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A diffuse reflectance mid-infrared Fourier transform spectroscopy
(DRIFTS) method is described for obtaining high quality Fourier
transform infrared (FTIR) spectra of cements. DRIFT spectra of
synthetic C,S, C,S, C3A, and C,AF and of pure gypsum, bassanite,
anhydrite, syngenite, and calcite are shown. Typical spectra of
American Petroleum Institute class G and class A cements display
characteristic features which can be related qualitatively to varia-
tions in the constituent minerals. For quantitative analysis, the
FTIR spectra of 156 cements of varied origin and known elemental
composition have been used to construct multivariate calibration
models. These relate the spectrum to composition (expressed in
terms of nine mineral components and five minor oxides) and allow
the composition of unknown cements to be determined rapidly from
the FTIR spectrum alone. Error estimates are given. ADVANCED
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C able in their hydration behavior. In oilfield ce-
menting, variability is an everyday practical
problem which imposes a heavy burden of perfor-
mance testing on those who routinely design complex
slurries with many additives. From time to time, the
unpredictability of cements leads to serious opera-
tional failures. Rapid and accurate characterization
methods are therefore urgently needed to screen oil-
well cements (for example, in a user’s quality control
laboratory) and to identify cements that may produce
abnormal slurry performance. Here we describe a new
method based on Fourier transform infrared (FTIR)
spectroscopy for the rapid determination of cement

composition. This method identifies clinker and acces-
sory minerals which influence cement performance.

ements are variable and sometimes unpredict-
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The work is part of a wider study of FTIR methods in
cement chemistry which extends also to the direct pre-
diction of performance properties from FTIR spectra [1]
and the in-situ monitoring of hydration reactions [2].
This in turn can be seen as part of the current rapid
evolution of FTIR spectroscopy in the analysis of com-
plex materials [3-5].

Recently Uchikawa [6] has reviewed advances in
methods of physicochemical characterization of clin-
kers, cement powders, hydrated cements, and con-
crete. Simpson [7] has surveyed analytical methods for
cement in relation to oilfield engineering. Methods of
determining cement composition fall into two groups:
(1) those (like atomic absorption spectroscopy (AAS)
[8], inductively coupled plasma emission spectrometry
(ICP) [9], and X-ray fluorescence spectrometry (XRF)
[8], as well as traditional wet chemical methods [10])
which provide an elemental analysis of the bulk com-
position (usually expressed formally in terms of equiv-
alent oxides); and (2) those (like X-ray diffraction [11],
optical [12] and electron microscopy [13], and thermo-
gravimetric analysis (TGA) [14,15]) which determine
constituent minerals more or less directly. The FTIR
method used here belongs essentially to the second
group in that the infrared absorption spectrum is a
property of the mineral lattice. However, for quantita-
tive analysis we choose to relate the infrared spectrum
to the composition by means of chemometric models
which we calibrate by reference to accurate elemental
analysis. In that sense, the method as described here is
somewhat hybrid. However, alternative calibration
schemes are possible. We discuss this further below.

Infrared spectroscopy has not been much used in the
quantitative analysis of cement materials. The main
uses have rather been in identification of minerals [16—
22] and in structural studies [23,24]. Most published
cement infrared spectra [20,24] have been collected by
transmission methods. Here, however, we use diffuse
reflectance mid-infrared Fourier transform spectros-
copy (DRIFTS) for both qualitative and quantitative
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analysis. DRIFTS has marked advantages over trans-
mission methods in spectrum quality and speed. A
carefully acquired DRIFT spectrum provides an objec-
tive signature of the cement sample which is largely
determined by the mineralogical composition and tex-
ture of the material and which is rich in information.
The DRIFTS signature can be used qualitatively but can
also be interpreted quantitatively in terms of composi-
tion by using multivariate calibration models and non-
traditional statistical methods of several kinds.

Experimental

Materials

Potassium bromide (FTIR grade), gypsum CaSO, - 2H,0,
bassanite CaSO, - ¥2H,0, and anhydrite CaSO, (ACS
reagent grade) were supplied by Aldrich Chemical Co.
(Gillingham, UK). A natural sample of syngenite
K,Ca(50,), - H,O was donated by the British Museum
(London, UK). The mixture of calcium hydroxide and
calcium carbonate was prepared by aging a sample of
calcium hydroxide (Koch-Light) in air. The pure
phases C;S, C,S, C3A, and C,AF (C = CaO, S = SiO,,
A = AL)O,, F = Fe,O,) were prepared and supplied by
Construction Technology Laboratories (Skokie, Illi-
nois). Standard reference cements were obtained from
NIST (Standard Reference Materials program). Com-
mercial cements were obtained worldwide from a va-
riety of industry sources.
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Chemical Analysis and Other

