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Composition and Engineering Properties 
of Soil (II) 
T . W I L L I A M L A M B E , Associate Professor and Director, a n d 

R . T o R R E N C E M A R T I N , Head of Soil Analysis Section 

Soil Stabilization Laboratory, Massachusetts Institute of Technology 

T H I S paper, a con t i nua t i on of the authors ' paper of last year, describes research on the 
compos i t ion and propert ies of soi l . Analyses of over 40 soils f r o m w i d e l y scattei'ed 
par ts of the w o r l d are discussed i n re la t ion t o the i r propert ies . Several general re la t ion
ships between soi l compos i t ion a n d behavior are d r a w n . 

T h e d i f f i cu l t i es of m a k i n g complete soi l -composi t ion analyses are discussed b y the 
use of specific examples t a k e n f r o m the soils s tudied . A p a t t e r n of tests is presented. 

T h e test results show the presence of v e r m i c u l i t e , ha l loys i te , a t t apu lg i t e , and 
carbonate minerals . 

# T H E engineering behavior of a soil is more 
dependent on the compos i t ion of the soil 
t h a n on any other characterist ic . T h e reasons 
th i s impo i ' t an t f ac t is no t explo i ted more b y 
the soi l engineer are t w o f o l d : (1) the d i f f i c u l t y 
of m a k i n g composi t iona l analyses and (2) 
the lack of knowledge of the relat ionships 
between propert ies and compos i t ion . W h i l e 
the complete m i n e r a l analysis of m a n y soils 
requires l i t t l e e f f o r t , t he analysis of some of 
the plast ic soils can be t roublesome and t i m e 
consuming. I n general, composi t iona l da ta 
on fine-grain soils are of more va lue t o the 
engineer t h a n are da ta on coarse-grain soils; 
u n f o r t u n a t e h ' the analysis of these fine-grain 
soils is usual ly more d i f f i c u l t t h a n the analysis 
of t he coarse-grain ones. 

T h e p red i c t i on of the engineering behavior 
of a soi l f r o m i t s compos i t ion is based on the 
pr inc ip le t h a t the c o n t r i b u t i o n t o a g iven 
p r o p e r t y of a n y g iven soil component is i n 
p r o p o r t i o n to the percentage of t h a t com
ponent i n the soi l mass (or t h a t the devia t ions 
f r o m p r o p o r t i o n a l i t y are k n o w n ) . F o r e-xample, 
the l i q u i d l i m i t of a soi l composed of 50 per
cent m o n t m o r i l l o n i t e a n d 50 percent kao l in i t e 
w o u l d be 0.5 t imes the h q u i d l i m i t of m o n t 
m o r i l l o n i t e plus 0.5 t imes the l i q u i d l i m i t of 
kao l in i t e . T h i s f u n d a m e n t a l p r inc ip le involves 
several assumptions w h i c h are me t t o v a r y i n g 
degrees i n d i f f e r en t soils. T h e most i m p o r t a n t 
of these assumptions are t h a t : (1) the in te r 
actions among the soil components are k n o w n ; 
(2) t he minerals i n the soil are s imi la r t o 
s tandard minerals w h i c h are used t o de termine 

the basic propert ies ; and (3) the effect of 
impur i t i e s or t race components i n the soi l 
can be de te rmined . 

There can be b o t h chemical and phys ica l 
effects of one component on another . F o r 
example, we can m i x a sand w h i c h has a com
pacted m a x i m u m d r y dens i ty of 100 pcf . w i t h 
a c lay w h i c h has a m a x i m u m compacted d r y 
dens i ty of 100 pcf . and get a m i x t u r e w h i c h 
has a compacted d r y dens i ty of 120 pcf . T h e 
c lay part icles are smal l enough t o fit i n t o 
the voids of the sand t o an a m o u n t w h i c h 
could h a r d l y be predic ted f r o m the m i n e r a l -
ogical compos i t ion of the sand and the c l ay . 
Co l lo ida l pr inciples and ion-exchange f u n d a 
menta ls suggest m a n y possible chemical 
reactions between soil components . For ex
ample, i f calcite is added to a sod ium m o n t 
m o r i l l o n i t e , there m a y w e l l be an exchange 
of ca lc ium, fu rn i shed by the calcite, f o r sod ium 
on the m o n t m o r i l l o n i t e as w e l l as cementa t ion 
of t he c lay part ic les b y the calcite. 

W i n t e r k o r n {16) has presented dry- tens i le-
s t reng th da ta on var ious mix tu res of t w o 
soils. T h e d r y s t rength of P u t n a m c lay was 
90 psi . and the s t reng th of Ceci l c lay was 50 
psi . , b u t a m i x t u r e of 90 percent P u t n a m and 
10 percent Ceci l c lay d i d n o t have a tensile 
s t rength of 86 psi . b u t a s t reng th of 167 psi . 

Studies on the engineering propert ies of 
single minerals usua l ly emp loy pure , h i g h l y 
crystaUine minera ls ; however , there is an 
increasing a m o u n t of evidence t h a t the m i n 
erals i n soils are o f t e n p o o r l y crys ta l l ized . 
T h e engineering propert ies of the pure , w e l l -
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crysta l l ized minerals used as standards m a y 
be on ly app rox ima te ly equal t o the cor
responding propert ies of the same minerals 
when i n a low crys ta l l ine f o r m . 

Free i r o n oxides a n d organic m a t t e r are 
t w o mater ia ls w h i c h can have effects on the 
engineering propert ies of soil f a r ou t of p r o 
p o r t i o n t o the i r percentage of the composi
t i o n . T h e effects of these t w o and other soi l 
t race components depend on the soil i n w h i c h 
they are present. F o r example, a cer ta in per
centage of organic m a t t e r m a y have a m i n o r 
effect on a sand, (see Sample 1) whi le the 
same percentage could have a considerable 
effect on the propert ies of ha l loys i te . 

T h e preceding paragraphs indica te t h a t i t 
is unreasonable t o expect t h a t the soi l engineer 
w i l l be able t o delineate comple te ly the engi
neering behavior of a soil k n o w i n g i t s com
pos i t ion . O n the other hand, the present state 
of knowledge of soil technology is such t h a t 
the average engineer cou ld e m p l o y composi
t i o n a l da ta considerably more t h a n he now 
does. T h e value of composi t iona l da ta t o the 
engineer w i l l n a t u r a l l y increase as th i s \-oung 
science advances. A t the present t i m e a 
complete compos i t iona l analysis seems j u s t i 
f ied on a soil i n v o l v e d i n a m a j o r cons t ruc t ion 
j o b , since such i n f o r m a t i o n serves as an ex
cellent means of c lass i fy ing the soi l , aids i n 
p l ann ing other engineering tests, and o f t e n 
permi t s the p red i c t i on of unusual behavior 
w h i c h m i g h t no t otherwise have been expected. 
O n even smal l jobs the engineer m i g h t be 
wise t o have compos i t iona l studies made on 
the soi l i f t he s tandard engineering tests 
indicate some unusual behavior . 

D a t a on the relat ionships between m i n -
eralogical composi t ion and soil pi-operties can 
be obta ined b y one of t w o approaches. T h e 
f i r s t approach consists of de t e rmin ing the 
engineering jwopert ies of k n o w n clay minerals 
alone or as added components t o soils. T h e 
second approach consists of m a k i n g m i n -
eralogical analyses on soils of k n o w n propert ies 
and d r a w i n g correlat ions between compos i t ion 
and propert ies . T h e most-complete s t u d y 
i n v o l v i n g the f i r s t approach was made a t 
Corne l l U n i v e r s i t y under the sponsorship of 
the Engineer Corps {17). E m p l o y i n g t h e 
second approach, th i s paper presents mine ra l 
analyses on 40 soils f r o m a l l over the w o r l d . 
These and s imi la r studies con t r ibu te t o 
knowledge b y : (1) g i v i n g i n f o r m a t i o n on the 

[Somple of Nqturol Soil 

Grain Size Analysis 
a 

Fractionation 

Silt a Cloy Si ies 
(-0.07 mml 

Sand a Gravel Sizes DTA 
Determination of 

Carbonate minerals 
Organic matter 
Free iron oxides 

Gravel. Sand, a Silt Size 
Cloy Size 

(-2nl 

(Pretreotmenis) 

Froctionation 

Pretreotments 
DTA 
X-ray dittraction 
Potash determination 
Glycol adsorption determination 

Microscopic Study 
Mineral identification 
Degree of aggregation 
Extent of weathering 
Particle shope 
Angularity 
Texture 

Figure 1. Flow sheet for mineral analysis. 

occurrence of d i f f e ren t minerals i n soils; 
(2) p e r m i t t i n g general correlat ions between 
composi t ions and behavior t o be d r a w n ; and 
(3) i nd i ca t i ng those minerals w h i c h should 
be subjected t o tests to determine the i r 
engineering behavior alone or as soil com
ponents. 

