, sieve (%) 760 060  7.89% 180 570 044  7.79% 170 023 012 - 169 125 -

366 5.3 143% 18 383 115  301% 44 2.7 25 - 148 323 -

Fineness (m2/kg)

PHYSICAL PROPERTIES OF CEMENT MORTAR

Compressive strength
(MPa):

- 2 days 25.0 1.0 4.06% 4.1 294 1.7 5.74% 6.6 0.9 1.4 - 29 4.8 -
- 7 days 42.7 1.3 3.06% 5.1 47.7 1.9 4.03% 8.6 1.9 23 = 3.9 5.6 =



COMPONENT
Xpt Opt

- 28 days 56.3 1.6
Sulfate expansion at 16
weeks (1ic) 200 58.31
Drying shrinkage at 28 684 16.27
days (ue) ’
Peak temperature rise (°C) = 28.8 1.84
Notes:

2021
cv

2.90%

29.15%

2.38%

6.40%

4.8

60.0

400

600

294

Opt

2.5

75.50

30.24

1.11

2022
cv

4.20%

18.87%

5.04%

3.76%

Reference standard for r and R of testing for chemical composition is AS 2350.2:2006.
Reference standard for R of testing for 28-day compressive strength is AS 2350.11:2006.
Reference standards for r and R of testing for sulfate expansion are AS 3972:2010 (a) and AS 2350.14:2006 (b).

Reference standards for R of testing for shrinkage are AS 3972:2010 and AS 2350.13:2006.

Reference standard for r and R of testing for peak temperature rise is AS 2350.7:2006.

Range
11.0
210

110

2021
24
27.42

16.80

0.6
(2.1%)

Repeatability (r)

2022
2.36
30.90

12.56

0.6
(2.0%)

AS 2350/
AS 3972

150 (a)
110 (b)

8%

Reproducibility (R)

2021

4.9
(8.7%)

164.41

47.09

5.2
(18.1%)

2022

7.3
(12.2%)

212.52

85.13

3.1
(10.5%)

AS 2350/
AS 3972

15%
300 (b)
150

15%



3. CONCLUSIONS

Satisfactory proficiency in material testing is critical not only for the quality control and quality assurance,
but also for its subsequent applications. For the concrete industry, ensuring cement quality is of utmost
importance. In Australia, Australian standards AS 3972 and AS 2350 are provided to ensure that cement
is manufactured in accordance with the requirements of a designated AS3972 cement type, with
properties strictly controlled and monitored using the correct, proficient, and consistent test methods.

This paper report outcomes from the Cement Proficiency Testing Program organized by Cement
Concrete and Aggregates Australia (CCAA) for the two most recent years of 2021 and 2022. The
program is unique within the Australian context, involving all major construction material laboratories
specialised in cement testing in Australia, New Zealand, and other countries. Its outcomes, particularly
within the AU-NZ group, are therefore essential supplementary information for the upcoming revisions
of AS 3972 and AS 2350.

The paper analyses and reports numerous proficiency indicators, especially Repeatability and
Reproducibility, to evaluate three major testing components, namely Chemical Composition of Cement,
Physical Characteristics of Cement, and Physical Properties of Cement Mortar. From that, it evidences
a clear and significant improvement in proficiency level of most components in the past 15 years.
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