Support Measurements

Elemental analyses (Na, Mg, Al, Si, P, K, Ca, Ti, Cr,
Mn, Fe, Zn, Sr) were carried out by standard ICP
methods. Loss on ignition, free lime, and insoluble
residue determinations were by ASTM methods [10].
Blaine fineness was measured by an improved method
yielding *1% precision [Hughes and Methven, un-
published]. Particle-size distributions were determined
by a light-scattering method using a CILAS instru-
ment. Bogue compositions were calculated according
to the American Petroleum Institute (API) procedure
[25]. This differs somewhat from the Bogue calculation
commonly used in the cement industry (for example,
in omitting the free lime adjustment).

DRIFTS Technique

Fuller and Griffiths [26,27] first showed that it was
possible to measure DRIFT spectra rapidly and with a
high signal:noise ratio. This led to the introduction of
commercial DRIFTS accessories. Infrared radiation
from a Michelson interferometer is focused onto the
sample surface via an ellipsoidal mirror (Figure 1). Ra-
diation impinging on the sample experiences a combi-
nation of specular (surface) reflection and diffuse re-
flection in which incident radiation penetrates into the
bulk of the sample and undergoes multiple scattering
and absorption before reemerging with a wide angular
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FIGURE 1. Schematic of DRIFTS accessory.
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distribution. The reflected radiation is collected by a
second ellipsoidal mirror.

The DRIFT spectrum of the substance of interest is
normally measured using a nonabsorbing material as a
comparison: finely divided alkali halides (e.g., KBr) are
commonly used in the mid-infrared region (4000 to 400
cm™!). We denote by R, the diffuse reflectance, the
ratio of the diffuse radiant power reflected from the
sample to that from the comparison or reference ma-
terial. The subscript denotes that the sample is thick
(semiinfinite) compared with the penetration depth of
the diffusely scattered radiation. The absorbance A =
—logR.; all spectra shown here are in the form A(7),
absorbance against wavenumber.

Equipment, Procedures, and Repeatability

Spectra were recorded on a Nicolet 5DX FTIR spec-
trometer equipped with a DTGS detector and a Spec-
tra-Tech Collector™ diffuse reflectance accessory,
modified to allow steady rotation of the sample during
scanning. Spectra were acquired at 4 cm ™! resolution.
Essential ancillary equipment included (1) a tungsten
carbide ball mill (Retsch MM2 type) to grind KBr to a
repeatable particle-size distribution; (2) a purpose-built
compaction device to achieve a controlled packing den-
sity of sample and reference materials in matched
cups; and (3) a source of dry, CO,-free air to purge
spectrometer optics and sample compartment.

Our procedure for the acquisition of a high quality
DRIFT spectrum involves the following steps. (1) KBr
(5.0 g) is ground for 5 minutes at a standard speed;
fresh KBr is prepared daily. (2) Ground KBr (0.4500 g)
is compacted into a sample cup and the surface leveled
flush with the rim. (3) The sample compartment is
purged and a multiscan DRIFT reference spectrum is
acquired. (4) A cement sample (0.0450 g) is dispersed
in 0.4050 g KBr by gentle mixing and steps 2 and 3 are
repeated. The cement spectrum is obtained as the ratio
of the mixture spectrum to the reference spectrum.
Sample preparation and spectrum acquisition take
only about 15 minutes. For quantitative work, it is crit-
ical to acquire high quality spectra in a consistent and
repeatable way and for this it is essential to follow a
closely defined experimental procedure.

The relation between the DRIFTS reflectance R, and
the concentration of absorbing components is described
approximately by the Kubelka-Munk equation [28]:

R, = {1 — [KI(K + 25341 + [K/AK + 25)]"2}. (1)

K and § are absorption and scattering coefficients, and
for dilute absorbers K = Zac;, where g, is the absorp-
tivity (for example, as calculated conventionally in
transmission spectroscopy from the Beer-Lambert
law), and ¢; is the concentration of component /. Since

Determining Cement Composition 93

the mineralogy of the sample is largely associated with
the absorptivity, it is clearly important to keep varia-
tion in the scattering coefficient to a minimum. Fur-
thermore, the Kubelka-Munk equation shows that 1 —
R, varies approximately as ¢ for dilute absorbers.