M I N E R A L A N A L Y S I S 

Test Procedures 

T h e flow sheet i n F igure 1 indicates the 
general analysis scheme. A t h e r m o g r a m ' 
on the - 0 . 0 7 - m m . f r a c t i o n is ob ta ined as the 
f i r s t step i n analysis, because thei'e are i n 
stances where th i s t h e r m o g r a m indicates the 
complete composi t ion (see, fo r example, 
the rmograms of Samples 6 and 14). I n a n y 
case, the t h e r m o g r a m on the s i l t and clay 
p o r t i o n is a valuable guide as to w h a t add i 
t i o n a l tests and special t r ea tments m i g h t be 
most use fu l . D e t e r m i n a t i o n of carbonate 
minerals is general ly made f r o m the carbonate 
peaks on the t h e r m o g r a m . AVhere carbonate 
minerals are p o o r l y crys ta l l ized or a m i x t u r e 
of carbonates occurs m a k i n g i n t e r p r e t a t i o n of 

1 .A thermogram is the plot of AT versus T obttiined by 
differential thermal analysis (DT.A). Details of this pro
cedure have been previously described by Lambe (7). 
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the t h e r m a l peaks d i f f i c u l t , t he loss i n sample 
weigh t w h i c h results when the soil is t rea ted 
w i t h 2 N acetic acid is ascribed t o carbonate 
minerals . A l t h o u g h n o t as accurate as Schol-
lenburger 's me thod {15), t he acetic-acid 
m e t h o d has been f o u n d to be accurate t o ± 1 0 
percent on inoi-ganic soils, w h i c h is considered 
sa t i s fac tory . 

Organic m a t t e r is de te rmined b y Peech's 
m e t h o d {12). A so lu t ion of potass ium d i -
chromate and s u l f u i l c acid oxidizes the organic 
m a t t e r and the unreacted d ichromate is t h e n 
t i t r a t e d w i t h ferrous sul fa te so lu t ion . Fi'ee 
i ron oxides are b r o u g h t i n t o so lu t ion b y the 
use of Mackenz ie ' s {9) ex t r ac t ion procedure 
and the ii-on de te rmined b y the use of the 
o-phenanthrol ine color I 'eaction recommended 
b y Peech {11). Results of the de te rmina t ions 
of organic m a t t e r and of free i r o n oxide are 
expressed i n percent of the d r y soil we igh t 
(—0.07-mm. f r a c t i o n ) . 

De te rmina t ions of carbonate minerals , 
organic m a t t e r , and free i ron oxides are per
f o r m e d p r io r t o p repara t ion of the clay f r ac 
t i o n fo r analysis, because these detei-mina-
t ions d ic ta te w h a t pre t rea tments w i l l be 
requi red . 

W h e t h e r pre t rea tments are pe r fo rmed p i i o r 
t o , or a f te r , f r a c t i o n a t i o n of the cla\ ' , is 
de te rmined b y how m u c h organic m a t t e r , 
carbonate minerals , or free i r o n oxide are 
present. F o r example, separat ion of the clay 
minerals f r o m Sample 11 w o u l d be ra ther 
d i f f i c u l t i f the m a j o r p o r t i o n of the calcite 
had no t been fii'st removed. Pre t rea tments 
used are: (1) r emova l of carbonate minerals 
b y the use of acetic acid, (2) i-emoval of 
organic m a t t e r b y the use of 15 percent H 2 O 2 , 
(3) I 'emoval of free i r o n oxides b y the use of 
the M a c k e n z i e ex t r ac t ion pi'ocedui-e. A f t e r 
p re t r ea tmen t the f r ac t i ona t ed — 2-M c lay 
is made homoionic w i t h respect t o ca l c ium 
b y the use of ca lc ium acetate; the excess salt 
is removed b y alcohol washing. 

Tests made on the clay f r a c t i o n include 
D T A , x - r a y d i f f r a c t i o n , potash de te rmina
t i o n , and g lyco l r e ten t ion . T h e x - r a y pa t te rns 
were obta ined w i t h an evacuated powder 
camera of 114.6-mm. diameter and u n f i l t e r e d 
c h r o m i u m rad ia t ion . T rea tmen t s used i n 
c o n j u n c t i o n w i t h x ray fo r pos i t ive iden t i f i ca 
t i o n of minera l species are those of B r i n d l e y 
{2). T h e m e t h o d f o r potash de t e rmina t ion is 
essentially l ike t h a t of G a m m o n {6). G l y c o l 

r e ten t ion measurements are made f o l l o w i n g 
D y a l and H e n d r i c k s ' procedure (5) except 
t h a t a free g lyco l surface is inc luded w i t h 
each b a t c h because tests have shown t h a t a 
def in i te e q u i l i b r i u m value can be ob ta ined 
b j ' th i s procedure.^ M e t h o d s of ca lcu la t ing 
the percentages of the var ious clay minera ls 
are discussed i n Section C. 

Resul ts of the c l ay - f r ac t i on analysis are 
Imported i n Tab le 3 i n te rms of the combined 
si l t and clay f rac t ions . F o r example, i f D T A 
on the combined s i l t and clay, and clay f r ac 
t ions gave an endothermic peak abou t 600 C. 
w i t h an a m p l i t u d e of 3 and 5 cm. , respect ively, 
and the detai led s tudy of the clay f r a c t i o n 
revealed i t t o be 80 percent i l l i t e , t h e n b y the 
use of the D T A da ta f o r the combined s i l t 
and clay the i l l i t e percentage f o r the —0.07-
m m . p o r t i o n of the soil w o u l d be 50. 

Definition of Terms 

Since the i den t i f i c a t i on of minera ls i n 
fine-grained soils involves the assumpt ion 
t h a t the propert ies of the soil minerals are 
iden t i ca l w i t h those of a set of reference 
minerals , i t is impe ra t i ve t h a t the reference 
minerals be def ined and the i r propert ies 
g iven . 

Kaolin is the m i n e r a l g roup w h i c h includes 
kao l in i t e , hal loysi te , d i ck i t e , and nacr i t e . 
K a o l i n i t e and hal loysi te are the commonest 
species of th i s group and the i r i d e n t i f i c a t i o n 
has been t h o r o u g h l y discussed b y B r a m a o , 
et a l , ( / ) and Sand and Bates {H). 

Montmorillonoid is the mine ra l g roup w h i c h 
includes m o n t m o r i l l o n i t e , non t ron i t e , hec-
to r i t e , and saponite. N o n t r o n i t e and m o n t 
m o r i l l o n i t e are the commonest species of 
th i s g roup . 

Hydrous mica is the m i n e r a l g roup w h i c h 
includes a l l f o rms of c lay mica , b o t h w i t h 
and w i t h o u t i n t e r s t r a t i f i c a t i on . 

Illite is the m i n e r a l g roup w i t h i n the 
hydrous m i c a group f o r w h i c h the x - r a y 
pa t te rns show no changes w i t h ei ther m i l d 
chemical or heat t r e a tmen t . 

Chlorite is the m i n e r a l g roup w h i c h includes 
cl inochlore, p roch lor i t e , pennin i te , r i p i d o l i t e , 
t h u r i n g i t e , and leuchtenbergi te . 

Vermiculite and attapulgite are specific 
minerals about w h i c h there is l i k e l y t o be 
l i t t l e a m b i g u i t y . 

' Unpublished data of J I . I . T . Soil Stabilization Labora
tory. 
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TABLE 1 
G L Y C O L R E T E N T I O N A N D P O T A S H D A T A F O R 

R E F E R E N C E M I N E R A L S " 

Glycol 
Mineral Source ; Reten KiO 

tion 

)"«•/«• % 
Kaolinite Bath. S. C > 20 0 
Ilalloysite A P I H-12" 50 0 
MontmoriUonoid A P I H-33a, 11-20" 280 0 

(averaKe) 
Illite A P I 11-35," 80 6.0 
Attapuljjite .Attapulgua, Ga. 150 0 
Vennic\ilite M.I .T. Geology Dept. 170 0 
Chlorite Wards Natural Science 35 0 

Estab. 

^ Data obtained on —2[x, organic matter, free calcium-
saturated nuiterial. 

