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A B S T R A C T  

A METHOD is described for quantitatively expressing orientation of kaolinite particles 
in a wet clay mass. Wet clay is impregnated with a polyaleohol which permits grinding 
of a very fiat surface (without disrupting the original fabric) for quantitative X-ray 
measurement. In  the specific procedure discussed, a Norelco diffractometejr equipped 
with a polo figure device and a Geiger detector was employed to measure by reflection the 
diffracted intensity of the 002 and 020 kaolinite reflections. The amplitude of the 002 
peak to the amplitude of the 020 peak is called the peak ratio, PR, which quantitatively 
expresses particle orientation at any chosen an~lo to the specimen surface. Limits of 
orientation are random and maximum orientation. For the kaolinite tested, truly 
random orientation was achieved which gave a PR ~ 2.0. Maximum orientation found 
experimentally was PR = 200 for thoroughly dispersed slurry slowly dried on a glass 
slide. Vertical and lateral variations can be measured either continuously or in steps of 
any chosen size. 

I N T R O D U C T I O N  

BEH~VIOUR of  c l a y - w a t e r  systems,  over  a wide wate r  conten t  range,  has  been 
expla ined in  t e rms  of  the  s t ruc ture  of  the  c lay phase.  S t ruc ture  is the  com- 
b ina t ion  of  the  geometr ical  a r rangement  of  par t ic les  and  the  forces opera t ing  
be tween them.  The geometr ical  a r r angemen t  of  par t ic les  and  associated voids 
are  called fabric  and  is the  component  of  s t ruc ture  t h a t  is most  amenable  to  
measurement .  Since the  s t ruc ture  concept  has  been invoked  to expla in  so 
m a n y  features  of  c lay  behavior ,  a rel iable quan t i t a t i ve  me thod  for deter-  
mining the  fabric  of  a mois t  c lay  is ex t r eme ly  impor tan t .  

The p rob lem of  measur ing fabric  is ac tua l ly  two in te r re la ted  problems:  
(1) to  p repare  for examina t ion  a specimen t h a t  preserves  the  fabric of  the  
original sample,  and  (2) to  examine  some p r o p e r t y  of  the  c lay  crystal l i tes  
t h a t  quan t i t a t i ve ly  expresses the i r  geometr ica l  a r rangement .  Procedures  
which have  been employed  to measure  par t ic le  a r r angemen t  include l ight  and  
electron microscopy,  and  X - r a y  diffraction. Br ind ley  (1953) demons t r a t ed  
t h a t  the  X - r a y  powder  camera  could be used to  measure  fabric.  A sl ight  
modif icat ion of  Br ind ley ' s  technique was employed  b y  R a i t b u r d  (1958 and 
1960) on dr ied  c lay specimens.  Whi le  R a i t b u r d ' s  X - r a y  d a t a  are  quant i ta t ive ,  
the  specimens were dr ied  pr ior  to  p repa ra t ion  for X- ray ,  which seriously 
l imi ted  in t e rp re t a t ion  of  the  X - r a y  d a t a  re la t ive  to  the  fabric of  the  original 
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wet clay. Mitchell (1956) made an innovation toward minimizing disruption 
of the original fabric by gradually replacing the water with a polyalcohol 
which is easily solidified to give the clay rigidity. 

A description of the experimental procedure, along with illustrative data 
on the fabric of kaolinite clay, are the subject of the present discussion. The 
technique is: (1) to impregnate the wet clay with polyaleohol, (2) to grind a 
flat surface, and (3) to examine the surface by X-ray diffraction using a 
diffractometer equipped with a Schulz pole figure device for measuring the 
amount and the direction of particle orientation. 

The author gratefully acknowledges the support of the Office of Naval 
Research (ONR contract Nonr-1841(29)) and the U.S. Army Engineers 
Waterways Experiment Station (contract No. DA-22-079-eng-330). 

P R O C E D U R E  

General 

The principle behind the study of fabric by X-ray diffraction is very simple. 
Clay particles, being very anisotropic, have a decided tendency to orient with 
their large faces approximately parallel. For a given clay, the intensity of 
X-ray diffraction from a particular crystal plane is controlled primarily by 
two variables, the clay concentration in the irradiated volume and the 
orientation of clay particles in that  volume. 

