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ABSTRACT 
 
Phase composition estimates by X-ray powder diffraction and Rietveld analysis are becoming 
more widely used in the cement industry. The ASTM C01.23 Compositional Analysis 
subcommittee developed test method C 1365 Standard Test for ‘Determination of the Proportion 
of Phases in Portland Cement and Portland-Cement Clinker Using X-Ray Powder Diffraction 
Analysis.’ A round-robin analysis involving 11 laboratories was initiated to assess the precision 
and bias of this approach and to develop guidelines for Rietveld analysis of hydraulic cements. 
Four cements were prepared using NIST SRM clinkers spiked with known amounts of one or 
more of the following minerals: gypsum, bassanite, anhydrite, and calcite. Specimens were 
provided with instructions that laboratories analyze the whole cement, collect data in triplicate, 
and repack the specimen for each run. Results of the round robin were used to estimate inter- and 
intra-laboratory precision and bias of phase abundance determinations. Results show an 
improvement over previous cement round-robin studies utilizing traditional internal-standard 
based, peak area measurement methods. 
 
INTRODUCTION 
 
Classification of cements in ASTM C 150 is made on the basis of bulk chemistry, fineness, and 
for some cements, limits on phase abundance [1]. Monitoring quality of clinker and cements is a 
critical portion of the production process, and the needs for rapid assessment lead to the 
application of X-ray fluorescence analysis. Estimates of phase abundance are derived from the 
bulk chemistry using formulas referred to as the Bogue calculation. Errors in these estimates 
derive, in part, from the variability of clinker phase chemistry relative to the assumed 
compositions, and by not accounting for minor constituents [2,3].  
 
Ultimately, the crystalline phases and not the bulk chemistry influence cement performance 
properties. Phase composition and clinker texture are controlled by the source material 
composition and processing, the kiln operating conditions, and subsequent grinding with calcium 
sulfates to make the hydraulic cement. Direct measurement of phases by X-ray powder 
diffraction (XRD) has been sought as an alternative approach for quantitative phase analysis in a 
number of studies [4-7].  Application of improved measurement techniques of cement phase 
composition and texture will provide a means to improve our knowledge of their influences on a 
cement’s hydration characteristics, and the development of strength and durability of a structure, 
making concrete a more predictable construction material. 
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BACKGROUND 
 
In 1980, ASTM Committee C01.23 subcommittee on Compositional Analysis established a task 
group to develop a XRD method for phase analysis of clinker and hydraulic cements.  Initial 
work on measurement of the interstitial phases of clinker (periclase, aluminates and ferrite) [7] 
using selective extractions, resulted in adoption of a standard test method in 1998 [8]. This 
method adopted the qualification approach after ASTM C 114 (chemical analysis), where the 
analyst qualifies by demonstrating acceptable estimates of a set of SRM cements based upon 
limits set in the standard. For the XRD method, the NIST SRM clinkers are used because they 
have certified phase composition and were initially produced to aid in the development and 
testing of methods for phase abundance analysis [9]. 
 
Earlier round robin testing applied a standardization using pure clinker phases and either peak 
area or whole-pattern measurement techniques. This approach limited the number of willing 
participants due to the difficulty and time requirements in standardization and peak area 
measurements. The Rietveld method approach overcomes a number of these difficulties; 1) 
selection of reference standards, 2) development of standardization curves, and 3) measurement 
of intensity from patterns where substantial peak overlap poses difficulty for single peak-
measurement approaches.  An earlier report on a clinker round-robin [6] demonstrated that a 
significant improvement in precision was seen and was attributed to the improved means for 
measuring pattern intensities. 
 
A new round-robin study was initiated for hydraulic cements using four mixtures of SRM 
clinker-calcium sulfate blends.  The materials were ground to <10 µm and interblended with 
known amounts of laboratory-prepared calcium sulfate phases: gypsum, bassanite, and anhydrite, 
and for one sample, calcite.  The round robin procedure required each specimen to be scanned 
three times, with sample re-packing for each scan.  Each of 11 participants was requested to 
report the scan conditions, mass fractions without microabsorption corrections, and to submit 
raw data. Participants needed to perform qualitative phase identifications, which are required for 
selecting appropriate structure models for their Rietveld input files. 
 
