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•THE increasing use of soil-cement in highway construction emphasizes the need for 
a simple, fast, and accurate method of determining cement contents. This paper de
scribes the development and evaluation of an x-ray spectrographic analysis for deter
mining content of soil-cement. 

Several investigators have used x-ray spectroscopy for studying raw cements. 
Among these are Croke and Kiley (1), Frank (2), Schloemer (3), Bens (4), Uchikawa, 
Inomata and Inoue (5), Rabot and Alegre (6), and Andermann -and Allen-(7). Handy 
and Ros;,lller (8) and-Handy and Demirel (9)-used x-ray analysis for quantitative deter
minations of ir on, manganese and carbonates in soils. The study of this literature 
indicated that further improvement of the analytical technique was desirable and seemed 
plausible in view of several instrumental developments and theoretical considerations. 

Consideration of the nature of soil-cement reactions leads to the conclusion that the 
amounts of metallic elements should not change when hydration occurs. \\1hen the pri
mary beam from an x-ray tube irradiates a sample it excites each chemical element 
to emit its secondary (fluorescent) radiation, each element having its own characteristic 
wavelength. The emitted radiation intensity is related to an element's concentration 
in the sample; thus, both qualitative and quantitative analyses can be made .. 

The analytical method to determine the weight percentage of cement in an unknown 
soil-cement mixture is based on the premise that certain types of soil and cement 
have practically constant calcium and iron contents. If the percentages of calcium, 
for example, are Sin soil, C in cement and Min soil-cement mixture, the weight per
centage X (based on total dry weight of the mix) of the cement in the soil-cement can 
be determined from the relation: 

S - M 
x = x - c . 100 

X-ray properties and principles of secondary emission require, for quantitative 
analysis, the knowledge of possibly interfering absorption edges causing enhancement 
and absorption effects. Therefore, one must have cognizance of the elements that are 
present in relatively rich concentrations. The scanned x-ray fluorescence' spectrum 
of our soils and cement (Fig. 1) shows the relatively rich elements are iron in the soil 
and calcium in the cement. The atomic numbers (26 for iron, 20 for calcium) are six 
numbers apart; no essential matrix interference effects are expected in investigating 
cement content of the soil-cements. 

In establishing working curves or parameters from prepared soil-cement specimens, 
it is preferable to relate element concentration to the ratio of characteristic radiation 
intensity from the specimens to the intensity from a standard rather than from peak 
intensities only of the element of interest. The use of intensity ratios compensates 
for a number of error sources such as voltage-tube combination instabilities and drift 
in detection efficiency. 
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In practice, peak intensities can be mea
sured at the proper angular positions by 
the counting rate or, for improved statistical 
accuracy, by accumulating fixed counts and 
measuring the elapsed time. Background 
correction intensities are measured on 
both sides of the element lines. 

The forms of intensity ratios used in 
this study were: the peak to background 
ratio, I p/Ib, and the net peak intensity 
ratio, Ix/Is. Ip is the peak intensity of an 
element in the sample, lb is the background 
intensity adjacent to the peak for the sam
ple, Isp and Isb are the corresponding in
tensities from the standard, Ix is Ip - lb, 
and Is is lsp - lsb· 

All intensity measurements must be 
made under identical conditions of sample 
preparation, of x-ray excitation, and of 
instrumentation. 

MATERIALS 
Soils 

Ten soil samples were obtained from the base and subbase at selected locations in 
a cement-stabilized roadway just prior to incorporation of cement during construction. 
The soils were used for preparation of test specimens of precisely known cement/soil 
ratios. These were then analyzed by x-ray fluorescence to establish the parameters 
used for determination of cement contents of soil-cement samples. The soils ranged 
from A-2-4 to A-4(3); the physical properties of a typical soil of the group are given 
in Table 1. 

Soil-Cements 

The soil-cements analyzed in this study were from Proctor size compression sam
ples of the described soils proportioned, mixed and molded in the laboratory, and 
samples from the same locations molded after incorporation of cement and mixing of 
the material on the road. Samples broken after 7 days' curing were set aside for cement 
content determinations by the ASTM procedure (ASTM Designation: D 806-57), and by 
x-ray fluorescence analysis. 

Portland Cement 

The type I cement used in the study was obtained during construction of the stabilized 
road. The chemical composition of the cement is given in Table 2. As received, the 
cement had 80 to 85 percent passing the No. 200 sieve. To meet the requirements of 

the present method of analysis, cement 
used in standards and "known" samples 
was reduced so 100 percent passed the No. 