The extreme variation in porosity of the kaolinite clay phase in the present 
experiments was between 0.40 and 0.85. Since the mass absorption coefficient 
of kaolinite is about 5 times that  of the carbowax, reducing the clay con- 
centration from 1.0 (arbitrarily assigned to the lowest porosity) to 0.47 
(equivalent to the highest porosity) will reduce the diffracted X-ray intensity 
by only 20%, if the fabric remains constant. The observed diffracted intensity 
variation on a particular peak varied by as much as 30 times. Because particle 
orientation is so important it becomes necessary to locate exactly the direc- 
tion of preferred orientation relative to the specimen surface and finally to 
the original clay block. 

The standard diffractometer permits only one motion of the specimen, 
9 rotation (see Fig. 1). The center of the specimen face is on the axis YY ' .  
With the standard diffractometer, reflections can be recorded only from those 
crystallites which: (1) satisfy the Bragg equation and (2) are situated in a 
plane parallel to the axis of rotation, Y Y'. 

The pole figure device permits three additional motions and at  the same 
time maintains focusing geometry to satisfy the Bragg equation. Constant 
reference to Fig. 1 will help to clarify the different specimen movements 
which are otherwise difficult to present clearly. These motions are: 

1. Tip, r the specimen rotates about the X X '  axis with the detector set 
at  the 2~ position of a diffraction maxima, generally the 002 kaolinite peak. 
The ~ curve generated shows the angular distribution of diffracted intensity 
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FIG. 1. Pole figure device movements.  

about the zenith for a selected azimuth angle (a). r =- 0 coincides with the Z 
axis. Plus r is to the right. 

2. Spin, a, the specimen rotates about the ZZ'  axis with the detector set at  
the 20 position of a diffraction maxima, generally the 002 kaolinite peak. The 
a curve generated shows the angular distribution of diffracted intensity for all 
azimuth angles at  a selected r angle, generally r =- 0. a = 0 coincides with 
Y' which is at  90 ~ to the X-ray beam X X ' ,  and rotation is counterclockwise 
as shown. 

3. Translation, the specimen surface is translated in the X Y plane along the 
Y Y' axis. Therefore, the pole figure device provides a means of examining the 
reflections from all surface erystallites. The r and a angles for maximum 
intensity define the direction of orientation on a particular specimen surface 
which is then related back to reference coordinates in the original clay block. 

The amount  of orientation is specified by  the peak ratio, PR, which is the 
amplitude of the 002 kaolinite reflection divided by the amplitude of the 020 
kaolinite reflection where both are measured a t  the same specified r and a. 
PR has the advantage of being independent of  particle concentration and 
automatically minimizes mechanical and instrumentation variables in the 
experimental procedure. The numerical value of (PR)r is referred to reference 
values for random and/or maximum orientation on a particular clay, in this 

https://doi.org/10.1346/CCMN.1966.0140124 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1966.0140124


274 FOURTEENTH NATIONAL CONFERENCE ON CLAYS AND CLAY l~IINERALS 

case kaolinite. Once the amount  and direction of orientation in a batch are 
known, vertical and lateral variations are readily obtained by comparing PR 
on successive slices a t  constant ~ and a conditions. 

An alternative means for expressing the amount  of orientation is the width 
of the r curve, W measured a t  one half the maximum amplitude. This 
numerical measure of the angular spread in diffracted intensity about  the 
maximum ~b is proportional to the amount  of particle orientation. However, 
W can be measured only at  one spot at  a t ime so that  an adequate average on 
a particular surface requires considerable more effort than for PR 
measurements, which can be made either a t  one spot or as an average for a 
surface. The latter is obtained by  the simple expedient of using a fast a rota- 
tion (120~ during the recording of the 28 diffraction data for PR deter- 
mination. 

A finished specimen of impregnated clay for fabric analysis is 22 mm square 
and 6 to 7 mm thick. The two large faces are very carefully ground to be fiat 
and parallel to each other. The unimpregnated wet  clay block must  be at 
least 4 mm larger all around than the finished specimen. When the wet 
clay block is sufficiently large tha t  more than one specimen can be cut from it, 
the block is called a sample. A sample represents a specific t reatment  and 
provides more than one specimen for fabric analysis. Samples may  be obtained 
either by  starting from raw clay or by  cutting from a large block of wet clay. 
A block of wet clay large enough to make more than one sample is called a 
batch. 

