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# SINGE the development of soil mechanics, 
the engineer has devoted considerable effort 
to improving techniciues for measuring the 
engineering properties of soil but has given 
httle attention to the comj^osition of soil. 
This unbalancefl emphasis is explained by 
several facts: (1) soil mineralogy is a relatively 
new science; (2) the identification of soil 
components requires special techniques and 
equipment; (3) natural soils usually consist 
of more than one mineral. While these factors 
have been and wil l continue to be major 
obstacles to the soil engineer, they are not 
entirely unsurm{)untable, and they should 
not obscure the fact that composition is the 
most fundamental soil characteristic. 

For several years the M . I . T . Soil Stabiliza
tion Laboratoi-y has been making mineral 
analyses on soils f rom many parts of the world. 
This paper presents the composition and a 
summary of the properties of 26 of the hun
dreds of soils studied. The soils selected are 
representative of those analyzed and the 
observations made on the few soils discussed 
in this paper have been substantiated on 
others. The influence that exchangeable ions, 
specific surface, and trace impurities (es
pecially organic matter in the form of colloids 
or exchangeable ions) can have on soil proper
ties is fu l ly appreciated; these characteristics 
are not discussed hei'e in detail since they are 
usually of less imjjortance than composition 
and because the lack of space in this paper 
necessitated this limitation of scope. 

MINEKAL ANALYSI.S 

Test Procedures 

The tools available for clay-mineral identi
fication today are many. Differential thermal 
analysis. X-ray, electron microscopy, and 
electron diffi-action are among the more recent 
additions that have rightfully earned their 
place among such old standliys as the petro-
graphic microscope and chemical analysis. 
The tests employed depend not only on the 
equipment available, but also, to a consider

able degree, on the ultimate use that is to 
be made of the data. A loutine procedure is 
not used in the M . I . T . Soil Stabilization 
Laboratory, because the results of one test 
usually indicate which additional tests should 
be made. For example, if differential thermal 
analysis shows the sample to be kaolin, a total 
IJotash determination would be of no value; 
liowever, tests for differentiating between 
kaolinite and halloysite are essential to obtain 
a reliable analysis. Because this flexible ap-
jiroach is employed at M . I . T . , the initial 
sample preparation and the tools used are 
described first; details of i)rocedures are dis
cussed along with the siiecific mineral analysis. 

The sample anah-zed was that portion 
which, having passed a No. 140 sieve, was 
brought to moisture equilibi-ium at 50 iiercent 
I'elative humidity. A No. 140 sieve was used 
to avoid the difficult}' of getting soil through 
smaller openings, and to gi\-e a maximum 
particle size which is small in relation to the 
sample size. While such a sample is designated 
as —140, i t may actually be all clay size. 
Moisture equilibrium ])ermitte(l an approxima
tion of specific surface from the low tempera
ture endotherm. Fif t^ ' pei-cent relative hu
midity was chosen because it has been shown 
to be an index of specific surface {23), which 
in tui-n has been correlated with soil proper
ties. 

Tests used for the mineral analysis re)3orted 
here were differential thermal analysis' and 
X-ray. Differential thermal analysis was used 
as the first step in mineral analysis because 
( I ) the thermogram gives the simjjlest overall 
characterization of the sample (whereas an 
X-i'ay pattern is sometimes only a profusion 
of detail); (2) i t usually permits the determina
tion of the dominant clay group; (3) i t gives 
a good approximation of specific surface; 
and (4) i t detects as l i t t le as 5 percent quartz. 
Although the montmoi'illonoid- clays have a 

1 D e t a i l s of d i f ferent ia l t h e r m a l Hnaly .sis techniques at 
t h i s l a b o r a t o r y h a v e been descr ibed prev ious ly (/.>). 

^ Montmor i l l ono id is used as the n a m e of the minera l 
Kroup w h i c h inc ludes montmoriUoni te , nontronite , nec-
torite a n d saponi te , a n d kao l in is used for the minera l e r o u p 
w h i c h inc ludes kaol in i te , hal loys i te , d ick i te a n d nacri te . 
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very large spefific surface compared to the 
other groups, a large endothermie peak at 
150 C. can also be produced by organic matter 
or hydrous oxides of iron and aluminum (7); 
therefore, while the presence of a large 150 C. 
endothermie peak is suggestive of a mont-
inorillonoid, i t is not conclusive. Early estima
tion of quartz is desirable because this is 
usually the key to the amount of nonclay 
minerals and therefore the clue to the prac
ticali ty of fractionation as a preti'eatment. 
The presence of quartz in soils is indicated 
by the a to |3 i)hase transition occurring at 
573 C. on the rerun thermogram. X-ray 
powder patterns were obtained with and 
without glycerol solvation using copper K„ 
radiation and a camera of radius 57.3 mm. 
(jlycerol, used to change the hydration state 
of clay, changes the basal spacing of mont-
moiillonoids. The sample was mi.xed with 
collodion, rolled into a th in pencil about 0.5 
mm. in diameter and 5 mm. long, and then 
mounted in the camera. The reference mineral 
X-i'ay patterns of this laboratory were su]5-
plemented with data f rom Brindley (2) and 
van der Marel (17) for the interpretation of 
the powder photographs. Where initial tests 
showed it to be advantageous, fractionation 
and various chemical and heat treatments 
were used prior to differential thermal analy
sis or X-i'ay diffraction. 

I t was recognized that there are instances 
where chemical analysis, particularly total 
potash (,S'), and a measure of internal swelling 
such as described by Dyal and Hendricks (5) 
are highly desirable. Unfortunately, the 
samples reported here were tested before 
this equipment was available. 

