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PREFACE 

The study reported herein was funded by the Department of the 

Army, Project 4A061102B52E, "Research in Military Engineering and Con

struction (RMEC), "  Task 03, "Research in Engineering Geology," Work 
Unit 009, "Use of X-Rays and Related Techniques to Study Changes in Soil 

Properties." 

The study was conducted in the Soils and Pavements Laboratory 

(S&PL) of the U. S. Army Engineer Waterways Experiment Station (WES), 

under the direct supervision of Dr. E. L. Krinitzsky, Chief, Engineering 

Geology Research Facility, and under the general supervision of 

Mr. D. C. Banks, Chief, Engineering Geology and Rock Mechanics Division, 

and Mr. J. P. Sale, Chief, S&PL. 
Sample compaction was conducted in the Soils Testing Branch, S&PL, 

under the direct supervision of Mr. F. A. Mashburn. Mr. J. P. Burkes 

prepared the samples and operated the scanning electron microscope in 

the Concrete Laboratory, under the direct supervision of Mrs. K. Mather, 

Chief, X-ray and Petrography Branch. 

The data analyses and the writing of the report were undertaken 

by Dr. D. M. Patrick, Engineering Geology Research Facility. 

Directors of WES during this investigation were COL L. A. Brown, 

CE, BG E. D. Pei.xotto, CE, and COL G. H. Hilt, CE. Technical Director 

was Mr. F. R. Brown. 
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CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC (SI) 
UNITS OF MEASUREMENT 

u. s. customary units of measurement used in this report can be con-

verted to metric (SI) units as follows: 

Multiply By To Obtain 

angstroms 0.0001 micrometers 

inches 2.54 centimeters 

cubic feet 0.02831685 cubic meters 

pounds o. 45359237 kilograms 

pounds per cubic foot 16.01846 kilograms per cubic meter 

foot-pounds 1. 355818 joules 
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SCANNING ELECTRON MICROSCOPE EVALUATION 

OF FABRIC IN IMPACT-COMPACTED KAOLINITE 

PART I: INTRODUCTION 

Purpose and Scope 

1. This study is the second phase of an investigation of the 

effects of loading on clays and the development of methods by which 

these effects can be analyzed. The first phase was concerned with the 

ballistic loading of a fat clay possessing three clay-mineral components; 

the techniques utilized were petrography, radiography, and scanning 

electron microscope {SEM*).1 

2. The purpose of this phase of the investigation is to determine 

the nature of the fabric developed in kaolinite compacted by impact 

methods and also to detect differences between fabrics in samples pre

pared at different water contents. A secondary purpose is to further 

demonstrate the use of the SEM in clay fabric investigations. 

Terminology 

3. In this report the term "fabric" refers to the geometrical 

relationship between the individual clay platelets and the manner in 

which they are associated. Van Olphen2 describes nine types of plate

let associations or fabrics of clays in colloidal suspensions. Appar

ently, however, loaded or compacted clay sediments or soils tend to 

exhibit one of two general types of fabric, which may be classed as 

face-to-face {FF) and edge-to-face {EF). This twofold classification 

is a simplification of Van Olphen's classification. These two associa

tions are described below and illustrated in Figure 1. 

* For convenience, symbols and unusual abbreviations are listed and 
defined in the Notation {Appendix B). 
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Face-to-face 

4. In this association the individual clay platelets are aligned 

such that.,there is a parallel alignment between the platelet surfaces. 

This results in a parallel alignment of the 001 crystallographic planes 

and the c-crystallographic axes of the individual platelets (Figure 1) . 
Another name for this association is "dispersed." 
Edge-to-face 

5. This association is a more or less random arrangement of the 

clay platelets. The crystallographic axes and planes also exhibit a 

random orientation in space (Figure 1) . This association is also termed 

"flocculated" or "card-house structure." 

Methods of Fabric Analyses 

6. There are currently three techniques for the identification 

of fabric in clays, which include X-ray diffraction, petrographic, and 

SEM methods. The first two are amenable to quantification. A brief 

outline of these techniques is given below. 
X-ray diffraction 

7. The X-ray diffraction method is based upon the principle that 

clays exhibiting FF orientation will yield higher intensity 001-basal 

reflections than will clays having less platelet orientation (Figure 2). 

Usually the 001 intensity is compared to a nonbasal reflection such as 

the 020. This technique is quantitative only to the extent that com

parisons can be made for a particular clay which has been tested under 

different conditions. This limitation results from the structural 

variations which all clay minerals exhibit, even among a particular clay 

mineral species. 