Although the standard does not specify the details of the analysis, scans that range from 20° to 
77° 2-Θ (Cu Kα) encompass the interval of strong diffraction peak intensities.  Lower angles 
may be problematic as, depending upon slits and specimen size, the irradiated area is likely to 
fall beyond the powder onto the sample holder. A suggested configuration based upon our 
system was provided but not required of the participants:  20° – 77°, 4 s count time, 1° divergent 
slit, 2.3° Soller slits on incident and diffracted beam sides, graphite monochromater, a 0.2 mm 
antiscatter and 0.6 mm detector slits.   
 
STATISTICAL ANALYSIS 
 
Standard test method measurements are subject to inherent random error, systematic error of the 
procedure (bias), and systematic error introduced by an individual laboratory’s procedures [10]. 
Test results therefore need to be judged considering the inherent variability of the method. 
Identifying the sources of these errors in the development of a standard test may provide an 
opportunity to modify the procedures to reduce their influences. The availability of a reference 
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material provides a means to assess the contributions of both random and systematic error 
through round-robin testing. ASTM provides guidance in conducting a round-robin with standard 
practices on conducting inter-laboratory studies [11] and preparation and use of precision and 
bias statements [12,13].   
 
The precision of a measurement is an assessment of the variability one may expect when the test 
method is used by one or more reasonably competent laboratories; the ASTM definition being 
“the closeness of agreement among test results obtained under prescribed conditions” [13]. In 
addition, two concepts are used in expressing precision: repeatability and reproducibility.  Four 
factors contributing to the test variability according to [11] are: 1) the operator, 2) the equipment, 
3) equipment calibration, and 4) the testing environment.  Within-laboratory variability 
(repeatability sr) excludes these four factors while between-laboratory variability (reproducibility 
sR) includes these four factors.  Both measures represent standard deviations of replicate 
analyses.  Bias is the difference between the test result and the true value and will only be briefly 
discussed here as calculations have not yet been completed. 
 
From the sr and sR, limits on the difference between two test results may be calculated, which are 
designated 95 % repeatability (r) and reproducibility (R). This is accomplished by multiplying 
the appropriate standard deviation by the factor 2*96.1 .  Methods for estimating r and R and the 
standard deviations upon which they are based are given in ASTM E 177 [13].  The provisional 
estimates given here were pooled for each phase from results of the four cements using the 
standard formula for pooling variances and standard deviations [14].   
 
RESULTS 
 
The plot in Figure 1 shows replicate values from each participant for the first cement. The true 
values are indicated by the arrows and the SRM uncertainty intervals are indicated by the line 
segments at each arrow’s base. It should be noted that this example is only one of four materials 
in the study so conclusions from any single case may not be reasonable.  Precision calculations 
are pooled for each phase across the four cements and bias estimates, when completed, will be 
done similarly. For the silicates and calcium sulfates, most participants’ data fell within the 2σ 
ranges for the SRMs and the true values for calcium sulfates, suggestive of no significant bias 
among test results for these constituents. The plot in Figure 1 appears to indicate participants 
with relatively low alite estimates have correspondingly high belite estimates.  This apparent 
correlation is not clearly evident in examining a correlation matrix on testing in our laboratory. 
Another possible bias may be seen in the under-estimation of ferrite and over estimation of 
periclase, and may be attributable to microabsorption.  Additional work is necessary to assess 
these errors and develop a consistent correction scheme for the test method. 
 
