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SYNOPSIS 
This paper discusses the effect of removal of water on the size of colloidal soil 

particles and how driving out water by heating to 105 0 affects the relative 
amounts of adsorbed water and thus affects the particle size in different degrees 
in different soils Drying curves and values of specific gravity are shown for sev
eral temperatures ranging from room temperature to 190 C. for each of five 
soils The soils range in fineness from that of Ottawa sand to the very fine Mexico 

' City clay. The paper also shows variations in different parts of the oven chamber 
for three different ovens of the non-heat-distributing and so called "constant 
temperature" type. 

Smce many of the standard laboratory tests 
of soil mechanics require the weight of soil m 
the dry state, i t appears worthwhile to examine 
the term "dry". Most specifications define the 
dry weight of a soil as that weight which is 
obtained by heatmg the soil at 105 C until the 
weight reaches a constant value. The imphca-
tion is that the water is a distmctly separate 
phase that is completely driven from the voids 
or pores of the soil mass while the soil particles 
remam unaltered in composition. 

Mmeralogists and soil chemists have shown 
that soils contain water which is mfluenced by 
forces from the soil grains and that this watn 
can be removed from the soil by the application 
of the proper amount of heat ̂  Thus two in
teresting questions are raised - Does heatmg to 
105 C. dnve off any of this non-free water? Is 
the method of drying a critical consideration 
in soil testing? 

THEORETICAL CONSIDERATIONS 

Nature of SoU Water-
One can picture the effective grain in a 

natural soil as consistmg of the actiuil particle 
surrounded by a layer of attached water. The 
water that is far enough away from the soil 
particle not to be controlled by its forces is 
usually denoted "pore" or "free" water. Pore 
water is thus at hberty to move under the 
application of hydrostatic pressure and, there
fore, IS the water that flows under a dam or 
rises m subgrades due to capillarity, etc. There-

' For dehydration curves of 73 minerals, see 
"Some Standard Thermal Dehydration Curves 
of Minerals," by P. G Nutting, Geological 
Survey Professional Paper 19 7-E, U. S Dept 
of Interior, 1943 

fore, when one attempts to get the weight of 
dry soil for engmeenng tests, he actually 
want the weight of the soil particle plus any 
attached or non-pore water. 

The attached water can be water of hydra
tion or water adsorbed on the particle itself 
A mineral which has the expendmg type of 
lattice, as do the montmonllonites, can take 
water withm its lattice. All of this attached 
water is sometimes termed "adsorbed" water. 
Due to the colloidal size and the structure of 
the clay minerals, the attached water consti
tutes a considerably greater percentage of the 
soil mass m clays than in the larger grained 
soils such as sands or silts 

Removal of Soil Water-
One should expect most of the free water in 

a soil to evaporate at room temperature if 
sufficient time were allowed. The rate of dry
ing would, of course, depend, among other 
thmgs, on the existmg humidity. Drymg in a 
desiccator or under an applied partial vacuum 
would mcrease the rate of drying and probably 
remove more of the water held withm the soil 
capillaries. 

The commonly accepted diffuse double-layer 
theory of colloidal particles in a suspension 
pictures the particle as surrounded by a layer 
of partially immobihzed ions and water. The 
colloidal particle with its associated layer, or 
lyosphere, is termed the colloidal micelle. The 
addition of the proper amount of an electro
lyte neutrahzes the electrical charge, causing 
the micelles to form fioccs and settle out of 
suspension. Due to the addition of electrolyte, 
the size of the lyosphere is decreased, thus 
makmg the effective size of the particle smaller. 
Therefore, it is seen that the effective size of 
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the colloidal particle is somewhat dependent 
on the nature of surrounding medium. 

Is it reasonable to extend the above concept 
to the statement that the effective size of 
colloidal particles of an m-situ clay may be 
related to the pore water? For such sods, is i t 
possible to remove pore water by drymg and 
not change the effective size of the colloidal 
particle, smce the drymg would alter the con
centration of any electrolyte in the system? 

Thus, one should recogmze that the use of 
105 C. as a drying temperature is an arbitrary 
although convenient selection. 

EXFEBIMENTAL DATA 

In Figure 1 are drymg curves for five soils 
which are extremely different in their character
istics The curves were obtained by heatmg 
the soil specimens at each temperature m an 
oven until a constant weight was obtamed. 