Petrography 

8. The petrographic technique relies upon the optical continuity 
of dispersed clay platelets and the resulting greater transmission of 

light at certain crystallographic orientations when both polarizers are 

inserted (Figure 3). The light transmission may be measured, thus per

mitting quantitative evaluation for a particular clay. This method may 
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permit quantitative comparisons for different clays of the same mineral 

species (such as kaolinite) but cannot be used to compare clays of dif
ferent species (kaolinite versus illite, for example). 

SEM 

9. This method involves the visual examination of selected sur
faces within the sample. Although this method has not been quantified, 

it does possess certain advantages, mainly in that it permits direct 

observation of pore space as well as platelet orientation within the 

clay. A disadvantage of this method is the potential problems which 

may arise in sample preparation. The basis for this technique in fabric 

analysis is the detection of flat, smooth surfaces in the clay," which 

are indicative of platelet orientation. This technique was utilized in 
this investigation. 

Previous Investigations 

10. Clay fabrics have been the subject of numerous research ef

forts during the past 15 years. The results have not al�ays been in 

agreement. This report will not attempt to review all of these previous 

investigations but will review only those pertinent and of recent date. 

11. The four general concepts which have evolved from previous 

investigations are as follows: 

a. 

b. 

c. 

d. 

Orientation due to load. This concept involves the devel
opment of pref erred orientation in

4
clays due to the a�pli

cation of load during compaction3, or consolidation.5 

Orientation enhancement on the wet side of optimum 
moisture.3 This aspect is related to that mentioned in 
subparagraph !!_, but emphasizes the concept that the clay:_ 
will exhibit a higher degree of preferred orientation 
when compacted at water contents higher than optimum. 

Orientation produced on shear planes. 6 This concept 
states that a dispersed orientation will develop on sur
faces along which there has been shear failure. 

Domain theory. This aspect of clay fabric analyses is 
based upon the idea that there are areas within the clay 
which behave somewhat independently of other adjacent 
areas when the clay is compacted or consolidated. These 
areas are called domains. The clay within the domain 

1 



usually occurs in an FF orientation. Apparently this 
orientation within the domain is little affected by 
loading. 7 

12. There appears to be general agreement that loading (compac

tion and consolidation) produces platelet dispersed orientation to some 
degree in kaolinite. The extent of dispersed orientation caused by 

loading of other clay minerals is somewhat less documented, but it 

appears that all clay minerals which form platelets tend to exhibit 

parallel orientation along shear planes and possess domains within the 

mass. 

13. Recent studies conducted by Diamond8 on the relationship be

tween water content.and orientation have indicated that there is no 

appreciable increase in the development of FF orientation when kaolinite 

is compacted on the wet side of optimum moisture. In those studies the 

degree of orientation was determined by X-ray diffraction procedures. 
SEM photographs were used to describe pore space but were not used to 

determine clay orientation. 
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PART II: SAMPLE PREPARATION 

14. The kaolinite used in this study was standard air-floated 

(SAF) clay* processed from Georgia kaolin. Selected properties of this 

material are given in Appendix A. This material is essentially mono

mineralic and consists predominantly of clay-size particles of kaolinite. 

15. The clay was initially remolded and compacted in five lifts 

in 4-in.**-diam molds; three compaction efforts were used.9 Tables 1 

and 2 summarize the compaction and moisture-density data for the three 

efforts, and Figure 4 illustrates the compaction curves. 

16. For each compaction effort, samples were prepared at 1 and 

5 percent above and at 1 and 5 percent below optimum moisture, and 

these compacted samples were studied by SEM. 

17. The 

a. 

b. 

c. 

SEM sample preparation consisted of the following: 

A rectangular bar (1/4 by 1/4 by 1 in.) of clay was cut 
from the center of the compacted clay. 

The bar was freeze-dried in dry ice for 2-1/2 hr. 

The bar was then broken in the proper orientation to 
obtain surfaces parallel and normal to the direction 
of compaction. 

d. The surfaces were then glued to an SEM mounting stub and 
placed in a vacuum evaporator. 

0 

e. After evacuation the samples were coated first with 50 A 
of carbon and then with 150 A of gold palladium. After 
coating, the samples were ready for study in the SEM. 

* SAF clay is produced from soft Georgia kaolin by dry processing and 
contains no artificial additives. Although the material consists 
almost exclusively of the clay mineral kaolinite, it is classified 
as a silt (MH) in the Unified Soil Classification System. 