_ Therefore, in optimizing the concentration of cement

in the KBr matrix, we need to find a balance between
several effects.

We wish to maximize the signal:noise ratio and min-
imize sample weighing error without introducing an
unacceptable contribution to the scattering from the
cement sample. Higher concentrations improve the
counting statistics since the spectroscopic signature is
averaged over a larger number of cement particles, re-
ducing the error in estimating the bulk composition
from the sample composition. Our standard procedure
employs 10 weight percent (wt%) of cement dispersed
in ground KBr. Figure 2 shows the effect on the spec-
troscopic data of varying the cement concentration in
the mixture. The region 1100 to 500 cm ™, which in-
cludes most of the bands from the clinker minerals, is
increasingly distorted as the cement concentration in-
creases. Figure 3 confirms that absorbance varies non-
linearly with cement concentration and that repeatabil-
ity is optimal when the cement concentration is <10
wt% . Other workers [29,30] applying DRIFTS methods
to the analysis of other materials have used higher
dilutions to reduce scattering.

The particle-size distribution of the KBr and its com-
paction are tightly controlled to ensure that the radia-
tion penetrates into the matrix to a repeatable depth. It
is important that the interaction volume should be con-
stant. Figure 4 shows how spectroscopic data change
as the KBr particle size is altered. Unground KBr (spec-
troscopic grade as received) allows incident radiation
to penetrate deeply, resulting in a high sample absor-
bance. Reducing the particle size by grinding reduces
the penetration depth, and by increasing S in the Ku-
belka-Munk equation causes the absorbance to de-
crease. In our experience, spectrum repeatability is op-
timal when KBr is ground for 5 minutes: unground
KBr is difficult to compact and level, and prolonged
grinding produces an increasingly hygroscopic powder.

Typical duplicate DRIFT spectra of two oilfield ce-
ments, API class G and API class A, are shown in
Figure 5. Differences between duplicate spectra are
less than 0.01 absorbance unit across the entire spec-
trum; it can be seen that these differences are small
compared with the differences between the mean
spectra of the two cements. The procedure which we
describe ensures that the spectroscopic variance for
different cements is dominated by the variance in min-
eralogical composition, although there is some contri-
bution due to variance in cement particle-size distribu-
tion [1].
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FIGURE 2. Effect of varying cement concentration dispersed in the KBr matrix.

Multivariate calibration for quantitative analysis was
carried out using chemometric software written within
the laboratory.

Spectra of Cements and
Cement Minerals

Spectra of Pure Minerals

In Figure 6 we show the DRIFT spectra of pure samples
of the main cement minerals. An assignment of the
absorption bands is given in Table 1.
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FIGURE 3. Effect of varying cement concentration on absor-

bance and repeatability, measured at 911 cm™’; 20 is the
standard deviation of repeat measurements (n = 3).

The major absorption bands of the clinker phases are
in the region 2100 to 500 cm . The Si-O stretching
mode produces an absorption band at 935 cm ™! in C,S,
while a broader band with peaks at 991, 879, and 847
cm ™! is observed in C,S. Overtones in the region 2060
to 1600 are also characteristic of silicates. The C;A spec-
trum shows a broad Al-O stretching band in the region
900 to 760 cm ~'. This is very different from the C,AF
spectrum, which shows a broad, poorly resolved band
in the region 750 to 500 cm ~'.

The hydrated minerals have distinctive signatures
due to O-H stretching and bending vibrations; in ad-
dition, the v; fundamentals and overtones are partic-
ularly useful in distinguishing between the various sul-
fate minerals. The spectrum of the mixture (Figure 6b)
shows distinct features due to each component: the
hydroxides of calcium and magnesium have distinct
O-H stretching frequencies and calcium carbonate has
characteristic fundamentals and overtones well sepa-
rated from the sulfate bands. The polymorphs of cal-
cium carbonate can be distinguished by differences in
the v; carbonate band in the region 1550 to 1350 cm ~*.

These characteristic features can be used as simple
diagnostics and allow abnormalities in composition to
be detected readily.

Qualitative Interpretation of Cement Spectra

The pure component spectra shown in Figure 6 pro-
vide a basis for a qualitative interpretation of cement
spectra. For example, the class G cement shown in
Figure 5a is evidently one in which gypsum and syn-
genite are the dominant sulfate minerals. It is also clear



Advn Cem Bas Mat Determining Cement Composition 95
1995;2:91-104

1.00
10 wt % cement - KBr mixtures unground

0.90 ]

0.80 A

0.70 1 1 minute grind

] 5 minute grind
0.60 -

0.50

Absorbance

0.40 1

0.30 4 unground

0.20 1 minute grind

5 minute grind
0.10

L e e e e B L ey B e S B S

3500.0 3000.0 2500.0 2000.0 1500.0 1000.0

Wavenumber/cm-!