^ Samples from A P I type localities but the actual A P I 
number is not known. 

" . \ P I number refers to Reference 20. 

C r i t e r i a f o r pos i t ive i den t i f i c a t i on of the 
above minerals and grou])s are largely based 
on the procedures recommended b y B r i n d l e j ' 
(2). S])eeific cases w i l l be considered i n Sec
t i o n C. 

G l y c o l r e ten t ion and i)otash da ta fo r the 
reference minerals ai-e g iven i n Tab le 1. 
The rmograms obta ined on the t h e r m a l 
analyzer of th i s L a b o r a t o r y have been p u b 
lished fo i ' t he reference minerals (7) . T h e 
d-value tables of B r i n d l e y (^) and s tandard 
pa t te rns of th i s laboi 'a torv were used f o r the 
i n t e rp re t a t i on of the x - r a y pat terns . 

Discussion of Mineral Analyses 

There is l i t t l e quest ion t h a t c lay minei 'als 
p l a j - an i m p o r t a n t role i n de t e rmin ing soil 
propert ies . F o r th i s reason, the 40 samples 
analyzed are d i v i d e d i n t o three m a j o r groups 
depending on the na ture of the - 2 - M f r a c t i o n . 
W i t h i n each m a j o r d iv i s ion the soils are f u r 
ther separated i n t o groups of s imi la r m i n -
eralogical character. T h e clay m i n e r a l per
centages g iven i n Tab le 3 i n m a n y instances 
indicate the re la t ive j^ ropor t ion of the m i n 
erals present as de te rmined on the clay f r a c t i o n 
and should no t be construed as an i nd i ca t i on 
of h i g h accuracy. 

Non-Clay-Mineral Fines. T h e t h e r m o g r a m 
of Sample 1 (F ig . 2) showed no clay minerals 
and when the - 2 - ^ f r a c t i o n was x - r ayed 
on ly reflections of quar tz and feldspars were 
observed. B o t h the x - r a y da ta on the clay 
size ma te r i a l and the pet rographic da ta on 
the s i l t ind ica ted quar tz and feldspars i n 
about equal abundance. Since the D T A 
indicates 35 pei'cent quar tz , the percentage of 

feldspar mus t be abou t 35. T h e clay content 
of Sample 1 is so low t h a t even w i t h an 
organic m a t t e r content of 3.8 percent the 
soil is nonplast ic . 

Samples 2 and 3 are classed as organic 
soils; the rmograms of the organic m a t t e r 
free p o r t i o n of these soils indicate no clay 
minerals . Pet rographic examina t ion of the 
clay size m a t e r i a l f r o m Sample 3 showed i t 
t o be diatomaceous ear th . X - r a y d i f f r a c t i o n 
of the clay size f r o m Sample 2 gave poor ly 
def ined reflect ions a t t r i b u t a b l e t o boehmite 
and goethi te . F r o m the t h e r m o g r a m of Sample 
2 the percentage of hydrous i ron and a l u m i 
n u m oxides was es t imated. 

Sample 4 is p redomina te ly i r o n oxides as 
evidenced b y the chemical anal^'ses and the 
s t rong aFcoOs and magnet i te reflections on 
the x - r a y - d i f f r a c t i o n pat terns . I t m i g h t be 
ment ioned t h a t a free-iron-oxide de termina
t i o n on Sample 4 showed 60 percent FejOs 
as free i ron oxides. 

Monodaii-Mineral Fines. T h e monoclay-
n i ine ra l soils are about equal ly d i v i d e d among 
the three m a j o r c lay minerals , kao l in i t e , i l l i t e , 
and m o n t m o r i l l o n o i d . 

The rmograms of Samples 6 and 8 are 
clearly those of a k a o l i n mine ra l . The slope 
ra t io of the 600-C. peak and the x - r a y pat 
terns b o t h ind ica ted t h a t the k a o l i n minera l 
is kao l in i t e . B y the use of D T A and x - r a y 
data , Sample 7 was clearly iden t i f i ed as 
k a o l i n and boehmi te ; however, whether the 
k a o l i n is hal loysi te or kao l in i t e is d i f f i c u l t t o 
ascertain, because the near superposi t ion of 
t h e r m a l peaks makes i t impossible t o measure 
the slojje ra t io of the 600-C. k a o l i n peak and , 
whi le a g lyco l r e ten t ion of 62 m g . per g. is 
nearer t h a t f o r halloj-si te t h a n kao l in i t e , the 
c o n t r i b u t i o n t h a t boehmite makes t o the 
g lyco l value is u n k n o w n . T h e x - r a y p a t t e r n 
tends t o w a r d ha l loys i te b u t is n o t considered 
su f f i c i en t ly clear cu t t o w a r r a n t the e l imina 
t i o n of kao l in i t e . Therefore , the clay mine ra l 
i n Sample 7 is called s imp ly k a o l i n . 

l U i t e is the o n l y clay mine ra l i n the clay 
f rac t ions of Samples 9 and 10; b u t based on 
the —0.07-mm. ma te r i a l , the a m o u n t of 
iUite is l ow . 

The rmograms on Samples 13 and 14 reveal 
the m i n e r a l m o n t m o r i l l o n i t e ; th i s conclusion 
is substant ia ted b y the x - r a y and g lyco l da ta . 
T h e clay m i n e r a l i n Sample U is w h o l l y 
m o n t m o r i l l o n o i d p robab ly non t ron i t e , b u t 
th i s comprises a mere 5 percent of the t o t a l 
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T E M P E R A T U R E IN 100° C 

0 1 2 3 4 5 6 7 6 9 10 II 0 1 2 3 4 5 6 7 

5 1 9 

9 10 II 

S A N D , L A B R A D O R 

S I L T Y C L A Y , D U T C H G U I A N A 
2000 SCALE 

S I L T , L A B R A D O R 

R E D C L A Y , J A M A I C A 
1000 SCALE 

M U S K E G . L A B R A D O R 

S A N D , F L A . 1000 SCALE 

C L A Y . C Y P R U S 

S I L T , I N C . 1000 SCALE 

M A R L , J A M A I C A MULTIPLE SCALE ' 

C L A Y , N H 

T E M P E R A T U R E IN 100" C 

Figure 2. Thcrmo^ams for natural soils. Al l samples are -0.07 mm. and 50 percent R.H. Asterisk on the ordinate 
scale means 500 unless otherwise noted. 
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T A B L E 2 
D I S T R I B U T I O N O F I L L I T E - M O N T M O R I L L O N O I D 

M I X T U R E S I N H Y D R O U S M I C A 

Frequency (* c if samples observed) 

Ideal (I:M) ratio' Ideal (I:M) ratio' 
for a given for interstrati-

Ideal (I:M) ratio' 

(I:M) ratio fication 

1 6:1 
2 2 3:1 
4 4 1:1 
2 1 1:2 
1 1 1:5 
2 0 1:15 

> See text for nietliod of calculation. 

sample. T h e the i 'mogram of Sample 12 i n d i 
cates i l l i t e or n o n t r o n i t e i n a d d i t i o n t o dolo
m i t e . X - r a y d i f f i -ac t ion shows s t rong m o n t -
m o r i l l o n o i d lines and modera te fe ldspar 
lines. Petrographic examina t ion of the fine 
sand of Sample 12 revealed t h a t feldspars 
were much-more abundan t t h a n qua r t z . 
T h e f ac t t h a t m a n y of the feldspar grains 
showed extreme weather ing p robab ly accounts 
f o r the presence of feldspars in the clay size 
ma te r i a l . 

Mixtures of Clay Mineral Fines. Over ha l f 
of a l l the samples s tudied con ta in mi.xtures 
of c lay minerals . X - r a y da ta on these mix tu res 
indicate t h a t t h e y v a r y f r o m a j j p a r e n t l y 
s imple mix tu res t o h i g h l y i n t e r s t r a t i f i ed 
complexes. Where i n t e r s t r a t i f i c a t i o n is i n d i 
cated b y the x - r a y da ta i t is so shown i n 
Tab le 3. T h e n on the assumpt ion t h a t the 
i n t e r s t r a t i f i ed layers are ideal i l l i t e , m o n t -
m o r i l l o n o i d , ch lor i te , or ve rmicu l i t e , t he 
percentage of the minerals is calculated. 

H y d r o u s mica occurs i n 28 of the 40 samples 
examined, and i n 16 of these 28 the o n l y 
clay minerals ai-e i n the hydrous mica g roup . 
Samples 9 and 10, w h i c h are clearly i l l i t e , 
have already been discussed. 