The reference plane is taken as the horizontal plane ab of the original block 
of wet clay whether the block of wet clay gave one specimen or fifteen samples. 
A fl ~ 0 specimen is cut so tha t  the surface to be X-rayed is parallel to the 
reference plane ab and is marked such tha t  a r rotation when a -~ 0 is about 
the b axis. A fl ~ 0 specimen is obtained by counterclockwise rotation of 
an ab surface about the a axis which for fl ~-- 90 yields an ac surface for 
X-ray examination. When a ~ 0, r rotation on a fl ---- 90 specimen is about 
the a axis. The location of the a and b axes is somewhat arbi trary because the 
original clay block is generally cylindrical; however, once chosen, the a and b 
axes as well as a ~ 0 position for all samples and specimens from this par- 
ticular batch are fixed. 

Specimen Preparation 
In  order to prepare a very flat surface for X-ray  examination, the moist 

clay specimens are impregnated with Carbowax No. 6000 (Union Carbide 
Corp.). Carbowax is completely miscible with water when liquid a t  65~ and 
a t  room temperature is solid with a hardness on Moh's scale of one. The top 
surface of the specimen is left exposed to vapor the first day of immersion in 
liquid carbowax to allow entrapped gases to escape and to prevent specimen 
rupture. The exact t ime required to give sufficient exchange, wax for water, 
so tha t  the specimen canbe ground, will naturally depend upon the specimen: 
(1) size, (2) water content, and (3) bulk density. For a sample diameter of 
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1�89 in., which means a maximum diffusion path of ~ in., 21 days in wax with- 
out changing the wax has proved entirely adequate. Ninety cm a of clay slurry 
at 190 g H~O/100 g clay poured into 55 em a of molten carbowax such that  
the maximum diffusion path was about ~ in. had a final water content of about 
1~o at  the end of 21 days, calculated from a material balance of initial and 
final weights. Molten wax in an open beaker at  60~ loses less than 0.1% 
weight in 21 days. 

At the completion of impregnation, the specimen should be removed from 
the liquid carbowax and allowed to cool slowly to room temperature. I t  is 
very important that  the surface to be X-rayed be perfectly flat; further, it is 
highly desirable that  the opposite faces be exactly parallel because this 
greatly facilitates correct alignment in the pole figure device. To accomplish 
these requirements, a special jig was made from a triangular metal block 
86 mm on a side and 13 mm thick. By proper setting of the three adjustable 
feet, one near each corner of the block it is possible to grind the surface of a 
specimen fiat and parallel to its opposite face. I t  is also possible to grind off 
either a known thickness and thus examine successive slices, or a known tip 
to the original reference plane. The specimen to b 9 ground is held to the fiat 
machined surface of the block by vacuum. The actual grinding is done with 
No. 600 carborundum powder in kerosene on a plate glass surface. 

Instrumentation 

A Norelco X-ray diffraction unit equipped with a Geiger detector and a 
pole figure device was used. Unfiltered copper radiation was generated at 
50 kV and 20 mA. The most satisfactory speeds for 20 and chart during 
diffraction were found to be �88176 20 min and �89 in. min respectively. Slits 
employed were: (1) 1 ~ divergence and scatter, (2) 0.006 in. receiving, and 
(3) 0.02 in. vertical. For both a and r rotations, the 20~ drive motor was 
used which gave an a rotation of 20~ and a r rotation of 3�89176 

With the pole figure device it is necessary to limit the width of the primary 
X-ray beam with a vertical slit in order to maintain correct diffraction 
geometry, especially for ~ rotation. The vertical slit greatly reduces the 
intensity of the diffracted beam reaching the detector and the area of the 
specimen diffracting. By proper choice of power settings on theX -ray target 
and the width of vertical slits, one may examine a fairly narrow width of 
specimen surface while maintaining acceptable intensity of diffracted radia- 
tion at  the detector. For example, with kaolinite clay, the 0.02 in. vertical 
slit irradiates a specimen width of about 1.4 mm. The length of specimen 
irradiated varies with e. Again, for the 002 kaolinite peak, which has been 
chosen for fabric study, the length of specimen irradiated is about 12 ram. 

VERIFICATION OF PROCEDURE 

The experiments described in this section were specifically designed to 
investigate qualitative and quantitative aspects of X-ray as a method for 
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evaluating clay fabric. The clay used in all experiments is kaolinite Peerless 
No. 2 from R. T. Vandcrbilt Co. Unless otherwise specified, the clay was 
used as received. 

