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FOREWORD 

Use of lime as an admixture was investigated by the Texas 
Engineering Experiment Station in view of the tremendous quan
tities of readily available soils being required in present day 
highway development, particularly for the embankments and 
subgrades. Ideal soils are not always available at construction 
sites, and use of the less desirable ones is sometimes necessitated 
by reasons of economy or procurability. Some such soils need 
to be improved by physical or chemical means for suitability in 
construction. 

The Station's experimentation has provided data on lime 
stabilization of clay soils. Such data are presented in this publi
cation as a contribution to the technical literature of the road
building and construction fields. 
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LIME STABILIZATION OF CLAY SOIL 

SUMMARY 

Lime as an admixture has been employed in agriculture to 
improve clay soils in workability, plant sustaining qualities, and 
transmission of surface waters. Highway engineers in Texas and 
other places have found that in proper mix ratio, various clays 
react with lime to produce improvement in load bearing capaci
ties. 

The Texas Engineering Experiment Station found it feasible 
to conduct experimentation on lime stabilization of clay soils. 
As a result of this work, a number of conclusions were drawn. 

The stabilizing reaction of lime with day soils is chemical in 
nature. It is the result of the replacement of the weaker positively 
charged metallic elements by the stronger positively charged 
calcium cations of the lime which, in turn, influence the thickness 
of the adsorbed halo-like moisture films on the exterior of the 
clay grains. The plasticity of clay soils, which is in effect a rough 
measure of their stability, is considered to be a function of the 
thickness of the water films. 

It was learned that the chemical reaction caused by the lime 
is not restricted to a specific group of the clay family, but rather 
it occurs with all of the Texas natural surface and subsurface 
soils used in the experiments. Consequently, the application 
range of the lime method of improving the engineering properties 
of clays appears to be very broad. 

The identification of members of the clay family; namely, 
kaolinite, illite, and montmorillonite by the differential thermal 
analysis was indicated to be satisfactory. However, the results 
of such identification were indicated to be of general rather than 
specific value as regards lime stabilization. It did not appear 
possible to identify the sodium cation from the calcium cation 
montmorillonite clays by this method. 

The identification of members of the clay family by the X-ray 
method is possible, but at present it does not appear to be feas
ible for engineering purposes. 

The unreliability of the benzidine color reaction test for iden
tification of montmorillonite was confirmed. 

The identification of clay soils, without regard to classifica
tion by groups, susceptible to favorable reaction with lime on the 
basis of the Total Base Exchange capacity, appears to be valid 
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for the small number o} soils examined. The classification of the 
groups of the clay family on the basis of the Base Exchange 
ranges does not appear to apply to Texas natural soils or to 
laborator;y mixtures of inert silt with commercial grade of mont
morillonit\3 ln addition, the correlation of the Plasticity Index 
With thls·:Base Exchange, as developed for both laboratory and 
natural so•llE, appears to be reasonable and permits ready identi
hcatw!i" .of the clay soils which would react favorably with lime 
as a stabdiZ!ng admix. 

Tqe )research gave evidence of a minimum reaction time of 
24 hours for lime and clay soil, as regards the influence of the 
hme on the. plasticity characteristics of the clays concerned. No 
cons1derahon was given in this research to the influence of ce
mentatwn, 'Caused by the lime admixes, on the properties of the 
clays stud\ed. 

Clay-like soils having a PI or Base Exchange capacity of less 
than 20 expenenced negative to slight or insignificant reaction; 
smls possessmg a value of these factors in the range from 20 to 40 
expenenced a moderate reaction; and soils possessing values of 
40-r, Without exception, experienced a significant improvement 
of the1r plasl!CJ ty characteristics 

INTRODUCTION 

So;!, d~~ means of improving its natural condition have at
tracted trran s attention since the beginning of civilization. Early 
mterest was confmed largely to means of improving the soil's 
abll1ty to support vegetation for human and animal uses. This 
mtere:')t has l;:lroadened with the progress of mankind. The high
ways oi the. world are transpor}<etjon elements .vital to world de
velopment, and soils are one o?J: the most important materials 
reqUJred for them. Means of improving the natural condition of 
the sods for the betterment of their stability have been explored 
to vanous degrees since highways have become avenues of 
commerce. 

Clay soils predominate in the habitable and arable areas of 
the earth, where the need for highways is greatest In many in
stances, the most desirable and readily available soils have been 
used for h1ghway construction in the past. Further, greater auanti
tles of materials, particularly for the embankments and sub<]rades. 
are now requ1red for the extensive and broad highways of a mod
ern era. To meet the current dictates of economy may require the 
use of the less des1rable smls, some of which may need improve
ment of the1r phys1ca! properties by physical or chemical means 
m order to serve the intended purpose. In agriculture, one of 
the early means d1scovered for improving clay soils was by the 
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admixture of small amounts of lime which resulted in the im
provement of the workability of the soil, the ability to support 
plant life, and the penetration of surface waters into the material 
treated. This same method has been used on occasions by high
way engineers in Texas who have commented as follows: "The 
experience of the Texas Highway Department and others with 
the use of lime as an admixture, has shown that various clays 
react with lime (when used in reasonable and comparable quan
tities) to produce various degrees of improvement in load bear
ing capacities." 

The general objective of the research described in this pub
lication was to gain an understanding of the primary changes 
wrought in plastic clays by the admixture of lime so that an ex
planation of the P'ffatic reaction could be obtained. It was real
ized at the outset that the full understanding of the problem 
might not be achieved. The specific objective of the research 
was to explore the problem to ascertain three things-( l) a rea
sonable explanation of the process, (2) a relatively simple yard
stick for determining the reaction that could be anticipated for 
the typical Texas plastic clays, and (3) the approximate range 
and influence on the engineering properties of lime admixture 
required so that the feasibility of this method of stabilization can 
be evaluated to better advantage. Although cementation of lime 
treated soils both plastic and nonplastic is admittedly of consider
able import, this branch of the research was not investigated. An 
excellent treatment of this phase of the effect of lime on Texas 
natural sods is given by McDowelL"" 

PRELIMINATIY BASIC CONSIDERATIONS 

Understanding of some of the effects of lime admixture with 
clay soils is best gained by a brief review of the properties of the 
clay minerals. The pror;erties are influenced to a large extent 
by the minerals present which are complex compounds of silica, 
iron, magnesium, pota:::;-:;:um, sodium, calcium, aluminum, and 
oxygen Mineralogically, the clay soils ore divided into three 
groups: namely; montmorillonite, illite, and kaolinite. A laminat
ed crystalline structure is characteristic of all of the groups; how
ever, the properties of each group vary because of the difference 
m their surface activity phenomena. This phenomena is greatest 
for the montmorillonite end least lor the kaolinite. This variation 
in activity is generally attributed to the influence of the electrical 
charges carried by the mineral part:cles and their surrounding 
moisture films, the nature of the exc;1ange ions present, and the 
crystalline structure of the mineral particles. 

In the soil mechanics and soil science fields, it is generaily 
accepted that each mineral particle of a soil is covered by films 
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of water molecules. The first film about each mineral grain is 
bound t? the grain so tightly as to be termed "solid water" by 
Terzagh1, and 1ts molecules are oriented in a manner similar to 
the electrical field of the grain. Each successive film is influenced 
at a progressively decreasing rate by this binding phenomena 
so that the bound water films blend into free water films to form 
a halo-like jacket around each clay particle. The inner film or 
films of the water-halo are termed "adsorbed layers." These 
layers contain positively charged elements termed ions, while 
the clay or mineral particles are negatively charged. The ir.
tensity of the bond between the two depends upon the atomf 
composing the molecules of the clay particles and the arrange
ment of these atoms. The negatively charged clay particles and 
the positively charged cation of the water film result in a electro
motive force generated by the dissociation of the two opposite 
charges. It is natural that the cations contained in the halo-like 
water film are attracted by the oppositely charged mineral par
ticle to hold the water film about the particle. The characteristics 
of the adsorbed complex depend upon the cation present and 
its strength. The process by which cations of one kind replace 
those of another in the adsorbed layer of moisture on a clay 
particle and thus alter the properties of the mass is known as 
Base Exchange. Further understanding of the matter m:J.y be 
gained from the remarks of Dr. R. E. Grim, Illinois Geological 
Survey, which are quoted as follows: "Base Exchange can be 
illustrated by the zeolite or permutite water softeners which make 
use of this phenomenon. Water is hard when it contains calcium 
compounds. As hard water passes through the softener, the cal
cium of the water is exchanged for the sodium which the zeolite 
contains, i.e., sodium goes from the zeolite to the water in ex
change for the calcium which goes from the water to the zeolite, 
thereby softening the water. When the softener is no longer effec
tive, sodium salt is run through it, reversing the process and 
rendering it effective again.''" 

The research of others, principally Dr. Grim, shows the Base 
Exchange capacities of the three basic ocE!bers of the clay 
family are as shonn in Table I. 

Mon trnorillonite 
Illite 
Kaolinite 

Table F 

BASE EXCHJ\.NGE Cll.Pll.CITY 

(In rnilliequiva:ents per 100 grams) 

50 to 120 
20 to 40 
3 to 15 

The contents of Table l may be taken as aYJ indication that 
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possibly the Base Exchange capacity ol a clay soil may be con
sidered as an index of favorable reaction of a soil with lime ad
mixes; that is, the degree of favorable reaction may be of the 
order of the Base Exchange capacity. 