Based upon these data and calculations, a provisional precision statement may be developed 
using the pooled values in Table 1. Precision levels are all expressed as percentage points by 
mass relative to the total cement.  Comparison with results from earlier round robins [4,5] shows 
an improvement in both within- and between-laboratory repeatability and reproducibility (Figure 
2).  This improvement most likely stems from the whole-pattern approach, from being both a 
consistent means of measurement and providing better counting statistics over single peak area 
measurement. 
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Figure 1.  Replicate data from eleven participants for Cement #1. Arrows denote true values and 

the tail segment denotes the uncertainty of that phase in the SRM used in Cement #1. 
 
 
 
 

 Alite Belite Aluminate Ferrite Periclase Gypsum Bassanite Anhydrite Calcite 
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 R 6.2 3.9 2.1 2.6 0.9 1.6 2.2 1.8 1.5 

 
Table 1. Repeatability (provisional values) expressed as within-laboratory standard deviation (sr) 
and repeatability limit for two tests of the same cement by the same lab (r), and reproducibility 
expressed as the multi-laboratory standard deviation (sR), and reproducibility limit for two tests 

on the same cement by two different laboratories (R). 
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Figure 2.  Multi-laboratory standard deviations (sR) for alite, belite, aluminate, and ferrite from 
the 2003 round robin [6], from Moore [4], and from Aldridge [5] shows improvement with the 

application of Rietveld pattern fitting approach used in the two ASTM round robins. 
 
 
ACKNOWLEDGEMENTS 
 
The participation of the following people in this round robin is appreciated: Rainer Schmidt, 
Bruker AXS; Javier Cruz Cantu, Cemex; Christian Schneider, Verein Deutscher Zementwerke 
e.V.; Marcus Paul, Dyckerhoff AG;  Juiliett Muller, Thermo-ARL; Miguel Angel Garcia Aranda 
and M. Ángeles Gómez de la Torre, Universidad de Málaga; Steven Feldman, PANalytical; 
Thomas Fuellmann and Karen Scrivener, Laboratory of Construction Materials, Ecole 
Polytechnique Federale de Lausanne; Francesc Guirado i Gispert, Universitat Rovira i Virgili; 
Niels Lundgaard and Kirsten Theisen, F.L. Smidth Research Laboratory; and Stefan Leigh of the 
Statistical Engineering Division at the National Institute of Standards and Technology.   
 
 
 
 
 
 
 
 
 

Copyright ©JCPDS - International Centre for Diffraction Data 2005, Advances in X-ray Analysis, Volume 48.                               37  