The rmograms on Samples 15 t h r o u g h 28 
general ly suggest lu 'dvous m i c a w i t h var ious 
degrees of m o n t m o r i l l o n o i d as evidenced b y 
the adsorbed H j O peak. X - r a \ - da ta on th is 
g roup indicate (1) iUite and m o n t m o r i l l o n o i d 
minera ls t o v a r \ ' i n g degrees and (2) in te r 
s t r a t i f i c a t i o n f r o m n i l t o ve ry m a r k e d . Jus t 
where a cer ta in sample fa l ls w i t h i n the 
hydrous mica group was es t imated f r o m the 
potash and g lyco l da ta . T h e a m o u n t of i l l i t e 
was calculated f i ' o m the potash da ta b y the 
use of 6 percent K^O f o r the i-eference i l l i t e . 
T h e a m o u n t of m o n t m o i i l l o n o i d was calcu
la ted f r o m the gh 'co l da ta a f t e r sub t r ac t ion of 

the i l l i t e c o n t r i b u t i o n . A d m i t t e d l y th i s 
ca lcu la t ion procedure is somewhat a r b i t r a r y 
because t w o samples, one i n t e r s t r a t i f i ed and 
the other a s imple m i x t u r e h a v i n g the same 
p r o p o r t i o n of calculated i l l i t e and m o n t m o r i l 
l ono id , w o u l d p r o b a b l y behave d i f f e r e n t l y . 
T h e ca lcu la t ion , however, of ideal i l l i t e - m o n t 
m o r i l l o n o i d f o r these hydrous micas does 
p rov ide a basis of compar ison. F u r t h e r , as 
shown i n Tab le 2, the i n t e r s t r a t i f i ed samples 
domina te the m i d i l l i t e - m o n t m o r i l l o n o i d 
region and as the i ) r o p o r t i o n of i l l i t e or 
m o n t m o r i l l o n o i d becomes large the c lay is 
apparen t ly a simple m i x t u r e . 

T h e occurrence of s imple mix tu res near the 
ends of the i l l i t e - m o n t m o r i l l o n o i d range m a y 
be more appai 'ent t h a n real, because as the 
a m o u n t of a g iven component becomes low, 
i t s x - r a y reflections weaken and the evidence 
f o r i n t e r s t r a t i f i c a t i o n w i l l also weaken or 
disappear. Sample 23 was the on ly sample 
where i l l i t e and m o n t m o i i l l o n o i d x - r a y re
flections were s t rong t h a t no evidence of 
i n t e r s t r a t i f i c a t i o n was observed. 

T h e h igh-potash-and- low-glycol value of 
Sample 28 s t rong ly suggest a hyd rous m i c a 
t o w a r d the mica end. B y the use of 11 percent 
K 2 O and 20 m g . of g lyco l per g. f o r mica , 
the a m o u n t of mica requi red t o account f o r 
the apparent def iciency i n g lyco l r e t en t ion was 
calculated. Since the x - r a y and D T A da ta 
indica te s t rong i l l i t i c character, the p ro 
p o r t i o n i n g of the potash and g l y c o l values t o 
i l l i t e and m i c a appears t o be j u s t i f i e d . 

T h e second largest gi-oup of mix tu re s are 
those composed of hydrous mica and ch lor i te 
or ve rmicu l i t e . T h i s group is considered as a 
u n i t because the i d e n t i f i c a t i o n of the m i x t u r e 
as hydrous mica-chlor i te or hydrous mica-
ve rmicu l i t e is based on differences produced 
i n the x - r a y reflections f o l l o w i n g var ious 
t r ea tments . Samples 29 t h r o u g h 33 have been 
iden t i f i ed as hydi 'ous mica-ch lor i te m i x t u r e s ; 
Samples 35 and 36 as i l l i t e - v e r m i c u l i t e m i x 
tures ; and Sample 34 as an i l l i t e - swe l l ing 
chlor i te m i x t u r e . 

A l m o s t iden t i ca l x - r a y j j a t t e rns were ob
ta ined on Sample 32 f o r b o t h g lycero l and 
NH4CI t r ea tments . ' F o l l o w i n g heat t r e a t m e n t ' 
t he 14A reflect ions became v e r y s t rong, the 

3 Glycerol treatment, the clay is mixed with glycerol, 
allowed to stand for 30 minutes and the product X-rayed. 

N H i C l treatment, the clay is boiled 5 minutes with 2N 
NH4CI and the product X-rayed. 

Heat treatment, the clay is heated at 550C. for 30 minutes 
and the product X-rayed. 
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T A B L E 3 

S O I L C O M P O S I T I O N A N D P R O P E R T I E S 

Soil 

Nonclay Minerals 
Brown silty sand 
from Labrador, 
Canada (Ontario 
Northland Rail
way) 
Organic silts from 
Labrador, Can
ada (Ontario 
Northland Rail
way) 
Black Muskeg from 
Labrador, Canada 
(Ontario North
land Railway) 
Reddish brown 
clay 

Monoclay MineTali 
Marl from near 
Kingston, .Ja
maica, B.W.I . 

Crayish white 
silty clay from 
Suriname Dutch 
(luiana 

Bright red clay 
from near King
ston .Jamaica, 
B.W.I . 

Red silty sand 
from Lake Wales, 
Florida 

Brown silt from 
Valparaiso, Indi
ana 

Stratified clay 
from Portsmouth 
N . I I . 

Yellowish tan silt 
from French 
Morocco 

Dark gray shale 
from Panama 
Canal Zone 

Dark gray ben-
tonite from Oahe 
Damsite, Pierre, 
S. D. 
Bentonitic clay 
from Cyprus 

Supplied By 

Particle 
Size in 

MM 

Hanna Com
pany, Cleve
land, Ohio 

Hanna Com
pany, Cleve
land, Ohio 

Hanna Com
pany, Cleve
land, Ohio 

D. D. Dimi-
trious, C y 
prus 

E . E . Fraser, 
Water Com
mission, Ja
maica, B.W.I. 
Moran, Proc
tor, Mueser 
and Rut-
ledge, New 
Y'ork City 
E . E . Eraser, 
Water Com
mission, Ja
maica, B.W.I. 

Mt. Lake 
Corporation 
Lake Wales 

A C A F E L . 
Corps of E n 
gineers 

A C A F E L , 
Corps of E n 
gineers 

R . R . Phil-
lipe. Corps of 
Engineers 

W. J . Turn-
bull, W E S 
Corps of E n 
gineers 

S. J . Wilson, 
Harvard Uni
versity 

D. D. Dimi-
trious, Cy
prus 

77 

Composition of 
Silt and Clay 

Portion in 
% B y 

Weight 

Quartz = 35 
Feldspars = 35 
O.M. = 3.8 

O.M. = 25 
Quartz = 20 
Hydrous Fe and 
Al oxides = 20-40 

O.M. = 76 
Diatoms = ± 5 

Chemical .\naly-
sis; 
Fe,0< = 65 
SiO, = 10.9 
AhOs = 8.0 
- I - H J O , O.M. etc. 
= 15.2 
FesOs = 60 

Calcite = 75 
Montmorillonoid 
= 10 

Kaolinite = 90 

Kaolin = 65 
Boehmite = 25 
Illite = trace 
Quartz = trace 
Fe203 = 12 
O.M. = 3.1 
Quartz = 35 
Kaolinite = 60 
Fe.Oi = 6.5 
O.M. = 1.2 
Dolomite = 35 
Quartz = 30 
Illite = 15 
O.M. = 1.3 
FeiOs = 1.5 

Quartz = 35 
lUite = 5-15 
FciOi = 1 . 5 

Quartz = 5 
Calcite = 90 
Montmorillonoid 
= 5 
Feldspar (clay 
sizes) = 10 
Dolomite = 10 
Montinorillonoid 
= 25 
O.M. = 2.0 
FejOj = 1.7 

Montmorillonite 
= 85 

Montmorillonite 
= 100 

Atterberg 
Limits 

and 
Natural 
Water 

Content 
i n % 

Not 
plastic 

wi = 388 

w, = 302 

w, = 57 
wp = 35 
Wn = 28 

wi = 60 
Wp = 37 

wi = 24 
w„ = 20 

wi = 26 
to 30 
Wp = 18 

wi = 75 
Wn — 46 
Wn = 37 

Engineering 
Properties 

Cation exchange 
capacity = 6 
m.e./lOO g 

Void ratio at 
pressure of I -
0.83, at p of 10, 
e = 0.82, U = 
11.5 T / f t ' 