Relation Between Crystalline Struciure and Ba.Je Exchange 

The crystalline structure of almost all clay particles is lamellar 
with the aggregates bound together rather weakly. This type 
of structure is known as the layer-lattice type. Substitution of 
cations is indicated to occur within the crystal lattice. This sub
stitution is frequently reported 1 to cause the presence of electro
static charges on the structure, which in turn are responsible for 
the adsorption of layers of water and cations. 

The plasticity of the clays is considered to be a function of 
the uncompensated electrostatic charges on the structure and 
the thickness of the adsorbed water films held to the particles. 
For example, if the water films are relatively thick, the clay par
ticles are shielded so as not to come in intimate contact with 
their neighbors. The mass they form under this circumstance 
possesses low stability, and a very plastic state prevails.. The 
presence of an uncompensated electrostatic charge m the mmeral 
lattice results in a high surface charge wh1ch appears to mfluence 
the stability and thickness of the water films so that it is a factor 
influencing the plasticity and stability of a mass of clay particles. 

Figure I. View of kaolinite structure normal to the A-a.xis. Oxygen. 
hydroxyl. and potassium are represented by large.~ray. wh1te. and black 
balls respectively. Small white balls represent s1hcon atoms and small 
black balls, aluminum atoms. 
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Figure 2. Lower three sheets (tetrahedral layer plus third ''sheet") 
of the montmorillonite structure. 

. Figure 3. View of the montmorillonite structure normal to the C-axis 
w1th the fourth "sheet" added. 

PRELIMINARY BASIC CONSID!ORATIONS 7 

Figure 4. View of montmorillonite structure normal to A-axis. 

Figure 5. Expanding lattice of the montmorillonite structure. 
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The structure of the clay minerals warrants brief discussion. 
The grains of the illite and kaolinite clay groups are of the layer
lattice type. This is illustrated by the photograph of a model in 
Figure l. The electron micrographs of Shaw and Humbert2H show 
this is the structure for nontronite and beidellete as well as illite. 
The grains of the clay soils in general are plate-like in shape and 
extremely thin as indicated by the large ratio of diameter to 
thickness. The halo-like adsorbed films of water are formed 
about the exterior of the grains, as previously described. The 
stability of the electrical charge of the adsorbed water and that of 
the grains has not been established for these clays, it is believed. 
It is possible that they may be unstable in some instances in 
nature and subject to stabilization by the use of admixes, as will 
be discussed later. 

The structure of the grains of the montmorillonite clay group 
is essentially the layer-lattice type, also. The structure is illu
strated by photographs of models shown in Figures 2, 3, 4, and 5. 
However, this member of the clay family possesses the unusu
al ability of taking molecules of water into the "structure to 
be adsorbed on the basal surfaces to a considerable degree." 4 

The unusual property of taking molecules of water into the struc
ture apparently causes the layers to expand so that it is termed 
the "expanding-lattice" type. Each grain may be compared to 
a book containing many pages of extremely thin crystals with 
the water entering between each page causing an increase of 
the volume of the grain. The great variation of the volume of a 
mass of this clay group with moisture content is many times more 
than could occur due to the formation of the halo-li1:n adsorbed 
films obout the surface of the particles. The great plasticity 
(L!qmd L1m1t 700 per cent and Plastic Limit l 0 per cent) of this 
clay group is attributed to this unusual phenomena. The stability 
of the electrical charges carried by the water films and layers of 
the grams may be very low for this group. Likewise, the stability 
or replaceability of the elements comprising the minerals may be 
low, which circumstance would lend itself to improvement by the 
use of admixes. 

The extensive work of Ross and Hendricks~4 is important in 
showing how the replaceability of elements may occur. Ex
amination was made of a platy silicate mineral which exhibited 
no Base Exchange properties and whose composition is as 
follows: 

Similar examinations were made of a Hector clay which 
does exhibit definite Base Exchange properties and whose com
position is as follows: 

t>RELIMINARY BASIC CoNSIDERATIONS 

No:;:l 

t 
(Mg

2
,;i LiR:) Si4 . 0 10 (0H) 2 

9 

It is significant that although the structure of the silicate layer 
has not been altered, the physical properties have been, simply 
by the substitution of one Mg ion in nine by lithium.. This sub
stitution also admits an interlayer of water and perm1ts collmdal 
dispersion, which is another property not displayed by the platy 
silicate mineraL 

The somewhat complicated composition of montmorillonite 
bears a striking similarity with the previously described Hector 
clay, as may be noted from the following formula: 

Na:l:l 

t 
(AlLni Mg 

8
:) . Si4 0 10 (0H) 2 . 

The foregoing composition of montmorillonite was selected 
because the sodium cation on the surface of the clay particle is 
replaceable, as has been reported by many investigators. The 
relative order of replacement, as reported by Gnm and 
others11 ·'·""'' \) is as follows·. 
u->Na· ... K 7 >Rb+>Cs+>Mg- ->ca+ +>Sr+ '>Ba+" >H~. 

The order of enumeration is that of generally increasing diffi
culty of replacement, or, in other words, the order of increasing 
stability. The opinion of Dolch4 is that "an ion is held more 
securely the greater its ionic size, with the charge effect pre-
domination." 

The replaceability of ions and the order of relative stability 
is indicated to be a vital factor in the stab1hzat10n of clay sods 
with lime (Co) or other cations high on the scale. It is evident 
thot an exchange may occur when the metallic ion of a natural 
soil which is one of the elements low on the scale, is treated by 
an 'admixture containing an element higher on the scale. The 
list of elements mentioned above is considered low, i.e., has low 
bonding power on the Li + end of the scale. It is also possible 
that partial replacement of cations in a natural sml wh1ch 1s low 
on the scale of replaceability may have been accomphshed, and 
by the addition of a limited quantity of the pror:;er adm1x, the 
reaction may be completed. 

Relation of Cation Exchange Capacity and Coagulation 

The plasticity of soils, especially clays, is a function of the 
relative thickness of the halo-like moisture film and the degree 
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with which the film is bound to the mineral particle The in
fluence of both of these factors on the plasticity increases tre
mendously with the decrease in the size of the ~articles, so that 
for clays whose particles are of colloidal size, the influence is 
very significant The writing of Dolch, summarizing the research 
of others, shows that, in the instanced Co added to No-ion mont
morillonite, a coagulation of the pc;rticles would be expected.+ 
The result of the coagulation is to reduce the plasticity consider
ably for the clay so treated. It is further indicated- by Dolch, 
"that precise information is obscure regarding the concentration 
of the calcium ion required to effect coagulation of soil colloids 
because of their variable nature. However, the quantity of cal
cium used currently for soil stabilization probably suffices for 
accomplishing the coagulation." It is ~ossible that other admixes 
of ~ositively charged metallic elements high on the scale of in
creasing stability may accomplish the same effect 

FIRST PHASE OF RESEARCH 
The preliminary study of the problem indicated that the 

major benefit of stabilization of clay soils with lime ·would be 
confined to the montmorillonite group, provided no consideration 
is given to the influence of cementation. As often prevails at the 
outset of research, this thought was inferred because of knowl
edge limited largely to the replaceability of the n:J-cation of some 
of the montmorillonites by the Co-cation of lime. The study of 
some typical Texas clay soils indicated that the im~rovement of 
the plastic properties was apparently not so restricted. How
ever, major attention during the early phase of the study was 
directed toward various methods of positively identifying the 
montmorillonite group and particularly the clays of this grouo 
in which the No-cation predominated. The differential therm~l 
analysis, X-ray analysis, benzidine color indicakr, and Total 
Base Exchange methods were considered to be best suited for 
this purpose. Brief descriptions of the use of these methods are 
given in the following paragraphs. 

The discussion of the differential thermal analysis method 
for identifying the No-cation montmorillonite group of clays will 
be limited to the results rather than discussion of the fundamental 
principles of the method, equipment, and other matters. 

Five samples of Texas soils ·were selected for examination. 
Four of them were surface soils from areas exhibiting known 
detrimental swelling in the subgrades, and the fifth was from a 
position about five feet beneath the footinqs of Guion Hall on 
the A. and M. College of Texas campus. The last sample was 
obtained during under-pinning and re~air of the building. The 
samples were subjected to the differential thermal analysis meth
od in the laboratory of the School of Mineral Industries of tf:e 

FIRST PHASE OF RESEARCH II 

Pennsylvania State College during early 194 7. The results of the 
tests, interpreted to within 3 to 5 ~er cent, are given in Table 2. 

------------

Sample No. 
--------

I 
2 
3 
4 
5 

--- --

Table 2 

MINERAL IDENTIFICATION OF TEXAS SOILS 

BY DIFFERENTIAL THERMAL ANALYSIS 
-----

Quartz Calcite Montmorillonite 
i Per Cent Per Cent Per Cent 

------

40 15 40 
38 27 20 
5 20 75 

10 55 25 
50 45 0 

Feldspar 
Per Cent 

5 
15 
0 

10 
5 

The report of the examination of the samples showed that 
because of the different clay minerals mixed in with the mont
morillonite group, it would be desirable to make a qualitative 
study of all of the clay minerals in the soils of Texas so as to es
tablish their type and characteristic thermal curves. Then, un
known soils could be analyzed qualitatively in order to determine 
the nature of the clay mineral for comparison with the established 
ty~es, so as to ultimately establish its identity. 