LEDA CLAY ••• 
DESICCATOR -

OTTAWA SAND\3 
DIATOMACEOUS EARTHS 

MEXICO CITY CLAY B 
BOSTON BLUE CLW O 

-85 i85 izo" 
DRYIN6 TEMPERATURE IN *C 
Figure 1. Drying Curves 

The water adsorbed on the soil can, of 
course, be removed by the addition of enough 
energy in the form of heat. Soils having no free 
water give reactions m the differential thermal 
analyzer at temperatures less than 105 C thus 
indicatmg that adsorbed water is bemg driven 
off 

From the precedmg theoretical considera
tions one can conclude that the boundary be
tween the free water and partially immobilized 
water on a soil particle may be far from definite 
In some soils it may be impossible to remove 
pore water and not disturb adsorbed water 
due to the altered equilibrium between the two. 
Also, heating to 105 C can remove adsorbed 
water which is an effective part of the particle. 

Three to five days' were required to reach such 
equihbrium All soil samples were initially at 
their natural water content, except the Ottawa 
sand which was moistened prior to testing 
The points plotted in Figure 1 (also Figs 2 and 
3) for the clays are the average for three 
separate specunens; only one specimen was 
used for the sand and diatomaceous earth. 
To reduce the heatmg time for equilibrium, 
small speciments (from 5 to 20 g. weight at 
105 C) of clay and diatomaceous earth were 
used' an 85-g specimen of sand was used. To 
obtam some indication of extended desiccation 

'Large specimens of some clays probably 
require many times the one day of heating 
commonly allowed to come to equilibrium. 
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effects, the Leda clay was dried at 113 C then 
stored in a standard desiccator over calcium 
chlonde for 2} months and finally redned 
These data are plotted in Figure 1. Also m 
Figure 1 the water contents of each soil ob
tained by desiccator drying are plotted. 

In Figure 2 are shown drymg curves for 
three clays dned under two conditions (1) at 
room temperature (21 to 26 C) in a standard 

sists of sihcaceous shells of diatoms which are 
not in the colloidal size range, but, because of 
their tremendous surface area, caused by their 
pores and striae, are colloidal in behavior. 
The diatomaceous earth specimen contained a 
small amount of organic matter m the form of 
hair-like roots Therefore, the pronounced 
slopes of the Mexico City clay and diatoma
ceous earth drying curves are not surprising 

ELAPSED TIME IN DAYS 
Figure 2 

desiccator over calcium chloride and (2) in a 
desiccator at 30 to 37 C and under an appbed 
vacuum of 74 cm Hg Figure 3 shows water 
pick-up curves for the two clays, Boston Blue 
Clay and Mexico City Clay, which exhibited 
the extremes of the clays. 

Since the grams of Ottawa sand are neither 
colloidal nor the expanding lattice type, one 
should not expect the dry weight to depend 
much on the drying method. The expectation 
is proved correct by Figure 1 On the other 
hand, the Mexico City clay consists of the 
expandmg montmonllonite clay particles 
which are colloidal Diatomaceous earth con-

Figure 2 shows that essentially the same 
water content is obtained by vacuum and 
desiccator drymg. Drymg curves such as those 
in Figure 2 depend, of course, on the size and 
shape of the specimen being dned. The long 
time required to dry a soil by such a method 
makes this procedure infeasibie for normal 
soil testmg, even though this procedure prob
ably comes closer to removing only pore water 
than does 105 C. heating 
The data plotted in Figure 3 were obtamed 

partly to check the laboratory technique em
ployed in seeming the drymg curves, i.e., 
remove the specimens from the oven, cool 
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in a desiccator for 30 mmutes to an hour, 
then weigh. The desiccator was a standard 
one employing calcium chloride; the calcium 
chlonde had been in use for approximately 
four months. The relative humidity m the 
room in which the samples were air dried 
vaned from 50 to 60 percent. These curves 
suggest the interesting probabihty of some 
clays being better desiccants than calcium 
chloride, since they indicate that water was 
removed from the chloride. 