FIGURE 4. Effect of varying the particle size of the KBr matrix.

0.60 A
0.55
0.50 1
0.45 1
0.40
0.35 4
0.30 A
0.25 4
0.20 4
0.15 4
0.10 1§
0.05 1

Absorbance

3500.0 3000.0 2500.0 2000.0 1500.0 1000.0
-1
Wavenumber/cm

0.70 ]
o654 b
0.60 ]
0.55 -3
0.50
0.45 ]
0.40 ]
0.35
0.30 3
0.25
0.20 3
0.15
0.10 ]
0.05

Absorbance

3500.0 3000.0 2500.0 2000.0 1500.0 1000.0
-1
Wavenumber/cm

FIGURE 5. Duplicate DRIFT spectra of example cements: (a) API class G; (b) API class A.



96 T.L. Hughes et al.

a Mum

e

(1]
Q
[=
(] ]
£ -
5 J\’\\Bassamte J\ ,/V\/
o
< - o A/-h/\,“j\\,
- Syngenite J[\
yng PN
3500.0 30000 2500.0 20000 15000  1000.0
Wavenumber/cm!
b .
3 Anhydrite V\J\j
i

Absorbance

Calcium hydroxide/calcium

carbonate J\ M
1 \J/L
s S N

3500.0 30000 25000 20000 15000  1000.0
Wavenumber/cm!
jc
] /AM/” N
o C2S
]
§1 o
3, .

3 e
L s
CsAF e
35000 30000 25000 2000.0 1500.0  1000.0
Wavenumber/cm-!

FIGURE 6. DRIFT spectra of pure components: (a) gypsum,
bassanite, and syngenite; (b) anhydrite, calcium hydroxide/
calcium carbonate, and C,S; (¢) C,S, C3A, and C,AF.

that appreciable quantities of both calcium hydroxide
and calcium carbonate are present. Spectroscopic fea-
tures in the region 900 to 600 cm™' show that this
cement has a low C;A:C,AF ratio. In contrast, the
spectrum shown in Figure 5b reveals a bassanitic ce-
ment that contains high concentrations of calcium hy-
droxide and carbonate and has a higher C;A:C,AF ra-
tio.

Comparison of Transmission and
DRIFTS Spectra

Figure 7 compares the transmission and DRIFT spectra
of a class G cement. The transmission spectrum was
obtained using a conventional KBr pressed disk con-
taining 0.0010 g sample and 0.2500 g KBr. The pene-
tration depth in the DRIFTS experiment is about 200
pm, approximately 10% of the total bed depth. Con-
sequently, the DRIFT spectrum is averaged over a
larger, and therefore more representative, mass of ce-
ment. The DRIFT spectrum also exhibits enhanced ab-
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sorption bands due to interstitial phases (800 to 850
cm 1), sulfate minerals (3620 to 3200, 1600 to 1580, and
1300 to 1060 cm ™), calcium carbonate (1580 to 1320
cm ™), and calcium hydroxide (3645 cm™?). Figure 8
compares the transmission and DRIFT spectrum of
pure calcium carbonate; in the DRIFT spectrum, over-
tone absorptions (3050 to 2750, 2680 to 2380, 2260 to
2080, 1950, and 1794 cm ') are more prominent than
in transmission. The enhancement of overtone and
combination bands (relative to fundamentals) is com-
mon in DRIFT spectra and provides a valuable advan-
tage in spectral variance.

Quantitative Analysis of Cements

Multivariate Approach

The simple application of the Beer-Lambert law (or its
Kubelka-Munk equivalent for diffuse reflectance) is im-
possible for complex multicomponent mixtures with
many broad and overlapping absorption bands. How-
ever, a number of multivariate statistical techniques
[31-33] have been successfully applied to many such
systems, by means of which calibration models can be
constructed without prior knowledge of the origin of
the absorption bands. These techniques allow a regres-
sion model to be established between a matrix A of
absorbances at p wave numbers for m samples and a
matrix C of composition data. C contains, for example,
concentration data for n components in the same m
samples. For cement analysis, we use a partial least
squares (PLS) method [32]. In essence, the absorbance
matrix A and the composition matrix C are reduced to
smaller matrices of spectral and composition factors
between which a regression relationship is then found.