The net result of the foregoing approach to the problem 
would involve extensive analytical analysis with the final result 
obtained by a series of comparisons. It was evident that differ
entiation between the sodium and calcium cation montmorillonite 
soils was not possible by this method at that time. However, 
general identification could be gained; accordingly, no further 
consideration was given the method. 

The same group of five soil samples was examined by the 
X-ray method at the School of Mineral Industries, Pennsylvania 
State College with practically the same results as obtained by 
the differential thermal analysis method. The accuracy of the 
X-ray method depends on such factors as particle size, overlap
ping of the diagnostic peaks, number and nature of the minerals 
present, and other variables. To further explore the feasibility 
of the X-ray method for identifying and separating the mont
morillonite group into the two desired subdivisions, a study of 
the problem was undertaken by LeRoy Holmes Simons, a grad
uate student of the Department of Physics, A. and M. College of 
Texas. In june of 1949, a report of the study was presented in 
the form of a thesis for a Master of Science degree This was 
entitled "X-ray Analysis of Soils for Montmorillonite." The X-ray 
diffraction method was used for the thesis study The study indi
cated that "by means of this method it is possible to identify 
various com~onents of a given crystalline mixture and to obtam 
precise information about the distribution of atoms in a crystal. 
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To obtain the latter information, the symmetry of the crystal must 
be high, or single crystals of about 100 microns in length (actual 
diameters are 0.1 to 0.05 microns) in at least one direction must 
be available. Clay minerals satisfy neither of these require
ments; hence, their atomic arrangements cannot be determined 
in complete detail, but much structural information can still be 
derived." It was concluded by Simons that the X-ray diffraction 
method was time-consuming because of the procedure required 
for the proper conditioning of the samples. It is posisble that the 
procedure could be redesigned and improved in the event the 
method was to be used extensively. The equipment used for 
this research may not have been as well suited for the purpose 
as some other equipment available commercially or custom made 
for the specific purpose. Nevertheless, the research indicated that 
even if the equipment and procedure were both greatly improved, 
the method would require technicians possessing a high degree 
of skill and a high level of education, with the latter applying 
particularly to the interpretation of the results Therefore, the 
method would not be entirely feasible for an operating soil lab
oratory unless urgent necessity dictated its use. The thought 
prevailed that there must be an easier and less expensive means 
of securing the information 

The review of literature showed that some attention has been 
given by other investigations to the use of benzidine or its hydro
chloride to produce an identifying blue color on inorganic mont
morillonite types of clayH The feasibility of such a simple deter
mination was very appealing It was thought that a calibrated 
color scale could possibly be developed for use in identifying the 
montmorillonite clay group which eventually might be used in 
the field economically and to advantage. Provision was made 
for this determination of the selected test soils during the early 
part of the investigation. 

Subsequent search of literature, coupled with the consulta
tion of Dr. J. B. Page, Texas Agricultural Experiment Station, 
showed the benzidine test to be unsatisfactory.~• One of the 
conclusions formed by Dr. Page is quoted as follows: "It was 
demonstrated that montmorillonite is not essential to the reaction, 
that the proper oxidizing conditions though sometimes present 
are not always associated with montmorillonite, and that the 
oxidizing agents may also be associated with other clay consti
tuents of soils. It is concluded that this test cannot be considered 
as specific for montmorillonite." The foregoing conclusion is 
concurred in by the writers. 

In view of the established ranges of Base Exchange capacity 
in units of milliequivalents per 100 grams for all of the clay 
groups by Grim, and because one of the major factors involved 
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in the stabilization of clays by chemical means 1s the exchanae 
of cations of the water film electrolyte, it was evident that the 
determination of Total Base Exchange capacity in the foregoing 
indicated units was desirable. If this capacity is large, it was 
reasoned that the replaceable ion concentration would be large, 
and this would serve as an index of susceptibility to improvement 
of soils by the Base Exchange process. This determination for a 
soil would serve further to permit identification as to the clay 
group, and to obtain a relative measure of the chemical reaction 
potential. It was realized that the determination probably would 
not serve to differentiate between the No-cation and the Co-cation 
montmorillonite However, it was thought that this apparent short
coming could be overcome by another means, as will be dis
cussed later. 

A study was made of the methods described in technical 
literature for determining the Total Base Exchange in milliequiv
alents per l 00 grams of soil so that the method best suited for the 
purpose could be selected. The basic method described by 
Schollenberger and Simon~• and modified by Peach"~' was select
ed. Some further modifications of a minor nature were made as 
dictated by the conditions of the tests, as the research progressed 
Full description of the procedure used is contained in the Appen
dix. This method of testing proved satisfactory and, by means 
of it, the desired results were obtained. The test can be per
formed satisfactorily by an average analytical chemist in a nor
mally equipped commercial chemical laboratory. The normal 
soil laboratory is not so equipped nor staffed, so that constant 
attention during the research was given to the matter of correlat
ing the Base Exchange information with the physical character
istics of soils as usually determined. This was done in hopes 
that an index could be established which would enable a soil 
engineer to roughly evaluate soils considered for earthwork. 
foundation, or highway development, insofar as the swell and 
shrinkage characteristics and the susceptibility to improvement by 
chemical means of these physical characteristics is concerned. 
This recognition is considered to be an important factor in the re
search, for not only should the soil engineer understand the fac
tors which cause clays to possess low stability and how these 
factors may be controlled, but also how the troublesome clays 
can be recognized readily from usual soil test information. 

Means of identifying the troublesome clays, such as mineral
ogical, petrographic analysis, or special X-ray analyses, may 
have their advantages. However, their use involves expensive 
highly specialized equipment and lengthy techniques Further, 
such methods are not commonly available to soil engineers in 
practice; consequently, major effort was made to use such facili
ties as are usually at hand. 
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Selection of Typical Surface and Subsurface Texas Clay Soils 
for Study 

Interest in the research was shared by the Road Design Di
vision of the Texas Highway Department. The Texas Highway 
Department assisted in the program by supplying a number of 
natural topsoils for the study. The soils were selected because 
of their satisfactory, questionable, or unsatisfactory record as 
subgrade or embankment materials. The identifying numbers 
and locations from which the surface samples were secured are 
given in the Appendix. The subsurface soil samples were ob
tained from an auger boring located near the center of the site 
for the New Science Building on the A. and M. College of Texas 
campus. The selection of this source for subsurface soil samples 
was predicted on the knowledge that the preliminary research 
involving the trial of the differential thermal and X-ray analysis 
had shown a concentration of approximately 50 per cent mont
morillonite in the subsurface soils of the campus. 

The selection of surface and subsurface soils was advantage
ous, because they represent natural materials used both for 
natural subgrades and for embankments formed from excavated 
borrow areas or cuts in highway construction. 

The plasticity characteristics of all soils used in this research 
were determined so as to establish their classification according 
to soil engineering procedure, and for the purpose of obtaining 
a measure of the improvement of their engineering character
istics caused by chemical treatment. The Atterberg Limits (Liquid 
Limit, Plastic Limit, and Plasticity Index) were used to establish 
the plasticity characteristics. The procedure and equipment 
used were those reported by A. Casagrande in PUBLIC ROADS, 
October 1932. The compaction characteristics of the raw and 
treated soils were determined using the equipment and procedure 
as set forth in Technical Bulletin No. 107 (1948) of the American 
Road Builders Association, pp. 65-71. Special attention was 
given to the preparation of the clay soil specimen for the com
paction testing so as to assure the uniform distribution of mois
ture. This was accomplished by thorough mixing of each speci
men when the increments of required water were added followed 
by storage of the specimen in air-tight containers in a humid 
room with subsequent additional mixing at intervals of several 
days until a uniform distribution was achieved. 

The grain-size distribution determinations by the hydrometer 
method were made of most of the Texas natural topsoil 
samples and of selected samples of the subsurface soils. The 
purpose of these determinations was to secure general informa
tion about the soils used for the research. 
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The results of all of the determinations, except those of the 
compaction tests, are summarized in Table 3 for the topsoils and 
in Table 4 for the subsurface soils. 

Study of the plasticity characteristics of both the topsoils and 
subsurface soils, as tabulated in Tables 3 and 4, shows that the 
normal range of clay soils was fully represented by the samples 
selected for the research. This is shown by the fact that the 
Liquid Limits varied from 0 to l 02, and the Plasticity Indices 
varied from 0 to 66. It is realized that some soils, having Liquid 
Limits and PI's greater than the values indicated may be en
countered, and it would be these unusual soils which would prob
ably benefit most from chemical treatment. A possible solution 
to such a problem is treated later in this report. 