^1 = "6 Jstd. 
Wont = 13.5/ 
Proctor: C E F S C 
of "very high" 

= 97 to 104 
and Wopt = 24 to 
28 C E F S C of 
"High" for un
disturbed and re
molded 
Std. Proctor Com
paction test Data 
7d = 97 Wopt = 
19.5 
Consolidation 
test data: start 
of test e = 1.065 
p of 1, e = 1.054 
p of 10, e = 1.033 
end of test e = 
1.060 

U = 13.5 pai 

Remarks 

No clay minerals 

Quartz very abun
dant; diatoms and 
mica abundant in 
the silt sizes 

Diatoms dominant 
in the clay size 

This earth used as 
paint pigment. 
Mineral species 
present are aFe203 
and magnetite 
(Ref. 4) 

Very strong pre-
compressed clay 
(Ref. 10) 

Angular grains of 
quartz. feldspars 
and pyroxenes in 
about equal pro
portion in the silt 
and fine sand 
Very angular min
eral grains in silt 
and fine sand 

High rebound; 
Swells in presence 
of water. Very 
highly weathered 
plagioclase feld
spars dominant in 
the fine sand and 
coarse silt 
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28 

Soil 

Clay Mineral Mix
tures 
Hydrous Micas 
Dark gray clay 
from Tomari 
Harbor, Okinawa 

Red clay from 
near Kingston, 
Jamaica, B.W.I, 

Bentonite from 
Westmoreland, 
Jamaica, B.W.I . 

Clay from 
WASHO test 
road, Malad, 
Idaho 

Clay from Munic
ipal Airport, 
Fargo, N . D . 

Black sandy silt 
from Texas 

Red Periman 
clay from Tinker 
Air Base, Okla. 

22 I Gray brown clay 
from Jackson, 
Mississippi 

Gray clay from 
Brookley Air Base, 
Mobile, Ala. 

24 j Brown sandy silt 
from Nile Valley, 
near Cairo, Egypt 

Gray-green, 
slickensided shale 
(Cucarache) from 
Panama Canal 
Zone 
Dark brown clay 
Bombay, India 

Yellow clay from 
near Kingston, 
Jamaica, B.W.I . 

Gray boulder clay 
from Townsend Pit. 
Bernardson, Mass. 

Supplied By 

Moran, Proc
tor, Mueser 
and RutledgC: 
New York 
City 

E . B . Fraser, 
Water Com
mission, Ja
maica 

E . E , Fraser, 
Water Com
mission, Ja
maica 

A C A F E L 
Corps of E n 
gineers 

A C A F E L 
Corps of E n 
gineers 

Ohio River 
Div. Corps of 
Engineers 

W. J . Turn-
bull, W E S 
Corps of E n 
gineers 

Ohio River 
Division, 
Corps of E n 
gineers 

A. D . Little 
Company, 
Cambridge, 
Mass. 

S. J . Wilson, 
Harvard 
University 

Dames and 
Moore 

E . E . Fraser, 
Water Com
mission, Ja
maica, B.W.I. 

Mass. Dept. ofl 
PubUc Works 

Particle 
Size in 

MM 

92 

97 

29 

95 

64 

24 

Composition of 
Silt and Clay 

Portion in 
% By 
Weight 

Quartz = 15 
Illite = 40 
Montmorillonoid 
= 7 
O.M. = 3.7 
FejOi = 3.7 
(Illite = 50) 
(Montmorillo
noid = 16) 
FeiO, = 3.8 
Gibbsite = 5 
(lUite = 40) 
(Montmorillo
noid = 12) 
Quartz = trace 

Carbonate min
erals = 15 
(Illite = 13) 
(Montmorillo
noid = 12) 
O.M. = 2.7 
Fe20j = 1.4 
Quartz = trace 
Quartz =15 
Carbonate min
erals = 10 
(lUite = 26) 
(Montmorillo
noid = 29) 
FciO. = 4.0 
O.M, = 0.9 
Quartz = 20 
Calcite = 10 
O.M. = 1.2 
(Illite = 15) 
(Montmorillo
noid = 15) 
FezOi = 0.6 
Quartz = 40 
(Illite = 30) 
(Montmorillo
noid = 30) 
FeiOi = 2.3 
Quartz = 10 
O.M. = 2 
(Illite = 25) 
(Montmorillonite 
= 50) 

Montmorillonoid 
= 45 
Illite = 25 
O.M. = 5.6 

Quartz = 25 
(Montmorillonoid 
= 50) 
(Illite = 10) 
Dolomite = 8 
FeiO, = 3.1 
Montmorillonoid 
= 80 
Illite = 5 

Magnesite = 5 
FeiOj = 4.5 
O.M. = 0.7 
(Illite = trace) 
(Montmorillonoid 
= 70) 

Montmorillonoid 
= 70 
Illite = 5 
FejOi = 2.3 
Quartz = trace 
Quartz = 20 
(Illite = 60) 
(Mica = 25) 
FciO, = 0.5 
O.M. = 1.7 

Atterberg 
Limits 

and 
Natural 
Water 

Content 
in % 

wi = 66 
wp = 24 

wi = 
130± 

wi = 37 
Wp = 24 

wi = 68 
Wp = 46 
w„ = 29 
to 32 

Not 
plastic 

w, , 
Wp 

wi = 106 
Wp 40 
wi = 62* 
Wp = 37* 
Wn = 80 
w, = 30 
Wp 20 

wi = 69 
Wp = 30 
w„ = 38 

Wl = 99 
Wp = 28 

W| = 
Wp ' 

Engineering 
Properties 

Consolidation 
Test Data: p of 
1, e = 1.54 p of 
10, e = 1.34 U = 
0.43 T/ft2 

Non-swelling 
bentonite 

C E F S C of "me
dium" Td = 100 
Wopt = 21 

C E F S C of "Low" 
Natural dry den
sity of 86 to 89 lb. / 
ou. ft. 

Natural yi = 52 
U = 23 psi, R = 4 
psi. Highly com
pressible and ex
pansive clay. 

Natural dry 
density = 87 lb./ 
cu. ft. 

Td = 116 
Wopt = 16 
U at Wopt = 2200 
Ib./sq. ft. 

Remarks 

(Ref. 10) 

Silt and eand frac
tion almost 100% 
volcanic glass. 
Grains very angu
lar and irregularly 
shaped 

Mica abundant in 
silt and fine sand 

Highly weathered 
sand composed of 
quartz and feldspar 

Exhibits excessive 
swelling 

Micas very com
mon and amphi-
boles and pyrox
enes abundant in 
siLt and fine sand 

This soil undergoes 
excessive shrinkage 
and cracking upon 
drying. Amphi-
boles and pyrox
enes more abun
dant than quartz 
and feldspars in 
the fine sand. 

Sand and silt 
mostly angular 
quartz and mica. 
(Soil M17 Ref. 21) 
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T A B L E 3—Contin-ued 

Soil 

Clay Mineral Mix
tures—Continued 

lUite-Chlorite or 
Vermiculit* 
Gray clay from 
Livermore Falls, 
Maine 

Brown boulder 
clay from Fall 
River Express
way, Mass. 

Gray clay from 
Searsport, Maine 

Gravelly sandy 
clay from Thule, 
Greenland 

Gray clay from 
Sweden 

Gray silt from 
Whitehorse, Y u 
kon Territory, 
Canada 

Brown silt from 
Fairbanks, Alaska 

Red sandy clay 
from White Pine, 
Michigan 

Ulite-Kaolin 
Red and Gray 
clay from founda-
tioji of Delaware 
Memorial Bridge 

Tan silty clay 
from Baker Pit, 
Wellfleet, Mass. 