REFERENCES 
 
[1] Standard Specification for Portland Cement, ASTM C 150-02, Annual Book of ASTM 
Standards, Vol. 4.01, 2001. 
[2] R.H. Bogue, “Calculation of the Compounds in Portland Cement”, PCA Fellowship Paper 
No. 21, October, 1929.  Also – Industrial and Engineering Chemistry, Vol. 1, No. 4, P. 192, Oct 
15, 1929 
[3] H.F.W. Taylor, Cement Chemistry, 2nd ed., Thomas Telford, 1997, 459 p. 
[4] A.E. Moore, “Comparison of the Results Obtained for the Compound Composition of 
Portland Cements by X-Ray Diffraction, Microscopy, and Wet Chemical Methods,” Monograph 
No. 18, Soc. Chem. Ind., 331-361, 1964 
[5] L.P. Aldridge, ‘Accuracy and Precision of Phase Analysis in Portland Cement by Bogue, 
Microscopic, and X-Ray Diffraction Methods,’ and ‘Accuracy and Precision of an X-Ray 
Diffraction Method for Analyzing Portland Cements,’ Cem. Concr. Res. 12, 1982   p. 381-398, 
p. 437-446  
[6] P.E. Stutzman, ‘Development of an ASTM Standard Test Method on X-Ray Powder 
Diffraction Analysis of Hydraulic Cements,’ in, Proc. of the 2003 Denver X-Ray Conference. 
[7] L.J. Struble, “Cooperative Calibration and Analysis of Cement Clinker Phases, Report 2” 
Civil Engineering Studies, Structural Research Series No. 556, Dept. of Civil Engineering, 
University of Illinois at Urbana-Champaign, 21 pp., September, 1990 
 [8] ASTM C 1365-98, “Standard Test Method for Determination of the Proportion of Phases in 
Portland Cement and Portland-Cement Clinker Using X-ray Powder Diffraction Analysis” 
Annual Book of ASTM Standards, Vol. 4.01, ASTM International, West Conshohocken, PA 
[9] P.E. Stutzman and S. Leigh, “Phase Composition Analysis of the NIST Reference Clinkers 
by Optical Microscopy and X-ray Powder Diffraction,” NIST Technical Note 1441, 44 pp, 
September 2002 
[10] W.J. Youden, ‘Statistical Techniques for Collaborative Tests,’ Association of Official 
Analytical Chemists, Inc., 1973 64 pp. 
[11]ASTM E 691, ‘Standard Practice for Conducting an Interlaboratory Study to Determine the 
Precision of a Test Method,’ in Annual Book of ASTM Standards, Vol. 4.01, 2001. ASTM 
International, West Conshohocken, PA 
[12 ] ASTM C 670, ‘Standard Practice for Preparing Precision and Bias Statements for Test 
Methods for Construction Materials,’ Annual Book of ASTM Standards, Vol. 4.02, 2001. ASTM 
International, West Conshohocken, PA 
[13] ASTM E177 – 86 “Standard Practice for Use of the Terms Precision and Bias in ASTM 
Test Methods” Annual Book of ASTM Standards, Vol. 14.02, 2001. ASTM International, West 
Conshohocken, PA 
[14] A.L. Rukhin and M.G. Vangel, ``Estimation of a Common Mean and Weighted 
Means Statistics, ''Journal of the American Statistical Association 
March 1998 vol. 93 no. 441 pp. 303-308. 
 

Copyright ©JCPDS - International Centre for Diffraction Data 2005, Advances in X-ray Analysis, Volume 48.                               38  


	Main Menu
	Table of Contents
	Install Font Pack
	------------------------
	Next Page
	Previous Page
	------------------------
	Next Hit
	Previous Hit
	Search Results
	Search CD-ROM
	------------------------
	Foreword
	Preface
	2004 Awards
	2004 Hanawalt Award
	2004 Birks Award
	2004 McMurdie Award

	Program
	------------------------
	I.  XRD Applications
	GETTING THE HOT STRUCTURES
	DIFFRACTION STUDIES OF ORDER-DISORDER AT HIGH PRESSURES AND TEMPERATURES
	AN IN SITU HIGH-TEMPERATURE X-RAY DIFFRACTION STUDY OF PHASE TRANSFORMATIONS IN SILVER BEHENATE
	POWDER DIFFRACTION ANALYSIS OF HYDRAULIC CEMENTS: ASTM RIETVELD ROUND ROBIN RESULTS ON PRECISION
	X-RAY DIFFRACTOMETRY STUDIES AND LATTICE PARAMETER CALCULATION ON KNO3-NH4NO3 SOLID SOLUTIONS
	QUANTITATIVE ANALYSIS OF CALCIUM OXIDE DESICCANT CONVERSION TO CALCIUM HYDROXIDE USING X-RAY DIFFRACTION
	INVESTIGATION OF THE MICRO STRUCTURE OF ENERGETIC CRYSTALS BY MEANS OF X-RAY POWDER DIFFRACTION
	BAYESIAN ANALYSIS OF CERIA NANOPARTICLES FROM LINE PROFILE DATA
	DISLOCATION DENSITIES AND CHARACTER EVOLUTION IN COPPER DEFORMED BY ROLLING UNDER LIQUID NITROGEN FROM X-RAY PEAK PROFILE ANALYSIS
	SMALL-ANGLE X-RAY SCATTERING TO DISCERN MICROSTRUCTURE OF SEMICRYSTALLINE POLYANHYDRIDES FOR DRUG DELIVERY
	RIETVELD PROCESSING OF PHASES IN HIGHLY TEXTURED REFRACTORY STEELS

	II.  Strain/Stress Analysis