TABLE I 200 sieve. 
PHYSICAL PROPERTIES OF SOIL NO. 10 

Textural composition: 
Gravel (>2.00 mm), 'f. 
Sand (2.00 to 0 . 074 mm), f. 
Silt (0. 074 to 0. 005 mm), 'f, 
Clay (<0. 005 mm), 'f, 

Consistency limits: 
Liquid limit, 'f. 
Plastic limit, 'f, 

Classification 
Textural 
AASHO 

20. 5 
29.5 
46. 0 

4. 0 

21. 2 
NP 

Gravelly silt-loam 
A-4(3) 

TABLE 2 

CHEMICAL COMPOSITION OF TYPE I CEMENTa 

Chemical 

SiO, 
Al,0, 
Fe20 :1 

Cao 

Percent 
(by wt) 

21. 3 
4.6 
2.3 

64.0 

0 Atlont lc Cement Co. 

Chemical 

MgO 
so, 
Nap 

Percent 
(by wt) 

3.5 
2. 3 
0. 67 
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TESTING PROCEDURE 

The procedure for determining cement content of soil -cements involves specimen 
preparation, x - ray intensity measurements, and data evaluation. A detailed descrip
tion of the procedure is given elsewhere (10). 

Specimen Preparation 

To prepare specimens of known cement- soil composition for establishment of the 
working curves or equations, a 200-gm representative oven-dry soil sample was first 
crushed so all passed a No. 40 sieve and was then thoroughly blended. About 20 gm of 
this material were further reduced in a blender mill so all passed a No. 200 sieve; 
cement was also reduced to pass a No. 200 sieve. Soil and cement to give a mix of 
known composition were thoroughly mixed and a 4. 000-gm sample placed in a briquett
ing assembly (as customarily used for specimen mounting in metallography) and com
pressed under 5000-psi pressure. The sample was then placed in a desiccator to await 
analysis. 

Preparation of "unknown" soil-cement test samples was very similar. Oven-dry 
soil-cement (in our case the entire broken compression sample) was reduced to pass 
the No. 40 sieve and thoroughly mixed. About 20 gm were reduced to minus No. 200, 
and a 4.000-gm sample was compressed as above. 

X-Ray Intensity Measurements 

The intensities of the characteristic K-alpha radiation of calcium and iron were 
made with a General Electric XRD/S-5 X-ray Spectrometer with an AEG-50-S tungsten 
tube operated at a stabilized voltage of 50 KVP and a current of 16 mA. A pulse height 
selector was used to isolate background noises. X-ray detection was accomplished (by 
tandem operation) with a scintillation counter and a P-10 gas flow proportional counter. 
A lithium fluoride analyzing crystal was used. 

The LiF analyzing crystal (2d = 4.0267 A) was aligned to the correct angle 20 for a 
desired wavelength and peak intensities (cps) were obtained by a fixed-count technique. 
Four fixed counts of 100, 000 for FeKa and 1000 for CaKa were taken and two background 
counts of 1000 were taken on each side of the peaks. 

Data Evaluation 

The fixed counts were divided by collection time to give x-ray intensities, Ip and 
lb, in counts per second (cps). Background corrections were made to obtain the net 
peak intensities Ix and Is , and the intensity ratios Ip/lb and Ix/Is were computed. In 
most cases plots of Ip/lb or Is/Ix vs cement content gave very good linear relation
ships for data from "known" samples. The least squares method was used to find the 
best fit, or "working curve," and the corresponding equation. Cement contents of 
" unknown" soil-cements can be obtained directly from the plot (Figs. 5 and 6) or the 
equation. 

For analysis of large quantities of data, a FORTRAN computer program is available 
which plots the working curve, gives the algebraic equation, and which also gives 
cement contents of the unknowns (10). 

FACTORS IN INTENSITY MEASUREMENTS 

Effects of Particle Size 

In materials having constituents of various absorption coefficients, a rough surface 
causes parti::il shielding resulting in varjations of intensities from specimen to spec
imen. Mixtures containing light and heavy elements, e.g., calcium and iron, require 
particular care in preparing a homogeneous sample with a smooth surface. Taylor 
(11) suggested that for powder samples in general, a uniform particle size of 76 microns 
issufficient. However, our experiments and calculations show that maximum inten
sities may be obtained with a maximum particle size as large as 268 microns. 
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Jenkins and Hurley (12) expressed the effects of shielding due to surface roughness 
in terms of the linear absorption coefficient, µ., and the coarsest finish, Xmax (average 
peak to trough of surface), permissible without significantly decreasing radiation inten
sity, as: 

Xmax ~ 30(46100/µ/la microns 

Applying this relationship to soil-cement, the approximate maximum trough depth, 
Xmax, necessary to avoid shielding effects are 141 microns for CaKa radiation and 
134 for FeKa. 