** A table of factors for converting U. S. customary units of measure
ment to metric (SI) units is presented on page 4. 
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PART III: SAMPLE ANALYSES 

18. \The selection of representative areas on the surface U..'l'lder 

study is a critical st�p in the evaluation of the overall sample. After 

the representative area is chosen, the most use:fu.l magnification must 

be selected. Although the correct magnification will be somewhat dif

ferent for different types of clays, extremely low and extremely high 

magnifications are not particularly helpful due to the inability to 

identify individual clay platelets at magnifications less than approxi

mately x200 and the inability to observe enough clay platelets at magni

fications greater than a few thousand. 

1 9. Figure 5 illustrates the SEM photomicrographs of two samples 

of Georgia kaolinite which were prepared to accentuate the differences 

between the highly dispersed condition and the flocculated orientation. 

Both specimens were loaded by gravity only. Both photomicrographs were 

taken in a vertical direction. Figure 5a exhibits a relatively smooth 

surface with the majority of the clay platelets lying parallel to the 

page. This sample was prepared by allowing the clay to settle out of 

suspension onto the SEM sample holder. Note that very few edges are 

visible. Figure 5b shows a sample of dry powdered kaolinite which was 

sprinkled onto the SEM sample holder. The orientation is more or less 

random, and both faces and edges are visible. Those areas ;of very light 

photo tone were not sufficiently coated. 

20. Figure 6 illustrates the location, orientation, and nomen

clature of the SEM samples taken from the compacted specimens. 

21. The following sections contain discussions of SEM photomicro

graphs for the three compaction efforts. SEM photomicrographs oriented 

normal to the x and y directions are included for water contents 1 and 

5 percent below and above optimum moisture content for each compaction 

effort. 

Low Compaction Effort 

22. Figures 7-10 illustrate the SEM photomicrographs for this 
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effort. At 5 percent below optimum moisture content (Figure 7), there 

appears to be moderately parallel orientation normal to the y axis 

(Figure 7a). Although Figure 7b does show numerous platelet edges, the 

direction of edge orientation here is indistinct. Void spaces are appar

ent in both views. 

23. At the higher water contents, there is a distinct loss of air

filled void spaces and generally a smoothing of the clay surface. Fig

ure 8a illustrates quite good orientation normal to the y axis; platelet 

edges are also apparent in Figure 8b. The photomicrographs shown in 

Figure 9, although indicating some orientation, are essentially 

indistinguishable. 

24. The photomicrographs illustrated in Figure 10 show excellent 

orientation normal to the y axis. This orientation is evident in both 

views. Note the smooth, flat surfaces in Figure lOa and the appearance 

of the edges in Figure lOb. 

Medium Compaction Effort 

25. The SEM photomicrographs for this compaction effort are shown 

in Figures 11-14. These photomicrographs reveal that some degree of 

preferred orientation has occurred normal to the y axis but that there 

has been no enhancement of this orientation for moisture contents on the 

wet side of optimum. The comparison of Figure 11 (5 percent) and Fig

ure 14 (+5 percent) indicates that there is some evidence of reduction 

of airfilled void spaces at the higher water content. 

High- Compa-ctionE-ffort 

26. Figures 15-18 depict the SEM photomicrographs of the samples 

compacted at high compaction effort. Again, it can be seen that the 

compaction has produced a preferred orientation normal to the y axis, 

which does not seem to be enhanced for moisture contents on the wet side 

of optimum. Also, there appears to be little difference in the size or 

amount of airfilled void spaces on either side of optimum moisture 

content. 
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PART IV: DISCUSSION 

27. The SEM photomicrographs previously described indicate that 

the compacted kaolinite does exhibit some degree of dispersed platelet 

orientation normal to the direction of compaction. This platelet 

orientation is evident for all three compaction efforts and agrees with 

results from previous investigations. The SEM photomicrographs do not 

show any enhancement of dispersed orientation when the compaction effort 

is increased at a more or less constant water content. This observation 

implies that the increase in dry density corresponding to an increase .in 

compaction effort may result from particle breakage and not entirely 

from particle orientation. 

28. While it appears that the development of a dispersed fabric 

is a function of the amount of water present in the clay, the extent to 

which dispersed orientation is enhanced on the wet side of optimum is 

not apparent for all three compaction efforts. The SEM photomicrographs 

indicate an enhancement on the wet side of optimum for specimens com

pacted at low effort, but there is no indication that higher compaction 

efforts produce better orientation on either side of optimum. 