.\ttapulgite-Hy-
drous Mica 
Light brown clay 
from French 
Morocco 

Supplied By 

International 
Paper Com
pany 

Mass. Dept. 
of Public 
Works 

A C A F E L 
Corps of E n 
gineers 

A C A F E L 
Corps of E n 
gineers 

Swedish Geo-
t«chnical In 
stitute 

A C A F E L 
Corps of E n 
gineers 

A C A F E L 
Corps of E n 
gineers 

Moran, Proc
tor, Mueser 
and Rutledge 
New York 
City 

Moran, Proc
tor, Mueser 
and Rutledge, 
New York 
City 

Mass. Dept. 
of Public 
Works 

W. J . Turn-
bull. W E S . 
Corps of E n 
gineers 

Particle 
Size in 

MM 

82 

28 

90 

65 

78 

55 

30 

70 

Composition of 
Silt and Clay 

Portion in 
% B y 

Weight 

Quartz = 30 
(imte = 30) 
(Chlorite = 5 ± ) 
Fe,03 = 1.9 
O.M. = 0.4 
Quartz = 45 
(Illite = 40) 
(Chlorite = 10±) 
FeiOj = 0.6 

Quartz = 35 
Illite = 45 
Chlorite = 15± 
O.M. = 0.7 
FeiOi = 1.6 

Carbonate min
erals = 45 
(Illite = 20) 
(Mica = 3) 
Chlorite = 30 
FeiOj = 0.7 
(Illite = 55) 
(Mica = 15) 
(Chlorite = 20±) 
O.M. = 0.9 
FejOa = 2.1 

Quartz = 30 
Calcite = 10 
Fe,0, = 0.9 
(Illite = 25) 
(Swelling Chlorite 
= 15) 

Quartz = 35 
(Vermiculite = 27) 
(IUite = 20) 
O.M. = 1.2 
FejOa = 1.3 

Quartz = 50 
Dolomite = 15 
(Illite = 20) 
(Vermiculite = 5) 
O.M. = 2 
FeiOj = 0.9 

Quartz = 50 
Kaolinite = 25 
Illite = 25 
Fe20. = 4.2 

Quartz = 50 
Illite = 20 
Kaolinite = 15 
Gibbsite = trace 
O.M. = 0.5 

Quartz = 15 
Calcite = 60 
Illite = 12 
Attapulgite = 12 
O.M. = 0.9 

Atterberg 
Limits 

and 
Natural 
Water 

Content 
in % 

W] = 33 
w„ = 18 

wi = 19 
Wp = 12 

wi = 37 
Wp = 19 
w„ = 26 
to 30 

wi = 19 
Wp = 10 

wi = 25 
Wp = 19 

wi = 32 
Wp = 26 

wi = 35 
Wp = 20 
wn = 20 

wi = 29 
w„ = 18 

wi = 1001 
Wp = 34 
w„ = 30 

Engineering 
Properties 

Td = 119 
Wopt = 13, U at 
w„pt = 1900 lb./ 
sq. ft. 

Natural dry den
sity = 95 to 99 
C E F S C of "High 
to very High" for 
undisturbed and 
"medium" for re
molded. 
7d = 140t 
Wopt = 7.0t 
C E F S C of "Low" 

7d = 124.5 
Wopt = 11-5 
C E F S C of "Me
dium" 

Td = 107t 
Wopt = 17-lt 
Td = 97 to 104§ 
w = 24 to 28§ 
C E F S C of "High" 
for undisturbed 
and "Very High'' 
for remolded. 
Consolidation test 
data; p of 1, e = 
0.38; p of 10, e = 
0.33; U = 2.3 T / 
ft^; Natural dry 
density = 138 

Consolidation test 
data: start of test 
e = 0.54, p of 1 
e = 0.63, p of 10 
e = 0.45; end of 
test, e = 0.60, U 
= 22.9 T/ft" 
7d = 107 
Wopt = 18 
U at Wopt = 1600 
Ib./sq. ft . 

ConsoUdation test| 
data; start of test 
e = 1.15, p of 1, 
e = 1.10, p of 10, 
e = 0.96, end of 
test, e = 1.15, com 
paction test data; 
Td = 81 

Remarks 

Sand and silt 
mostly sub-angu
lar quartz and feld
spars (Soil M2 Ref. 
21) 
Feldspars more 
abundant than 
quartz; mica very 
common in silt and 
fine sand 

The clay minerals 
of this sample may 
be interstratified. 
Suspension of this 
clay used to lubri
cate sides of t\m-
nel built above 
ground surface 
then slide into 
place. 
Estimation of per
cent of clay min
erals in total soil 
difficult for this 
sample. Mica very 
common in silt and 
fine sand. 
.\11 mineral grains 
very angular; mica 
very common in 
silt and fine sand. 

Low strength for 
the very high den
sity (Ref. 10) 

Very high 
strength: sample 
swelled more on re
bound than it com
pressed on loading 
(Ref. 10) 

Sand and silt 
mostly sharp angu
lar quartz and 
mica. Prominence 
of micas and sil-
limanite grains 
make deviations 
from sphericity 
large (Soil M 10 
Ref. 21) 

Complete re
bound: Very low 
compacted dry 
density 
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40 

Soil 

Clay Mineral Mix
tures—Continued 

Attapulgite-Hy-
drous Mica—Con
tinued 

Tan sandy silt 
from I'̂ rench 
Morocco 

Supplied By 

Particle 
I Size in 
I MM 

R. R . Phil
ippe. Corps 
of Engineers 

! 86 0 

Composition of 
Silt and Clay 

Portion in 
% By 
Weight 

Quartz = trace 
Calcite = 50 
Dolomite = 20 
Attapulgite = 13 
(Illite = 4) 
(Montmorillonoid 
= 6) 

Atterberg 
Limits 

and 
Natural 
Water 

Content 
i n % 

Engineering 
Properties Remarks 

Std. Proctor Com
paction Data: 7a 
= 102 
Wopt = 19.4 

Symbols and Abbreiialions Used in Table 
1. O.M. = organic matter 
2. wi = Lifiuid limit 
3. Fe203 = free iron oxides 
4. Wp = plastic limit 
5. Wn = natural water content 
6. A C A F E I . = -Arctic Construction and Frost Effect Lab

oratory, Corps of Engineers, Boston, Massachusetts 
7. yd = optimum dry density in Ib./cu. ft. 
8. Wopt = olitiuium water content in % 

• Oven dried, 
t Mod. AASHO. 
t Std, Proctor. 
§ Natural. 

lOA ref lec t ion remainerl unchanged and the 
7A I 'eflection became ve ry weak. T h e d 
values fo r larger values of 2d also matched 
those of i l l i t e or chlor i te ref lect ions. There
fore , Sam])le 32 is c lea i ly a hyd rous mica -
chlor i te m i x t u r e and since no evidence of 
i n t e r s t r a t i f i c a t i o n was observed, i t is ap
pa ren t ly a s imple mi.xture. 

F o r sample 32 the a m o u n t of chlor i te was 
es t imated f r o m the t h e r m o g r a m b u t f o r the 
o ther sami)les con ta in ing ch lor i te the t h e r m a l 
peaks are smal l and no t su f f i c i en t ly resolved 
to p e r m i t e s t ima t ion f r o m D T A . T h e per
centage chlor i te repor ted fo r Samples 3 1 , 33, 
29, and 30 were made by a comparison of the 
intensi t ies of x-i-ay reflect ions and on t h e 
assumj^tioi i t h a t the chlor i te i n these samples 
is the same species as i n Sample 32. T h e p i t 
fa l ls of using x-i-ay ref lec t ion intensi t ies f o r 
es t imat ion of jjercentages are recognized, b u t 
wei-e resorted t o f o r the chlo i l tes because no 
other me thod was avai lable . For Samples 30, 
31 and 33 the e s t ima t ion of the chlor i te per
centage cannot be f a r i n error , because such 
a large p r o p o r t i o n of the c lay f r a c t i o n of 
these samples is hydrous mica . 

G l y c o l r e t en t ion values f o r Samples 32 
and 33 are s l igh t ly low f o r the i l l i t e per
centages ind ica ted b y the percent K 2 O . 

9. C E F S C = Corps of Engineers, Frost Susceptibility 
Classification 

10. e = void ratio 
11. U = unconfined compressive strength 
12. R = unconfined compressive strength on remolded 

sample 
13. p = applied pressure in tons per s<iuare ft 
14. ( ) interstratified minerals 
15. ± on chlorite percentages indicates imcertainty, see 

text for explanation. 

T h i s f ac t is general ly in te rpre ted as i n d i c a t i n g 
a hydrous mica t o w a r d the mica end of the 
hydrous-mica g roup . T h e a m o u n t of mica 
required t o account f o r the apparent de f i 
ciency i n gl.vcol r e ten t ion was calculated i n a 
manner s imi la r t o t h a t used fo r Sample 28, 
T h i s ca lcu la t ion produces an idealized condi 
t i o n j u s t as the percentage ca lcula t ion of 
i l l i t e and m o n t m o i i l l o n o i d f o r h y d r o u s m i c a 
t o w a r d the m o n t m o r i l l o n o i d end of t h e 
hydrous-mica range. Samples 31 and 32 
appeared t o be simple mix tures whi le Samples 
36, 33, 29, and 30 gtiv^e evidence of being 
in t e r s t r a t i f i ed . 