Assumption in Mineral Analysis 

The basic assumption made in the identifica
tion of minerals in fine-grained soils is that 
the properties of those minerals are identical 
with those of a set of reference minerals. I f such 
an equivalence of jiroperties exists, the magni
tude of any measured property represents a 
certain quantity of a given reference material. 
I n view of the variability within the clay 
minei-al groups, this assumption apjjears 
imwarranted; however, reliable mineral analy
ses can be made when the results of a grouj) 
of tests establish a specific trend. 

Monoclay Mineral Soils 

Thermograms 1 to 8, given in Figure 1, 
are easily resolved and show these samples 
to be monoclay mineral soils. Although 
Samples 1 to 4 are definitely in the kaolin 
group, a more detailed analysis is required 
to distinguish between kaolinite and halloysite. 
Bramao {1) successfully differentiated between 
kaolinite and halloysite by applying the slope 
ratio test to the 600 C. endotherm. The slope 
ratio is defined as the ratio of angles between 
the vertical and the ascent and descent of 
the endotherm. By the use of the criteria 
given in Table 1, Sample 3 contains halloysite, 
while the other three contain kaolinite. Be
cause a single distinguishing criterion is not 
always conclusive, these samples were checked 
by two other methods. X-ray data of Bramao 
(;) indicated the following criteria as reliable 
for differentiating between kaolinite and 
halloysite when the sample was predominately 
kaolin: (1) Kaolinite, a sharp (001) reflection 
at 7.15-7.20 A ; a stnnig (002) reflection. (2) 
Halloysite, a broad weak (001 refiection at 
7.25-7.50 A ; (020) reflection much stronger 
than (002). 

Application of this test is justified, as the 
samples under study are clearly kaolin. The 
results listed in Table 1 indicate that Samples 
3 and 4 are halloysite, and 1 and 2 are kaolinite. 
Another technique for distinguishing halloy
site, that of treating the sample with glycol 
and subjecting i t to differential thermal analy
sis (32), which produces an endothermie [leak 
about 500 C , gave positive results for Samples 
3 and 4. Why Sample 3 failed to give a slope 
ratio indicative of halloysite remains un
answered. 

Since differential thermal analysis gives a 
composite of all heat reactions, i t is only 
monoclay mineral soils that can be easily 
identified solely by this method. lUitic soils 
are notably absent from this group, where 
differential thermal analysis usually suffices 
for mineralogical characterization. Confusion 
in their identification arises fi-om the fact that 
the montmorillonoid minerals, beidellite and 
nontronite, as well as kaolins, have endothei--
mic reactions at about 600 C. Thermogram 9 
appeal's to be a good illite curve, but the 
possibility of a small amount of kaolinite 
cannot be eliminated by thermal analysis 
alone. However, subsequent X-ray data on 
Sample 9 indicated that illite was the only 
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clay mineral present. The possible ambiguity 
of a large absorbed water peak for the mont-
morillonoid minerals, which would separate 
them from illite, has already been mentioned. 
Tlie complexity produced by the composite 
thermal reactions can in some instances be 
significantly reduced by chemical or physical 
I>retreatment. 

Frt'treatment—Carbonate Removal 

The effect of h\-drochloric acid treatment' 
on samples containing carbonate minerals is 
illustrated by Samples 10, 11, and 12. A t 
first glance, Theimogram 10b, after acid 
ti'eatment, seems to be only quartz, but the 
580 C. peak is actually considerably larger 
than one attributable to the quartz reaction, 

T A B L E 1 
S L O P E R . \ T I O , X - R A Y , A N D G L Y C O L T E S T S F O R 

K A O L I N S A M P L E S 

Sample No. : Slope R a t i o 

1 
2 
3 
4 

kaol in i te ( K ) 
Iml loys i te ( H ) 

1.4 
1.2 
1.7 
2.5 

0.78-2.39 
2.50-3.80 

X - R a y " 

K 
K 
H 
H 

K 
H 

G l y c o l " 

+ + 

» C r i t e r i a g iven i n text. 

and X-ra>' diffraction showed several fair ly 
strong kaolinite lines. Acid treatment un
doubtedly destroyed some of the clay present, 
as well as decomposed the carbonates, produc
ing colloidal material to account for the me
dium 150 C. endothermic peak. Thermogram 
l i b bears li t t le re.semblance to t l iat of the 
untreated material; however, i t must be 
remembered that Curve l i b represents only 
15 jiercent of tlie original sample. This re
maining clay could be nontronite, beidellite, 
or even illite plus amorphous material. X-ray 
e.xaminatioti indicated that the cla}' was an 
expanding lattice type, i.e., a montmorillonoid. 
After carbonate removal Curve 12b was found 
to be illite and quartz, 1)}- both differential 
thermal analysis and X-ray. 

Pretreatment, Fractionation 

The effect of fractionation is well illustrated 
by Sample 13. Before fractionation (Curve 

3 T r e a t with 0.5 N ac id u n t i l fur ther addi t ions give no 
effervescence, then increase the s trength to 1.0 N a n d f ina l ly 
treat w i t h 2.0 N . A snml l portion of s a m p l e is t h e n tested 
w i t h concentrated H C l to see t h a t a l l carbonates h a v e been 
r e m o v e d . O n rare occasions, s tronger t h a n 2.0 N a c i d is 
needed. 

13b), the sample is 50 percent quartz, and 
from the thermogram the claj- seems to be 
kaolinite, except that the large adsorbed water 
reaction is not in harmony with that of kaoli
nite. Quartz has disappeared from the thermo
gram after fractionation, leaving only clay. 
The large 150 C. peak suggests a montmoril
lonoid, and the 580 C. endothermic peaks 
suggest nontronite as the most likely species. 
The rather abrupt change in slope on the 
580 C. reaction and the exothermic peak at 
900 C. are interpreted as being due to kaolinite. 
X-ray patterns obtained by Havens (11) and 
in this laboratory confirm this conclusion. 
The small endothermic reaction at about 
325 C. is gibbsite. 