Choice of Diffraction Peaks 

The three main reasons for choosing the 020 (29---- 19.9) and the 002 
(29 -~ 24.9) kaolinite reflections to express the peak ratio, PR, are that  these 
X-ray reflections are: (1) strong reflections and thus provide a sensitive 
measure of fabric, (2) distinct from other reflections, and (3) close enough 
together that  approximately the same volume will be irradiated in the 
determination of the peak amplitudes for both peaks. The volume irradiated 
in cm 8 is essentially constant irrespective of 29; however, it is not the same 
volume. As 29 increases the area decreases and the depth increases. 

The intensity of the k index of hkl when k is not a multiple of three may 
be markedly reduced as a result of shear displacements in the individual 
crystals (Hayes, 1963). One way to overcome this would be to use the 060 
reflection where k is a multiple of three. However, for many of the kaolinite 
samples investigated, the depth of specimen irradiated at the 29 of the 060 
reflection would be excessive. 

The PR is really a comparison of peak amplitudes, not peak intensities. 
The product of peak amplitude times the peak width at  half amplitude was 
used as a measure of intensity for the 002 and 060 peaks (actually the 060, 
33T, 33T triplet). The intensity ratio, IR, equals the intensity of the 002 peak 
divided by the intensity of the 060 peak and is independent of any change in 
degree of crystallinity of the kaolinite resulting from shear distortions of the 
individual crystals. 

In order to ascertain whether or not PR is sensitive to shear disorder from 
manipulation of the clay, both PR and IR were measured on 165 separate 
surfaces from clay samples with consolidation pressures ranging from 1 to 
70 kg/cm ~. A plot of PR versus IR gave a straight line with a coefficient of 
correlation r 2 for the least square line of 0.97, clearly demonstrating that  
consolidation to 70 kg/em 2 produced no measurable change in crystallinity 
of the kaolinite used in these tests. Further verification that  the 020 peak on 
this kaolinite is not apt to be affected by ordinary engineering manipulation 
comes from the following experiment. Dry grinding of the kaolinite for 7 hr 
in a mechanical mortar and pestal did not significantly change PR or IR. 

A typical trace for the 29 ranges of primary interest is shown in Fig. 2 
where the methods of measuring the amplitude and intensity are illustrated. 
The method of defining the base line for amplitude measurement is somewhat 
arbitrary but since the same procedure is always used, any relative error 
should be minimized. Comparison of the traces for kaolinite powder with that  
for the kaolinite-wax mixture shows that  the wax does not raise the back- 
ground level for base line measurement a great deal. In spite of the large 
wax percentage the kaolinite diffraction peaks are not greatly diminished, 

https://doi.org/10.1346/CCMN.1966.0140124 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1966.0140124


QUANTITATIVE FABRIC OF WET KAOLINITE 277 

o o 

o _1 

~: o 7 , 

i 
i"q. 

~  I I o o 
r 0 0 0 0 0 o o o 

Q_ 

I ' 1  0 - -  ~ / 

0,1 

~t ~ 
~ ~  

I ~ I o | 
0 

c 

o ~ 

I~ 04 0 p 

5 

0 0 0 0 " ~  

('0es/S.l.un00} ..-]7V3S A I l S N ' : I I N I  

o. 0 
r 

K3 

https://doi.org/10.1346/CCMN.1966.0140124 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1966.0140124


278 FOURTEENTH NATIONAL CONFERENCE ON CLAYS AND CLAY MINERALS 

part ly  because of  the low mass absorption coefficient for the wax and par t ly  
from the increased clay concentrat ion per uni t  volume in the kaolini te-wax 
mixture.  

Limits of Preferred Orientation 
Limits of  orientation are random and max imum orientation. For  the 

kaolinite clay tested, random orientation experimentally measured was 
P R  ---- 2.0 -4- 0.2 and W = 100 -[- 4 ~ r both  of  which are independent  of  ft. 
Maximum orientation found experimentally was (PR)~max __> 200 and 
W = 22 -4- 3 ~ r on thoroughly dispersed clay slurry slowly dried on a glass 
slide and was (PR)r ~ 25 -~- 2 and W ---- 36 i 2~ r on flocculated clay 
slurry slowly dried on a glass slide. 