Figure 2 shows the influence of particle size on FeKa intensity from soil-cement 
specimens compressed at 5000 psi. Nearly maximum intensity is obtained at a maxi
mum particle size of 254 microns but intensity fluctuations are greater than for smaller 
particle sizes. The 254 microns maximum is close to the calculated maximum size of 
268 microns (2Xmax) at which influence of surface roughness on intensity becomes 
negligible. Reduction of particle sizes to values below 74 microns becomes increas
ingly difficult; on the basis of our results 74 microns (No. 200 sieve) was taken as the 
maximum allowable particle size. • 

On considering the mass absorption coefficient, depth of x-ray penetration and 
emitted fluorescence intensity, it seems more reliable results are obtained if the 
trough depth is smaller than penetration depth. The intensity of emitted radiation is 
a function of the concentration of the element and of the absorption characteristics of 
the material. This assumes the output of the x-ray tube is constant, there is no mutual 
excitation, and the soil-cement sample is infinitely thick. Taylor and Parrish (13) re
port that 0.10 mm is essentially "infinite" for most common metallic elements. -

X-ray emission intensity for CaKa and FeKa from a cement sample may be approx
imated by 

where I is intensity of radiation; Imax is intensity with an infinitely thick sample; a is 

~1 csc 81 + ~ csc 82; 81 and 82 are the Incident and emergent beam angles with the 

surface; ~1 is the mass absorption coefficient of incident radiation; ~2 is the mass 

absorption coefficient of emitted radiation; p is the density of cement (3.15 g/cc 
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Figure 2. Effect of particle size on 
radiation intensity. 
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assuming zero voids); and x is penetra
tion depth (cm). 

Results of calculations are plotted in 
Figure 3, and show that for calcium and 
iron a depth of 51 microns yields 99 per
cent of the maximum intensity. The max
imum trough depth of our soil-cement 
samples is 37 microns (one-half maximum 
particle size) which is less than the 51 
microns penetration depth. This confirms 
our experimental finding that, for our 
specimen conditions, the influence of sur-
face roughness has been minimized to an 
extent where it is negligible. 

Effect of Compression Stress 

Compression of powder samples re
duces overall intensity variations from 
one specimen to another and facilitates 
storage of specimens for future reference. 
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Figure 4 shows the influence of compres
sion stress on the characteristic radiation 
intensities for cement samples having a 
maximum particle size of 74 microns. A 

pressure of 5000 psi was enough for optimizing intensity for both FeKO! and CaKa 
radiation. 

Other Factors in X-Ray Measurement 

In quantitative x-ray spectroscopy, the influence of matrix composition on peak 
intensities by enhancement and self-absorption effects must be considered. Of two 
chemical elements adjacent in the periodic system, the one having the smaller atomic 
number, Z, will partially absorb radiation of the heavier element, Z + 1, and in turn 
will emit a stronger characteristic radiation of its own. In our system no elements of 
adjacent numbers are involved (Fig. 1), and interference due to absorption and en
hancement may be considered negligible. 

In this study, it was found that the background intensities, lb, for FeKa and CaKa 
radiation decrease with increasing cement content of the material. The reason for 
this cannot be explained at this time. The differences in background intensities aver
ages about 6 cps for FeKa and 1 cps for CaKa in the cement content range of 0 to 20 
percent. These are too small to affect the total FeKa intensity but must be considered 
for CaKa if one strives for better precision. 

Error in Measurement 

In the measurement of radiation intensity, a scatter of data is caused by the random 
nature of x-ray production. The probable error of a fixed count is En = 67.5% IN, 
and the standard deviation is S =IN, where N is the total number of counts (14, 15). 
In our case, therefore, for each FeKa fixed count En = 0.21% and S = 316 counts; 
for CaKa En = 2.12 % and S = 31. 6 counts. The limit of detectability requires a 
minimum peak height of at least 3 S above the background (15). This requirement is 
met in all cases, and the difference is considerably greaterthan 3 S in the cement con
tent range in question. 

Four fixed counts were taken for each intensity measurement. Typical values of 
the mean intensity; standard deviation and prohahle error for ear.h set of readings is 
given in Table 3 (for sample No. 10-subbase). The relatively weak CaKO! radiation 
can be determined with greater precision by increasing the total number of counts; 
however, this would require more time. 