Calibration Methods

A common approach to the calibration of a multivariate
model is to prepare a set of mixtures of pure compo-
nents and to use these as calibration standards. This
approach is difficult if not impossible for DRIFTS anal-
ysis of cements for at least two reasons. First, the clin-
ker minerals vary in composition from cement to ce-
ment and synthetic clinker phases of ideal composition
do not provide satisfactory single-component spectra
for commercial cements. Second, the spectrum is sen-
sitive to the particle-size distribution of the sample.
Therefore, multicomponent calibration mixtures of
pure minerals must not only span the variance of the
clinker phase mineralogy but must also reflect the com-
plex relation between mineralogy and particle-size dis-
tribution of production cements. To prepare such a
calibration set (including subsets of synthetic alites,
belites, and interstitial minerals with representative
substitution ions and of varying particle-size distribu-
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TABLE 1. Characteristic absorbance bands for cement minerals

Mineral Fundamentals Overtones O-H Stretch O-H Bend
Sulfates v, vy Yy
Gypsum 1005 1117 669, 604 2500-1900 3553, 3399 1686, 1618
Bassanite 1009 1152, 660, 629, 2500-1900 3611, 3557 1618
1117, 600
1098
Syngenite 1001 1192, 658, 644, 2500-1900 3309 1678
1130, 604
1113
Anhydrite 1015 1163 677, 615, 2500-1900
600
Carbonates 129 vy Vg
Hydroxides
Calcium 876, 849 1458 714 2980-2500,
Carbonate 1794
Calcium 3646
Hydroxide
Magnesium 3696
Hydroxide
Clinker phases Unassigned Fundamentals
CsS Si-O 935, 521 2000-1600
C,S Si-O 991, 879, 2060-1600
847, 509
CA AlFO 889, 860,
812, 785,
762, 621,
586, 518,
506
CLAF Fe-O 700-500

tion) is a large undertaking. We note in passing that  ments on a large set of cements, chosen to have rep-
the original particle-size distribution of the cement is  resentative variance in composition and particle-size

preserved in the DRIFTS method described here. distribution. For the calibration model described here,
We have chosen an alternative approach in which  we used a total of 156 calibration cements, gathered
we build a calibration model directly from measure-  from a variety of cement suppliers and oilfield loca-

tions throughout the world. To maximize the variance,
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FIGURE 7. Transmission and DRIFT spectra of an example
class G cement. FIGURE 8. Transmission and DRIFT spectra of calcite.
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API class G, class H, and class A cements are included.
The calibration set was designed to be representative
of cements that are commonly encountered in oilfield
engineering; thus, it includes aged as well as recently
manufactured materials. Class A cements are essen-
tially type 1 construction cements, so that the calibra-
tion model described here in fact encompasses a large
fraction of the Portland cements manufactured world-
wide. The spectrum of each calibration cement, to-
gether with duplicate spectra for more than half of the
samples, is included in the matrix A, which contains a
total of 236 DRIFT spectra.

For these calibration cements, we do not, of course,
know the mineralogy by direct independent methods.
While mineralogical analysis of each of these 156 ce-
ments could have been attempted, the accuracy of
mineralogical assays of cement powders is quite poor.
Instead, we have used bulk chemical analysis, which
today provides by far the most accurate compositional
data on cement materials, as the independent basis of
our calibration. Instrumental chemical analysis, ex-
pressed as equivalent oxide composition, supple-
mented by data on free lime, ignition loss, and acid-
insoluble residue can be transformed in several ways
to yield estimates of the mineralogical composition of
the cement. The simplest of these element-mineral
transforms is the Bogue calculation. Here we use the
API variant [25]. There are numerous modified or “im-
proved” Bogue calculation methods, of which the most
elaborate is that of Taylor {34]. We regard the API
Bogue calculation of the clinker phase assemblage first
and foremost as a simple linear transformation of the
C, S, A, and F oxide data. In determining the APl
Bogue composition from the DRIFT spectrum, we em-
phasize that we are determining the API Bogue com-
position which would be calculated from oxide data if
known, not the true mineralogy of the cement. This, of
course, is exactly what is required for some quality
control purposes (for example, in oilfield cementing
[25]). It should be noted that calibration models can
equally well be constructed on the basis of other rep-
resentations of the oxide data or indeed on the oxide
data themselves.