Random.--Absolute random particle ar rangement  precludes a fiat surface 
a t  the microscopic level. The problem of obtaining near random particle 
arrangement  while simultaneously maintaining a reasonable flat specimen 
surface for use in the pole figure device requires some care. I t  is possible by  
very  careful sieving of  air d ry  kaolinite powder to consistently obtain about  
one out  of  four specimens tha t  will be random. Preparing a mixture of  clay 
and wax, then grinding the mixture to a minus 74/x powder does reduce the 
variabili ty in the results and produces a near random fabric as shown by  
Brindley and Kur tossy  (1961); however, even this later method is very  time 
consuming. 

The simplest procedure for obtaining random fabric is to dump air dry 
kaolinite into molten wax to give a 1 : 2 c lay-wax mixture.  The mixture is 
allowed to s tand without disturbance until the wax covers the clay. The speci- 
men when cooled is ground to give a flat surface for X- ray  diffraction. The 
results in Table 1 indicate random fabric because: (1) the I R  of  2.07 agrees 
remarkably  well with the I R  of  2.12 calculated from the data  on ideal inten- 
sities for the peaks involved (Brindley and Kurtossy,  1961), (2) the P R  and 
I R  are the same for fl ---- 0 and for fl ~ 90 specimens, and (3) W is large and 
is the same for both fl = 0 and fl = 90 specimens. The variat ion with depth 
in a given specimen is 10 to 15%, which is as great  as the variat ion between 
different specimens prepared at  different times and by  different operators. 

For  ideal random fabric the a and ~ rotations on a 20 diffraction peak 
would be horizontal lines. The r curves of  Fig. 3 are far from horizontal lines. 

TABLE I.--RANDOM K~AOI~NITE AVERAGE VALUES 

(PR)~_ o IR W 

fl ~ 0 surface 2 .03  (0.2)* 2 .08  (0 . I )  99 (5) 
= 90 surface 1.94 (0.19) 2.06 (0.1) 103 (5) 

* Standard deviation for 25 determinations over a 2 month period, except for (PR)r 0 
on ~ ~ 0 surface which is for 75 determinations over a 3 year period. 
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Nevertheless, these r curves are considered to represent random particle 
orientation for the following reasons: (1) the r curve for sieved kaolinite 
powder is flat for 15 to 20 degrees each side of r ~ 0 and gives an I R  within 
5~o of the theoretical (2) the I R  for the kaolinite-wax specimen is within 5~o 
of the theoretical and, although the r curve is not fiat, W is the same as for the 
sieved powder and (3) the IR,  PR, and W are the same for ~ ~ 0 and fl : 90 
on kaolinite-wax specimens prepared in the suggested manner to give random 
particle orientation. 

The pole figure represents the stereographic projection of amplitude con- 
tours obtained from 002 kaolinite diffraction peak data on a series of r curves 
a t  many  a angles. In  Fig. 5a and 5d the zenith, r : 0, is a t  the center and the 
concentric fine lines give r in 10 ~ increments out to 90 ~ The heavy numbered 
lines are the amplitude contours obtained from diffraction data. Figure 5a 
and 5d is a pole figure for random kaolinite, where the contours in Fig. 5a 
and 5d were taken on specimen surfaces at  90 ~ to each other. The fact that  
both quadrants give nearly circular contours, symmetrical about  the zenith, 
r = 0 and no large discontinuities is excellent verification of the particle 
orientation in this kaolinite sample. 

Maximum orientation.--For X-ray diffraction from the (001) face of a 
completely idealized single crystal the (PR)r max would approach infinity and 
W would approach zero. The amplitude of the 020 reflection, as viewed from 
the (001) face, also approaches zero; however, the error in the 020 amplitude 
will give an increasingly large error t o  (PR)r as  (PR)r --> oo. For any 
real crystal the limit of W is something greater than zero. 

Experimental measurement of W for the 003 reflection on single flakes of 
muscovite was 4 ~ ~, and for the 004 reflection on single flakes of chlorite 
was 8~162 These peaks were chosen for proximity to the 002 kaolinite 
reflection. The width of the diffraction maxima at  half peak height w 
was 0.06 ~ 20 for muscovite and was 0.125 ~ 20 for chlorite. From the single 
flakes W/w is approximately 65. One might reasonably expect that  as a given 
20 diffraction peak became broader, whether from less perfect crystallinity 
or from a reduction in particle size, tha t  the minimum W would also broaden. 
For maximumly oriented minus 20 /~ muscovite particles, the calculated 
W is 14 ~ ~b while the experimentally measured W was 17 ~ ~. The width of the 
(002) 20 diffraction peak on the particular kaolinite used was 0.31 ~ 0; there- 
fore, the lower limit of W likely to be encountered with this kaolinite is 
approximately 20 ~ ~. 