The results of the determinations of Total Base Exchange and 
plasticity characteristics were studied so as to ascertain whether 
or not a correlation could be established between the two. Such 
a correlation would be very desirable, because the plasticity 
characteristics are established as a routine matter and could 
possibly serve as a yardstick for measuring susceptibility to chem
ical treatment in much the same manner as they serve for the 
identification of soils for engineering purposes. The best correla
tion that could be developed for all of the samples tested (Tables 
3 and 4) was between the PI, plotted as the ordinate to a logarith
mic scale, and the Total Base Exchange, plotted as the abscissa 
to an arithmetic scale, as shown by Figure 6. The significant 
portion of the curve representing the average relation is shown 
as a solid line through the central portion of the figure. The 
dashed-dot portion of the curve, for the range of PI's of 3 to 15 
and Base Exchange of 3 to 13, is not considered to be too im
portant. However, as the PI increases from the value of about 
15 upward, the need for improvement increases proportionally 
It appears reasonable that for this range of PI, the curve can be 
considered to be o straight line which may be projected from the 
point having the maximum coordinates up to at least a value of 
100 for the PI It would be rare for the last mentioned value to 
be exceeded in the usual highway development, particularly in 
Texas. 

It may be recalled that a range of Base Exchange values for 
each of the members of the clay family has been established by 
Grim (See Table 1) The values for each of the clay groups 
have been plotted on Figure 6. The initial impression one may 
gain from a comparison of the test results and the limits for each 
group is that all of the soils fall either in the kaolinite or illite 
groups. This is not believed to be true for the following reasons 

a. The differential thermal analysis of a soil sample from the 
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Table 3 

PROPERTIES OF THE TEXAS NATURAL TOPSOILS EXAMINED 
Sample Grain Size---- -Ci[iUTd --Pla~-----pj;j;~ Total Base-, -Benzidine 

Number* 'I Reference , Limit ' Limit Index Exchange ' Color Testt 
_ _(_l) - --- ___<3_)_ _____ L_<3_>__1 - (~_ ' : (5) ; (6) I (7) 

TNS-1-T Fig 1 App NP NP ___ N_P ______ D~i--------;:p---

TNS-2-T Fig App 18 15 3 3.5 n 
TNS-3-T Fig App 23 20 3 4.2 n 
TNS-4-T Fig 2 App 25 19 5 4.5 s-p 
TNS-5-T Fig 2 App 22 19 6.0 n 
TNS-6-T Fig I App 60 29 31 30.0 n 

TNS-7-T Fig 2 App 49 20 29 31.0 s-p 
TNS-8-T Fig 2 App 63 20 ~3 45.0 s-p 
TNS-9-T 
TNS-10-T 
TNS-11-T Fig. 3 App 
TNS-12-T 
TNS-30-T Fig. 6 App 

25 
19 
30 
50 
63 

22 
15 
20 
16 
20 

4 
lO 
34 
43 

1.4 
5.0 

10.0 
15.0 
45.0 

n 

n 

* ~amplp. numhPr i::: l:~~~~~ratorr dc·;;i~il;:i"i-i~;j1. Spp .\PJwndix f(lr c1P~rdJili1~lii~~ ·-- ----
t l~t·grl't.' 11f i'l~l(lr n·acti!IH: ~ --=· slh;;ht: p =:: Jlw•itirr·: n = nl-'gatirt'. 

p 

p 

Table 4 

PROPERTIES OF TEXAS NATURAL SUBSURFACE SOILS 
AT ONE LOCATION ON CAMPUS AT VARIOUS DEPTHS 

Samp~e 
NumlJ.~r* 

(l) 

TNS-13-5 
TNS-14-7 
TNS-15-3 
TNS-16-9 

Grain Size 
Reference 

(2) 

Fig. 4 App 
Fig 5 App. 

Fig. 4 App. 

TNS-17-19 Fig 6 App 
TNS-18-21 Fig. 6 App 
TNS-19-15 Fig. 3 App 
TNS-20-23 Fig 5 App 
TNS-21-5A~ Fig 6 App 
TNS-22-17 Fig 4 App 
TNS-23-13 
TNS-24-8~ Fig 4 App 
TNS-25-2 
TNS-26-26 Fig. 5 App 
TNS-27-2~ Fig. 3 App 
TNS-28-25 
TNS-29-11 
TNS-31-4M 
TNS-32-8 

Liquid Piil.stic --- --i,-lasii-city --rotalsa.s.---~ine -
Limit Limit Index Excllang.e Color Testt 

_'.:(3:.'.)c--_:__ (4) (5) (6) (7) 
44 -~2~1----~2~3~----~2-~1----~~p 

51 25 23 25 p 
53 19 34 25 p 
54 24 30 27 p 
53 23 30 27 p 
71 25 45 30 p 
68 27 41 31 p 
73 24 49 32 p 
70 22 48 34 p 
78 37 41 35 p 
63 34 29 36 p 
70 22 48 36 p 
98 31 67 38 s-p 
72 21 51 40 p 
64 20 44 41 s-p 
84 25 59 42 p 
53 32 22 44t s-p 
96 35 61 45 s-p 

102 36 66 47 p 
--------------------
* ~amr1lt' dtsignation:' a~ follmn: T.\"S == TPX<t.'i .\"atnral ~t1il: Fh::;r .\"umlwr = Samplp .\"umber·; S!'ronrl 

Sumbt:>r = DPpth hplm\ Sur·f:wt·. 
~ Th•grt't' of rolor rPatti11n as follow~: ~ == :-~light and p = JIU~ithr. 
:j: Sample con't.aint'd <tJlJIT'eeiablt> org:anie ma.ttt>r: eonst<Inently, tf>~Uh~ wtrt not use-d. 
~ ~ample of Taylor :\Iarl f1om indicated dt>pth. a1' surmliNI by tht T(•xas Highway Vepartmmt. 

Sample flf Bt><wmont ('Jay fr·om indh·att·d dt>JHh, a:-; supt!liPd by tht 1\·x:ts Highwa~· Tlpp;u·tment. 
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foundation of a nearby structure showed that it contained 
appoximately 50 per cent montmorillonite (See Sample 
5, Table 2) with no indications of the presence of kaolinite 
or illite. Accordingly, it is reasonable to consider that 
the clay portions of the subsurface samples tested were 
principally montmorillonite. 

b. The grain-size distribution curves of rGpresentative sam
ples (Appendix) show that from 20 to 80 per cent of the 
grains of the soils used are of the clay size (0.002 mm) or 
smaller. The coarse-grained portions of the samples 
would so alter the characteristics of the puw clay r:::ortions 
as to preclude applying criteria for pure cl0ys to the 
no;-mal soils encountered in earth work construction. This 
is a modification of a thought previously exr::ressed; hov!
ever Total Base Exchanoe should serve as em indicator 
of su'sceptibility to treatm~nt of a soil. 

The color reaction of the soil samples to tre0tmcnt with benzi
dme lS reported m Column 7 of Tables 3 and 4 review of the 
results, as shown m Column 7 of Table 3 for samples l 4 7, and 8 
shows all to have a slight-to-positive reaction, although tl-:e re
spective values of Liquid Limit clearly represent a broad ranqe 
of plasticity from nonplastic to 25, 49, and 63 and the PI's 
likewise from nonplastic to 5, 29, and 43. It is possible of course, 
for a series of soil samples to contain a trace of montmoril
lonite so as to give the slight-to-positive color reaction; how
ever, for the ranqe of plasticity enumerated it is not probablG tl1 at 
the same quantity of montmorillonite would exist in all ScJr::l:\ 
samples. The same inconsistency appears to apply to samples 
25, 27, 29, and 31 of Table 4 except for a higher range on the 
plasticity scale. In view of the unreliability of the color reaction 
deterr:1'nation with benzidine for montmorillonite, as reported by 
Dr. Page, further use of this test was discontinued. 

Brief recapitulation of the foregoing shows that, for the series 
of surface and subsurface soil samples selected for study, a cor
relation was found between the PI's and Total Base Exchange of 
the soils that appears reasonable. The correlation appears to be 
valid for the normal range of plastic soils (Plasticity Index of 20 
to 70) and may be extended to the range of Plasticity Index of 
15 to l 00. The correlation shows that for the Texas natural soi1s, 
classification on the basis of Total Base Exchange is not feasible 
because of the normal contamination of the clay grains by the 
coarse qrains (sand and silt sizes) usually existing in clays. The 
study of the pl0sticity and base exchange characteristics does 
not give any indication of the concentration of any of the three 
basic groups of clays contained in a natural soil. 
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Influence of Montmorillonite on Inert Soil 

To explore the influence of montmorillonite on the plasticity 
and Total Base Exchange capacity of an inert soil, a series of 
laboratory prepared samples was formed so as to contain known 
proportions of each. 

The inert soil selected was an inorganic alluvial silt from the 
recent flood plain of the Brazos River near Navasota, Texas. This 
natural silt was found to have LL of 30, PL of 20, PI of l 0, and a 
Total Base Exchange of l 0 milliequivalents per l 00 grams. It 
was readily available in the desired quantities. 