29. For the individual platelets to develop a dispersed orienta

tion under load, there must be sufficient water available for the devel

opment of an ade quate thickness of double-layer water around each 

platelet.* The double-layer water would effectively decrease the at

traction between the edges and faces of individual platelets and would 

thus facilitate rearrangement under load. It is logical to suppose that 

the water content above which rearrangement is facilitated is at or near 

-the plas�ic-rimit. -irhe water content which permits clay to be easily 

molded would also permit particle rearrangement. 

30. Support for the above reasoning is evident from those samples 

compacted at low effort. Here, there is a significant increase in plate

let orientation in the sample compacted at 5 percent above optimum 

* The type and concentration of cations in the water may also affect 
the thickness of double-layer water around some clay minerals. 
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moisture content, which is 3 percent above the plastic limit. All other 

samples (all efforts ) were compacted at water contents below the plastic 

limit, and all exhibited less platelet orientation. 
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PART V: CONCLUSIONS 

31. The conclusions derived from this investigation are as 

follows: 

a. A dispersed orientation of kaolinite platelets is pro
duced by dynamic compaction. 

b. There is no apparent enhancement of dispersed orientation 
on the wet side of optimum for samples compacted at water 
contents significantly less than the plastic limit. 

c. Dispersed orientation is considerably improved by com
paction at water contents greater than the plastic limit. 

d. No increase in dispersed orientation is produced by 
increasing the compaction effort at a more or less con
stant water content. 

e. Water content and plastic limit may be the controlling 
factors in platelet orientation. 
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Figure 1. Schematic showing crystallographic axes 
and fabrics of clay platelets 



a. FF fabric 

b. EF fabric 

Figure 2. Fabric analysis by X-ray diffraction (diffraction of X-rays 
by the 001 planes will only occur and be detected when the source, 
sample, and counter arrangement are such that Bragg's Law is satisfied, 
i. e., doo1 = A/2 sin 8001 where doo1 is the interplanar distance, A is 
the wavelength of the radiation used, and 8001 is the diffraction angle ) 
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NOTE: DARKER FIELD IS DUE 
TO EXTINCTION OF 
MOST PLATELETS. 

a. FF or ·dispersed fabric 

b. EF or flocculated fabric 

Figure 3. Micrographs of clay in thin section by polarizing microscopes; 
both polarizers inserted 



1-
IL. 

106 

102 

HIGH 

0 

• 

LEGEND 
� � 

!J. a DATA POINTS FOR 
COMPACTION CURVE 

... • SEM SAMPLES 

Z£RO AIR VOIOS, 
SPECIFIC GRAVITY(Gs)=2.6J 

a 941--���--11--���-t����;>lr--�--"�-+����-t-����-1 
' 
m 
.J 

> 
... 

!:: 
I/) 
z 

90% SATURATION 

't-- PLASTIC 
I LIMIT 

I 
� 901--���--11--���--+����-+��__._.:---+--f���-+-����-1 
> 
a: 
0 

78'--�-'-�---..__�_._�__.��...._�__.,��..._�_.___.�..__�_._��..__�_, 
14 18 22 26 30 34 

WATER CONTENT_, PERCENT ORY WEIGHT 

Figure 4. Compaction curves for impact-compacted 
Georgia kaolinite 

38 



a. Sedimented, orientation parallel to page (x6ooo) 

b. Powdered, random orientation (x5000) 

Figure 5. SEM photomicrographs of Georgia kaolinite 
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a. Norm~l to y a.xis (x1100) 

b. Normal to x axis (xllOO) 

Figure 7. SEM photomicrographs of low compaction effort at 
5 percent below optimum moisture content 



a. Normal to y axis (x1100) 

b. Normal tox axis (x1100} 

Figure 8. SEM photomicrogra.phs of low compaction effort 
at 1 percent below optimum moisture content 



1'1 igure 9. 
at 1 

lforma1 to y axis (><1100) 

'b. Normal to x axis (x1100) 

SEM photomicrog:raphs of low compaction effort 
above optimum moisture content 



a. Normal to y axis (x1100) 

b. Normal to x axis (xllOO) 

Figure 10. SEM photomicrogra.phs of low compaction effort 
at 5 percent above optimum moisture content 



a. Normal to y axis (x1100) 

b. Normal to x axis (xllOO) 

Figure 11. SEM photomicrographs of medium compaction effort 
at 5 percent below optimum moisture content 



a. Normal to y axis (><1100) 

b. Normal to x axis (xllOO) 

Figure 12. SEM: photomicrog:raphs of medium compaction effort 
at 1 percent below optimum moisture content 



a. Normal to y axis ( x1100) 

b. Normal to x axis (x1100) 