of the oven chamber varied, as m a typical 
case, from 99.6 to 146.7 C, a variation of 
47.1."* Figure 4 IS a plot of temperature 
against height within three non heat-distri
buting ovens that were used in the M I.T. 
Soils Laboratory These data were obtained 
from observations on thermometers placed 
on shelves of the ovens "controlled "at 105 C 

In view of the investigation of the Central 
Scientific Company and the data shown in 
Figure 4, one should expect probable tem-

ELAPSED TIME IN MINUTES 
Figure 3 

Figures 1, 2 and 3 show that for some soils, 
e.g., sands, the procedure used for drying is 
not an important consideration. The antithesis 
can be true for other soils, such as clays and 
especially montmorillonitic clays. One may 
wonder ̂  i t is possible to obtain the weight of 
effective soil particles without the pore water. 
In order to obtain reproducible 'ralues of an 
arbitrarily defined dry weight, extreme care is 
required in the drymg procedure. 

EFFECT OF DRYING METHOD ON SOIL 
PROPERTIES 

Oven Temperature Variatum— 
Few people realize the magmtude of tem

perature variation which exists in the com
monly used "constant-temperature" oven. 
Central Scientific Company reports that care
fully conducted tests on non heat-distnbuting 
ovens controlled to a temperature of 110 C 
revealed that "temperatures in different parts 

-140 BO iw-
TEMPERATURE IN "C 

Figure 4 

peratures as high as 140 C and possible tem
peratures in excess of 190 C. near the heating 

•P. 1598, Catalog J136, Central Scientific 
Company, Chicago, Illinois. 
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units of commonly used non heat-distributmg 
ovens controlled at 105 C ; one should expect 
the center of the shelf near the control ther
mometer to be within a few degrees of 105 C. 
Temperatures at the comers of the oven as 
low as 90 C. seem reasonable. Therefore, in the 
following examples temperatures of 90, 105, 
140 and 190 C. will be selected as ones which 
may be obtained at different locations in an 
ordinary drying* oven. 

Effect on Soil Properties— 
Any soil test or determination which re

quires the dry weight of a soil, will, of course, 
be affected by variation m this dry weight. 
The absolute magnitude of certain soil de
terminations, such as natural water content 
and Atterbeig l imits are a function of the dry 
soil weight. Tbs water content of a soil is, by 
defimtion, the water weight divided by dry 
soil weight. One can see that a drying method 
which drives off more water, gives a lower 
dry weight in addition to a higher water 
weight, and thus a higher water content. Fig
ure 1 illustrates the effect that drying pro
cedure can have on water content 

The dry soil weight enters m more than 
once in such computations as void ratio and 
degree of saturation. The void ratio, e, defined 
as the volume of voids divided by the volume 
of dry soil grains can be found from, 

in which, 

V = volume of moist soil 
W, = weight of dry soil grams 

G = specific gravity of soil grams 
7w = unit weight of water. 

A drying procedure which tends to pve a low 
value of W„ tends to give a high value for G; 
the two tendencies combine to make e too 
large. 

The antithesis of this situation presents i t
self in the computation of the degree of satura
tion, S. The degree of saturation, defined as 
the volume of water divided by the volume of 
voids can be found from, 

* I t should be noted that the ordinary oven 
controlled at 105 C. may reach temperatures 
high enough to decompose some types of or
ganic matter 

S = 
7 - V - -

in which, 
TT. = weight of water. 

A drying procedure which would decrease W„ 
would increase G and W,. These effects tend 
to efface each other 

The gram size analysis of a soil depends on 
the weight of dry soil grains used m the 
laboratory test and thus the exact distribution 
curve dependson the drying method employed 
For an extreme example, if the Mexico City 
clay whose drying curve is shown in Figure 1, 
were dried at 190 C. instead of 105 C , the 
percent finer values of its grain size distribu
tion curve would be about 7 percent higher. 

TABLE 1 

Ottawa Sand 
Diatomaoaoiu Earth 
Boston Blue Clay 
Mocico City Clay 
LedaClay . . 

Specific Craviw 
By Different Diying ifethods 

Desic
cator 90C IDS C 140 0 190 0 

2 67 
1 91 
3.76 
3 32 
2 74 

2 67 
1 99 
3 78 
3 33 
3.75 

3.67 
3 00 
2 78 
2.35 
3 77 

3 67 
3.08 
3.78 
3 37 
2.80 

3 67 
3 56 
3 79 
2 62 
3 83 

The 7 percent is probably minor compared to 
the unsatisfied assumptions made in the an
alysis. 