The precision of the method may also be increased by increasing the intensity of the 
characteristic radiation. Intensity of Ca:Ko! radiation would be increased by using a 



65 

TABLE 3 

X-RAY INTENSITY DATA FOR SOIL-CEMENT MIXTURES 
(Sample No. 10-Subbase) 

Mean Peak Standard Probable Mean 
Cement Content Intensity, Ip Deviation, S Error, E Background 
(ct total dry wt) (cps) (cps) ('.t) lnt., 1b 

(cps) 

0 Fe 5248 29. 1 0 . 37 48.0 
Ca 26.1 0.47 1. 21 22.0 

Fe 4857 4.0 0.06 46. 9 
Ca 47. 5 2. 78 3.95 22. 3 

10 Fe 4544 17. 6 0.26 45.2 
Ca 67 . 5 1. 10 1. 10 22.0 

15 Fe 4211 3. 3 0. 05 44 . 0 
Ca 86.1 2. 76 2. 16 22 . 0 

20 Fe 3904 58. 3 1. 01 41. 9 
Ca 109 . 2 2. 76 1. 70 22. 0 

Cement Fe 1162 0.5 0.03 32. 3 
Standard, 100 Ca 479. 7 7. 90 1. 11 19. 9 

Lab Fe 4723 10.0 0. 14 46.9 
Sample, ? Ca 48. 1 0.99 1. 39 22. 0 

Field Fe 4777 12. 8 0.18 46. 8 
Sample, ? Ca 49. 1 1. 46 2. 01 22.0 

chromium rather than tungsten x-ray tube (15). A great increase in intensity would 
be obtained by using a curved focusing crystal analyzer rather than a flat crystal (16). 
Also, discriminate selection of a specific tube excitation voltage for a particular ele
ment would yield the maximum ratio of peak to background intensities. 

RESULTS 

Discussion of Data 

As an example of the data obtained for establishing working curves and equations 
and determining cement contents of unknowns, Table 3 gives results for a typical soil 
(No. 10-subbase, Table 1), with known and unknown cement contents. The ratios 
Ip/lb and Ix/Is were obtained from the peak and background intensities and the working 
curves established by least squares fitting. Figures 5 and 6 show the curves for this 
typical example. For this material, compressed at 5000 psi, the curves obtained from 
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TABLE 4 

CEMENT CONTENT OF "UNKNOWN" 
SOIL-CEMENT MIXTURES 

Cement Content (t total dry wt) 

Specimen No . Based on FeKa Based on CaKa 

Ix/ls 

Lab . 9.36 6. 41 5. 02 5. 48 
8 Subbase 

Fie ld 13 . 96 13 . 91 12 . 12 12.71 

Lab . 12 . 73 6. 99 5. 48 5. 49 
9 Subbase 

Field 12. 66 8. 02 7.05 7.00 

Lab . 9.08 7.25 5. 41 5. 38 
10 Subbase 

Field 7. 91 6. 46 5. 64 5. 63 

Lab . 6. 00 7 . 40 5.41 5. 59 
8 Base 

Field 12. 13 10. 80 7 . 83 8.11 

Lab . 13. 34 13. 82 8. 77 9.06 
9 Base 

Field 24.89 20.19 13. 41 13. 73 

Lah . 10. 64 8. 04 9 . 43 9 . 67 
10 Base 

Field 13. 38 10 . 00 10.61 10. 79 

Ip/lb and Ix/Is coincide for CaKa 
data while those for FeKa show con
siderable deviation. 

Three different kinds of s tandar ds 
were used during this study: (a) solid 
standards, an iron plate and a calcite 
plate for samples No. 1 and 2, (b) 
cement powder standard compacted 
at 1000 psi for samples No. 3 through 
7, and (c) cement powder standard 
compacted at 5000 psi for samples 
No. 8 through 10. The powder stan
dards were subjected to the same 
pressure as their corresponding soil
cement samples. 

Table 4 gives results of cement 
content determinations for unknown 
soil-cements compressed under 5000 
psi and cement powder standards. 
Data for the remaining samples (com
pressed at 1000 psi) for CaKa radia
tion show, in general, considerably 
grea ter differences between cement 
contents cal culated from Ip/lb and 
Ix/Is (10), The effect of compaction 
pressures on radiation intensity has 
been discussed -earlier. Although the 

solid standards were not used with any of the materials compressed under 5000 psi, 
it is felt that the cement powder standard should be used; i.e., the standard should be 
of the same nature as the test specimens and be prepared under identical conditions. 