The montmorillonite used was commercial grade known as 
"Volclay," which is produced by the American Colloid Com
pany of Chicago from reportedly relatively pure natural deposits 
in Wyoming. This material was found to have aLL of 710, PL of 
10, PI of 700, and Total Base Exchange of 90. It is interesting to 
note that the Base Exchange value of 90 lies at the middle of the 
range for montmorillonite as established by Grim' and shown in 
Table 1. 
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Table 5 

PLASTICITY AND TOTAL BASE EXCHANGE CHARACTERISTICS 

OF NAVASOTA SILT AND MONTMORILLONITE 
----------- -- ---------

Sample Liquid Plastic Plasticity Total B"'e 
Numb.r'' Limit Limit Index Exchang-e 

(l) (2) (3) (4) (5) - ------------------

LM-0-0 30 20 10 10 
LM-1-5 56 23 33 13 
LM-2-10 82 27 55 18 
LM-3-15 108 25 83 20 
LM-4-20 134 25 109 25 
LM-5-25 159 25 134 28 
LM-6-30 185 26 159 30 
LM-7-35 210 25 185 33 
LM-8-40 236 25 211 36 
LM-9-45 277 24 253 40 
LM-10-50 354 24 330 45 
LM-11-100 710 10 700 90 

--- ·- -- ----------- .. --------------------

* E:-.:planatinll of ~amplt-• numherin~ I'IHie: "L.\1" indi(':tiPs bdllltatory mixrme: till· fir:-;t Jmmbpr dl•sig,nate::\ tlw· 
tilt' ~am pip nmnlwr <~f tllis :-;Pries; .tnd tht• s!'I'UIHl rmrnlwr indkatt>:-; JWr l'l'llt nf cornnwrl'ial nwntmnrillunitf•. 

The two materials were combined to form ten laboratory 
samples. The first sample was made to contain 95 per cent silt 
and 5 per cent montmorillonite, the second 90 per cent silt and 
10 per cent montmorillonite, and so on by 5 per cent increments 
with the final sample containing equal parts of both materials. 
The raw soil was pulverized prior to being combined with this 
commercial orade montmorillonite, which had been obtained in 
pulverized fo~m. The proportioning was on the basis of the air 
dry weight of the solids. 

The plasticity and Total Base Exchange characteristics of 
each of the ten samples were determined by the procedures 
previously described. The results of the determinations are sum
marized in Table 5. 

Review of the LL and PI determinations shows the influence 
of the tremendous increase of surface area per unit volume ac
companying the increase of concentration of montmorillonite. 
This is in accordance with previous discussions wherein it was 
pointed out that as the size of the groins decreased, the surface 
area per unit of volume increased. Further, it was explained that 
the minerals and structure of the montmorillonite group possessed 
the unusual ability to take molecules of water into their structure. 
The net effect is for the halo-like adsorbed moisture films to form 
about and between the qrains to increase the plasticity of the 
material. It may be noted from Table 5, Columns 2 and 4, that 
both the LL and PI increased 1200 per cent and 3300 per cent 
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respectively by the addition of 50 per cent montmorillonite to the 
silt. 

The graphic relationships between PI, Total Base Exchange, 
and per cent of montmorillonite contained in laboratory prepared 
samples are shown by Figure 7. This figure presents these re
lationships in the same manner as was used for the Texas natural 
soils, Figure 6. The lower portion of the curve of Figure 7 reflects 
a rapid change of plasticity (PI of less than 160) with a small in
crease of the percentage of montmorillonite. This rapid change 
is attributed to the relative pureness of the montmorillonite used 
and the absence of other minerals such as would be the normal 
case for natural soils. It may also be noted that the concentration 
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of montmorillonite was increased from 0 to 30 per cent, so that 
in effect characteristics of the silt were predominating. For the 
tangent portion of the curve, where the concentration of the mont
morillonite exceeded 30 per cent, the characteristics of the silt 
were obscured because the silt grains were dispersed in the 
other material. Accordingly, this latter part of the curve may be 
considered to represent the maximum relation that may be ex
pected between PI and Base Exchange for soils encountered in 
nature. The upper portion of the curve is for illustrative purposes 
only and is not considered significant. The experimental data 
from which the curve was plotted shows three points, namely the 
l 0, 20, and 25 per cent montmorillonite, to lack agreement. This 
is thought to be caused by experimental error in determining the 
Total Base Exchange, for had the Base Exchange been slightly 
less, each point would fall on the curve. As a result, the scales 
of per cent concentration of montmorillonite and Total Base Ex
change would be more proportional and nearly arithmetic. 

It is realized that there are many subdivisions of the mont
morillonite group of clays, as there are of the other two groups; 
namely, kaolinite and illite. It would not be possible in a report 
of this nature to investigate all of the various subdivisions of the 
:::lay groups. 

SECOND PHASE OF RESEARCH 

Influence of Lime on Plasticity Characteristics of Some Laboratory 
Co.ntrolled Clay Soils 

In view of the uniformity of the laboratory prepared inert silt 
and montmorillonite mixtures and the broad ranges of plasticity 
and Base Exchange of the materials mixed in the previously 
enumerated proportions, treatment of them with lime was ex
perimented with initially. No simple means was found during 
the first phase of the research for identifying the predominating 
ionic size or charge of the natural or laboratory prepared soils. 
However, the magnitude of the Total Base Exchange was indi
cated to be a measure of replaceability of the cation in the soil 
or mixture. Inasmuch as Ca + + is available from lime and is 
relatively near the top of the scale of increasing difficulty of re
placeability, it was reasoned that knowledge as to the exact 
identification of the cation of the soil or mixture may not be neces
sary. Further, it may be recalled, that in the order of replace
ment, only Strontium (Sr), and Barium (Ba), which are not com
mon in soils, outrank Calcium (Ca); consequently, it is reasonable 
to assume the lime would serve to replace all of the more com
mon cations of lower order. 

The desired reaction of lime or other stabilizing r.1aterials 
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that may be used with clay is fundamentally chemical by nature. 
Accordingly, the rate at which the reaction occurs depends upon 
the dispersion of the reagent in the clay soil treated, surface area 
per unit of volume, moisture available, and temperature. The 
first three of the foregoing factors are of primary significance, be
cause the soils requiring chemical treatment are fine-grained, 
cohesive, relatively impervious, and their capillary moisture 
causes these soils to form clods which are difficult to pulverize. 
The surface area per unit of volume of these clods is manY 
times less than the total surface area per unit of volume for the 
individual grains. 

Table 6 

INFLUENCE OF REACTION TIME ON BASE EXCHANGE 

AS REFLECTED BY ATTERBERG PLASTICITY TESTS 

Liquid Limit Plastic Limit Plasticity 
----- -------------

S-eries l* S~ries 2J: Series l S2ries 2 Series 1 
Index. 

S"ies-2-
Sample 

Plus 
Admix 
(l) 

Virgin o.s hours- 24 hours Virgin o.5 hours- 24 hours V;I-!Jln -0.5 hours 24 flours 
(2) (3) (4) (5) (6) (7) (8) 

----------

56 57 46 2~ 26 28 33 

56 54 41 23 31 30 33 

56 54 42 23 30 30 33 

2 per 
cent 

4 per 
cent 

6 per 
cent 

8 per 
cent 

No appreciable change above 6 per ce~. t 

10 per 
cent 

* :-\t·rit·~ 1 !Padillll timr 11,.~1 !J(Im~. 
t St·tit•:-; :.! n·<lt'lliill tinE· ~l h11111~. 

(9) 00) 

31 18 

22 i l 

24 12 

The Base Exchange process affects only the surface area and 
must affect the aggregate surface area of the mass; consequently, 
it would appear that a lapse of time must be allowed for the lime 
and its accompanying water to permeate the mass. To ascertain 
the influence of time so that a reasonable criterion for subsequent 
testing could be established, ten samples of the inert silt were 
prepared with about 5 per cent of montmorillonite, and admix
tures of 2, 4, 6, 8, and l 0 per cent of lime were added to form 
two series of like samples The Atterberg Limits were determined 
for the first series of samples following a lcr:;se of 30 minutes 
after mixing, and for the second series a lapse of 24 hours was 
allowed after mixing. The results are given in Table 6. 

The sionificance of allowino a reasonable time lapse for the 
lime-bearirl'g water to soak thrO'ugh the soil and affect the Base 
Exchange of the halo-like moisture films on the grains is evidenc
ed by comparison of the values summarized in Table b. The 
significance is esepcially evident by comparing the values shown 
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in Columns 9 and I 0. Accordingly, for the subsequent testing an 
interim of 24 hours was made to elapse between the introduction 
of the admixture of lime with thorough mixing before the desired 
tests were made, thus assuring that the chemical reaction would 
be reasonably complete. It is probable that tl~e chemical re
action continues with time, so that the benefits may be greater 
than those indicated by the 24-hour period maintained in this 
research. Allowance of relatively long reaction time would have 
been necessary if consideration had been given to the effect of 
cementation in this program. 

To explore further the influence of lime on tlc.e plasticity char
acteristics of the controlled laboratory mixturcos of inert silt and 
montmorillonite, a group of five samples was r::ropared, with each 
group containing 4.75, 9.1, 13.0, 16 7, 20, 30, 35, 40, 45, and 50 
per cent montmorillonite. The first sample of each group was 

Table 7 

AFFECT OF LIME ON PLASTICITY PROPERTIES 
NAVASOTA SILT MONTMORILLONITE MIXTURES 

------

Montmorillonite Atterhuo Values of 
in Mixtur~ Limit Limits, No 

-Concentrations of I 
Per Cent Tests Admix 2' ~ 

(1) _(2_) ____ QL_~-- - ( 4) 

4.75 

9.1 

130 

16.7 

20 0 

30 

35 

40 

LL 56 45 
PL 
PI 
LL 
PL 
PI 
LL 
PL 
PI 
LL 
PL 
PI 
LL 
PL 
P! 
LL 
PL 
PI 
LL 
PL 
PI 
LL 
PL 
PI 

23 
33 
82 
27 
55 

105 
25 
80 

114 
25 
89 

134 
25 

109 
185 
23 

159 
210 

25 
185 
235 

25 
211 

28 
18 
72 
23 
43 
84 
25 
59 
82 
23 
57 
8J 
32 
-"8 

143 
25 

118 
148 
22 

125 
155 
23 

132 

Values of Atterherg Limits 
For Indicated Percentagf! 