T h e clay f r a c t i o n of Sample 34 has been 
analyzed as i l l i t e and swel l ing chk) r i t e ._X-ray 
pat terns of th i s c lay w i t h no t r e a t m e n t and 
NH4CI t r e a tmen t were s imilar ,^ p roduc ing 
sharp reflections a t 14, 10, and 7A as wel l as 
smaller d values ind ica t ive of ch lor i te and 
i l l i t e . T i -ea tment of the sample w i t h gU-cerol 
gave a s t rong 18A I 'ef lect ion, no apparent 
change i n the lOA ref lec t ion and a somewhat 
weakened and broadened 7 A ref lec t ion . A f t e i ' 
heat treatment^ the lOA l ine remained u n 
changed, the 7A l ine was weak, and the 14A 
line was s t rong. On the assumpt ion t h a t a 
swel l ing ch lor i te w i l l r e t a in the same a m o u n t 
of g lyco l as ve rmicu l i t e , w h i c h f r o m s t r u c t u r a l 
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considerations w o u l d be a good f i r s t app rox i 
m a t i o n , the g l y c o l excess a f t e r ca lcu la t ing the 
i l l i t e percentage was ascribed to swel l ing 
ch lor i te . 

I l l i t e a n d ve rmicu l i t e were the c lay mine ia l s 
f o u n d i n the — 2 ma te r i a l of Samples 35 
and 36. B o t h samples gave evidence of being 
i n t e r s t r a t i f i e d b u t Sample 36 was more-
r a n d o m l y s t r a t i f i ed t h a n Sample 35. A f t e r 
NH, |C1 ti-eatment the 10.5A ref lec t ion was 
m u c h stronger on Sample 35 t h a n on 36. 
Percentages were again es t imated f r o m the 
potash and g lyco l da ta . 

T h e h j ' d rous mica i n six of the e igh t samples 
i n the hydrous -mica -ch lo r i t e -ve rmicu l i t e 
gi-oiip was i l l i t e , and the percentage of i l l i t e 
i n .seven o f the e ight was gi-eater t h a n or 
equal t o the percentage of the other com
ponents . 

I l l i t e , a long ^vi th kao l in i t e , is again a m a j o r 
component i n the clay f r a c t i o n of Samples 
37 and 38. T h e D T A , x - r a y , g lyco l , and potash 
( la ta indicate t h a t these t w o samples are 
s t r a i g h t f o r w a r d mix tu res of i l l i t e and kao l in i t e . 
T h e percentage kao l in i t e was es t imated f r o m 
the a m p l i t u d e o f the D T A peak, because i t 
has been f o u n d f r o m the s tudy of k n o w n m i x 
tures t h a t i n mix tu res con ta in ing as m u c h as 
t w o t h i r d s o f i l l i t e a n d one t h i r d o f kao l in i t e , 
the i l l i t e does no t a f fec t s ign i f i can t ly the 
am]) l i tude of the kao l in i t e peak. I l l i t e was 
calculated i n the usual w a j ' . T h e g lyco l da t a 
closely check these calculat ions. 

A l t h o u g h i l l i t e was a component of Samjjles 
39 and 40, a t t apu lg i t e was also present and 
was the d o m i n a n t mine ra l in the clay f i-act ion 
of Sample 40. X - r a \ - d i f f r a c t i o n pat terns of 
Sample 40 show i t t o be a m i x t u r e o f a t t a 
pu lg i te and hydrous mica of the i l l i t e - m o n t -
m o r i l l o n o i d t5-pe. K s t i m a t i o n of percentages 
i n th i s m i x t u r e is ra ther d i f f i c u l t . I l l i t e was 
calculated f r o m the potash da ta ; d iv i s ion of 
the remain ing g lycol between m o n t m o r i l l o n o i d 
and a t t apu lg i t e is no t as d i f f i c u l t as first 
appears, because f r o m a comparison of x - r a y 
reflections on Sample 40 w i t h those of reference 
minerals , cer ta in facts are clear. A t t a p u l g i t e 
reflections are s t rong, m o n t m o r i l l o n o i d re
flections are weak, and a l though m a n y i l l i t e 
and a t t apu lg i t e reflections reinforce each 
other , i l l i t e appears t o be weak. A smal l 
a m o u n t of i l l i t e is also ind ica ted b y the potash 
da t a (15 percent ) ; since x - r a y ( la ta indica te 
m o n t m o r i l l o n o i d stronger t h a n i l l i t e , the 

percentage m o n t m o r i l l o n o i d m u s t be greater 
t h a n 15. I n order t o account fo r the measured 
g l j ' c o l r e ten t ion f o r a m i n i m a l m o n t m o r i l l o n o i d 
peicentage of 15, there w i l l be a m a x i m a l 
a t t apu lg i t e percentage of 70. Since the x - r a y 
da ta indicate a t t apu lg i t e s t rong and m o n t 
m o r i l l o n o i d weak, another l i m i t i n g case can 
be calculated when the percentage m o n t m o r i l 
l o n o i d and a t t a p u l g i t e are equal . The s t ipu la 
t i o n imposed b y the g lyco l da ta makes the 
percentage m o n t m o r i l l o n o i d equal t o the 
percentage a t t apu lg i t e a t 35 percent. There-
f o i e , the percentage a t ta j^u lg i te is between 
35 and 70, and the percentage m o n t m o r i l 
lono id is between 15 and 35. T h e -^-alues re
por t ed fo r the clay f r a c t i o n were t aken about 
m i d w a y , i.e., a t t apu lg i t e 50 percent and m o n t 
m o r i l l o n o i d 25 percent. Sample 39 appeared 
to be a simple m i x t u r e of i l l i t e and a t t a 
pu lg i t e . 

E N G I N E E R I N G S I G N I F I C A N C E O F R E S U L T S 

Table 3 summarizes the comj)os i t iona l 
da ta and propert ies of the soils ana lyzed; 
m u c h of the engineering da ta were fu rn i shed 
b y the suppl ier o f the soi l . Some o f the g r a i n -
size and p l a s t i c i t y da ta were obta ined i n the 
M I T Soil S tab i l i za t ion L a b o r a t o r y . F r o m 
the da t a i n T a b l e 3 several s igni f icant a n d 
in teres t ing observations can be made on t l i e 
occurrence and propert ies of soil minerals . 

Nature of Soil Fines 

T h e soils presented i n Tab le 3 are too few 
a n d the i r geographical sources n o t r a n d o m l y 
enough selected f o r q u a n t i t a t i v e i n f o r m a t i o n 
on the d i s t r i b u t i o n of soil components t o be 
presented. Since a l l of the soils j)resented were 
i n v o l v e d i n engineering projects , a cursory 
s tudy of the occurrence of the \-arious soil 
coni])onents, however, is va luable . 

W h i l e near ly a l l of the soils s tudied had 
clay minerals i n the i r clay-size f r a c t i o n , 
o n l y 25 percent h a d monoc lay minera l fines. 
T h e other 75 percent of the soils had fines 
composed of mix tu res of c lay minera ls ; 75 
percent of the soils contained i l l i t e , 50 percent 
m o n t m o r i l l o n o i d , and 15 percent k a o l i n . 
T h i s h igh percentage of i l l i t i c soils is n o t 
surpr is ing i n v iew of the m a m ' glacial soils 
i n Tab le 3. 

Six of the samples contained ch lor i te , t w o 
a t t a ]}u lg i t e , and t w o ve rmicu l i t e . These three 
minerals are considered b y some as clay m i n -
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Figure 3. 
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Figure 4. 



528 SOILS 

TEMPERATURE IN 100* C 

0 1 2 3 4 5 6 7 6 9 10 ir 0 1 2 3 4 5 6 7 6 9 1 0 I I 

CLAY, GREENLAND .oop S C A L E * 

CLAY, SWEDEN 

SILT, CANADA 

SILT, ALASKA 

CLAY. MICH 

37 

38 

39 

40 

1—I—r 
CLAY, DEL. 

SILTY 

CLAY,MOROCCO | 
: M U L T I P L E S C A L E ' ! 

! I 

SANDY SILT, MOROCCO 
I I I I 

M U L T I P L E S C A L E 

CLAY , MASS. 

° ' 2 3 4 5 6 7 8 9 1 0 II 0 I 2 3 4 5 6 7 8 9 10 II 

TEMPERATURE IN 100° C 

Figure 5. 