The concentration of the various sulfate minerals in
each calibration cement is calculated by assuming that
the total SO; is partitioned between the four suifate
minerals gypsum, bassanite, anhydrite, and synge-
nite. (No attempt has been made here to allow for SO,
substituted in the clinker phases.) The quantities of
each mineral are then determined directly from the
DRIFTS spectrum for each calibration cement. The
spectra of simple mixtures of gypsum, bassanite, syn-
genite, and anhydrite have been used to establish re-
gression equations based on ratios of particular spec-
tral features. This approach is justified on the grounds
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that the sulfate minerals are present in cements in rel-
atively pure forms, mostly mechanically admixed with
the clinker phases. The amount of syngenite present
should always be less than 3.487 (K,O).

Figure 9 shows that the peak area of the O-H stretch-
ing band at 3646 cm ™! is proportional to the calcium
hydroxide concentration as measured by TGA for a
subset of the cements. This relationship is used to de-
termine the TGA equivalent calcium hydroxide con-
centrations in each calibration cement. A similar ap-
proach is used to determine the calcium carbonate con-
centration (Figure 9b).

In all, we express the composition of each cement in
terms of nine mineral components: API Bogue C5S,
C,S, C3A, and C,AF; gypsum and bassanite; synge-
nite; and calcium hydroxide and calcium carbonate.
Composition data for each calibration cement form the
matrix C. This nine-mineral model includes the main
clinker components as well as components that are
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FIGURE 9. Relationships between peak area and TGA anal-

yses for (a) calcium hydroxide (band at 3646 cm ') and (b)
calcium carbonate (overtone at 2650 to 2450 cm ™).
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diagnostic of the chemistry of the sulfate subsystem
and of changes occurring in cements during aging.

Spectroscopic Data Reduction and
PLS Models

Each DRIFT spectrum at 4 cm ™! resolution is a data
record comprising some 900 numbers. All are reduced
in size to make the calibration database more manage-
able before the PLS model is computed. Data reduction
is achieved by (1) excluding the region 2390 to 2290
cm ™! sensitive to atmospheric carbon dioxide; (2) re-
ducing resolution to 8 cm~'; and (3) eliminating base-
line shifts by using a multiplicative scattering correc-
tion [35]. After data reduction, A is a 236 X 411 matrix.
A and C are divided into a calibration set (A_ and C,;
142 data records); a validation set (A, and C,; 71 data
records); and an independent test set (A; and C;; 23
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FIGURE 10. Predicted concentrations of the clinker phases versus measured values
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data records). The calibration matrix includes 80 data
records corresponding to “‘extreme” cements which
have outer range values of one or more component
concentrations. Apart from this special allocation of
extreme samples, dividing the matrix is a random pro-
cess. However, pairs of data records corresponding to
duplicate spectra are always kept together. The PLS
model itself is constructed by using the calibration ma-
trices A, and C_ to generate PLS matrices; the valida-
tion matrices A, and C, are then used to choose the
optimum number of factors for each analyte. Matrices
A; and C; are not used in computing the model, but
provide a test data set for evaluating the precision and
accuracy of the model. In the following discussion, we
refer to two PLS models for cement analysis: M1, a
nine-mineral model for C;5S, C,S, C3A, and C,AF; gyp-
sum and bassanite; syngenite; and calcium hydroxide
and calcium carbonate; and M2, a supplementary
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model that determines C3S + (S, SO;, Na,O, K0,
P,Os5, and MgO.

Cements

Figures 10 to 12 compare the predicted and measured
component concentrations for the independent test set
which includes duplicates for seven cements. The sta-
tistical diagnostics for M1 and M2 and values of preci-
sion and accuracy for the independent test set are
given in Table 2.

We see that the C;S and C,S concentrations deter-
mined using M1 are within +5 wt% of the values cal-
culated from oxide data. To put these errors in per-
spective, we need to estimate the probable errors in the
calculated API Bogue (measured) values against which
the DRIFTS predictions are tested. The errors in these
calculated values arise from analytical error in the
chemical analysis. To this must also be added a sam-
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pling error, since the sample used for DRIFTS and that
used for chemical analysis are not identical, although
both are taken from the same batch.