The maximum amount  of particle orientation tha t  can be obtained experi- 
mentally on a clay depends a great deal upon the procedure employed to 
produce the orientation. One of the most effective and simplest ways to 
obtain pronounced preferred orientation is to allow a clay slurry to dry on a 
slide. From a systematic investigation of the variables influencing particle 
orientation of kaolinite, it w~s found tha t  slow drying at  50~o R.H. of dilute 
slurry (5.65 g H20/g clay) on a glass slide gave the most pronounced orienta- 
tion. The practical experimental limit of preferred orientation is very strongly 
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influenced by the state of aggregation of the clay as shown by the fact that  
the maximum orientation obtained from drying a dispersed slurry gave 
(PR)r ~ 200 and W = 23, while drying a flocculated slurry gave 
(PR)r = 25 and W ~ 36. The large uncertainty in (PR)r from the 
dispersed slurry is primarily due to the very large error associated with the 
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Fie. 4. Comparison of ~b rotation on the (002) kaolinite peak at maximum oriented 
and at random. 

tiny amplitude of the 020 peak. 
At maximum orientation the r curve is independent of a position because 

the clay particle anisotropy is essentially in the c direction. Figure 4 gives 
representative r curves on the 002 kaolinite peak for maximum orientation 
of flocculated and dispersed kaolinite. One may  visualize readily the change 
in orientation by comparing random and maximum orientation in Fig. 4. 
For uniform lateral distribution and the r curve maxima at ~ ~--0 one 
expects the pole figure to be nearly symmetrical about the normal to the speci- 
men surface, the zenith or ~----0; therefore, for comparative purposes one 
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need only  p lo t  one q u a d r a n t  of  the  pole figure to  ob ta in  a clear p ic ture  of  the  
or ientat ion.  Such a procedure  faci l i ta tes  compar ison of  pole figures for differ- 
en t  surfaces, as shown in Fig.  5 where r andom and  or iented kaol in i te  are 
compared  to  each other.  F o r  c la r i ty  the  ~ gr id  was omi t t ed  from Fig.  5b and  5c. 

Contour interval: I0 c/sec, below IO0, and I00 c/sec, above IO0. 

(a) Random,/S = 0 
(b) Maximum orientation of flocculated slurry, /3 = O.  
(C) . . . . . .  ~ _ _ _ [  " , /~ dispersed = 0 
(d) Random,/3 =90  ~ / - - ~ _  

,~ .-- '" 60 / " / ' /  
. . . . .  

3 0 0 ~  

,oo  
40 j /  

_ 6 o/ / 

FIG. 5. Pole figure for (002) kaolinite peak: (a) random at ~ = 0; (b) maximum 
orientation on dried flocculated slurry at fl = 0; (c) maximum orientation on 

dried dispersed slurry at fl = 0; (d) random at fi ---- 90. 

Specimen Preparation 
Impregna t ion  wi th  carbowax has  been shown to have  no effect on the  

fabric  of  a wet  c lay mass  (Mitchell, 1956). However ,  in view of  the  fact  t h a t  
i n t e rp re t a t ion  of  results  is so comple te ly  dependen t  upon  this  fact,  addi t iona l  
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Fzo. 6. Effect of impregnation. 

tests were performed. Figure 6 gives a comparison of PR for surfaces prepared 
on specimens impregnated with carbowax and for surfaces prepared on 
specimens quick frozen in liquid nitrogen (-- 196~ The compacted kaolinite 
was cut into slices with a wire and alternate slices either frozen E or waxed 
W*; then opposing faces were X-rayed to determine PR. The consolidated 
slurry was also cut into slices with a wire and alternate slices either frozen 
or waxed. One surface on each slice was X-rayed prior to impregnation and 
again after impregnation. These data are given under "cut with a wire" before 
and after, respectively in Fig. 6. After fixing the fabric by either freezing or 

* W in Fig. 6 refers to hnpregnation with carbowax, not the width of r curve as 
previously defined. 
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waxing, the surface of the slices were ground flat and X-rayed. Removal of  
an additional 0.01 in. from each surface is indicated in the figure by the PR 
furthest from the hatched line. Orientation produced by cutting wet clay with 
a wire is clearly evident in Fig. 6. I t  is equally apparent that  grinding a 
waxed specimen or filling a frozen specimen effectively removes the oriented 
zone produced by  the wire cut. 