Figure 13. SEM photomicrographs of medium compaction effort 
at l percent above optimum moisture content 



a. Normal to y axis (><1100) 

b. Normal to x axis (x1100) 

Figure 14. SEM photomicrographs of medium compaction effort 
at 5 riercent above optim1w.i moisture content 



a. Normal to y axis (xllOO) 

b. Normal to x axis (xllOO) 

Figure 15. S™ photomicrographs of high compaction effort 
at 5 percent below optimum moisture content 



a. Normal to y axis (x1100) 

b. Normal to x axis (x1100) 

Figure 16. SEM photomicrographs of high compaction effort 
at l percent below optimum moisture content 



a. Normal to y axis (x1100) 

b. Normal to x axis (x1100) 

Figure 17. SEM photomicrographs of high compaction effort 
at 1 percent above optimum moisture content 



a. Normal to y axis (><1100) 

b. Normal to x axis (xllOO) 

Figure 18. SEM photomicrographs of high compaction effort 
at 5 percent above optimum moisture content 



Table 1 

ComEaction and Moisture-Densitl Data 

Compaction No. of 
Effort Blows Rammer Optimum Maximum Dry 
ft-lb 

ft3 
per Weight Drop Moisture Density 

Lifts* Lift lb in. Content2 % lbLcu ft 

High 78,750 5 35 10 18 20.5 100.8 

Med 42,750 5 19 10 18 21.6 99.5 

Low 7,425 5 9 5.5 12 29.0 88.2 

* 4-in.-diam mold. 

Table 2 

Moisture-Densiti Data for SEM SamEles 

· Difference from 
Compaction Optimum Moisture Water Dry Density 

Effort Content Content2 % lbLcu ft* 

High -5 15.5 99.4 
-1 19.5 100.2 
+l 21.5 100.5 
+5 25.5 94.7 

Medium -5 16.6 94.8 
-1 20.6 99.2 
+l 22.6 99.5 
+5 26.6 93.1 

Low** -5 24.o 86.4 
-1 28�0- 89-. o-
+l 30.0 89.3 
+5 34.o 84.7 

* Measured dry density. 
** These samples lie somewhat higher on the compaction curve due to 

difficulty in duplicating results at this low effort (Figure 4) . 



APPENDIX A: PROPERTIES OF GEORGIA KAOLINITE 

The physical and chemical properties listed here are for SAF clay 

and have been determined by the processor.* The chemical analysis indi

cates that the clay is essentially pure kaolinite. 

Chemical Analysis, % 

Sio2 (combined) 

Al2o3 (combined} 

Ti02 
Fe2o3 
Na2o 

'MgO 

K20 

Cao 

Loss on ignition (above 
uo0c), % 

Free moisture, % 
Sieve residue (200 

mesh), % 
Specific gravity 

Atterberg Limits 

Liquid limit 

Plastic limit 

45.1 

38.1 

1.4 

o.6 

0.3 

0.2 

0.1 

Tr 

13.8 

3.0 

0.10 

2.65 

53 

31 

According to the Unified Soil Classification System, the material 

classifies as silt (MH). The grain size analysis is shown in Figure Al. 

* Georgia Kaolin Company, 433 North Broad Street, Elizabeth, New Jersey 
07207. 

Al 



" 
I 100 

90 

80 

70 

30 

20 

10 

0 5 

U.S. STANDARD SIEVE NUMBERS 

6 8 10 1' 16 20 30 40 50 70 100 140 200 
I I 

COAllSf 

I I II 

1 0.5 

I 

GRAIN SIZE MILLIMETERS 

SANO 
MfOIUM I 

I I ., � .... 

0.1 

flNf 

HYDROMETER 

'o-.... u� 
� 

� ... 
"""' 

\.Al\., 
� 

I'\ 
) 

0.05 0.01 0.005 
SILT Olt CLAY 

-Yigure :Al. -Crain size analysis 

A2 

\ 
\ 

\ 
\ 

0 

10 

20 

30 ... 
:c 
§2 

40 � 
= 
• 

50 � • 

b � 
u 

60 % 
II.I 
� 

70 t 

80 

90 

100 0.001 



APPENDIX B: NOTATION 

dOOl Interplanar distance 

EF Edge-to-face 

FF Face-to-face 

G Specific gravity s 
MH Silt 

SAF Standard air-floated 

SEM Scanning electron microscope 

A Wavelength of radiation 

8001 Diffraction angle 
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