The analytical errors, although small in themselves,
lead to relatively large uncertainties in the C;S and C,S
because of the nature of the Bogue function. From typ-
ical analytical errors, we estimate the errors in calcu-
lated C;5 and C,S individually to be around +2.8 wt%.
Thus, a large part of the DRIFTS prediction errors can
be attributed to uncertainties in the calculated values.
However, as is well known (and suggested in Figure
10a for outlier cements A and B, which are not outliers
in Figure 10b), there is a strong inverse correlation be-
tween C;S and C,S, and the error in the sum (C;S +
C,S) due to analytical errors is much smaller (+0.6
wt%). This is true also of the prediction from the
DRIFTS model M2. The accuracy of the (C3S + C,5)
estimate is 1.8 wt% (compared with an analytical er-
ror of +0.6 wt%).

b Bassanite

Predicted, model M1, wt %

1.2

1.0L

0.8,

0.6l

0.4

0.21

Predicted, model M2, wt %

0.0 L . . " .
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Measured, ICP analysis/wt %

FIGURE 11. Predicted concentrations of (a) gypsum, (b) bassanite, (c} syngenite, and (d) K,O versus
measured values calculated from spectral data and by ICP analysis (see text).
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b Calcium carbonate
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FIGURE 12. Predicted concentrations of (a) calcium hydroxide, (b) calcium carbonate, (c) SO, (W) and MgO
(0), and (d) Na,O) (W) and P,O; (O) versus measured values by TGA and ICP analysis.

The predicted C;A and C,AF are accurate to within
+1.5 and +2.0 wt%, respectively. These errors com-
pare with +0.2 and +0.6 wt% errors arising directly
from analytical errors in the bulk chemical analysis.

The prediction of the nonclinker minerals by M1 is
generally good. This is a particular strength of the
method and arises at least in part from the concentra-
tion of these minerals in the finer fractions of the par-
ticle-size distribution, thus given these components
relatively large weightings in the DRIFT spectrum. A
general trend in the results is that precision is higher
than accuracy, and this is especially evident for anal-
yses of the sulfates, for example, syngenite (Figure 11c).

Results of predictions using M2 show that the DRIFT
spectra also embody features that allow us to deter-
mine several of the minor oxides, including MgO and
the alkalis. Figure 11c and d shows that we can sepa-
rately estimate syngenite (one of several K-containing
minerals) and total K,O. Figure 12 shows that analyses

of 5O;, MgO, Na,O, and P,Oj5 are accurate to within
about £0.3, 0.5, 0.1, and *=0.1 wt%, respectively.
Mg, Na, and P are mainly present as substituents in
clinker phases and their determination via M2 presum-
ably arises through small perturbations of the clinker
phase absorption bands.

Certified Reference Cements

In Table 3 we show the results of applying the DRIFTS
method to the analysis of four standard reference ce-
ments. Here we have used the certified chemical anal-
ysis to calculate API Bogue clinker phase composi-
tions. The sulfate, hydroxide, and carbonate minerals
are estimated from individual spectra according to the
method described. The M1 and M2 model predictions
are generally in good agreement with the independent
estimates and provide further validation of the DRIFTS
methodology. However, the results highlight inaccu-
racies that can occur if analysis involves extrapolation
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TABLE 2. Model diagnostics: precision and accuracy for test data

Accuracy
Linear Correlation Coefficients
Number of Precision RMSE Within
Component Factors?* Calibration Validation Test wt %P wt %€ +wt %9
M1
CsS 13 0.765 0.755 0.559 0.56 2.90¢ 5.0¢
C,5 15 0.828 0.798 0.570 0.63 3.10¢ 5.0°
GA 16 0.983 0.954 0.954 0.67 0.31 1.5
C,AF 17 0.977 0.959 0.868 1.08 0.18 2.0
Gypsum 16 0.919 0.858 0.977 0.33 0.11 0.6
Bassanite 24 0.959 0.925 0.945 0.33 0.07 0.6
Syngenite 25 0.944 0.918 0.953 0.29 0.04 0.5
Ca(OH), 20 0.972 0.927 0.957 0.19 0.02 0.3
CaCO, 39 0.995 0.940 0.901 0.12 0.05 0.3
M2
CS + CS 26 0.899 0.828 0.862 0.91 0.55 1.8
S0, 27 0.968 0.956 0.911 0.18 0.07 0.3
Na,O 30 0.928 0.755 0.577 0.08 0.01 0.1
K,O 36 0.977 0.903 0.906 0.10 0.03 0.2
MgO 20 0.841 0.806 0.914 0.26 0.06 0.5
P,O5 18 0.859 0.623 0.916 0.18 0.01 0.1

*Optimum number of factors.

"Mean of differences for duplicates.

“RMSE is the root mean square error = V(I(x; — p)¥n), for n predictions p; of a measured quantity x; n = 16. For duplicates, p; is the mean of two predictions.
9Limits defined by least accurate determinations for independent test set (see also Figures 10 to 12).