In  view of the fact that  fixing procedures as different as freezing in liquid 
nitrogen - -  196~ and impregnation with carbowax at  ~- 65~ give the same 
PR, within a reasonable experimental error, is considered good evidence tha t  
the standardized impregnation procedure has no detrimental effect upon the 
fabric of the wet clay. 

The fo l lo~ng experiment showed that  the usual grinding of the fiat surface 
has negligible effect upon the fabric. A specimen where the kaolinite particles 
had a pronounced tendency to be at  45 ~ to the specimen surface gave a 
PR at  r ~ 0 of 3.4 and a PR at  r ---- 45 of 23, as determined by normal grinding 
procedure. Now, a deliberate effort was made to smear the clay by rubbing 
the dry specimen on the ground glass grinding plate for the same time 
normally required to grind off 0.02 in. After this severe treatment,  the 
PR at  r ---- 0 was increased to 4.6. Removal of 0.01 in. from this specimen 
surface by  normal grinding gave a PR at  r ~ 0 of 3.3 upon X-ray diffraction. 
The very modest change that  occurred even when a very deliberate effort was 
made to smear out the clay particles demonstrates that  the normal grinding 
procedure has no adverse effect upon clay fabric. 

Reproducibility 
The reproducibility of data is influenced by  instrument factors and sample 

preparation procedures. A check on the instrument, including the alignment 
of an impregnated clay specimen, was established from data on the PR 
variation measured on the same identical surface of three specimens over a 
six month time period. The results were: PR  ---- 1.75, standard deviation 
(SD) ~ 0.10; PR ---- 4.8, SD ~ 0.5; and PR ~-- 11, SD ~ 1.1. The larger per 
cent variation for the larger PR arises primarily from the large error associ- 
ated with the smaller 020 peak. 

Reproducibility starting from a flocculated kaolinite slurry is indicated in 
Table 2. The standard deviation in Table 2 for each batch represents the 
combined effects of vertical and lateral variation within each batch. Essen- 
tially, zero consolidation was obtained by dumping 90 cm 3 of slurry at awater 
content of 1.9 g H~O/g clay into 60 g of molten carbowax (treatment 2, 
Table 2). Isotropic consolidation was obtained by dumping flocculated slurry 
into a balloon lined with elastic strips, so that  during consolidation, produced 
by slow evacuation over a two month period, drainage would be essentially 
radial. Anisotropic consolidation was obtained by  dumping the flocculated 
slurry into either a 3 or 9.5 in. diameter oedometer cell. The final height of the 
clay batch was about half the cell diameter for both cells. 
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The impor tance  of  using ident ical  p repa ra t ion  procedures  is well i l lus t ra ted  
by  the  d a t a  ob ta ined  on a series of  samples  consol idated in the  3 in. d iamete r  
cell. The s ta r t ing  mate r ia l  was f locculated na tu ra l  kaol ini te  s lurry  a t  1.90 g 
H20 /g  c lay for all  samples.  F r o m  the  d a t a  in Table  2 t r e a t m e n t  4, i t  would 
appear  t h a t  sample reproduc ib i l i ty  is non-exis tent .  Al though the  s lurry was 
at  1.9 g H 2 0 / g  c lay  in each instance,  there  was considerable va r i a t ion  in the  
mechanics of  prepar ing  the  s lurry  and  t ransferr ing the  s lurry to the  consolida- 
t ion cell. Fo r  example ,  wi th  ba t ch  No. 6 an  effort was made  to evacuate  the  
s lurry to remove all  air.  Batches  7 and  8 were p repared  separa te ly  bu t  simul- 
taneously  b y  an  ident ical  procedure  except  t h a t  No. 7 was poured  into the  cell 
rapidly ,  requir ing abou t  5 see for the  opera t ion  and  No. 8 was poured  into the  
cell somewhat  more slowly, the  t ransfer  requir ing abou t  3 rain. The da t a  show 
tha t  there  is no t  a large difference in the  average PR,  P~R, be tween batches  
7 and 8 : however,  the  top  th i rd  of  No. 8 had  an  P R  of  15 while the  bo t t om 
th i rd  had  an  P R  of  9. 