Of Lime Admix 
4' ( 6t ( 
(5) (6) 
----

41 
30 
11 
70 
27 
~3 

70 
29 
41 
65 
34 
34 
68 
38 
30 
92 
!,1 

51 
90 
39 
51 
77 
36 
41 

42 
30 
12 
67 
32 
35 
59 
34 
25 
62 
40 
22 
64 
40 
24 
74 
46 
28 
85 
33 
52 
80 
40 
40 

8•' 
(7) 

42 
30 
12 
G5 
35 
30 
55 
39 
1~ 

61 
43 
18 
62 
40 
22 
67 
39 
28 
94 
33 

74 
39 
35 

10',( 
<8J 
45 
32 
13 
62 
35 
27 
55 
40 
l5 
61 
43 
17 
62 
40 
22 
74 
46 
28 
84 
38 
46 
9! 
41 
so 
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admixed with 2 per cent of lime, the second sample of each group 
was adm1xed w1th 4 per cent hme, and so on to the fifth sample, 
w·h1ch was adm1xed w1th I 0 per cent of lime. The proportioninq 
was on a dry weight basis. After the samples were properly pre-
pared and thoroughly mixed, distilled water, as required for the 
Attcrberg Limit tests, was added to each, and then the samples 
were thoroughly remixed. Twenty-four hours was allowed to 
elapse after the water was added before tl-:e tests were per
formed 

The procedure, equipment, and technique for the tests were 
the sa:r;w as has been described previously 

The results cf the? Atterberg Plasticity tests on the series of 
samples containing the previously indicated percentages of mont
morillonitE: and to vrhich 2, 4, 6, 8, and l 0 per cent lime vras added 
arc summarized in Tc1.Jle 7. This information is best understood 
and visualized from a graphic presentation as shown by Figure 8 
The deviation ol some of tlw obssrved points from t!'e average 
straight lines representing the influC?nce of 2 end 8 per cent lime 
odoi;w::; i::; attributed to normal experimental error and to the 
'ia:·i\'tions from the 24-hour period established fer the I3ase Ex
change pro:~e::;s to bove been accomplished. Tt.c erratic varia
tions which may be noted for the ins[ances of the 4 and 6 per cent 
lime admixes is attril::;uted to the deviations fwo the timing de
signed for tho tes~s. The; testing v.cas accmc:1plished by student 
assistants who oay have bc:cn t0king excminations concurrently 
w·ith this work. Tho trend shown by the results demonstrates 
the tremendous beneficial chanaes in the plasticity of clay-like 
::;:::Jils Yrhich can be accomplished by cdmixes of lirc:1e. The bcnc
firiol results, in this instance, vary directly as the concentration 
of the.; lime cdmix, y;i th the maxim urn corwsr:ond' n0 to l 0 per 
cont. 

In dealing with natural soils. it is not likely that PI's in excess 
of 15CI would be exceri<'mced h cddition. it is not likely that 
s:::Jils ·would be found which contain relotin•]y pure montmorill
onite; hoY'~'VPr by usc ol lime or sinilor cch!ixtu:·cs, a compar
able benefic:ial influence on the plasticity characteristics should 
be expected. 

b.fuc;~~c:: of Li"Tic; o~-~ Fas\icity Chc:rcc:er:s·ics of Some Surface 
cod Su'xmrfac8 Nc:"ur:r1 Te:cc1 So:!s 

The obiective of this part of the research was to osr-:ertoin the 
res:::;onsc: of SO:'TIG representative surface and subsurface Tr-xcs 
Ylatural soils to lime -treatment, to exDlore the use of Totc-rl Dose 
Exchange or its equivalent PI as a measure of susceptibility tn 
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treatment, and to determine the influence of various concentra
tions of lime admix on these clays. 

The surface soils examined were for the most part the same 
ones as previously described and reported in Table 3; namely, 
the first eight and the last one as shown. The supply of sub
surface soil samples previously examined had become exhausted; 
consequently, a new supply had to be secured from the alternate 
samples obtained from the sarne strata of soils and at approxi
mately the same elevations as the original samples. These are 
designated by the letter "B" at the end of the sample numbers. 

It may be noted that the subsurface samples in the Taylor 
Marl, TNS-2l-4A, and the Beaumont Clay, TNS-3l-4A, were both 
used 0gain for this part of the program. These clays are both 
common to large areas of Texas and represent some of the natural 
soils that it may be desirable to improve by chemical means. 

Total Base Exchange characteristics of the new samples were 
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all obtained in the manner previously described. Five specimens 
of each of the soil samples were prepared to receive the lime 
admix by being air dried and pulverized by passage through a 
corn mill. A commercial grade of slaked lime was added on a 
weight basis in such proportions, as to give 2 per cent in the first 
specimen, 4 per cent in the second, 6 per cent in the third, 8 per 
cent in the fourth, and 10 per cent in the fifth specimen of each 
sample. A sufficient quantity of distilled water was added to 
each specimen so as to permit performing the A tterbera Limits 
Each specimen containing lime and water -was thoroughly mixed 
and allowed to remain in this condition for approximately 24 
hours for the chemical reaction to occur. The Limit tests were 
repeated for each specimen to ascertain the :nfluence of the 
chemical reaction with the lime. The results of the original and 
final tests are summarized in Table 8. Due to the variations of 
the plasticity characteristics of the natural soils, which is to be 
expected, it was not practicable to present the information con
tained in Table 8 as a single family of curves, such as Figure 8 
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However, the influence of the lime on each soil sample has been 
presented graphically by figures 9 to 15. 

Study of the information contained in Table 8 indicates that 
clay-like soils having a PI or Base Exchange capacity of less 
than 20 experienced negative to slight or insignificant reaction; 
soils possessing a value of these factors in the range from 20 to 40 
experienced a moderate reaction, with exceptions discussed sub
sequently; and soils possessing values of 40+, without exception, 
experienced a significant improvement of their plasticity char
acteristics. Refinements of the foregoing subdivisions, according 
to PI's, appear possible from correlation of a larger number of 
soils The slight influence of lime on the soils having PI's of less 
than 20 is to be expected, for such soils normally contain low 
proportion of clay sized groins which would be influenced by the 
exchange of the base caused by lime admix. for the clay-like 
soils within the range of PI's of 20 to 40, the moderate reaction is 
hkewise expected, for only a moderate proportion of these soils 
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Table 8 

EFFECT OF LIME ON PLASTICITY CHARACTERISTICS OF TEXAS 

NATURAL SOILS, BOTH SURFACE AND SUBSURFACE 

Samp~e 
Numb<r 

(l) 

TNS-1-T 
TNS-2-T 
TNS-3-T 
TNS-4-T 
TNS-5-T 
TNS-5-T 
TNS-7-T 
TNS-8-T 

T!~S-30-T8 
TNS-13-58 
TNS-20-238 
TNS-21-SA t 
TNS-22-178 
TNS-26-268 
TNS-28-258 
TqS-31-4A+ 

P~Jaas\~~~!Y iBa:~r~~i~~a~ng~l r.eaction ~~~~sf~~ ~~~f;!~~~ 
Index Ba:e 'Anticipated';' Percentages of Lime 

: 2( ( 4' { 6r ( gr ( 
(2) 

NP 
3 
3 
6 
3 

31 
29 
43 

SQ 
28 
GG 
48 
49 
54 
55 
66 

(3) 

0.7 
3.5 
4.2 
4.5 
6.0 

30.0 
31.0 
45.0 

40 
26 
47 
34 
40 
42 

42+ 
47 

(4)_ ___ :_(5) ____ (6) (7) (8) 

Surface Soils 
N 
s 
s 
s 
s 
M 
M 
p 

2 
2 
3 
2 
7-

38 
23 
32 

Subsurface Soils 

p 21 
M 8 
p 53 
M 42 
F 37 
p 24 
p 43 
p 50 

3 

2 
0 

7+ 
3:; 

20 
29 

14 
6 

33 
23 
25 
15 
29 
24 

5 6 
0.7 

l·-

0 0.5 
7 7--

33 3! 
20- !9 
27 27 

14 13 
8 9 

17 15 
19 18 
16 11 
14 16 
15 15 
20 17 

* Hn'.rt"'t' 1•f t'1d11r l~-'at'ti(llJ a.~ tJJl\11\\< :\. !JIJJ:P: S, ~light: :\1. 
~ Sampl1• 'f 'fa~ l11r .\Jar! from iJJditatt'd dt·pth a~ "liJl]liierl by Tt':-.a~ 
t Sarnplt' {If Httwmunt I'! a.\ fn1m indit·at' d (1\-pth a~ "llJIJ!]i('d by Tt>\a~ 

10•' 
(9) 

6 
0.6 

29 

l ---
0.7 

7-
29 
19--
27 

13 
il 
15 
18 
10 
17 
15 
15 

is of clay-sized qrains It may be noted for Samples TNS-6-T and 
TNS-7-T, Table 8, having PI's of 31 and 29 respectively, for which 
similar reaction would be expected, that the first one experienced 
an increase of PI with the 2 per cent lime admix and then a pro
gressive reduction accompanying the increase of the concentra
tion of the lirae; whereas. for the second one, the reduction wos 
progressive for the complete range of lime admix. This contrast 
is considered no~ma! for soils possessing this mid range character
istic and may be attributed to several factors; namely, the oin
erols ond their ionic charge intensity comprising the first sample, 
the initial low concentration of lime causing an unknown reaction 
other thon tho exchanqe of bose, or to other unknovrn factors. 
Fo~ the clay soils within the PI range of 40+, the pronounced 
reaction was in accordance with the previously explained pro
c:ess. It is for this latter range that the maximum beneficial in
fluence of the lime admix occurs. 