Cement contents based on 
FeKa radiation data are con
siderably different depending on 
whether Ip/lb or lx/Is was used 
for calculation even though, for 
all samples presented, the com
pacting pressure was 5000 psi. 
The erratic results are possibly 
due to iron contamination during 
specimen preparation; e.g., the 
steel blades of the rotary mixer 
used for field munng wear 
rapidly, and the crusher used to 
reduce particles to pass the No. 
40 sieve has steel rollers. On 
the basis of the results, it is 
concluded that the CaKo: data 
gives a much better indication 
of actual cement contents for the 
soils tested. 

Comparison of ASTM and 
X-Ray Methods 

Table 5 compares cement 
contents (based on the dry soil 
weight) determined by the stan-
dard ASTM procedure, D 806-

TABLE 5 

CEMENT CONTENTS BY THE ASTM AND 
X-RAY FLUORESCENCE METHODS 

Cement Content (<t dry wt soil) 

Specimen No. X-Ray Fluor . (CaKa) 
Nominal ASTM 

Lab. 5 . 0 5 . 2 5. 3 5. 8 
8 Subbase 

Field 5. 0 11. 2 13. 8 14. 5 

!.ab. 5.0 5. 2 5. 7 5. 8 
9 Subbase 

Field 5. 0 6. 8 7.6 7. 5 

Lab. 5. 0 5. 4 5. 7 5. 7 
10 Subbase 

Field 5. 0 5. 8 5. 9 5. 9 

Lab. 6. U b. 6 5. 7 5. 9 
8 Base 

Field 6.0 7 . 6 8. 5 8. 8 

Lab. 10. 0 9 . 1 9 . 5 9.9 
9 Base 

Field 10 . 0 14. 5 15. 5 15. 9 

Lab. 10.0 9 . 1 10. 4 10. 7 
10 Base 

Field 10. 0 9 . 6 11. 8 12. 1 
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57, and the present method. The results for x-ray analysis are those for CaKO! radia
tion and samples compressed at 5000 psi, the most reliable conditions as discussed 
earlier. The data show that the results from the x-ray fluorescence method are con
sistently higher than those from the ASTM method. Both methods require small quan
tities of material, 5 gm for the ASTM and 4 gm for the x-ray procedure. Although 
the x-ray procedure requires greater reduction in particle size, the probability of 
sampling and sample preparation errors are probably about the same for both methods. 
The accuracy of the ASTM method is much more dependent on the experience and 
technique of the operator than is the x-ray analysis. 

More research is needed to determine the relative accuracy of the two methods. 
Enough data are needed from samples of various soil types with precisely known cement 
contents to make possible a valid statistical analysis of accuracy. The same samples 
should be analyzed by both methods, first by the nondestructive x-ray fluorescence 
method and then by the ASTM method. 

Curtis and Forbes (17) investigated various methods of determining cement contents 
of soil-cements; methods employed were ASTM, California, Versene, flame photometer, 
conductivity, and chemical analysis. Their study shows that, in general, results by 
the ASTM method are lower than those by the Versene, chemical analysis and con
ductivity methods. Although no direct comparison can be made, the values obtained 
by these methods would seem to compare favorably with those by the x-ray procedure. 
The California method yields results closer to those from ASTM (17). 

Application to Field Control 

With the recent introduction of portable x-ray spectrometer units, the present 
method should be applicable for field control. other basic equipment required for a 
field laboratory are grinder mills, analytic balance, hydraulic press and a desk cal
culator. Once working curves have been established for a given soil and cement, the 
cement content of soil-cement mixes can be quite quickly determined. 

CONCLUSIONS 

The following conclusions are made on the basis of the results obtained and for the 
type of soil used: 

1. X-ray fluorescence determination of cement content of soil-cement is nondestruc
tive, fairly rapid, simple, and should be sufficiently accurate. The method is rela
tively insensitive to operator experience and technique. 

2. Corrections for background intensities are necessary. The net peak intensity 
ratio, Ix/Is, appears to give the most reliable results. 

3. The known and unknown soil-cements, and the standards should be of the same 
nature; i. e., powder specimens of similar particle size distribution and identical prep
aration conditions. 

4. The most reliable results are obtained when maximum particle size in the sam
ples is 74 microns, samples are compressed under 5000 psi, and CaKO! radiation in
tensities are used. 

5. Cement contents determined by x-ray fluorescence are generally higher than 
those by the ASTM method, but seem to compare favorably with those by other methods. 
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