Illit£-Montmorillonoid Soils 

Thermograms of Samples 14-19 are char
acterized by a large adsorbed water reaction 
and endothermic peaks in the range of 600 
to 800 C. Such a combination suggests either 
a mixture, or more probabh', interstratifica-
tion of illite and montmorillonoid. Because 
of the variability in thermal beha\'ior of the 
montmorillonoids as well as the illites these 
samples are difficult to analyze. Therefore, 
the qualitative statement illite-montmoril-
lonoid is all that is warranted on the basis of 
differential thermal analysis alone. 

X-ray examination of true mixtures of illite 
and montmorillonoids gives the 10 A_ line 
characteristic of illite and the 14 to 17 Al ine 
of montmorillonoids that varies with hydra
tion. Regular intei'stratification gives a high 
spacing reflection'' and a series of higher order 
reflections which are precise submultiples of 
this. As interstratification becomes random, 
several changes take place in the X-ray pat
tern. The (001) spacing, although still sharp, 
shifts to a position between that of the (001) 
reflections of the pure components and the 
extent of the shift depends upon the relative 
pi'oportion of the two components. Higher 
order reflections do not form an integral series 
of (001), and there is also a marked ri.se in 
scattering near the primary beam.° 

X-ray patterns on Samples 14, 15, and 16 
showed lines of illite and montmorillonoid 
but no lines attributable to regular or random 
intenstratification; accordingly, these samples 

* F o r example . „jllite (10 A) interstrat i f led w i t h m o n t 
mori l lonoid (17.5 A g lycerol solvated)o i n the proport ion 
1 to 1 w i l l give a higl i spac ing of 27.5 A . 

^ See C h a p t e r X I (2) for extens ive t r e a t m e n t of inter
s trat i f i cat ion . 
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are considered to be mixtui'es of illite and 
niontmorillonoid. The montmorillonoid is 
probably montmorillonite in Samples 14 and 
IB, and nonti'onite in Sample 15, On\y Sample 
14 has sufficient resolution of the ilUte and 
montmorillonoid peaks to make a quantitative 
estimation from the thermal data. I n view 
of Dyal and Hendricks' recent paper (6), 
the authors are hesitant to use X-ray data 
for quantitative estimation of montmoril-
lonoids. A total potash determination on the 
clay fraction of Samples 15 and 16 would 
enable one to assign a specific portion of the 
sample to illite, because illite is the only clay 
mineral that contains potassium as an integral 
part of the crystal structure. Since this as
sumes illi te to be the only mineral present 
containing potassium, it is essential that the 
sample be fi'actionated to remove feldspars. 
Feldspar removal can be checked by X-ray 
diffraction. 

Sample 17 has previously been called 
Ijeidellite, and this name is used heie. Grim 
and Rowland (10) have called beidellite a 
mixture of montmorillonoid and kaolinite, 
which is also consistent with the X-ray and 
thermal data of this particular sample. 

The Bearpaw Shale is an illite-montmoril-
lonoid that displays gi'eat heterogeneity. 
Pre\-ious analyses (20) were contradictory; 
the shale was reported to be predominately 
montmorillonite in one case and predominately 
kaolinite in another ease. The first sample 
analyzed in this laboratory (18a) was pre
dominately illite, wi th some montmorillonite 
and kaolinite. Because all three of the major 
clay mineral groups had been reported in the 
same soil, i t was decided that additional 
samples should be examined. One of these, 
Sami)le 18b, gave a typical illite thermal 
curve, and X-i'ay examination showed pre
dominately illite with some montmoi'iUonoid. 
By the use of flifferential thermal analysis and 
X-ray, Sample 18c, while definitely dominated 
by montmorillonite, contained some illite. 
I n \'iew of the variability between Samples 
18b and 18c, which were taken a mere 24 
f t , apart i n the same hole, i t is not surprising 
tliat Sample 18a and the results of i)reviou,s 
anal\'ses were so divei'gent. 

On the basis of diffei-cntial thermal analysis, 
Sample 19 was includerl in the illite-montmoril-
lonoid type materials, but X-ray examination 
proved i t to be a mixture of illite and chlorite. 

A comparison of chk)i'ite thermograms with 
Sample 19 showed a sequence of peaks in 
general accord, excei)t that the adsorbed 
water reaction of Sample 19 is larger. Since 
illi te is known to be jjresent, i t wil l account 
for ]iart of the 150 C, peak. The remainder is 
attributed to completely random interstrati-
fication of montmorillonoid on sucli a fine 
scale that it appears amorphous to X-rays. 
A part of the 150 C. endothermic peak is 
assigned to interstratification, because after 
heating to 550 C. for l-i hr., the intensity of 
the 10 A line was considerably enhanced 
indicating completely random inteistratifica-
tion. Whether one attributes such phenomena 
to interstratification or to amorphous material 
is not important. I t is believed that the best 
solution of this dilemma would be simjjly to 
report the extent of internal swelling as 
measured by glycol I'etention, because whether 
caused by completely random intersti-atifica-
tion or by colloidal amorphous material, an 
increase in internal surface results, 

Chloritic Soils 

Thei'mograms of Samples 20 to 23 all have 
a medium-sized adsoi'bed-water reaction and 
a medium 600 C, peak, although above 70C 
C, there is considerable divei'gence among 
the group. The magnitude of the 150 C. peak 
is small when compared to the 600 C, leaction, 
if illite is the mineral responsible for both 
peaks. Chlorite minerals, when subjected to 
differential thermal analysis (19) give a small 
peak about 150 C, and a peak similar to illite 
about 600 C , followed by other exothermic 
and endothermic peaks of lesser importance. 
The exact nature of these higher tempeiature 
reactions de|)ends on the jiarticular chlorite 
species present; the ])resence of chlorite i.s, 
therefore, susjjected in Soils 20 to 23, 