Since soil engmeers attempt to compute 
the specific gravity with precision and smce 
the specific gravityis a sensitivedetermination, 
soil dry weight variation is probaby the most 
serious in this determination I n Table 1 
specific gravity values for different drymg 
conditions are given for the soils whose dicing 
curves are given m Figure 1. This table shows 
that one should not expect consistent values of 
specific gravity m the ordinary oven unless 
some special control is employed 

CONCLUSION 

I n an attempt to answer the question 
raised by the title of this paper, one finds that 
the dry weight of a soil is not a definite 
quantity Some mineralogists' use the weight 
of the soU heated to 700-900 C. as the dry 

> "Some Standard Thennal Dehydration 
Curves of Minerals," by P G Nutting, Geo
logical Survey Professional Paper 19 7-E, 
U. S. Dept of Interior, 1943 
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weight; soil engineers have set the arbitrary, 
although convenient, definition of dry weight 
as that obtained at 105 C. 

Drying to 105 C. removes some of the ad
sorbed water which is part of the effective 
soil grain. This effect is of more importance 
m soils whose grains are colloidal or expandmg 
m behavior. Due to the removal of part of the 

soil particle, one tends to obtain natural water 
contents, Atterberg Lumt values, void ratios 
and specific gravities that are too high. 

The above error in absolute value of soil 
properties does not appear to be as important 
88 the scatter one may obtain by not carefully 
mamtainmg the arbitrary standard drying 
procedure. 

A STUDY OF BITUMINOUS-SOIL STABILIZATION BY METHODS 
OF PHYSICAL CHEMISTRY^ 

A . C. ANDREWS, Kansas State College AND G . G . NOBLE, State Highway Commission of Kansas 

SYNOPSIS 
This report describes laboratory studies of several phases of bituminous-soil 

stabilization 
The work described was carried out with two general aims in mind: 
Phase 1 To develop laboratory tests that would permit evaluation of some of 

the physical, physical chemical and surface properties of the materials being 
studied 

Phase 2. To make studies that would lead to the development of methods and 
(or) treatments which would allow bituminous stabilization of a wider range of 
soils than is practical at the present time 

The two general phases of the work were earned out simultaneously so that 
information obtained as the work progressed could be utilized in later experi
ments 

The first phase of the work was carried out by using techniques standard to 
physical chemistry but foreign to the field of bituminous-soil stabilization These 
techniques were used for the measurement of physio-cheimcal and surface 
properties of soils and asphalts The ability of soils and asphalt to imbibe and 
retain moisture was also examined 

The second phase consisted of studying the effect of approximately 85 different 
substances added to soil-water-asphalt systems The effect of the additives was 
evaluated by obtaining the compressive strength of small briquettes before and 
after immersion in water. 

The results are not conclusive; however valuable data were collected and are 
presented here to serve as a guide for future investigations 

A study of the literature pertammg to soil 
stabibzation m general reveals that the past 
ten years has been a period of rapid advance
ment in this field. This is also true in the 
more specialized field of bitummoua stabiliza
tion. 

Mills {!)* gives charts and tables showing 
the mileage of different types of stabilized 
roads constructed m the United States in the 

1 A report of a project sponsored by Skelly 
Oil Company, Kansas City, Mo and performed 
cooperatively by the Engineering Experiment 
Station of Kansas State College and the State 
Highway Commission of Kansas. 

' Italicized figures in parentheses refer to the 
hst of references at the end of this paper. 

period 1925 to 1939 by State and Federal 
agencies. I t is mteresting to note the years m 
which the first 100 nules of road stabihzed 
with various stabihzmg agents were com
pleted They are: 1931 for cutback asphalt, 
1933 for chemical stabilization, 1935 for tar, 
and 1937 for portland cement and for asphalt 
emulsion. As a comparison, there were about 
600 miles of soil-aggregate stabdization m 
1929 and 4000 miles in 1936. 

The bibliographies attached to articles on 
soil stabihzation pubhshed in the last ten 
years are very reveahng. They show that there 
has been a definite movement from "rule of 
thumb" methods to methods attempting to 
use all available knowledge in the fields of 