“Excludes outliers A and B (see text and Figure 10a).

with respect to the calibration matrices (that is, extrap-
olation outside the composition range of the calibration
data set). Thus, cement SRM 635 has an exceptionally
high SO, content, almost twice as high as the highest
value in C.. In this case, the determination of clinker
phases, calcium hydroxide, and calcium carbonate are
accurate, but those of the sulfates and MgO show in-
accuracies attributable to the extrapolation.

In contrast, SRM 1881 is not affected by extrapola-

tion: its unusually low C;5:C,S ratio (also outside the
range of C,) is accurately predicted. Cements that have
unusual composition can easily be added to the cali-
bration data set in order to extend the reliable range of
the model.

Extensions

Besides simple extensions of models such as M1 and
M2 to increase the numerical range of the composition

TABLE 3. Quantitative analyses of standard reference cements by DRIFTS

SRM 635 SRM 636 SRM 637 SRM 1881
Measured Predicted Measured Predicted Measured Predicted Measured Predicted

C,S 37 40 53 53 62 59 24 28
GC,S 25 31 26 26 20 19 46 44
GA 12 9 5 6 6 8 3 4
C,AF 8 9 5 3 6 4 14 11
Gypsum 8.7 4.7 0.7 2.0 1.5 2.0 4.0 4.1
Bassanite 5.4 5.6 3.6 3.6 3.0 3.3 2.3 2.6
Syngenite 0.0 1.0 0.0 0.0 0.0 0.0 1.1 0.8
Ca(OH), 0.6 0.7 0.0 0.5 1.6 1.5 0.1 0.9
CaCO, 1.00 1.00 0.50 0.30 0.04 0.30 0.08 0.0
CS + CS 62 69 79 80 82 77 70 72
SO, 7.1 5.1 3.1 2.8 2.4 2.6 2.6 3.8
Na,O 0.07 0.30 0.11 0.17 0.15 0.03 0.04 0.0
K,O 0.45 0.90 0.59 0.36 0.25 0.10 1.20 1.00
MgO 1.20 2.50 2.60 2.30 0.67 1.29 2.60 2.90
P,Oq 0.20 0.03 0.08 0.17 0.24 0.21 0.09 0.0

All data in wt %. Measured API clinker phase compositions are those calculated using certified oxides data. Predicted values are means of duplicate determina-
tions.
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matrix, calibration models can, of course, also be con-
structed to include new components. Many cements
today are distributed as blends with admixtures of
mineral fillers and pozzolans. We report elsewhere [36]
that cements containing components such as hematite,
silica flour, and barite can be rapidly and quantitatively
analyzed by DRIFTS methods.

Concluding Discussion

The results presented show that the DRIFT spectrum
provides a subtle and informative signature of a ce-
ment, in which is encoded information on its elemental
and mineralogical composition. We have shown else-
where [1] that particle-size information is also embod-
ied in the DRIFT spectrum. In a qualitative sense, the
spectrum of an unknown cement provides a rapid di-
agnostic tool which gives information on the nature
and condition of the sample (A/F, sulfate mineralogy,
aging, carbonation, etc.). In a quantitative mode, we
demonstrate that high quality DRIFT spectra can be
used with carefully constructed multivariate calibra-
tion models to provide some 14 items of compositional
data with an accuracy that is adequate for many pur-
poses. There is no doubt that models of this kind are
capable of further refinement by extension of the cali-
bration data set. The accuracy of predictions depends
largely on the effort available to characterize the cali-
bration materials. Here we have relied heavily on
chemical analytical data, which has the virtue of high
accuracy. On the other hand, direct mineralogical data
on the clinker phases were lacking.

The quality of the results that can be achieved also
very much depends on the quality of the practical pro-
cedures for sample preparation and spectroscopic anal-
ysis. However, round-robin studies involving blind
tests with different spectrometers and different per-
sonnel have demonstrated levels of reproducibility
similar to those that can be achieved in replicate tests
by a single operator.

We have described the application of quantitative
FTIR methods in the context of oilwell cementing. The
most obvious application is to quality control in the
field support laboratory. However, a rapid method of
acquiring comprehensive mineralogical data is of value
in the research and development laboratory. The nine-
mineral/five-oxide representation of the composition
presented here already provides a quite detailed view
of compositional variation in cement materials. It goes
some way beyond the Bogue representation in also
giving estimates of the main minerals of the sulfate
subsystem and of some of the products of aging. It
therefore provides a rather direct way of monitoring
the aging and deterioration of cements. There is no
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reason to believe that the particular FTIR spectrum —
mineral transform presented here is optimal.
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