The X-ray lines of chlorite minerals can l.>e 
easily confused with those of kaolinite, es
pecially if the ]3articular chlorite is rich in 
iron. I n such a case, the first and third order 
reflections are weak, while the second and 
foui'th are strong, resulting in a pattern very 
difficult to distinguish from that of kaolinite. 
Heat treatmenf', which decomposes minerals 
of the kaolinite group and enhances the 14 A 
line of all chloi'ites, is very useful for resoh-ing 
this i)roblem. By the use of this procedure, 

« 550-600 C . fi>r j- i hour (2). 
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TABLE 2 
SOIL COMPOSITION AND PROPERTIES 

S a m -
pie 
-N'o. 

Soil Supplied by; Composit ion 
Atterberg L i m i t s , 

N a t u r a l Water 
Content 

R e m a r k s 

% % 

1. S a n d y s i l t , Buggs 
I s l a n d R e s e r v o i r 
near N o r f o l k , V a . 

O h i o R i v e r D i v i 
s ion, C o r p s of 
Kngineers 

K a o l i n i t e , 90 
Q u a r t z , 10 

wi - 52.;j 

2, Koai.)stone, A s i a 
Minor 

D r . K a r l T e r z a g h i , 
H a r v a r d U n i v e r 
s i ty 

K a o l i n i t e , 100 Sold in m a r k e t of a s m a l l 
\'illage west of A n k a r a 
to na t ive s , to be used 
as soap 

H. B r o w n c lay , N a i 
robi , K e n y a , 
S o u t h A f r i c a 

M r . K . P . F i tzger
a ld , C i t y E n g i -
nc^er's Off ice , 
K e n y a 

H a l l o y s i t e , 100 >ri = 90 
,r, , = 45 
,r,, = 50 to 105^; 

T h i s soil used for fill m a 
ter ia l for d a m ; a i r - d r y 
soi l wets v e r y s l owly 
on i m m e r s i o n - i.e., 
possesses a degree of 
water repel lency. D i f l i -
e idt to compact . N a t -
ui'al vo id ratio 1.4 to 
2.0. S t d . Proctor v o i d 
ratio 1.2 to 1.4 

4. S i l t y c l a y , C a v i i i t i , 
L a g n n a , P . I . 

M r . F . R . L o z a d a , 
N a t . Power C o r p . 
M a n i l a 

H a l l o y s i t e , {)0 
L i m o n i t e 

„ii = lot) u n d r i e d 
Wp = 7 4 

„-i = S2 oven dr ied 
iVp = 56 

V e r y plast ic , s t i c k y 
( s t i cky l i m i t 86 per
cent) soi l f r o m borrow 
area near L u m o t d a m 
site. R e s i d u a l deposi t 
f rom weather ing of 
l a v a flows 

5. V e r y soft c l a y , 
N o r t h e r n I d a h o 

M r . R . 0 . H i l l , 
Bo i se , I d a h o 

Montmor iUoni te , 70 
Goe th i t e 

( n - 160 T h i s matei-ial of vo l can ic 
or ig in has caused se
vere s t a b i l i t y jtrob-
lems i n I d a h o - e . g . , 
12 sl ides in 2Vi m i . of 
road 

6. Benton i tp , A l b e r t a , 
C a n a d a 

D r . A . C a s a g r a n d e , 
H a r v a r d U n i v e r 
s i ty 

MontmoriUoni te , 100 ,ri = 720 
IVp - 39 

M a r l , Moi i tezuniu 
S w a m p , C a y u g a 
L a k e , N e w Y o r k 

D r . A . C a s a g r a n d e 
(Mr. A . I I . E m e r y , 
N e w Y o r k H i g i i -
w a y D e p t . ) 

D o l o m i t e a n d C a l -
cite . 90 

H y d r o u s a l u m i n u m 
oxides 

O r g a n i c Mat ter 

in ^ 90 u n d r i e d 
<vp = 45 

^ 83 a i r dr ied 
wp = 49 
in = 63 oven dried 
Vp = 49 

l-"resh water m a r l ; car
bonate from both 
plants a n d a n i m a l s ; 
so i l f i r m i n n a t u r a l 
state b u t v e r y sens i 
t ive to remold ing 

8. Serpent ine , Y a n c o 
T u n n e l , S . \ \ . 
Puerto R i c o 

D r . K a r l T e r z a g h i , 
H a r v a r d U n i v e r 
s i ty 

Serpent ine , 100 T l i c ser]>entine s<pieezed 
into tl ie t u n n e l a n d 
exerted l i eavy pressure 
on the t e m p o r a r y s u p 
ports 

!). Brov in c l a y , Dogue 
C r e e k , V a . 

E n g i n e e r R e s e a r c h 
a n d D e v e l o p m e n t 
L a b . F o r t B e L 
v o i r , V a . 

lU i t e , 70 
Q u a r t z , 30 

?(.'! = 30 
Wp = 21 

T l i i s soil becomes s t i c k y 
a n d untraf f icable 
when wet 

10. Loess , V i c k s b u r g , 
Miss . 

W a t e r w a y s E x p e r i 
m e n t Sta t ion 
( W E S ) , V i c k s 
b u r g , Miss . 