TABLE 2--REPRODUCIBILITY OF FABRIC BETWEEN BATCHES OF 
KAOLINITE PREPARED FROM SLURRY* 

Average peak ratio 
for 

maximum orientation 
Treatment Isotropie consolidation Batch Direction SD t 

1 In balloon (1 kg/cm ~) 1962 2.77 0.2 
1964 2.65 0.2 

2 In wax (0 kg/cm 2) A 2.65 0.4 
B 2.84 

Anisotropic consolidation 
3 In 9.5 in. diam. cell (1.5 kg/cm ~) I 10.8 1.2 

I I  11.2 1.7 
4 In 3 in. diam. cell (1.0 kg/cm u) 1 8.6 1.8 

3 23 5.5 
6 13 11.0 
7 9.2 2.2 
8 11 4.0 

* 1 .90 g H 2 0 / g  kaolinite. 
t Standard deviation of PR. 

The excel lent  reproduc ib i l i ty  ob ta ined  for all cases except  the  3 in. cell, 
where var ia t ions  in p repa ra t ion  are known to exist ,  suggests t h a t  a ma jo r  
factor  for the  wide sca t te r  of  d a t a  from the  3 in. cell arises from small  var ia-  
t ions in sample prepara t ion .  However ,  one mus t  also recognize the  possibi l i ty  
tha t  the  3 in. cell, a t  least  to some degree, is responsible for the  large da t a  
var iat ions.  Conceivably,  the  P R  var ia t ion  resul ts  from sample d is turbance  
during ext rus ion from the  cell. The s t anda rd  devia t ions  in Table  2 general ly  
exceed those for repe t i t ion  on the same ident ical  surface and  are indicat ive 
of the  ver t ical  he terogenei ty  wi th in  the  c lay mass. 
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D I S C U S S I O N  

The definition of fabric involves the spatial arrangement and distribution 
of both solids and voids. The present measurements are on the average 
geometrical arrangement of clay particles. The pole figure clearly reveals 
the direction and relative amount of orientation on a particular surface. 
Comparison of pole figures from surfaces taken parallel to some reference 
plane but at different lateral and vertical positions can provide a detailed 
picture of fabric variability. Such a procedure is very tedious and time 
consuming; further, the results do not lend themselves to numerical expres- 
sion. For comparative purposes on the amount of orientation, PR was chosen 
because of the ease with which ~ numerical value on a particular surface can 
be obtained. 

The data given herein clearly show a dependent relationship between PR 
and W ; however, it is equally evident that  the relationship is not a linear one. 
The PR of 2.7 given for treatment 1, Table 2, is only 3% of the way toward 
the ma~mum PR obtained on flocculated slurry while the W of 80 ~ ~ for the 
same treatment is 30% of the way toward the minimum obtained on floccu- 
lated slurry. At the other end of the scale, the maximum PR of 25 obtained on 
flocculated slurry is 12% of the way toward the maximum PR obtained on 
dispersed slurry while the W of 35 ~ r for flocculated slurry is 84% of the way 
toward the minimum W obtained on dispersed slurry. That is, as random 
fabric is approached W increases much faster than PR decreases, while the 
reverse holds for strong orientation. 

In  all experiments it has been observed that the direction of maximum 
orientation is within a few degrees coincident with the principal stress direc- 
tion. The necessity to verify the maximum orientation direction cannot be 
over emphasized. For example, kaolinite anisotropically consolidated to 
197 kg/cm 2 gave an average PR normal to the principal stress direction 
(a fl ~ 0 specimen) of 25 while a specimen cut at fl ~ 45 ~ gave an average PR 
normal to the specimen surface of only 2.8. The maximum amplitude r curve 
of the fl ---- 0 specimen peaked at ~ ~ 0 q- 2 ~ while the maximum amplitude 
curve of the fl ---- 45 ~ specimen peaked at 45 ~ r PR measured at the spot of the 
maximum ~ curve and at ~ : 45 ~ was 23 on the fl ---- 45 specimen; this is 
within experimental error the same as obtained on the fl ~ 0 specimen at 

: 0. Thus, the pole figure device allows one to obtain powerful confirming 
data that  the PR measured corresponds to the direction of maximum 
orientation. 
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