Observation o! Table 8 and other data presented to show the 
effect of lime admix on the plasticity properties of the clay soils 
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might lead one to inquire concerning the effect of lime admix on 
the Total Base Exchange capacity of a particular clay specimen. 
How is the Total Base Exchange capacity affected by lime? This 
data is not presented because the method of performing the Base 
Exchange test does not permit accurate determination of this 
property after the use of lime. In adding lime to a clay the cal
cium takes the place of replaceable cations in the clay sample. 
The process of determining the Base Exchange capacity after 
lime admix involves the addition of ammonia which in turn re
places the calcium cations that had been added by liming. The 
net result is that the test gives the same Total Base Exchange 
capacity for "before" and "after" lime treatment 

Influence of Lime on Compaction Characteristics of Some Surface 
and Subsurface Natural Texas Soils 

The objective of this part of the research was to determine 
the influence of the varying concentration of the lime admixes on 

SECOND PHASE OF RESEARCH Jl 

the compaction characteristics of the soils reported in Table 8. 
The compaction characteristics of soils are significant in regard 
to the investigation, design, and control of construction of earth 
embankments and subgrades for highways and airfields 

The compaction characteristics of the raw surface soil, Sam
ples TNS-1-T through TNS-8-T, were determined in accordance 
with the procedure set forth in Technical Bulletin No. 107, pages 
65-71. 1948, of the American Road Builders Association. Special 
attention was given to the preparation of the test specimens in 
that they were prepared for testing by first being pulverized, 
thoroughly mixed with the compaction water, and then stored 
for sufficient time to allow the water to be dispersed in the soil 
before being subjected to the compaction test. Two duplicate 
specimens of each of the soils were prepared in the foregoing 
manner; however, to the first one lime was added in a concentra
tion of 6 per cent, on a weight basis, and to the second one of 
each senes lime was added in a concentration of l 0 per cent 
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These percentages were selected because they represented the 
approximate mid-range and highest range of the concentration 
of the effective lime admixes used. The lime was added in all 
instances to the pulverized soil specimen before the water was 
added and mixing undertaken, so that oood dispersion in the 
soil would be achieved. The treated soil specimens were com
pacted in a manner like the raw soils. 

The results of the compaction determinations of the raw and 
treated soils are presented graphically by Figures 16 through 23. 
which are self explanatory. 

Study of the families of compaction curves for all of the soils 
shows that the compaction characteristics of the soils treated are 
influenced by the lime admixtures as follows: 
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a. The optimum unit dry weights of the compacted soils are 
decreased by the lime admixtures. The per cent reduc
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9). It is indicated that the reduction of unit dry weight 
varies somewhat inversely as the PI of the virgin soiL 
This is considered to be a trend rather than a firm rela
tionship. Study of the test results from many samples 
would be required to confirm this indicated trend The 
indicated percentages of reduction of the unit dry weights 
of the soils tested are not considered to be significant 

Table 9 

EFFECT OF LIME ON COMPACTION CHARACTERISTICS 

OF SOME SURFACE TEXAS NATURAL SOILS 
------ ---------

D2ctea~e of lncre:l~e of 
Samp~e Natural Original Optimum Dry Cptimum Moisture 
Number Plasticity Ba<e Excha"g' Unit Weight Content Due to 

lnd2x Value Due to lOr~ Lime ' lOr~ Lime 
Per Cent Per Cent 

(l) (2) -~---- (4) (5) 
- ----- ---------

TNS-1-T NP 0.7 6.0 2 
TNS-2-T 3 3.5 4.8 2 
TNS-3-T 3 4.2 6.7 2 
TNS-4-T 6 4.5 4.8 3 
TNS-5-T 3 6.0 4.3 2 
TNS-6-T 31 30.0 4.7 2 
TNS-7-T 29 31.0 3.7 2 
TNS-8-T 43 45.0 4.4 3 

--------·-

b. The optimum moisture content of the compacted soils ex
perienced an increase due to the lime admixture (Table 9). 
The increase varied between 2 and 3 per cent for a con
centration of lime admixture of l 0 per cent Study of the 
data shows that there is apparently no relationship be
tween the indicated increases and the other properties of 
the untreated or treated test specimens. Further consid
eration of the influence of lime admixes on the compaction 
characteristics of clay soils shows that for some conditions 
and localities the influences may be beneficial, and to the 
contrary for others For example, in the Gulf Coastal 
Plain of Texas where the Beaumont Clay (TNS-31-4A) 
occurs as a surface soil, the influences may be very bene
ficial, because the soils are normally high in natural mois
ture content, and a slight increase in the optimum mois
ture would aid in the processing and field compaction 
operation. Further, the introduction of the dry lime as an 
admix would serve to blot excess moisture from the natur
al moist soils and tend to minimize the field compaction 
operation. On the other hand, in the central part of Texas, 
where the drier climate and dry Taylor Marl (TNS-21-SA) 
is common, the small increase of the optimum moisture 
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content would require more compaction water to be used 
during the field construction, thus adding to the cost and 
time factors slightly. 

Design Considerations of Economic Use of Lime Admixes for 
Clay Soils 

Review of literature and discussion of the use of lime as a 
stabilizing agent for subgrade soils have indicated the normal 
planning has been to select for use the percentage of lime which 
would produce the maximum change of plasticity. This per
centage of lime frequently has been specified for the top portion 
of the sub grade soils embracing thicknesses of 6, 10, 14, and 18 
inches. Study of the problem has indicated that this procedure 
may be improved to result in the same advantages at lower 
costs, particularly for building up subgrades and bases for flex
ible pavements. 

The practice of the Texas Highway Department for the de-
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sign of subgrades and bases for flexible pavements, as set forth 
in the Administrative Circular No. 43-50, Part II, provides for the 
classification of subgrade and base materials for flexible pave
ments on the basis of their shear strength. The design provides 
for the shear strength of the roadway materials to decrease with 
depth measured from the surface downward. For example, if a 
moderately low strength natural subgrade material were to sup
port a pavement for a specified wheel-load and type of traffic, 
its strength might dictate reinforcement of 18 inches of progress
ively stronger overlying materials as the surface of the roadway 
is approached. The stronger materials required for use in the 
Gulf Coastal Plain may have to be imported from long distances, 
thus making them expensive, particularly in the indicated region. 
This same progressive increase in strength may be achieved 
through the increase of the concentration of the lime admix as 
the roadway surface is approached. To illustrate this line of 
thought further, consider the influence the various percentages of 
lime have on the PI of the Beaumont Clay (Sample TNS-3l-4A) 
as shown in Table 8, wherein the value of PI is reduced from 66 
to 15 by concentrations of lime varying from 2 to l 0 per cent. It 
appears feasible in this instance to provide in the design for the 
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use of low concentration of lime for depths considerably beneath 
the roadway surface, and progressively increase the concentra
tion to a maximum at the surface. This practice appears con
trary to the current procedure, wherein a single concentration 
is used throughout and is usually of the order of 8 to l 0 per cent. 
However, through the modification outlined, considerable econo
my in the quantity of lime and processing could be effected It 
is contemplated to study possible combinations of this nature in 
subsequent phases of this research, if arrangements for its con
tinuation may be made. 

Field Problems Anticipated in Use of Lime Admixes 

Consideration of a method of soil stabilization would not be 
complete without some evaluation of how the method or process 
may be used for actual application. The following brief review 
of this matter is presented in order to show that some thouqht 
has been devoted to this aspect of the method. · 
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In order for the lime to be effective, it must be dispersed in 
the soil which is to be stabilized. Due to the cohesive nature of 
clays, it is relatively impractical to pulverize such soils in the field. 
so that dispersion of lime admix is not easily accomplished. The 
actual dispersion is usually accomplished by discing and wind
rowing the soils to be treated back and forth across the roadway. 
Such processing is expensive. 

The review of literature has not disclosed any information on 
efforts to simplify this process of dispersing the lime in the soils 
It is thought that some attention should be given to the develop
ment of an easy means of accomplishing this dispersion, such 
as introducing the lime in suspension in the water sprinkled on 
the soil as a part of the normal compaction or construction opera
tion. In addition, it is indicated that possibly water soluble liquid 
polymers, which are available commercially, may be used to 
advantage for this purpose in lieu of lime; however, time has not 
permitted experimentation with such substitutes. 

Question arises concerning the permanence of the stabilizing 
effect of lime admixtures. Though tests have not confirmed the 
thought, it is felt that the stabilization will be reasonably perma-
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nent. The relatively low replaceability of calcium, which has 
been intenected to take the place of the replaceable cations in 
the raw soil, should not permit it to be replaced by other minerals 
contained in the soil. Though vegetation may absorb the cal
cium over a period of years, this phenomenon is highly unlikely 
in subgrades or base courses of pavements. 