Q u a r t z . 40 
D o l o m i t e , 20 
C a l c i t e , 20 
K a o l i n i t e , 20 

u'l = 27 
Wp = 25 

U n w e a t h e r e d loess f rom 
hil ls i n the i m m e d i a t e 
v i c i n i t y of W E S . So i l 
has v e r y h igh undi s 
t u r b e d s trength 

11. C l a y , I s r a e l M r . L . Z e t l i n . I s r a e l , 
v i a Prof . H o u g h , 
C o r n e l l U n i v e r 
s i ty 

D o l o m i t e , 85 
Be ide l l i t e or N o n 

troni te , 15 

T h i s soi l undergoes ex
cessive periodic vo l 
u m e change, resu l t ing 
in as m u c h as 12 i n . 
of swel l d u r i n g wet 
winter a n d 6 to 10-ft. 
deep cracks d u r i n g 
d r y s u m m e r . S t r u c 
tures on th i s soi l c r a c k 
severe ly 

12. K i l t y grave l ly s a n d , 
T r u a x A F B , 
M a d i s o n , Wis . 

F r o s t E f f e c t s L a b . 
U . S . C o r p s of 
E n g i n e e r s , Bos
ton , Mass . 

D o l o m i t e a n d C a l 
cite , 40 

I l l i t e , 50 
Q u a r t z , 10 

wi = 14 
rvp = 12 

T h i s soil used in frost 
s tudies ( R e f . S4); has 
a frost suscept ib i l i ty 
c lass i f icat ion of me
d i u m 



T A B L E 2—Continued 

S a m -
Soil Supplied by: 

13b. 

18b. , 

20. 

B e u r i ) a w Sl ia le , 
I near S a s k a t c h e -
I w a n R i v e r , s o u t h 

of Saskatoon , 
C a n a d a 

B e a r p a w Sha le , 
near S a s k a t c h e 
w a n R i v e r , s o u t h 
of S a s k a t o o n , 
C a n a d a 

M u d , S a n F r a n 
cisco B a y , C a l , ' 

B h i e c l a y , C a m 
bridge, Mass . 

G r e y , s i l t y q u i c k -
c lay , S o l b a k k e n , 
D r a m m e n , N o r -

C l a y f rac t ion of R e d 
c lay , near E H z a -
be th town , K y . 

R e d c lay , near 
E U z a b e t h t o w n , 
K y . 

B u c k s h o t c l a y , 
M o u n d , hii. 

O p e n w o r k - G r a v e l 
C l a y , C h i e f 
J o s e p h D a m , 
Washington 

16. Sur face c lay , O r a n g e 
E i e e State G o l d - i 

• f ie lds. S, A . 

P o r t e r v i l l e C l a y , 
I ' r i a n t - K e r n 
C a n a l , 2 m i . 
S o u t h - E a s t of 
O r o s i , C a l . 

B e a r p a w S h a l e , 
near S a s k a t c h e 
w a n R i v e r , sout l i 
of S a s k a t o o n , 
C a n a d a 

M r . J . H . H a v e n s , 
K e n t u c k y H i g h 
w a y D e p t . 

M r . J . H . H a v e n s , 
K e n t u c k y H i g h 
w a y D e p t . 

W a t e r w a y s E x p e r i 
m e n t S t a t i o n , 
V i c k s b u r g , Miss . 

D r . A . C a s a g r a n d e , 
H a r v a r d U n i v e r 
s i t y 

D r . E . J . H a m l i n , 
v i a M r . B . S . B e r g 
m a n , J o h a n n e s 
b u r g , S o u t h A f r i c a 

M r . W. G . H o l t z , 
B u r e a u of R e c l a 
m a t i o n 

D r . K a r l T e r z a g h i , 
H a r v a r d U n i v e r 
s i t y 

M r . Peterson , D e p t . 
of A g r i c u l t u r e , 
S a s k a t c h e w a n 

M r . Peterson , D e p t . 
of A g r i c u l t u r e , 
S a s k a t c h e w a n 

D a m e s a n d Moore, 
C a l . 

M r . H . C . V o i d , 
Geotect in ica l I n 
s t i tute , N o r w a y 

Composit ion 

N o n t r o n i t « , 40 
K a o l i n i t e , 40 
G i b b s i t e 

Q u a r t z , 50 
K a o l i n i t e , 10 
N o n t r o n i t e , 20 

E l i t e , 60 
Montmor i l l on i t e , 25 
Q u a r t z , 15 

n i i t e , 30=b 
N o n t r o n i t e , 6 0 ± 
Q u a r t z , 5 

HHte, 40 
Q u a r t z , 10 
Montmor i l lon i te 

2 0 ± 

Be ide l l i t e , 100 

I l l i t e , 70 
Montmor i l lon i te , 20 
K a o l i n i t e , 10 

I l l i t e , 70 
Montmor i l l ono id 

Montmor i l lon i te , 70 
I l l i t e , 15 

I lUte , 80 
C h l o r i t e 

I l l i t e , 50 
Q u a r t z , 25 
C h l o r i t e 

I l U t e , 60 
Q u a r t z , 20 
C h l o r i t e 

Atterberg L i m i t s , 
N a t u r a l Water 

Content 

u'x = 136 u n d r i e d 
Wp = 37 
wi = 97 a i r 
Wp = 41 dr ied 

34 
= 20 

67 
: 22 

154 
•• 28 

34 
: 17 

• 58 
: 23 
: 30 

22 
18 

260 
- 38 
• 29 

74 
36 

: 40 
= 25 

16.5 
28.3 

R e m a r k s 

T h i s e x p a n d i n g soil was 
used i n s tab i l i za t ion 
s tudies b y the K e n 
t u c k y H i g h w a y D e 
p a r t m e n t ( R e f . U) 

T l i i s expanding soi l was 
used in s tab i l i za t ion 
s tudies b y the K e n 
t u c k y H i g h w a y D e 
p a r t m e n t ( R e f . U) 