L A M B E AND MARTIN: P R O P E R T I E S OF SOIL 529 

erals and by others as not. More of the soils 
had chlorite than kaohnite. 

Calcite , dolomite, quartz, and feldspars 
accounted for neai-ly all of the non clay 
mineral portion of the soil samples. T h e 
feldspar in Sample 12 e.xisted in particles 
finer than two microns. 

T h e prevalence of small quantities of oi -
ganic matter and free iron oxides (each was 
in over 60 percent of the soils) may be surpris
ing. 

Cementation of Fines 

T h e stable aggregates formed by the clay 
mineral fines for many of the soils in Table 3 
gives the soil engineei- an item worthy of 
thought and investigation. T h e vast difference 
between the percentage clay size and the 
percentage clay mineral is illustrated in 
Figure 6. T h e percentage clay size was de
termined by standard hydi'ometer method 
using a deflocculating agent and mechanical 
dispei'sion.'' Minera l analysis gave the per
centage clay mineral. Percentages for both 
clay size and claj- mineral were computed on 
tlie —0.07-mm. fraction. I n Figure 6 the 
number by each point indicates the sample 
number and the diagonal line represents the 
ideal condition where the material less than 
2 M is al l clay minerals and the material larger 
than 2 M is all nonclay minerals. T o the right 
of the diagonal indicates cementation or 
aggregation of fines and to the left indicates 
nonclay material in the clay size. 

While it is possible for clay mineral particles 
to be larger than 2 M, as has ijeen recently 
shown b y Can- (3), such occuri'ences are ap
parently rare. Samples 28 and 30, which 
showed severe cementation, wei-e pretreated 
to remove organic matter and free ii'on oxides. 
T h e n the resultant sample was fractionated 
to remove - 2 ^ material. T h e remaining 
silt showed no clay minerals either by D T A 
or X ray. While samples to the left contain 
nonclay minerals, the deviations from the 
diagonal are insignificant because of the 10-
percent experimental error in determining the 
clay mineral percentages. 

M u c h more striking is the severe aggrega
tion or cementation shown by many of the 
samples, i.e., samples to the right of the 
diagonal. Common cementing or aggregating 

* More thorougli dispersion might be obtained had the 
most-effective deflocculating agent been at op t imum con
centration rather than a standard treatment being em
ployed. 
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Figure 6. Comparison of clay mineral and clay sizes. 

agents are carbonates, free iron oxides, and 
organic matter; these are present in var3'ing 
amounts and in various combinations in the 
samples to the right of the diagonal, but some 
of the samples to the left also contain these 
cementing agents. 

T h e effect a given percentage of a cementing 
agent will have on soil properties is difficult 
to predict. T h e clay mineral in Samples 
28 and 36 is h3-drous mica. Since Sample 36 
contains more free iron and organic matter 
and less clay mineral than Sample 28, one 
would expect a pronounced cementation in 
Sample 36. Figure 6 reveals, however, that 
Sample 36 has no cementation, while Sample 
28 is highly cemented or aggregated. F r o m 
the high carbonate content of Sample 40, i t 
is not surprising that the clay size and clay 
mineral percentages do not agi'ee; however, 
in Sample 39, which has the same kind of 
clay mineral and about the same carbonate 
content as Sample 40, the percentage c lay 
mineral and clay size show substantial agree
ment. These examples illusti-ate that the per
centage of cementing component is not neces
sarily an indication of the effect it will have 
on the soil properties. 

We can question whether such highly ce
mented clay material is more clay-like or 
silt-like in behavior. T h e relatively low 
liquid limit of 69 for Sample 26 would cer
tainly suggest that the montmorillonoid in 
its cemented state is not as plastic as mont
morillonoid usually is. A similar example of 
fine aggregation is presented by Sample 27, 
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which shows only 20 percent of its mass finer 
than 2 microns but over 70 percent of its 
mass composed of montmorillonoid and illite. 
While its liquid limit of 99 is higher than 
that of Sample 26, it is still lower than would 
normally be expected of a soil having almost 
70 percent of its mass composed of mont-
moiillonoid. 

Relationships Between Composition and Prop
erties 

Experience has generally shown that the 
kaolin soils ai-e relatively low in plasticity 
and high in strength, while the montmoiil-
lonoids are high in plasticity and low in 
strength and the illitic soils fall between these 
other two. Halloysite is an exception to this 
rule, since it is a kaolin that is highly plastic 
and can be a treacherous soil to the engineer. 
T h e K e n y a soil (8), which was composed of 
almost pure halloysite, had a liquid hmit of 
90 and a compacted dry density of 65.5 pcf. 
at an optimum water content of 55 percent. 

T h e data in Table 3 show that the soils 
that are highly plastic or cause trouble from 
swelling have either montmoi'illonoid or at-
tapulgite in their fine fractions. While the 
engineer may be well aware of the troubles 
that the expanding lattice montmorillonoids 
can cause him, he may be surprised to learn 
that attapulgite too must be considered with 
caution. While the research at Cornell (17) 
did not considei' attapulgite to the extent 
that it did montmorillonite, illite, and kao-
linite, the tests showed that attapulgite was a 
highly plastic and compressible soil mineral. 

Attapulgite, sometimes called a member of 
the "fibrous clay group," consists essentially 
of chains of the montmorillonite type lattice 
which are stacked at every other layei- and 
are only about six octahedral gioups wide. 
Adsorbed water and exchangeable ions, 
usually calcium, are held in the tunnels formed 
hy the alternate stacking. T h e fibrous struc-
tui'e of attapulgite gives it a high plasticity 
(liquid limit over 100), low maximum dry 
density (around 55 pcf.) high optimum 
water content (between 60 and 70). Tests 
performed at the Arct ic Construction and 
Frost Effects Laboratory of the Corps of 
Engineers in Boston (19) showed that at
tapulgite as a soil fine could make the soil 
highly frost stisceptible. T h e properties 

(maximum compacted density of 81 pcf. and 
complete rebound of consolidation test 
specimen) of the Moroccan clay (Sample 39) 
are in line with what would be expected from 
its attapulgite content. 

Several soils in Table 3 have unusual prop
erties which cannot definitely be explained in 
terms of their composition. T h e plasticity of 
Sample 26 is considerably lower than its 
composition implies. T h e aggregation of fines, 
brought about in this case by 5 percent mag-
nesite, 4.5 percent free iron oxides, and 0.7 
percent organic matter, is apparently the 
cause of the montmorillonitic clay behaving 
so noncharacteristically. 

T h e low strength yet high density of Sample 
36 may be caused by the small quantities of 
organic matter and vermiculite present. 

T h e high strength and high consolidation 
rebound of Sample 37 cannot be readily ex
plained in terms of its composition. Aggrega
tion of fines by the iron oxide may contribute 
to the strength; destruction of the inter-
particle linkage during consolidation could 
aid the rebound tendency. 

While the extent of attapulgite and vermic
ulite as soil components is yet to be de
termined, the limited data available indicate 
the desirability of engineering studies on these 
soil minerals. T h e loles of small quantities of 
free iron oxides and organic matter, other 
than their aggregating tendencies, should be 
studied. While there have been suggestions 
that carbonates are conducive to high frost 
heave (IS), the contribution of carbonates to 
the engineering properties of soil is not 
undei'stood. Here too research appears just i
fied. 

Bentoniies 

T h e definition of bentonites suggested by 
Ross and Shannon (IS) as a material produced 
in situ from volcanic ash has considerable 
merit for the engineer's use. T h e engineer 
who thinks of bentonite as a sodium mont
morillonite such as Wyoming bentonite, will 
be interested in the bentonite from West
moreland in Jamaica (Sample 17), which 
contained only 12 percent montmorillonoid 
and exhibited no swelling properties. O n 
the other hand, the bentonites from South 
D a k o t a (Sample 13) and Cj'prus (Sample 14) 
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wei'e composed almost entirely of montmoril-
lonite. 

S U M M A R Y A N D C O N C L U S I O N S 

T h i s paper presents the compositional 
analyses on 4 0 soils from scattered parts of 
the world. T h e most-common soil components 
were quartz, illite, and small amounts of 
organic matter and free iron oxides. 

M a n y of the soils contained clay mineral 
fines which were aggregated or cemented by 
carbonates, organic mattei' or free ii'on oxides. 
T h e apparent effect of this cementation was 
to reduce plasticity and compressibility. 

A comparison of soil composition and prop
erties suggests that the studies be conducted 
on vermiculite, attapulgite, organic matter, 
and free oxides to determine their effect on 
the properties of soils in which they are 
components. 
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