CONCLUSIONS 

General and specific conclusions were formulated as a result 
of the study. 

General Conclusions~The stabilizinq reaction of lime with 
clay soils is chemical in nature. It is the r~sult of the replacement 
of the weaker positively charged metallic elements by the strong
er positively charged calcium cations of the lime which, in turn, 
influence the thickness of the adsorbed halo-like moisture films 
on the exterior of the clay grains. The plasticity of clay soils, 
which is in effect a rough measure of their stability, is considered 
to be a function of the thickness of the water films. The results 
of the study show that the chemical reaction caused by the lime 
is not restricted to a specific group of the clay family, but rather 
reacts with all of the Texas natural surface and subsurface soils 
used in this research; consequently, the range of application of 

CONCLUSIONS 4i 

this method of improvement of the engineering properties of clays 
appears to be very broad, even though the influence of coagula
tion or flocculation and cementation are not treated in this report. 

Specific Conclusions~The specific conclusions are treated in 
the following paragraphs. 

1. The identification of members of the clay family; namely, 
kaolinite, illite, and montmorillonite by the differential thermal 
analysis was indicated to be satisfactory; however, the results o! 
such identification were indicated to be of only general rathe: 
than specific value as regards lime stabilization. It did not ap
pear possible to identify the sodium cation from the calcium 
cation montmorillonite clays by this method. 

2. The identification of members of the clay family by the 
X-ray method is possible, but does not appear to be feasible for 
engineering purposes at the current state of knowledge 

3. The unreliability of the benzidine color reaction test for 
identification of montmorillonite was confirmed. 

4. The identification of clay soils, without regard to class
ification by groups, susceptible to favorable reaction with lime. 
on the basis of the Total Base Exchange capacity appears to be 
valid for the small number of soils examined. The classification 
of the groups of the clay family on the basis of the Base Exchange 
ranges, as set forth by Grim, does not appear to apply to Texas 
natural soils or to laboratory mixtures of inert silt with commercial 
grade of montmorillonite. In addition, the correlation of the Plas
ticity Index with this Base Exchange, as developed for both lab
oratory and natural soils, appears to be reasonable and permits 
ready identification of the clay soils which would react favorably 
with lime as a stabilizing admix, based on the limited use re
ported herein 

5. The significance of time effect to the reaction of lime and 
soil is clearly demonstrated by the research. A minimum re
action time of 24 hours is indicated. 

6. The influence of lime on the engineering properties of 
clay soils, both laboratory prepared (Figure 8) and Texas natural 
soils (Table 8) is clearly demonstrated for ranges of PI's from 0 to 
340 per cent and concentrations of lime from 2 to l 0 per cent. 

7. The merit of lime as a soil stabilizing agent for clays of 
PI's greater than 20 appears to be clearly demonstrated from a 
theoretical and a laboratory basis. Its use depends upon eco
nomic considerations. 
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RECOMMENDATIONS 

The indicated correlation of Total Base Exchange and Plas
ticity Indices, as developed in this study, should be continued 
to the extent of at least I 00 comparisons for Texas natural clay 
soils, both surface and subsurface, so as to validate this method 
of determining the susceptibility of clay soils to treatment with 
lime. 

The influence on the shear strength of lime stabilization of 
clay soils should be explored so that the indication shown by the 
change of plasticity may be confirmed. 

The possibility of introducing the lime into the clay soils to 
be treated, as a water suspension, should be explored because 
of the economic and time benefits. 

The possibility of using water soluble liquid polymers in lieu 
of lime should be explored from a theoretical, laboratory, and 
field experiment basis with proper emphasis on the durability of 
the polymers. 
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APPENDIX 

Total Base Exchange Method 

The selection of the modified method of determining Total 
Base Exchange capacity, as given below, was made after ex
tensive literature research and after consultation with experts in 
the agricultural soil science division of the College. The changes 
made in the size of sample and filtering device were evolved 
because of the montmorillonite content of the laboratory mixed 
samples. As the particle size of the clay fraction of a given sam
ple decreases, the rate of leaching likewise decreases, other op
erations being held constant. Also, in general, as the particle size 
of the clay fraction decreases, the wet volume of the sample in
creases, resulting in a decrease of the filtering rote; a large buch
ner funnel and a small sample was dictated. It is not advisable 
to increase the funnel size beyond 7 em. so as to increase the 
filtering rate, but rather it is desirable to reduce the size of the 
c;ample to approximately 10 or 15 grams and change the multi
plying factor in the Base Exchange equation In some instances 
where sample material is very limited, Base Exchange capacity 
might be determined on a gram or less of material, but the neces-

"CONNECTING BULD 

WATER JACKETED CONDENSER 

BOO ML KJELDAHL FLASK 

-ACID RECEIVING FLASK 

~ RUBBER 

Figure la. 
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sary precision of determination would be increosed greatly. The 
following modification was used. 

Duplicate soil samples of 25 grams (air dry weight) were 
weighed out in a 250 ml. Ehrlenmeyer flask and 100 ml. of normal 
neutral (pH of 7.0 by glass electrode pH meter) ammonium ace
tate were added. The flasks were stoppered with ru:Jber stoppers 
and shaken vigorously at 15-minute intervals for one hour and 
then allowed to set overnight. The samples were again shaken 
and poured into 7 em. buchner funnels fitted with No. 42 What
man filter paper which had been previously wet with distilled 
water. Side neck filtering flasks of 600 ml. capacity were used 
so that the rate of filteration could be controlled by applying a 
partial vacuum to the samples. The samples were kept covered 
with watch glasses in order to minimize contact with air. After 
the first l 00 ml. of leachate had passed through the soil sample 
and before visible drying or cracking developed, 50 ml. of fresh 
leachate were added and filtering, continued as before, until 
four such 50 ml. batches had been used. The rate of leaching 
was regulated so that the leaching process required at least two 
hours. Following the leaching, the samples were washed with 
80 per cent methyl alcohol adjusted to a pH of 7.0 (the pH ad
justment of the alcohol-water mixture required one fourth drop 
of 99.5 per cent acetic acid per liter of solution whose original pH 
was 8.26) by the addition of three 50 ml. batches of alcohol. The 
samples were drained well between each addition of methanal, 
but care was exercised to avoid drying out the soil. The samples 
were then transferred to 800 ml. Kjeldahl flasks which were pre
pared for distillation as shown in Figure l a. 

The soil samples were washed into the distillation flask with 
375 ml. of distilled water along with the filter paper. To this was 
added ten grams of sodium chloride, five drops of antifoam mix
ture, several small pieces of porcelain, and 25 ml. of normal 
sodium hydroxide. The mixture was stoppered and agitated by 
a whirling motion while still connected as shown in Figure l. Any 
ammonia displaced during aqitation was neutralized by 50* ml. 
of .2N sulphuric acid in the 400 ml. flask beneath the condenser. 
The burners were lighted, and the flame was adjusted so that 
the mixture began to boil in about 15 minutes. Distillation was 
continued for 45 minutes. The sample of distillate was then 
titrated using .l sodium hydroxide and four drops of methyl red 
as an indicator. The exchanqe capacity of the sample was cal
culated by the equation: milliequivalents per l 00 grams soil 
[(ml. acid) X (normality of acid) - (ml. base) X (normality of 
base)] X (4). 

* In som~ cases moH· than 50 mi. of .:!:'\ ~ulfuric arid art> rt-quirtd. Additional add mu~t be added, 
should the indieator show the add is nfutralized. 

APPENDIX 

Surface Soils Supplied by Texas Highway Department 

Table Ia 

IDENTIFYING NUMBERS OF SURFACE SOILS SUPPLIED 

BY TEXAS HIGHWAY DEPARTMENT 
-·------------

Report Number \ Identification Identification 

TNS-1-T 47-85-E TNS-17-19 AMC 19' depth 

TNS-2-T 46-144-E TNS-18-21 AMC 21' depth 

TNS-3-T 47-136-E TNS-19-15 AMC 15' depth 

TNS-4-T 43-149-E TNS-20-23 AMC 23' depth 

TNS-5-T 4S-134-E TNS-21-5A Taylor Marl 5' depth 

TNS-6-T Acme Brick Clay TNS-22-17 AMC 17' depth 

TNS-7-T 39-59-M R TNS-23-13 AMC 13" depth 

TNS-8-T 29-11-M R TNS-24-8A Taylor Marl 8' depth 

45 

TNS-9-T 47-85-E TNS-25-2A Beaumont Clay 2' depth 

TNS-10-T Limestone Sand TNS-2G-26 AMC 26' depth 

TNS-11-T Navasota Silt TNS-27-2A Taylor Marl I liz" depth 

TNS-12-T Franklin Brick Clay TNS-28-25 AMC 25' depth 

TNS-13-5 AMC* 5' depth TNS-29-11 AMC 11' depth 

TNS-14-7 AMC 7' depth TNS-30-T AMC 1" depth 

TNS-15-3 AMC 3' depth TNS-31-4A Beaumont Clay 4' depth 

TNS-16-9 AMC 9' depth TNS-32-BA Beaumont Clay s· depth 

---· --------

* A. and :\1. ('ollpge grounds. 
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