A U u v i a l b a c k s w a m p de-
l)osit of Mi.ss. R i v e r ; 
i t has high p las t i c i ty 
a n d low s e n s i t i v i t y 

T h i s c l a y is from the 
voids in the openwork 
grave l a t the C h i e f 
J o s e p h d a m site; i t 
conta ins m a n y s i i r i n k -
age cracks . T h e origin 
of th i s c r a c k e d c l a y 
i n the grave l lias been 
discussed i n R e f . d 

T h i s res idua l c lay f r o m 
E c c a shales has g iven 
m u c h trouble f r o m 
heav ing associated 
w i t h mois ture changes 
( R e f . 14) 

T h i s e x p a n d i n g c l a y 
lias caused severe 
c r a c k i n g of c a n a l l i n 
ing because of i ts ex
pans ive character i s 
tics (see R e f . 12). B a s e 
exchange c a p a c i t y 57 
me. / lOO g., predom
inate ly C a a n d Mg 

Slopes of t l i is shale 5 to 
1 or flatter a n d con
t a i n scans f rom v a s t 
s l ides , p r o b a b l y 
caused b y g r a v i t y 
creep ( R e f . BO) 

T h i s weak a n d cr)m-
press ible c l a y has 
c i iused m a n y water
front a n d f o u n d a t i o n 
prob lems 

P r o b a b l y the incist 
tested c l a y i n the 
wr)rld; moderate ly 
compress ib le , sens i 
t ive , low u n d i s t u r b e d 
s trength 

T h i s soi l is a t y p i c a l 
N o r w e g i a n q u i c k -
c l a y ; i .e. , i t has a 
n a t u r a l water content 
greater t h a n its l icpiid 
l i m i t ; i t is ex traordi 
n a r i l y sens i t ive , s ince 
its remolded s trength 
is zero 
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T . \ B L E 2—Concluded 

S a m 
ple 
No . 

Soil Supplied by: Composit ion 
Atterberg L i m i t s , 

N a t u r a l Water 
Content 

% 
F a t B l u e c l a y , O n -

soy , Southeas tern 
N o r w a y 

S a n d v c l a y , D o w 
A F B , B a n g o r , 
Maine 

24. I S a n d y s i l t , a i rpor t 
site near . \ r c a t a , 
C a l . 

C l a y , Mexico C i t y , 
Mexico 

M r . R . C . V o i d , 
G e o t e c h n i c u l I n 
s t i tu te , N o r w a y 

F r o s t E f f e c t L a b . 
U . S . C o r p s of 
E n g i n e e r s , B o s 
ton , Mass . 

M r . R . C . M a i n f o r t , 
C . A . A . 

.Mr. Pedro - \ l b i n , 
Mexico C i t y 

I l l i t e , 40 wi ' 67 
Q u a r t z , 10 Wp = 32 
C h l o r i t e w„ = 55 

I l l i t e , 60 wi — 30 
Q u a r t z , 40 Wp = 18 

G i b b s i t e , 30 Wi = 27 
Q u a r t z , 30 
C l i l o r i t e 
D i a s p o r e 

R e m a r k s 

S a n d y c l a y . F o r t E n g i n e e r R e s e a r c h 
Be lVo ir V a . a n d D e v e l o p m e n t 

L a b . , F o r t B e l v o i r , 
V a . 

H y d r o u s a l u m i n u m , 
oxides, predomi 
nate ly a m o r p h o u s 

Q u a r t z , 40 
K a o l i n i t e , 25 
H y d r o u s Oxides of 

I r o n a n d A l u 
m i n u m 

: 388 
: 226 

49 
: 25 

P o s t g lac ia l deposi t , 
base exchange capac 
i t y 14 m e . / l O O g . 

T h i s soi l used i n frost 
s tudies ( R e f . H); has 
a frost s u s c e p t i b i l i t y 
c lass i f icat ion of h igh 

T h i s soi l w o u l d not 
respond to s t a b i l i z a 
t ion w i t h P o r t l a n d 
cement ( u p to 20 per
cent tr ied) alone. 
T r e a t e d samples dis
integrated, p r o b a b l y 
due to swel l ing ( R e f . 
le) 

T h i s c l a y (vo lcan ic or i 
g in ) is w o r l d f a m o u s 
for i ts ex tremely l i igh 
compress ib i l i t y a n d 
s e n s i t i v i t y 

T y p i c a l so i l f rom V i r 
g in ia a r e a ; becomes 
v e r y s t i c k y , a lmost 
untraf f icable , w h e n 
wet 

Samples 20-22 were found to contain ap
preciable chlorite, and although chlorite lines 
did not appear in the X-ray pattern of Sample 
23, this does not preclude completely random 
interstratification of illite and chlorite, which 
would influence the thermogram but not the 
X-ray pattern. Quantitative estimation of 
chlorite f rom X-ray data was not made be
cause of unknown variation in reflected in
tensities arising from isomorphous substitu
tion. 

Hydrous Oxide Soils 
Although they contained no clay minerals, 

Soils 24 and 25 had considerable plasticity. 
Thermal analysis of Sample 24 showed mostly 
h.ydrous aluminum oxides, including the 
minerals gibbsite and diaspore, with possibly 
some illite or chlorite. X-ray diffraction gave 
strong lines of chlorite and diffuse lines at
tributable to gibbsite and diaspore. 

Sample 25 contained only hydrous alumi
num oxides, as evidenced by differential ther
mal anal>-sis and X-ray. I n fact, this material 
must be largely amorphous, as only very weak 
diffuse lines of the hydrous aluminum oxide 
bayerite appeared on tlie X-ray pattern. 

A summary of the mineral analyses based 
on evidence presented is given in Table 2. 

I t is believed that by the use of total potash 
or l iy glycol retention, most of the vague 
cases would be eliminated. 

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 2 summarizes the compositional data 
and properties of 26 soils; i n nearly all cases 
the properties and field behavior presented 
were furnished hy the supplier of the soil. 
The authors were unable to determine the 
Atterberg limits needed to complete the 
table because they did not have the required 
soil. Fi'om the data in Table 2 several in
teresting and significant observations can be 
made on the occurrence and properties of soil 
minerals. 

Mixture of Minerals in Soils 

Nearly all of the 26 soils analyzed contained 
more than one mineral; however, about 65 
Jiercent of the soils contained only one clay 
mineral. Since the clay minerals dominate the 
properties of cohesive soils, the relatively high 
percentage of soils with monoclay mineral 
portions is very encouraging. I f all soils were 
as variable and heterogeneous in composition 
as the Bearpaw Shale, the use of composi
tional data to the engineer would be limited. 
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The prevalence of soils like Samples 1 to 6 
means that the soil engineer can expect com
positional data on many soils to be of con
siderable value to him. 

Prevalence of Chlorite and Nontronite 

The widespi'ead occurrence of chlorite 
(Samples 19, 20, 21, 22, and 24) and of non
tronite (Samples 11, 13, and 15) will surprise 
many engineers. Because recent research (2, 
IS, 18) suggests that chlorite may be a com
mon mineral in fine grained soils, considerably 
more work on the identification and the 
properties of chlorite is needed. 

Xontronite, a montmorillonoid containing 
large amounts of feri'ic iron, is certainly not, 
as was f)nce thought, a rare mineral; in fact, 
i t appears to be common as predicted by Ross 
and Hendricks (21). The undesirable proper
ties—high plasticity, high compressibility, 
e.xpandabilit}-—associated with montmoi'il-
lonite are found to be characteristic of non
tronite; for example. Sample 13a. The ap-
Ijarent prevalence of nontronite and its 
sensitivity to disturbance should emphasize 
the need for additional engineering data on 
this mineral. 

Lack of Amorphous Soil Components 

Some years ago i t was commonly acoej^ted 
that the fine-grained portion of soil consisted 
entirely of amorphous material. The inquiring 
eyes of the X-ray and electron microscope 
enabled the mineralogist to discover that the 
clays were com])osed predominately of crystal
line material. I n spite of this tliscoveiy, many 
engineers still think that clays contain an 
abundance of amoiphous mateilal. 

I t is interesting that only one soil, the no
torious Mexico City clay, contains significant 
quantities of amorphous material. I n fact, the 
sample of this clay analyzed revealed practi
cally no crystalline material; analyses on 
other samples of Mexico Ci ty clay, by the 
authors, as well as by other experimentors 
(25), have shown this clay to be montmoril-
lonitic. I t may be that, as with the Beai-jjaw 
Shale, the composition of the Mexico City 
clay is quite varialile. The high limits Wi = 
388 and = 226 suggests the presence of a 
montmorillonoid or a very large specific 
siuface for the amorphous samples. 

Heterogeneity and Variability of Soil 

The soil engineer is aware that soil may be 
a mixture of several minerals and that this 
mixture can vary in composition within a 
single deposit. He should certainly hope that 
he is seldom, if ever, faced with a soil t l iat has 
the extreme heterogeneity and variability of 
the Beai-paw Shale! The first sample (18a) 
of this shale analyzed showed i t to be pre
dominately illite. X-ray data were necessary-
to detect the relatively small amounts of 
kaolinite and montmorillonite. 

Samples 18b and 18c are entirely diffei'ent 
from each other and from 18a. The much 
larger adsorbed water deflection (see Fig. 3) 
on 18c than on 18b would lead one to expect 
the large difference i n liquid limits, 260 per
cent compared to 69 percent. Viewing the 
compositions given in Table 2 for the three 
samples of Bearpaw Shale, one can easily 
see why such unlike compositions had been 
reported for the shale. 

A stratified material like the marine de
posited Bearpaw Shale can have a behavior 
typical of the most unstable layei-s. The vast 
slides which have occurred (Ref. 20 and cor
respondence from Terzaghi) in the Bearpaw 
Shales could not have been predicted as 
I'eadily from the analysis of samples 18a and 
18b as f rom that of Sample 18c. 

Expei'ience wi th the Bearpaw Shale points 
out an inherent weakness of using test data 
on a single small samjile of soil to predict the 
behavior of a large mass of heterogeneous 
material and emphasizes the need for a 
thorough test program on such soils. 

Properties of Kaolin Soils 

The most common minerals in the kaolin 
group are kaolinite and halloysite, with 
kaolinite the more prevalent, ^^'hile kaolinite, 
with a liquid l imi t of approximately 50 per
cent and a jjlastic l imi t of approximately 30 
percent, is the least plastic of the common 
clay minerals, i t is slippeiy when wet and 
can, therefore, cause engineering prolilems. 
I t is used for soap (Sample 2) because of its 
slipperiness and is often employed as a cos
metic or patent medicine base, e.g. "Pepto-
kaolin." Kaolinite can present trafficability 
problems (Sample 26) when wet. 

Halloysite, which is about twice as ])lastic 
as kaolinite, can be a very treacherous soil. 
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Grim (9) has already pointed out that at 
temperatures under 60 C. the hydrated form, 
halloysite ( 4 H 2 O ) , can change to the more 
plastic form, halloysite ( 2 H 2 O ) , Unlike the 
illites or other kaolin minerals, halloysite 
adsorbs certain organic materials. The ad
sorption of organic colloids may be the cause 
of the water repellency which Sample 3 ex
hibits. 

High in situ and compacted void ratios are 
typical of halloysite (Sample 3) according to 
the experience of the Bureau of Reclamation 
(correspondence fi'om Dr, Mielenz, head of the 
Bureau's Petrographic Laboratory), D i f f i 
culties in working and compacting halloysite 
should be expected. 

Properties of Illitic Soils 

I t is not always realized that illite is the 
name of a mineral group about which so li t t le 
is known that the individual minerals in the 
i'roup have not been identified and named. 
While a liquid Umit of 100 percent and a 
plastic Umit of 55 percent are typical of the 
illites, the limits and other properties can vary 
considerably, I l l i te is the most common clay 
mineral group in the marine clays and usually 
occurs wi th other clay minerals as either a 
mixture or interstratified minerals. 

Soils containing illites are more compressi
ble and plastic than those containing kaolinite. 
While experience has shown ill i t ic soils can 
cause the engineering problems characteristic 
of any fat clay (Samples 19, 20, and 22), they 
are not as treacherous as halloysite or the 
montmorillonoids. 

Properties of Soils Containing Montmoril
lonoids 

Since the attractive forces between the 
individual sheets in a montmorillonoid crystal 
are relatively weak, the sheets can be easily 
separated. Because water can separate the 
sheets with a resultant expansion of the 
crystal, the montmorillonoids are termed 
"expanding lattice" minerals. The very high 
specific surface caused by sheet separation and 
the relatively large electrostatic charge re
sulting f rom isomorphous substitution make 
the montmorillonoids the most active of the 
clay minerals. 

The properties of a montmorillonoid depend 
to a marked extent on the nature of its ex
changeable ions, e,g,, sodium montmorillonite 

has a liquid l imit of approximately 700 per
cent while iron montmorillonite has one of 
approximately 200 percent. The effect of 
exchangeable organic ions may be even larger. 

The engineer has rightly become wary of 
soils containing montmorillonoid. He can be 
faced with severe problems in stability (Sam
ples 5 and 18) and volume change (Samples 
11, 16, and 17) that tax his ingenuity in 
dealing with these soils. A soil may contain 
only a small amount of a montmorillonoid 
and yet have its undesirable characteristics 
(Sample 11). 

Alteration of Soil Properties 

Casagrande pointed out as eai'ly as 1932 
(4) that drying could alter the plasticity of a 
soil; experience has confirmed his original 
data. Drying reduced the plasticity of the 
marl (Sample 7) as i t usually does with 
soils containing organic matter. The 43 per
cent reduction in the plasticity index of the 
Kentucky red clay (Sample 13a) caused by air 
drying is particularly interesting in view of 
the apparently widespread occurrence of the 
expanding mineral, nontronite. Ross and 
Hendricks (21) state that thorough dispersion 
of nontronite produces ribbonlike particles 
which were not apparent in the undisturbed 
clay. I t would appear, therefore, that non
tronite can be sensitive both to drying and 
to partial dispersion by remolding. 

Much more care is required in the per
formance and interpretation of laboratory 
tests on soils containing halloysite and the 
montmorillonoids, especially nontronite, than 
on soils containing kaolin and illite. 

Apparent Anomalies 

Considerable data have shown the Atter-
berg limits to be usually very indicative of 
soil behavior. Since the liquid l imi t measures 
the amount of water a soil can imbibe before 
losing its strength, a high l imi t normally 
warns that expanding minerals may be 
present. The acceptance and use of limits has 
rightfully grown steadily and wil l most likely 
continue to do so. They have been used to 
identify, in a qualitative manner, the highly 
compressive and expansive soils. I t is im
portant, therefore, to point out the occasional 
soil wherein the limits apparently fai l to 
indicate accurately its composition and be-
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havior. The values of the limits appear to be 
much too small for Samples 9, 16, 17, and 21. ' 

The limits for these four soils. Samples 9, 
16, 17, and 21, should be apjM'oximatety 
double the measured values given in Table 2 
to be consistent with the compositional analy
ses. The field behavior of these soils apjiear 
much more consistent with the compositional 
analyses than with the l imit values. 

C O N C L U S I O N S 

This paper clearly shows the importance of 
compositional data on soils. Minei-al analyses 
of soils are excellent for soil description and 
are usually reliable indicators of soil behavior. 
For soils containing such minerals as mont-
morillonoitl and halloysite, a mineral analysis 
can be more valuable than the results of 
routine laboratory tests. On large engineering 
projects, mineral analyses of the soils involved 
should be made, not only as an aid in design, 
but also for determining the size and scope of 
the engineering test program needed. 

The value of compositional data will be
come more important as identification tech
niques are improved and the behavior of the 
various minerals is more ful ly investigated. 
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' A t t e r b e r g l imi t s are u s u a l l y measured on tha t i?or-
t ion of the soi l passing a No . 40 s ieve; as pointed out , the 
m i n e r a l analyses reported i n T a b l e 2 were made on the 
minus-140-sieve port ion of a sample . T h i s difference in test 
procedure c a n p a r t i a l l y account for the l i m i t s al>pearing too 
low on soils conta in ing m u c h m a t e r i a l f iner t h a n a No . 40 
s ieve a n d coarser t h a n a No . 140. S a m p l e 17 h a d less t h a n 
5 per cent m a t e r i a l i n this range; S a m p l e 16 had 25 precent 
(the data are not ava i lab le for 9 a n d 21). T h e difference of 
procedure w o u l d not exp la in the low l imi t s for S a m p l e s 17 
a n d 16; i t is felt tha t the same holds for Samples 9 a n d 21. 
U s i n g tha t port ion of a soi l f iner t h a n a No . 140 or 200 s ieve 
m i g h t m a k e the l i m i t s more i n d i c a t i v e of the effective prop
erties of a soil . 
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